P4
brought to you by . CORE

View metadata, citation and similar papers at core.ac.uk

provided by Elsevier - Publisher Connector

JOURNAL OF FOOD AND DRUG ANALYSIS 24 (2016) 9—14

journal homepage: www.jfda-online.com

Available online at www.sciencedirect.com

ScienceDirect

Review Article

Development of standardized methodology for

@ CrossMark

identifying toxins in clinical samples and fish
species associated with tetrodotoxin-borne

poisoning incidents

Tai-Yuan Chen %, Cheng-Hong Hsieh °, Deng-Fwu Hwang “""

@ Department of Food Science and Center of Excellence for the Oceans, National Taiwan Ocean University,

Taiwan

® Department of Health and Nutrition, Asia University, Taichung, Taiwan

ARTICLE INFO

Article history:

Received 21 January 2015
Received in revised form

6 May 2015

Accepted 26 May 2015
Available online 21 July 2015

Keywords:

identification

liquid chromatography—tandem
mass spectrometry

polymerase chain reaction method
coupled with restriction fragment
length polymorphism

tetrodotoxin

tetrodotoxin poisoning incident

ABSTRACT

Tetrodotoxin (TTX) is a naturally occurring toxin in food, especially in puffer fish. TTX
poisoning is observed frequently in South East Asian regions. In TTX-derived food
poisoning outbreaks, the amount of TTX recovered from suspicious fish samples or left-
overs, and residual levels from biological fluids of victims are typically trace. However,
liquid chromatography—mass spectrometry and liquid chromatography—tandem mass
spectrometry methods have been demonstrated to qualitatively and quantitatively deter-
mine TTX in clinical samples from victims. Identification and validation of the TTX-
originating seafood species responsible for a food poisoning incident is needed. A poly-
merase chain reaction-based method on mitochondrial DNA analysis is useful for identi-
fication of fish species. This review aims to collect pertinent information available on TTX-
borne food poisoning incidents with a special emphasis on the analytical methods
employed for TTX detection in clinical laboratories as well as for the identification of TTX-
bearing species.
Copyright © 2015, Food and Drug Administration, Taiwan. Published by Elsevier Taiwan
LLC. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

molecular weight. The molecular formula of TTX is
C11H170gN3 (molecular weight = 319 Da), which has more than
10 analogs (Fig. 1). Among them, TTX has the highest toxicity.

Tetrodotoxin (TTX) was first discovered in 1909 by Dr Yoshi-
zumi Tahara from the ovaries of globefish, and was first iso-
lated in 1950 by Dr Yokoo as a crystalline prism from toxic
puffer fish. TTX is a naturally occurring neurotoxin of low

TTX consists of a positively charged guanidinium group and a
pyrimidine ring that stabilize the TTX—sodium channel
binding complex at the aqueous interface [1]. TTX prevents
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Fig. 1 — Structure of tetrodotoxin (TTX).

sodium currents in nerves and muscles by selectively binding
to voltage-gated sodium channels for inhibiting the produc-
tion of action potential and finally paralyzing nerve and
muscle functions [2,3].

TTX is predominately isolated from the ovaries and liver of
puffer fish; it is widely distributed in marine and some
terrestrial organisms including newts, gastropods, trumpet
shell, starfish, crabs, frogs, sea slugs, gobies, octopuses, flat-
worms, ribbon worms, and bacteria [4—7]. The occurrence and
distribution of TTX among a broad range of organisms gave
rise to the speculation that TTX accumulation in organisms
originated from symbiotic bacteria. Indeed, a number of bac-
teria have been shown to produce TTX, including the genera
Aeromonas and Alteromonas, Escherichia coli, Otobacterium phos-
phoreum, Plesiomonas shigelloides, Pseudomonas sp., and some
Vibrio sp. [8]. Furthermore, nontoxic puffer fish become toxic
when they are administered a TTX-containing diet [9], and
TTX transfer, accumulation, as well as elimination may be
associated with the liver development of puffer fish [10]. Toxic
puffer fish become nontoxic when they are fed on a TTX-free
diet [11]. These lines of evidence demonstrated that the TTX
accumulated in puffer fish is derived from the food chain that
starts with marine symbiotic bacteria.

TTX poisoning cases have occurred in Asian countries,
especially in Japan [7], Taiwan [12], China [7], Hong Kong [13],
Thailand [14], and Bangladesh [15,16]. Cases of TTX poisoning
have been reported mainly due to the ingestion of puffer fish
in Taiwan and in other countries. However, recent studies

demonstrated that TTX has spread to the Pacific, American,
and Mediterranean regions [17,18]. TTX poisoning produces
symptoms including perioral paresthesia, nausea, vomiting,
diarrhea, ataxia, weakness of all limbs, paresthesia of the
body, and respiration failure [19].

Several techniques are presently applied to analyze TTX.
These include mouse bioassay [4—6], liquid chromatogra-
phy—fluorescence detection [20], thin-layer chromatography
[2], immunoassay [21], gas chromatography—mass spectrom-
etry [22], enzyme-linked immunosorbent assay [16,23], liquid
chromatography—mass spectrometry (LC—MS) [24,25], liquid
chromatography—tandem mass spectrometry (LC—MS/MS)
[26—31], ultraperformance liquid chromatography—MS/MS
[32], and surface plasmon resonance [33,34]. Although there
are various TTX determination assays, most of them are used
for food tissue or leftover samples. Among them, LC—MS and
LC-MS/MS are the most simple, powerful, and sensitive
methods for qualitative and quantitative determination of
TTX from human urine, blood, or other fluids [8,13].

Even when we obtain sufficient information to confirm
TTX poisoning of a victim, the TTX-bearing species may still
remain unknown. Currently, based on mitochondrial DNA
analysis, it is possible to identify the toxic species consumed.
Several articles described that a polymerase chain reaction
(PCR) for analysis of the cytochrome b (Cytb) gene was useful
for identification of fish species even after cooking [35—38].

Therefore, we will review the LC—MS and LC—MS/MS
methods used to detect the level and distribution of TTX in the
urine and blood of victims. Meanwhile, the PCR-based method
was used to amplify the partial Cytb gene in mitochondrial
DNA and identify the marine species implicated in food
poisoning incidents. Through a combination of identification
of TTX-bearing species and biological fluids of the victim,
better risk analysis, management, and control of TTX-borne
disease may be achieved (Fig. 2).

2. Brief review of recently occurred TTX
poisoning incidents

Four grades of TTX poisoning were described by Fukuda and
Tani [19]:

Grade 1: perioral numbness and paresthesia (skin syn-
dromes including tingling, tickling, prickling, or burning),
may be accompanied by gastrointestinal symptoms;
Grade 2: lingual numbness (numbness of the face and
related regions), early motor paralysis and incoordination,
and slurred speech with normal reflexes;

Grade 3: generalized flaccid paralysis (muscle weakness),
respiratory distress, aphonia (the inability to produce voice
due to disruption of the recurrent laryngeal nerve), and
fixed/dilated pupils (conscious patient); and

Grade 4: severe respiratory failure and hypoxia (in-
adequacy of oxygen), hypotension, bradycardia (resting
heart rate <60 beats/min), cardiac dysrhythmias (irregular
heartbeat), and possibility of unconsciousness

In Taiwan, 58 cases occurring from 1988 to 2011 for TTX
poisoning were comprehensively reviewed by our team in
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TTX-like poisoning occurring in Taiwan
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Fig. 2 — Methodology validated in identifying toxins in
clinical samples and fish species associated with TTX-
borne poisoning incidents. COI = cytochrome c oxidase
subunit I gene; HILIC = hydrophilic interaction liquid
chromatography; LC—MS/MS = liquid
chromatography—tandem mass spectrometry; MRM-
MS = multiple reaction monitoring-mass spectrometry;
mtDNA = mitochondrial DNA; PCR = polymerase chain
reaction; RFLP = restriction fragment length
polymorphism; TTX = tetrodotoxin.

2012, resulting in 192 people intoxicated and 22 deaths [12].
Most of the TTX poisoning cases were caused by puffer fish,
followed by gastropods and gobies. In addition, crabs and
octopuses were also found to contain TTX and/or paralytic
shellfish poisons [2,3,7].

More recently, a food poisoning incident due to ingestion of
unknown octopus occurred in Taipei in December 2010 [39].
Victims were a 39-year-old and a 42-year-old man. After
eating one specimen of octopus for 15 minutes, the first victim
experienced acute numbness of the mouth, lips, fingers, and
toes, followed by dimmed vision, muscle weakness, fatigue,
headache, dizziness, and nausea/vomiting. Progressive acro-
numbness began in the ambulance, and then on admission,
hyperesthesia of the upper limbs and a fluctuation of the heart
rate were found. The other victim (the 42-year-old man) ate
several specimens of octopuses and got severe respiratory
symptoms, including mechanical ventilation and dopamine
drip, upon reaching the intensive care unit. The symptoms
subsided within 5 days and the patient recovered fully [39].

In 2008, large outbreaks of puffer fish poisoning occurred in
Bangladesh, with 17 deaths out of 141 hospitalized patients
[16]. The series of large outbreaks of puffer fish poisoning
involving 82 males and 59 females was mainly due to the
sudden availability of marine puffer fish in the local markets.
The symptoms were similar to those of TTX intoxication,
including initial lip and tongue paresthesia occurring in <30
minutes to several hours after the ingestion of puffer fish,
followed by facial and limb paresthesia and numbness. Sali-
vation, nausea, vomiting, and diarrhea with abdominal pain
also developed early, as well as motor weakness and difficulty
in speaking. In 131 cases, the most common symptom was
perioral paresthesia (89%), followed by tingling sensation over
the entire body (69%), nausea, vomiting, dizziness (60%),
headache, abdominal pain, vertigo, and even death (11%). The
higher death rate might have been caused by insufficient
ventilatory or respiratory support when the victims suffered
from respiratory muscle paralysis. Hence, in such severe cases
of TTX-like poisoning, ventilation should be performed
promptly. Even in less severe cases, victims should be kept
under close observation for 1 day. Due to nearly identical initial
clinical symptoms among all victims, it was difficult to eval-
uate early who would develop severe respiratory failure [16,40].

In Thailand, a total of 280 cases of TTX poisoning occurred
following ingestion of the toxic eggs of the horseshoe crab
Carcinoscorpius rotundicauda between 1994 and 2006 [14]. Of 245
available medical records, 100 cases were in Stage 1, 74 were in
Stage 2, three were in Stage 3, and 68 were in Stage 4. The most
common symptoms were circumoral and lingual numbness
(98%), numbness of the hands and feet (94.7%), weakness
(59.6%), dizziness and vertigo (54.3%), and nausea and vomit-
ing (52.6%). All patients received symptomatic and supportive
treatment. Among them, 239 patients showed complete re-
covery, five (2%) died, and one encountered anoxic brain
damage. Seasonal variations of TTX poisoning following
ingestion of the toxic eggs of C. rotundicauda were found to
peak from December through March [14].

Thirteen patients presented TTX-like poisoning symptoms
in Israel between 2005 and 2008 after ingestion of toxic puffer
fish, Lagocephalus sceleratus [18]. The two most severely
poisoned cases ate almost a whole fish liver. Their symptoms
began within 10 minutes, and rapidly progressed within an
hour with whole body paresthesia, vomiting, dyspnea, and
hypertension. They required mechanical ventilation for 12—24
hours, and one patient received an intravenous injection of
0.4 mgnaloxone. The length of hospital stay ranged from 1 day
to 4 days; all patients were discharged asymptomatic. The
authors stated that the research was limited due to the lack of
identification of TTX in patients' serum or urine and in fish
specimens, and due to the absence of electrophysiological
studies [18].

3. Toxin identification from clinical samples
of victims

In this section, we would not emphasize the methodology for
identification of TTX from toxin-originating species [7].
Instead, we shift the focus to identification of TTX in patients'
biological fluids, which is more difficult due to lower TTX
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levels. Several analytical methods for measuring TTX levels in
urine and blood samples of victims have been demonstrated,
including high-performance liquid chromatography (HPLC)
with a UV detector (HPLC—UV), HPLC with postcolumn deriv-
atization and fluorescence detection, liquid chromatography
(LC) coupled with (tandem) mass spectrometry (MC) (LC—MS/
MS), gas chromatography—mass spectrometry, immu-
noaffinity chromatography, and TTX-specific enzyme-linked
immunoassay [8,13]. In a very first report in 2006, the authors
used the sample cleanup procedure, in which the clinical
samples were dissolved in 0.5M acetic acid and centrifuged.
The supernatant was passed through a C18 Sep-Pak cartridge
and then eluted by 0.3% acetic acid. The elution was filtered
using a 3000-MW cutoff microcentrifuge filter. The filtrate was
freeze dried and dissolved in water for LC—MS analysis. The
combined LC—MS was performed using an Agilent model 1100
series (Agilent Technologies, Waldbronn, Germany) LC/MSD
Trap system coupled to a mass spectrometer with a positive
ion electrospray ionization interface. The mobile phase was
1% acetonitrite, 10mM trimethylamine, and 10mM ammo-
nium formate (pH 4.0, flow rate 0.4 mL/min). The standard
curve of TTX was in the range of 93.75-937.5nM. The recovery
of spiked TTX in urine and blood was >88.9%, indicating that
ion suppression from the matrix component could be ignored.
The detection limit was 15.6nM of TTX. The concentration of
TTX in the blood of victims was between 4.5nM and 40.6nM,
and the prominent TTX concentration was between 47nM and
344nM in the urine [25].

The double solid-phase extraction, including C18 and hy-
drophilicinteraction liquid chromatography, was developed to
purify TTX from the victim's urine and blood samples [28,29].
Subsequent qualitative and quantitative analyses of TTX were
conducted using HPLC coupled with tandem mass spectrom-
etry. This study used 5mM heptafluorobutyric acid as an
anionic ion-pairing reagent in mobile phase but could not
prevent the ion suppression effect [30]. Either C18- hydrophilic
interaction liquid chromatography (HILIC) or Sep-Pak-HILIC
could increase the efficiency in removing matrix and ion
suppression. Owing to the hydrophobic behavior of C18 and
Sep-Pak cartridges, the hydrophobic interfering substances
could be retained and removed. The combination of double
solid-phase extraction and an ion-pairing reagent made iso-
cratic elution possible, markedly reducing HPLC analysis time
(to 5.5 minutes) and organic solvent amounts. In LC—MS/MS
analysis, the precursor ion was selected as 320.1 m/z for TTX.
The 320.1-302.3 m/z and 256.2 m/z mass transitions were used
as qualitative ions for positive identification, and the shift of
320.1-162.3 m/z was used for quantitation. The limit of
detection was determined at 0.13 ng/mL and the limit of
quantification was 2.5 ng/mL for both urine and plasma. In all
eight patients, TTX was detected only in the urine but not in
the blood samples. After creatinine correction, the urine TTX
ranged from 7.4 ng/mol to 41.1 ng/mol creatinine [31]. The
patients with the highest levels of urine TTX appeared to have
liver derangement, generalized muscle weakness, and even
severe respiratory failure that required immediate ventilation.

In 2009, a lethal case of TTX poisoning occurred in Taiwan
due to ingestion of suspicious puffer fish. The blood, urine,
bile, head cerebrospinal fluid, spinal cord cerebrospinal fluid,
pleural effusion, and pericardial effusion from the victim were

collected and found to contain <0.10 ng/mL, 10.42 ng/mL,
5.02 ng/mlL, <0.10 ng/mL, 4.66 ng/mL, 6.30 ng/mL, and 4.14 ng/
mL TTX, respectively. All biological fluids collected from the
victim contained TTX, except for the blood and cerebrospinal
fluid from head (no detectable TTX) [41].

In 2010, two octopus species implicated in a food paralytic
poisoning incident in Taipei was investigated. The remaining
specimens of octopuses and urine and plasma from diseased
victims were assayed for toxicity using LC—MS/MS. The levels
of TTX in the two residues of unknown octopus were 31.8 ug/g
and 94.3 pg/g. The corresponding levels of TTX in the urine of
the victims were 39.1 ng/mL and 83.4 ng/mL. The TTX levels of
the plasma samples of the victims were <0.1 ng/mL. In addi-
tion, the six octopus samples with the blue ring recollected
from markets after the outbreak were shown to contain
106—127 pg/specimen [39].

4. Identification of toxin-bearing species
from suspicious seafood consumed

The main limitation of several previous TTX-borne food
poisoning incidents is the lack of identification and/or deter-
mination of TTX in the victims' biological fluids and in fish
specimens, or the absence of identification in TTX-harboring
species [14—18]. To identify toxic puffer fish in thermally pro-
cessed fish products, a PCR method coupled with restriction
fragment length polymorphism and sequence analysis has
been well established using the conserved region of mito-
chondrial DNA [35—-39]. Prolonged autoclaving protocols were
used to validate the level of DNA damage. Severe thermal
processing (121°C/90 minutes) hampers the extraction of
fragments larger than 400—500 bp due to severe degradation of
DNA samples [42]. The mitochondrial Cytb gene locus has been
well characterized among different vertebrates and is there-
fore broadly used for authenticating related species [43,44].
Both direct sequencing and restriction enzymatic analysis on
the Cytb gene are good strategies for identifying species.
However, direct sequencing analysis is more expensive and
time consuming, and also requires sophisticated equipment
and skill. In 2010, 60 commercial roasted and/or dried—dressed
fish products were collected from fishing markets in Taiwan
[42]. The content of nontoxic puffer fish species, including
mainly Lagocephalus gloveri and Lagocephalus wheeleri, was 82%.
The content of toxic puffer fish, illegal to use for dried—dressed
fish fillets, was 15%, consisting mostly of Lagocephalus lunaris
and rarely Takifugu oblongus. This method uses a simple PCR
amplification on Cytb gene, and then a further two-step re-
striction enzymatic reaction for successfully authenticating 17
puffer fish species within 9 hours. For example, the use of a pair
of restriction enzymes (BsaJ I and Aci I) can differentiate L.
gloveri from L. wheeleri due to their specific restriction fragment
patterns. The use of BsaJ I, HinfI, and Sap I can identify L. lunaris
among all 17 puffer fish species (partial information adapted
from Hsieh et al [42] in Table 1).

The most common puffer fish species implicated in
poisoning in Taiwan is L. lunaris [35—38], however, Takifugu
nipholes [45] and Chelonodon patoca [41] have been found to be
associated with TTX-borne food poisoning incidents. The
consumed poisonous species were chiefly puffer fish,
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Table 1 — Lengths of restriction fragments generated by digestion of 376 bp cytochrome b gene with restriction enzymes

(PCR—RFLP) from the common puffer fish species in Taiwan.

Restriction fragment size (bp)

Bsaj 1 Acil Bsal Hinf I Sap I Taq [ Mse I
Lagocephalus gloveri 162 + 214 137 + 239
Lagocephalus wheeleri 119 + 257 376
Lagocephalus lunaris 376 174 + 202 91 + 285
Lagocephalus sceleratus 376 170 + 206 376
Lagocephalus inermis 119 + 257 62 + 137 + 177 376 113 + 263
Takifugu xanthopterus 139 + 237 59 + 122 + 195 129 + 247
Takifugu oblongus 376 376 139 + 237
Takifugu rubripes 139 + 237 59 + 122 + 195 376 376

Adapted from Hsieh et al [42] and L. inermis (AY267355).

bp = base pair; PCR—RFLP = polymerase chain reaction method coupled with restriction fragment length polymorphism.

gastropods, and gobies, and the edible portions include the
liver, viscera, and roe [2,3,8]. The blue-ring octopus-implicated
food poisoning incidents are sporadic. The first food poisoning
incident due to ingestion of TTX-bearing octopus was reported
in Taiwan. In 2010, two unknown species of toxic octopuses
were consumed by two victims in Taipei [38]. The octopus
residues and urine samples from the victims were found to
contain TTX using LC—MS/MS. The partial Cytb gene and cy-
tochrome c oxidase subunit I gene (COI) of the octopuses were
determined by PCR amplification using primer pairs OCT1F/
OCT1R and LCOI1490/HCO2198, respectively. Direct
sequencing on the amplicons of Cytb and COI genes from
residues and recollected samples from markets was per-
formed. The residue with the blue ring in the skin was iden-
tified as the toxic octopus Hapalochlaena fasciata, and the other
residue without the blue ring in the skin was identified as the
nontoxic octopus Octopus aegina [39].

5. Conclusion

To control outbreaks of TTX-like poisoning, a standard and
robust protocol needs to be established and validated for
identifying food poisoningincidents. For clinical samples such
as the urine and blood of victims, LC-MS/MS is a particularly
appropriate methodology due to its speed and sensitivity. For
TTX-bearing fish species, PCR coupled with direct sequencing
or restriction fragment length polymorphism techniques, ac-
cording to the partial sequence of mtDNA gene products, is a
validated platform. Integration with TTX-bearing species and
biological fluids identifications could help improve risk anal-
ysis, management, and control of TTX-borne disease.
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