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Tetrodotoxin (TTX) is a crystalline, weakly basic, colorless organic substance and is one of the most potent marine toxins

known. Although TTX was first isolated from pufferfish, it has been found in numerous other marine organisms and a few

terrestrial species. 
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1. Introduction

Tetrodotoxin (TTX) is one of the most potent natural marine toxins, which acts by selectively blocking the action potentials

of voltage-gated Na+ channels along nerves, skeletal and cardiac muscle membranes, without changing the resting

membrane potentials. TTX was named after the Tetraodontidae pufferfish family, from which it was initially isolated and is

considered the most lethal toxin found in the marine environment . TTX is both water-soluble and heat stable,

therefore not being destroyed by heat processing; on the contrary, it rather increases its toxic effect, whereas there is no

known antidote for TTX to date . Despite its recognized poisonous, or sometimes lethal effects when ingested by

humans at high doses (lethal doses range from 1.5–2.0 mg TTX, equal to blood level 9 ng/mL), when administered at

much lower levels, TTX exhibits therapeutic properties, so far mainly targeted to treating cancer-related, neuropathic

and/or visceral pain .

TTX is a crystalline, weak basic, colorless substance with a molecular formula of C H O N  (Figure 1). At least 30

structural analogues have been described to date, with varying degrees of toxicity. Depending on the structure, these are

classified into three groups: hemilactal, lactone, and 4,9-anhydro types, altogether referred to as tetrodotoxins (TTXs).

TTXs are found in various, taxonomically diverse, groups of animals, dwelling in both terrestrial and aquatic (marine,

freshwater, and brackish) environments . TTX is believed to originate from bacteria belonging to the phylum

Proteobacteria, comprising Pseudomonas, Pseudoalteromonas, and Vibrio; however, several other bacterial phyla

(Actinobacteria, Bacterioides, Firmicutes, Proteobacteria) are occasionally reported as potential TTX sources . Such

TTX-producing bacteria (i.e.,

genera Vibrio, Pseudomonas, Aeromonas, Alteromonas, Nocardiopsis, Bacillus, Shewanella, Roseobacter) have been

found in the subcutaneous mucus, ovaries, and the gastrointestinal tract of several aquatic species , while

certain evidence exists the literature suggesting their association to specific dinoflagellate blooms, such as Alexandrium
tamarense or Prorocentrum cordatum .

Figure 1. Structure of tetrodotoxin.
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TTX has been responsible for numerous—occasionally fatal—human intoxication incidents and typically linked to

pufferfish consumption, especially in countries of the Far East (particularly Japan), where they constitute a delicacy known

as “fugu” . Until the beginning of the 21st century, TTX was commonly found in tropical waters and was not being

reported, or yet perceived as a potential hazard, in temperate areas, such as the Mediterranean Sea and Europe. Starting

from 2003, however, a known TTX-vector, the pufferfish species Lagocephalus sceleratus, has been increasingly recorded

in eastern Mediterranean coasts, owing to its invasion through the Suez Canal (the so-called Lessepsian migration). By

2007, the species had managed to establish its presence in these habitats, gradually expanding towards Israel, Lebanon,

Turkey, Cyprus, and Greece  and later in the rest of the Mediterranean (Italy, Croatia, Malta, Libya, Algeria,

and Tunisia), finally reaching Spain by mid-2014 .

Meanwhile, again, in 2007, the first human TTX-poisoning in Europe was also reported, attributed to the consumption of a

TTX contaminated gastropod, the trumpet shell Charonia lampas, initially originating from the south of Portugal, but

purchased in Malaga, Spain . Later, in 2015, evidence on the occurrence of TTXs in European bivalve mollusks

started to appear in the literature. So far, TTXs in shellfish have been reported in a number of European countries (UK,

Greece, Netherlands, Portugal, Spain, Italy, France), with this presence detected in samples dating as early as 2006 and

in a variety of species, including bivalve mollusks (mussels, oysters, venus clams) and gastropods (Gibbula
umbilicalis, Monodonta lineata, and C. lampas) , but no further human TTX-intoxications

were associated with these aquatic organisms. Similarly, there are reports on the presence of TTXs in several bivalve

mollusks species from other temperate areas of the world, including New Zealand, China and Japan , with

no relevant intoxications in humans. On the contrary, there are several reports of human poisoning in these “non-

traditional” areas related to ingestion of TTX-containing pufferfish, mostly L. sceleratus, specifically in Israel, Lebanon,

Palestine (Gaza strip), Turkey, Cyprus, and Greece, with at least three lethal cases in Turkey, and a suspected case of

TTX poisoning associated with octopus’ consumption in Malta . Expectably though, there is

potentially significant underreporting of intoxication cases, especially as regards documentation in scientific literature,

given that most incidents are generally only clinically diagnosed, without laboratory confirmation of TTX presence, while

they are commonly reported in the local daily press. Consequently, important information may also be missed due to

language barriers.

The observed increase of TTXs incidences, in terms of both presence in edible marine organisms and human poisoning

cases, in countries where they were previously uncommon, has raised concerns about their management from a

legislative point of view. So far, Japan remains the only country which has set an official regulatory limit for TTXs at 10

MU/g, equivalent to 2 mg TTX/kg pufferfish tissue . The European Union (EU), despite the aforementioned records,

has not yet established a maximum permitted level (MPL) for TTXs content in seafood, and this toxin group is not

regularly monitored. In fact, as regards TTXs, the current EU legislation only foresees that fishery products derived from

poisonous fish of the family Tetraodontidae must not be placed on the market, whereas similar regulatory requirements

exist in other non-EU Mediterranean countries, such as Turkey and Egypt . However, as an initial response to

the concerns raised by the presence of TTXs in bivalve mollusks and gastropods, the European Commission requested

the European Food Safety Authority (EFSA) Panel on “Contaminants in the Food Chain” to deliver a scientific opinion as

regards the “risks related to the presence of TTXs in marine bivalves and gastropods”. The opinion was issued in early

2017, proposing a provisional concentration below 44 μg TTX equivalents/kg shellfish meat, which was considered not to

result in adverse effects in humans . Nevertheless, the opinion recognized several shortcomings related to availability

of epidemiological data and of validated analysis methods, which highlighted the requirement for more solid evidence in

order to proceed towards adopting a legislative MPL in the future .

2. Treatment of TTX Intoxication in Human

The high fatality rates and lack of any specific antidote are persisting challenges for TTX intoxication cases. Taking

necessary precautions against poisoning is the only way to avoid the risks, potentially including death, associated with

TTX poisoning cases . In fact, the treatment of human TTX intoxication is largely symptomatic and involves supportive

care, including respiratory support measures, until TTX is excreted in the urine. It has been shown indeed that supportive

care, including emesis, gastric lavage and respiratory support, and fluid replacement, reduced deaths in TTX intoxication

cases .

Firstly, if spontaneous vomiting has not already occurred, the toxin should be expelled from the body by inducing vomiting

by emetic agents, such as apomorphine, to reduce exposure to unabsorbed TTX . Gastric decontamination should

ideally be done if the patient is brought to the hospital within 60 min after TTX poisoning. For this purpose, gastric lavage,

especially with sodium bicarbonate solution (2%), followed by activated charcoal, is recommended, since TTX is less

stable in an alkaline medium . In the early stages of TTX intoxication, activated charcoal can be administered orally to
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victims to prevent the gastric absorption of the toxin . Secondly, as the two main causes of death are respiratory arrest

and severe hypotension, respiration should be secured, and oxygenation should be provided. In cases of respiratory

distress or failure, oxygen and other respiratory support, including endotracheal intubation, are often required to maintain

cardiovascular function until the toxin is completely eliminated from the body . As such, in the Thailand TTX poisoning

outbreak, patients were treated with endotracheal intubation and mechanical ventilation. As a result, 239 (97.5%) of 245

patients recovered completely, 1 patient (0.4%) had brain damage, and 5 patients (2%) died due to the intoxication .

Similarly, in Israel, TTX intoxication cases recovered within 4 days by providing respiratory support during the poisoning

outbreak . Further treatment including fluid and electrolyte replacement could be used to reduce resulting fluid loss, to

induce urinary excretion of the toxin and to enhance cardiac output and systemic vascular resistance . In addition,

hemodialysis may be useful, especially in patients with renal disease or dysfunction. Considering the clinical signs of

various seafood poisonings, PSTs intoxication is the most difficult to distinguish from TTX poisoning . Detailed and

accurate information for the history of exposure is critical for differential diagnosis since the organisms harboring other

neurotoxins are usually different from TTX-containing species . A complete physical examination, including a

comprehensive neurological examination, electrophysiological studies, and analytical techniques could be useful in

making a differential diagnosis of TTX poisoning; routine laboratory tests are not helpful .

An experimental animal study showed that amphetamine, phenylephrine, and norepinephrine are the most effective

agents for the treatment of serious hypotension in TTX intoxication, possibly due to their direct or indirect adrenergic

effects . However, some investigators suggested the administration of dopamine as the first-line inotropic agent .

Some researchers have also proposed using atropine in patients with bradycardia, but its clinical effect is controversial 

. Atropine is not routinely required, as bradycardia is not a common serious problem in human TTX intoxication .

Moreover, certain drugs could be useful in relieving the various symptoms, including restoring motor activity associated

with TTX intoxication. Some researchers report that administration of the anticholinesterases, such as edrophonium and

neostigmine, enhance the recovery of motor power and markedly reduce paresthesia and numbness by increasing the

acetylcholine level at the neuromuscular junction . However, other investigators did not support these reports

 since TTX probably does not act on the motor end-plate until its concentration reaches a high level , indicating

that anticholinesterase drugs are not likely to be useful for the treatment of TTX intoxication . The efficacy of

neostigmine in 37 TTX intoxication cases has been reviewed by Liu et al., who concluded that the current literature was

insufficient to provide an evidence base for or against the use of neostigmine in patients with TTX-associated respiratory

failure .

Hemodialysis could be a potentially useful approach, especially in patients with renal disease or renal dysfunction.

However, there is very limited information in the literature regarding the effectiveness of dialysis in the treatment of human

TTX intoxications. It has been reported that hemodialysis applied 21 h after TTX exposure was effective in a uremic

patient with serious neurologic dysfunction . Recently, hemodialysis following TTX poisoning 12 h after exposure

was reviewed in two patients from Oman, who recovered, but the report did not provide enough evidence to support this

therapeutic approach in human TTX intoxication cases . In the same report, it was suggested that, to prove the

efficiency of hemodialysis, the toxin in the removal of ultrafiltrate could be determined. However, other investigators have

indicated that hemodialysis may not be an effective treatment since the toxin has low water solubility .

For a long time, several experimental studies have been carried out to find a specific antidote and to develop effective

treatments against human TTX intoxication. Antiserum and monoclonal antibodies against TTX have been developed and

tested successfully in experimental animals . Various monoclonal antibodies have been developed against TTX 

 and tetrodonic acid ; however, none of these were shown to be effective in vivo following TTX exposure. It has been

also reported that a polyclonal rabbit anti-TTX antibody was effective for protecting mice from lethal TTX exposure . In

another study, monoclonal antibodies protected the animals from TTX intoxication by neutralizing the toxin, resulting in

100% survival . Furthermore, Rivera et al. developed a specific monoclonal antibody against TTX and reported that this

antibody was effective for protecting mice from lethal TTX exposure . On the other hand, an effective TTX-specific

vaccine was developed, and it was demonstrated to successfully protect animals from haptenic TTX by enhancing

humoral immune response . Although these products have a therapeutic potential for the treatment of TTX

intoxication, further investigations are needed to provide enough evidence for their efficacy in real human cases.

3. Therapeutic Use of TTX in Medicine

Various marine natural compounds have the potential to be used as medicines in the treatment of various diseases,

further to their use as experimental tools or food supplements . In this context, potent marine toxins, such

as TTX, have received particular attention from researchers in the last three decades and gained importance as
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experimental tools because of their specific targets and mode of their pharmacological activity . Due to the particular

significance of pufferfish in Japanese culture, scientific research on the pharmacological and toxicological effects of

pufferfish or TTX have been carried out mostly by Japanese researchers for a long period of time.

Following the discovery of the TTX molecule’s ability to block Na  ion channels in nerve cells, scientific studies mostly

focused on the cellular and molecular mechanisms of TTX . As such, despite its potent neurotoxicity, TTX was

considered possible be used in medicine as an analgesic to treat various types of pain, due to its blocking of specific

Na  ion channels and paralyzing effect. TTX targets specific Na  ion channels and has been used mainly as a popular

chemical tool or a product in various scientific studies of neurophysiological and pharmacological processes mediated by

those ion channels . The limitations for its medical use are related to its toxic effects; nevertheless, its potent

pharmacological activity shown in several clinical trials and experimental animal models supports its rational use for

therapeutic purposes. Although there are many investigations on the medical use of TTX in the literature, most of these

studies focused on its analgesic and local anesthetic properties, due to its blocking of very specific Na  ion channels.

Therapeutic use of TTX is mainly based on blockade of very specific voltage-gated Na  ion channels with a high degree of

selectivity and, thus, suppresses action potentials in axons and reduces ectopic peripheral nerve activity . TTX displays

analgesic activity by inhibiting the initiation and conduction of action potentials and, consequently, blocking nerve

transmission in the peripheral nervous system . TTX was used as an analgesic agent for the treatment of neuropathic

and rheumatic pains in the early 20th century in Japan . TTX has also been used as an analgesic agent in terminal

cancer patients in China . Furthermore, in various studies, summarized in Table 1, researchers have conducted some

preclinical and clinical studies for the use of subtoxic doses of TTX as an effective analgesic agent in the treatment of

various intense pains, such as in severe cancer patients . In addition, Campos-Ríos et al.  recently

emphasized that TTX is a potential analgesic that can be used to treat visceral pain, especially painful gastrointestinal

conditions.

A Canadian pharmaceutical company (WEX Pharmaceuticals, Inc., Vancouver, Canada) has developed a pharmaceutical

form containing TTX for subcutaneous injection (Halneuron; Tectin; Tetrodin; Tocudin) as an analgesic in advanced cancer

patients to reduce the intense pain as an alternative to narcotics and opioid pain medication and the treatment of opiate

addiction. An earlier open-label, multi-center clinic trial indicated that two or three times daily TTX administration for 4

days caused a clinically significant reduction in pain intensity, and relief of pain persisted for up to two weeks in 17 out of

31 treatments in patients with severe cancer-related pain . In another multi-center clinic trial performed in Canada,

TTX was administered at a dose of 30 μg intramuscularly twice daily for 4 days to cancer patients . In this trial,

according to only pain score assessment, TTX did not provide clinically significant analgesia in a heavily pre-treated

cohort of cancer patients with moderate to severe pain. However, according to an analysis of secondary endpoints, and

an exploratory post hoc analysis, the authors suggested that TTX may potentially relieve moderate to severe pain in

cancer patients, and often for prolonged periods following treatment, with mild side effects. In a further clinic trial for

evaluation of long-term safety and efficacy properties of TTX, a sustained analgesic effect with usually acceptable toxicity

was observed in patients with cancer-related pain following subcutaneous administration of 30 μg TTX twice daily for 4

days . Similarly, later clinical trials also indicated that TTX may provide clinically meaningful analgesia with acceptable

side effects at the same dose and treatment course in cancer patients . Besides these, in vivo and in vitro

genotoxicity assays indicated that TTX did not have any genotoxic potential for patients , and this could be an

advantage for its use as an analgesic agent in medicine .

Table 1. Therapeutic use of TTX in clinical treatments.
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Study
Direction

Number of
Participants Study Design Dose and Exposure Outcome and Results Reference

Cancer
related pain

24 An open-label,
multi-dose study

TTX 15 to 90 μg daily,
administered

intramuscularly in
divided doses, over

four days

TTX was overall safe. It
effectively relieved severe,

treatment-resistant cancer pain
in the majority of patients and

often for prolonged periods after
treatment

77

A randomized,
double blind,

parallel design
multi-center study

TTX (30 μg, bid) was
administered

subcutaneously for 4
days

This study suggested TTX may
potentially relieve moderate to

severe, treatment-resistant
cancer pain in a large proportion

of patients, and often for
prolonged periods following

treatment, but further study is
warranted using a composite

primary endpoint

41

A multi-center
open-label

longitudinal and
efficacy trial

TTX (30 μg) was
administered

subcutaneously twice
daily for 4 days

Long-term treatment with TTX is
associated with acceptable
toxicity and, in a substantial

minority of patients, resulted in a
sustained analgesic effect

149

A multi-center,
randomized,
double-blind,

placebo-
controlled,

parallel-design
trial

TTX (30 μg) was
administered

subcutaneously twice
daily for four

consecutive days

TTX may provide clinically
meaningful analgesia for patients
who have persistent moderate to
severe cancer pain despite best

analgesic care

125

A randomized,
double blind,

placebo
controlled,

parallel dose
comparison study

TTX (7.5, 15, and 30
μg/kg BID and 30 μg/kg

QD) administered as
subcutaneous

injections for 4 days

This study suggests
the TTX 30 µg b.i.d. regimen is
well tolerated with promising

early efficacy data

Heroin
dependence

45
Double blind,

placebo-
controlled

TTX (5 µg or 10 µg)
administered

intramuscularly

Low-dose TTX is acutely
effective in reducing cue-induced
increases in heroin craving and

associated anxiety

216

A multi-center,
randomized,
double-blind,

placebo-
controlled

TTX (5 µg or 10 µg)
administered

intramuscularly

TTX significantly
reduced withdrawal symptoms

by day 3 compared with placebo,
and there was no significant
difference in the incidence of

adverse
events in study groups

Moreover, the potential effects of TTX against drug addiction behaviors have been investigated in human patients.

Intramuscular administration of low dose TTX (5 µg or 10 µg) was found to be effective in reducing cue-induced increases

in heroin craving and associated anxiety with no sign of systemic side effects . In addition, a significant reduction of

heroin withdrawal symptoms by TTX has been shown in patients with a diagnosis of heroin dependence at dosages of 5

and 10 μg three times a day . In addition, it has been indicated that the intramuscular pre-treatment of TTX

substantially prevented morphine withdrawal symptoms in mice and rats without any systemic adverse effects .

Although its mechanism of action has not yet been fully elucidated, it was suggested that TTX may be an alternative drug

in the treatment of opiate addiction .

The potential analgesic effects of TTX have been investigated in various experimental studies at subtoxic doses in rodent

models, summarized in Table 2. Nieto et al.  reported that the subcutaneous injection of low doses TTX (1, 3, or 6

µg/kg) could be useful to prevent and treat paclitaxel-induced neuropathic pain in mice. Besides, the analgesic effects of

subcutaneous TTX injection have been indicated by the formalin test and the partial ligation of the sciatic nerve (Seltzer’s

model) in rats without causing any adverse effects . Kayser et al.  reported that subcutaneous injection of TTX

(0.3, 1, 3, or 6 μg/kg,) into the back displayed antihyperalgesic effects and decreased pain-related behaviors in rats with

injured sciatic nerve through mechanisms that involve complex interactions with endogenous opioid system. In addition, it

was shown that local injection of TTX (0.03–1 μg) into the gastrocnemius muscle provided effective analgesia in rats with

persistent muscle pain produced by carrageenan injection . Gonzalez-Cano et al.  concluded that subcutaneous
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administration of TTX decreased pain-related behaviors and reversed the mechanical hyperalgesia in the colon and

peritoneum induced by capsaicin and cyclophosphamide injections in viscera-specific mouse models, respectively.

Furthermore, TTX decreased thermal hyperalgesia and mechanical allodynia using a full-thickness thermal injury model in

rats following subcutaneous administration at a dose of 8 μg/kg . These animal studies demonstrated that subtoxic

doses of TTX could be used as an analgesic drug in neuropathic and inflammatory pain with lower adverse effects. STX

displays a similar mode of action and analgesic properties to TTX and induces anesthesia or prolongs the anesthetic

effect of local anesthetics in combination treatments . However, its systemic toxicity limits its clinical use as a

therapeutic agent. To prevent its toxicity for the treatment of joint pain and intractable localized pain, the preparation of

STX by means of microencapsulation in liposomes has been proposed . It has been indicated that this liposomal

formulation produced a prolonged nerve blockade in a neuropathic pain model in rats without any toxicity . Moreover,

other studies showed that an N-1 hydroxylated STX analogue, neoSTX, displayed efficacy for both acute and chronic pain

treatment in rats  and in patients with somatic  and visceral pain  without any adverse effects.

Table 2. Summary of the experimental animal studies on analgesic effects of TTX.

Experimental
animals Model-Technique Dose and

Exposure Outcome and Results Reference

Wistar rats
Swiss and

Webster mice

The formalin test and to partial
ligation of the sciatic nerve

(Seltzer’s model)

TTX (0.3, 1, 3, or 6
μg/kg) administered
subcutaneously 30

min before the
formalin test

TTX decreased pain behavior in
the formalin test at the highest
dose and in the writhing test at
3 and 6 mg/kg. It also reduced

mechanical allodynia and
thermal hyperalgesia with an
ED  of 1.08 and 0.62 mg/kg
without any adverse effects,

respectively

CD-1 mice Neuropathic pain induced by
paclitaxel

TTX (1, 3, or 6 µg/kg)
administered

subcutaneously

Low doses of TTX can be useful
to prevent and treat paclitaxel-
induced neuropathic pain, and
that TTX-sensitive subtypes of
sodium channels play a role in

the pathogenesis of
chemotherapy-induced

neuropathic pain

Male Sprague–
Dawley rats

Chronic unilateral constriction
injury to either the sciatic nerve

or the infraorbital nerve

TTX (0.3, 1, 3, or 6
μg/kg) administered
subcutaneously into

the back

TTX alleviates pain-related
behaviors in sciatic nerve-

lesioned rats through
mechanisms that involve
complex interactions with

endogenous opioid systems

Male Sprague-
Dawley rats

Full thickness thermal injury
(FTTI) model

TTX (8 μg/kg)
administered

subcutaneously

TTX reduced thermal
hyperalgesia

and mechanical allodynia

Adult male
Sprague–

Dawley rats

Carrageenan
(k-carrageenan, 1% in NaCl 0.9%)
was injected into the belly of the

gastrocnemius muscle,

Local injection of TTX
(0.03–1 μg) into the

gastrocnemius
muscle

TTX displays
important analgesic effects on

rat models of persistent muscle
pain, without interfering with the
nociceptor function to signal for

further potentially harmful
stimuli

Adult wild-type
Nav1.7

knockout (KO-
Nav1.7) mice

Viscero-specific mouse models
of chemical stimulation of the

colon (intracolonic instillation of
capsaicin and mustard oil) and

intraperitoneal
cyclophosphamide-induced

cystitis

TTX (3 and 6 μg/kg)
administered

subcutaneously

This study suggests that
blockade of

TTX-sensitive sodium channels,
but not Na 1.7 subtype alone,
by systemic administration of

TTX might be a potential
therapeutic strategy for the
treatment of visceral pain

Intensive research has been carried out for many years to develop a local anesthetic or a local anesthetic-sustained

release system that can provide long-lasting peripheral nerve blockade with minimal systemic or local toxicity. Various

scientific studies have indicated that TTX, a specific Na  ion channel blocker, produces a potent and long-lasting local

anesthesia and causes minimal local and systemic adverse effects at safe doses (Table 3). Topical injections of TTX with

epinephrine generated an effective and prolonged local anesthesia of the sciatic nerve in rats and provided reversible

blocks that lasted over 13 h at a dose of 11.5 µM . TTX injected with either bupivacaine or epinephrine, resulted in
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prolonged nerve blockade, with less toxicity compared to bupivacaine administration alone . Besides, co-

encapsulation of TTX (75 mg, 0.05%, w/w) in controlled release devices containing dexamethasone and bupivacaine

generated effective and long-lasting topical nerve blocks in rats . Similarly, polymer TTX conjugates (1.0–80.0 µg)

produced a range of prolonged local anesthesia of nerve block in rats, from several hours to 3 days and causes minimal

local and systemic toxic effects . TTX has some advantages, such as not having direct side effects, such as

myocardial depression and poorly crossing the blood brain-barrier, compared to conventional local anesthetic agents .

The effect of TTX on topical ocular anesthesia has been also investigated experimentally in animal models (Table 3).

These studies indicated that TTX applied topically in the eye provided an effective and prolonged topical anesthesia for

pain control in surgery procedures in rabbits . Besides, Green et al.  showed that topical corneal application of

TTX (1 mM, 10 μL) in 0.9% saline significantly alleviated photophobia in rats with corneal injury. They suggested that TTX

could be used as an effective therapeutic option to reduce the symptoms of photophobia that occurs after ocular surgery

and other clinical diseases. It has also been demonstrated that TTX was effective in mitigating ischemic damages caused

by occlusion of hippocampus vessels  and those caused by exposure to veratridine in neurons of the cerebrum and

hippocampus  in rats. In addition, previous experimental studies (Table 3) in rats showed that focal injection of TTX

was effective in reducing damage at the injury site and attenuated neurological deficits and tissue loss following spinal

cord injury . Moreover, the inhibition of amyloid beta (A4) precursor protein (APP) by TTX (1 μM) has been

demonstrated by a western blot technique in rat hippocampal slices to investigate neuronal activity for regulation

processing in the mammalian brain . Furthermore, an in vitro study indicated that stimulus train-evoked seizures were

blocked after local injection of 50 μM TTX in rat hippocampal slices . TTX blocked the electrographic seizures when

applied in the perfusion medium with lower concentrations of (5, 10, or 20 nM). TTX was also found effective to prevent

post-traumatic epileptogenesis . Evoked epileptiform field potentials were observed in the injured cortex, and thin

sheets of Elvax polymer containing TTX implanted over lesions were effective in decreasing evoked epileptiform

potentials. Furthermore, Kitamura et al.  showed that TTX decreased the expression of activity-dependent three genes

that are likely to be key factors in the regulation of synaptic plasticity in cerebral cortical cells from E18 rat embryos.

The antitumor effect of TTX has been investigated in experimental animals with tumor and in the in vitro studies with

cancer cell lines summarized in Table 3 and Table 4, respectively. It has been reported that TTX obtained from the skin of

the masked pufferfish (Arothron diadematus) was applied to mice with Ehrlich Ascite Carcinoma, resulting in an increase

in survival and a decrease in the number of tumor cells . Besides, the inhibitory effect of TTX has been shown on

prostate cancer using in vitro cell culture model with human glioma cell lines ((HTB-138) or MAT-LyLu and the AT-2 cell

lines . The extracts of three strains of TTX-producing bacteria (Bacillus sp., Kytococcus sedentarius,

and Cellulomonas fimi) isolated from Arothron hispidus type pufferfish caught from the southeast coast of India were

intraperitoneally injected into mice with leukemia, and growth inhibitory effects were observed on the muscle and leukemia

cell lines . Similarly, the anticancer activities of TTX, obtained from 3 three species of TTX-producing bacteria (Vibrio
alginolyticus, Microbacterium arabinogalactanolyticum, and Serratia marcescens) were investigated in vitro using SW480

and SW620 colorectal carcinoma cell lines. The results of the study indicated that TTX has a substantial inhibitory effect

on both cell lines . The researchers suggested that TTX-producing bacteria isolated from pufferfish can be used to

develop potential anti-tumor compounds.

Table 3. Summary of the experimental animal studies on other therapeutic effects of TTX other than its analgesic effect.
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Experimental
Animals

Pharmacological
Activity

Model-
Technique

Dose and
Exposure Outcome and Results Reference

Adult male
Sprague-

Dawley rats
Local anesthesia

Sciatic Blockade
Technique

Co-administration of
capsaicin and TTX-
loaded liposomes

The combined delivery of
capsaicin and TTX using

a sustained-release
system can achieve

prolonged duration local
anesthesia without
detectable toxicity

Sciatic Blockade
Technique

TTX (15.95 mg/L) and
bupivacaine (4442

mg/L) or epinephrine
(10.08 mg/L)

TTX injected with either
bupivacaine or

epinephrine, results in
prolonged nerve
blockade, with

myotoxicity that is no
worse and perhaps less

than that from
bupivacaine

Sciatic Blockade
Technique

Modified hotplate
test

Weight-bearing test

Polymer-TTX
conjugates (1–80 μg)

1.0–80.0 µg of TTX
released from these

polymers produced a
range of durations of

nerve block, from several
h to 3 days, with minimal
systemic or local toxicity

Sciatic Blockade
Technique

Rats received sciatic
nerve blocks with 75
mg of microspheres

containing 0.05%
TTX, 50%

bupivacaine and/or
0.05%

dexamethasone

Co-encapsulation of TTX
in controlled release
devices containing

bupivacaine and
dexamethasone resulted
in very prolonged nerve

blocks

Sciatic Blockade
Technique

TTX [0.3 mL, 10 μM-
20 μM (3.19 6.38
mg/L)] with and

without epinephrine
(10.08 mg/L) or

bupivacaine (4442
mg/L)

Bupivacaine increased
the local anesthetic

potency of tetrodotoxin,
reduced its systemic

toxicity, and, when co-
injected subcutaneously,

increased the median
lethal dose from 13.95 to

15.23 μg/kg

Sciatic Blockade
Technique and

Neurobehavioral
Assessment of
Nerve Blockade

TTX [0.3 mL of 3.19
mg/L (0.96 μg dose)]

with bupivacaine
0.25% (2.5 mg/mL)

with or without
epinephrine 5 µg/mL

Blocks containing
bupivacaine 0.25% with

TTX 3.19 mg/L and
epinephrine

5 µg/mL were prolonged
by roughly 3-fold

compared to blocks with
bupivacaine 0.25% plain

(P < 0.001) or bupivacaine
0.25% with epinephrine 5

µg/mL (P < 0.001)

New Zealand
White rabbit

Ocular local
anesthesia

TTX was applied
into the inferior

conjunctival cul-
de-sac of the right

eye

A 40
TTX (32, 319 or 3190

mg/L) or
proparacaine 0.5%

TTX is a long-acting
topical anesthetic in the
rabbit cornea (At a dose

of 3190 mg/L, TTX
produced an anesthesia

up to 8 h)

Adult male
Sprague

Dawley rats

Attenuation of
photophobia

Photophobia by
corneal de-

epithelialization
injury

Topical corneal
application of TTX

(319 mg/L, 10 μL) in
0.9% saline

TTX markedly attenuated
photophobia in rats with
corneal injury TTX may

be an effective
therapeutic option to

reduce the symptoms of
photophobia that occurs

after photorefractive
keratectomy and other

clinical diseases
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Experimental
Animals

Pharmacological
Activity

Model-
Technique

Dose and
Exposure Outcome and Results Reference

Female
Sprague-

Dawley rats

Ameliorate effect
by local blockade

on spinal cord
injury

A laminectomy was
performed

Microinjection of TTX
(0.5 μL of 95.7 mg/L–

47.8 ng dose)

The results demonstrate
that TTX preserves axons

from loss after spinal
cord injury

A laminectomy at
the T8 level

exposed a 2.8-mm-
diameter circle of

dura

TTX (47.85-319 ng/L)
0.5 to 2 μL

microinjected into
the injury site

The TTX group exhibited
a significantly enhanced
recovery of coordinated
hindlimb functions, more
normal hindlimb reflexes,
and earlier establishment

of a reflex bladder

Male Sprague–
Dawley rats Anticonvulsant

Cortical injury in a
model of chronic
epileptogenesis

TTX-impregnated
Elvax Neocortical
slices Behavioral

observations

TTX/Elvax 20 mg/g.
The slices incubated
with 1.6–15.96 µg and

319 µg/L TTX

The findings indicated
that TTX prevents

posttraumatic
epileptogenesis in rats in

a model of chronic
epileptogenesis

Adult female
Swiss albino
mice injected
tumor cell line

Anticancer

Ehrlich ascites
carcinoma-EAC)

TTX (1/20 of the LD )
administrated

intraperitoneally after
10 days into EAC

mice

Treatment with TTX
caused a significant

decrease in the mean
tumor weight and an

increase in the
cumulative mean survival
time when compared with

EAC group

Adult Swiss
female albino

mice

Ehrlich Ascite
Carcinoma (EAC)

TTX extracted from
the fish skin and

applied as a dose of
1/10 and the 1/20 of

the LD

Exposure to TTX caused
the rate of cell division to

be reduced greatly,
especially in the first 6

days post-treatment. The
authors suggested that

the reduction in cell
number is probably due
to increased apoptosis

Male albino
mice

Mouse muscle cell
line (L929) and

leukemia cell line

TTX intraperitoneally
administered with

0.25, 0.50, 0.75, and
1.0 mL and dissolved

at 5 mg/ml

TTX inhibited the growing
of the muscle and

leukemia cell lines. It was
suggested that TTX can
be used to develop anti-

tumor compounds

Recently, Law et al.  showed that TTX is a potent active compound against SARS-CoV-2 according to a ligad-based

approach using a Ligand Scout 4.3 software and ligand-based pharmacophore model generator. However, further in vivo

and in vitro studies would be needed to confirm this possible antiviral activity.

Table 4. Summary of the in vitro studies on the therapeutic effects of TTX.
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Study
Technique

Pharmacological
Activity Model-Technique Dose and Exposure Outcome and Results Reference

Cell culture Anticancer

Human glioma
cell lines (HTB-

138)

Cell cultures
exposed with TTX
concentrations of
3.19 and 6.38 mg/L
for a period of 24

and 48 h

TTX exert the inhibitory
effect on the invasion of

metastatic prostate
cancer

Metastatic MAT-
LyLu Cell Line of

Rat Prostate
Cancer

TTX at different
concentration

between 0.32 µg and
319 µg/L

TTX inhibits (IC : 5.75
μg/L) invasiveness of
metastatic prostate

cancer

MAT-LyLu and AT-
2 prostatic

carcinoma cell
lines

TTX at 319 μg/L

Migration of the MAT-
LyLu cell line was

reduced significantly by
TTX (at 319 μg/L); in

contrast, there was no
effect on AT-2 cell

motility

MAT-LyLu and AT-
2 prostatic

carcinoma cell
lines

Incubation of TTX at
1.91 mg/L for 24 h

TTX produced
significant changed the

morphology of MAT-
LyLu cancer cell

Cell culture Neuroprotective
effect

Rat cerebellar
neurons TTX 1.6–31.9 µg/L

TTX protected cultured
neurons from

veratridine-induced
toxicity and could be use
in treatment of ischemic

neuronal injury by
preventing excessive

neuronal
depolarizations.

Male Sprague-
Dawley rat

hippocampal
slices

Anticonvulsant
effect

Hippocampal
slices blocked
stimulus train-

evoked
electrographic

seizures (EGSs)

Localized injection
of TTX

Stimulus train-evoked
seizures were blocked
after localized injection
of 15.95 mg/L TTX in rat

hippocampal slices.
Low concentrations of
TTX (1.6, 3.19, or 6.38
µg/L) in the perfusion

medium blocked EGSs
without decreasing the

amplitude of
extracellular responses

to single stimuli

Ligand-based
pharmacophore
modeling and

Ligand Scout 4.3
software.

Antiviral activity
against SARS-

CoV-2.
Modeling

Structure-based
pharmacophore

modeling

TTX is a potent active
compound against

SARS-CoV-2 according
to ligand-based

approach
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