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Abstract: Ciguatera poisoning is a food intoxication associated with the consumption of fish or
shellfish contaminated, through trophic transfer, with ciguatoxins (CTXs). In this study, we developed
an experimental model to assess the trophic transfer of CTXs from herbivorous parrotfish, Chlorurus
microrhinos, to carnivorous lionfish, Pterois volitans. During a 6-week period, juvenile lionfish were
fed naturally contaminated parrotfish fillets at a daily dose of 0.11 or 0.035 ng CTX3C equiv. g_l,
as measured by the radioligand-receptor binding assay (r-RBA) or neuroblastoma cell-based assay
(CBA-N2a), respectively. During an additional 6-week depuration period, the remaining fish were
fed a CTX-free diet. Using r-RBA, no CTXs were detectable in muscular tissues, whereas CTXs
were measured in the livers of two out of nine fish sampled during exposure, and in four out of
eight fish sampled during depuration. Timepoint pooled liver samples, as analyzed by CBA-N2a,
confirmed the accumulation of CTXs in liver tissues, reaching 0.89 ng CTX3C equiv. g~ ! after 41 days
of exposure, followed by slow toxin elimination, with 0.37 ng CTX3C equiv. g~! measured after the
6-week depuration. These preliminary results, which need to be pursued in adult lionfish, strengthen
our knowledge on CTX transfer and kinetics along the food web.

Keywords: ciguatoxins; experimental exposure; lionfish; trophic transfer; toxin accumulation; ciguat-
era poisoning

Key Contribution: In this study; ciguatoxins (CTXs) were detected in the liver of juvenile lionfish
Pterois volitans fed naturally CTX-contaminated parrotfish Chlorurus microrhinos fillets. CTX remained
in the livers of lionfish 43 days after the last exposure. Toxin levels in the muscular tissues were
below the limits of detection of the receptor binding assay.

1. Introduction

Gambierdiscus spp. are benthic dinoflagellates that may produce lipophilic ciguatoxins
(CTXs), as well as other bioactive compounds, including maitotoxins (MTXs), gambierone,
gambieroxides, gambierol, and gambieric acid [1-6]. Ciguatoxins are considered the

Toxins 2021, 13, 564. https:/ /doi.org/10.3390/toxins13080564

https://www.mdpi.com/journal/toxins


https://www.mdpi.com/journal/toxins
https://www.mdpi.com
https://orcid.org/0000-0003-0116-0578
https://orcid.org/0000-0002-1184-7034
https://orcid.org/0000-0001-6560-1278
https://orcid.org/0000-0002-6468-7222
https://doi.org/10.3390/toxins13080564
https://doi.org/10.3390/toxins13080564
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/toxins13080564
https://www.mdpi.com/journal/toxins
https://www.mdpi.com/article/10.3390/toxins13080564?type=check_update&version=1

Toxins 2021, 13, 564

20f19

primary cause of Ciguatera poisoning (CP) in humans, affecting up to 500,000 fish con-
sumers every year, including rare lethal cases [7-10]. Affected people may experience
temporary and/or persistent/recurrent neurological effects resulting from CTXs binding
to voltage-gated sodium channels in excitable tissues [11-15]. Ciguatera symptoms include
the tingling of body extremities and/or cold allodynia and, in more severe cases, cardiovas-
cular and respiratory insufficiency leading to coma and death [12]. Chronic neurological
manifestations may persist for weeks, months, and in severe cases, years after the first
exposure to CTXs [8,16,17]. Symptoms may vary geographically according to the dominant
toxin profile in each region. Gastrointestinal disorders such as nausea, vomiting, abdominal
pain, and diarrhea are predominantly manifested in the Caribbean region, where fish are
contaminated by the so-called Caribbean ciguatoxins (C-CTXs). In contrast, in the Pacific
and Indian Oceans, neurotoxic symptoms may predominate following the consumption
of fish containing P-CTXs and I-CTXs, respectively. Neurotoxic symptoms may include
hallucinations mostly among victims from the Indian Ocean [8].

The effects of CTXs on marine fauna are less documented. In fish, adverse effects from
exposure to CTX have been observed in fresh /brackish water species such as blueheads,
Thalassoma bifasciatum [18], juveniles of Oreochromis sp. [19], larvae and embryos of the
genus Oryzias [20-24], and adult Mugil cephalus [25]. Ciguatoxins found in the brain,
liver, and muscles of stranded Monachus schauinslandi monk seals [26] suggest that marine
mammals may also suffer from CTX exposure, and that these compounds persist within
the complex marine food webs. However, marine species experimentally fed with CTX
(Naso brevirostris [27] and Epinephelus coioides [28]) did not seem sensitive to the effects of
CTX. The fish resistance mechanism to CTX is still unknown.

Following the ingestion of Gambierdiscus cells by herbivorous and omnivorous organ-
isms, CTX-like toxins are biotransformed and transmitted along the trophic food webs to
top-chain carnivores, including fish, such as groupers and snappers, and marine mam-
mals [28-31]. More than 400 species of fish are suspected as potential vectors of CP to
humans [32]. Coral reef fish known to accumulate CTXs include barracuda, grouper, snap-
per, moray eel, parrotfish, trevally, and wrasse [33,34]. In general, higher-level carnivorous
fish exhibit greater toxin concentrations than smaller fish and herbivores [35-37], but this
is not always the case [38-42]. The complex processes and kinetics involving CTX accu-
mulation, elimination, and trophic transfer to carnivores are still poorly understood and
limited to field observations [42] and scarce laboratory studies [28].

Lionfish, Pterois volitans (Scorpaenidae), are carnivorous fish with venom-containing
spines [43]. They are native to the Indo-Pacific region and were mostly likely introduced
through aquarium releases into the Atlantic Ocean, becoming invasive to the Caribbean
Sea and the Gulf of Mexico [44,45]. Due to the absence of natural predators for lion-
fish in reef ecosystems where they have been recently introduced, their use as a fishery
resource has been stimulated to reduce the adverse ecological impacts on reef commu-
nities [46,47]. However, as with many other species, lionfish may accumulate CTXs and
reach toxin concentrations above safety levels for human consumption as recommended
by the U.S. Food and Drug Administration (0.1 ng C-CTX1 equiv. g, or 0.01 ng CTX1B
equiv. g~ 1) [48]. Concentrations of CTXs in lionfish vary geographically, primarily depend-
ing on the local abundance and composition/dominance of Gambierdiscus species. In the
Caribbean Ciguatera-endemic region, for instance, CTX accumulation in lionfish muscles
can be highly frequent (>40-50%), and reach levels up to 0.3 ng C-CTX1 equiv. g~ ! [46,49].
This suggests that P. volitans could become a common vector for CP in that region, where
other top predators (e.g., snapper, barracuda, and grouper) can accumulate even higher
CTX levels, posing a risk to human health [46,49]. Those toxin-equivalent concentrations
must be considered carefully, however, because the venoms produced by lionfish itself can
potentially interfere with the toxicity bioassays commonly used to quantify CTX. To avoid
false-positive results on CTX tests, cooking the fillets of lionfish is recommended before
testing for the presence of ciguatoxin. This procedure denatures the scorpaenitoxins, leav-
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ing only CTX-related toxicity if present [50]. Regardless, at least one case of CP following
the consumption of lionfish has been already confirmed [51].

Considering the ecological relevance of P. volitans associated with its potential threats
as an invasive species and emerging CP vector, this species was selected in the present
study to study the transfer of CTX from a prey to a carnivorous reef fish predator. The
potential effects of CTXs, as well as their transfer, accumulation, and elimination were
investigated during a long-term (12-week) laboratory feeding experiment using naturally
CTX-contaminated steephead parrotfish, Chlorurus microrhinos (formerly Scarus gibbus),
fillets as source of toxins. The presence and concentration of CTXs were evaluated in
liver and muscle tissues of juvenile P. volitans during both toxin uptake and depuration
phases, using distinct analytical methods such as radioligand-receptor binding assay (-
RBA), neuroblastoma cell-based assay (CBA-N2a), and liquid chromatography coupled to
tandem mass spectrometry (LC-MS/MS).

2. Results and Discussion
2.1. Experimental Setting and Fish Behavior

The experimental feeding encompassed a 12-week period, including 6 weeks of
exposure to CTX and 6 weeks of depuration. A gradual decrease in feeding activity
was observed over the course of the experiment in both CTX exposed and control fish,
although the propensity was greater among exposed fish (Figure 1). Increased food rejection
episodes were indeed registered, mainly after the fifth week of experiment, during the
late exposure period. The proportion of non-eating fish was 62% in the group exposed
to CTX and 32% in the control group at late exposure phase (Figure 1). Such changes
in feeding behavior were not observed in previous experiments using herbivorous fish
(Naso brevirostris) or carnivorous groupers (Epinephelus coioides) exposed to diets containing
0.4 ng CTX3C equiv. g~ ! over 16 weeks and ~1.0 ng CTXs equiv. g~! day ! (mean of
CTX1B, 52-epi-54-deoxyCTX1B, 54-deoxyCTX1B quantifications) over 30 days of exposure,
respectively [27,28]. However, the food rejection episodes observed during the present
experiment did not seem to affect the CTX uptake and accumulation, since toxin levels
were, in fact, detected in fish liver at the final exposure stage due to prolonged feeding
(4-5 weeks) on CTX-containing parrotfish flesh (Table 1).
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Figure 1. Proportion of control and CTX-exposed lionfish rejecting the food in relation to the number
of remaining individuals at a given time during both the exposure and depuration periods.
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Table 1. Detection and quantification of ciguatoxins in individual lionfish livers during the experi-
mental exposure and depuration periods by r-RBA analysis.

. . Toxin
Periods of Fish E?;(})’:l?rfe / Fish Total Liver V\l(q;t)Welght Concentration
Experiment  Individual Depuration Weight (g) (% Contribution) (ng .CTXE,lC
Equiv. g=1)
1 30 20.3 0.53 (3%) <LOD **
Exposure 2 30 16.9 0.45 (3%) 7.08

3 30 10.0 0.30 (3%) <LOD **

4 30 5.56 0.08 (1.5%) <LOD **

5 41 21.0 0.74 (3.5%) <LOD **

6 41 14.4 0.33 (2%) <LOD **

7 41 17.6 0.39 (2%) 9.43

8 41 14.4 0.40 (3%) <LOD **

9 41 9.08 0.22 (2%) <LOD **
Depuration 10 8 194 0.65 (3%) 9.30

11 8 15.0 0.61 (4%) 9.42

12 29 16.7 0.55 (3%) 8.93

13 29 8.72 0.02 (0.2%) <LOD **

14 29 9.81 0.11(1.1%) <LOD **

15 43 21.2 0.34 (2%) 9.77

16 43 10.3 0.18 (2%) <LOD **

* LOD = the limit of detection of the r-RBA was 0.75 ng CTX3C equiv. g~ 1.

Although laboratory conditions appeared to be optimal and constant throughout the
experiment, unexpected deaths were registered among both control and exposed lionfish
(15 out of 48 individuals in total). Mortality also affected individuals belonging to a separate
batch received after the beginning of the experiment, maintained under similar conditions
in the facility for future experiments. The specimens used in this study may have become
more sensitive and prone to diseases such as bacterial infections when transferred to
a laboratory setting. Consequently, these unexpected fish mortalities led to the loss of
experimental replicates. Despite the reduction of replicates and considering that (i) fish
showed no signs of suffering during the experiment, (ii) CTX-contaminated matrices were
difficult to obtain, and (iii) published information of CTX trophic transfer under controlled
conditions are still very limited, we decided to maintain the experimental protocol. Diet
comparisons (i.e., exposed vs. control group) were thus achieved using randomly sampled
individual fish as replicates.

Increased food rejection episodes may have contributed to the fish deaths observed
during our experiment, although this could not be confirmed. Indiscriminate, sporadic
mortality episodes registered during the experiment seemed unrelated to the exposure
to CTX. Out of the 32 CTX-dosed fish, 11 fish died, mostly on week 7 (after 1 week of
depuration). Similarly, 4 out of 16 control fish died, but in this case, most deaths were
registered on week 12, at the end of the experiment. The cumulative proportion of fish
mortalities in the exposed group (36%) was similar to that of the control (28%).

During the entire experiment, exposed lionfish exhibited no clear signs of acute
intoxication, such as erratic swimming, rapid gill movement, loss of equilibrium, and fin
paralysis, as described in CTX-exposed mullet Mugil cephalus [25]. Likewise, in natural
environments, CTX-contaminated fishes, including lionfish in the Caribbean region [49], as
well as snapper and grouper on Pacific coral reefs [42], have been found to exhibit no signs
of intoxication. Thus, coral reef fish species facing repeated exposure to CTXs in the natural
environment may have developed resistance mechanisms to these compounds, perhaps
binding them to particular soluble proteins in the skeletal muscle [52,53], or storing them
in compartments where they would be biologically unavailable.
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2.2. Toxin Levels in the Food and Fish Dosing

The average CTX content in the naturally contaminated parrotfish (Chlorurus microrhi-
nos) fillet homogenate (toxic food) was estimated as 2.27 + 0.4 ng CTX3C equiv. g~!
(coefficient of variation, CV = 17.6%) by r-RBA, with no significant difference (p < 0.05)
among the eight subsamples tested. Analysis by CBA-N2a confirmed the presence of
CTXs in the CTX-contaminated food, estimated at a concentration of 0.70 £ 0.02 ng CTX3C
equiv. g1 (n = 3) with CV of 2.8% (Supplementary Materials, Figure S1). Unfortunately, the
toxin levels in parrotfish flesh were too close to the LOD and LOQ values by LC-MS/MS
(up to 1.5ng CTX3C equiv. g~ ! and 4.7 ng CTX3C equiv. g~ of flesh, respectively), to allow
unambiguous determination of CTXs using this technique. As expected, the CTX-free food
(control) exhibited no activity by r-RBA analysis in our experimental conditions.

Given the toxin content in the CTX-contaminated food and the daily ration of 0.05 g
food per g of fish, individuals from the CTX-exposed group received a dose equivalent
to 0.11 ng CTX3C equiv. g~! d~! according to r-RBA estimations, or 0.035 ng CTX3C
equiv. g~! d~! by CBA-N2a quantification. The dose administrated herein can be represen-
tative of an exposure that can eventually occur in the reef environment (i.e., environmentally
relevant dose), as high levels of CTXs (up to 10.7 ng CTX3C equiv. g~ ') have been reported
in parrotfish (C. microrhinos) sampled from French Polynesia islands [39].

Considering the average amount of food supplied and the toxin content in the experi-
mental diet, the total toxin ingested per lionfish (initial body weight: 15.8 £ 9.6 g; n = 32)
was estimated by r-RBA as 1.74 ng CTX3C equiv. day !, totalizing 52.2 ng CTX3C equiv.
and 71.3 ng CTX3C equiv. over 30 and 41 days, respectively, assuming that the fish accept
all food portions offered. Based on the CBA-N2a analysis, each exposed lionfish may have
ingested, on average, a 3.2-fold lower dose.

2.3. Toxin Levels in Fish Tissues

CTX were detectable by r-RBA in the liver of fish, yet not consistently. When quan-
tified by this assay, toxin concentrations in the livers of exposed lionfish reached 9.4 ng
CTX3C equiv. g~! at day 41 of exposure to CTX-contaminated food. The highest toxin
concentration (9.77 ng CTX3C equiv. g~ !) was measured at late depuration phase (Table 1).
As expected, CTX was not detected in the livers of control fish using either r-RBA (LOD:
0.75 ng CTX3C equiv. g~ 1) or LC-MS/MS (LOD: up to 1.14 CTX3C equiv. g~ of liver).
In fact, this latter analytical method proved to be the least sensitive one. Unfortunately,
the limited sample volumes remaining from other technique, as well as the relatively low
concentrations of individual CTX compounds present in our samples, together with the
matrix effect, did not allow us to make any further clarification on the toxin profile of CTX-
exposed fish. In French Polynesia, CTX composition of steephead parrotfish C. microrhinos
typically includes CTX3C type compounds (71.1% as CTX3C and its M-seco form) and,
to a lesser extent, CTX4A type (28.8% as CTX4A and its M-seco form) [33,54]. However,
CTX profiles in fish are species-specific and can differ from regional variations [55,56].
The typical toxin profile reported in Gambierdiscus species found in Pacific coral reef is
also mostly composed of the less polar CTXs (48% CTX3C, 34% 49-epiCTX3C and 13%
CTX4A) [33].

Following CTX absorption, toxin metabolization in fish may affect the depuration and
elimination process [37,55]. Of note, as suggested in the present study for lionfish, low CTX
depuration rates were also reported in other carnivorous fishes, including experimentally
exposed orange-spotted grouper (Epinephelus coioides) [28], as well as wild-caught moray
eels Gymmnothorax javanicus (Lycodontis javanicus) [57] and red snapper (Lutjanus bohar) [58].
For the latter species, the fish would require up to 30 months to completely eliminate the
acquired toxin load. Moreover, the livers of contaminated orange-spotted groupers showed
faster elimination rates for CTX1B, 52-epi-54-deoxyCTX1B, and 54-deoxyCTX1B, which
are already highly metabolized toxins, compared to other tissues such as skin, gills, and
muscles, indicating different CTX elimination rates among tissues of exposed fish over
30 days [28].



Toxins 2021, 13, 564

6 of 19

Pooled liver extracts from control fish caused no cytotoxic effects on N2a cells in
either OV~ or OV* conditions throughout the experiment. Conversely, sigmoidal dose-
response curves with a negative slope were obtained under the OV* condition for liver
extracts from fish sampled after 30 and 41 days of exposure to toxic food (Figure 2), and
from those sampled after a depuration period of 8, 29, and 43 days (Figure 3). Based
on the CTX-like composite toxicity using the CBA-N2a results, toxin concentrations in
pooled lionfish livers were estimated as 1.36 ng CTX3C equiv. g~! and 0.89 ng CTX3C
equiv. g~ ! after 30 and 41 days of exposure to toxin-containing food (herbivore C. microrhi-
nos parrotfish fillets). Toxin concentration values decreased gradually over the depuration
period, reaching 0.81 ng CTX3C equiv. g_l, 0.52 ng CTX3C equiv. g_l, and 0.37 ng CTX3C
equiv. g~! in pooled extracts from 8, 29, and 43 days of depuration on non-toxic food,
respectively (Table 2). Considering the decrease in CTX-like cytotoxicity corresponding
to a 0.44 ng CTX3C equiv. g~! difference between days 8 and 43 of depuration (see
Table 2), it would take an additional 35-day depuration period for lionfish livers to reach
the CBA-N2a LOD of 0.06 ng CTX3C equiv. g~ !. The kinetics of CTX elimination in lionfish
liver, however, should be examined with caution, considering: (i) the limited number of
time points for sampling during depuration stage (8, 23, and 43 days after last exposure),
(ii) the use of pooled samples in CBA-N2a due to an insufficient amount of remaining
individual tissues, and (iii) the limited amount of pooled tissues available, which did not
allow for replication of the quantification of CTX in livers by CBA-N2a.

Livers of lionfish belonging to the CTX-exposed group weighed, on average, 0.64 g
(3.4% of the total fish body weight), resulting in a toxin burden of up to 4.53 ng CTX3C
equiv. and 6.04 ng CTX3C equiv. in this organ after 30 and 41 days of exposure, respectively
(based on the r-RBA results). When referring to the CBA-N2a results, the average toxin
burden in pooled livers ranged from 0.87 ng CTX3C equiv. to 1.90 ng CTX3C equiv. after
30 and 41 days of exposure, respectively. This represents a retention of 8.6% (r-RBA) or
6.8% (CBA-N2a) of the ingested toxin burden at the end of the exposure period. Recent
studies have reported that carnivorous grouper (Epinephelus coioides) fish, fed over 30 days,
demonstrated a toxin burden of ~1 ng CTX1B g~! d ~!—a greater toxin dose than that used
in our experiment (0.11 ng CTX3C equiv. g~! d~! or 0.035 ng CTX3C equiv. g~ ' d~! from
r-RBA or CBA-N2a analysis)—and accumulated up to 25% of the ingested toxin load in
the livers and 10% in muscles [28]. In contrast, after 16 weeks of dietary exposure to 0.4 ng
CTX3C equiv. g~! d~!, juvenile Naso brevirostris accumulated ~2% of the exposed CTX3C
amounts in muscular tissue [27].

In the present study, toxin concentrations in the muscles of lionfish belonging to the
dosed group were always below the limit of detection, as determined by r-RBA. The sample
amounts remaining from this first analysis were deemed insulfficient for a supplementary
evaluation by CBA-N2a. In natural environments, lionfish muscles were found to contain
relatively high CTX levels (>0.24 ng C-CTX1 equiv. g~ !), indicating the potential of this
species to cause human poisoning events [46,51]. When experimentally exposed to four-
fold higher weight-specific daily doses of CTXs than those administered in our experiment,
the herbivorous coral reef fish Naso brevirostris accumulated up to 3.24 £ 0.59 ng CTX3C
equiv. g1 in muscular tissues [27]. This value is within the range usually found among nat-
urally contaminated fish in French Polynesia [41]. Moreover, in CTX-exposed N. brevirostris,
the total amount of toxins in muscles increased linearly over 16 weeks of toxin exposure [27].
The muscles of N. brevirostris quickly eliminated the incorporated ciguatoxins, contrary to
what has been observed for mullets (Mugil cephalus) after nine toxic feedings with gel food
containing Gambierdiscus cells [25,27]. Finally, muscular tissues of groupers (Epinephelus
coioides) incorporated the equivalent of 0.34 ng CTX1B g~! d~! after 30 days of exposure to
1ng CTX1B g~! d~! [28]. In the Caribbean region, the highest C-CTX1 levels detected in the
muscles of wild-caught fish were 0.24 ng g~ in grey snapper (Lutjanus griseus), 0.3 ng g~
C-CTX1 equivalents in lionfish (P. volitans), 0.9 ng g~ ! in grouper (Serranidae), 13.8 ng g~
in black jack (Caranx lugubris), and 49 ng g1 in barracuda (Sphyraena barracuda) [49,59-61].



Toxins 2021, 13, 564

7 of 19

207 A
£ 1.8
c
o 1.67
2o 141
Z % 12
S 2 1.0
-8 o8-
88 06
T 047
£ 0.2
0.0 T T 1
101 100 10t 102
P-CTX3C (pg. mL1)
B)
. 2.0
E 18] .
o 1.6 :
28 1 ey
Z e 12] gt o
§§ 1.01 ;
=2 0.8
88 o6
©
S04
£ 0.2
0.0 . — )
101 100 10t 102
Fish liver (mg equiv. mL1)
C)
~ 2.0
E 18 Beg
2 1.6
22 14
23 17
'S§ 101
T = 0.8
L n
Oé 0.6
= 0.47
£ 0.2 ‘
0.0 : —s )
101 100 10t 102
Fish liver (mg equiv. mL™1)
D)
2.07 ;
£ 18 . o
S 16 B
5 147 =
20
=® 1.2
£ 8 101
e L
=8 08
S & 067
S 04
£ 02
0.0 T T 1
101 100 10t 102

Fish liver (mg equiv. mL™)

Figure 2. Quantification of CTX in fish liver during the exposure phase of the experiment. Dose-
response curves of N2a cells when exposed to increasing concentrations of fish liver extracts, obtained
from the exposure phase of the experiment, in OV~ (open symbols) and OV* (solid symbols)
conditions; (A) CTX3C (#), (B) non-exposed control fish at day 42 (pool of 3 specimens) (A/A),
(C) exposed fish at day 30 (pool of 4 specimens) (O/e), and (D) exposed fish at day 41 (pool of
5 specimens) (CJ/M). Data represent the mean + SD of 1 assay, with each point run in triplicate. The
dotted vertical line corresponds to the maximum concentration of liver tissue (MCE) that does not
induce a matrix effect on the assay, which was estimated at 20 mg mL~" of fish liver extracts.
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Figure 3. Quantification of CTX in fish liver during the depuration phase of the experiment. Dose-
response curves of N2a cells when exposed to increasing concentrations of pooled fish liver extracts,
obtained from the depuration stage of the experiment, in OV~ (open symbols) and OV* (solid
symbols); (A) 8 days of depuration (pool of 3 specimens) (O/), (B) 29 days of depuration (pool
of three specimens) (C1/M), and (C) 43 days of depuration (pool of two specimens) (A/4A). Data
represent the mean + SD of one assay, with each point run in triplicate. The dotted vertical line
corresponds to the maximum concentration of liver tissue (MCE) that does not induce the matrix
effect, which was established at 20 mg mL~! of fish liver extracts.

Despite the loss of replication and the need for a longer period of experimentation,
our results indicate CTX transfer from contaminated prey to carnivorous P. volitans. Toxins
concentrated into lionfish livers, while their transport to the muscles could not be reliably
assessed. In other fish species, CTXs appear to be primarily accumulated in the liver, being
secondarily distributed to the muscles and other tissues as the concentrations increase [28].
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Table 2. Estimation of the EC5( values and the CTX-like concentration of the pooled lionfish liver
samples, as determined by the CBA-N2a analysis of the control (CTX-free food) and during exposure
(CTX-contaminated food) and depuration (CTX-free food) periods of the experiment.

. . Toxin Con-
Periods of Days of Pooled Fls.h Liver ECso . centration
. Exposure/ Weight Per (mg Equiw.
Experiment . Samples (n) ) (ng CTX3C
Depuration Pool (g) mL—1) o
equiv. g~ 1)
Exposure 30 4 0.47 1.93 1.36
P 41 5 0.19 2.97 0.89
C | 42 2 0.50 ND * <LOD **
ontro 8 1 0.51 ND * <LOD **
8 2 0.23 2.49 0.81
Depuration 29 3 0.13 3.88 0.52
43 2 0.11 5.46 0.37

f* ND = not determined as control samples gave no cytotoxicity at the MCE in both OV conditions. ** LOD = limit
of detection of the CBA-N2a (0.06 + 0.01 ng CTX3C equiv. g~1).

3. Conclusions

The accumulation of CTX in the livers of juvenile lionfish Pterois volitans became
evident after 5 weeks of feeding toxin-contained parrotfish Chlorurus microrhinos fillets.
The toxin levels in the muscles of lionfish were always below the limits of detection,
as determined by r-RBA, suggesting potential differential tissue distribution over the
experiment. However, this could not be confirmed by a more sensitive method, such as
CBA-N2a due to the insufficient amount of flesh. Lionfish retained detectable toxin levels
in their livers at 43 days after the last exposure, indicating a slow elimination process.
No acute intoxication signs were observed throughout the experiment, suggesting the
resistance of P. volitans to CTXs.

4. Materials and Methods
4.1. Fish Acclimation and Maintenance

Juvenile lionfish, Pterois volitans (Scorpaenidae), originating from Bali, Indonesia, were
acquired from a supplier (Tropic Nguyen, France). The juvenile lionfish were selected
based on maintenance and individual replication needs considering the laboratory set-
ting and aquarium size. Upon reception, the lionfish were acclimated for approximately
2 weeks in a 2000 L open-circuit tank. The thank was filled with flowing 1 pm filtered
seawater at 400 L h™1, 25 + 0.5 °C, pH 8.1 £ 0.1, and a salinity of 39, and maintained
under a 12:12 h (light:dark) cycle and permanent aeration. Fish were fed once a day during
acclimation in amounts higher than needed for maintenance (equivalent to 5% of their
body weight). The food consisted initially of living prey (guppy or seabream). Then, inert
frozen food (Antherina boyeri and krill) was gradually incorporated into the diet before the
final transition to the frozen, CTX-containing parrotfish (Chlorurus microrhinos) fillet.

4.2. Preparation of the Experimental Diets

The toxic material used for the feeding experiments consisted of naturally CTX-
contaminated fillets of the steephead parrotfish Chlorurus microrhinos collected from Moruroa
Atoll (Tuamotu Archipelago, French Polynesia). Parrotfish were selected based on the CTX
levels in their fillets. Then, 7.8 kg (wet weight) of selected fillet were homogenized using an
industrial mixer to obtain a toxic, homogenous fish fillet matrix. Toxicity of the prepared
food was evaluated by means of cytotoxicity using CBA-N2a and binding affinity using
r-RBA composed of 3 x 10 g and 8 x 5 g aliquots of the dried homogenate, respectively.

Different food preparations using Gelly Belly™ (Gel Food, Florida Aqua Farms, Inc.,
Dade City, FL, USA) and frozen food were tested. Gelly Belly™ consists of a gelatin-based
food mixed with microalgae, seaweeds, fish, and krill meal, with added vitamins and
minerals. The most appropriate food presentation for lionfish proved to be homogenized
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cube-shaped frozen fillets. Frozen food dices were individually offered to lionfish using
forceps, which were instantaneously caught and ingested without significant particle loss.

The food provided to the individuals in the control group—and to all remaining
lionfish during the depuration phase—was composed of homogenized fillet of farmed
seabream (Sparus auratus; ~120-140 g total body weight), originated from Turkey and
supplied by Relais d’Or (France). After homogenization, seabream fillets were fashioned
into cubes, placed in plastic bags, and kept at —18 °C until being offered to the carnivorous
fish as frozen cubes. A sample of seabream fillets was collected and further tested for
CTX presence.

4.3. Experimental Design

After acclimation, P. volitans individuals (n = 48; 5.05-34.0 g initial wet weight) were
distributed among seven aquaria, allocating six fish per tank, except in two tanks where ten
and eight fish were placed due to the smaller size of some individuals (~5 g) (Figure 4). This
step aimed at obtaining similar fish sizes and total living biomass (15.2 g 4= 9.52, mean = SE)
across the experimental tanks. Tanks were randomly assigned to either toxin-containing
(5 tanks) or control diet (2 tanks), each containing 100 L of filtered seawater maintained
under constant aeration and flow (100 L h’l), at the same conditions of temperature,
salinity, and pH used during the acclimation phase. To reduce animal stress, three tubes
of 10 cm x 20 cm (D x L), assembled as a pyramidal structure, were placed inside the
aquaria to provide shelter for the fish (Figure 4). Finally, the aquarium walls were covered
with opaque plastic coating to limit potential stress caused by the human presence in
the laboratory. Standards of animal welfare were rigorously maintained throughout the
experiment. All procedures were carefully conducted to minimize handling and reduce
physiological stress.

T C T2 T3 T4 C
=6 n=6 n=6 n==8 n=6 n=10

Figure 4. Design of the experiment, with 5 tanks initially containing 6 or 8 fish (1) assigned to the
CTX-exposed treatment (T) and 2 tanks for control (C) containing 6 fish and 10 fish (11). The image
represents a picture of the juvenile lionfish (Pterois volitans) individuals and their shelters made of
dark tubes in one of the experimental tanks.

After 6 weeks of exposure to either the toxin-containing or control diet, fish entered
the depuration stage, during which they received non-contaminated frozen food (homog-
enized seabream fillets) for an additional 6-week period. Fish feedings were carefully
conducted throughout the experiment, assuring quick capture (usually <5 min) and no
significant particle rejection. Some individuals in the control group were maintained over
the entire duration of the experiment (12 weeks) and served as reference for possible visual
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behavior alterations and/or intoxication symptoms relative to dosed fish. The behavioral
pattern was observed daily in all tanks during the feeding period throughout the 12-week
experiment. During the exposure and depuration phases, the number of deaths was com-
puted in relation to the total number of fishes at the beginning of the experiment, while the
percentage of fish rejecting the toxic food considered the average number of individuals
remaining in each experimental condition.

Feeding Experiment

During the experiment, all lionfish individuals were fed in a constant proportion to
4-5% of their body weight per day, as recommended for juvenile fish. The amount of food
supplied was adjusted weekly based on the average fish weight for each tank. The lionfish
were individually fed, always in the afternoon (2:00 p.m.), 5 days a week. Individuals were
observed over 30 min to assure complete food ingestion after every feeding procedure. At
the end of this time interval, any rejected food was removed from the tank during the daily
cleaning procedure. Lionfish usually consumed the entire portion of toxic food offered in
less than 15 min. In addition, the tanks were connected to an open system under a constant
seawater flow. Thus, any residual toxin eventually released from the food—or excreted
by the fish—was quickly eliminated from the tanks. Therefore, the source of CTX to the
exposed fish was considered limited to the food pathway.

After 30 days of exposure, four CTX-exposed and three control lionfish were randomly
collected from the control tanks. Likewise, between two and five individuals from the
exposed group were sampled each time, at the end of the exposure period (41 days) and
after 8, 29, and 43 days of the following depuration stage. Finally, three additional control
individuals were collected after 8, 29, and 43 days of the depuration stage (Table 3). Fish
euthanasia was achieved using an overdose of eugenol, and the death was confirmed by
the absence of respiratory movements [62]. Lionfish were dissected immediately following
death to ensure the integrity of collected tissues. For toxin analysis, muscle and liver
samples were individually weighed (wet weight) and stored in plastic tubes at —18 °C.

Table 3. Number of CTX-exposed juvenile Pterois volitans individuals (1) sampled after a given
exposure or depuration period. In addition, fish fed non-toxic food (control) were sacrificed after
30 days of exposure and after 8, 29, and 43 days of depuration period (3 individuals at each time).

Cumulative Cumulative

Periods of Number Days of Exposure/ Number of Feeding "

Experiment of Experimental Depuration Episodes

Weeks Toxic/Control Food

5 30 days of exposure 22/0 4
Exposure 6 41 days of exposure 29/0 5
7 8 days of depuration 29/6 3
Depuration 10 29 days of depuration 29/20 3
12 43 days of depuration 29/30 2

4.4. Toxin Determination in Food and Exposed Fish
4.4.1. Sample Extraction

The extraction of CTXs from the muscle and liver samples followed the procedures
described in previous studies [27,63,64]. Briefly, each tissue sample from individual lionfish
was extracted as a whole when the tissues weighed <4 g, or partially, in 4 g aliquots after
homogenization with T-25 digital Ultra Turrax (IKA Works, Staufen, Germany). Tissue
samples were then cooked in Falcon tubes in a water bath at 70 °C for 15 min, homogenized
in acetone (3 mL g~ tissue) using a sonication probe (Branson digital probe cell breaker)
for 2 min at 30% duty, and centrifuged for 3 min at 1400 x g. The supernatant was recovered
from the tubes, and the tissue pellet was homogenized twice again in acetone, as previously
described. After three successive extraction steps, the supernatant fractions were combined
and evaporated under nitrogen gas flow (Turbovap) in a water bath at 60 °C. Dried
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extracts were resuspended in 5 mL of aqueous methanol (MeOH/H;O 90:10), and the
lipids were removed by solvent-solvent separation (three times) after the addition of an
equal volume of n-hexane. The 1:1 solvent-solvent fraction was separated (3x) into an
aqueous phase (MeOH/H,O 60:40) and dichloromethane (DCM). Finally, the organic phase
(DCM), containing the CTXs, was evaporated with nitrogen, resuspended in pure MeOH
to 10 g tissue equivalent (TE) mL~!, and stored at —18 °C until further analysis. Frozen
homogenized fillet cubes of parrotfish Chlorurus microrhinos (toxic food) and seabream
(control food) were extracted following the same procedure described for lionfish tissues,
adjusting the sonication time to 20 min to ensure complete fish cell lysis.

4.4.2. Toxin Analysis
Radioligand-Receptor Binding Assay (r-RBA)

The presence and quantification of CTXs in parrotfish (C. microrhinos) fillet homogenates
(toxic food) and in selected extracts of fish muscle and liver were first determined using the
r-RBA [65]. This detection method is based on the binding competition between CTXs from
the sample and a radiolabeled brevetoxin (tritiated PbTx-3) for their common receptor—
on the voltage gated sodium channel (Nay)—using a porcine brain homogenate (Sigma
Aldrich, St. Louis, MO, USA) membrane preparation [11,65].

The assay was performed on a microplate according to the method reported by the
authors of [63], modified according to previous studies [27,64,65]. First, 35 puL of phosphate-
buffered saline (PBS-Tween®) with bovine serum albumin (BSA) (1 g L~1) was added to
each well of a 96-well filtration microplate (MultiScreen HTS FB Filter Plate MSFBN6B50,
Millipore) to moisturize the membrane filter. Subsequently, 35 uL of either the standard
CTX3C provided in dried form by Wako-Pure Chemicals, Osaka, Japan (2.85 x 107 to
1.92 x 10712 M), a solution of PbTx-3 (Latoxan, Rosam, France) (1.8 x 1078 M) used as an
internal assay Quality Control (QC) (3 x 10~° M in assay), or the diluted samples were
added to each corresponding well, after vortex-mixing and sonication. Likewise, only one
concentration of fish sample was tested, i.e., 0.6 g tissue equiv. mL~! for the parrotfish
toxic food, and 0.6 g tissue equiv. mL~! and 0.12 g tissue equiv. mL~? for lionfish muscle
and liver, respectively. Each sample was tested in duplicate wells in one experiment. Then,
35 uL of the working solution of [*’H] PbTx-3 (1 nM assay concentration) and 195 uL of the
diluted brain membrane homogenate (0.8 mg protein mL~!) were sequentially added to all
wells. After incubation for 1 h at 4 °C, each well was washed (3 x) with 200 pL of ice-cold
phosphate-buffered saline solution (PBST) and filtered using a MultiScreen HTS vacuum
collector system (Milipore, Billerica, Massachusetts, USA) to remove the excess radiotracer
[*H] PbTx-3. Only the membrane receptor-bound toxin molecules were retained in the
filter at this stage. After filtration, the microplate was placed on a counting cassette (Perkin-
Elmer rigid 96 plate 14105), with 50 uL of liquid scintillant (Optiphase, Perkin-Elmer, USA)
per well. Finally, the plate was incubated in the dark at room temperature for 2 h prior to
quantification of the radioactivity in a beta-microplate counter (MicroBeta?, Perkin-Elmer,
Waltham, MA, USA).

Liquid Chromatography Coupled with Tandem Mass Spectrometry (LC-MS/MS)

Analysis by LC-MS/MS was performed on liver samples of lionfish and in CTX-
contaminated parrotfish Chlorurus microrhinos homogenates to confirm the presence of CTXs
in the extracts.  Aliquots of the extracts remaining from the r-RBA analysis
(10-100 pL) were dried off with nitrogen gas and resuspended with the following volume
of 90% aqueous MeOH: 200 pL for lionfish liver samples and 500 pL for parrotfish ho-
mogenate, yielding a final concentration of 0.5-2.6 g liver equiv. mL~! and 0.4-1.1 g flesh
equiv. mL~!, respectively. Different dilutions reflected the amount of matrix available in
each case. Toxin determination was performed on a UHPLC system (UFLC Nexera, SHI-
MADZU, Japan) coupled to a hybrid triple quadrupole-linear ion-trap API4000 Qtrap mass
spectrometer (ABSciex®, Framingham, MA, USA), equipped with a TurboV® electrospray
ionization source.
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Eluents consisted of deionized water (A) and 95% acetonitrile (B), both containing
2 mM ammonium formate and 50 mM formic acid. The following linear elution gradient
was run at 0.4 mL min~! through a Zorbax Eclipse Plus C18 column (50 x 2.1 mm,
1.8 um, 95 A; Agilent Technologies, Santa Clara, CA, USA), maintained at 40 °C: 78 to 88%
B in 10 min, held at 88% B for 4 min, decreased back to 78% in 1 min, and held during
5 min to equilibrate. Samples were kept at 4 °C during the analysis, and 5 pL aliquots were
injected into the system. Scheduled MRM scanning (90 s detection window; 2 s target scan
time) was applied in positive electron spray ionization (ESI+) mode, using the following
optimized parameters: curtain gas at 25 psi; ion spray at 5500 V; turbo gas temperature
at 300 °C; gas 1 and 2 at 40 and 60 psi, respectively; declustering potential at 105 V; and
entrance potential at 10 V. A list of MRM transitions (/z) scanned in ESI+ for the detection
of CTX-like compounds is given in Table 4, along with the respective collision energy (CE)
and targeted retention time values. Instrument control, data processing, and analysis were
conducted using Analyst software 1.6.2 (SCIEX, CA, USA). Due to the lack of standards,
calibration curves of CTX3C (Wako, Japan) were applied to calculate the concentration of
every compound detected, assuming an equivalent molar response for the other analogs.

Table 4. List of MRM transitions (1/z) used in ESI+ to detect CTXs by LC-MS/MS.

MRM Transitions (m/z) Precursor Tareeted
Compound Precursor Product Ion Ion  argetes CE (eV)
Ion (Q1) (Q3) Species Time (min)

1040.6 1005.6 [M + NH4]* 30
CTX3C or CTX3B 1023.6 1005.6 M +HJ* 11.2 20
1023.6 125.1 50
1041.6 1023.6 M +H]* 20
M-seco-CTX3C 1041.6 1005.6 4.7 30
1041.6 125.1 50
1058.6 1005.6 [M + NH4]* 30
2-hydroxyCTX3C 1058.6 1023.6 5.0 20
1058.6 125.1 50
1056.6 1021.6 [M + NH4]* 30
51-hydroxyCTX3C 1039.6 1021.6 [M+H]* 6.3 20
1039.6 1003.6 20
1078.6 1043.6 [M + NH4]* 30
CTX4A or CTX4B 1061.6 1043.6 [M+H]* 12.8 20
1061.6 125.1 50
54-deoxyCTX1B or 1112.6 1077.6 [M + NH4]* 20
52-epi-54- 1112.6 1059.6 6.8 30
deoxyCTX1B 1112.6 95.1 90
1128.6 1093.6 [M + NH4]* 20
CTX1B 1128.6 1075.6 32 30
1128.6 95.1 90
11414 1123.4 M +H]* 30

C-CTX1 or C-CTX2 M + 4.4
11234 1105.6 H-H20]* 30
11234 1087.6 30
. 1074.6 1039.6 [M + NH4]* 30
dfyﬁiﬁiié?i’ic 1057.6 1039.6 [M + HJ* 6.0 20
1057.6 125.1 50
1040.6 1005.6 [M + NH4]* 30
CTX3C analog 1 1023.6 1005.6 [M+H]* 10.0 20
1023.5 125.1 50
1040.6 1005.6 [M + NH4]* 8.5 30
CTX3C analog 2 1023.6 1005.6 M+ H]* 20
1023.5 125.1 50
1040.6 1005.6 [M + NH4]* 7.5 30
CTX3C analog 3 1023.6 1005.6 M+ H]* 20

1023.5 125.1 50
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Cell Based Assay on Neuroblastoma (CBA-N2a)

The neuroblastoma (N2a) CCL 131 cell line (ATCC) was used in this study, and the
CBA-N2a was performed following the protocol described by the authors of [66]. Briefly,
the 60 inner wells of several 96-well microplates were seeded with 200 uL of a 5% FBS
culture medium at an initial cell density of 50,000 = 10,000 cells well ! (exponential growth
phase) and left to grow for 26 h in an incubator at 37 °C and 5% CO,. Among the several
microplates run in parallel, one microplate served as the Reference Cell Viability (RCV)
control to establish the initial cell viability of N2a cells using an MTT assay [66]. For each
microplate, the mean absorbance of DMSO control (12 outer wells filled with DMSO only)
was subtracted from each raw absorbance value (60 inner wells containing N2a cells), and
all viability data were expressed in net absorbance data.

The remaining microplates were treated as follows. The growth medium was renewed
by the addition of 200 uL of 2% FBS culture medium with 90 uM of ouabain (O) and 9 uM
of veratridine (V) for non-destructive treatment in the OV* condition (bottom half of the
microplate). In the OV~ condition, the growth medium was renewed by the addition of
200 pL of 2% FBS culture medium (upper half of the microplate). Appropriate controls in
both OV conditions, namely COV~ and COV*, were established by adding 10 uL of 2%
FBS culture medium to verify the final cell viability and the non-cytotoxicity of the OV
treatment, respectively, in the absence of CTXs. The implementation of additional quality
check controls (QC) to both OV~ and OV* conditions, namely QCOV™ and QCOV*, was
also undertaken to check for the specific effect of voltage gated sodium channel (VGSC)
activators. Basically, 10 uL of PbTx3 (Latoxan, France) at 0.1 pg mL~! were added in
triplicate wells in both OV conditions to reach a final concentration of 4760 pg PbTx3 mL !
in the wells. As CTX3C was tested in parallel with the fish samples, eight-point 1:2 serial
dilutions of the CTX3C standard (Institut Louis Malardé€) and sample stock solutions were
prepared (100 puL per concentration) using a U-bottom 96-well microtiter. Then, 10 uL of
CTX3C concentrations were directly added in triplicate wells under the non-destructive
OV* condition (85.7/8.57 uM final concentrations) and not under OV- condition, since
no cytotoxicity occurs in the absence of the O/V treatment [66]. The final concentrations
of CTX3C tested ranged from 0.15 to 19.05 pg mL~!. The three parrotfish (toxic food)
aliquots were tested with final concentrations ranging from 74 to 9524 ng mL~! of dry
extract (corresponding to 0.23-29.76 mg flesh equiv. mL~!). Each concentration was
tested in triplicate wells in both OV conditions, in three independent microplates run the
same day.

Liver extracts were further analyzed by CBA-N2a. To this end, all liver extracts
prepared from individual fish collected from a single tank at the same sampling interval
(days 30, 41 of the exposure phase and days 8, 29, and 43 of the depuration phase). Pooled
samples ranged from 0.11-0.51 g fresh weight equivalent of fish liver. These samples were
resuspended in a solution of 5 uL. MeOH, 15 pL dimethyl sulfoxide (DMSO), and 2% fetal
bovine serum (FBS) RPMI medium, providing concentrations of sample stock solutions
ranging from 0.442 g fresh liver equiv. mL~! to 1.567 g fresh liver equiv. mL~!, with no
more than 10% of solvent used during the serially two-fold dilution procedure. As dry
extract weights were not available for lionfish livers, fresh fish liver equivalents could only
be considered to estimate the concentration ranges tested. Pools of lionfish liver from the
exposure experiment were tested together in one CBA-N2a experiment. In the same way,
pooled liver from the depuration phase were also tested together in another CBA-N2a
experiment. For each CBA-N2a experiment, CTX3C was tested in parallel with the lionfish
liver samples, each concentration tested in triplicate wells in both OV conditions. Full
dose-response curves were used for accurate CTX quantification. These two CBA-N2a
experiments could not be repeated due to the very small amount of extract available. In
all microplates, peripheral wells received 200 uL of sterile distilled water, and microplates
were left to incubate overnight for about 19 h prior to the determination of the final cell
viability using the MTT assay with an incubation time of 45 min.
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4.5. Data Analysis
4.5.1. r-RBA

The r-RBA result of each extract was determined after the assay performance was con-
firmed by the Quality Control (QC), together with the additional parameters of the CTX3C
standard curve (Supplementary Materials, Figure S2), such as the effective concentration
inducing a 50% values effect (ECs), and the slope of the linear portion of the standard
curve. Sample CTX quantification was only completed when the CPM measurement of
a sample dilution fell on the linear part of the CTX3C standard curve and the relative
standard deviation (rSD) of the triplicate CPM values was verified to be less than 30%. The
Hill equation was used to convert CPM values into CTX concentrations.

Data analysis was performed in GraphPad Prism version 6.0 (San Diego, CA, USA),
allowing the determination of the parameters of each CTX3C competition sigmoidal curve
(using 4 parameters). The detection limit (LOD) and the limit of quantification (LOQ)
of the CTX-like composite in fish muscle and liver samples were determined based on
the relative standard deviation (rSD) of the top plateau (Bmax) of the dose-response
curve according the method described by the authors of [64], following the equations:
LOD = Bmax-3 * rSD; and LOQ = Bmax-10 * rSD. The values of LOD and LOQ were
not estimated in this study. However, previous publications have reported LOQ values
corresponding to 0.32 ng CTX3C equiv. g~ ! [27] and 1.5 ng CTX3C equiv. g~ ! [36] and
LOD values of 0.75 ng CTX3C equiv. g~ ! [64].

45.2. LC-MS/MS

A calibration curve was calculated from the successive dilutions of a CTX3C standard
solution (Wako, Tokyo, Japan) in MeOH at concentrations ranging from 12.5 ng mL ™! to
200 ng mL~!. The limit of detection (LOD) and limit of quantification (LOQ) were calcu-
lated statistically based on the following formulae: LOD = 3.3 * std /S; and LOQ =10 * std /S,
where “std” is the standard deviation and “S” the slope of the calibration curve composed
of successive dilutions of the CTX3C reference material. The calculated values for LOD
and LOQ corresponded to 0.57 ng CTX3C mL~! and 1.74 ng CTX3C mL ™, respectively.
This was equivalent, respectively, to 0.22-1.14 ng CTX3C mL~!, and 0.67-3.48 ng CTX3C
g~ ! of lionfish liver, and to 0.54-1.54 and 1.64—4.71 ng CTX3C g~! of parrotfish Chlorurus
microrhinos flesh.

4.5.3. CBA-N2a

Net absorbance data were used to establish the full sigmoidal dose-response curves for
CTX3C, lionfish liver extracts, and parrotfish Chlorurus microrhinos toxic food. The CTX3C
and fish samples were tested in parallel in the same assay. The maximum concentration of
the liver tissue (MCE) that did not induce unspecific mortality on N2a cells was determined
in OV~ and OV™ conditions using the fish control sample from the exposure phase of the
experiment. This concentration was further used to establish the concentration range of
the fish liver samples to use for the assay in the depuration experiment. The maximum
concentration of dry extract (MCE) was defined as 20 mg mL~! from the fish liver control
at 42 days. The limit of detection (LOD) and the limit of quantification (LOQ) of the
CTX-like toxicity in the fish liver samples, expressed in ng CTX3C equiv. g_1 of fish liver,
were determined according to the following equations: LOD = (ECgy/MCE) and LOQ =
(ECs9/MCE), where ECgy and ECs are the values obtained for CTX3C toxin standard, and
were determined at 0.06 = 0.01 and 0.12 + 0.02 ng CTX3C equiv. g~ !, respectively. The
composite cytotoxicity in the fish liver samples, expressed in ng CTX3C equiv. g~ of fish
liver, was then estimated based on the (EC5y of CTX3C/ECs of fish liver) equation.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/toxins13080564 /51, Figure S1: Dose-response curves of N2a cells when exposed to increas-
ing concentrations of parrotfish flesh extracts (toxic food) in OV~ (open symbols) and OV* (solid
symbols) conditions at 85.7/8.75 uM (final concentrations). Data represent the mean + SD of each
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aliquot tested, with each point run in triplicate. Absorbance values were measured at 570 nm via
the MTT assay, after a 45 min MTT incubation time. The initial cell viability was 1.054 £ 0.020 in
the RCV control. The mean final cell viability was 0.927 £ 0.023 in the absence of O/V treatment
(COV—-), and 1.031 £ 0.029 in the presence of non-destructive O/V treatment (COV+), respectively.
The dotted vertical line corresponds to the MCE established at 10,000 mg mL~1 of fish flesh extracts,
avoiding non-specific cy-totoxicity in both conditions of OV treatments. The LOD and LOQ values
in fish flesh were 0.03 £ 0.01 and 0.06 + 0.02 ng CTX3C equiv. g_l [66], Figure S2. The sigmoidal
dose-response curve of r-RBA was used to quantify the concentration of the CTX in the fish liver and
muscle during the experiment (GraphPad Software, Inc., La Jolla, CA, USA).

Author Contributions: Conceptualization, M.-Y.D.B., L.LM.]., I.d.P.L. Methodology, M.-Y.D.B.,
Ld.PL,KS., AT, HB.G, EO, J.V, HTD., M.C,, LLM.]J. Formal Analysis, .d.PL., ].V., HTD.,,
M.C., LLMJ., M.-Y.D.B. Funding acquisition, M.-Y.D.B., M.C. Project administration, M.-Y.D.B.,
Supervision, M.-Y.D.B., L.L.M.]. Investigation, M.-Y.D.B,, L.d.P.L, KS, AT, HB.G, FO,, PS,, J.V,
H.T.D.,, M.C,, L.L.M.].; Writing—Original Draft Preparation, I.d.P.L.; Writing—Review & Editing,
I.d.PL,M.-Y.D.B, LLMJ,J.V,HTD., M.C, A.T, KS., HB.G,, FO., PS. All authors have read and
agreed to the published version of the manuscript.

Funding: The research was funded by the countries of France and French Polynesia in the framework
of the CARISTO-Pf” (no. 7937 /MSR/REC of 4 December 2015 and Arrété no. HC/491/DIE/BPT
of 30 March 2016) research program. This study was also partially supported by the International
Atomic Energy Agency (IAEA) through the Coordinated Research Project (CRPK41014), contract
#18827 (“Bentox” Project) and the Coordenagao de Aperfeicoamento de Pessoal de Nivel Superior
(CAPES, Brazil) for the Ph.D. scholarship awarded to I.d.P.L. at Federal University of Parand, and for
the PVEX (n. 88881.172853/2018-01) and PDSE-2018 (n. 7338918) grants awarded to L.L.M.]. and
Ld.PL., respectively.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in this article and
Supplementary Materials.

Acknowledgments: The IAEA is grateful to the Government of the Principality of Monaco for
the support provided to Environment Laboratories. Our sincere gratitude to Philipp Hess for
hosting L.L.M.J. in the Laboratoire Phycotoxines (ODE\DYNECO) at IFREMER (Nantes, France) and
providing the instruments and materials for the LC-MS/MS analysis.

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

References

1.

Cuypers, E.; Abdel-Mottaleb, Y.; Kopljar, I.; Rainier, ].D.; Raes, A.L.; Snyders, D.J.; Tytgat, ]. Gambierol, a toxin produced
by the dinoflagellate Gambierdiscus toxicus, is a potent blocker of voltage-gated potassium channels. Toxicon 2008, 51,
974-983. [CrossRef] [PubMed]

Hoppenrath, M.; Murray, S.A.; Chomérat, N.; Horiguchi, T. Marine Benthic Dinoflagellates—Unuveiling Their Worldwide Biodiversity;
Senckenberg-Reihe: Frankfurt, Germany, 2014.

Morohashi, A.; Satake, M.; Nagai, H.; Oshima, Y.; Yasumoto, T. The absolute configuration of gambieric acids A-D, potent
antifungal polyethers, isolated from the marine dinoflagellate Gambierdiscus toxicus. Tetrahedron 2000, 56, 8995-9001. [CrossRef]
Murray, J.S.; Selwood, A.L; Harwood, D.T.; van Ginkel, R.; Puddick, J.; Rhodes, L.L.; Rise, F; Wilkins, A.L. 44-Methylgambierone,
a new gambierone analogue isolated from Gambierdiscus australes. Tetrahedron Lett. 2019, 60, 621-625. [CrossRef]

Solifio, L.; Costa, P.R. Differential toxin profiles of ciguatoxins in marine organisms: Chemistry, fate and global distribution.
Toxicon 2018, 150, 1-70. [CrossRef] [PubMed]

Watanabe, R.; Uchida, H.; Suzuki, T.; Matsushima, R.; Nagae, M.; Toyohara, Y.; Satake, M.; Oshima, Y.; Inoue, A.; Yasumoto, T.
Gambieroxide, a novel epoxy polyether compound from the dinoflagellate Gambierdiscus toxicus GTP2 strain. Tetrahedron 2013, 69,
10299-10303. [CrossRef]

EFSA Panel on Contaminants in the Food Chain. Scientific opinion on marine biotoxins in shellfish—Emerging toxins: Ciguatoxin
group. EFSA J. 2010, 8, 1-38. [CrossRef]

Friedman, M.A.; Fernandez, M.; Backer, L.C.; Dickey, RW.; Bernstein, J.; Schrank, K.; Kibler, S.; Stephan, W.; Gribble, M.O.;
Bienfang, P; et al. An updated review of ciguatera fish poisoning: Clinical, epidemiological, environmental, and public health
management. Mar. Drugs 2017, 15, 72. [CrossRef]


http://doi.org/10.1016/j.toxicon.2008.01.004
http://www.ncbi.nlm.nih.gov/pubmed/18313714
http://doi.org/10.1016/S0040-4020(00)00753-5
http://doi.org/10.1016/j.tetlet.2019.01.043
http://doi.org/10.1016/j.toxicon.2018.05.005
http://www.ncbi.nlm.nih.gov/pubmed/29778594
http://doi.org/10.1016/j.tet.2013.10.022
http://doi.org/10.2903/j.efsa.2010.1627
http://doi.org/10.3390/md15030072

Toxins 2021, 13, 564 17 of 19

10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Parsons, M.L.; Aligizaki, K.; Bottein, M.Y.D.; Fraga, S.; Morton, S.L.; Penna, A.; Rhodes, L. Gambierdiscus and Ostreopsis:
Reassessment of the state of knowledge of their taxonomy, geography, ecophysiology, and toxicology. Harmful Algae 2012, 14,
107-129. [CrossRef]

Yasumoto, T.; Seino, N.; Murakami, Y.; Murata, M. Toxins produced by benthic dinoflagellates. Biol. Bull. 1987, 172,
128-131. [CrossRef]

Dechraoui, M.-Y.; Naar, J.; Pauillac, S.; Legrand, A.M. Ciguatoxins and brevetoxins, neurotoxic polyether compounds active on
sodium channels. Toxicon 1999, 37, 125-143. [CrossRef]

Kumar-Roiné, S.; Darius, H.T.; Matsui, M.; Fabre, N.; Haddad, M.; Chinain, M.; Pauillac, S.; Laurent, D. A review of traditional
remedies of ciguatera fish poisoning in the Pacific. Phytother. Res. 2011, 25, 947-958. [CrossRef] [PubMed]

Lombet, A.; Bidard, J.-N.; Lazdunski, M. Ciguatoxins and brevetoxins share a common receptor site on the neuronal voltage-
dependent Na* channel. FEBS Lett. 1987, 219, 355-359. [CrossRef]

Poli, M.A.; Mende, T.J.; Baden, D.G. Brevetoxins, unique activators of voltage-sensitive sodium channels, bind to specific sites in
rat brain synaptosomes. Mol. Pharmacol. 1986, 30, 129-135.

Au, N.PB.; Kumar, G.; Asthana, P; Tin, C.; Mak, Y.L.; Chan, L.L.; Lam, PK.S.; Ma, C.H.E. Ciguatoxin reduces regenerative
capacity of axotomized peripheral neurons and delays functional recovery in pre-exposed mice after peripheral nerve injury. Sci.
Rep. 2016, 6, 1-13. [CrossRef] [PubMed]

Chinain, M.; Gatti, C.M.; Roué, M.; Darius, H.T. Ciguatera poisoning in French Polynesia: Insights into the novel trends of an
ancient disease. New Microbes New Infect. 2019, 31, 100565. [CrossRef]

Dickey, R.W.; Plakas, S.M. Ciguatera: A public health perspective. Toxicon 2010, 56, 123-136. [CrossRef] [PubMed]

Davin, W.T,; Kohler, C.C.; Tindall, D.R. Effects of ciguatera toxins on the bluehead. Trans. Am. Fish. Soc. 1986, 115,
908-912. [CrossRef]

Kelly, A.M.; Kohler, C.C.; Tindall, D.R. Are crustaceans linked to the ciguatera food chain? Environ. Biol. Fishes 1992, 33,
275-286. [CrossRef]

Colman, J.R.; Dechraoui, M.Y.B.; Dickey, R.W.; Ramsdell, J.S. Characterization of the developmental toxicity of Caribbean
ciguatoxins in finfish embryos. Toxicon 2004, 44, 59-66. [CrossRef]

Edmunds, J.S.G.; McCarthy, R.A.; Ramsdell, J.S. Ciguatoxin reduces larval survivability in finfish. Toxicon 1999, 37,
1827-1832. [CrossRef]

Mak, Y.L.; Li, J.; Liu, C.N.; Cheng, S.H.; Lam, PK.S.; Cheng, J.; Chan, L.L. Physiological and behavioural impacts of Pacific
ciguatoxin-1 (P-CTX-1) on marine medaka (Oryzias melastigma). J. Hazard. Mater. 2017, 321, 782-790. [CrossRef]

Yan, M.; Leung, PT.Y,; Ip, ].C.H.; Cheng, J.; Wu, J.-J.; Gu, ].R.; Lam, P.K.S. Developmental toxicity and molecular responses of
marine medaka (Oryzias melastigma) embryos to ciguatoxin P-CTX-1 exposure. Aquat. Toxicol. 2017, 185, 149-159. [CrossRef]
Yan, M.; Mak, M.Y.L,; Cheng, J.; Li, ].; Gu, J.R.; Leung, P.T.Y.; Lam, PK.S. Effects of dietary exposure to ciguatoxin P-CTX-1 on the
reproductive performance in marine medaka (Oryzias melastigma). Mar. Pollut. Bull. 2020, 152, 110-837. [CrossRef] [PubMed]
Ledreux, A.; Brand, H.; Chinain, M.; Bottein, M.Y.D.; Ramsdell, J.S. Dynamics of ciguatoxins from Gambierdiscus polynesiensis in
the benthic herbivore Mugil cephalus: Trophic transfer implications. Harmful Algae 2014, 39, 165-174. [CrossRef]

Bottein, M.Y.D.; Kashinsky, L.; Wang, Z.; Littnan, C.; Ramsdell, J.S. Identification of ciguatoxins in hawaiian monk seals Monachus
schauinslandi from the northwestern and main hawaiian Islands. Environ. Sci. Technol. 2011, 45, 5403-5409. [CrossRef] [PubMed]
Clausing, R.J.; Losen, B.; Oberhaensli, ER.; Darius, H.T.; Sibat, M.; Hess, P; Swarzenski, PW.; Chinain, M.;
Dechraoui Bottein, M.Y. Experimental evidence of dietary ciguatoxin accumulation in an herbivorous coral reef fish.
Aquat. Toxicol. 2018, 200, 257-265. [CrossRef]

Li, J.; Mak, Y.L.; Chang, Y.H.; Xiao, C.; Chen, Y.M.; Shen, J.; Wang, Q.; Ruan, Y.; Lam, PK.S. Uptake and depuration kinetics of
Pacific Ciguatoxins in orange-spotted grouper (Epinephelus coioides). Environ. Sci. Technol. 2020, 54, 4475-4483. [CrossRef]
Dechraoui-Bottein, M.-Y.; Tiedeken, ].A.; Persad, R.; Wang, Z.; Granade, H.R.; Dickey, R.W.; Ramsdell, J.S. Use of two detection
methods to discriminate ciguatoxins from brevetoxins: Application to great barracuda from Florida Keys. Toxicon 2005, 46,
261-270. [CrossRef]

Sanchez-Henao, A.; Garcia-Alvarez, N.; Sergent, E.S.; Estévez, P.; Gabo-Martinez, A.; Martin, F.; Ramos-Sosa, M.; Fernandez, A.;
Diogene, J.; Real, F. Presence of CTXs in moray eels and dusky groupers in the marine environment of the Canary Islands. Aquat.
Toxicol. 2020, 221, 105427. [CrossRef] [PubMed]

Yogi, K.; Oshiro, N.; Inafuku, Y.; Hirama, M.; Yasumoto, T. Detailed LC-MS/MS analysis of ciguatoxins revealing distinct regional
and species characteristics in fish and causative alga from the Pacific. Anal. Chem. 2011, 83, 8886-8891. [CrossRef]

Halstead, B.W. Poisonous and Venomous Marine Animals of the World; The Darwin Press: Princeton, NJ, USA, 1978.

WHO. Report of the Expert Meeting on Ciguatera Poisoning; Food Safety and Quality: Rome, Italy, 2020; Volume 9,
pp. 19-23. [CrossRef]

Clausing, R.J.; Chinain, M.; Dechraoui-Bottein, M.Y. Practical sampling guidance for determination of ciguatoxin. In Guide
for Designing and Implementing a Plan to Monitor Toxin-Producing Microalgae; Reguera, B., Alonso, R., Moreira, A., Mendez, S.,
Dechraoui Bottein, M.Y., Eds.; IOC-UNESCO: Paris, France, 2016; pp. 51-63.

Chan, WH.; Mak, Y.L.; Wu, ].]; Jin, L.; Sit, W.H.; Lam, J.C.W.; Mitcheson, Y.S.; Chan, L.L.; Lam, PK.S.; Murphy, M.B. Spatial
distribution of ciguateric fish in the Republic of Kiribati. Chemosphere 2011, 84, 117-123. [CrossRef]


http://doi.org/10.1016/j.hal.2011.10.017
http://doi.org/10.2307/1541612
http://doi.org/10.1016/S0041-0101(98)00169-X
http://doi.org/10.1002/ptr.3396
http://www.ncbi.nlm.nih.gov/pubmed/21287650
http://doi.org/10.1016/0014-5793(87)80252-1
http://doi.org/10.1038/srep26809
http://www.ncbi.nlm.nih.gov/pubmed/27229176
http://doi.org/10.1016/j.nmni.2019.100565
http://doi.org/10.1016/j.toxicon.2009.09.008
http://www.ncbi.nlm.nih.gov/pubmed/19782098
http://doi.org/10.1577/1548-8659(1986)115&lt;908:EOCTOT&gt;2.0.CO;2
http://doi.org/10.1007/BF00005871
http://doi.org/10.1016/j.toxicon.2004.04.007
http://doi.org/10.1016/S0041-0101(99)00119-1
http://doi.org/10.1016/j.jhazmat.2016.09.066
http://doi.org/10.1016/j.aquatox.2017.02.006
http://doi.org/10.1016/j.marpolbul.2019.110837
http://www.ncbi.nlm.nih.gov/pubmed/32479270
http://doi.org/10.1016/j.hal.2014.07.009
http://doi.org/10.1021/es2002887
http://www.ncbi.nlm.nih.gov/pubmed/21591690
http://doi.org/10.1016/j.aquatox.2018.05.007
http://doi.org/10.1021/acs.est.9b07888
http://doi.org/10.1016/j.toxicon.2005.04.006
http://doi.org/10.1016/j.aquatox.2020.105427
http://www.ncbi.nlm.nih.gov/pubmed/32044545
http://doi.org/10.1021/ac200799j
http://doi.org/10.4060/ca8817en
http://doi.org/10.1016/j.chemosphere.2011.02.036

Toxins 2021, 13, 564 18 of 19

36.

37.

38.

39.

40.

41.

42.

43.
44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.
63.

Diaz-Asencio, L.; Clausing, RJ., Vandersea, M.; Chamero-Lago, D.; Goémez-Batiste, M.; Herndndez-Albernas, ].I.;
Chomérat, N.; Rojas-Abrahantes, G.; Litaker, RW.; Tester, P.; et al. Ciguatoxin occurrence in food-web components of a
cuban coral reef ecosystem: Risk-assessment implications. Toxins 2019, 11, 722. [CrossRef] [PubMed]

Lewis, R.J.; Holmes, M.]. Mini review origin and transfer of toxins involved in Ciguatera. Biochem. Physiol 1993, 106, 615-628.
Chinain, M.; Darius, H.T.; Ung, A.; Tchou Fouc, M.; Revel, T.; Cruchet, P,; Pauillac, S.; Laurent, D. Ciguatera risk management in
French Polynesia: The case study of Raivavae Island (Australes Archipelago). Toxicon 2010, 56, 674—690. [CrossRef]

Chinain, M.; Gatti, C.M.; Ung, A.; Cruchet, P.; Revel, T.; Viallon, J.; Sibat, M.; Varney, P.; Laurent, V.; Hess, P; et al. Evidence for
the range expansion of Ciguatera in French Polynesia: A revisit of the 2009 mass-poisoning outbreak in Rapa Island (Australes
Archipelago). Toxins 2020, 12, 759. [CrossRef]

Darius, H.T.; Ponton, D.; Revel, T.; Cruchet, P; Ung, A.; Tchou Fouc, M.; Chinain, M. Ciguatera risk assessment in two toxic sites
of French Polynesia using the receptor-binding assay. Toxicon 2007, 50, 612—626. [CrossRef]

Gaboriau, M.; Ponton, D.; Darius, H.T.; Chinain, M. Ciguatera fish toxicity in French Polynesia: Size does not always matter.
Toxicon 2014, 84, 41-50. [CrossRef]

Mak, Y.L.; Wai, T.C.; Murphy, M.B.; Chan, WH.; Wu, ].J.; Lam, ].C.W.; Chan, L.L.; Lam, PK.S. Pacific ciguatoxins in food web
components of coral reef systems in the Republic of Kiribati. Environ. Sci. Technol. 2013, 47, 14070-14079. [CrossRef] [PubMed]
Saunders, P.R.; Taylor, P.B. Venom of the lionfish Pterois volitans. Am. J. Physiol. 1959, 197, 437-440. [CrossRef]

Snyder, D.B.; Burgess, G.H. The Indo-Pacific red lionfish, Pterois volitans (Pisces: Scorpaenidae), new to Bahamian ichthyofauna.
Coral Reefs 2007, 26, 175. [CrossRef]

Whitfield, PE.; Gardner, T.; Vives, S.P; Gilligan, M.R.; Courtenay, W.R.; Ray, G.C.; Hare, ].A. Biological invasion of the Indo-Pacific
lionfish Pterois volitans along the Atlantic coast of North America. Mar. Ecol. Prog. Ser. 2002, 235, 289-297. [CrossRef]

Hardison, D.R.; Holland, W.C.; Darius, H.T.; Chinain, M.; Tester, P.A.; Shea, D.; Bogdanoff, A.K.; Morris, J.A.J.; Quintana, H.A.F,;
Loeffler, C.R.; et al. Investigation of ciguatoxins in invasive lionfish from the greater caribbean region: Implications for fishery
development. PLoS ONE 2018, 13, e0198358. [CrossRef] [PubMed]

Morris, J.A.J.; Whitfield, P.E. Biology, ecology, control and management of the invasive Indo-Pacific Lionfish: An updated
integrated assessment. In NOAA Technical Memorandum NOS NCCOS, 99; NOAA: Washington, DC, USA, 2009; p. 57.

FDA. Fish and fishery products hazards and controls guidance. Fish. Prod. Hazard. Control. Guide 2011, 4, 1-401.

Robertson, A.; Garcia, A.C.; Flores Quintana, H.A.; Smith, T.B.; Castillo, B.F.; Reale-Munroe, K.; Gullj, J.A.; Olsen, D.A.; Hooe-
Rollman, J.I; Jester, E.L.E.; et al. Invasive lionfish (Pterois volitans): A potential human health threat for ciguatera fish poisoning in
tropical waters. Mar. Drugs 2014, 12, 88. [CrossRef]

Wilcox, C.L.; Hixon, M. A. False positive tests for ciguatera may derail efforts to control invasive lionfish. Environ. Biol. Fishes
2014, 98, 961-969. [CrossRef]

Boucaud-Maitre, D.; Vernoux, J.P; Pelczar, S.; Daudens-Vaysse, E.; Aubert, L.; Boa, S.; Ferracci, S.; Garnier, R. Incidence and
clinical characteristics of ciguatera fish poisoning in Guadeloupe (French West Indies) between 2013 and 2016: A retrospective
cases-series. Sci. Rep. 2018, 8, 1-7. [CrossRef] [PubMed]

Banner, A ; Helfrich, P.; Yoshida, T. Research on ciguatera in the tropical Pacific. Proc. Gulf Caribb. Fish. Inst. 1963, 16, 84-98.
Hahn, S.T.; Capra, M.E,; Walsh, T.P. Ciguatoxin-protein association in skeletal muscle of spanish mackerel (Scomberomorus
commersoni). Toxicon 1992, 30, 843-852. [CrossRef]

Chinain, M.; Gatti, C.M.; Martin-Yken, H.; Roué, M.; Darius, H.T. Ciguatera poisoning: An increasing burden for Pacific Islands
communities in light of climate change? In Climate Change and Marine and Freshwater Toxins, 2nd ed.; Botana, L.M., Louzao, M.C.,
Vilarifio, N, Eds.; De Gruyter: Berlin, Germany; Boston, MA, USA, 2021; pp. 369—428. [CrossRef]

Ikehara, T.; Kuniyoshi, K.; Oshiro, N.; Yasumoto, T. Biooxidation of ciguatoxins leads to species-specific toxin profiles. Toxins
2017, 9, 205. [CrossRef] [PubMed]

Yogi, K.; Sakugawa, S.; Oshiro, N.; Ikehara, T.; Sugiyama, K.; Yasumoto, T. Determination of toxins involved in ciguatera fish
poisoning in the Pacific by LC/MS. J. AOAC Int. 2014, 97, 398-402. [CrossRef] [PubMed]

Lewis, R.J.; Sellin, M.; Poli, M.A.; Norton, R.S.; MacLeod, J.K.; Sheil, M.M. Purification and characterization of ciguatoxins from
moray eel (Lycodontis javanicus, Muraenidae). Toxicon 1991, 29, 1115-1127. [CrossRef]

Banner, A.H.; Helfrich, P; Piyakarnchana, T. Retention of Ciguatera toxin by the red snapper, Lutjanus bohar. Copeia 1966, 2,
297-301. [CrossRef]

Pottier, I.; Vernoux, J.P; Jones, A.; Lewis, R.J. Analysis of toxin profiles in three different fish species causing ciguatera fish
poisoning in Guadeloupe, French West Indies. Food Addit. Contam. 2002, 19, 1034-1042. [CrossRef]

Pottier, I.; Hamilton, B.; Jones, A.; Lewis, R.J.; Vernoux, J.P. Identification of slow and fast-acting toxins in a highly ciguatoxic
barracuda (Sphyraena barracuda) by HPLC/MS and radiolabelled ligand binding. Toxicon 2003, 42, 663—672. [CrossRef]

Solifo, L.; Widgy, S.; Pautonnier, A.; Turquet, J.; Loeffler, C.R.; Flores Quintana, H.A.; Diogéne, J. Prevalence of ciguatoxins
in lionfish (Pterois spp.) from Guadeloupe, Saint Martin, and Saint Barthélmy Islands (Caribbean). Toxicon 2015, 102, 62—68.
[CrossRef] [PubMed]

Green, S.J.; Akins, J.L.; Morris, J. Lionfish dissection: Techniques and applications. NOAA Tech. Memo. 2012, 139, 1-24.

Detection of Harmful Algal Toxins Using the Radioligand Receptor Binding Assay: A Manual of Methods; IAEA-TECDOC-1729; IAEA:
Vienna, Austria, 2013. [CrossRef]


http://doi.org/10.3390/toxins11120722
http://www.ncbi.nlm.nih.gov/pubmed/31835676
http://doi.org/10.1016/j.toxicon.2009.05.032
http://doi.org/10.3390/toxins12120759
http://doi.org/10.1016/j.toxicon.2007.05.007
http://doi.org/10.1016/j.toxicon.2014.03.006
http://doi.org/10.1021/es403175d
http://www.ncbi.nlm.nih.gov/pubmed/24228863
http://doi.org/10.1152/ajplegacy.1959.197.2.437
http://doi.org/10.1007/s00338-006-0176-8
http://doi.org/10.3354/meps235289
http://doi.org/10.1371/journal.pone.0198358
http://www.ncbi.nlm.nih.gov/pubmed/29924826
http://doi.org/10.3390/md12010088
http://doi.org/10.1007/s10641-014-0313-0
http://doi.org/10.1038/s41598-018-21373-2
http://www.ncbi.nlm.nih.gov/pubmed/29449664
http://doi.org/10.1016/0041-0101(92)90382-F
http://doi.org/10.1515/9783110625738-010
http://doi.org/10.3390/toxins9070205
http://www.ncbi.nlm.nih.gov/pubmed/28661447
http://doi.org/10.5740/jaoacint.SGEYogi
http://www.ncbi.nlm.nih.gov/pubmed/24830151
http://doi.org/10.1016/0041-0101(91)90209-A
http://doi.org/10.2307/1441137
http://doi.org/10.1080/02652030210155378
http://doi.org/10.1016/j.toxicon.2003.09.004
http://doi.org/10.1016/j.toxicon.2015.05.015
http://www.ncbi.nlm.nih.gov/pubmed/26026621
http://doi.org/10.13140/2.1.2586.1122

Toxins 2021, 13, 564 19 of 19

64. Diaz-Asencio, L.; Clausing, R.J.; Rafiada, M.L.; Alonso-Hernandez, C.M.; Dechraoui Bottein, M.-Y. A radioligand receptor binding
assay for ciguatoxin monitoring in environmental samples: Method development and determination of quality control criteria. J.
Environ. Radioact. 2018, 192, 289-294. [CrossRef]

65. Dechraoui Bottein, M.-Y.; Clausing, R.J. Receptor binding assay for the analysis of marine toxins: Detection and mode of action.
In Recent Advances in the Analysis of Marine Toxins; Diogene, J., Campas, M., Eds.; Elsevier: Amsterdam, The Netherlands, 2017;
pp. 277-301.

66. Viallon, J.; Chinain, M.; Darius, H.T. Revisiting the neuroblastoma cell-based assay (CBA-N2a) for the improved detection of
marine toxins active on voltage gated sodium channels (VGSCs). Toxins 2020, 12, 281. [CrossRef] [PubMed]


http://doi.org/10.1016/j.jenvrad.2018.06.019
http://doi.org/10.3390/toxins12050281
http://www.ncbi.nlm.nih.gov/pubmed/32349302

	Introduction 
	Results and Discussion 
	Experimental Setting and Fish Behavior 
	Toxin Levels in the Food and Fish Dosing 
	Toxin Levels in Fish Tissues 

	Conclusions 
	Materials and Methods 
	Fish Acclimation and Maintenance 
	Preparation of the Experimental Diets 
	Experimental Design 
	Toxin Determination in Food and Exposed Fish 
	Sample Extraction 
	Toxin Analysis 

	Data Analysis 
	r-RBA 
	LC-MS/MS 
	CBA-N2a 


	References

