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Abstract: Pinnatoxin G (PnTx-G) is a marine cyclic imine toxin produced by the dinoflagellate
Vulcanodinium rugosum, frequently detected in edible shellfish from Ingril Lagoon (France). As other
pinnatoxins, to date, no human poisonings ascribed to consumption of PnTx-G contaminated
seafood have been reported, despite its potent antagonism at nicotinic acetylcholine receptors and
its high and fast-acting toxicity after intraperitoneal or oral administration in mice. The hazard
characterization of PnTx-G by oral exposure is limited to a single acute toxicity study recording
lethality and clinical signs in non-fasted mice treated by gavage or through voluntary food
ingestion, which showed differences in PnTx-G toxic potency. Thus, an acute toxicity study was
carried out using 3 h-fasted CD-1 female mice, administered by gavage with PnTx-G (8-450 pg kg™).
At the dose of 220 ug kg and above, the toxin induced a rapid onset of clinical signs (piloerection,
prostration, hypothermia, abdominal breathing, paralysis of the hind limbs, and cyanosis), leading
to the death of mice within 30 min. Except for moderate mucosal degeneration in the small intestine
recorded at doses of 300 ug kg™, the toxin did not induce significant morphological changes in the
other main organs and tissues, or alterations in blood chemistry parameters. This acute oral toxicity
study allowed to calculate an oral LDso for PnTx-G equal to 208 ug kg (95% confidence limits: 155-
281 pg kg™) and to estimate a provisional NOEL of 120 ug kg'.
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Key Contribution: Acute administration by gavage of PnTx-G to 3 h-fasted mice allowed to
calculate an oral LDso of 208 pg kg™ (95% confidence limits: 155-281 ug kg™) and to estimate a
provisional NOEL of 120 ug kg, useful for the risk assessment of this toxin as seafood contaminant.

1. Introduction

Pinnatoxins (PnTxs) are lipophilic cyclic imine toxins that can accumulate in edible marine
shellfish. They have been initially isolated from the shellfish Pinna attenuata collected in China [1].
Pinnatoxin A (PnTx-A) has been firstly characterized after its isolation from the bivalve Pinna muricata
collected in Okinawa (Japan), similarly to its structural analogues PnTx-B, -C, and -D [2—4]. PnTx-E,
-F, and -G have been subsequently isolated from oysters (Crassostrea gigas) collected in South
Australia and New Zealand [5], whereas PnTx-H has been purified from cultured Vulcanodinium
rugosum collected in South China Sea [6]. During the last years, these toxins, including their fatty acid
ester derivatives, have also been detected in microalgae and/or other shellfish species from different
geographical areas [7-19]. Moreover, strains of dinoflagellates producing PnTx-E and -F in New
Zealand [7], have been shown to be identical to those producing PnTx-E, -F, and -G in Australia [8]
or PnTx-G in Japan [9]. The isolates from New Zealand, Australia and Japan have been shown as
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morphologically identical to a Mediterranean dinoflagellate strain recognized as Vulcanodinium
rugosum [20], a new species identified as pinnatoxins-producing organism [21].

Despite their accumulation in edible shellfish, pinnatoxins have not been associated to seafood
poisonings in humans and, consequently, they are not currently regulated [17]. Nevertheless, because
of their toxic potential, the European Food Safety Authority (EFSA) recommended more information
on the oral toxicity of these compounds for a conclusive risk assessment [22]. In fact, pinnatoxins
have been denoted as fast-acting and highly toxic compounds after intraperitoneal injection (i.p.) in
mouse bioassays, being able to induce a rapid onset of neuromuscular effects leading to death. The
toxicity is ascribed mainly to a specific interaction and blockage of muscle- and neuronal-type
nicotinic acetylcholine receptors, known to be involved in synaptic transmissions at central and
peripheral nervous system as well as at skeletal neuromuscular junction level. In particular, PnTXs
bind muscle nicotinic acetylcholine receptors more potently than neuronal ones [23-30].
Intraperitoneal injection of these toxins in mice has been shown to induce skeletal muscle paralysis,
respiratory depression, and lethal effects within less than one hour. The median lethal dose (LDso)
was lower than 100 pg kg™ with the following order of potency: PnTx-F > PnTx-G > PnTx-E > PnTx-
H [5,6,31]. Pinnatoxins are characterized also by a high acute oral toxicity, which order rank after
gavage administration in mice is PnTx-F > PnTx-G > PnTx-H > PnTx-E. The most toxic compounds
(PnTx-F, G and H) have also been shown to present small differences in potency between oral and
i.p. administration: their oral toxicity was only 1.6 to 9.3-fold lower than that after i.p. injection,
whereas PnTx-E was at least 49-fold less toxic orally than after i.p. injection [6,31,32].

However, the few acute oral toxicity studies on pinnatoxins evaluated only their lethality and
clinical signs, using non-fasted or 16 h-fasted mice and different administration routes. In particular,
while no information on the experimental conditions are reported for PnTx-H toxicity assessment
(LDso = 163 ug kg™), the LDso of PnTx-E, -F and -G has been determined in female Swiss mice under
different conditions: (1) In non-fasted mice administered by gavage with PnTx-E, -F or -G (LDs=o =
2800, 25 and 150 pg kg, respectively); (2) in non-fasted mice that voluntary ingested PnTx-F or PnTx-
G mixed with cream cheese (LDso = 50 and 400 ug kg™, respectively) or PnTx-F mixed with peanut
butter (LDso =50 pg kg™); (3) in 16 h-fasted mice administered with PnTx-F by gavage (LDso=29.9 ug
kg™), or by voluntary ingestion through mouse food (LDso = 50 pg kg), through cream cheese (LDso
=77 ug kg) or through a mixture of peanut butter, casein, and sucrose (LDso = 50 ug kg™) [6,31].
These data indicate that food/gastric content affect the oral toxicity of pinnatoxins in mice, probably
interfering with their gastrointestinal absorption and bioavailability. This is suggested also by
previous studies in mice showing that oral exposure to dinoflagellates extracts containing
pinnatoxins by voluntary feeding induced lower toxicity than the same extracts administered by
gavage [7,8]. Thus, the hazard of pinnatoxins after oral exposure should be firstly characterized in
conditions minimizing the variability in investigatory parameters and discomfort of animals, such as
in 3 h-fasted mice administered with the toxins by gavage to reduce the influence of food on their
toxicity, as recommended by the guidelines of the Organization for Economic Co-operation and
Development (OECD) for the testing of chemicals [33].

On the basis of this consideration, we challenged mice with PnTx-G through the oral route and
we recorded the clinical signs, lethality, morphological changes in the main organs and tissues, and
quantified selected blood chemistry parameters.

2. Results

2.1. Lethality and Clinical Signs

PnTx-G has been administered by gavage to groups of three mice at the doses of 8, 20, 50, and
120 pg kg, and we recorded the clinical signs and lethality up to 24 h. Subsequently, additional
groups of 5 mice have been administered with PnTx-G at 220, 300, 370, and 450 pg kg™ to calculate
the toxin median lethal dose (LDso), based on 24 h lethality data.

At the dose of 220 pg kg™ and above, PnTx-G administration provoked a rapid onset of clinical
signs (prostration, tremors, jumping, followed by abdominal breathing, paralysis of the hind limbs
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and cyanosis), which led to the death of mice within less than 30 min. In particular, the lowest lethal
dose (220 ug kg™) provoked the death of 3/5 mice, while 370 png kg! was lethal for 5/5 mice (Table 1).
These results are presented in Figure 1 as percentage of mice mortality versus the administered toxin
doses. Based on lethality data, the oral LDso of PnTx-G was calculated at 208 pg kg (95% confidence
limits: 155-281 ug kg™).

Table 1. Lethality and signs of toxicity of mice after acute oral administration of PnTx-G.

Group of Dose Survival
Lethali i f Toxici
Treatment ligg) ethality Times (min) Signs of Toxicity
Controls - 0/8 - -
8 0/3 - -
20 0/3 - -
50 0/3 - -
120 0/3 - -
Prostration, tremors, jumping, abdominal
220 3/5 20-22-22 breathing, paralysis of the hind limbs,
Cyanosis
PaTx-G Prostration, tremors, jumping, abdominal
300 4/5 12-13-17-23 breathing, paralysis of the hind limbs,
cyanosis
13-15-16-17- Prostratllon, tremorsf ]umpmg,. abd.ommal
370 5/5 18 breathing, paralysis of the hind limbs,
cyanosis
12-12-15-16- Prostratl.on, tremors{ ]umpmg,. abd'ommal
450 5/5 29 breathing, paralysis of the hind limbs,
cyanosis
100
= 80—
3
2 607 LD,, = 208 pg kg™
£ 404 (95 % CL =155-281 pug kg'?)
]
=
20+
0_
1 10 100 1000

PnTx-G (ug kg™)

Figure 1. Dose-response mortality curve of PnTx-G after acute oral administration in mice. Percentage
lethality is plotted against the administered doses of PnTx-G.

2.2. Blood Chemistry

Blood chemistry analyses did not show significant differences in the serum levels of aspartate
aminotransferase (AST), alanine aminotransferase (ALT), glutamate dehydrogenase (GLDH),
creatine phosphokinase (CPK), creatinine, and electrolytes (Na*, K*, Ca%*, Cl, and inorganic
phosphorous, Pi) between control mice and those treated with PnTx-G (Table 2).

2.3. Necropsy

No macroscopic alteration was observed in the organs of mice administered with any dose of
PnTx-G (data not shown).
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2.4. Histological Analysis

Histological analysis of the main organs and tissues showed tissue changes only in the small
intestine of mice administered with PnTx-G at the dose of 300 pug kg™ and above. In particular,
moderate focal degeneration of the epithelial cells at the tips of the villi with villous atrophy was
observed in all the animals administered with these toxin doses (Figure 2).

Table 2. Blood chemistry parameters of mice after acute oral administration of PnTx-G.

PnTx-G PnTx-G

Controls PnTx-G PnTx-G PnTx-G 120 20 PnTx-G PnTx-G PnTx-G
Parameter 1=8) 8ugkg? 20pgkg?! 50pgkg? Kk L:g K ljg 300 pugkg? 370 ugkg! 450 pgkg?
=3  @=3  @=3 i & (n=5) (n=3) (n=4)
(n=3) (n=3)
ALT 5814110 347496 377+54 340+61 293147 655+149 6331140 437147 633+13.6
aun T (H0%) (35%)  (41%)  (50%)  (13%) (9%) (-25%) (9%)
T
AST 778484 80.7+£292 787+117 880+11.8 933+288 953+160 973+146 963+8.6 1(;;3;7
o T (4%) (1%) (13%) (20%) (22%) (25%) (24%) 3 4,;/ )
0,
GLDH 468+128 405+38 334+27 311+03 350130 528+118 252+6.0 352+30 489+14.1
Iunm T (-13%) (=27%) (-34%) (-25%) (13%) (-46%) (=25%) (5%)
CPK 11582+ 597.0+ 1365.3 + 670.7 £ 1381.0+ 11263 + 1245.0+ 1176.0 + 1131.8+
aun 1 2 8_ 199.8 639.1 1142 54.0 290.6 330.6 100.7 138.8
’ (-48%) (18%) (—42%) (19%) (-3%) (7%) (2%) (-2%)
Creatinine 281413 277409 260+15 257+19 257+18 406+129 247+12 277420 333134
(mg/dl) T (-1%) (~7%) (=9%) (~9%) (47%) (-12%) (1%) (19%)
Ca? 29401 25+0.1 26+0.2 26+0.1 25+0.1 31£02 28+0.2 32+03 32+03
(mM) T (-14%) (-10%) (-10%) (-14%) (7%) (-3%) (10%) (10%)
Na* 1363415 1375+08 1338+15 1342+16 1363+23 1363+59 1241+94 1382+06 1339139
(mM) T (1%) (—2%) (2%) (0%) (0%) (-9%) (1%) (-3%)
K+ 93+08 6.6+03 84+09 76102 73+0.8 104+1.8 72+13 71+£37 103+04
(mM) T (-29%) (-10%) (-18%) (—47%) (12%) (-23%) (8%) (-11%)
C 1032410 1036+18 1019+10 101.0+22 103.7+23 104.8+26 1026+43 1074+t11 1029+2.8
(mM) o (1%) (—2%) (-2%) (1%) 2%) (—1%) (4%) (-1%)
P 39402 32402 36+0.2 34402 32403 40+04 43403 45+04 45+0.8
(mM) T (-18%) (—-8%) (-13%) (-18%) (3%) (10%) (15%) (15%)

Data are the mean + standard error (S.E.); in brackets: % differences with respect to controls; values
not significantly different from those of controls, at the analysis of variance.
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Figure 2. Light micrographs of cross sections of the small intestine from control mouse (A), and PnTx-
G-treated mice at 300 ng kg™ (B) or 450 pg kg! (C). Haematoxylin-eosin stain; objective magnification:
10 x: scale bar: 20 pm.

3. Discussion

In 2011, Vulcanodinium rugosum has been identified as a harmful dinoflagellate species in French
Mediterranean Ingril Lagoon [20]. In this geographical site, it has been shown to produce mainly
PnTx-G, a cyclic imine responsible for the recurrent atypical shellfish toxicity at the mouse bioassay
[13]. Similar to other analogues, PnTx-G is a fast-acting and highly toxic compound in mice, inducing
arapid onset of neuromuscular lethal effects after acute intraperitoneal or oral administration [5,6,31].
Despite pinnatoxins not being regulated as seafood contaminants [17], the European Food Safety
Authority as well as the Food and Agriculture Organization of the United Nations addressed the
need of new data for a conclusive risk assessment of these toxins, including information on their oral
toxicity [22,34]. The few acute oral toxicity studies carried out on PnTx-E, -F, -G, and -H evaluated
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only their lethal potency and the clinical signs in mice [6,31]. PnTx-G administered by gavage to non-
fasted mice resulted about 2.7-fold more toxic after gavage administration to non-fasted mice than
by ingestion through voluntary intake of cream cheese [31]. Thus, to improve hazard characterization
of this toxin, 3 h-fasted mice were administered by gavage with PnTx-G, in accordance with the
OECD guidelines [33].

At the dose of 220 pg kg™ and above, PnTx-G induced lethal effects within 30 minutes after its
administration. Before death, mice showed piloerection, prostration, hypothermia, abdominal
breathing, paralysis of the hind limbs, and cyanosis, consistent with nicotinic receptors blocking
action by PnTx-G [23-30]. No signs of toxicity were recorded in survived mice. The median lethal
dose (LDso) of PnTx-G was 208 pg kg (95% confidence limits: 155-281 pg kg1), comparable to that
previously recorded in non-fasted mice by gavage administration (LDso =150 pg kg; 95% confidence
limits: 105-199 ug kg™), but significantly lower than that determined after voluntary intake through
cream cheese mixture (LDso = 400 ng kg™'; 95% confidence limits: 380-470 pg kg) [29]. These data
indicate that the length of mice fasting does not influence the acute oral toxicity of PnTx-G after
gavage administration, contrary to cream cheese that significantly reduces its toxicity. Mice
administered with PnTx-G did not show any morphological alteration visible by necropsy, whereas
light microscopy showed structural changes in the small intestine (moderate focal epithelial cells
degeneration with villous atrophy) of mice administered with the dose of 300 pug kg™ and above. It
cannot be excluded that this effect could be related to an interaction of PnTx-G with nicotinic
acetylcholine receptors at local or systemic level, but no information of the toxin kinetics supporting
this hypothesis is available. Anyway, the focal morphological alterations should be considered for
their potential impact on the barrier and permeability function of the intestinal epithelium. No
significant changes in serum markers of liver, kidney, and/or muscle damage (AST, ALT, GLDH,
creatinine, CPK) or of selected ions (Na*, K*, Ca%, CI, P;) as indices of electrolytes homeostasis have
been recorded. The absence of significant morphological tissues alterations in the main organs could
be related to a fast functional damage induced by the toxin, such as neuromuscular block consequent
to the antagonistic effect on nicotinic acetylcholine receptors [22-28], rather than a structural tissue
damage. On the other hand, the nicotinic receptors antagonism might be at the basis of the main
neuromuscular signs of mice before death (prostration, respiratory depression and hind limbs
paralysis).

In conclusion, according to the results of this study, a provisional NOEL (no observed effect
level) of PnTx-G after acute oral administration in mice can be estimated at 120 pg kg'. Nevertheless,
the LDso of 208 pg kg™ indicates a quite steep dose-toxicity relationship. Thus, considering the high
toxic potential of PnTx-G and its frequent detection in edible shellfish from Mediterranean Sea,
further toxicity studies after repeated oral exposure are necessary for the risk assessment of this
compound as seafood contaminant.

4. Materials and Methods

4.1. Toxin, Reagents, and Other Chemicals

PnTx-G has been isolated from Vulcanodinium rugosum. An aliquot of the pure material has been
characterized by nuclear magnetic resonance (NMR), gravimetry, and liquid chromatography mass
spectrometry (LC-MS) and tandem mass spectrometry. No significant impurities were detected by
NMR and LC-MS analysis. The purified toxin was dissolved in methanol containing 0.01% acetic acid
and stored in flame-sealed 2.5 mL amber glass ampoules at —20 °C. Stability of the toxin was tested
in an accelerated stability study at temperatures up to 40 °C for 2 weeks and no degradation was
detected over this period.

Tiletamine/zolazepam (Zoletil®) and xylazine (Virbaxyl®) were purchased from Virbac (Milan,
Italy). Other chemicals were obtained from Sigma Aldrich (Milan, Italy).

4.2. Animals and Experimental Conditions
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Female CD-1 mice (18-20 g body weight, 4 weeks old), bedding and feed were purchased from
Harlan Laboratories (S. Pietro al Natisone, UD, Italy). Animals were acclimatized for one week before
treatment in the animal room set to maintain controlled temperature (21 + 1°C) and humidity (60—
70%), in the presence of a fixed artificial light cycle (7.00 a.m.-7.00 p.m.). Mice were caged in groups
of 3 or 5 animals, using dust free poplar chips for bedding and fed a standard diet for rodents. Water
was provided ad libitum during all phases of the study. Experiments were carried out at the University
of Trieste in conformity with Italian D.L. n. 116 of 27 January 1992 and associated guidelines in the
European Communities Council Directive of 24 November 1986 (86/609 ECC) concerning animal
welfare and appendix A of the European Convention ETS 123.

4.3. Experimental Design

Three-hours fasted mice were weighed immediately before treatment. PnTx-G, dissolved in
phosphate buffered saline (PBS) pH 7.0 containing 1.8% ethanol (v/v), was administered by gavage
to groups of 3 or 5 mice (administered volume: 10 mL kg, adjusted on the basis of mouse weight).
Control animals received the vehicle alone at the same volume. Feed was returned within 2 h after
dosing and, during the observation period, it was offered ad libitum.

After dosing, mice were continuously observed for 24 h, recording mortality and signs of
toxicity. Then, mice were weighed and anesthetized by intraperitoneal injection of
tiletamine/zolazepam (Zoletil®; 20 mg kg') and xylazine (Virbaxyl®; 5 mg kg). Animals were then
exsanguinated for blood chemistry analyses and submitted to gross necropsy. The main organs and
tissues were removed and fixed in neutral buffered 10% formalin for the histological analysis.
Similarly, mice died during the observation period were immediately weighed and necropsied; blood
was collected for hematochemical analyses, and the main organs and tissues were removed and fixed
for the histological analysis. The experimental study has been approved by the Animal Welfare Body
of the University of Trieste (review board: Piero Paolo Battaglini, Tullio Giraldi, Paola Lorenzon,
Paola Zarattini, Davide Barbetta) and the Italian Ministry of Health (decree n. 112/2013-B of 14" May
2013).

4.4. Blood Chemistry

Blood was allowed to clot for 15 min at room temperature, and centrifuged at 2000 g for 10 min
at4 °C. Serum was collected and stored at —80 °C until the analyses were carried out. The serum levels
of aspartate aminotransferase, alanine aminotransferase, glutamate dehydrogenase, creatine
phosphokinase, creatinine, and electrolytes (Na*, K*, Ca?, Cl- and inorganic phosphate, Pi) were
measured using an automatized chemistry analyzer (AU400 Olympus with Beckman Coulter
reagents; Olympus America Inc., Melville, NY, USA).

4.5. Histological Analysis

Heart, liver, lungs, kidneys, spleen, stomach, duodenum, jejunum, colon, rectum, pancreas,
thymus, cerebrum, cerebellum, spinal cord, uterus, ovaries, and skeletal muscle (soleus), fixed in 10%
neutral buffered formalin, were dehydrated, embedded in paraffin and cut in sections of 5 pm.
Sections were stained with hematoxylin-eosin. Blind histopathological examination was carried out.
Pictures were obtained with a Nikon eclipse i50 microscope equipped with a DS-Vil digital camera
and NIS-Elements Microscope Imaging Software.

4.6. Statistical Analysis and Determination of LDso

Data are expressed as mean + standard error (S.E.). Significant differences between control and
experimental groups were calculated by one-way analysis of variance, followed by the Dunnett's
post-test for multiple comparisons of unpaired data, accepting p < 0.05 as significant. LDso, based on
24-h mortality data, was calculated according to the Finney method [35] at a 95% confidence level,
using Elsevier-Biosoft software (Cambridge, UK).



Toxins 2020, 12, 87 8 of 10

Author Contributions: Conceptualization, S.S., P.H., and A.T.; investigation, S.S., M.P., F.C., and F.H.; resources,
P.H.; data curation, S.S.; writing—original draft preparation, S.S., M.P., F.H., and A.T.; writing—review and
editing, S.S., M.P,, F.C,, F.H.,, P.H,, and A.T.; supervision, S.S.,, P.H., and A.T.; project administration, P.H.;
funding acquisition, P.H. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Ifremer, Anses and the French Government Departments for Agriculture,
Food and Health (MAAF/DGAL and MSS/DGS) from 2011-2014 under programme 206 action 37 (contract ID
2011/203/2100482701; Ifremer contract references 11/1219401/NYF and 13/521069/YF).

Acknowledgments: The authors would like to thank Valérie Fessard, head of the Toxicology of Contaminants
Unit, ANSES - French Agency for Food, Environmental and Occupational Health & Safety, Fougéres, France for
her guidance during the project “Pinnatoxines en lien avec I'espece Vulcanodinium rugosum” and management
of the contract with the Directorate General on Health (DGS). The authors also acknowledge the collaboration
of Paul McNabb and Andrew I. Selwood (both Cawthron Institute, New Zealand) and Michael A. Quilliam and
Pearse McCarron (both Institute of Marine Biosciences, National Research Council Canada) for the provision of
a well characterised reference solution for PnTX-G.

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

References

1.  Zheng, S.; Huang, F.; Chen, S; Tan, X.; Zuo, J.; Peng, J.; Xie, R. The isolation and bioactivities of pinnatoxin.
Chin. J. Mar. Drugs 1990, 9, 33-35.

2. Uemura, D.; Chou, T.; Haino, T.; Nagatsu, A.; Fukuzawa, S.; Zheng, 5.Z.; Chen, H.S. Pinnatoxin-A a toxic
amphoteric macrocycle from the okinawan bivalve Pinna muricata. ]. Am. Chem. Soc. 1995, 117, 1155-1156.
DOI:10.1021/ja00108a043.

3. Chou, T,; Haino, T.; Kuramoto, M.; Uemura, D. Isolation and structure of pinnatoxin D, a new shellfish
poison from the okinawan bivalve Pinna muricata. Tetrahedron Lett. 1996, 37, 4027-4030. DOI: 10.1016/0040-
4039(96)00753-8.

4. Takada, N.; Umemura, N.; Suenaga, K.; Chou, T.; Nagatsu, A.; Haino, T.; Yamada, K.; Uemura, D.
Pinnatoxins B and C, the most toxic components in the pinnatoxin series from the okinawan bivalve Pinna
muricata. Tetrahedron Lett. 2001, 42, 3491-3494. DOI:10.1016/S0040-4039(01)00480-4.

5. Selwood, A.L; Miles, C.O.; Wilkins, A.L.; van Ginkel, R.; Munday, R.; Rise, F.; McNabb, P. Isolation,
structural determination and acute toxicity of pinnatoxins E, F and G. |. Agric. Food Chem. 2010, 58, 6532—
6542. DOI:10.1021/jf100267a.

6. Selwood, A.L; Wilkins, A.L.; Munday, R.; Gu, H.; Smith, K.F.; Rhodes, L.L.; Rise, F. Pinnatoxin H: a new
pinnatoxin analogue from a South China Sea Vulcanodinium rugosum isolate. Tetrahedron Lett. 2014, 55, 5508—
5510. DOI:10.1016/j.tetlet.2014.08.056.

7. Rhodes, L.; Smith, K.; Selwood, A.; McNabb, P.; van Ginkel, R.; Holland, P.; Munday, R. Production of
pinnatoxins by a peridinoid dinoflagellate isolated from Northland, New Zealand. Harmful Algae 2010, 9,
384-389.DOI:10.1016/j.hal.2010.01.008.

8. Rhodes, L.; Smith, K.; Selwood, A.; McNabb, P.; Molenaar, S.; Munday, R.; Wilkinson, C.; Hallegraeff, G.
Production of pinnatoxins E, F and G by scrippsielloid dinoflagellates isolated from Franklin Harbour,
South Australia. N. Z. |. Mar. Freshw. Res. 2011, 45, 703-709. DOI:10.1080/00288330.2011.586041.

9.  Smith, K.F.; Rhodes, L.L.; Suda, S.; Selwood, A.I. A dinoflagellate producer of pinnatoxin G, isolated from
sub-tropical Japanese waters. Harmful Algae 2011, 10, 702-705. DOI:10.1016/j.hal.2011.05.006.

10. Rundberget, T.; Aasen, J.A.; Selwood, A.L; Miles, C.O. Pinnatoxins and spirolides in Norwegian blue
mussels and seawater. Toxicon 2011, 58, 700-711. DOI:10.1016/j.toxicon.2011.08.008.

11.  McCarron, P.; Rourke, W.A.; Hardstaff, W.; Pooley, B.; Quilliam, M.A. Identification of pinnatoxins and
discovery of their fatty acid ester metabolites in mussels (Mytilus edulis) from eastern Canada. ]. Agric. Food
Chem. 2012, 60, 1437-1446. DOI:10.1021/j£204824s.

12.  Geiger, M.; Desanglois, G.; Hogeveen, K.; Fessard, V.; Leprétre, T.; Mondeguer, F.; Guitton, Y.; Hervé, F.;
Séchet, V.; Grovel, O.; Pouchus, Y.-F.; Hess, P. Cytotoxicity, fractionation and dereplication of extracts of
the dinoflagellate Vulcanodinium rugosum, a producer of pinnatoxin G. Mar. Drugs 2013, 11, 3350-3371. DOI:
10.3390/md11093350.

13. Hess, P.; Abadie, E.; Hervé, F.; Berteaux, T.; Séchet, V.; Ardoz, R.; Molgo, ]J.; Zakarian, A.; Sibat, M.;
Rundberget, T. Pinnatoxin G is responsible for atypical toxicity in mussels Mytilus galloprovincialis and



Toxins 2020, 12, 87 9 of 10

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

clams Venerupis decussata from Ingril, a French Mediterranean lagoon. Toxicon 2013, 75, 16-26.
DOI:10.1016/j.toxicon.2013.05.001.

Garcia-Altares, M.; Casanova, A.; Bane, V.; Diogene, J.; Furey, A.;, de la Iglesia, P. Confirmation of
pinnatoxins and spirolides in shellfish and passive samplers from Catalonia (Spain) by liquid
chromatography coupled with triple quadrupole and high-resolution hybrid tandem mass spectrometry.
Mar. Drugs 2014, 12, 3706-3732. DOI:10.3390/md12063706.

McCarthy, M.; Bane, V.; Garcia-Altares, M.; van Pelt, F.N.; Furey, A.; O'Halloran, J. Assessment of emerging
biotoxins (pinnatoxin G and spirolides) at Europe's first marine reserve: Lough Hyne. Toxicon 2015, 108,
202-209. DOI:10.1016/j.toxicon.2015.10.007.

Al Muftah, A.; Selwood, A.IL; Foss, A.J.; Al-Jabri, HM.; Potts, M.; Yilmaz, M. Algal toxins and producers in
the marine waters of Qatar, Arabian Gulf. Toxicon 2016, 122, 54-66.

Rambla-Alegre, M.; Miles, C.O.; de la Iglesia, P.; Fernandez-Tejedor, M.; Jacobs, S.; Sioen, 1.; Verbeke, W.;
Samdal, I.A.; Sandvik, M.; Barbosa, V.; Tediosi, A.; Madorran, E.; Granby, K.; Kotterman, M.; Calis, T.;
Diogene, J. Occurrence of cyclic imines in European commercial seafood and consumers risk assessment.
Environ. Res. 2018, 161, 392-398.

Otero, P.; Miguéns, N.; Rodriguez, I.; Botana, L.M. LC-MS/MS analysis of the emerging toxin pinnatoxin-
G and high levels of esterified OA group toxins in Galician commercial mussels. Toxins 2019, 11, 394.
d0i:10.3390/toxins11070394.

Lamas, J.P.; Arévalo, F.; Morofio, A; Correa, J.; Muiiz, S.; Blanco, J. Detection and spatio-temporal
distribution of pinnatoxins in shellfish from the Atlantic and Cantabrian coasts of Spain. Toxins 2019, 11,
340. DOI:10.3390/toxins11060340.

Nézan, E.; Chomerat, N. Vulcanodinium rugosum gen. Nov., sp. Nov. (dinophyceae): A new marine
dinoflagellate from the French mediterranean coast. Cryptogam. Algol. 2011, 32, 3-18.
DOI:10.7872/crya.v32.iss1.2011.003.

Rhodes, L.; Smith, K.; Selwood, A.; McNabb, P.; Munday, R.; Suda, S.; Molenaar, S.; Hallegraeff, G.
Dinoflagellate Vulcanodinium rugosum identified as the causative organism of pinnatoxins in Australia,
New Zealand and Japan. Phycologia 2011, 50, 624-628. DOI:10.2216/11-19.1.

European Food Safety Authority (EFSA). Panel on contaminants in the food chain (CONTAM). Scientific
opinion on marine biotoxins in shellfish-cyclic imines (spirolides, gymnodimines, pinnatoxins and
pteriatoxins). EFSA |. 2010, 8, 1628-1667. DOI:10.2903/j.efsa.2010.1628.

Araoz, R.; Servent, D.; Molgo, J.; Iorga, B.I; Fruchart-Gaillard, C.; Benoit, E.; Gu, Z; Stivala, C.; Zakarian,
A. Total synthesis of pinnatoxins A and G and revision of the mode of action of pinnatoxin A. J. Am. Chem.
Soc. 2011, 133, 10499-10511. DOI:10.1021/ja201254c.

Hellyer, S.D.; Selwood, A.IL; Rhodes, L.; Kerr, D.S. Marine algal pinnatoxins E and F cause neuromuscular
block in an in vitro hemidiaphragm prepration. Toxicon 2011, 58, 693-699. DOI:
10.1016/j.toxicon.2011.09.006.

Hellyer, S.D.; Selwood, A.L; Rhodes, L.; Kerr, D.S. Neuromuscular blocking activity of pinnatoxins E, F and
G. Toxicon 2013, 76, 214-220. DOI:10.1016/j.toxicon.2013.10.009.

Hellyer, S.D.; Indurthi, D.; Balle, T.; Runder-Varga, V.; Selwood, A.L; Tyndall, ].D.; Chebib, M.; Rhodes, L.;
Kerr, D.S. Pinnatoxins E, F and G target multiple nicotinic receptor subtypes. J. Neurochem. 2015, 135, 479-
491. DOI:10.1111/jnc.13245.

Bourne, Y.; Sulzenbacher, G.; Radi¢, Z.; Ardoz, R.; Reynaud, M.; Benoit, E.; Zakarian, A.; Servent, D.; Molgo,
J.; Taylor, P.; Marchot, P. Marine macrocyclic imines, pinnatoxins A and G: structural determinants and
functional properties to distinguish neuronal a7 from muscle a1(2)Byd nAChRs. Structure 2015, 23, 1106—
1115. DOI:10.1016/j.str.2015.04.009.

Molgé, J.; Marchot, P.; Ardoz, R.; Benoit, E.; Iorga, B.I; Zakarian, A.; Taylor, P.; Bourne, Y.; Servent, D.
Cyclic imine toxins from dinoflagellates: a growing family of potent antagonists of the nicotinic
acetylcholine receptors. J. Neurochem. 2017, 142(Suppl. 2), 41-51. DOI:10.1111/jnc.13995.

Delcourt, N.; Lagrange, E.; Abadie, E.; Fessard, V., Frémy, J.-M.; Vernoux, J.-P.; Peyrat, M.-B.; Maignien, T.;
Arnich, N.; Molgé, J.; Mattei, C. Pinnatoxins’ deleterious effects on cholinergic networks: from
experimental models to human health. Mar. Drugs 2019, 17, 425. DOI:10.3390/md 17070425

Benoit, E.; Couesnon, A.; Lindovsky, J.; Iorga, B.I; Ardoz, R.; Servent, D.; Zakarian, A.; Molgd J. Synthetic
pinnatoxins A and G reversibly block mouse skeletal neuromuscular transmission in vivo and in vitro. Mar.
Drugs 2019, 17, 306. DOI:10.3390/md 17050306.



Toxins 2020, 12, 87 10 of 10

31.

32.

33.

34.

35.

Munday, R.; Selwood, A.IL; Rhodes, L. Acute toxicity of pinnatoxins E, F and G to mice. Toxicon 2012, 60,
995-999. DOI:10.1016/j.toxicon.2012.07.002.

Molgo, J.; Benoit, E.; Araoz, R.; Zakarian, A.; Iorga, B.I. Spirolides and Cyclic Imines: Toxicological Profile.
In Marine and Freshwater Toxins; Gopalkrishnakone, P., Haddad, V. Jr., Tubaro, A., Kim, E. Kem, W.R., Eds.;
Springer Science+Business Media B.V., Dordrecht, The Netherland, 2016, Volume 3, pp. 193-217;
DOI:10.1007/978-94-007-6419-4_23.

Organisation for Economic Cooperation and Development (OECD). Guidelines for Testing of Chemicals.
425. Acute Oral Toxicity — Up-and-Down-Procedure (UDP). Available online:
https://ntp.niehs.nih.gov/iccvam/suppdocs/feddocs/oecd/oecdtg425.pdf (accessed on 13 December 2019).
Assessment and management of biotoxin risks in bivalve molluscs. Available online:
http://www.fao.org/3/i2356e/i2356e.pdf (accessed on 13 December 2019).

Finney, D.J. Probit Analysis, 3rd ed.; Cambridge University Press: Cambridge, United Kingdom, 1971; 1-
333. Available online: https://dspace.gipe.ac.in/xmlui/bitstream/handle/10973/36028/GIPE-
025784.pdf?sequence=3 (accessed on 28 January 2020).

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
‘@ @ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



