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Article
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Nabuki Maeda !, Takahiro Yumoto !, Geng Xiong ! and Yasushi Hasegawa *

1 College of Environmental Technology, Muroran Institute of Technology, 27-1 Mizumoto, Muroran 050-
8585, Japan
* Correspondence: hasegawal@mmm.muroran-it.acjp; Tel.:+ 81134465745

Abstract: We previously showed that feeding mice a diet containing 1% mantle tissue decreased
food consumption, leading to death. We also isolated and identified toxic substances in the mantle
tissue. In the present study, we investigated the characteristics and stability of mantle tissue toxicity.
Treatment of mantle tissue with 1 mM HCI, 1 mM NaOH, 1 mM dithiothreitol, and 1 mM H20:2 and
heating did not reduce the toxicity of mantle tissue in mice. These results suggest that mantle toxins
are stable in tissues, particularly when exposed to acidic and digestive enzymes. We examined
whether mantle tissue exhibited acute toxicity. Diets containing 1% and 20% mantle extract showed
similar levels of toxicity, demonstrating that feeding of mantle tissue does not lead to acute toxicity.
Finally, we examined the toxicity of the mantle tissue against small intestinal tissue. Chronic feeding
of mantle tissue to mice changed the color of the small intestine. Real-time PCR analysis showed
that mantle tissue feeding caused changes of inflammation and endoplasmic reticulum stress
markers in the small intestine. These results suggest that feeding of mantle tissue causes toxicity
after causing initial damage to the small intestinal tissue.
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1. Introduction

Bivalve mollusks such as scallops, mussels, and clams accumulate toxins in their digestive
glands by consuming toxic microalgae [1, 2]. Paralytic shellfish poisoning, diarrhetic shellfish
poisoning, and amnesic shellfish poisoning have been widely studied [3-5]. The most well-known
paralytic shellfish poisoning, diarrhetic shellfish poisoning, and amnesic shellfish poisoning are
saxitoxin, okadaic acid, and domoic acid, respectively. These toxins exhibit acute toxicity, and regular
testing is conducted to ensure that shellfish carrying these toxins do not enter the market. We
revealed that feeding mice a diet containing the mantle tissue of scallops available on the market led
to increased levels of the liver damage markers aspartate aminotransferase and alanine
aminotransferase, an increase in the kidney damage marker urea nitrogen, and subsequent death of
the mice within a few weeks [6-8]. Furthermore, we isolated a complex consisting of the N-terminal
region of a gelsolin-like protein with a molecular weight of 18 kDa and actin fragments with a
molecular weight of 25 kDa as a novel scallop toxin. The gelsolin-like protein is expressed in the
mantle tissue, ovary, and gill tissue but not in the adductor muscle, testis, or digestive gland [9].
Toxicity was observed only in scallop tissues expressing the 18 kDa gelsolin-like protein [9].

Although many proteinaceous toxins have been identified [10-12], little is known about those
that exhibit toxicity after oral administration because proteinaceous toxins are degraded by digestive
enzymes in the gastrointestinal tract. In contrast, abrin and ricin, which are isolated from plants,
exhibit acute toxicity [13] even after oral administration, although their subacute or chronic toxicity
has not been reported. However, the novel toxin from scallops is proteinaceous and exhibits subacute
toxicity even after oral administration [6].

Scallops are among the main marine products of Hokkaido, Japan. Scallop mantle, ovary tissues,
and adductor muscle are often eaten raw, boiled, and smoked in Japan. To further determine the
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characteristics of mantle tissue toxicity, we investigated its stability against digestive enzymes, the
conditions under which mantle tissues exhibit toxicity, and toxicity in the small intestine.

2. Materials and Methods

2.1. Materials

Commercially available scallops (Patinopecten yessoensis) harvested from Mutsu Bay (Aomori),
Funka Bay (Hokkaido), Tokoro (Hokkaido), and Saruhutsu (Hokkaido), Japan, were purchased
during different seasons (spring, summer, autumn, and winter). Unless otherwise stated in the figure
legends, scallops from Mutsu Bay (Aomori) were used. Smoked mantle products were purchased
from different companies.

2.2. Extract from the scallop mantle tissue

The mantle tissue was isolated, washed with deionized water, lyophilized, and ground in a mill.
The product (20 g) was suspended in 500 mL of 20 mM Tris-HCI (pH 7.5) and centrifuged at 12,000
xg for 15 min at 4 °C. The supernatant was used as the mantle extract [6-8].

2.3. Stability of toxicity of the mantle tissue or mantle extract

To evaluate the stability of toxic substances in the mantle tissue, the mantle tissue was treated
under various conditions used in the manufacturing of processed foods. Mantle tissue was treated
with 1 mM HCI or 1 mM NaOH at 25 °C for 6 h, rinsed with deionized water, and used for toxicity
evaluation. Additionally, the mantle tissue was treated with 1 mM H2O: for 6 h or 1 mM dithiothreitol
(DTT) for 6 h at room temperature for sterilization and reduction. The mantle tissues were rinsed
with deionized water and used for toxicity evaluation. Furthermore, the mantle tissue was treated at
100 °C for 2 h, rinsed with deionized water, and used for toxicity evaluation.

To investigate the stability of the toxicity of the mantle extract, the extract pH was adjusted to 2
using 1 M HCl or to 11 using 1 M NaOH and then left at 25 °C for 6 h. After adjusting the pH of each
solution to 7, dialysis was performed using deionized water. The denatured proteins were removed
by centrifugation at 12,000 xg for 15 min at 4 °C, and the supernatant was freeze-dried and used for
toxicity evaluation. The mantle extract was also treated at 100°C for 2 h; after removing denatured
proteins by centrifugation at 12,000 xg for 15 min at 4 °C, the supernatant was freeze-dried and used
for toxicity evaluation.

2.4. Stability of toxicity of the mantle extract against pepsin or pancreatin treatments

To evaluate the stability of toxicity of the mantle extract against digestive enzymes, the mantle
extract was treated with pepsin (50:1(w/w)) at pH 2 at 37 °C overnight. Additionally, the mantle
extract was treated with pancreatin (50:1 (w/w)) at pH 7 at 37 °C overnight. After treatment, each
sample was freeze-dried and subjected to toxicity evaluation. Samples containing only proteases
without mantle extract were used as controls for toxicity evaluation.

2.5. Evaluation of toxicity of mantle tissues

Four-week-old male ICR mice were obtained from CLEA (Tokyo, Japan). The mice were housed
individually in a room maintained at 22 °C. Three or four mice were housed in cages and maintained
at 22 °C with free access to water and food. The mice were acclimatized for at least seven days and
used in each experiment. The mice were fed either a normal AIN-93G-based diet (control diet) or an
AIN-93G-based diet containing 1% mantle tissue or 1-20% mantle extract at 4 g/d for 4-12 weeks [6].
The protein, carbohydrate, and lipid concentrations in the mantle extract were determined using a
BCA protein assay kit (Thermo Fisher Scientificc Waltham, MA, USA), the phenol-sulfate method,
and the method of Bligh and Dyer [14], respectively. The protein, carbohydrate, lipid, and fiber
contents in the mantle tissue were 30%, 50%, 5%, and 1%, respectively. The diet composition is shown
in Table 1. Food intake was monitored daily. Toxicity was evaluated in three mice. The amount of
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mantle extract or tissue in the diet was determined based on previous studies [6] and preliminary
experiments.

Table 1. Composition of control diet and mantle diet.

control diet (%) mantle diet (%)
Casein 20. 3-26.0 20
Corn starch 15.55-26.0 15
Cellulose 5.1-7.0 5
Mineral mixture 3.5 35
Vitamin mixture 1 1
L-cysteine 0.3 0.3
Choline bitartrate 0.2 0.2
Sucrose 50 50
Soybean oil 5.05-6.0 5
Mantle tissue, treated- 0 1-20
mantle tissue, or mantle
extract
Total 101-120 101-120

The small intestines and cecum were isolated at three weeks after the mice started consuming a
diet containing mantle tissue or control diet. Small intestine (1 mg) was homogenized in 20 mL of
deionized water and centrifuged at 12,000 xg for 15 min at 4 °C. The supernatant was used as the
small intestine extract.

Animal experiments were conducted according to the Guidelines for Experimental Animal Care
issued by the Office of the Prime Minister of Japan and the Muroran Institute of Technology. All
experiments were approved by the Committee on Ethics, Care, and Use of Animal Experiments of
the Muroran Institute of Technology (Permit Number: H29-KS04). All mice were monitored for their
health status by checking their daily food and water intake and observing their appearance during
the experimental period.

2.6. Electrophoresis

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was performed as previously described
(]

After 2% SDS, bromophenol blue and 2-mercaptoethanol were added to the mantle extract,
pepsin-treated extract, and pancreatin-treated extract are heated at 100 °C for 5 min. SDS-PAGE was
performed as described by Laemmli [15].

2.7. Real-time polymerase chain reaction

Total RNA from the small intestinal tissues was prepared using an RNAiso Plus Kit (Takara,
Shiga, Japan). Reverse transcription reactions were performed, and real-time polymerase chain
reaction (PCR) was performed using primers specific for genes encoding actin, Mn-superoxide
dismutase (SOD), Cu, Zn-SOD, catalase, heme oxigenase (HO)-1, activating transcription factor 4
(ATF4), CCAAT-enhancer-binding protein homologous protein (CHOP), binding immunoglobulin
protein (BiP), interleukin (IL)-1f3, IL-6, tumor necrosis factor (TNF)-a, transforming growth factor
(TGF)-B, cyclooxygenase (COX)-2, and inducible nitric oxide synthase (iNOS) (Table 2). Real-time
PCR was conducted using iTaq Universal SYBR Green Supermix (Bio-Rad, Hercules, CA, USA), as
previously described [16]. Target gene expression was normalized to the mean expression of (3-actin
using the comparative Ct method.
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Table 2. Primer sequences.

Gene name Sequence (5 to 3°)

Actin F-GGC TGT ATT CCC CTC CAT CG
R-CCA GTT GGT AAC AAT GCCATG T

Mn-SOD F-GGC CAA GGG AGATGT TAC AA
R-GCT TGA TAG CCT CCAGCAAC

CuZn-SOD F-CGG ATG AAG AGAGGCATG TT
R-CAC CTT TGC CCAAGT CAT CT

catalase F-AGG TGT TGAACG AGG AGG AG
R-TGC GTG TAG GTG TGAATT GC
HO-1 F-CAG GTG ATG CTG ACA GAG GA
R-ACA GGAAGC TGA GAG TGA GG
ATF4 F-GAG CTT CCT GAA CAG CGA AGT
R-TGG CCA CCT CCA GAT AGT CAT
CHOP F-TCA CTA CTC TTG ACC CTG CG
R-ACT GAC CACTCT GTT TCC GT
Bip F-CTG GGT ACATTT GAT CTG ACT GG
R-GCATCC TGG TGG CTT TCC AGC CAT TC
IL-1B F-GGG CCT CAAAGG AAA GAATC
R-TAC CAG TTG GGG AAC TCT GC
IL-6 F-AGA CTT CCATCCAGT TGC CT
R-CAG GTC TGT TGG GAG TGG TA
TGF- B F-CAACTT CTG TCT GGG ACC CT
R-TAG TAG ACG ATG GGC AGT GG
TNF- a F-ACG GCATGG ATC TCAAAGAC
R-GTG GGT GAG GAG CAC GTAGT
[6/0):¢ F-AGAAGG AAATGG CTG CAG AA
R-GCT CGG CTT CCA GTATTG AG
iNOS F-CCC CGC TAC TAC TCC ATC AG

R-CCA CTG ACA CTT CGC ACAAA

2.8. Measurement of lipid peroxidation

Malondialdehyde level as a marker of oxidative stress was evaluated using thiobarbituric acid
as previously described [16, 17]. Briefly, a mixture containing intestine extract and 50% trichloroacetic
acid was prepared and centrifuged at 14,000 xg for 1 min at 25 °C. Thiobarbituric acid solution (0.67%)
was incubated with the supernatant at 100 °C for 1 min and absorbance at 540 nm was measured.

2.9. Measurements of short-chain fatty acids

The concentrations of short-chain fatty acids (SCFAs) in the cecal contents were detected using
gas chromatography [18]. Briefly, 10 mg of cecal contents was vigorously vortex-mixed with
deionized water (500 uL) five times. After the mixture was centrifuged (12,000 xg for 1 min at 25 °C),
5 pL of 20 mM 2-ethylbutyric acid (internal standard) solution and 5 uL of 35% HCI solution were
added to the supernatant. Diethyl ether (200 uL) was added to the mixed solution, centrifuged at
12,000 xg for 1 min at 25 °C; the upper layer was used to measure the SCFAs contents using gas
chromatography (GC-201 plus, Shimadzu, Kyoto, Japan).

2.10. Statistical analysis
Data are expressed as the mean + standard deviation (SD). Data were analyzed using Student’s
t-test.

3. Results

3.1. Stability of toxicity in the mantle tissue or mantle extract

We examined stability of mantle tissue toxicity under various conditions. Tissue toxicity was
assessed following treatment of the mantle tissue with 1 mM HCI or 1 mM NaOH for 6 h at 25 °C
(Figure 1a). Treatment with 1 mM HCl or 1 mM NaOH did not affect the toxicity of the mantle tissue.
We also investigated the toxicity after heating, sterilization, and reduction treatments of the mantle
tissue (Figure 1b and c). After treating the mantle tissue at 100 °C for 20 min or with 1 mM H20O:z or 1
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mM dithiothreitol at 25 °C for 6 h, the toxicity of the tissue remained unchanged. These results
suggest that the toxic substances were stable within the mantle tissue.
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Figure 1. Toxicities of the NaOH-, HCl-, H202-, DTT-, and heating-treated mantle tissue. (a) Diets
containing 1% HCl-treated mantle tissue (dotted bar), 1% NaOH-treated mantle tissue (striped bar),
1% non-treated mantle tissue (open bar), or control diet (closed bar) were fed to mice. (b) Diets
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containing 1% H20q-treated mantle tissue (dotted bar), DTT-treated mantle tissue (striped bar), or 1%
non-treated mantle tissue (open bar) were fed to mice. (c) Diets containing 1% heating-treated mantle
tissue (dotted bar) or 1% non-treated mantle tissue (open bar) fed to mice. The food intake of each
week is shown. Data were combined from 3 mice and the bars show the SD.

Furthermore, we examined the stability of mantle extract toxicity (Figure 2a). After treatment
with 1 mM NaOH or heating, the toxicity of the mantle extract was lost, whereas treatment with 1
mM HCl had no effect on mantle extract toxicity. This result was consistent with our previous finding
[9] that toxic substances remain stable under acidic conditions. We also examined the stability of the
mantle extract against the digestive enzymes pepsin and pancreatin. Treatment with pepsin or
pancreatin degraded the mantle extract; however, the toxicity of the protease-treated mantle extract
remained unchanged (Figure 2b and c).
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Figure 2. Toxicities of the NaOH-, HCl-, and heating-treated mantle extract. (a) Diets containing 1%
HClI-treated mantle extract (dotted bar), 1% NaOH-treated mantle tissue (striped bar), 1% non-treated
mantle tissue (open bar), 1% heating-treated mantle extract (hatched bar), or control diet (closed bar)
were fed to mice. (b) Diets containing 1% pepsin-treated mantle extract (open bar), 1% pancreatin-
treated mantle extract (dotted bar), control diet containing pepsin (closed bar), or control diet
containing pancreatin (striped bar) were fed to mice. (c) SDS-PAGE of mantle extract, pepsin-treated
mantle extract, and pancreatin-treated mantle extract. (d) Diets containing 1% smoked mantle
product A (closed bar), 1% smoked mantle product B (dotted bar), 1% smoked mantle product C
(striped bar), or 1% mantle tissue (open bar) were fed to mice. The food intake of each week is shown.

Data were combined from 3 mice and the bars show the SD.

Finally, we evaluated the toxicity of three smoked mantles produced by various companies. One
of the processed mantle foods exhibited toxicity, whereas the other products showed no toxicity
(Figure 2d).

3.2. Toxicity of the mantle tissue under different conditions

To investigate whether toxic substances in the mantle tissue exhibit acute toxicity, we fed diets
containing different amounts of mantle extract (1%, 3%, 5%, 1%, and 20%) to mice (Figure 3a). Mice
consuming a diet containing 20% mantle extract showed a decrease in food intake starting at two
weeks and died by the third week. Mice fed diets containing 1% and 3% mantle extract exhibited
decreased food intake after two weeks and died by the fourth week. These results indicate that even
when consuming a large amount of mantle tissue, it does not exhibit acute toxicity.

To investigate whether a toxic substance accumulates in tissues, we examined the toxicity when
mantle tissue was administered every other day, every two days, and once per week to mice (Figure
3b). When administered to mice every other day, food intake began decreasing starting from the third
week, and the mice died in the fifth week. However, when mantle tissue was administered every two
or seven days, food intake did not decrease or mouse mortality did not occur for up to 12 weeks. This
result suggests that mantle tissue must be continuously ingested in order to observe its toxic effects.
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Figure 3. Toxicities of the mantle extract or mantle tissue under different conditions. (a) Diets
containing 1% mantle extract (open bar), 3% mantle extract (dotted bar), 5% mantle extract (striped
bar), 10% mantle extract (hatched bar), 20% mantle extract (vertical striped bar) or without mantle
extract (closed bar) were fed to mice. (b) Diets containing 1% mantle tissue were fed to mice every
day (open bar), every other day (dotted bar), every two days (striped bar), and every seven days
(hatched bar); a control diet (closed bar) was fed to control group mice. The food intake of each week
is shown. Data were combined from 3 mice and the bars show the SD.
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Finally, we examined whether the toxicity of the scallop mantle tissue varied depending on the
location and season of collection (Figure 4a and b). We found that all scallops collected from any
location or season had toxic effects in mice.
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Figure 4. Toxicities of the scallop mantle tissue from different locations and seasons. (a) Diets
containing 1% mantle tissue from Funka Bay (Hokkaido) (closed bar), 1% mantle tissue from Tokoro
(Hokkaido) (open bar), and 1% mantle tissue from Saruhutsu (Hokkaido) (dotted bar) were fed to
mice. (b) Diets containing 1% mantle tissue from scallop harested from Mutsu Bay (Aomori) in spring
(closed bar), in summer (open bar), autumn (dotted bar), or winter (striped bar) were fed to mice.
Data were combined from 3 mice and the bars show the SD.

3.3. Toxicity of the mantle tissue against small intestine

In a previous study, we showed that a diet containing scallop mantle tissue caused liver and
kidney injury. We investigated mantle tissue toxicity in the small intestine. Mice fed a diet containing
1% mantle tissue for three weeks showed a change in the color of the small intestine (Figure 5a). We
examined the levels of SCFAs involved in intestinal barrier function. In mice fed a diet containing
mantle tissue, SCFA levels tended to decrease, and propionic acid significantly decreased (Figure 5b).
Next, we examined oxidative damage and inflammation in the small intestine tissue. In the small
intestine of mice fed mantle tissue, there were significant increases in the levels of peroxidized lipids
(Figure 6a); additionally, the expression levels of the antioxidant enzymes catalase, Cu,Zn-SOD and
Mn-SOD were increased (Figure 6b). Additionally, to determine whether endoplasmic reticulum (ER)
stress occurred, we examined the expression levels of CHOP, BiP, and ATF4, which are upregulated
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during ER stress (Figure 6c). The expression level of BiP increased significantly, and those of ATF4
and CHOP tended to increase in mice fed the mantle diet. The expression levels of iNOS, COX2, and
TGF-B, which are inflammatory cytokines, also significantly increased (Figure 6d), suggesting that
ingested mantle tissue causes oxidative stress, ER stress and inflammation.

(a) (b)

Control Mantle =0

| iﬁa iﬂ
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Figure 5. Toxicity of the mantle tissue against small intestine. (a) Photograph of small intestine of mice
fed control diet (left) or a diet containing 1% mantle tissue (right). (b) Short-chain fatty acid
concentrations in cecal contents. Control diet (closed bar) or a diet containing 1% mantle tissue (open
bar). The values of 12 mice are presented as the means + SD. *p <0.05 relative to control diet
(Student’s t-test).
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Figure 6. Changes in oxidative stress, inflammation, and ER stress in the small intestine of the mice
fed the control and mantle diets. (a) Malondialdehyde (MDA) content in the small intestine. Lipid
peroxidation in the small intestine of mice fed either the control diet (closed bar) or mantle diet (open
bar) was expressed as the MDA content. (b—d) Changes in the expression of enzymes in the small
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intestine of mice fed the control and mantle diets were measured using real-time polymerase chain
reaction. (b) Antioxidant enzymes, (c) ER stress-related proteins, and (d) inflammation-related
proteins. The values of 12 mice are presented as the means + SD. Asterisks indicate statistically
significant differences relative to the control diet (*p <0.05).

4. Discussion

We isolated and identified a novel proteinaceous toxin from scallops that exhibits subacute
toxicity [6]. Although most proteinaceous toxins are not toxic when administered orally, the
evaluated toxin is toxic even after oral administration. This toxin appears to reach the small intestine
without being degraded, as it remains highly stable within the mantle tissues and exhibits resistance
to pepsin treatment under acidic conditions and to pancreatin treatment.

Several studies have reported that resistant proteins are resistant to digestive enzymes and
behave as a dietary fiber, similar to cellulose, pectin, gum, and lignin [19, 20]. Additionally, resistant
proteins have been reported to influence the gut microbiota [21]. Murray et al. [22] reported that pigs
fed a diet containing highly resistant proteins experienced weight loss and exhibited changes in the
gut microbiota. Changes in the gut microbiota can lead to alterations in SCFAs [23], which play a
crucial role in maintaining intestinal barrier function by preventing intestinal inflammation and
oxidative stress [24, 25]. In mice fed a diet containing mantle tissue, SCFAs levels were significantly
decreased, along with inflammation, ER stress, and oxidative damage. The toxins in the mantle tissue
may have also influenced the gut microbiota, leading to a decrease of SFCAs. Some toxic substances,
such as T2 toxin, can induce toxicity by causing ER stress and inflammation, leading to destruction
of the small intestinal mucosa [26]. Toxins produced by Bacteroides fragilis also induce inflammation
in the small intestine and disrupt barrier function [27]. Similarly, these toxic substances, the toxins in
mantle tissue appears to disrupt the barrier function of the small intestine.

We previously isolated a complex of gelsolin-like proteins and actin as a toxin, which acts on the
actin cytoskeleton in cells, causing changes in cell morphology and exhibiting toxicity [9]. Clostridium
toxin A, which causes inflammation in the human small intestine, was reported to affect the actin
cytoskeleton of small intestinal epithelial cells, resulting in barrier dysfunction [28, 29]. Toxins in the
mantle tissue may also disrupt the barrier function by affecting the actin cytoskeleton of small
intestinal epithelial cells.

When mice were fed a diet containing 20% or 1% mantle extract, no significant difference was
observed between the two in a decrease in food intake and time to death. This result indicates that
even ingestion of large amounts of mantle tissue does not cause acute toxicity. The amount of toxin
absorbed into the small intestinal tissues may be limited. Furthermore, when mantle tissue was
ingested every other day, toxicity was observed; however, when ingested every two days, no toxicity
was observed. Because the toxicity of mantle tissues occurs with continuous ingestion, the toxin in
mantle tissue does not appear to accumulate gradually in the intestines, liver, and kidneys.

Our results show that mantle tissue toxicity was highly stable against various treatments. This
result was supported by the fact that one of the smoked mantle products maintained its toxicity. In
this study, we focused on scallop mantle tissue. Our previous study showed that scallop ovarian
tissue, which is often eaten in Japan, is also toxic. In addition, the toxin that we identified may also
be present in other shellfish species. Thus, further investigations of various processed products and
shellfish are necessary.

Whether ingestion of mantle tissue causes toxicity in humans has not been reported, likely
because feeding of mantle tissue does not cause acute toxicity, and continuous ingestion of mantle
tissue is necessary to induce toxicity. However, the possibility that chronic ingestion of mantle tissue
affects human health, such as intestinal inflammation and kidney and liver injuries, cannot be
excluded. Therefore, epidemiological studies are necessary to investigate their effects on human
health.
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5. Conclusions

The toxicity was observed only when mantle tissue was consumed continuously, and ingestion
of a large amount of mantle tissue did not result in acute toxicity. The present results showed that
ingestion of mantle tissue triggers inflammation, ER stress, and oxidative stress in the small intestine,
leading to the incorporation of toxic substances into the body, liver, and kidneys.
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