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Abstract: Given the dramatic increase of L. sceleratus population in southeastern Aegean Sea, there
is growing interest in assessing the toxicity of this pufferfish and the factors controlling its
tetrodotoxin (TTX) content. In the present study, liver, gonads, muscle and skin of L. sceleratus
specimens from Rhodes island, Greece were subjected to multi-analyte profiling using liquid
chromatography - tandem mass spectrometry (LC-MS/MS) in order to quantitate TTX and evaluate
whether this biotoxin interrelates with hormones. TTX and its analogues 4-epiTTX, 11-deoxyTTX,
11-norTTX-6-ol, 4,9-anhydroTTX and5,11-6,11-dideoxyTTX were detected in all tissue types. Liver
and gonads were the most toxic tissues, with the highest TTX concentrations being observed in the
ovaries of female specimens. Only 22% of the analyzed muscle samples were non-toxic according
to the Japanese toxicity threshold (2.2 ug TTX eq g), confirming the high poisoning risk from from
the inadvertent consumption of this species. Four steroid hormones (i.e., cortisol, testosterone,
androstenedione and [-estradiol) and the gonadotropin-releasing hormone (GnRH) were detected
in the gonads. Androstenedione dominated in female specimens, while GnRH was more abundant
in males. A positive correlation of TTX and its analogues with B-estradiol was observed. Though, a
model incorporating sex rather than [-estradiol as independent variable was proved more efficient
in predicting TTX concentration, implying that other sex-related characteristics are more important
than specific hormone-regulated processes.

Keywords: biotoxins; Lagocephalus sceleratus; silver-cheeked toadfish; Lessepsian species; pufferfish
toxicity; steroid hormones; Eastern Mediterranean

1. Introduction

Lagocephalus sceleratus (Gmelin 1789) is among the 13 pufferfish species recorded so far in the
Mediterranean Sea [1] and the most noxious invasive fish in Greece. This is a member of the
Tetraodontidae family with Indo-Pacific origin, which entered the Mediterranean Sea through the
Suez Canal. The widespread distribution and high toxicity of this species has been documented in
several studies and 18 years after its first appearance in Northern Crete, Greece [2], it still poses a
threat to local biodiversity, fisheries and citizens. Intriguingly, general public (natives and tourists)
is still unaware of this poisonous fish, even though this issue has received extensive publicity in local
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media. Moreover, a great majority of people are unable to recognize it, despite its distinctive external
morphological characteristics (i.e., head, skin, teeth), thus increasing the risk of poisoning from its
consumption.

This silver-cheeked toadfish is known for its strong bite and its high body content of tetrodotoxin
(TTX), one of the most lethal neurotoxins found in nature. The assessment of TTX levels in its tissues
has been the subject of several studies [3-5], while some investigations have focused on the
valorization of TTX isolated from fish of the Tetraodontidae family for medical or pharmaceutical
purposes [6-9]. Moreover, there is ongoing research on compounds of high commercial interest that
can be obtained from this species, such as collagen, omega-3- and omega-6 fatty acids, and their
concomitant use in cosmetology and food industry (e.g., EXPLIAS project) [10]. Reports on the
utilization of L. sceleratus body parts are scarce and limited to the studies of Dogdu et al. [11,12],
which targeted on skin and teeth valorization.

Besides TTX, there are about 30 compounds with analogous chemical structure and varying
toxicity that are difficult to identify and quantify mainly due to the lack of commercially available
standards. A number of studies have tried to find a correlation between the concentration of the toxin
(TTX alone or in combination with its analogues) in tissue samples and the morphological/biological
characteristics of pufferfish or some key environmental parameters [3,13]. So far, these have had only
limited success, suggesting that the indirect prediction of toxicity levels in pufferfish individuals is
much more complicated than simply using fish/environment-related data. Nevertheless, the Japanese
regulatory limit of 10 mouse units (MU) of TTX eq per gram of fish flesh (corresponding to 2.2 ug
TTX eq g?) [14,15] is typically used as toxicity threshold for all different pufferfish species.
Meanwhile, the trading of Tetraodontidae pufferfish is prohibited in the EU, but a European safety
limit for TTX has not yet been established, even though the same toxin is occasionally found in edible
organisms, such as bivalves [16,17].

Although the results of previous studies regarding the effect of various parameters on pufferfish
TTX levels are frequently inconsistent or contradictory, fish sex is increasingly recognized to play a
key role. In general, the concentration of TTX has been shown to be considerably higher in female
than in male pufferfish [3,18,19], but the actual reason for this differentiation remains unclear. Besides
serving as a direct defense against predators, a contribution to the spawning process has been
postulated and maternal TTX has been suggested to protect pufferfish eggs and larvae [20,21]. On the
other hand, TTX has been suggested to act as a male-attracting sex pheromone [22], a behavior that
is typically mediated by fish steroids, prostaglandins and their metabolites [23].

Considering the inferred association of TTX with sexual differentiation/maturation, and
reproduction processes in pufferfish, we were intrigued to investigate the potential relationship of
this toxin with sex steroid hormones. The latter are regarded as the chemical messengers regulating
a vast number of physiological processes, but they are also the typical molecules having a leading
role on the development of sexual characteristics among males and females. To date, there is only a
single study on the interaction of TTX with steroid hormones, where specimens of the pufferfish
Takifugu rubripes with high TTX content exhibited lower plasma cortisol concentration [24]. However,
cortisol is mostly considered a stress-related hormone and it is not included among the most relevant
sex steroid hormones (i.e., androgens and estrogens).

In this study, the levels of TTX and several of its analogues were measured in different body
parts (gonads, liver, muscle and skin) of L. sceleratus specimens collected from Rhodes Island,
southeastern Greece, while further measurements for several steroid hormones were performed in
the gonad tissues. Besides assessing the overall toxicity of this invasive pufferfish, our main objective
was to evaluate whether the toxicity levels were related with sex hormones. To the best of our
knowledge, this is the first study investigating the hormonal profile of this toxic Lessepsian migrant
in connection with tetrodotoxin content.
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2. Results and Discussion

2.1. Concentration levels of TTX and related analogues

Tetrodotoxin and its analogues 4-epiTTX, 4,9-anhydroTTX, 11-norTTX-6-0l, 11-deoxyTTX and
5,11/6,11-dideoxyTTX were detected in all types of L. sceleratus tissues (i.e., gonads, liver, muscle and
skin), whereas 5,6,11-trideoxyTTX was detectable only in liver and gonad samples. A representative
LC-MS/MS chromatogram of the analytes under investigation is shown in Figure 1. The detection
rate of tetrodotoxin, 11-norTTX-6-ol, 4-epiTTX and 11-deoxyTTX among the samples analyzed was
100%, while 4,9-anhydroTTX and 5,11/6,11-dideoxyTTX were detected in 93% and 99% of the
samples, respectively. On the contrary, 5,6,11-trideoxyTTX was detected only in 10% of the samples
(i.e., 14 out of the 145) and at concentrations that did not exceed 0.08 pig g'. For this reason, the specific
TTX-analogue was excluded from further analysis
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Figure 1. Representative LC-MS/MS chromatogram of TTX and its analogues in Lagocephalus sceleratus
samples.

The average concentration and the range of values measured for tetrodotoxin and its analogues
in the different tissue types of L. sceleratus are summarized in Table 1. Tetrodotoxin was the most
abundant compound in all tissues, with an average concentration ranging from 5.6 + 0.9 ug g in the
skin up to 43.7 + 7.7 ug g1 in the liver. The second most abundant analogue was 11-norTTX-6-0l (2.3
+ 0.4 [muscle] — 31.8 + 5.6 ug g [liver]) followed by 4-epiTTX (0.3 + 0.05 [muscle] - 5.4 + 1.6 ug g™
[liver]) and 11-deoxyTTX (0.3 £ 0.04 [muscle, skin] — 4.5 + 0.8 pg g [liver]). Although 4.9-anhydroTTX
was below detection limit in 10 samples, the mean concentrations measured for this TTX-analogue
(0.2 £0.03 [muscle] — 3.7 + 0.7 ug g [liver]) were similar to those of 4-epiTTX and 11-deoxyTTX. On
the contrary, the levels of 5,11/6,11-dideoxyTTX (0.02+0.004 [muscle] — 0.4 = 0.1 pg g [liver]) were
almost an order of magnitude lower compared to all other TTX-analogues.
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Due to the higher toxicity of TTX compared to its analogues [25], it is usually the only compound
measured in pufferfish and other marine organisms, while the TTX-analogues are rarely investigated.
Recently, the predominance of TTX was observed in all tissues of L. sceleratus specimens collected
from northern and southern Cretan Sea [3], but the profile of TTX-analogues (11-deoxyTTX > 4,9-
anhydroTTX = 11-norTTX-6-ol > 4-epiTTX = 5,11/6,11-dideoxyTTX) demonstrated considerable
differences compared to our study. Rodriguez et al. [26] studied the toxicity of L. sceleratus specimens
from the island of Rhodes almost a decade ago. Strangely, 5,6,11-trideoxyTTX analogues dominated
in all of the tissues analyzed (i.e., skin, muscle, gastrointestinal tract, liver, gonads), followed by 11-
norTTX-6(5)-ol and 11-deoxyTTX, while much lower levels of TTX were recorded. A prevalence of
5,6,11-trideoxyTTX in the liver and gastrointestinal tract was also reported by Bane et al. [27], whereas
11-deoxy and 11-norTTX-6(5)-ol were the next most abundant toxins. Overall, the profile of TTX and
its analogues seems to be highly variable among different studies, but these discrepancies could be
partly explained by the dissimilarities in the analytical methods applied and the distinct
characteristics of pufferfish populations investigated (e.g., sex ratio, maturation stage, sampling area
and season). More importantly, we consider that the lack of a commercially available Certified
Reference Material for TTX analogues leads to limited accuracy in their quantification and the LC-
MS/MS concentration data reported in the literature have been practically based on semiquantitative
analytical approaches.

Table 1. Average concentration (in pug g; + Standard Error), range of values (in pug g*) and detection
rate (%) of TTX and its analogues in different tissue types of 37 L. sceleratus specimens. Values below
detection limit are reported as "n.d.".

Liver Gonads Muscle Skin

Detection
Analyte Average Range Average Range Average Range Average Range rate
TTX 43.7+77 1.1—239.8 30.1+45 12—852 63+x09 02-—217 5.6+0.9 03—275 100%

4-epiTTX 54+16 008—578 24+05 0.02—111 03+0.05 001—13 03+007 0.04— 24 100%
11-norTTX-6-0l 31.8+5.60.07—115.6182+3.6 0.14—69.6 23+04 0.02—9.9 23+04 0.1—83 100%
4.9-anhydroTTX 3.7+0.7 nd.—241 21+04 nd.—91 02+0.03 nd.—08 02+0.04 nd.—12 93%
11-deoxyTTX 45+0.8 0.01—20.1 1.6+03 01—46 03+0.04 001—10 03+0.04 0.02—1.1 100%
5,11/6,11-

04+01 0.002—21 02+0.04 0.002—09 0.02+0.004 nd.—0.1 0.04+0.01 0.01—0.2 99%
dideoxyTTX

In general, liver and gonads exhibited the highest toxin levels with the total concentration of
TTX and its analogues (3 TTX) approaching 89.4 + 15.5 ug g and 54.6 + 8.9 ug g, respectively. Much
lower levels were observed in muscle and skin, with ), TTX values reaching 9.4 + 1.3 ug g'and 8.9 +
1.3 ug g, respectively. Regardless of tissue type, the contribution of tetrodotoxin to ) TTX exceeded
53%. The pronounced presence of TTX in the liver and gonads of L. sceleratus has already been
observed for specimens collected from both the Aegean Sea [3,13,28,29] and Northern Cyprus Sea [4].

A further comparison between female, male and immature specimens (i.e., individuals that did
not have fully developed reproductive organs and they could not be categorized as male or female)
was performed by focusing on TTX concentrations of the different tissues. This investigation revealed
that female liver and gonads had almost 5 times higher TTX concentration compared to muscle and
skin. A similar pattern was observed for males, although TTX levels in gonads were only 3-fold
higher than those in muscle and skin. With regard to immature specimens, the stronger presence of
TTX in gonads than any other tissue type was their main characteristic. In general, the concentration
of TTX in muscle and skin samples was almost identical and this homogeneity was consistently
evident in all three sex-groups. More interestingly, the TTX levels in females were considerably
higher than those measured in immature specimens, although the difference in gonads was less
pronounced compared to the other tissue types (Figure 2). Furthermore, the TTX content in gonad,
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muscle and skin of females was nearly three times higher than those of males, whereas comparable
concentrations were recorded in the liver tissues of both sex groups.
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Figure 2. Average TTX concentration (ug g + SE) in each tissue type separately (liver, gonad, muscle,
skin) from female, male and immature L. sceleratus specimens.

Although there are no studies investigating the underlying mechanisms of this gender-related
TTX accumulation in L. sceleratus, it has been reported that male reproductive organs are less effective
in TTX storage [18]. More importantly, research on different pufferfish species has shown that high
toxicity in female tissues may be associated with the enhancement of the reproduction success and
their offsprings’ survival. More specifically, studies on Takifugu niphobles and T. rubripes have shown
that TTX in female pufferfish acts as pheromone, with male pufferfish being attracted through their
olfactory system by low toxin levels [22,30]. Moreover, lkeda et al. [19] and Itoi et al. [18] observed
that the ovaries of T. poecilonotus and T. niphobles exhibited higher toxin levels than testes during
spawning season, while Itoi et al. [21] and Gao et al. [20] reported that females belonging to different
Takifugu species transferred TTX from the ovaries to their eggs and larvae after spawning, possibly
as a protecting mechanism against predation. Taking all these findings into consideration, the higher
TTX content recorded in most of the female tissues analyzed in the present study could be attributed,
at least partly, to the sampling period (May-June), which corresponded to the beginning of spawning
season for L. sceleratus [1,31,32].

Regarding the high TTX content detected in L. sceleratus liver, this could be related to hepatic
uptake. Indeed, several studies have investigated long-term (oral administration) or short-term
(intramuscular or intravenous administration) distribution and accumulation of TTX in the tissues of
different pufferfish species. According to this research, tetrodotoxin is reported to be initially
accumulated at high concentrations in the liver, and then transferred to the skin (especially in
immature or male pufferfish), or in the ovaries of females, through blood circulation [33-36].
Although these findings regarding the intrabody transfer of TTX have been based only on T. rubripes,
which is an edible species [37], similar circulation mechanisms are expected to control toxins
accumulation in other pufferfish species. With regard to L. sceleratus, this aspect has been poorly
investigated and most studies simply focus on its high toxicity. Thus, further research is warranted
to elucidate the underlying mechanisms of selective TTX accumulation and transportation in L.
sceleratus internal organs.
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2.2. TTX-based toxicity of L. sceleratus

Total toxicity of L. sceleratus tissues is defined as the sum of the individual toxicities of TTX and
its analogues, expressed in micrograms of TTX equivalents per gram of tissue (ug TTX eq g1). In
practice, this is calculated by converting the concentrations data to TTX equivalents using the relative
potency (RP) of each compound, as proposed by Knutsen et al. [25]. Given its greater concentration
and toxic potency, TTX was by far the largest contributor to the total toxicity calculated for L. sceleratus
species (Table 2). As expected, the overall toxicity of liver and gonads was much higher compared to
muscle and skin tissues.

Table 2. Total average toxicity (ug TTX eq g + SE) calculated for the different tissues of L. sceleratus
using the relative potencies of TTX and TTX analogues.

Tissue type Total toxicity

Liver 51.03 + 8.88
Gonad 33.99+5.16
Muscle 6.81+0.92

Skin 6.14 +0.97

Total toxicities calculated for the individual tissue samples were further used to categorize them
as toxic or non-toxic, based on the Japanese safety consumption limit of 2.2 ug TTX eq g. This
assessment revealed that only 15% of all tissue samples analyzed in the present study were non-toxic
(Figure 3). Interestingly, only 22% of the muscle samples analyzed, corresponding to 2 female and 6
male specimens, were regarded as “risk-free”. This percentage is much lower compared to our
previous results on L. sceleratus from the Cretan and Libyan Sea, where almost half (i.e. 48%) of the
total muscle tissues analyzed were non-toxic [3]. Based on the literature, the sampling season has
been shown to play an important role on TTX concentrations [5,32]. To verify whether this parameter
was responsible for the observed difference in the percentage of non-toxic samples between the
present and our former study, a comparison based on specimens collected during the same season
(i.e,, May and June) was also carried out. Even after using season-specific data, the percentage of non-
toxic samples calculated from Christidis et al. [3] was only slightly changed (i.e., 52%) and remained
much higher compared to our present results. Besides sampling season, Christidis et al. [3]
demonstrated that TTX levels in L. sceleratus are strongly affected by the sampling area and this
finding was attributed to differences in fish diet composition and/or habitat conditions. Indeed,
several studies suggest tetrodotoxin accumulation via the oral route, as experiments on cultured
pufferfish with TTX-free diet have shown that fish become toxic after ingestion of TTX and TTX-
bearing organisms like gastropods or other toxic pufferfish [38—41]. Moreover, environmental
conditions such as salinity, temperature and water depth have been suggested as possible factors that
affect TTX production by bacteria and TTX presence in host organisms [16,42—44]. Considering the
above, the increased toxicity observed for L. sceleratus in the present study was more likely area-
specific and resulted from the particular physicochemical/biological conditions prevailing in the
pufferfish habitats of Rhodes Island.

The Ministry of Health, Labour and Welfare in Japan has not only established safety limits for
TTX in seafood, but also developed an official database where all pufferfish species recorded in the
country are illustrated with colour photos, along with information on their external features (skin,
length) and edible parts [45,46]. Meanwhile in Europe, no legislation is in force for this biotoxin apart
from the ban of pufferfish from the market (Regulation (EC) No 853/2004, No 854/2004), despite the
wide distribution of L. sceleratus in the Eastern Mediterranean and the numerous studies on the
presence of TTX in pufferfish and molluscs from adjacent areas [17,47,48]. Quite recently, the
Environmental Food Safety Authority (EFSA) proposed a safety limit of 0.044 ug TTX eq g for
shellfish meat [25] within the European Union. The specific limit is much more conservative (i.e., two
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orders of magnitude lower) compared to the one set in Japan and it is worth stressing that the TTX
levels in all samples analyzed in the present study greatly exceeded the EFSA-limit. Considering the
dramatic increase of L. sceleratus in the Greek seas, along with the high risk of poisoning due to
accidental fish consumption, communication actions should be intensified to increase awareness in
local communities and targeted measures should be taken to help reduce the populations of this
invasive pufferfish.
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Figure 3. Toxicity assessment of L. sceleratus samples based on the Japanese safety consumption limit
of 2.2 ug TTX eq g (red dashed line). Non-toxic samples are marked with black asterisks.

2.3. Hormones in L. sceleratus gonads

Gonads of female, male and immature L. sceleratus specimens were subjected to chemical
analysis in an attempt to investigate their hormonal profile and its relationship with TTX levels.
Among the 13 hormones targeted in the present study, only four of them belonging to glucocorticoids
(cortisol), androgens (testosterone, androstenedione) and estrogens (p-estradiol), along with the
gonadotropin-releasing hormone (GnRH) were detected in the reproductive organs of this species.

Cortisol and testosterone were detected in all 34 gonad samples analyzed, at concentrations
ranging from 0.001 to 0.32 pg g and 0.0003 to 0.05 ug g, respectively (Table 3). The detection rate of
GnRH and androstenedione was 97%, as each of these hormones was found below detection limit in
one male sample, and their abundancies varied from 0.01 to 0.91 ug g and 0.001 to 2.40 ug g7,
respectively. The only determined estrogen, -estradiol, was identified at concentrations varying
from 0.0004 to 0.06 ug g in 76% of the samples analyzed. Interestingly, all 8 non-detects of 3-estradiol
corresponded to male specimens.

Table 3. Average concentration (in ug g; + SE), range of values (in pg g') and detection rate (%) of
the hormones found in L. sceleratus gonads. Values below detection limit are reported as "n.d.".

Hormone Average Range Detection rate
GnRH 0.11+0.03 n.d.-0.91 97%
Cortisol 0.06+0.01 0.001-0.32 100%
[-Estradiol 0.020+0.004 n.d.-0.06 76%
Androstenedione 0.23+0.08 n.d.-2.40 97%
Testosterone 0.010£0.002  0.0003-0.05 100%
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In terms of average concentration, the most abundant hormone was androstenedione (0.23 = 0.08
ug g), followed by GnRH (0.11 + 0.03 pug g') and cortisol (0.06 + 0.01 pg g') (Table 3). The
corresponding values of 3-estradiol and testosterone were considerably lower and equaled 0.020 =+
0.004 ug g and 0.010 + 0.002 ug g, respectively. The levels of hormones were further investigated
in female, male and immature L. sceleratus specimens separately. Results showed that
androstenedione dominated in female gonads, with an average concentration of 0.6 + 0.2 ug g
(versus 0.05 = 0.03 pg g! in males), while GnRH was more abundant in male gonads, at a mean
concentration of 0.2 + 0.1 ug g (versus 0.05 + 0.01 pg g in females), (Table 4, Figure 4). In immature
specimens, none of the hormones prevailed, as the mean concentrations of GnRH, cortisol, 3-estradiol
and androstenedione had similar values ranging from 0.03 + 0.02 to 0.06 + 0.04 ug g'.
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Figure 4. Distribution of GnRH and steroid hormones (i.e. cortisol., p-estradiol, androstenedione and
testosterone) in the gonads of a) female and b) male L.sceleratus specimens.

Table 4. Average concentration (ug g + SE) of the hormones detected in female, male and immature
L. sceleratus specimens.

Hormone Female Male Immature
GnRH 0.05+0.01 0.2+0.1 0.05+0.01
Cortisol 0.10 + 0.02 0.03 +0.02 0.06 +0.03
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[-Estradiol 0.03 +0.01 0.01 £ 0.002 0.03 +0.02
Androstenedione 0.6+0.2 0.05+0.03 0.06 £ 0.04
Testosterone 0.010+£0.004  0.002 +0.0005 0.002 + 0.0005

Androstenedione is a sex steroid hormone that acts as pheromone in male goldfish by promoting
an aggressive behavior which allows the demonstration of supremacy against subordinates [49,50].
Moreover, androgens together with GnRH are reported to be associated with territorial behavior in
male fish [51]. Though, androstenedione does not trigger the same response when it is released from
females. More specifically, the secretion of this androgen from female goldfish is perceived by males
as a signal that prevents courtship and reproduction with fish that are not in the ovulation phase (i.e.,
prior to spawning) [49,50]. Unfortunately, the lack of information regarding the maturity stage of L.
sceleratus specimens in the present study impedes from reaching an interpretation regarding the
predominance of specific hormones within each sex.

So far, there are limited studies investigating the presence of hormones in pufferfish. In
particular, cortisol levels were determined as a response to TTX administration in Takifugu rubripes
juveniles [24], while the effect of p-estradiol on the differentiation of gonads was examined in males
of the same species [52]. Moreover, GnRH genes and a possible role of 3-estradiol, testosterone and
cortisol on their expression in Takifugu niphobles specimens were also investigated [53]. To the best of
our knowledge, this is the first report on the hormonal profile of L. sceleratus, and therefore, further
research is needed to gain more insights about the actual role of hormones in the physiology and
behavior of this Lessepsian migrant.

The concentrarion results were further scrutinized to determine any potential correlations of the
detected hormones with sex and/or the external fish characteristics (Table 5). Results revealed
statistically significant positive correlation of 3-estradiol, testosterone and androstenedione with sex
(Pearson’s r=0.66, r=0.56 and r=0.54, respectively; p<0.002), implying higher levels of those hormones
in female specimens, while GnRH was shown to be positively correlated with length and weight
(Pearson’s r=0.37 and r=0.40, respectively; p<0.03). Intriguingly, [>-estradiol was the only hormone
that showed statistically significant positive correlation with TTX (Pearson’s r=0.56; p=0.001) and its
analogues (Pearson’s r=0.51-0.73, p<0.002), whilst the rest of the hormones did not show any
statistically significant correlation with either TTX or TTX analogues (p>0.05).

Table 5. Pearson’s correlation coefficients (r) between hormones, morphological characteristics, TTX
and TTX analogues detected in L. sceleratus gonads.

4-epi 11- 4.9-anh 11- .11/6.11-
Weight Length  Sex TTX epi nor 9-anhydro 11-deoxy 5.11/6

TTX  TTX-6-0l TTX TTX  dideoxyTTX

Weight - 0.949** -0.232 -0476 -0.347 -0.365 -0.372 -0.468 -0.419
Length 0.949™ - -0.246 -0.388  -0.253 -0.266 -0.276 -0.374 -0.348

Sex -0.232  -0.246 - 0.624™  0.658™ 0.570™ 0.688™ 0.631" 0.769™

GnRH 0397 0.374° -0.282 -0.321  -0.266 -0.289 -0.287 -0.313 -0.299
Cortisol -0.178  -0.112 0331  0.187 0.118 0.062 0.092 0.056 0.012

B-Estradiol -0.325  -0.359  0.659" 0.556™  0.520™ 0.511" 0.579" 0.603™ 0.728™
Androstenedione -0.207  -0.265 0.539" 0.132 0.11 0.163 0.145 0.193 0.212
Testosterone -0.007 0.026 0563 0.173 0.083 0.051 0.139 0.182 0.281

* p<0.05. **p<0.01.

Furthermore, stepwise regression was applied to identify the subset of variables among those
investigated (i.e., macroscopic fish characteristics and gonadal hormones levels) that best predicted
TTX levels in gonads, as well as to assess the relative importance of those variables (Table 6). This
analysis provided a statistically significant model (p< 0.001) that included only two predictor
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variables (i.e., fish sex and weight) and explained 62% of the variance in TTX concentration data.
More specifically, higher TTX levels were predicted for samples of lower weight and of female sex.
Based on the standardized coefficients of the two variables, sex (3=0.58) had a considerably stronger
effect on TTX concentration compared to weight (3=-0.42). Moreover, the calculated semi-partial
correlations suggested that the unique contribution of sex and weight on the variance of TTX
concentration was 33% and 17%, respectively.

After further examination, it was revealed that none of the hormones could enter into the model
equation as long as fish sex was included among the predictor variables. By excluding sex from
stepwise regression, a model incorporating fish weight and gonadal (3-estradiol concentration as
predictors was obtained. This second version was also characterized by high statistical significance
(p<0.001), but it explained only 46% of the variance in TTX concentration. In analogy to the previous
model, higher TTX levels were predicted for pufferfish individuals having lower weight and higher
[-estradiol concentration. In addition, the latter variable was found to have a greater effect on TTX
concentration (p=-0.35 and 0.49 for fish weight and [-estradiol concentration, respectively).
Nevertheless, the percentage of the variance in TTX concentration that could be uniquely attributed
to p-estradiol (22%) and fish weight (11%) was much lower compared to the variables of the first
model. Based on these results, sex is definitely a better predictor of TTX levels than (-estradiol
concentration, implying that the presence of the toxin in L. sceleratus gonads is more likely affected
by the general sex-related characteristics of the pufferfish rather than by specific hormone-controlled
processes.

Table 6. Summary statistics and regression coefficients of the two models derived by forward
stepwise multiple regression for the prediction of TTX concentration in L. sceleratus gonads. In the
first model, all variables (i.e., pufferfish morphological characteristics and gonadal hormones levels)
were assessed as potential predictors, whereas sex variable was forced outside the second model.

M:Iiel R R2 Stan;i;l;inz?e-or of F-stat p-value | Variable B pr t-test p-value part-Re
1 0.787 0.619 16.8 21.8 p<0.001 Constant 429 - 48 <0.001 -
Sex 31.1 0.584 47 <0.001 0.572
Weight -0.013  -0.425 -3.4 0.002 -0.416
2 0.680 0.463 20.0 16.9  p<0.001 | Constant 38.5 - 4.1 <0.001 -
B-Estradiol 6009  0.487 35 0.002 0.464
Weight -0.010 -0.349 -25 0.019  -0.332

@ Unstandardized regression coefficient. » Standardized regression coefficient. < Semipartial correlation
coefficient.

3. Materials and Methods

3.1. TTX analysis

Specimens belonging to the species Lagocephalus sceleratus were caught along the Rhodes Island,
southeastern Greece, between May and June 2021. Total fish length and weight were measured for
each one of the 37 individuals, while gender was identified after fish dissection (Table 7). Thereafter,
muscle, skin, liver and gonads were removed and kept at -20 °C until chemical analysis. With the
exception of three gonads of very low mass (i.e., <0.15 g), a total of 145 samples were analyzed for
tetrodotoxin and its analogues, namely 4-epiTTX, 11-deoxyTTX, 11-norTTX-6-ol, 4,9-anhydroTTX,
5,11/6,11-dideoxyTTX and 5,6,11-trideoxyTTX.
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Table 7. Number of collected L.sceleratus specimens from Rhodes Island, Greece categorized by sex
(female, male, immature) and accompanied by measurements of total fish length (cm) and weight (g).

Number of specimens Sex Length Weight
12 Female 42 — 65 1030 — 3500
19 Male 49—-72 990 — 4300
6 Immature 23 —45 140 — 895

The methodology described by Christidis et al. [3] was used for the analysis of TTX and TTX-
analogues after minor modifications. More specifically, voglibose was used as internal standard
instead of N-methyl-D-glucamine. Furthermore, the extraction of TTX from tissue samples was
performed in a single round (instead of two consecutive extraction rounds), as this was proved
sufficient for extracting over 93% of TTX. Regarding TTX separation by Solid Phase Extraction (SPE),
custom-made cartridges consisting of 1-mL pipette tips plugged with wool were replaced by single
fritted microcartridges (Kinesis-TELOS empty wells of 600 puL with polyethylene frits of 20 pm
porosity; Cole Parmer, Wertheim, Germany) that were filled with 10 mg of polymer-based sorbent
material (Strata-X-C 33 pm polymeric strong cation, Phenomenex, Aschaffenburg, Germany). All
other extraction and detection parameters remained unchanged.

3.2. Hormone analysis

Besides TTX determination, the levels of steroid hormones were also measured in L. sceleratus
specimens using the method of Papadaki et al. [54] with some modifications. Due to the fact that fish
blood sampling was not possible, the analysis of hormones had to be made on the available tissue
samples. Considering that gonads exhibit much higher levels of TTX than other body parts [3] and
they represent the primary organs for steroidogenesis, the specific type of tissue was selected for
hormones measurements. Prior to sample extraction, several parameters including solvent type and
volume, mass of ex-tracted tissue and number of extractions were optimized to ensure quantitative
recovery (i.e., >95%) for the analyzed hormones. Following the optimized extraction procedure, ap-
proximately 0.2 g of minced gonads were placed in 2-mL Safe-Lock tubes (Eppendorf; Hamburg,
Germany) containing two 5-mm stainless steel bead (Qiagen; Hilden, Germany) and 750 pL
acetonitrile. Disruption of tissue samples was performed in a TissueLyser II (Retsch, Qiagen; Hilden,
Germany) set at 25 Hz for 10 min, followed by centrifugation at 13,800 g for 10 min. The supernatants
were collected in amber glass vials and the extraction procedure was repeated once more with 750
pL of fresh solvent. The final extracts were spiked with 10 uL of a 13C-labelled hormones mix
containing cortisol (2,3,4-13C3; 83.4 pg pL7), estradiol (3,4-13C2; 79.9 pg uL?), testosterone (2,3,4-
13C3; 20.7 pg puL1) and progesterone (2,3,4-13C3; 9.8 pg uL) as internal standards. Samples were
evaporated to dryness (EZ-2 centrifugal evaporator, Genevac Ltd; Ipswich, United Kingdom) at 35
oC for 2.5 h and reconstituted in 400 pL of 20% methanol. Subsequently, hormones separation was
performed using the SPE method previously described for plasma samples by Papadaki et al. [51]. In
brief, microcartridges dry-packed with 10 mg of C18 sorbent (Strata-X 33 um polymeric reversed
phase; Phenomenex, Aschaffenburg Germany) were initially conditioned with 500 puL of methanol
and 500 uL of water and, thereafter, the reconstituted samples were loaded. After applying two
washing steps (500 uL of water and 400 pL of methanol 40% v/v), hormones were selectively eluted
with 500 uL methanol. Eluates were collected in amber glass vials, spiked with 10 uL. N,N dimethyl-
L-phenylalanine (0.2 ng uL-') as recovery standard, evaporated to dryness and redissolved in 200 pL
methanol. A total of 13 hormones (adrenosterone, aldosterone, 4-androstene-3,17-dione, $-estradiol,
cortisol, cortisone, estriol, estrone, GnRH, progesterone, testosterone, 11-ketotestosterone, 17x,20[3-
dihydroxy-4-pregnen-3-one) were analyzed by LC-MS/MS using previously optimized instrument
parameters [54].
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3.3. Statistical analysis

Prior to statistical analysis, non-detectable gonadal concentrations of some TTX an-alogues and
hormones were replaced by half of the detection limit (i.e., 1.75 ng mL- for 4,9-anhydroTTX, 1.30 ng
mL for GnRH, 0.04 ng mL- for -estradiol and 0.005 ng mL-! for androstenedione). The Pearson's
correlation matrix was calculated to identify any statis-tically significant linear relationships between
tetrodotoxin, hormones and fish morpho-logical characteristics. For the dichotomous categorical
variable of sex (male=0, female=1), the point-biserial correlation coefficient was applied, which is
mathematically equivalent to Pearson's correlation. Subsequently, forward stepwise linear regression
was carried out in order to identify the best models that can predict TTX concentration in L. sceleratus
gonads using optimally selected subset of variables. With this approach, the different var-iables are
sequentially entered into the model, as far as the defined criterion of entry is satisfied (i.e., p>0.05 for
the partial F-test of each added variable). During the analysis, one gonad sample was identified as a
multivariate outlier (i.e., Mahalanobis distance=22.6 and Cook's distance=0.29, with both being three
times higher than the respective average distance values) and it was excluded from the dataset.
Moreover, since fish weight demonstrated a strong correlation with fish length (i.e., Pearson’s
r=0.949), the latter variable was excluded to avoid multicollinearity problem. All statistical analyses
were per-formed using IBM SPSS Statistics for Windows (v22.0).

4. Conclusions

Since the first record of L. sceleratus from the Cretan Sea in 2005, this Lessepsian pufferfish
established large populations in the coasts of southern Aegean Sea and it turned into a problem with
widespread socioeconomic and environmental implications. Besides the adverse effects on local
biodiversity and fisheries, the accidental consumption of this toxic species has also become a threat
for public health. Because of the latter, there is growing interest in quantifying the poisoning risk
from L. sceleratus and understanding the factors controlling its tetrodotoxin levels.

In the present study, different tissues of L. sceleratus specimens from southeastern Aegean Sea
were analyzed and it was confirmed that liver and gonads are the most toxic parts of this species, as
they exhibited the highest concentrations of tetrodotoxin and its analogues 4-epiTTX, 4,9-
anhydroTTX, 11-norTTX-6-ol, 11-deoxyTTX and 5,11/6,11-dideoxyTTX. In addition, TTX was more
abundant in the ovaries than in testis of the specimens under investigation. This may be attributed to
sampling time, which corresponded to the spawning season for this species, as females have been
reported to be highly toxic during that time of the year. Moreover, 78% of the muscle tissues analyzed
were regarded as toxic, according to the Japanese toxicity threshold (2.2 pg TTX eq g), thus verifying
that L. sceleratus is highly poisonous and should not be consumed under no circumstances. The
hormonal profile of L. sceleratus was for the first time investigated and four steroids, namely cortisol,
testosterone, androstenedione and [(-estradiol, as well as the gonadotropin-releasing hormone
(GnRH) were detected in the gonads. Androstenedione was more abundant in female specimens,
while GnRH was found at higher concentrations in males. Both of them are involved in reproductive
and territorial behavior of fish. A possible relationship between pufferfish biotoxins and the recorded
hormones was examined, with 3-estradiol being the only one that was positively correlated with TTX
and its analogues. However, a stepwise regression analysis of the results demonstrated that gonadal
TTXlevels of L. sceleratus is better predicted using its sex and weight as independent variables, rather
than estradiol and weight. This implies the toxin is more likely controlled by the general sex-related
characteristics of the pufferfish rather than by specific hormone-controlled processes. Nevertheless,
whatever variables were included in our models, these could explain less than two-thirds of the
variation in TTX concentration. Further research is needed to unveil other hidden factors influencing
the toxicity of this noxious pufferfish.


https://doi.org/10.20944/preprints202309.0272.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 September 2023 do0i:10.20944/preprints202309.0272.v1

13

Author Contributions: Conceptualization, M.M.; methodology, M.M.; formal analysis, T.I.A.; investigation,
TIA., EK, GK. and M.M,; resources, G.K..; writing—original draft preparation, T.LA.; writing—review and
editing, M.M., GK., A.T. and P.P.; supervision, M.M.; project administration, M.M; funding acquisition, M.M.,
G.K. and P.P. All authors have read and agreed to the published version of the manuscript.

Funding: This research is part of the project EXPLIAS (“Design and piloting methods of commercial exploitation
of marine alien species towards the contribution to the control of their population”; https://explias.gr/) funded
by the Fisheries and Maritime Operational Program 2014-2020 of the Greek Ministry of Agricultural
Development and Food, and the European Maritime and Fisheries Fund (MIS No: 5049912).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the corresponding
author.

Acknowledgments: We thank Ms Antigoni Vasilaki for help dissecting L. sceleratus specimens.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Ulman, A, Yildiz, T.; Demirel, N.; Canak, O.; Yemisken, E.; Pauly, D. The Biology and Ecology of the
Invasive Silver-Cheeked Toadfish (Lagocephalus sceleratus), with Emphasis on the Eastern Mediterranean.
NeoBiota 2021, 68, 145-175, d0i:10.3897 /neobiota.68.71767.

2. Kasapidis, P.; Peristeraki, P.; Tserpes, G.; Magoulas, A. First Record of the Lessepsian Migrant Lagocephalus
sceleratus (Gmelin 1789) (Osteichthyes: Tetraodontidae) in the Cretan Sea (Aegean, Greece). Aquat. Invasions
2007, 2, 71-73, d0i:10.3391/ai.2007.2.1.9.

3. Christidis, G.; Mandalakis, M.; Anastasiou, T.L; Tserpes, G.; Peristeraki, P.; Somarakis, S. Keeping
Lagocephalus sceleratus off the Table: Sources of Variation in the Quantity of TTX, TTX Analogues, and Risk
of Tetrodotoxication. Toxins (Basel). 2021, 13, d0i:10.3390/toxins13120896.

4.  Akbora, H.D.; Kunter, .; Ergetin, T.; Elagdz, A.M.; Cicek, B.A. Determination of Tetrodotoxin (TTX) Levels
in Various Tissues of the Silver Cheeked Puffer Fish (Lagocephalus sceleratus (Gmelin, 1789)) in Northern
Cyprus Sea (Eastern Mediterranean). Toxicon 2020, 175, 1-6, doi:10.1016/j.toxicon.2019.12.002.

5. Kosker, AR, C)zogul, F.; Durmus, M,; Ucar, Y.; Ayas, D.; Regenstein, ].M.; Ozogul, Y. Tetrodotoxin Levels
in Pufferfish (Lagocephalus sceleratus) Caught in the Northeastern Mediterranean Sea. Food Chem. 2016, 210,
332-337, doi:10.1016/j.foodchem.2016.04.122.

6.  Bucdiarelli, G.M.; Lechner, M.; Fontes, A.; Kats, L.B.; Eisthen, H.L.; Shaffer, H.B. From Poison to Promise:
The Evolution of Tetrodotoxin and Its Potential as a Therapeutic. Toxins (Basel). 2021, 13,
d0i:10.3390/toxins13080517.

7. Hagen, N.A; Cantin, L.; Constant, ].; Haller, T.; Blaise, G.; Ong-Lam, M.; Du Souich, P.; Korz, W.; Lapointe,
B. Tetrodotoxin for Moderate to Severe Cancer-Related Pain: A Multicentre, Randomized, Double-Blind,
Placebo-Controlled, Parallel-Design Trial. Pain Res. Manag. 2017, 2017, doi:10.1155/2017/7212713.

8.  Zhan, C,, Wang, W.,, Santamaria, C., Wang, B., Rwei, A, Timko, B.P., Kohane, D.S. Ultrasensitive
Phototriggered Local Anesthesia. Physiol. Behav. 2017, 176, 139-148,
doi:10.1021/acs.nanolett.6b03588.Ultrasensitive.

9. Song, H,li J;Lu CL,; Kang, L.; Xie, L.; Zhang, Y.Y.; Zhou, X.B.; Zhong, S. Tetrodotoxin Alleviates Acute
Heroin Withdrawal Syndrome: A Multicentre, Randomized, Double-Blind, Placebo-Controlled Study. Clin.
Exp. Pharmacol. Physiol. 2011, 38, 510-514, d0i:10.1111/j.1440-1681.2011.05539.x.

10. EXPLIAS. Design and Piloting Methods of Commercial Exploitation of Marine Alien Species towards the
Contribution to the Control of Their Population. Available online: https://explias.gr/ (accessed on 31
August 2023).

11. Dogdu, S.A,; Turan, C,; Depci, T.; Ayas, D. Natural Hydroxyapatite Obtained from Pufferfish Teeth for
Potential Dental Application. J. Ceram. Process. Res. 2021, 22, 356-361, doi:10.36410/jcpr.2021.22.3.356.

12. Dogdu, S.A.; Turan, C.; Ayas, D. Isolation and Characterization of Collagen and Gelatin From Skin of Silver
Cheeked Pufferfish Lagocephalus sceleratus for Pharmaceutical and Biomedical Applications. Nat. Eng. Sci.
2019, 308-314, d0i:10.28978/nesciences.661099.

13. Acar, C; Ishizaki, S.; Nagashima, Y. Toxicity of the Lessepsian Pufferfish Lagocephalus sceleratus from
Eastern Mediterranean Coasts of Turkey and Species Identification by Rapid PCR Amplification. Eur. Food
Res. Technol. 2017, 243, 49-57, d0i:10.1007/s00217-016-2721-1.


https://doi.org/10.20944/preprints202309.0272.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 September 2023 do0i:10.20944/preprints202309.0272.v1

14

14. Tani, I. Toxicological Studies in Japanese Puffers. J. Toxicol. Sci 1984, 9, 1-11.

15. Kawabata, T. Pu Er Toxin. In The Manual for the Methods of Food Sanitation Tests; Bureau, E.H., Ed.; Japan
Food Hygiene Association, Tokyo, Japan, 1978; p. 232.

16. Antonelli, P.; Salerno, B.; Bordin, P.; Peruzzo, A.; Orsini, M.; Arcangeli, G.; Barco, L.; Losasso, C.
Tetrodotoxin in Live Bivalve Mollusks from Europe: Is It to Be Considered an Emerging Concern for Food
Safety? Compr. Rev. Food Sci. Food Saf. 2021, 21, 719-737, d0i:10.1111/1541-4337.12881.

17.  Vlamis, A.; Katikou, P.; Rodriguez, L; Rey, V.; Alfonso, A.; Papazachariou, A.; Zacharaki, T.; Botana, A.M.;
Botana, L.M. First Detection of Tetrodotoxin in Greek Shellfish by UPLC-MS/MS Potentially Linked to the
Presence of the Dinoflagellate Prorocentrum minimum. Toxins (Basel). 2015, 7, 1779-1807,
d0i:10.3390/toxins7051779.

18. [Itoi, S.; Yoshikawa, S.; Tatsuno, R.; Suzuki, M.; Asahina, K.; Yamamoto, S.; Takanashi, S.; Takatani, T.;
Arakawa, O.; Sakakura, Y.; et al. Difference in the Localization of Tetrodotoxin between the Female and
Male Pufferfish  Takifugu  niphobles, during Spawning. Toxicon 2012, 60, 1000-1004,
doi:10.1016/j.toxicon.2012.07.006.

19. Ikeda, K.; Emoto, Y.; Tatsuno, R.; Wang, ].].; Ngy, L.; Taniyama, S.; Takatani, T.; Arakawa, O. Maturation-
Associated Changes in Toxicity of the Pufferfish Takifugu poecilonotus. Toxicon 2010, 55, 289-297,
doi:10.1016/j.toxicon.2009.08.001.

20. Gao, W.; Kanahara, Y.; Tatsuno, R.; Soyano, K.; Nishihara, G.N.; Urata, C.; Takatani, T.; Arakawa, O.
Maturation-Associated Changes in Internal Distribution and Intra-Ovarian Microdistribution of
Tetrodotoxin in the Pufferfish Takifugu pardalis. Fish. Sci. 2018, 84, 723-732, d0i:10.1007/s12562-018-1209-2.

21. Ttoi, S.; Yoshikawa, S.; Asahina, K.; Suzuki, M.; Ishizuka, K.; Takimoto, N.; Mitsuoka, R.; Yokoyama, N.;
Detake, A.; Takayanagi, C.; et al. Larval Pufferfish Protected by Maternal Tetrodotoxin. Toxicon 2014, 78,
35-40, doi:10.1016/j.toxicon.2013.11.003.

22. Okita, K; Yamazaki, H.; Sakiyama, K.; Yamane, H.; Niina, S.; Takatani, T.; Arakawa, O.; Sakakura, Y. Puffer
Smells Tetrodotoxin. Ichthyol. Res. 2013, 60, 386-389, doi:10.1007/s10228-013-0353-z.

23. Stacey, N. Hormones, Pheromones and Reproductive Behavior. Fish Physiol. Biochem. 2003, 28, 229-235,
do0i:10.1023/B:FISH.0000030540.99732.2c¢.

24. Amano, M.; Amiya, N.; Takaoka, M.; Sato, H.; Takatani, T.; Arakawa, O.; Sakakura, Y. Tetrodotoxin
Functions as a Stress Relieving Substance in Juvenile Tiger Puffer Takifugu rubripes. Toxicon 2019, 171, 54—
61, doi:10.1016/j.toxicon.2019.09.024.

25. Knutsen, HK.; Alexander, J.; Barregard, L.; Bignami, M.; Briischweiler, B.; Ceccatelli, S.; Cottrill, B.; Dinovi,
M.; Edler, L.; Grasl-Kraupp, B.; et al. Risks for Public Health Related to the Presence of Tetrodotoxin (TTX)
and TTX Analogues in Marine Bivalves and Gastropods. EFSA J. 2017, 15, doi:10.2903/j.efsa.2017.4752.

26. Rodriguez, P.; Alfonso, A.; Otero, P.; Katikou, P.; Georgantelis, D.; Botana, L.M. Liquid Chromatography-
Mass Spectrometry Method to Detect Tetrodotoxin and Its Analogues in the Puffer Fish Lagocephalus
sceleratus  (Gmelin, 1789) from European Waters. Food Chem. 2012, 132, 1103-1111,
doi:10.1016/j.foodchem.2011.11.081.

27. Bane, V.; Brosnan, B.; Barnes, P.; Lehane, M.; Furey, A. High-Resolution Mass Spectrometry Analysis of
Tetrodotoxin (TTX) and Its Analogues in Puffer Fish and Shellfish. Food Addit. Contam. - Part A Chem. Anal.
Control. Expo. Risk Assess. 2016, 33, 1468-1489, d0i:10.1080/19440049.2016.1218070.

28. Kosker, AR, Ozogul, F.; Ayas, D.; Durmus, M.; Ucar, Y.; Regenstein, ].M.; Ozogul, Y. Tetrodotoxin Levels
of Three Pufferfish Species (Lagocephalus sp.) Caught in the North-Eastern Mediterranean Sea. Chemosphere
2019, 219, 9599, doi:10.1016/j.chemosphere.2018.12.010.

29. Katikou, P.; Georgantelis, D.; Sinouris, N.; Petsi, A.; Fotaras, T. First Report on Toxicity Assessment of the
Lessepsian Migrant Pufferfish Lagocephalus sceleratus (Gmelin, 1789) from European Waters (Aegean Sea,
Greece). Toxicon 2009, 54, 50-55, doi:10.1016/j.toxicon.2009.03.012.

30. Matsumura, K. Tetrodotoxin as a Pheromone. Nature 1995, 378, 563-564, d0i:10.1038/378563b0.

31. Kalogirou, S. Ecological Characteristics of the Invasive Pufferfish Lagocephalus sceleratus (Gmelin, 1789) in
Rhodes, Eastern Mediterranean Sea. A Case Study. Mediterr. Mar. Sci. 2013, 14, 251-260,
do0i:10.12681/mms.364.

32. Sabrah, M.M.; El-Ganainy, A.A.; Zaky, M.A. Biology and Toxicity of the Pufferfish Lagocephalus sceleratus
(Gmelin, 1789) from the Gulf of Suez. EQypt. ]. Aquat. Res. 2006, 32, 283-297.

33. Wang, J.; Araki, T; Tatsuno, R.; Nina, S.; Ikeda, K.; Takatani, T.; Arakawa, O. Transfer Profile of Orally and
Intramuscularly Administered Tetrodotoxin to Artificial Hybrid Specimens of the Pufferfish Takifugu


https://doi.org/10.20944/preprints202309.0272.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 September 2023 do0i:10.20944/preprints202309.0272.v1

15

rubripes and Takifugu porphyreus. ]. Food Hyg. Soc. Japan 2012, 53, 33-38, doi:10.3358/shokueishi.53.33.

34. Ikeda, K,; Murakami, Y.; Emoto, Y.; Ngy, L.; Taniyama, S.; Yagi, M.; Takatani, T.; Arakawa, O. Transfer
Profile of Intramuscularly Administered Tetrodotoxin to Non-Toxic Cultured Specimens of the Pufferfish
Takifugu rubripes. Toxicon 2009, 53, 99-103, doi:10.1016/j.toxicon.2008.10.018.

35. Matsumoto, T.; Nagashima, Y.; Kusuhara, H.; Ishizaki, S.; Shimakura, K.; Shiomi, K. Evaluation of Hepatic
Uptake Clearance of Tetrodotoxin in the Puffer Fish Takifugu rubripes. Toxicon 2008, 52, 369-374,
doi:10.1016/j.toxicon.2008.06.006.

36. Nagashima, Y.; Toyoda, M.; Hasobe, M.; Shimakura, K.; Shiomi, K. In Vitro Accumulation of Tetrodotoxin
in Pufferfish Liver Tissue Slices. Toxicon 2003, 41, 569-574, doi:10.1016/S0041-0101(02)00385-9.

37. Noguchi, T.; Arakawa, O. Tetrodotoxin - Distribution and Accumulation in Aquatic Organisms, and Cases
of Human Intoxication. Mar. Drugs 2008, 6, 220-242, d0i:10.3390/md20080011.

38. Zhang, X,; Zong, J.; Chen, S,; Li, M.; Lu, Y.; Wang, R.; Xu, H. Accumulation and Elimination of Tetrodotoxin
in the Pufferfish Takifugu obscurus by Dietary Administration of the Wild Toxic Gastropod Nassarius
semiplicata. Toxins (Basel). 2020, 12, doi:10.3390/toxins12050278.

39. Itoi, S.; Ueda, H.; Yamada, R.; Takei, M.; Sato, T.; Oshikiri, S.; Wajima, Y.; Ogata, R.; Oyama, H.; Shitto, T;
et al. Including Planocerid Flatworms in the Diet Effectively Toxifies the Pufferfish, Takifugu niphobles. Sci.
Rep. 2018, 8, 1-10, d0i:10.1038/s41598-018-30696-z.

40. Noguchi, T.; Arakawa, O.; Takatani, T. Toxicity of Pufferfish Takifugu rubripes Cultured in Netcages at Sea
or Aquaria on Land. Comp. Biochem. Physiol. - Part D Genomics Proteomics 2006, 1, 153-157,
do0i:10.1016/j.cbd.2005.11.003.

41. Honda, S., Arakawa, O., Takatani, T., Tachibana, K., Yagi, M., Tanigawa, A., Noguchi, T. Toxification of
Cultured Pufferfish Takifugu rubripes by Feeding on Tetrodotoxin-Containing Diet. Nippon Suisan Gakkaishi
2005, 71, 815-520.

42. Turner, A.D.; Dhanji-Rapkova, M.; Coates, L.; Bickerstaff, L.; Milligan, S.; O’'Neill, A.; Faulkner, D.;
McEneny, H.; Baker-Austin, C.; Lees, D.N.; et al. Detection of Tetrodotoxin Shellfish Poisoning (TSP) Toxins
and Causative Factors in Bivalve Molluscs from the UK. Mar. Drugs 2017, 15, 1-18, d0i:10.3390/md15090277.

43. Pratheepa, V.; Vasconcelos, V. Microbial Diversity Associated with Tetrodotoxin Production in Marine
Organisms. Environ. Toxicol. Pharmacol. 2013, 36, 1046-1054, doi:10.1016/j.etap.2013.08.013.

44. Auawithoothij W.; Noomhorm, A. Shewanella putrefaciens, a Major Microbial Species Related to
Tetrodotoxin (TTX)-Accumulation of Puffer Fish Lagocephalus lunaris. . Appl. Microbiol. 2012, 113, 459465,
doi:10.1111/j.1365-2672.2012.05339.x.

45. Natural Toxin Risk Profile: Fish: Pufferfish Toxin. Available online:
https://www.mhlw.go.jp/topics/syokuchu/poison/animal_det_01.html (accessed on 31 August 2023)

46. Natural Toxin Risk Profile: Fish: Pufferfish Toxin (summary version). Available online:
https://www.mhlw.go.jp/topics/syokuchu/poison/animal_01.html#betsuhyo (accessed on 31 August 2023)

47. Bordin, P.; Dall’Ara, S.; Tartaglione, L.; Antonelli, P.; Calfapietra, A.; Varriale, F.; Guiatti, D.; Milandri, A,;
Dell’Aversano, C.; Arcangeli, G.; et al. First Occurrence of Tetrodotoxins in Bivalve Mollusks from
Northern Adriatic Sea (Italy). Food Control 2021, 120, 107510, doi:10.1016/j.foodcont.2020.107510.

48. Dell’Aversano, C.; Tartaglione, L.; Polito, G.; Dean, K.; Giacobbe, M.; Casabianca, S.; Capellacci, S.; Penna,
A.; Turner, A.D. First Detection of Tetrodotoxin and High Levels of Paralytic Shellfish Poisoning Toxins in
Shellfish from Sicily (Italy) by Three Different Analytical Methods. Chemosphere 2019, 215, 881-892,
doi:10.1016/j.chemosphere.2018.10.081.

49. Sorensen, P.W.; Pinillos, M.; Scott, A.P. Sexually Mature Male Goldfish Release Large Quantities of
Androstenedione into the Water Where It Functions as a Pheromone. Gen. Comp. Endocrinol. 2005, 140, 164—
175, d0i:10.1016/j.ygcen.2004.11.006.

50. Poling, K.R.; Fraser, E.J.; Sorensen, P.W. The Three Steroidal Components of the Goldfish Preovulatory
Pheromone Signal Evoke Different Behaviors in Males. Comp. Biochem. Physiol. - B Biochem. Mol. Biol. 2001,
129, 645-651, d0i:10.1016/51096-4959(01)00361-X.

51. Oliveira, R.F.; Gongalves, D.M. Hormones and Social Behaviour of Teleost Fish. Fish Behav. 2008, 61-150,
doi:10.1201/b10757-5.

52. Lee, K.H.; Yamaguchi, A.; Rashid, H.; Kadomura, K.; Yasumoto, S.; Matsuyama, M. Estradiol-17beta
Treatment Induces Intersexual Gonadal Development in the Pufferfish, Takifugu rubripes. Zoolog. Sci. 2009,
26, 639-645, d0i:10.2108/z5j.26.639.

53. Shahjahan, M.; Hamabata, T.; Motohashi, E.; Doi, H.; Ando, H. Differential Expression of Three Types of


https://doi.org/10.20944/preprints202309.0272.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 September 2023 do0i:10.20944/preprints202309.0272.v1

16

Gonadotropin-Releasing Hormone Genes during the Spawning Season in Grass Puffer, Takifugu niphobles.
Gen. Comp. Endocrinol. 2010, 167, 153-163, d0i:10.1016/j.ygcen.2010.01.018.

54. Papadaki, M.; Mandalakis, M.; Anastasiou, T.I; Pouli, M.; Asderis, M.; Katharios, P.; Papandroulakis, N.;
Mylonas, C.C. Histological Evaluation of Sex Differentiation and Early Sex Identification in Hatchery-
Produced Greater Amberjack (Seriola dumerili) Reared in Sea Cages. Fish Physiol. Biochem. 2021, 47, 1777-
1792, doi:10.1007/s10695-021-01007-7.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or
products referred to in the content.


https://doi.org/10.20944/preprints202309.0272.v1

