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Abstract: Following the occurrence of Tetrodotoxins (TTXs) in Europe—a group of neu-
rotoxins identified in Asia, where fatalities occurred after the ingestion of contaminated
pufferfish—the EFSA proposed a limit of 44 µg of TTX/kg of shellfish meat in mollusks in
2017, to protect heavy consumers. The limit was based on an acute reference dose (ARfD)
derived from the few available data on TTX toxicity. TTX is expected to increase with
sea-surface warming; indeed, it has been found in spring/summer in mollusks in Europe,
with concentrations often exceeding this limit. Due to the numerous uncertainties of the
EFSA’s ARfD, we conducted a systematic review to provide an update on TTX toxicity.
Out of 12,741 articles retrieved from PubMed, Science Direct, and Scopus since 2017, only
17 were eligible for data extraction. Our results show that they are not sufficient to mod-
ify the EFSA’s conclusions. Furthermore, our analysis of occurrence data in European
seafood, to assess the current risk of exposure to TTX, reveals several gaps, such as different
LODs/LOQs and seasonal monitoring not allowing comparisons between areas and too
few analyzed sites. However, the presence of positive samples exceeding the EFSA limit
indicates a potential risk even for general consumers, highlighting the urgency to address
these knowledge gaps.

Keywords: TTX; toxicity; mollusks; gastropods; pufferfish; risk assessment

Key Contribution: This manuscript presents a systematic review and critical appraisal of
new papers on TTX toxicity since the publication of the EFSA opinion (2017), showing that
the toxicological information is still not good enough to change the acute reference dose
established in the EFSA opinion. Data on TTX occurrence at the European level, although
incomplete, heterogeneous, and not fully covering seafood production areas, suggest a
potential concern, demonstrating the urgent need to fill the highlighted gaps.

1. Introduction
In the European Union (EU), the safety of seafood (including fish, mollusks, and

few other invertebrates) is strictly controlled with respect to a number of chemical com-
pounds, including various marine biotoxins, whose occurrence is monitored in live bivalve
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mollusks [1–3]. The routine monitoring program in place for Paralytic Shellfish Toxins
(PSTs), Diarrheic Shellfish Toxins, Yessotoxins (YTXs), Amnesic Shellfish Toxins (ASTs), and
Azaspiracids (AZAs) aims to ensure that legal limits are not exceeded, thereby avoiding
contaminated seafood reaching consumers and protecting their health. However, in recent
years, other groups of marine biotoxins, including Tetrodotoxin (TTX) and its analogs, have
emerged in the Mediterranean Sea and European Atlantic Ocean [4,5]. TTXs are a group
of potent neurotoxins named after the Tetraodontidae fish family, in which they were first
characterized [6]. Until a few years ago, the presence of TTXs had been predominantly
reported in Asia within the Pacific Ocean area, where the contamination of pufferfish,
consumed as a delicacy, and gastropods had caused several severe cases of poisoning in
Japan and China, some of which resulted in fatalities [7,8]. To explain the appearance of
TTXs in European seas, the influx of biota from the Red Sea to the Mediterranean through
the Suez Canal was initially suggested [9]. However, more recent analyses suggest that the
proliferation of toxin-producing organisms is favored by the warming of sea waters, likely
due to climate changes [10,11]. Indeed, the modification of parameters such as temperature,
dissolved oxygen, and water acidity, as well as the increasing concentration of nutrients and
eutrophying compounds (due to increasingly frequent flood or drought events), can lead
to massive growths in microalgae and/or enable species typically found in tropical areas to
migrate to other regions, including temperate European waters [10,12,13]. Natural toxins
as a category and specifically TTXs are considered among the emerging issues related to
climate change, as shown by the results from the CLEFSA (CLimate change and Emerging
risks for Food SAfety) project [14].

TTXs have not yet been included among the list of regulated marine biotoxins in live bi-
valve mollusks. This is probably because, so far in Europe, the only human intoxication case
report was described by Rodríguez et al. [15], where a person was hospitalized following
the ingestion of a TTX-contaminated gastropod species, the trumpet shell Charonia lampas
lampas. After that event, TTX was detected in mollusks in England [4] and Greece [5]. As
evidence of TTX occurrence in European seafood accumulated, the European commission
requested an opinion on TTX risk for European mollusk consumers [16]. The concern was
justified since TTX has been reported to have the highest mortality rate among all marine
biotoxin poisonings [17].

Several uncertainties and gaps were identified in the risk assessment, which was
limited to acute effects; by applying a highly conservative approach, an acute reference
dose (ARfD) of 0.25 µg/kg bw was proposed. Considering an average adult weighing
70 kg and the consumption of a 400 g portion of seafood [18] (to protect the health of heavy
consumers), the EFSA established a limit of 44 µg/kg of seafood for the presence of TTX
in gastropods and marine bivalves intended for human consumption. This value is lower
than the limit value set in Japan and China, where the TTX concentration in pufferfish flesh
considered not to cause adverse effects is around 2 mg/kg [7,19].

So far, only the Netherlands and France have adopted the EFSA recommendation
within their national plans for the monitoring of TTXs in live bivalve mollusks [20,21], while
no harmonized legislation has been adopted within the EU [22]. Concerns have also been
raised about the conservativism of the limit [22], as well as the possibility of jeopardizing
the shellfish industry’s viability [23,24], with frequent shellfish area closures. In order
to obtain more information, in its opinion, the EFSA recommended the Member States
to gather more information on TTX occurrence in bivalves harvested in EU waters [16].
Since 2017, various reports have been published, indicating that TTX contamination is
widespread across Europe [20,22,25–36].

Italy is characterized by a large area devoted to shellfish farming [37], being the second
largest producer of Mediterranean mussels (Mytilus galloprovincialis) with 61,921.4 tons and
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the largest for Manila clams (Ruditapes philippinarum) with 23,053.2 tons in 2022 [38]. Since
TTX has been detected, so far, in few examined farming areas [22], exposure to TTXs via
seafood consumption can represent a possible emerging concern for human health, also
considering the consolidated Italian tradition of consuming shellfish delicacies.

With the aim of gathering more information on TTX contamination in Italy, the Ministry
of Health has recently funded a dedicated project titled “Risk Mitigation Strategies and
Tools for an Ongoing Problem: Tetrodotoxins (TTXs), a Group of Emerging Toxins in
Live Bivalve Mollusks Intended for Human Consumption”, coordinated by the Istituto
Zooprofilattico Sperimentale delle Venezie (IZSVe). The project employs an integrated
approach that combines early warning systems, innovative diagnostic tools, and risk
assessment methods with the primary goal of understanding the phenomenon of TTX
contamination in bivalve mollusks intended for human consumption in Italy and the
associated potential risk to propose mitigation measures. The study described in this
paper is part of this project, with the aim of the following: (i) updating the TTX hazard
characterization based on new data published after the publication of the EFSA opinion [16],
by using a systematic review approach, and (ii) collecting new occurrence data from the
available literature and European seafood consumption data from the EFSA FoodEX2
database, in order to carry out an updated risk assessment for European countries.

1.1. Tetrodotoxin: General Information

Tetrodotoxin (Figure 1) is a highly hydrophilic crystalline solid (MW is 319.27 g/mol)
with a LogP of −5.9 that enables solubility, besides in water, in diluted acetic acid, diluted
alcohol, and ether, but it is almost insoluble in any other organic solvent. For this reason,
bioaccumulation in adipose tissue is highly unlikely.
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TTX is a heat-stable compound that remains stable at boiling temperatures, making it
resistant to destruction through cooking [39], except in the presence of strongly acidic or
alkaline solutions. It displays an acid–base behavior with a dissociation constant, pKa, of
8.76; therefore, in physiological conditions, the toxin exists as a cation in the NH3 group
(https://pubchem.ncbi.nlm.nih.gov/compound/11174599 (accessed on 15 January 2024)).

At least 25 TTX analogs are known to date, which can be classified into four groups:
(i) analogs that are chemically equivalent to TTX (e.g., 4-epiTTX and 4,9-anhydroTTX),
(ii) deoxy analogs (e.g., 5-deoxyTTX, 11-deoxyTTX, 6,11-dideoxyTTX, and 5,6,11-trideoxyTTX),
(iii) 11-CH2OH-oxidized analogs (e.g., 11-oxoTTX), and (iv) analogs lacking C11 (e.g., 11-
norTTX-6(S)-ol and 11-norTTX-6(R)-ol) [16]. The origin of TTX contamination in marine
environments is still under investigation, with various hypotheses proposed. It is well
known that TTXs are produced by different bacterial strains isolated from TTX-bearing
organisms, including marine species [40]. Several bacterial genera, such as Vibrio, Pseudoal-

https://pubchem.ncbi.nlm.nih.gov/compound/11174599
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teromonas, and Shewanella, have been isolated from TTX-harboring organisms like pufferfish,
pointing to a microbial synthesis route for TTXs. However, in vitro studies aimed at cul-
turing these strains and stimulating TTX production are arduous, often requiring years to
achieve the expected results [41]. Regarding bivalves, some authors speculate about the
involvement of marine phytoplankton species such as Alexandrium tamarense and Proro-
centrum cordatum [5,42], both potentially toxic [43,44]. Although P. cordatum presence in
water columns correlates with higher TTX levels in bivalves collected from the same region,
suggesting a potential ecological link [5,25], the production of TTXs in the dinoflagellate
species has never been confirmed. A further possibility is the presence of TTX-producing
bacterial species living in a mutualistic relationship with phytoplankton. In recent analyses,
bacterial taxa such as Shewanella sp., members of Vibrionaceae, and Flavobacteriaceae have
been detected in TTX-positive bivalve flesh, often alongside P. cordatum. This co-occurrence
hints at a microbial contribution to TTX levels influenced by environmental factors [25].
This finding is corroborated by recent evidence showing that TTXs in live bivalve mollusks
occur generally at temperatures between 15 and 20 ◦C [30]. Finally, the role of TTX-bearing
fishes such as Lagocephalus sceleratus is still debated. This pufferfish species, originating
from warmer latitudes, has expanded its range across the Mediterranean basin [24], likely
entering through the Suez Canal as a Lessepsian migrant. TTXs may accumulate in marine
food webs [45], including in L. sceleratus, with marine bivalves stockpiling the toxin in their
flesh due to their filter-feeding habits. This trophic transfer mechanism could help explain
the presence of TTXs in some shellfish species, emphasizing the complex ecological web
contributing to TTX exposure in marine environments.

1.2. Effects of TTX

TTX acts by blocking the voltage-gated sodium channels of neuromuscular cells [46];
therefore, its mechanism of action and symptoms are similar to those of saxitoxins
(STXs) [47,48]. The intoxication, generally associated with the ingestion of contaminated
seafood, results in a series of acute symptoms, starting from perioral numbness and pares-
thesia, lingual numbness, early motor paralysis, incoordination, slurred speech, vomiting,
headache, dizziness, muscle weakness, and ataxia and progressing to paralysis of the
respiratory muscles, which leads to respiratory (or cardiac) failure and, ultimately, death.
Death is primarily caused by respiratory failure resulting from the blockage of the phrenic
nerve, which prevents thoracic expansion. Poisoning from TTX is clinically graded on a
scale from 1 to 4, created in 1941 by Fukuda and Tani [49], that focuses on the severity of
the symptoms, from mild to severe, life-threatening situations. Symptoms, usually, appear
10–45 min after ingestion with a possible delayed response 3–6 h after initial contact with a
dose–response trend. Cardiac effects are registered only at high doses with clinical signs of
hypotension, bradycardia, and cardiac arrhythmia [47,50].

The diagnosis of TTX intoxication is typically based on clinical history (anamnesis)
and the interpretation of symptoms [7,16]. The direct analysis by HPLC MS/MS of body
fluids (e.g., urine or blood) and/or unconsumed residual food may confirm the presence of
TTX, although these samples are rarely available [7,16].

Since there are no available antidotes or specific pharmacological treatments, in cases
of poisoning, only symptomatic treatment and respiratory support (mechanical ventilation)
can be provided, with varying recovery times, depending on the total elimination of the
toxins from the organism [47,50].

Human exposure to TTX occurs mainly via food consumption, but its toxicokinetic
behavior after ingestion is not yet well understood. The very little available information
is mainly based on human data recorded during intoxication events [16]. The rapid onset
(starting from 10 min) of adverse effects seems to suggest fast gastrointestinal absorption,
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but no information on its distribution is available. TTX can be tracked in blood from 6 up
to 24 h, depending on the concentrations ingested. In critical cases, TTX has been found
several days after recovery. Data gaps can be identified regarding the biotransformation,
metabolite identification, main detoxification pathways, and burden of each excretion route.

All adverse effects are linked to the inhibition of sodium ion channels called Nav

channels, for which TTX shows a very high affinity [51]. Nav channels are a family of
voltage-operated channels responsible for ion flow across cellular membranes, playing
a critical role in the generation and propagation of action potentials in neuronal cells of
both the central and peripheral nervous system [52,53]. The direct interaction of TTX with
Nav channels disrupts action potential generation and propagation, leading to altered
neuronal excitability [54]. Among the nine known Nav isoforms (1.1–1.9), TTX strongly
interacts with the Nav isoforms 1.1, 1.2, 1.3, 1.4, 1.6, and 1.7 [51,55], with an inhibition
concentration below 10 nM. Nav 1.1, Nav 1.2, Nav 1.3, Nav 1.6, and Nav 1.7 are located
in the central and peripheral nervous system [53]. However, TTX’s effects are largely
restricted to the peripheral nervous system (PNS) due to its hydrophilic nature, which
makes it unlikely to cross the blood–brain barrier (BBB) [56]. Nav 1.4, abundant in skeletal
muscles, accounts for the paralytic action of the toxin [55,57,58]. TTX interacts with Nav

1.5, which is more prominent in the cardiac tissue, only at extremely high doses (IC50 in
the 1.5–2.5 µM range [51]), so effects on the heart are reported only after the ingestion of
very high concentrations.

From a molecular point of view, TTX’s guanidine group, adopting a lateral orientation,
is able to interact, by a network of hydrogen bonds, with three acidic residues on the outer
side of the selectivity filter of the sodium channel pore [59]. Structural analogs of TTX, such
as 4,9-AnhydroTTX and 5,6,11-DeoxyTTX, have fewer available oxygen groups, resulting
in weaker binding and lower stability in the toxin–receptor complex, making them less
toxic than TTX.

2. Methodology
2.1. Searching Strategies

A systematic review of the primary scientific literature was completed according to
the EFSA guidance [60] and PRISMA guidelines (https://www.prisma-statement.org/
prisma-2020. Last accessed on 23 January 2025) to gather all the available information
regarding the potential health effects of TTX to re-evaluate the hazard characterization
6 years after the EFSA opinion. Data on occurrence in Europe in seafood products intended
for the market or directly consumed by fishermen and their families (to update data on
TTX occurrence in mollusks and other seafood in Europe) and data on the occurrence of
TTXs in the invasive alien species of pufferfish in the Mediterranean Sea were collected
following the same criteria. Pufferfishes are now easily found in the Mediterranean Sea,
and even if they are not traditionally eaten in Europe, they could be eaten accidentally by
fishermen or immigrants coming from Asiatic countries.

This research was performed using three different database platforms: Scopus,
PubMed, and Science Direct. For each search run, the searching strategies, including
the search terms used for the different databases, day, and time were annotated and re-
ported (Table S1) to grant transparency to the process as well as reproducibility. The search
terms were chosen to include as much as possible studies relevant to the scope and to
minimize bias.

All the articles retrieved were saved and imported into the EndNoteTM online platform.

https://www.prisma-statement.org/prisma-2020
https://www.prisma-statement.org/prisma-2020
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2.2. Selection of Papers
2.2.1. Primary Screening

After duplication and out-of-scope article removal, the screening of the titles and
abstracts of relevant papers was based on the following exclusion criteria:

• A language different from English.
• A congress abstract (whose quality could not be checked).
• Publication date. Hazard characterization papers published before 2016 were already

included in the EFSA opinion [16]. Occasionally, some older studies were retrieved as
the base of forward snowballing.

Reviews were used for consultation (not being a primary literature source) as well as
for snowballing. Articles that did not meet the inclusion criteria were excluded from further
analysis. The full text of each article that passed the primary screening was retrieved for
secondary screening.

For data on occurrence, papers published before 2021, the time of the last comprehen-
sive review [22], were excluded. No time frame was set for occurrence in pufferfish.

2.2.2. Secondary Screening and Data Extraction

The methodological quality of the selected articles was evaluated using the full-
text articles. Aspects such as the design, execution, analysis, and reporting of the
studies, which may have led to biased results, were considered. The selection of ar-
ticles for data extraction was performed on the basis of expert judgment by one op-
erator and, in the case of doubt, after discussion with one or two other experts, who
nevertheless randomly re-examined a small subsample of the literature under review.
Articles selected for hazard characterization were evaluated for their reliability, rele-
vance, and adequacy on the basis of the Klimisch score [61] by using the ToxRTool
(a tool to assess the reliability of toxicological data), a spreadsheet developed by EC-
VAM (https://joint-research-centre.ec.europa.eu/scientific-tools-and-databases/toxrtool-
toxicological-data-reliability-assessment-tool_en (accessed on 10 September 2023)) [62].
Each record selected for data extraction was screened independently by two researchers,
and since no striking discrepancy on the outcome of the ToxRTool occurred, it was not
necessary to involve a third expert. All the data considered useful for hazard characteriza-
tion were captured in a preliminarily defined excel data extraction form, and the certainty
assessment was performed on the basis of expert judgment.

For occurrence, records providing an adequate description of the analytical method
used were included [63]. The EFSA’s assessment of TTX detection and quantification
methods [16] was used as a basis for evaluating the studies. Studies with results obtained
through an ineffective quantification method (which did not provide LOD and LOQ values,
did not take into account potential matrix effects, and did not provide recovery information)
were not considered for the quantification of occurrence.

2.3. Exposure and Risk Assessment

To assess the risk for human health of TTX in Europe, following the internationally
accepted procedure [64], exposure was calculated by combining data on its occurrence
in seafood, retrieved from an extensive literature search (ELS), with data on consump-
tion taken from FoodEx2 (https://www.efsa.europa.eu/en/microstrategy/foodex2-level-7
(accessed on 15 December 2024)), the EFSA consumer database available online for con-
sultation. An excel worksheet was obtained for acute exposure, using the acute food
consumption data, which were selected from the most recent surveys applying adequate
filters at each hierarchy level (7 levels) with the removal of unwanted information. Once
data were downloaded from the EFSA website and put into an excel worksheet, only

https://joint-research-centre.ec.europa.eu/scientific-tools-and-databases/toxrtool-toxicological-data-reliability-assessment-tool_en
https://joint-research-centre.ec.europa.eu/scientific-tools-and-databases/toxrtool-toxicological-data-reliability-assessment-tool_en
https://www.efsa.europa.eu/en/microstrategy/foodex2-level-7
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statistically significant 95th percentile or, when not available, significant average were used,
based on the number of consuming days.

3. Results and Discussion
3.1. Bibliographic Search
3.1.1. Hazard Characterization

The total number of records retrieved from the three databases was N = 12,741. After
the exclusion of duplicates and exclusion based on the titles and/or abstracts, 360 records
were selected for further evaluations in the second screening. Based on full-text reading,
only seventeen articles were considered relevant for the possible derivation of a reference
value, as well as one from Kavoosi et al. [65] and one from Chen et al. [66] on human subjects
(Figure 2). The quality of the 17 toxicological papers was analyzed by ToxRTool, while the
human studies were considered supporting the discussion of the results. No new data were
found on TTX analogs, which could help in defining toxicological equivalent factors.
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3.1.2. Occurrence in Seafood

For occurrence in edible seafood and in pufferfish, 407 and 93 total records were
retrieved, respectively. At the end of the selection process, seven new papers remained on
edible seafood and 14 on pufferfish (Figures S1 and S2).

3.2. Update of TTX Hazard Characterization

For TTX hazard characterization, data obtained in animal experiments are considered
relevant. Indeed, the observed effects are similar to the symptoms described in humans:
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after acute exposure, skeletal muscle fasciculations, apathy, lethargy, ataxia, ascending
progressive paralysis, and death have been observed [67–70]. Results from in vivo toxi-
cological studies selected after the ELS are described in the text below and summarized
in Table 1.

Table 1. Relevant toxicological data extracted from the articles on TTX toxicity from in vivo studies
and scores as calculated from the ToxRTool evaluation [62].

Refs. Type of Study Species Used Purity Route Dose Tested
(µg/kg bw)

LD50
(µg/kg bw)

NOAEL
µg/kg bw

Quality
Score

[67] Acute SWISS mouse (female) 98% Gavage
25, 75, 125,
250, 500,
and 1000

232 75 * 2

[71] Acute SWISS mouse (female) 97% Gavage
25, 75, 125,
250, 500,
and 1000

Not
indicated 2

[69] Acute SWISS mouse (female) 99.54%

Feeding
(cream
cheese)

360, 400, 450,
800, 900,
and 1010

~900 ~413

3Gavage 476, 533, 600,
and 673 ~600 ND

I.p. injection

6, 8, 10, 11,
13, 14, 16, 18,
19, 21, 22, 24,

and 26

~10 ND

[70]

Acute **
(intoxication model)

ICR mouse (both sexes) 99%

Gavage 250–400 ND ND

1

I.m. injection 4.5–9 ND ND

Acute
Gavage 250, 325, 400,

500, and 600 379 ND; effects
also seen at
lowest dose

I.m. injection 6, 7, 8, 9,
and 10 8.6

TK
Gavage 300

I.m. injection 7

[72]

Acute
Sprague–Dawley rats

with induced
postherpetic neuralgia

98.5%

Feeding
(pellet)

425, 500, 588,
692, and 814

Male/female
574/441 ND

1
TK

Sprague–Dawley rats
with induced

postherpetic neuralgia

I.v. injection 6

Feeding
(pellet) 100

[73] TK Sprague–Dawley rats 98.3% I.m. injection 6 ND 3

[74] Repeated dose
(28 days) SWISS female mouse 96% Gavage 20 and 44

ND; effects
also seen at
lowest dose

3

[68] Repeated dose
(28 days) SWISS female mouse >97% Gavage 0, 25, 75,

and 125 ND 3

[75] Repeated dose **
(21 days) SWISS mouse 98%

Feeding
(cream
cheese)

175/87.5,
250/125, and

325/162.5
(STX/TTX)

Values
proposed
(325 STX/
162.5 TTX

3

[76]
Repeated dose

(7 days) SPF-grade ICR
male mice

98% Gavage
25, 75,

and 125 ND
3

TK 75

[77] Repeated dose
(90 days) Male albino rats >97% I.p. injection

*** 0.5 and 1 ND 3–4

[78] Repeated dose
(90 days) Male albino rats >97% I.p. injection

*** 0.5 and 1 ND 3–4

* The indicated value is the NOAEL as derived by the authors. The EFSA uses as the point of departure the lower
dose of 25 µg/kg bw. ** The endpoint evaluated was muscle strength by a grip strength test. *** The treatment
frequency was set at weekly exposure.
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3.2.1. The Re-Assessment of the Abal et al. Study [67]

At the time the EFSA opinion was adopted [16], the available data indicated acute in-
traperitoneal (i.p.) and subcutaneous (s.c.) LD50 values between 9 and 12.5 µg/kg bw [79,80],
while after gavage, much higher LD50 values of 232 µg/kg bw [67] and 532 µg/kg bw [79]
were reported. Considering contaminated food consumption as the more plausible and fre-
quent route of human exposure, LD50 values obtained after s.c. and i.p. administration are,
by far, less relevant than those obtained after gavage, although a bolus dose (as in the gav-
age regimen) can still not be fully representative of dietary exposure. Indeed, in the absence
of information about kinetics, the fate of TTX in an organism can vary dramatically after
different administrations. This was one of the reasons for considering Abal et al. [67] as the
key study; in addition, it also provides an acute no observed adverse effect level (NOAEL)
of 75 µg/kg bw after a single gavage treatment, based on clinical signs (e.g., apathy) ob-
served at doses ≥125 µg/kg bw. Apathy was indicated as the most sensitive endpoint
in this oral acute study in mice. Since, at 250 µg/kg bw, lethality was observed (in four
out of seven animals), a relatively steep dose–response curve over a small dose range was
suggested, implying quite a high degree of uncertainty and a need to interpret the data
with great caution. This was confirmed by the derivation of a BMDL10 = 112 µg/kg bw
(where the BMDL is the lower confidence limit of the benchmark dose associated with
a 10% response) for lethality as calculated by the EFSA, which was only slightly > the
NOAEL for apathy. This was the main reason leading the EFSA to select the NOAEL at
the next lower dose tested (25 µg/kg bw). With the application of an uncertainty factor of
100 and using 25 µg/kg bw as the point of departure, an acute reference dose (ARfD) of
0.25 µg/kg bw was derived.

However, the study presented two main limitations. With respect to the indication con-
tained in the OECD Test Guidelines 425 [81] that the authors claimed to follow, the animal
observation period was very short (2 h after the treatment) compared to the recommended
14 days (thus loosing possible late effects or recovery), while the fasting period was much
longer (with an implication on the absorption of the bolus dose, due to the empty g.i. tract).
Therefore, although it was considered a key study, its quality is not optimal, as evidenced
by the ToxRTool score (Table 1).

3.2.2. New Acute Toxicity Studies

Since the EFSA opinion, four in vivo acute toxicity studies have been published,
unfortunately with a generally moderate quality level, except one, due to flaws in the
experimental design, as indicated by the quality score (Table 1). In addition, since the
authors used different methodologies, comparison among the obtained results is not easy
or even correct.

By using the same protocol and the same animal strain used in the 2017 paper [67],
in 2019, ref. [71] focused on macroscopic and ultrastructural alterations in various tissues
of several organs (heart, lungs, brain, spleen, liver, kidneys, stomach, and small and
large intestines). Necropsy findings indicated that TTX caused stomach swelling 2 h post-
administration, despite the absence of further ultrastructural alterations. Transmission
electron microscopy (TEM) images revealed an increase in lipid droplets in hepatocytes,
swollen mitochondria in spleens, and alterations in the rough endoplasmic reticulum in
intestines, distinctive signs of cellular damage. The results suggested the g.i. tract as a
possible target for TTX toxicity; however, the limitations described above for the 2017 study
also affect this second study since animal sacrifice and necropsy were conducted 2 h after
administration. In addition, the discussion about the dose-dependent nature of the effects
was quite limited [71].
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The differences in TTX toxicity due to various routes of administration (i.p., gavage,
and feeding) was studied by Finch et al. [69] in the same strain of mice (SWISS) used
by [67,71]; they also tested three different mixtures of STX and TTX, assuming additive
toxicity between the two groups of toxins due to the same mechanism of action. Data
obtained with the mouse bioassay (i.p. administration), which is no longer used in Europe
as an official method, are considered not relevant as they are poorly representative of actual
human exposure and are not discussed here. Compared to i.p. administration, the onset
of symptoms, death (observed 1–5 h post-dosing), and recovery times were delayed after
gavage and feeding. The feeding administration was actually similar to a bolus dose: TTX
was administered once, using cream cheese as a vehicle. In addition, no information was
given on the possible impact of the cheese, as a highly lipophilic matrix, on TTX stability,
bioavailability, and kinetics. The determined LD50 by gavage was ~600 µg/kg bw, while
after the ‘feeding’, it was 900 µg/kg bw. The acute NOAEL was determined only after
feeding; any change in the behavior, posture, respiration rate, and movement of the mice
was observed continuously for 3 h. However, the identified value of 413 µg/kg bw after
‘feeding’ was rather referring to a bolus dose, with the additional uncertainty associated
with the ‘unusual’ vehicle.

Wang et al. [70] explored the acute toxic effects of TTX in ICR mice (both sexes) at sub-
lethal doses using muscle strength as the major endpoint after oral gavage (250–400 µg/kg
bw four doses plus control) and intramuscular injection (4.5–9 µg/kg bw, four doses plus
control). Death time and dose-dependent muscle strength variations occurred earlier after
the i.m. injection (12–20 min vs. 14–70 min, respectively, after i.m. or gavage). They
also estimated LD50 values at 379 µg/kg bw after gavage (250–600 µg/kg bw, five doses
plus control) and at 8.6 µg/kg bw after i.m. injection (6–10 µg/kg bw, five doses plus
control) (with a steep slope in the dose–mortality curve of TTX). This indicates that the
toxicity induced by gavage administration was approximately 44 times lower than that
induced by the i.m. injection, confirming that parenteral exposure, such as i.m., s.c., and
i.p. exposure [79,80], has a higher toxic potential than oral exposure, likely due to kinetic
reasons. The alteration in muscle strength was reversible. Apathy and various degrees
of paralysis were reported in all treated animals, independently of the dose; therefore, a
NOAEL could not be determined.

Bihong et al. [72] carried out an acute toxicity study in rats with TTX administered in
pellets (thus being a real dietary administration); however, since postherpetic neuralgia
(PHN) was chemically induced prior to treatment with TTX, the LD50 = 517.43 µg/kg
bw should be read with caution. Indeed, control animals without the induction of PHN
were not used, making the evaluation of the overall impact of the pathology on TTX
intoxication impossible.

3.2.3. New Repeated Toxicity Studies

No subchronic or chronic studies on TTX in animals had been identified at the time of
the EFSA opinion [16]. Six in vivo repeated toxicity studies were retrieved by our search,
with, unfortunately, all showing limitations in the experimental design and consequently a
moderate-to-low quality score (Table 1).

Boente-Juncal et al.’s [68] study reported the effects following 28-day repeated gavage
administrations of 25, 75, and 125 µg/kg bw in SWISS female mice. The authors claimed
to follow the OECD TG 407 [82], although a number of relevant deviations were noted,
among which the use of a single sex (female) and a limited number of animals (unjustified
different numbers in treatment groups, with n = 5 as the maximum vs. ten animals per sex
requested by the OECD 407) further reduced by death in some groups (with a minimum
of two animals in the group treated with 75 µg/kg bw). Therefore, despite the high
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number of measured parameters, the quantification of results is uncertain. The results
are, however, highly suggestive that the repeated exposure of mice to TTX at all the tested
doses severely affected the mice’s health status, with an indication of nephrotoxicity and
cardiotoxicity [68]; therefore, the NOAEL should have been lower than 25 µg/kg bw. The
same authors investigated the effects of TTX at other two doses (20 and 44 µg/kg bw),
following the same experimental design with the same limitations, as described above. In
addition, the combination of 44 µg/kg bw with different STXs (doses above 5.3 µg/kg bw)
were also tested [74]. The results were affected by a high variability, likely due to the low
number of animals per group. The authors identified the highest dose as the NOAEL, since
according to their evaluation, the ‘animals did not show any signs of apathy or lethargy during
the treatment period’. However, alterations in blood and urine analysis were reported at both
TTX doses; therefore, this conclusion cannot be considered appropriate, and the NOAEL
should have been lower than 20 µg TTX/kg bw. The same consideration applies to the
administration of the mixture of TTX and STX. The effect of a mixture of TTX and STX after
repeated oral administration in mice for 21 days was also studied by Finch et al. [75]. The
vehicle used for administering the test item was cream cheese, similarly to the study of
acute toxicity from the same group [69], thus presenting the same criticality.

More recently, a subacute study in mice and a subchronic study in rats were also published.
Zhong et al. [76] administered TTX (25, 75, and 125 µg/kg bw) by gavage for seven

days to ICR male mice. Two animals’ deaths were recorded at the highest dose, one hour
after administration on the third and sixth day. No weights and food intakes were tracked.
The authors reported that no other symptoms or behavioral alterations were observed.
The results showed an increase in lipid peroxidation and markers of oxidative stress in
the liver and the kidneys, at all tested doses, with a dose-dependent behavior. Both the
liver and kidneys showed increased inflammation with abnormal levels of tissue damage
with specific markers (AST and ALT for liver, BUN and CRE for kidneys). Histological
abnormalities were recorded in both organs: namely, appearance of hepatocellular steatosis
and the disorganization of liver sinusoid and kidney tubular swelling with the modification
of the tissue’s original structure. No NOAEL could be derived since effects were already
seen at the lowest dose tested, but the paper provided interesting kinetic data which will
be discussed in Section 3.2.4.

Male albino rats were repeatedly exposed for 90 days to 0.5–1 µg TTX/kg bw by an i.p.
route; the results were published in two papers reporting the effects on the reproductive
system [77] and liver [78]. The animals were not weighted and food intake was not
monitored. Furthermore, the i.p. route of administration is quite invasive and can cause
distress in animals during long treatment durations; in addition, it is not representative of
human exposure and it has been demonstrated by acute studies that TTX toxicity is much
higher when the toxin is administered parenterally. Therefore, the results can be interpreted
only considering indications for potential hazard and are not suitable for deriving any
reference value. Histological damage was also present at the lower dose in both the liver
(with a possible induction of lipid peroxidation and the activation of the immune response
leading to inflammation and localized necrosis) and male reproductive system (the quality
of sperm, tubular necrosis, and hypospermatogenesis).

3.2.4. New Kinetic Information

Since kinetic experiments should be conducted at subtoxic concentrations, and due to
the high acute toxicity of TTX, very low toxin concentrations have to be used [66,70,72,73,83].
The compounds can be tracked only for a short period of time before the level drops under
the LOD of the analytical method; also, metabolites are difficult to detect [72]. Information
has, however, been gathered after TTX administration with various routes of exposure.
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Some kinetic data were provided by Wang et al. [70]: after the i.m. injection of 7 µg/kg bw in
ICR mice, the blood concentration of TTX was 11.56 ng/mL 5 min after toxin administration,
and then it gradually declined until after one hour, when TTX could barely be detected.
This suggests that a peak was reached in a very short time. As expected, after gavage
(300 µg/kg bw), the TTX concentration increased during the first 45 min, reaching a peak
(Cmax = 9.41 ng/mL), and then declined to 4.44 ng/mL after two hours. Differences were
likely due to the delayed absorption and elimination of TTX after oral administration.

After a single gavage of 75 µg/kg bw with the same strain of mice (ICR), samples
(blood, liver, kidney, and small intestine) were taken after 2 h, 4 h, 6 h, 12 h, 24 h, 48 h,
72 h, and 168 h [76]. The Cmax in the blood was reached 2 h after ingestion and then the
concentration decreased over time, indicating that, in mice, TTX is quickly distributed
to the blood after ingestion. This was confirmed by the Cmax in the liver (72.67 ng/g),
reached 2 h after ingestion. Since TTX was still present after 168 h (2.30 ng/g), despite a
time-dependent decrease in TTX concentrations, the elimination kinetic was not as rapid
as the uptake. A similar trend was observed in the kidney and small intestine. Only the
parental compound was reported.

The distribution of TTX in the liver, kidneys, blood, small intestine, and feces was
also measured after 7 days of gavage administration at three TTX dose levels (25, 75, and
125 µg/kg bw). The TTX concentration in mouse tissues was not proportional to the
administered dose, suggesting that there could be saturation in the absorption; indeed, the
highest levels were measured in the small intestine, the second highest in the liver, the third
highest in the blood, and the lowest in the kidneys. To corroborate this hypothesis, the
TTX concentration in the feces was much higher than that in other tissues, likely associated
with non-absorbed TTX. The fecal content of TTX could not be distinguished between the
fraction which could have potentially been eliminated by bile and the fraction reaching
the feces due to a lack of absorption. As TTX is already a very hydrophilic substance, it is
more plausible that the main excretion route is with urine, as indicated by other studies in
humans and animals [66,73] and in vitro [83].

Bihong et al. [73] found interesting results using labeled 11-[3H]-TTX administered
as a single i.m. dose (6 µg/kg bw) in SD male and female rats. No sex difference was
reported for any kinetic parameters. The Cmax in the plasma was reached within 10 min
afterwards and radioactivity was below the detection limit in the plasma after 24 h, with
a half-life of 2.31 h. The average total radioactivity in the stomach, lungs, kidneys, and
intestines was higher than the plasma concentration after 48 h. Bile secretion accounted for
0.43%, and approximately 51% of the dose was recovered in the urine, the predominant
route of elimination of the parent compound; this was as expected, considering the high
hydrophilicity of TTX. Oxidized TTX was the only identified urinary metabolite. Unfor-
tunately, the mass balance indicated a loss of about 30% of the administered radioactivity
(only 69% recovery), casting doubts on the quantification of many parameters. This was
likely due to hydrogen–tritium exchange in the rats with the production of tritiated water,
excreted in the breath and saliva. This, together with the parenteral route of administration,
limits the relevance of the study.

Information on TTX excretion was obtained in vitro in a porcine renal proximal tubule
epithelial cell line (LLC-PK1), using 50 µM TTX (which is quite a high concentration) [83].
From the model, TTX transport seemed to be both a transcellular and carrier-mediated
process; the amount of TTX excreted was approximately 20% of the administered value
at 37 ◦C, but it is not possible to conclude on the possible saturation of the involved
transporter(s) since a single high dose was tested. By using specific inhibitors of the various
carriers, TTX resulted in being primarily excreted by organic cation transporters (OCTs)
and organic cation/carnitine transporters (OCTNs), partially transported by organic anion
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transporters (OATs) and multidrug resistance-associated proteins (MRPs), and negligibly
transported by multidrug and toxic compound extrusion transporters (MATEs).

When 10 µg of TTX was administered intravenously to eight healthy human volun-
teers, TTX was determined in human urine with an HILIC MS/MS technique [66]. Human
samples were gathered every 4 h for the first 12 h and then after 24 and 36 h. From the
results, the cumulative excretion of TTX in the first 12 h was 38.34 ± 5.19% of the initial
dose. The excretion dropped in the next 12 h as the toxin excreted between 12 and 24 h was
registered as only 3.67 ± 2.56%. No information on the urinary levels between 24 and 36 h
was available. The about 57% of undetected toxin could have been due to different reasons
not discussed by the authors; no metabolites were investigated and the performance of the
method could have been limited (the recovery was not reported or a second phase of very
slow elimination was present). The study also suggested that TTX excretion occurs mainly
via urine in humans without providing any new additional data. Besides possible ethical
concerns, no indications were given about the effects of TTX on human volunteers, even if
10 µg injected in a vein (and therefore 100% bioavailable) could be relevant considering the
ARfD of 0.25 µg/kg bw derived by the EFSA [16]. This is equivalent to an intake of 17.5 µg
of TTX for an adult of 70 Kg. Considering that the absorption and the bioavailability after
oral exposure is lower, the presence (or the absence) of any effects can lead to gathering
important information.

Based on the available data obtained in vitro on neuronal cells, as well as in vivo data
on rats and mice upon oral and parenteral dosing, a PBK model was developed, making use
of in vitro/in silico quantitative in vitro/in vivo extrapolation to evaluate the predictions.
The results indicated that the predicted dose–response data matched the data from rats
and mice in in vivo studies. Therefore, the PBK modeling-based reverse dosimetry of data
on in vitro TTX effects can adequately predict the in vivo neurotoxicity of TTX in rodents,
providing a novel proof of principle for this methodology [84].

3.2.5. In Vitro Studies Supporting the MoA

Some interesting in vitro studies not included in the EFSA review were considered
as possible supporting information on TTX toxicity and therefore also evaluated with the
ToxRTool (Table 2). Of these, the most interesting are discussed in the following section.
They are mainly devoted to elucidating the mechanism of action.

Table 2. Relevant toxicological data extracted from the articles on TTX toxicity from in vitro studies
and scores obtained from the ToxRTool evaluation [62].

Refs. Cell Line Used Purity Administration Measurement Dose Tested
(nM)

IC50
(nM) Quality Score

[85]

Wistar rat
neuronal cells

and human
iPSC astrocytes

98% Direct in cell
culture

Microelectrode
array 1, 3, 10, and 30 7 (rat cells)

10 (human) 1

[86]

HEK293
transfect

plasmid for
Navs 1.1, 1.2,

1.3, 1.4, 1.5, 1.6,
and 1.7

Not indicated Direct in cell
culture

Whole-cell
patch clamp

0.3, 1, 3, 10,
and 30 (higher

for NaV
1.5 and 1.7)

Nav 1.1: 4.1
Nav 1.2: 14
Nav 1.3: 5.3
Nav 1.4: 7.6

Nav 1.5: 1000
Nav 1.6: 2.3
Nav 1.7: 36

2

[87]

Wistar rat
hyppocampal

CA3
pyramidal

neurons

Not indicated Y-tube system
in culture

Whole-cell
patch clamp

0.1, 1, 3, 10, 100,
300, and 1000

37.9 for Ina+

current
(hippocampal

body)

2
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Table 2. Cont.

Refs. Cell Line Used Purity Administration Measurement Dose Tested
(nM)

IC50
(nM) Quality Score

[88]
Human iPSC

cerebral
organoid

Not indicated
Direct in

organoid brain
tissue

Tanscriptome
analysis and
cell viability

100, 1000,
and 10,000 ND 3

In Vitro Toxicokinetic

[83] LLC-PK1 cell
line Not indicated Direct in cell

culture

LC-MS/MS
and TEER

(transepithelial
electrical

resistance)

50,000 2

As an example, the binding of TTX and its derivatives to voltage-sensitive sodium
channel subtypes (Nav 1.1 to Nav 1.7) was analyzed [86]. The inhibitory concentrations
of TTX on Nav 1.1– Nav 1.7 were extremely variable (Nav 1.1: 4.1 nM; Nav 1.2: 14 nM;
Nav 1.3: 5.3 nM; Nav 1.4: 7.6 nM; Nav 1.5: 1000 nM; Nav 1.6: 2.3 nM; Nav 1.7: 36 nM), in
accordance with those previously reported by Rosker et al. [51]. Interestingly, some TTX
analogs, i.e., the 5-deoxy-10,7-lactone-type analogs and 4,9-anhydro-type analogs, did not
cause any inhibition. However, possible differences in the kinetics of the derivatives might
limit their relevance in using their binding potency for TEF determination.

The use of micro-electrode array (MEA) recordings as an integrated measure of neu-
rotransmission allowed researchers to demonstrate that TTX inhibited neuronal electrical
activity in both primary rat cortical cultures and human-induced pluripotent stem cell
(hIPSC)-derived iCell1 neurons in a co-culture with hIPSC-derived iCell1 astrocytes [85].
The IC50 values of 7 and 10 nM, respectively, suggested that interspecies differences were
limited for TTX. The dose–response curve was quite steep. However, it is necessary to
consider that TTX was directly administered to neurons, without the protection of the BBB.

Human cerebral organoids were exposed for 24 h to 0.1, 1, and 10 nM TTX; transcrip-
tomic alterations were reported [88]. The brain mainly expresses Nav types that are highly
sensitive to TTX (IC in nM range); effects were recorded only at 10 nM dose with a decrease
in cell viability and alterations in several types of RNAs associated with the modification of
cation channel expression and synapses homeostasis. However, the cerebral organoid was
developed omitting the presence of a BBB, and the direct application of TTX to the brain
doe not consider possible kinetic contribution and offers few advantages with respect to
the 2D cell model described above.

3.2.6. Available Human Intoxication Data

TTX is undergoing clinical evaluation as a highly specific voltage-gated sodium chan-
nel (VGSC) blocker, with a potential application as a peripheral-acting analgesic for chronic
pain [65]. For this process, information on the cardiac liability of TTX at therapeutic-relevant
concentrations in twenty-five healthy adults was collected. The randomized, double-blind,
and placebo- and positive-controlled study assessed single subcutaneous doses of 15 µg,
30 µg, and 45 µg of TTX over three periods, with a 7-day washout between each period. The
Cmax was achieved within 1.5 h proportionally to the dose. Concentration–QTc analysis
revealed no alteration in the ECG in both the frequency and morphology of Q and T waves,
meeting the criteria of a negative QT study. Safety assessment showed an overall occurrence
of less than 5% in the TTX treatment groups of paresthesia, oral paresthesia, headache,
dizziness, nausea, and myalgia, but no other clinically relevant changes were reported.

One of the major problems in TTX risk assessment, as also underlined in the EFSA
opinion [16], is the lack of solid human intoxication data. Guardone et al. [7] examined
papers listing intoxicated people, their geographical location, and the source of intoxication
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(at least the category of seafood) caused by TTXs. In 3032 registered cases all over the
world (with the exclusion of Japan), 2641 (87.1%) were diagnosed by anamnesis and only
375 relied on a proper analytic detection, reporting the used method. In 16 cases, TTX
presence was confirmed without specifying the analytical method used. As TTX can
coexist with STXs, the analytical detection of TTX with a reliable method like HPLC/MS is
necessary to attribute the intoxication to the toxin, due to the symptoms being identical.
The mouse bioassay cannot be considered valid anymore, due to both its low sensitivity
and ethical concern and because it does not discern between different toxins. In only
1335 (44%) cases, sex was reported, and males (898 cases) were more frequently involved
than females (437). Age was reported only in 304 (10%) cases, covering a large age interval
from 4 to 74 years. Lethality involved 341 cases, with significant differences between fish
products (16.3%) and other product categories like gastropods (4.9%), arthropods (2.4%),
and cephalopods (2.2%). No deadly intoxications by the ingestion of edible bivalves were
recorded. The highest number of cases was recorded in Asia, with 2686 cases and a lethality
around 10.4%, but in other geographical locations (including Europe and North America),
the fatality rate was higher: it was 21.4% in Europe (3/14 cases) and 30.4% in North
America (7/23 cases). Fishes were the main sources responsible for human intoxications,
with 1817 cases (59.9%), followed by gastropods (634 (20.9%)), crabs (492 (16.2%)), and
octopuses (89 (2.9%)), while bivalves were not responsible for any TTX intoxication. Most
recent cases confirm that pufferfishes are the most common cause of TTX poisoning [89–91].

However, despite the high number of cases analyzed, human data cannot be consid-
ered suitable for the derivation of reference values for TTX due to many gaps in the records
(especially on sex, age, and the absence of analytical tests on both patients and leftover
food, when available).

3.2.7. Conclusions on New Toxicity Studies

Although a number of in vivo studies have been published since the adoption of
the EFSA opinion, their limited-to-moderate quality hampers the possibility of indicating
any of them as a key study for the identification of acute toxicity. Although some of the
authors claimed to follow the OECD TG 425 [81] for acute toxicity, a number of relevant
deviations (e.g., the regimen, the fasting period, the number of animals, or the vehicle for
administration) were included, which could greatly impact the final outcome.

Overall, based on LD50 values, TTX toxicity is much higher following parenteral
administration when compared to the oral route, thus highlighting that kinetics may largely
affect TTX toxicity. It is evident that after i.m. injection, TTX detection in blood is very rapid,
with a Tmax (5–10 min vs. 45 min–2 h) attained in a shorter time interval when compared
to that from gavage [70,73,76], and the half-life is consistently lower. After gavage, the
blood concentration is not proportional to the administered dose, suggesting that there
could be saturation in the absorption, supported by distribution in the organs with the
highest level measured in the small intestine (and hence in the feces), the second highest in
the liver, the third highest in the blood, and the lowest in the kidneys. The presence in the
feces is likely attributable to unabsorbed parent compound, since TTX is mainly excreted in
urine [66,73]. The involvement of active transport with a renal proximal tubule epithelial
cell line [83] suggests that g.i. TTX absorption can be mediated by saturable transporters,
explaining the lower bioavailability obtained after its oral administration. Unfortunately,
no information is available on TTX biotransformation.

Results associated with oral administration are therefore more relevant for the deriva-
tion of any reference value; gavage, being a bolus dose, is less representative of human
exposure when compared to dietary or feeding studies. However, no good dietary or
feeding studies are available, since the two studies that claimed to use a feeding regimen
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administered TTX dissolved in cream cheese, which was actually a bolus dose. Further-
more, the cream cheese should have had some impact on bioavailability/absorption in
the intestine, since the comparison between gavage and ‘feeding’ showed a ~50% higher
LD50 value (900 µg TTX/kg bw vs. 600 µg TTX/kg bw) for the latter. Therefore, among
the available studies, the ones using gavage are considered the most relevant ones.

After gavage, LD50 values in mice have ranged from the lowest value of 232 µg/kg
bw reported by Abal et al. [67] (despite the short observation time) to the highest value of
600 µg/kg bw derived by Finch et al. [69], passing through intermediate values such as
379 µg/kg bw [70] and 532 µg/kg bw [79]. This large variability can be attributed to the
different methodologies used and the mouse strains. Regarding the identification of an
acute NOAEL, the only additional value (413 µg/kg bw) was obtained by Finch et al. [69],
but due to the limitations of the study, it should be taken with caution.

Despite reasonable expectations to define a TTX limit value that protects human
health from risky exposures and at the same time does not penalize the important seafood
industry [22], this thorough toxicological review of the new studies published since the
EFSA opinion does not allow the limit expressed by the EFSA to be exceeded. Considering
the uncertainties and the steepness of the dose–response curve, applying a conservative
approach, the lowest LD50, and the acute NOAEL values from Abal et al.’s [67] study as
point of departure still seems to be the best choice, since new published data are not robust
enough to justify any modification.

Regarding repeated toxicity, the subacute NOAEL after gavage in mice seems to be
lower than about 20 µg TTX/kg bw per day, as indicated by a seven-day study [76] and two
studies with TTX administered for 28 days [68,74]. Indeed, in all studies, effects were also
reported at the lowest dose tested, indicating the induction of nephrotoxicity, cardiotoxicity,
and hepatotoxicity. Although the quality of the studies was moderate, the obtained results
seem to be consistent. Data on rats were obtained after 90 days of treatment via the i.p.
injection of 0.5–1 µg TTX/kg bw, and effects were observed at all doses. However, the
results are not suitable for deriving any reference value as the administration route is poorly
relevant [77,78].

3.3. Occurrence of TTX in Seafood in Europe

In 2017, the EFSA pointed out that a low number of studies considered TTX occurrence
in European bivalves and gastropods. The main areas screened for TTXs were England,
Portugal, and Greece, and some data were from the Netherlands and United Kingdom
(see [16]). The upper-bond 95th percentile concerning all received data on TTX in bivalves
was 28 µg/kg and the highest reported level among all data was 253 µg/kg in oysters.

After the publication of the EFSA opinion, several new studies were reported (Figure 3),
and in 2021, the occurrence data were updated by an ELS, showing increasing attention
to the presence of TTXs in live bivalve mollusks captured in European sea waters [22].
The review showed that data were still fragmented and available only for few European
countries (the UK, France, The Netherlands, Italy, and Spain).

The highest TTX concentration was registered in Mytilus galloprovincialis, with con-
centrations up to 541 µg/kg in Italy, and in Crassostrea gigas, with concentrations up to
331 µg/kg in Italy and 253 µg/kg in the Netherlands and the UK [22] (Table 3), values well
above the 44 µg/kg suggested by the EFSA as a safe level.
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Figure 3. TTX occurrence in European seafood and pufferfish.

Table 3. TTX occurrence in European bivalves and gastropods.

Sampling LOQ
(LOD)

(µg TTX/kg)

Number
of

Samples

Species
Analyzed

Sample > LOQ
(Sample > LOD)

Highest Concentration (µg TTX/kg)
Refs.

Country Year of Sampling
(Frequency) Mussels Oysters Gastropods

United
Kingdom

2014–2016
(NA)

0.93
(0.28) 1222

Mussels, oysters,
cockles, and

clams

15
(57)

19.9
(January

2016)

253
(July 2015) * [36]

United
Kingdom

2019
(weekly)

0.8
(NA) 78 Oysters 57

(57)
242 (dg)

(July 2019) * [92]

United
Kingdom

2016
(monthly) 0.8

(0.2)

3514 Mussels, pacific
oysters, and

clams

41
(85)

93
(June 2016)

[30]
2016–2018
(monthly) 371 62

(65)
202

(July 2018)

Italy
2015–2017
(monthly:
May–July)

0.93
(0.28) 23 Mussels and

clams
13

(13)
6.0

(May 2016) * [93]

Italy
2017–2018
(weekly:

May–June)

2
(0.2) 8 Mussels 3

(3)
541

(May 2015) * [94]

Italy

2019
(weekly:

May–July; then,
monthly)

25
(8) 30 Mussels and

oysters
10

(10)
276

(June 2019)
127

(June 2019) [25]

Italy 2020–2021
(fortnightly)

8
(3) 138 Mussels 34

(34)
296

(June 2021) [27]

Netherlands
2015–2017
(weekly:

June–October)

20
(3) 1063

Mussels, oysters,
cockles, and

clams

31
(69)

101
(June 2016)

253
(June 2016) * [20]

France

2017
(NA) 15.0

(3.8)

66 Whelks 1
(1) <LOQ

* [32]
2018

(monthly) 127 Shellfish 3
(3)

11.2
(July 2018)



Toxins 2025, 17, 76 18 of 31

Table 3. Cont.

Sampling LOQ
(LOD)

(µg TTX/kg)

Number
of

Samples

Species
Analyzed

Sample > LOQ
(Sample > LOD)

Highest Concentration (µg TTX/kg)
Refs.

Country Year of Sampling
(Frequency) Mussels Oysters Gastropods

France

2018
(weekly:

June–October)

5
(3.8) 35

Mussels, oysters,
and clams

2
(11)

12.2
(July 2018)

* [34]
2019

(fortnightly:
May–September)

12.5
(6.3) 63 1

(8)
32

(June 2019)

France 2019–2022
(monthly)

30
(11) 436 Mussels, oysters,

clams, and welks
0

(0) <LOQ <LOQ <LOQ [95]

France

2021
(fortnightly: May,
Sept–Oct; weekly:

June–July)

12.5
(5) 13 Oysters 3

(4)
424 (dg)

(June 2021) [28]

Spain
2017

(weekly: January–
September)

0.9
(NA) 286

Mussels, oysters,
cockles, clams,
scallops, and
razor clams

0
(2) <LOD <0.9 * [33]

Spain
2018–2019

(sporadic: June
2018–March 2019)

10
(NA) 47 Mussels, oysters,

and gastropods
0

(0) <LOQ <LOQ <LOQ * [29]

Portugal
2015

(sporadic: April–
September)

0.5 ng/mL
(0.17) ng/mL 20

Clams
(R. decussatus;

R. philippinarum)

0
(0) <LOQ [96]

Portugal
2017

(obtained from
market)

0.9
(0.3) 3 Gastropods

(Charonia lampas)
0

(3)
42,160 (dg)

31.3 (et) [97]

Portugal
2018

(weekly:
May–October)

16
(NA) 120 Mussels, clams,

and oysters
0

(0) <LOQ <LOQ [35]

Portugal
Not indicated

(obtained from
market)

0.42–6.29
(0.13–1.89) 3 Gastropods

(Charonia lampas)
3

(3)
7147.1 (ne)
966.3 (et) [98]

* Cited in the review by [22].

At the time of the review, no positive samples had been found in Spain [29,33], and the
authors had already pointed out the need for broader and more frequent sampling; however, no
other data have been published since then. The Netherlands, which has formally included TTX
in its shellfish monitoring program and used the value of 44 µg/kg suggested by the EFSA as
an action limit since 2022 (https://www.wur.nl/en/research-results/research-institutes/food-
safety-research/reference-laboratory/national-reference-laboratory/marine-biotoxins.htm (last
accessed on 20 December 2024)), started a national control campaign for TTX in 2015 and by
the time of the review [22] had already analyzed 1063 samples from all shellfish production
areas, implementing a representative weekly sampling program but only between June
and October, 2015–2017. They found the highest concentrations of the few (31) positive
samples in June 2016, with 253 µg TTX/kg in oysters and 101 µg TTX/kg in mussels and
no TTX analogs [20]. To our knowledge, no new data are publicly available.

In France, the data reported by Antonelli et al. [22], from the analysis of few samples
in spring/summer, showed a safe situation, with positive samples spotted, always below
the EFSA limit. To have a better coverage of the natural toxins in mollusks, the program
EMERGTOX was set up along the French coasts in 2018 to quantify regulated and unreg-
ulated lipophilic and hydrophilic toxins. In a five-year period, TTXs were not detected
in 436 samples (personal communication) analyzed in the EMERGTOX framework [95].
However, the authors believe that this may have been due to the (i) high LOD (11 µg/kg
for TTX) of the multi-toxin method used, (ii) lack of a purification step, and (iii) likely low
concentrations observed so far in France (necessarily below the LOD). A significantly higher
LOD does not allow us to compare French data when the frequency or the percentage of
positive samples out of the total samples analyzed is concerned.

https://www.wur.nl/en/research-results/research-institutes/food-safety-research/reference-laboratory/national-reference-laboratory/marine-biotoxins.htm
https://www.wur.nl/en/research-results/research-institutes/food-safety-research/reference-laboratory/national-reference-laboratory/marine-biotoxins.htm
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Significantly higher concentrations were found in France in 2021 in Pacific oysters,
Crassostrea gigas, deployed in cages, from April to September in an estuary where TTX was
previously detected (the sampling point was not included in the EMERGTOX program) [28].
Positive samples were reported from late June to July, with concentrations decreasing
over time in the digestive gland from 424 to 101 µg/kg (equivalent to 74 and 17 µg/kg
of total flesh). This observation confirms the tendency, reported in several studies, for
TTXs to be detected during late May, June, and July before disappearing but also that it
is still necessary to extend the geographical coverage of sampling to discover areas or
habitats where TTX can accumulate in mollusks, until more data on the mechanisms of
TTX production are available. Sporadic samples with concentrations over the LOD were
also collected during winter (up to 20 µg/kg) [30,36]. This suggests that this season should
be included in a sampling program, because it cannot be excluded that, in some cases, the
toxin could be high even in winter, especially from the perspective of sea-surface warming
after climate change.

Even if seasonality is frequently observed, little information can be derived when
considering associations with environmental parameters (temperature, salinity, depth, pH,
nutrients, etc.). In the UK, to better understand the temporal distribution of the toxin,
four shellfish sites were monitored monthly over a five-and-a-half-year period (202 µg/kg
was the highest level of TTX recorded in July) [30]. The accumulation of TTX in bivalves
was seasonal every year, with higher concentrations between June and August, generally
reaching a peak by the end of June or beginning of July. This period coincided with
the sea-surface temperature increase after winter (up to 15 ◦C), but it is to be noted that
further increases in temperature did not lead to further increases in the TTX concentration.
On the contrary, by the time the temperature reached its peak in July and August, TTX
concentrations had decreased, suggesting that, for TTX accumulation, there could be an
optimal temperature range between 15 and 20 ◦C in production areas with shallow waters
where larger and more rapid shifts in temperature can occur. However, temperature is
unlikely to be the only factor affecting TTX accumulation [30].

To better investigate these aspects and increase knowledge on TTX occurrence in Italy,
the Marano Lagoon (Venice, Italy) was identified as a hotspot for conducting field surveys
on the topic with weekly sampling from May to July and then monthly sampling until
September [25]. The researchers found a positive association between seawater pH and
temperature and TTX occurrence in mussels and oysters, with the highest amount detected
in June, in mussels, with a value of 276 µg/kg. No TTX analogueswere detected in oysters,
while in mussels, the most relevant were 11-deoxy-TTX/5-deoxy-TTX and 6,11-dideoxy-
TTX, which reached their highest levels in June (421.9 and 346 µg/kg, respectively). The
authors confirmed seasonality in the TTX accumulation in the mollusks and suggested that
environmental factors likely play a role in the accumulation of TTX in the bivalves, possibly
also through some influence on the bacterial communities of the TTX-positive bivalves
analyzed [25].

The Conero Riviera, in the central Adriatic Sea, has witnessed similar outcomes since
mussels were found to have significant TTX contamination levels in the spring/summer
period (9–296 µg/kg), with concentration peaks in June and very variable levels of TTX
from one sample to another [27]. The presence of the toxin in other organisms as well (flat-
worms, bacteria, and mesozooplankton) and its distribution in mussel tissues strengthen
the hypothesis of the exogenous origin of TTX [27]. From these two studies, the number
of positive samples in Italy seems quite high (30% in Antonelli et al. [25] and 25% in Bac-
chiocchi et al. [27]) with respect to other countries. However, it should be considered that,
on one hand, samples were collected only in the time frame from April to September, the
period in which TTX occurrence was detected, and the number of samples was lower than
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in other studies. A higher number of sampling sites should be studied over the year, not
limited to the warm season, to have more reliable data.

For gastropods, very few data come from Portugal, where very high levels of non-
edible viscera (42.1 mg/kg of TTX and 56.3 mg/kg of 4,9-anhydroTTX) in the trumpet shell,
Charonia lampas, were found. In the edible part, much lower levels were detected (31.3 and
88.0 µg/kg of TTX and 4,9-anhydroTTX), still higher than the EFSA limit [97]. Despite the
high levels found, few data are available on TTX in bivalve mollusks in Portugal. Twenty
samples, collected between April and September, 2015, from classified shellfish-producing
areas, were found to be TTX-free [96]. Subsequent data from 2018, from 117 samples of
bivalves collected weekly from May to October in classified production areas on the south
and southwest Portuguese coast, confirmed low or no concentrations of TTX. Neither TTX
nor any of its analogs were detected at quantifiable levels (LOQ: 16 µg TTX/kg), while TTX
trace levels were observed in only three mussel samples collected in July and August [35].
However, a picture of the whole year is missing, and it is plausible that, using a more
sensitive method, the percentage of positive samples would be higher, even if at levels
below the EFSA’s recommended value.

Finally, it is also worth noting the growing presence of fish from the Tetraodontidae
family in the Mediterranean area (Table 4). Although fishing and marketing them is
prohibited, illegal or uninformed consumption cannot be excluded; some isolated cases
of fishers’ intoxication in North Africa have been reported, associated with the many
specimens of pufferfish settled in the Mediterranean Sea [89,90].

Table 4. TTX occurrence in fish from the Tetraodontidae family in the Mediterranean Sea.

Sampling
Technique

Used

No. of
Samples

(n)

Highest Concentration (µg TTX/g) *
Refs.

Country Year of
Sampling Liver Gonads Skin Intestines Kidneys Muscles

Spain 2013–2014 HPLC
MS/MS 1 (F) 4.6–5.36 20.0–25.22 1.8–2.08 not tested not tested 0.9–0.98 [99]

Italy 2020–2021 HPLC
MS/MS 20 <LOQ <LOQ <LOQ <LOQ not tested <LOQ [100]

Croatia 2014 HPLC
MS/MS 30.6 48.7 1.5 not tested not tested 0.8 [101]

Greece 2007 HPLC CID
MS/MS 6 (NS) ** <LOQ-44.15 0.47–46.30 <LOQ-1.4 <LOQ-

37.60 not tested <LOQ-3.47 [102]

Greece 2017
HPLC

Orbitrap
MS/MS

2 (I) 0.733 * 0.733 * 1.188–1.239 not tested not tested 0.478–2.077 [103]

Greece 2017 HPLC
MS/MS 37 1.1–239.8 1.2–85.2 0.3–27.5 not tested not tested 0.2–21.7 [104]

Greece
(Crete) 2017–2020 HPLC

MS/MS 83 0.04–104.41
(0.09–312.95)

0.30–189.03
(0.43–535.78)

0.12–18.59
(0.17–35.05) not tested not tested 0.02–20.72

(0.05–41.47) [105]

Turkey 2012–2013 HPLC
MS/MS

14 (M) ** 25.4 2.58 3.3 48.8 34 0.342
[106]

4 (F) ** 2.18 80 0.5 0.62 1.77 0.29

Turkey 2012–2013 HPLC
MS/MS

12 (M) <LOQ-0.40 0.43–30.70 0.13–1.31 0.10–0.92 not tested <LOQ-0.44
[107]

12 (F) 0.13–46.18 0.58–52.07 0.60–3.43 0.07–7.64 not tested <LOQ-2.83

Turkey 2015–2016 Q-TOF
LC/MS

120 (M) 1.7–12.3 0.69–11.8 2.-9–5.02 2.29–3 not tested 1.7–12.3
[108]

120 (F) 0.89–21.1 4.15–35.6 2.2–11.8 0.79–12.5 not tested 0.7–5.12

Turkey 2015–2016 Q-TOF
LC/MS

40 (M) 7.04–85.63 5.03–61.05 33.95–139.88 14.89–86.30 not tested 15.88–86.07
[109]

40 (F) 11.62–106.8 41.49–100.71 35.19–139.72 12.59–55.24 not tested 42.07–72.38

Turkey 2018–2019 Q-TOF
LC/MS

55 (M) 5.8–21.6 1.4–68.2 not tested not tested not tested 1.3–6.0
[110]

55 (F) 0.8–34.2 6.8–65.9 not tested not tested not tested 1.3–7.8

Cyprus 2017–2018 ELISA
5 (M) 0.18–13.48 0.38–6.84 0.16–1.78 0.52–1.48 not tested 0.22–3

[111]
11 (F) 0.11–13.33 0.32–12.87 0.24–6.54 0.29–11.74 not tested 0.21–8.34

Lebanon Winter 2020 HPLC
MS/MS

1 (M) 12.96 0.26 0.17 not tested not tested 0.26
[112]

2 (F) 46.67 252.97 0.71 not tested not tested 0.6

* It is worth noting the different levels of concentration with respect to mollusks, in µg/g vs. µg/Kg. ** M = male;
F = female; NS = not specified.
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Dating back to 2012, the FAO reported an increasing presence of the species Lago-
cephalus sceleratus in the eastern Mediterranean area, following its entry through the Suez
Canal [113]. This fish can adapt easily to new habitats, and now it is regarded to be among
the worst invasive species in the Mediterranean Sea. Indeed, the number of sightings is
experiencing a significant increase in the whole Mediterranean Sea: in Greece [102,114],
Turkey [110,115], Tunisia [116], Lebanon [113], Malta [117], Italy [118,119], Spain [99], and
Croatia [120]. Several relevant toxic Lagocephalus species (L. sceleratus, L. suezensis, and
L. torquigener flavimaculosus) have been described. In the area of the Aegean Sea, in Turkey,
Cyprus, and Greece, the presence of L. sceleratus is the most frequent, with TTXs levels up
to 86 mg/Kg in muscles and up to 535.78 mg/kg in gonads, considering the sum of TTX
and its analogs [104,105,111].

In the rest of the Mediterranean, pufferfish specimens tested seem to have lower
contamination levels. Specimens from the Spanish cost revealed high concentrations of TTX
equivalents (up to 1 and 26 mg/Kg in muscles and gonads, respectively) in L. sceleratus,
while no TTXs were identified in L. lagocephalus and Sphoeroides pachygaster individuals [99].
Instead, in another study, the 20 fish analyzed, of the species S. pachygaster, of the 56 caught
along the Italian coasts (Straits of Sicily) were negative for TTXs in all tissues tested [100].

3.4. Food Consumption Data

Consumption data from the EFSA Comprehensive European Food Consumption
Database were extracted, after selecting appropriate filters. For countries, no filters were
applied. All available surveys were used, and all population groups, divided into ado-
lescents, adults, elderly people, infants, other children, toddlers, and very elderly people,
were included. To narrow the research and select categories useful for our purpose, the pa-
rameters selected from exposure hierarchy L1 to exposure hierarchy L7 (from a pull-down
menu) were the following:

Exposure hierarchy L1: (i) Fish, seafood, amphibians, reptiles, and invertebrates.
Exposure hierarchy L2: (i) Mollusks, (ii) Fish, and seafoodprocessed.
Exposure hierarchy L3: (i) Clams, cockles, arkshells, (ii) Mussels, (iii) Oysters.
Exposure hierarchy L4: All.
Exposure hierarchy L5: (i) Blue mussels, (ii) Clams, (iii) Oysters, (iv) Scallops, pectens.
Levels 6 and 7 were equal to level 5.

Only data with statistical significance were used. Only five countries had significant
95th-percentile consumption values (Table S2): France, Italy, Spain, Portugal, and Sweden.
All of them but Sweden, which had data for adolescents, had data for adults. The highest
consumption was for Italian adults, consuming portions of 161.98 g of mussels, followed
by the French and Italian consumption of ~135 g per portion of oysters and mollusks,
respectively. This is in line with the substantial tradition of consuming shellfish delicacies
in the two countries, with a specific local survey indicating that consumption is around
150 g of shellfish in northeast Italy [121].

3.5. Risk Assessment

The current proposed group ARfD (acute reference dose) for TTXeq (including TTX
and its analogs) is 0.25 µg/kg bw. Based on our re-evaluation of the studies published after
the adoption of the EFSA opinion or not considered by the EFSA due to the time constraints
of their literature search, it appears that new data are not robust enough to justify any
change. Therefore, considering the uncertainties and the steepness of the dose–response
curve, the ARfD derived by the EFSA still seems to be the best choice.

To assess cases of large-portion consumption, the EFSA 2017 CONTAM panel assumed
a single meal of shellfish to be 400 g, as used in previous opinions on marine toxins [18]. A
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concentration below 44 µg of TTXeq/kg of shellfish meat, based on such a large portion,
was considered by the EFSA the maximum concentration allowed in bivalves not to result
in adverse effects in heavy consumers.

As discussed in Section 3.3, data on TTX occurrence in bivalves (mussels and oysters) in
Europe from 2014 to 2022 are still difficult to compare and in many cases not representative
of the countries (few stations for sampling; only seasonal sampling; different LODs and
LOQs; etc.). However, when available, the highest data, usually from the spring/summer
season, are much higher than the EFSA limit of 44 µg TTXeq/kg. In addition, the few
data available on gastropods show that the edible part of the organism can accumulate
a very high concentration of TTXs and, indeed, most of the samples exceed the EFSA
limit. Therefore, significant concern for heavy consumers can be expressed, even if it seems
limited to the warmer months, that is, for a short period in the year.

It can be inferred that a portion of 400 g is poorly representative of the general
population, since for countries where data were available (Table S2), the consumption
ranged from 18.67 g (adolescents in Sweden) to 161.98 g (Italian adults). Therefore, to
perform a risk assessment on the general European population (not heavy consumers, 95th
percentile), we consider the highest food portion of 162 g of mussel flesh and a mean adult
body weight of 70 kg.

Based on this, the ARfD per person is 0.25 µg/kg bw × 70 kg = 17.5 µg; the same
person is assumed to consume 162 g of mollusk meat.

The calculation of the total TTX intake to be then compared with the ARfD per person
is performed with the following contamination levels, for bivalves:

1. The highest value of contamination measured in bivalves (541 µg/kg, worst-case
approach) gives rise to an intake of 541 µg/kg × 0.162 kg = 87.6 µg, largely exceeding
the ARfD per person. To visualize the level of concern, we also calculate the margin
of safety (MoS), defined as the ratio of the no-observed-adverse-effect level (NOAEL)
obtained from animal toxicology studies (25 µg/kg bw) to the estimated human expo-
sure level. In this analysis, the MoS is approximately 20, which is significantly lower
than the minimal acceptable MoS of 100, hence confirming a potentially significant
concern for consumer safety.

2. The average highest value of contamination measured in bivalves reported in each
study (no study gave the average value of µg TTX/kg) (~104.4 µg/kg) gives rise
to an intake of 104.4 µg/kg × 0.162 kg = 16.9 µg, similar to the ARfD per person.
Accordingly, the calculated MoS is 103, indicating that this level of contamination
represents a borderline case, to be looked at with caution considering the uncertainties
in the ARfD derivation.

3. The median highest value of contamination measured in bivalves reported in each
study (~16 µg/kg) gives rise to an intake of 24 µg/kg × 0.162 kg = 3.9 µg, well below
the ArfD. The MoS in this case is 448, confirming no concern for consumers.

The worst case for the ingestion of gastropods (Charonia lampas) for a regular consumer
would be 966.3 µg/kg × 0.162 kg = 157 µg, almost double the value of the worst case
for bivalves, much higher than the ARfD per person and showing a MoS close to 10.
Indeed, the only known case of intoxication in Europe was in Portugal after the ingestion
of Charonia lampas.

Therefore, even for the general population, a significant number of samples analyzed
during the warmer season are characterized by levels of contamination that could be of
concern for consumers. Considering that TTX analogs’ contribution is not known at the
moment, the potential risk could be even higher.

A reliable risk assessment for a single country can be presently performed only for
the UK, where the data cover a significant number of sites during a quite long time span
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(2014–2018). The worst case is 253 µg/kg × 0.162 kg = 40.9 µg, about double the EFSA
limit. This improves when considering the average TTX concentration in positive bivalves
(153 µg/kg × 0.162 kg = 24.8 µg) but is still higher than the limit. Since positive samples are
only a very small percentage of the total samples, with high values occurring between July
and August, to protect the population from risky exposure and to monitor possible variation
in TTX occurrence, monthly monitoring during winter and more frequent monitoring in
the period of higher exposure in the known areas of TTX occurrence is reliable. For other
countries, the assessment performed on the general European population can be applied,
at least until more systematic data on occurrence, covering the whole year, are available.

Finally, the extremely high values of TTX found in the muscles of pufferfish (mg/kg),
now established as permanent inhabitants of Mediterranean Sea, raises serious con-
cerns. With the potential of uninformed consumption or the growing population in
Europe from Asian backgrounds, who may have different dietary habits compared to
Caucasian European people, the consideration of pufferfish as a potential source of ex-
posure is critical. Indeed, assuming a portion of fish of 200 g (the size of a reared
fish), in the worst-case scenario observed in Cyprus, the ingestion of TTX would be
8340 µg TTX/kg × 0.200 kg = 1668 µg TTX, with a MoS = 1. To mitigate this risk, extensive
communication campaigns are essential to educate the public about the dangers associ-
ated with consuming these exotic fish. Awareness efforts should emphasize the potential
health hazards, ensuring that individuals understand the risks and can make informed
dietary choices.

4. Key Insights and Outstanding Challenges
TTX in temperate areas should increase in upcoming years, due to reasons including

climate change, but it is not among the marine biotoxins for which there are reference
limits, so it is crucial to improve the awareness and preparedness of different stakeholders
through the dissemination of information and knowledge on TTX exposure and possible
associated risk.

This analysis of new studies published after the EFSA opinion [16] demonstrates that it
is not possible to decrease the uncertainties in the ARfD derivation yet and that good-quality
data to describe the kinetics and the toxicity of TTX are still a very important gap. It seems
necessary to underline the use of oral dietary administration, the relevant exposure route for
humans, possibly using harmonized and internationally accepted methodologies, such as
the OECD TG, without introducing arbitrary deviations impacting the final outcome. This
cost-effective approach will allow the use of results for risk assessment, without wasting
animals, time, money, and manpower. The possibility of relying on in silico information,
PBK modeling, and QIVIVE is very promising and could, in the future, decrease the use of
animals in in vivo studies.Clarifying kinetic behavior could help in extrapolating data on
exposure from route to route, as well as from low to high doses and from animal or in vitro
data to human data.

On the other hand, TTX occurrence data in seafood are still geographically (few
sampling sites) and temporally (mostly summer months) limited and poorly comparable
for different LODs/LOQs. As a consequence, it can be recommended that whenever
occurrence data are reported for seafood, it is extremely important to detail the sampling
plan, specifying the time and site of sampling, considering more representative coastal
areas (e.g., where fish or bivalve farms are located), and possibly spanning over the year (in
some areas, samples also show positive results during cold months) and measuring some
environmental parameters such as temperature, salinity, or pH. In addition to the number
of samples, the corresponding concentrations of TTX should be reported, not simply giving
the range or the average values; this will allow us to understand the seasonality (which
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can be different depending on the latitude) and the possible association with temperature
or other parameters. It is also important to use validated analytical methods with an
appropriate LOD/LOQ, to allow comparisons among different studies also in terms of the
% of positive samples.

In addition, the acquisition of information on the ecological mechanisms underlying
the selection and bioaccumulation of bacterial/phytoplanktonic species producing TTX
and the taxonomic identification of the producing species will pave the way for the de-
velopment of early warning systems. The observed correlation between sea temperature,
pH, and TTX accumulation in bivalve mollusks underscores the need for future surveil-
lance efforts to incorporate these environmental variables, with the aim of understanding
the triggers promoting TTX presence. Furthermore, understanding depuration kinetics
in seafood would support the development of predictive models to anticipate high risk
and enable the implementation of appropriate mitigation measures such as temporary
fishing bans or recovery periods to allow for the complete depuration of seafood prior
to commercialization.

According to our analysis, a significant number of bivalve samples analyzed during the
warmer season are characterized by levels of contamination that exceed the EFSA-derived
ARfD per person. In addition, the available data indicate that ingestion of gastropods
should also be considered, also taking into account that the levels of contamination found
seem to attain much higher values. Starting from this observation, it can be commented
that although the situation seems to be of high concern based on the still-limited database
on occurrence, no intoxication events following bivalves’ consumption have been reported
so far in Europe. There are a couple of reasons for this: first of all, the ARfD suggested by
the EFSA was derived with a very conservative approach, due to the high uncertainty of the
data available; in addition, there is limited awareness about the likelihood of this kind of
intoxication, even amongmedical personnel, and symptoms can be easily attributed to other
causes, since analysis of potentially contaminated food residues is not generally carried
out. On this latter point, physicians, pharmacists, and local health authorities should be
informed on the issue and trained in recognizing symptoms and defining cases to track
intoxication events; diagnosis should be paralleled by confirmation with analysis of food
items with appropriate analytical methods also evaluating the co-presence of other toxins
like STX, which shares symptoms with TTX. Registration forms for potential cases should
be available, detailing information such as age, sex, food consumed, and the investigation
of TTX concentration in food leftovers, if available, to assess toxin concentration.

As outlined in the Italian guidelines for the management of Ostreopsis ovata pres-
ence [122], monitoring alone may be not enough to prevent the general population from
dangerous exposure. It is not feasible to plan frequent sampling and it is not possible
to avoid the consumption of any potentially contaminated seafood. For this reason, it is
pivotal that all stakeholders (seafood producers, fishery associations, health personnel and
local authorities, and citizens) are informed about the possible risk associated with the
presence of TTX, including at our latitudes, to make them aware (a condition which can
influence their actions and the rapidity that could be taken individually or collectively to
address exposure and vulnerability to hazards) and prepared in order to take direct and
indirect measures to reduce damages that accompany events to the minimum possible
level. This will also allow us to limit the possible illegal or uninformed consumption of
pufferfish, which is uncommon so far but to be considered with respect to citizens of Asian
origin, who have different dietary habits and traditions.

The detection and description of the toxicity potential of TTX analogs are other issues
that should receive more attention in the future. At the time of the EFSA opinion [16], the
panel noted that the derivation of TTX analogs’ relative potencies was associated with high
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uncertainties, and the situation is currently not changed since few papers have dealt with
this issue. Although the data available so far suggest that TTX is the most acutely toxic
among the known variants, there is no chance to score among analogs or to attempt the
derivation of any Toxicity Equivalent Factor (TEF). Therefore, the ARfD of 0.25 µg/kg bw
has to be considered a group ARfD whenever the sum of TTX and its analogs are detected.

In addition, the co-occurrence in the environment and in seafood for human consump-
tion of TTX and any other chemical (human-made or natural) sharing the same targets
(e.g., blocking voltage-gated sodium channels) should be carefully investigated, since their
toxicity could be additive.

5. Concluding Remarks
This review of recent data highlights the complexity of TTX toxicity and its occurrence

in seafood, underlining the importance of continued monitoring and research. Despite
advances in our understanding, critical knowledge gaps persist in the areas of toxicity
and toxicokinetics, where the quality of produced data is crucial. Leveraging innovative
approaches such as physiologically based kinetic modeling (PBK) and in vitro and in silico
tools offers the potential to reduce reliance on animal testing.

Adequate human exposure data are also lacking; robust and harmonized methodolo-
gies, as well as standardized sampling protocols and analytical techniques, are essential to
generate reliable data for risk assessment, especially in underrepresented areas.

The role of environmental factors, such as climate change, in the increasing prevalence
of TTX in European waters cannot be underestimated, with the aim of predicting, by fit-
for-purpose modeling, TTX presence to implement appropriate management strategies
and reduce the risk of commercializing TTX-contaminated live bivalve mollusks or any
other seafood.

Public awareness campaigns are crucial to mitigate this risk and to inform stakeholders
and consumers, especially regarding the dangers associated with the consumption of highly
contaminated pufferfish as their populations continue to expand in the Mediterranean.

Ultimately, balancing consumer safety with the sustainability of the seafood industry
requires a coordinated approach across European regulatory bodies. Harmonized legisla-
tion, informed by the latest scientific evidence, is paramount to addressing the challenges
posed by TTX contamination.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/toxins17020076/s1. Figure S1: Prisma graph representing the search
process for occurrence in edible seafoo; Figure S2: Prisma graph representing the search process for
occurrence in pufferfish; Table S1: Objectives, database used, and queries applied for the extensive
literature search; Table S2: Data from FoodEx2.
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