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1. Introduction

ABSTRACT

Marine puffer fish accumulate a high level of tetrodotoxin (TTX) in the liver and ovary, but
the underlying mechanism of this toxification is unclear. To elucidate the genes related to
toxification of the marine puffer fish, we examined the hepatic gene expression profile of
the marine puffer fish Takifugu rubripes by suppression subtractive hybridization in
response to the intramuscular administration of 0.50 mg TTX/kg body weight into the
caudal muscle. The accumulation of TTX in the liver reached 68 + 4% that of the admin-
istered dose within 12 h of administration. A total of 1048 clones from the subtracted cDNA
libraries were successfully sequenced. The nucleotide sequence of 92 of the 1048 clones
was identified as a hepcidin precursor. Reverse transcription-polymerase chain reaction
experiments revealed that hepcidin precursors were highly expressed in the TTX-admin-
istered group. In addition, complement C3 (31 clones), serotransferrin (30 clories), apoli-
poprotein A-1 (14 clones), high temperature adaptation protein Wap65-2 (14 clones),
complement C7 (12 clones), fibrinogen beta chain (12 clones), and 70 kDa heat-shock
protein 4 (11 clones) were obtained. This study confirmed that the intramuscular
administration of TTX increases the gene expression of the acute-phase response proteins
in the liver of puffer fish T. rubripes. :

: © 2010 Published by Elsevier Ltd.

Marine puffer fish must therefore have special mecha-
nisms to protect their bodies against a large accumulation

Marine puffer fish of the family Tetraodontidae gener-
ally accumulate tetrodotoxin (TTX), which binds with very
high affinity to the wo-subunit of voltage-gated sodium
channels (Nay), at high levels in specific tissues, such as
liver, ovary, and skin (Halstead, 1988; Lee and Ruben, 2008).
Puffer fish likely do not actually produce TTX, but instead
acquire the toxin through the food chain (Yasumoto and
Yotsu-Yamashita, 1996; Noguchi and Arakawa, 2008),
because cultured puffer fish are non-toxic and non-toxic
cultured puffer fish become toxic when fed artificial
TTX-containing diets (Matsui et al., 1981; Yamamori et al.,
2004; Honda et al., 2005a; Kono et al., 2008).

* Corresponding author. Tel./fax: +81 3 5463 0604.
E-mail address: yujicd@kaiyodai.acjp (Y. Nagashima).

0041-0101/$ - see front matter © 2010 Published by Elsevier Ltd.
doi:10.1016/j.toxicon.2010.12.007
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of TTX and to resist the toxin. Saito et al. (1985) examined
the minimum lethal dose (MLD) of TTX in some fish species
by injecting fish intraperitoneally with TTX and demon-
strated that Takifugu rubripes, Takifugu pardalis, and Taki-
fugu niphobles have the highest resistance to TTX with MLD
scores ranging from 3.0 to 7.5 mg TTX/kg body weight,
while non-toxic fish, such as largescale blackfish Girella
punctata, parrot bass Oplegnathus fasciatus, and spiny goby
Acanthogobius flavimanus, are sensitive to TTX with MLD
scores ranging from 3 to 42 ug TTX/kg body weight. The
TTX resistance of puffer fish is partly attributable to the
insensitivity of Nay to the toxin. Yotsu-Yamashita et al.
(2000) reported a substitution of a non-aromatic amino
acid (Asn) for an aromatic amino acid (Tyr or Phe) at amino
acid 401 in the domain I pore loop regions of skeletal
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muscle Nay (fMNay1.4a) of T. pardalis. A similar mutation of
Asn or Cys also occurs in the Nayl.4a of T. rubripes, Tet-
raodon nigroviridis, and Arothron nigroviridis (Jost et al.,
2008). Venkatesh et al. (2005) used patch clamp experi-
ments to. determine that these mutant channels are
approximately 2000-fold less sensitive to TTX than the
wild-type channels.

Binding of TTX to biologic components might be asso-
ciated with the accumulation of TTX in puffer fish, which
might also alleviate its toxicity. Kodama et al. (1983) found

TTX in a non-toxic high-molecular fraction obtained from"

the toxic liver of Takifugu poecilonotus by RNase T, diges-

- tion. Nagashima et al. (1993) reported that high molecular-
weight substances prepared from the toxic liver of Takifugu
snyderi release the TTX-related compound when treated
with protease or acid hydrolysis. On the other hand, the
blood plasma of T. niphobles and T..pardalis has a unique
protein that binds to both TTX and saxitoxin, a paralytic
shellfish-poisoning toxin, suggesting the involvement of
the protein in toxin-transportation in the circulating blood
of puffer fish (Matsui et al., 2000; Yotsu-Yamashita et al.,
2001). It is unlikely, however, that the puffer fish saxi-
toxin- and tetrodotoxin-binding protein (PSTBP) has an
important role in the TTX disposition of puffer fish, because
our recent study using the equilibrium dialysis method
demonstrated that TTX binds non-specifically to plasma
proteins, including bovine serum albumin and bovine a-1
acid glycoprotein, with low affinity and TTX exists
predominantly in its unbound form in the circulating blood
of T. rubripes (Mastumoto et al., 2010).

Honda et al. (2005b) examined the immunopotentiating
effect of TTX administration on the cultured puffer fish
T. rubripes. Feeding experiments with TTX-containing diets
were performed for 60 days. The blood serum of puffer fish
in the toxic diet group exhibited higher hemagglutination

activity than that in the non-toxic diet group. Furthermore,

the splenocytes from the toxic diet group had significantly
higher proliferation rates than those from the non-toxic
diet group when stimulated with mitogens such as poke~
weed mitogen, concanavalin A, or lipopolysaccharide.

Lee et al. (2007) investigated the genes related to hepatic
toxicity by comparing the mRNA expression patterns in the
wild marine puffer fish Takifugu chrysops and T. niphobles,
which have different concentrations of TTX in the liver.

mRNA arbitrarily-primed RT-PCR provided a c¢DNA"

comprising at least three fibrinogen-like protein (flp) genes,
fp-1, flp-2, and flp-3, from the liver of T. chrysops and
T. niphobles containing high concentrations of TTX, and the
relative mRNA levels of these genes showed a linear corre-
lation with the TTX levels in the liver of the two species. In
addition, flp-1 in the liver of T. niphobles located in scaffold
628 of the Fugu Genome database, and the amino acid
sequence in a C-terminal region of fIp-3 in T. chrysops liver
had homology with those of proteins homologous to hep-
cidin precursors of the spotted green puffer fish Tetraodon
nigroviridis, European sea bass Dicentrachus labrax, mouse,
and human. It is unclear, however, whether the transcripts
of these genes are involved in the TTX disposition and how
they function in the puffer fish body.

In this article, we used genetic engineering procedures to
evaluate the biochemical significance of the accumulation of
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TIX in the body of puffer fish, and examined the hepatic
gene expression profile of the marine puffer fish T. rubripes
using suppression subtractive hybridization (SSH) in
response to intramuscular administration of TTX into the
caudal muscle.

2. Materials and methods
2.1. Materials

Marine puffer fish T. rubripes (approximately 1 kg body
weight) were obtained live from the Tokyo central whole-
sale fish market and transported to our laboratory. TTX for
the administration was purified from the ovaries of T. par-
dalis by a combination of ultrafiltration and a series of
column chromatographic separations, as reported previ-
ously (Matsumoto et al., 2007). Crystalline TTX (Wako Pure
Chemicals Industries, Osaka, Japan) was used as a standard
for the liquid chromatography/electrospray ionization
mass spectrometry (LC/ESI-MS) analysis. All other chem-
icals were reagent grade.

2.2. Time-course of the blood concentration of TTX afterf
intramuscular administration

- We examined the effect of intramuscular administration
of TTX into the caudal muscle of puffer fish. Prior to a single
injection of TTX, the puffer fish T. rubripes specimen was
anesthetized with the artificial seawater containing 0.03%
2-phenoxyethanol and placed on the experimental work-
bench. Breathing of the fish was maintained by gill venti-
lation using the perfusion technique with artificial
seawater at 20 °C. After the fish was laparotomized, the
hepatic vein was cannulated with a PE50 polyethylene tube
(Clay Adams, Parsippany, Nj) for blood collection. TTX
solution (0.50 mg TTX/500 pL/kg body weight) was
prepared with modified Hank’s balanced salt solution (pH
7.4), anid administered in a single injection into the caudal
muscle using a 1-mL disposable syringe (Terumo, Tokyo,
Japan). Blood samples were obtained from the hepatic vein
cannula at various time points after the injection. TTX was
extracted from the blood sample with methanol/acetic acid
and purified by ultrafiltration (MWCO 5000). TTX in the
liver tissue sample was extracted with 0.1% acetic acid by
heating in a boiling water bath for 10 min after ultra-
sonication for 1 min following the standard assay proce-
dures for TTX (Kodama and Sato, 2005). TTX quantitation
was performed by LC/ESI-MS analysis according to the
previously reported method (Matsumoto et al., 2008).

2.3. Treatment of puffer fish and RNA preparation

Three puffer fish (1.04 + 0.04 kg body weight) of the
TTX-administration group were given an intramuscular
injection of 0.50 mg TTX/500 plL/kg body weight into the
caudal muscle and maintained in a tank of 100 L artificial
seawater for 12 h at 20 °C. At 12 h after the administration,
the fish were anesthetized in ice-chilled seawater and
dissected. The liver was cut into 5-mm pieces, immediately
frozen in liquid nitrogen, and stored at —80 °C until use. For
the control group, three puffer fish (1.04 + 0.07 kg body
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weight) were given an intramuscular injection of buffer
(500 pL/kg body weight) that did not contain TTX, and the
liver samples were prepared as described above. Total RNA
was extracted from the puffer fish liver of each group.
Briefly, 1 g of liver was homogenized with 20 mL of ISOGEN
reagent (Nippon Gene, Tokyo, Japan) and the total RNA was
extracted following the manufacturer's instructions. mRNA
was purified from the total RNA using an Oligotex™-
dT30 < Super > mRNA Purification kit (TaKaRa Bio, Shiga,

Japan).

24. Construction of subtracted cDNA library and cDNA
cloning

Aliquots (1 pg) of the mRNAs from the TTX-administered
group (tester) and the non-TTX-administered group (driver)
were applied to a Clontech PCR-Select™ cDNA subtraction kit
(Clontech Laboratories, Mountain View, CA). The subtracted
cDNAs, enriched in over-expressed genes from the TTX-
administered group, were amplified by PCR using
Advantage® cDNA PCR kit (Clontech Laboratories), and the
amplified products were checked by agarose gel electro-
phoresis. The nested PCR products of the subtracted cDNA
library were purified using ChargeSwitch®-Pro PCR Clean-up
kit (Invitrogen, Carlsbad, CA) and subcloned into pT7Blue
T-Vector (Novagen, Madison, WI) using Escherichia coli strain
JM109 as the competent cell. Plasmid DNAs were prepared
using the illustra plasmidPrep Mini Spin kit (GE Healthcare,
Buckinghamshire, UK). Sequencing was performed using
a BigDye® Terminator v3.1 Cycle Sequencing kit (Applied
Biosystems, Carlsbad, CA) with the forward primer R-20mer
primer (5-ATGACCATGATTACGCCAAG-3') and the reverse
primer U-19mer primer (5'-GTTTTCCCAGTCACGACGT-3'),
ABI Veriti® 200 thermal cycler (Applied Biosystems), and ABI
PRISM® 3130 Genetic Analyzer (Applied Biosystems). The
nucleotide sequences were analyzed for similarity with the
fourth Fugu genome assembly (http://www.fugu-sg.org/),
Ensemble Fugu genome browser (http://www.ensembl.org/
Takifugu_rubripes/Info/Index), and the other animals by
nucleotide BLAST search (http://blast.ncbi.nlm.nih.gov/Blast.

cgi).
2.5. Reverse transcription (RT)-PCR

Differences in the expression of hepcidin precursors
between the livers of the TTX-administered group and non-
TTX-administered group were evaluated by RT-PCR. First-
strand cDNAs were synthesized with oligo-dT primers from
6 ug of total RNA using a PrimeScript® Il High Fidelity
RT-PCR kit (TaKaRa Bio) following the manufacturer's
protocol. The first-strand cDNAs were combined from three

Table 1
Oligonucleotide primers used for RT-PCR analysis.

T. Matsumoto et al. / Toxicon 57 (2011) 304-310

TTX-administered fish as testers and three non-TTX-
administered fish as drivers. The sequences of specific
primers for the hepcidin precursor (hepcidin A) located in
scaffolds 145, 456, 511, 3526, 5143, and 8479, hepcidin
precursor (hepcidin B) located in scaffold 35, and B-actin
(GenBank No. U37499) are listed in Table 1. PCR was per-
formed in a 20-pL reaction mixture containing 1 pL of the
¢DNA template, 0.2 pM forward and reverse specific
primers, 1x Ex Taq buffer (TaKaRa Bio), 200 pM dNTP
mixture, and 0.5 U TaKara Ex Tag DNA polymerase (TaKaRa
Bio). The reaction was performed for 20 cycles at 98 °C for
10 s, 58 °C for 15 5, and 72 °C for 1 min. RT-PCR products
were separated by electrophoresis on a 2.0% agarose gel
and stained with SYBR Safe (Invitrogen).

2.6. Statistics

Data are expressed as mean =+ standard error (SE), and
Students’ t-test was used to analyze the significance of
differences among the means at the 5% significance level.

3. Results

The puffer fish T. rubripes used in this ‘study initially
contained no detectable amounts of TTX (<0.01 ng TTX/uL
blood and <10 ng TTX/g liver).

3.1. Time-course of the TTIX blood concentration after
intramuscular administration

Prior to the SSH study, we investigated the time-course
of the blood concentration of TTX after an intramuscular
administration of 0.50 mg TTX/500 uL/kg body weight into
the caudal muscle of a puffer fish (Fig. 1). The blood levels of
TTX were detectable (0.07 ng TTX/uL) at 10 min after the
administration, and sharply increased to 1.52 ng TTX/uL at
90 min and thereafter gradually decreased to 0.27 ng
TTX/uL at 600 min after the administration. The amount of
TTX in the liver accounted for 44% of the administered dose
within 600 min of administration. The result demonstrated
that caudal intramuscular administration produces rela-
tively high blood levels of TTX for at least 10 h. Based on
these data, we set the dosing condition of TTX for the SSH
study as described in the Materials and methods section.

3.2. Cloning of the subtracted cDNA library

The hematocrit level of the TTX-administered group
(28 + 2%) was not significantly different from that of the
control group (27 + 1%; p > 0.05). The accumulation of TTX

Gene Location

Oligonucleotide sequence Amplicon (bp)

Hepcidin precursor A
Hepcidin precursor B Scaffold 35

B~Actin GenBank No. U37499

Scaffolds 145, 456, 511, 3526, 5143 and 8479

5'-GGAACCAGTTGGAGCAGTTC-3' 300
5'-ATCAGAACCTGCAGCAGACAC-3’

. 5'-CTGGTCTGACACCCATGAGA-3' 373
5'-GCGACAGGACTCCTCAGAAC-3
5'-AGAGCTACGAGCTGCCTGAC-3’ 348

5'-GCTGGAAGGTGGACAGAGAG-3'

90
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Fig. 1. Time-course of the blood concentration of TTX in Takifugu rubripes after
the intramuscular administration of TTX solution (0.50 mg TTX/500 pL/kg
body weight) into the caudal muscle. Each point represents the value of an
experiment performed in triplicate measurement.

in the liver reached 68 -+ 4% that of the administered dose
within 12 h of administration.

To identify the differentially expressed genes in the liver
of the marine puffer fish T. rubripes in response to intra-
muscularly administered TTX, a subtracted cDNA library
was constructed. The amount of total RNA extracted from
‘the liver of the TTX-administered group was 1159 4 48 ug/g
liver, while that of the control group was 1534 £ 169 ug/g
liver. The amount of total RNA was not significantly different
between the two groups (p > 0.05). An SSH study was per-
formed with mRNAs from the livers of the TTX-administered
group as the tester sample, and those of the control group as
the driver sample. There was a clear difference in the
expression pattern between subtracted and unsubtracted
cDNAs based on nested suppression PCR (Fig. 2).

In this study, 1136 bacterial clones were isolated, 1048 of
which were successfully sequenced and each contained
insert cDNA located in the fourth Fugu genome database.
The major clones are summarized in Table 2. The greatest
number of clones were hepcidin precursors (92 clones),
and 75 of these 92 clones were located in scaffolds 145, 456,
511, 3526, 5143, and 8479, and the other clones were
located in scaffold 35 in the Fugu genome database. These
clones had strong homology with hepcidin precursors of
marine puffer fish Takifugu obscurus (Accession No.
EU178862) and large yellow croaker Pseudosciaena crocea
(Accession No. AM748024), and with the hepcidin-like
precursor of red seabream Pagrus major (Accession No.
AY557619). Analysis of hepcidin precursor expression by
RT-PCR indicated that the levels of hepcidin precursor
amplification products were relatively higher in the tester
samples (Fig. 3). The second greatest number of clones
corresponded to complement C3 (31 clones) located in
scaffolds 26, 189, 194, 206, 364, 2218, 3729, and 3840 in the
Fugu genome database. Other complement components, 4
clones of Cl1r (Scaffold 205), 6 clones of C4 (Scaffold 48), 4
clones of C5 (Scaffold 114), 1 clone of C6 (Scaffold 128), 12
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Fig. 2. Confirmation of the subtraction efficiency by suppression PCR of the
subtracted and unsubtracted cDNA pools. Nested PCR was performed on the
subtracted or unsubtracted primary PCR products with the nested PCR
primers included in the kit. PCR products were separated by electrophoresis
on a 2.0% agarose gel and stained with SYBR Safe. Lane M: marker; lane 1:
nested PCR products of the unsubtracted cDNAs; lane 2: nested PCR prod-
ucts of subtracted cDNAs.

clones of C7 (Scaffold 128), 1 clone of C8 (Scaffold 367), and
4 clones of C9 (Scaffolds 49 and 65) were also observed. The
third highest number of clones related to serotransferrin
(30 clones) and located in scaffolds 334 and 417.

The clones obtained from the subtracted cDNA library
were assigned to seven major biologic functions of the
putative translated proteins based on their sequence iden-
tities with the gene ontology database (http://www.
geneontology.org/) and the fourth Fugu genome database
(Fig. 4). All of the clones were located in the Fugu genome
database, except 33.9% of the clones had no gene ontology
information in the database (Fig. 4). This classification of
gene function shows that 15.7% of the clones were associ-
ated with the immune response, including the hepcidin
precursors and complement components. Genes involved in
metabolism constituted 13.7% of the clones, in which the
breakdown was as follows: single clone (80 sets), pair of
clones (34 sets), trio clones (21 sets), and quartet clones (2
sets). The third most common category comprised genes
involved in transcription and translation, such as ribosomal
proteins and transcription factors, and constituted 11.0% of
the clones. Genes involved in transport and binding, such as
serotransferrin and apolipoprotein A-I, constituted 10.7% of
the clones. Only two clones located in scaffolds 533 and
3348 had a strong homology with the T. pardalis PSTBP1
mRNA (Accession No. AB055707). Genes involved in signal

‘transduction, including hormones, regulator proteins, and

signaling cascade proteins, constituted 10.4% of the clones.
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Table 2 .
Takifugu rubripes genes over 5 clones obtained from the subtracted cDNA library in the liver induced by intramuscular administration of TTX.
Scaffold Clone Putative identity Function
35, 145, 456, 511, 3526, 5143, 8479 92 Hepcidin Iron homeostasis, antimicrobial activity; APP
26, 189, 194, 206, 364, 2218, 3729, 3840 31 Complement C3 Complement pathway; APP
334, 417 30 Serotransferrin Plasma iron transport; APP
86, 155 15 Catechol-O-methyltransferase Putative O-methyltransferase; APP
- domain-containing protein 1 .
363 14 Apolipoprotein A-I Plasma lipid transport; APP
64 14 Warm-temperature-acclimation- Transcript level; APP
related-65 kDa protein 2
128 12 Complement C7 Membrane attack complex compenent,
inflammation
208, 661 12 Fibrinogen beta chain Coagulation factor; APP
82, 314, 2469, 12168 11 70 kDa heat-shock protein 4 Heat-shock response; APP
256 11 Protein diaphanous homolog 2 Involved in the regulation of
endosome dynamics
94 - 9 Leucine-rich o,-glycoprotein Unexplained plasma protein; APP
59 9 Leukocyte-cell-derived chemotaxin-2 Chemotactic activity; APP
2147 6 Apolipoprotein E-2 . Unexplained plasma protein
48 6 Complement C4 Complement pathway; APP
628 6 Fibrinogen alpha chain Coagulation factor; APP
40 6 Fibrinogen gamma chain Coagulation factor; APP
345 5 Beta-2-glycoprotein 1 (Apolipoprotein H) Plasma lipid transport; APP
256 5 Cyclin-dependent kinase-like 3 Serine/threonine protein kinase
2087 5 Ectonucleotide pyrophosphatase/ Adenine extracellular nucleotide hydrolase
phosphodiesterase family member 2
1 5 Fibronectin Extracellular matrix
235 5 Microfibril-associated glycoprotein 4 Putative extracellular matrix
66 5 Ribosomal protein L1 Involved in RNA processing

Scaffold is based on the fugu gene database ver. 4.0. Sequence is identified with ensemble fugu gene browser and BLAST search. Function is putative function
of UniProtKB, gene ontology search, and references in this paper. APP indicates acute-phase protein.

In this group, 12 clones of fibrinogen beta chain, 6 clones of
fibrinogen alpha chain, and 6 clones of fibrinogen gamma
chain were identified (Table 2). Cytoskeletal genes consti-
tuted 3.3% of the clones. The number of stress responsive
genes was only 1.3% of the total clones, and included 11
clones of 70 kDa heat-shock protein 4 (HSP70-4) and 3
clones of 90 kDa heat-shock protein beta-3.

4. Discussion

In the present study, we examined the hepatic diffefential
gene expression profile of the marine puffer fish T. rubripes in

Tester Driver

Hepeidin precursor A <300 bp
Hepcidin precursor B <373 bp
B-Actin <348 bp

Fig. 3. Reverse transcription-PCR analysis of hepcidin precursor expression
in the Takifugu rubripes liver samples of TTX-administration group (tester)
and control group (driver). The hepcidin precursor located in the scaffolds
145, 456, 511, 3526, 5143 and 8479 as hepcidin A and hepcidin precursor
located in the scaffold 35 as hepcidin B were amplified with the gene specific
primers listed in Table 1. B-Actin (GenBank No. U37499) was used as
a positive control. RT-PCR products were separated by electrophoresis on
a.2.0% agarose gel and stained with SYBR Safe. The amplicon size (bp) is
shown on the right margin.
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response to intramuscular administration of 0.50 mg TTX/kg
body weight into the caudal muscle and isolated 1136
bacterial clones, 1048 of which were successfully sequenced
and determined to contain insert cDNA that is listed in the
fourth Fugu genome database.

Genes for hepcidin precursors were most commonly
obtained from the subtracted cDNA library of T. rubripes
liver. Hepcidin is an antibacterial peptide first found in
human blood and urine (Krause et al., 2000; Park et al.,
2001). Hepcidin regulates cellular iron export into plasma
by binding to ferroportin, the transporter for iron efflux
(Nemeth and Ganz, 2009). Consistently, 30 clones of sero-
transferrin, which delivers iron to cells via a number of
mechanisms, were also obtained from the subtracted cDNA
library (Anderson and Vulpe, 2009). Clones of complement
components constituted the second greatest number of
clones. Complement system protein in circulating blood
acts in series to produce a variety of biologic effects such as
antibacterial, antiviral, and opsonic. Many of the clones
identified in the present study are related to innate
immunologic compounds, suggesting that the intramus-
cular administration of TTX triggers an immune response in
T. rubripes, as is the case for the oral administration of TTX
(Honda et al., 2005b).

The acute-phase response is a pervasive physiologic
response of the body to injury, trauma, or infection, and is
induced by the release of the pro-inflammatory cytokines
such as interleukin-1, interleukin-6, and tumor necrosis
factor . Inflammation increases the synthesis and secre-
tion of acute-phase proteins, including fibrinogen chains,
hemopexin, complement components, transferrin, apoli-
poprotein A-1, and other plasma proteins (Bayne and
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Unknown; 33.9%

Stress response; 1.39
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Signal transduction; 10.4
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Immune response; 15.7%

Metabolism; 13.7%

Transcription and
translation; 11.0%

ransport and binding; 10.7%

Fig. 4. (lassification of clones obtained from the subtracted cDNA library of Takifugu rubripes liver induced by intramuscular administration of TTX.

Gerwick, 2001). It might be that intramuscular injection of
TTX induces stress or trauma to the puffer fish, which
increases the expression levels of the genes related to
acute-phase response system in the liver of T. rubripes.
Many of the clones summarized in Table 2 are reported to
be acute-phase response genes in eXperiments utilizing
stress assays and bacterial infection. Talbot et al. (2009)
reported that the expression of leukocyte-cell-derived
chemotaxin 2 (LECT 2) gene was significantly increased in
the stressed rainbow trout Oncorhynchus mykiss compared
to the unstressed control fish, at 8 h and 168 h in a confine-

ment stress assay. Infection of channel catfish Ictalurus-

punctatus with Edwardsiella ictaluri induced the upregula-
tion of the acute-phase response genes in the liver, ie.,
Wap65-like protein, apolipoprotein 4, transferrin, comple-
ments C3, C3-H1, C7-1, and C8 beta, catechol-O-methyl-
transferase domain containing protein 1, and fibrinogen
beta chain (Peatman et al, 2007). In addition, Lin et al.
(2007) demonstrated in zebrafish Danio rerio that the
genes for LECT2, hepcidin, transferrin, and complement C3
are induced by intraperitoneal injection of Staphylococcus
aureus and exposure to Aeromonas salmonicida. In the liver
of rainbow trout O. mykiss, the expression of apolipoprotein
and transferrin is also upregulated by intraperitoneal
injection of A. salmonicida lipopolysaccharide (Russell et al.,
2006). These observations indicated that these genes are
acute-phase responsive in fish liver, and that various
stressors induce the acute-phase response in the host. It is
likely that the sharp rise in the plasma TTX level and the
abrupt increase in TTX in the body after an intramuscular
bolus administration are stressful conditions in the
T. rubripes, because TTX is eventually toxic against the
marine puffer fish (Saito et al, 1985). These acute-phase
response genes might protect against cellular damages by
large amounts of TTX. If TTX is a foreign substance to puffer
fish, the administration of xenobiotics besides TTX to the
puffer fish T. rubripes could affect the expression of acute-
phase response genes in the liver.

Lee et al. (2007), however, also found fibrinogen- and
hepcidin-related genes from the toxic wild marine puffer fish
T. chrysops and T. niphobles by mRNA arbitrarily-primed RT-
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PCR. Expression of these genes was significantly increased in
the toxic liver of puffer fish, in both toxic wild marine puffer
fish T. chrysops and T. niphobles (Lee et al., 2007), and TTX-
administered T. rubripes (present study). These results imply
the involvernent of fibrinogen- and hepcidin-related genes
in the accumulation of TTX in the liver, although the mech-
anism of expression of these genes is unclear. The genes
might be biologic markers associated with the accumulation
of TTX in the liver of marine puffer fish.

Ikeda et al. (2009) reported an interesting finding
regarding the TTX disposition in juveniles (approximately 4
months old) of T. rubripes after intramuscular administra-
tion of commercial crystalline TTX. The amount of TTX in
the skin accounted for 58% that of the administered dose
within 24 h of administration, despite the negligible
accumulation of TTX in the liver (less than 1.6% of the
administered dose). On the contrary, in the present study
using adult fish (approximately 2 years old), the hepatic
accumulation reached 68 + 4% that of the administered
dose within 12 h of administration. The difference in the
TTX disposition between juvenile and adult puffer fish
suggests growth stage-specific accumulation of TTX in the
marine puffer fish T. rubripe; that is, the ability of the adult
puffer fish to take up and accumulate TTX in the liver.
Further studies are needed to identify the genes related to
the TTX disposition and to clarify the biochemical signifi-
cance of TTX in marine puffer fish.
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Green toadfish Lagocephalus lunaris inhabits tropical and subtropical seas and contains high tetrodotoxin (TTX) levels in the
muscle as well as liver and gonad. In 2008 to 2009, food poisoning due to ingesting L. Iunais occurred in Western Japan.
Five specimens of green toadfish caught in Kyushu coast, Japan, were analyzed for toxicity, toxins, and species identification.
All five specimens were toxic by bioassay. Comparing the maximum toxicity in tissues, ovary contained the most toxin (1810
mouse unit [MU]/g), followed by liver (341 MU/g), muscle (135MU/g), skin (79 MU/g), and intestine (72MU/g). Liquid
chromatography/mass spectrometry analysis revealed that TTX was the major toxin. Nucleotide sequence analysis of the 165 rRNA
gene fragment of muscle mitochondrial DNA indicated that partial sequences of PCR products of four specimens were identical
with that of L. lunaris. The sequence of one specimen was indistinguishable from that of the brown-backed toadfish Lagocephalus

wheeleri, a nontoxic species.

1. Introduction

Food poisoning incidents due to ingestion of toxic green
toadfish Lagocephalus lunaris consecutively occurred in
Western Japan in 2008 to 2009. As shown in Tablel, a
total of 5 incidents including 11 victims and no death were
documented. The patients exhibited symptoms similar to
tetrodotoxin (TTX) poisoning, such as paralysis, nausea,
vomiting, and ataxia. It is well known that puffer fish
belonging to the family Tetraodontidae has a high level of
TTX in liver and ovary. There are as many as 50 species of
Tetraodontidae in the coasts of Japan. Among them green
toadfish L. lunaris is a notorious species, because it contains
high toxin level in even muscle and has caused severe food
poisoning [1-3]. The first case was reported in 1959 when
five persons ate a few pieces of the fried flesh of green toadfish
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L. lunaris caught in the Vietnam Sea and developed typical
signs and symptoms of TTX poisoning [4, 5].

Green toadfish L. lunaris usually distributes in tropical
and subtropical seas including the East China Sea, the South
China Sea, and the Indian Ocean but rarely appears in
Japanese off coasts, temperate waters [6-12]. Therefore, less
attention has been paid to L. lunaris in Japan. However, it
is notable that the puffer fish poisoning incidents in 2008
and 2009 resulted from L. lunaris caught in coasts of Japan,
and the patients misidentified it as brown-backed toadfish
Lagocephalus wheeleri. It is difficult to distinguish a toxic
species L. lunaris from a nontoxic species L. wheeleri that is
allowed to eat in Japan, because the two species are closely
similar to each other in external morphology [13] and often
caught together [12]. In this study, we analyzed toxicity and
toxins of L. lunaris collected from the Kyushu coast, Japan,
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TasLE 1: Recent food poisoning incidents due to green toadfish Lagocephalus lunaris in Japan.
Date Place Number of ingestion Number of patient
August 18, 2008 Miyazaki Pref. 6 3
August 18, 2008 Kochi Pref. 5 3
August 19, 2008 Kochi Pref. 1 1
October 10, 2008 Kagoshima Pref. 2 2
October 5, 2009 Kagoshima Pref. 2 2
Total 16 11

Frcure 1: Dorsal side of green toadfish specimen. The spines extend
to the base of the dorsal fin.

-

and identified the puffer fish by PCR amplification method
from the view point of food hygiene.

2. Materials and Methods

2.1. Materials. Puffer fish specimens were caught by longline
fishing in the Kyushu coast, Japan, on March 2001, Novem-
ber 2008, and February 2009. They were immediately frozen,
transported to the Laboratory of Tokyo University of Marine
Science and Technology, and stored at —20°C until use. The
puffer fish extending spines to the base of the dorsal fin
were recognized as green toadfish L. lunaris according to the
morphological identification [13]. A typical example of L.
lunaris is shown in Figure 1.

2.2. Assay of Toxicity. After partially thawed, each specimen
was dissected into five tissues such as muscle, skin, liver,
intestine, and gonad (ovary or testis). The tissue samples
were ground in a mortar with a pestle and homogenized with
0.1% acetic acid. TTX was extracted by heating in a boiling
water bath for 10 min according to the official guidance of
the Japan Food Hygiene Association [14]. The toxicity of
each sample was measured by bioassay using four-week-old
male ddY strain mice weighing 20g, following the above
official guideline [14]. The toxicity in the mouse bioassay
was expressed as mouse unit (MU) where one MU is defined
as the amount of toxin that kills a mouse in 30 min after
intraperitoneal injection. All the animal experiments were
performed in compliance with the fundamental guidelines
for proper conduct of animal experiment and related activi-
ties in academic research institutions under the jurisdiction
of the Ministry of Education, Culture, Sports, Science and
Technology and approved by the animal experiment com-
mittee in the Tokyo University of Marine Science and
Technology.
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2.3. Toxin Analysis. Aliquots of the tissue extracts from sam-
ple no. 2 in Table 2 were ultrafiltered through a Vivaspin
500 (MWCO 5000, VivaScience AG, Hannover, Germany).
The resulting filtrate was subjected to liquid chromatogra-
phy/electron spray ionization-mass spectrometry (LC/ESI-
MS) and analyzed for their toxin profiles as previously
reported [15]. Briefly, LC/ESI-MS was performed on an
alliance Zspray MS 4000 LC/ESI-MS system (Waters, Mil-
ford, Mass, USA). The analytical column was a Develosil
C30-UG-5 (1.5 x 250 mm, Nomura chemical, Seto, Japan)
and maintained at 25°C. The mobile phase was 20 mM
heptafluorobutyric acid in 10 mM ammonium formate (pH
4.0) containing 1% acetonitrile and eluted at a flow rate of
0.10 mL/min. The eluate was induced into the ion source
block of ESI-MS detector and ionized by the positive ion
mode with desolvation temperature at 350°C, ion source
block temperature at 100°C, and cone voltage at 45 kV.

2.4. DNA Extraction and PCR Amplification of Mitochondrial
165 rRNA Gene Fragment. Total cellular DNA was extracted
from muscle of each specimen with a DNeasy Blood &
Tissue kit (Quiagen K.K., Tokyo, Japan) by manufacturer’s
instructions. In brief, 25mg aliquots of ordinary muscle
were mixed with 180 uL Buffer ATL and 40 yL proteinase
K solution, incubated at 55°C for 1h, and centrifuged
at 20,000 xg for 15min. The resulting supernatants were
treated with 4 yL RNase A (100 mg/mL) for 2 min, followed
by adding 200 4L Buffer AL to incubate at 70°C for 10 min
and then adding 200 L ethanol. DNA was purified with a
DNeasy Mini Spin column. The preparations were subjected
to the column, washed with each 500 uL Buffer AW1 and
Buffer AW2, successively, and eluted with 200 yL AE Buffer.
A partial region (about 615bp) of the mitochondrial
165 rRNA gene was amplified by the conventional PCR
using universal primers (16Sarl, 5'-CGCCTGTTTATC
AAAAACAT-3" and 16SbrH; 5-CCGGTCGAAACTCA
GATCACGT-3") [16]. PCR was performed in 50 pL total
volume of reaction buffer containing 4pl 2.5mM dNTPs,
1.5 uL. 20 uM of each primer, 0.4 yL EXTaq DNA polymerase,
5pL 5 X EXBuffer, and 5 uL extracted template DNA (1 ug).
PCR was carried out with a thermal cycler PC-801 (Astec,
Fukuoka, Japan). Amplifying conditions were 98°C for 30's
in denaturing, 53°C for 30 s in annealing, and 70°C for 60's
in extension for 30 cycles. The PCR products were analyzed
by electrophoresis in a 2% agarose gel containing SYBR
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Tasre 2: Toxicity of green toadfish Lagocephalus lunaris caught in the Kyushu coast, Japan.
. Toxicity (mouse unit/
Sample no. Date of sampling . ) oy ( ‘g) )
Muscle Skin Liver Intestine Ovary Testis
1 February, 2009 <5 <5 <5 <5 29
2 November, 2008 109 79 341 72 1810
3 November, 2008 15 26 143 7 302
4 March, 2001 135 41 110 62 362
5 March, 2001 82 . 15 35 14 <5
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Frcure 2: LC/ESI-MS of TTX standard (top) and the muscle extract of sample no. 2.

Safe DNA Gel Stain (Invitrogen, Carlsbad, Calif, USA) and
observed with a luminescent image analyzer (LAS-4000
mini, Fujifilm Cooperation, Tokyo, Japan).

2.5. DNA Sequencing. After amplification, the PCR products
were used as a template for direct sequencing. DNA was
sequenced with ABI PRISM 3130 genetic analyzer (Applied
Biosystems, Foster, Calif, USA). To identify the puffer fish
species, the sequences were searched against DNASIS Taxon
V3.0 for Fugu (Hitachi Solutions Ltd., Tokyo, Japan) and the
original database of puffer fish mitochondrial sequences in
our laboratory of Tokyo University of Marine Science and
Technology.
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3. Results and Discussion

Toxicity of the green toadfish is shown in Table 2. All five
individuals showed toxicity by bioassay, although there was
marked individual variation in toxicity. Comparing the
maximum toxicity in the organs, the ovary was the high-
est at 1810 MU/g, followed by liver (341 MU/g), muscle
(135 MU/g), skin (79 MU/g), and intestine (72 MU/g). The
toxicity of puffer fish is classified into four levels, based on
the estimated minimum lethal dose (10,000 MU) of TTX in
human; extremely strongly toxic (more than 1000 MU/g),
strongly toxic (100-999 MU/g), weakly toxic (10~99 MU/g),
and nontoxic (below 10 MU/g). Accordingly, the toxicity
level of ovary was regarded as extremely strongly toxic,



