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Abstract: Voltage-gated sodium channels (VGSCs) play a central role in the generation 

and propagation of action potentials in excitable neurons and other cells and are targeted by 

commonly used local anesthetics, antiarrhythmics, and anticonvulsants. They are also 

common targets of neurotoxins including shellfish toxins. Shellfish toxins are a variety of 

toxic secondary metabolites produced by prokaryotic cyanobacteria and eukaryotic 

dinoflagellates in both marine and fresh water systems, which can accumulate in marine 

animals via the food chain. Consumption of shellfish toxin-contaminated seafood may 

result in potentially fatal human shellfish poisoning. This article provides an overview of 

the structure, bioactivity, and pharmacology of shellfish toxins that act on VGSCs, along 

with a brief discussion on their pharmaceutical potential for pain management. 
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1. Overview of Voltage-Gated Sodium Channels 

Voltage-gated sodium channels (VGSCs) are transmembrane proteins that form ion channels, 

conducting sodium ion (Na
+
) through the cell plasma membrane upon activation. VGSCs are 

responsible for the rising phase of action potentials in neurons, myocytes, and other excitable cells and 

play a key role in many electrophysiological processes [1,2]. VGSCs consist of an α-subunit  

(220–260 kDa) that forms the ion conduction core and one or more auxiliary β-subunits  

(30–40 kDa) [1,3–7]. The α-subunit consists of four homologous but non-identical transmembrane 
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domains (I to IV), each of which contains six transmembrane segments (S1–S6) and a short 

membrane-penetrating segment (SS1 and SS2) between segments S5 and S6 (Figure 1) [1,8–11]. The  

α-subunit contains functional structures of the central pore (S5 and S6), ion selectivity filter (SS1 and 

SS2), and voltage sensors (S1 to S4) [8]. The S4 segment contains analogous and repeated motifs in 

which a lysine or arginine residue is followed by two hydrophobic amino acids [8,12]. Positive charges 

on the lysine or arginine residues, which are called gating charges, move across the electric field when 

membrane potential changes, resulting in conformational changes and opening of the central pore. The 

inactivation gate contains three hydrophobic amino acid residues Ile-Phe-Met (IFM) and is formed by 

an intracellular linker between transmembrane domains III and IV. Following movement of the voltage 

sensors, the inactivation gate plugs the pore and prevents further Na
+
 flow through the channel [13,14]. 

Figure 1. Schematic diagram of molecular structure and pharmacology of VGSCs. VGSCs 

comprise a core protein α-subunit and one or more auxiliary β-subunits. The α-subunit 

consists of four homologous domains designated I–IV. Each domain is comprised of six 

transmembrane helical segments (S1–S6), which are represented by cylinders. The central 

pore is formed by the transmembrane segments S5 and S6, ion selectivity filter is formed 

by the segments SS1 and SS2 (re-entrant loops, the light green box), and the voltage-sensor 

is formed by the transmembrane segments S1 to S4. The positively charged S4 segment is 

principally responsible for sensing changes in membrane potential, modulating channels to 

open or close. The fast inactivation gate is formed by intracellular linker between 

transmembrane domains III and IV and contains an IFM (orange balls), which plugs the 

pore and prevents Na
+
 internal flow. Auxiliary β-subunits of VGSCs are illustrated in red 

cylinders. N-linked carbohydrate chains are presented by ψ. Different colored regions 

represent seven neurotoxin receptor sites. Figure adapted from King et al. (2008, 2012) and 

Catterall et al. (2007) [9–11]. 
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In mammalian cells, four auxiliary β-subunits (β1–β4; genes, SCN1B–SCN4B) have been identified 

up to now. The β-subunit consists of four domains including an extracellular N-terminal signal peptide, 

an immunoglobulin domain, a transmembrane domain, and an intracellular C-terminal domain [7]. 

Studies conducted on co-expression of α- and β-subunits have demonstrated that β-subunits modulate 

the kinetics and voltage-dependence of the opening and closing (gating) of the channel. More recently, 

β-subunits have also been reported to modulate cell adhesion and migration [7,15]. 

In mammalian cells, nine isoforms of VGSCs (Nav1.1–Nav1.9) have been identified and 

functionally expressed (Table 1) [2,16,17]. The nine isoforms are more than 50% identical in amino 

acid sequence in transmembrane and extracellular domains. Among the nine isoforms, Nav1.1–1.4, 

Nav1.6, and Nav1.7 are blocked by nanomolar concentrations of tetrodotoxin (TTX), a guanidinium 

toxin selectively targeting on VGSCs and generally being used as the agent to classify VGSCs, and, 

hence, categorized as TTX-sensitive (TTX-S) [18,19], while Nav1.5, Nav1.8, and Nav1.9 are resistant 

to micromolar or higher concentrations of TTX and are generally categorized as TTX-resistant  

(TTX-R). The nine VGSC isoforms have different tissue distributions [20]. Nav1.1–1.3 and Nav1.6 are 

mainly distributed in central nervous system (CNS), Nav1.7, Nav1.8, and Nav1.9 are highly expressed 

in peripheral nervous system (PNS), and Nav1.4 and 1.5 are selectively expressed in adult skeletal and 

heart muscles, respectively. Five isoforms of VGSCs, Nav1.1 and Nav1.6–1.9 are found to be 

expressed in dorsal root ganglion neurones. In addition to the nine isoforms, a potential tenth isoform 

(Nax) has been identified. It shows approximately 50% identity to the Nav1 subfamily of VGSCs. 

However, Nax exhibits key structural differences in functionally important regions of the voltage 

sensor and the inactivation gate. In addition, Nax expressed in heterologous cells is not functionally 

active, suggesting that Nax may not function as a VGSC. 

A variety of toxins and drugs have been found to act on VGSCs. These compounds provide 

invaluable pharmacological tools for the investigation of VGSCs. The mechanisms of action of these 

agents have been studied by site-directed mutagenesis, binding studies and electrophysiological 

methods [1,9]. Based on their functional effects and receptor binding sites, neurotoxins targeting 

VGSCs are generally classified into three groups: (1) Pore-blocking toxins such as TTX, saxitoxin 

(STX), and μ-conotoxins, which block Na
+
 conductance via binding to the outer mouth of the pore 

(site 1); (2) toxins which bind to intramembrane receptor site 2 (e.g., veratridine, batrachotoxin, and 

grayanotoxin), or 5 (e.g., brevetoxin and ciguatoxin) in the activated state of channels, or site 7  

(e.g., pyrethrins), resulting in persistent activation and negative shift in voltage-dependency of 

activation; (3) toxins which bind to extracellular receptor site 3 (e.g., α-scorpion toxins, sea-anemone 

toxins, and spider toxins) or 4 (e.g., β-scorpion toxins and spider toxins), resulting in delayed 

inactivation and shift in voltage-dependency of activation, respectively. Conotoxin-TxVIA binding to 

receptor site 6 produces the same physiological effects on Na
+ 

currents as toxins binding to receptor 

site 3, though the binding of conotoxin-TxVIA is voltage-independent. Both, sites 6 and 3 are 

allosteric binding sites [1,21]. 
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Table 1. Properties of the α-subunit of voltage-gated sodium channels (VGSCs) [2,16,17]. 

α-Subunits 
Gene 

Symbol 

Chromosomal  

Location1 
♦
 

TTX-

S/R 
♦♦

 

Predominant  

Location  

Expression in 

DRG 
♦♦♦

 
Effect of Mutation 

Nav1.1 SCN1A 
M:2 

H:2q24 
S CNS, PNS +++ Epilepsy 

Nav1.2 SCN2A 
M:2 

H:2q23-24 
S CNS + Epilepsy 

Nav1.3 SCN3A 
M:2 

H:2q24 
S CNS (embryonic) 

upregulated 

after axotomy 
None reported 

Nav1.4 SCN4A 
M:11 

H:17q23-25 
S skeletal muscle − 

Myotonia, periodic 

paralysis 

Nav1.5 SCN5A 
M:9 

H:3p21 
R heart muscle − 

Long-QT, Brugada 

syndrome, Progressive 

familial heart block 

Nav1.6 SCN8A 
M:15 

H:12q13 
S 

CNS, PNS, glia 

nodes of Ranvier 
+++ Cerebellar atrophy 

Nav1.7 SCN9A 
M:2 

H:2q24 
S PNS Schwann cell +++ 

Increased and decreased 

pain sensitivity 

Nav1.8 SCN10A 
M:9 

H:3p22-24 
R 

PNS (sensory 

neurons) 
+++ None reported 

Nav1.9 SCN11A 
M:9 

H:3p21-24 
R PNS +++ None reported 

Nax 
SCN6A  

(SCN7A) 

M:2 

H:2q21-23 
R 

heart, uterus, glia, 

PNS smooth muscle 
+ − 

♦ M: mouse, H: human. ♦♦ S: sensitive, R: resistant. ♦♦♦ +++: rich, +: present, −: absent. TTX: tetrodotoxin, DRG: dorsal 

root ganglion. 

2. Shellfish Toxins 

Shellfish toxins are a variety of potent toxic secondary metabolites primarily produced by 

prokaryotic cyanobacteria in both marine and fresh water ecosystems and eukaryotic dinoflagellates in 

marine water [22–26]. Many novel shellfish toxins have been reported in the last two decades [27–29]. 

In recent decades, dinoflagellates, cyanobacteria, and other algae have been causing harmful algal 

blooms (HABs) in many regions of the world with increasing frequency and global distribution owing 

to human activities and water eutrophication [30–32]. Some HAB species produce potent toxins, which 

are bioaccumulated in shellfish such as clams, oysters, whelks, mussels, conch, coquinas, and other 

filter-feeding molluscs via the food web [29]. Low concentrations of shellfish toxins usually produce 

no significantly adverse effects on shellfish, marine ecosystem, or humans. However, blooms of HAB 

species may result in accumulation of high concentrations of shellfish toxins in seafood, which could 

be fatally harmful to humans and cause a sharp downturn in seafood trade [29–32]. 

Shellfish toxins show diversity in structures and biological activities. Most shellfish toxins are 

neurotoxins which block nerve impulses via targeting specific receptors including voltage-gated Na
+ 

, 

K
+
, and Ca

2+
 channels, specific nicotinic acetylcholine receptor (nAChR) subtypes, and Na

+
-K

+
 

ATPase [33–37]. Consumption of shellfish toxin-contaminated seafood causes four major  

seafood-poisoning syndromes: paralytic shellfish poisoning, neurotoxic shellfish poisoning, amnesic 
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shellfish poisoning, and diarrheic shellfish poisoning [27]. Since STX, the first and best-known 

member of paralytic shellfish toxins (PSTs), was discovered in 1957, 57 STX analogs have been 

reported to date [38,39]. STX, and analogs, selectively targeting VGSCs are valuable tool compounds 

for structure and function investigation of VGSCs [40,41]. More importantly, STX as a VGSC blocker 

prolongs the duration of anesthesia when combined with other local anesthetics [42]. Its analog 

gonyautoxin displays therapeutic potential in treatment of chronic anal fissure and chronic tension-type 

headache [43,44]. This review article provides an overview of chemistry, structure and bioactivity of 

shellfish toxins acting on VGSCs. Both widely known toxins (e.g., saxitoxins, gonyuantoxins, and 

brevetoxins) and recently discovered toxins (e.g., crossbyanols, hoiamide A and B, and  

Palmyramide A) are reviewed. We also provide a brief discussion on the pharmaceutical potential of 

shellfish toxins. 

2.1. STX 

STX and its analogs are highly potent neurotoxins known as PSTs. PSTs are produced by marine 

dinoflagellates and several fresh water species of cyanobacteria [22–24,27]. In the marine ecology, 

three species of dinoflagellate produce STXs, belonging to the genera Alexandrium, Pyrodinium and 

Gymnodinium, while five filamentous species of cyanobacteria in freshwater environment, including 

Anabaena circinalis, Aphanizomenon sp., Aphanizomenon gracile, Cylindrospermopsis raciborskii, 

and Lyngbya wollei, have been reported to produce STXs. Blooms of these toxic species have 

generated lethal impact on marine and freshwater ecosystems and humans, causing paralytic shellfish 

poisoning in humans, mass deaths of fish, birds, and other native animals and livestock, and 

contamination of freshwater resources [45–49]. 

Among marine neurotoxins, STX is one of the most toxic and the most harmful to humans, which 

usually causes paralytic shellfish poisoning (PSP). Inadvertent ingestion of STX or its analogs quickly 

causes symptoms of poisoning within 30 min, including a tingling or burning sensation in the lips, 

tongue, and throat, and facial numbness. Additional symptoms may include perspiration, diarrhea, and 

vomiting [50–52]. In cases of acute and severe poisoning, numbness may quickly spread to the neck 

and extremities, and symptoms may further develop to muscular weakness, loss of motor coordination, 

and, eventually, paralysis. Serious neurological symptoms may culminate in respiratory arrest, 

cardiovascular shock, and death [53]. The lethal oral dosage in human is 1–4 mg/person, depending on 

the physiological condition and gender of the victim [27,51]. There are currently no clinically 

approved antidotes to STX poisoning. Common treatments during early stages of PSP include removal 

of unabsorbed toxins with activated charcoal and artificial respiration. The half-life of STX in human 

is approximately 90 min. Survival opportunity significantly increases after 12 h from initial  

exposure [52,54]. STX and its analogs differ significantly in toxicity, with N-sulfo-carbamoyl 

derivatives being 10- to 100-fold less potent than the carbamate analogs [51,55]. STX and its analogs 

may potentially be used as biochemical weapons and have been listed as Schedule 1 chemical 

intoxicants by the Organization for the Prohibition of Chemical Weapons (OPCW). Their manufacture, 

use, transfers, and reuses are hence strictly regulated by OPCW [27]. 

STX was first isolated in pure form from Alaskan butter clam, Saxidomus gigangteus in 1957 [39]. 

However, its crystal structure was not determined until 1975 due to the difficulty in finding the 
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appropriate crystallization condition [56,57]. STX (C10H17N7O4, MW: 299 Da) is a heat-stable and 

water-soluble neurotoxic alkaloid. The core structure of STX and its analogs is a trialkyl 

tetrahydropurine, with the NH2 groups at positions 2 and 8 forming the two permanent guanidinium 

moieties [57–60]. STX has two pKa values, 8.22 and 11.28, for the 1, 2, 3 and 7, 8, 9 guanidinium 

groups, respectively [58,61]. STX and its analogs can be divided into four structural categories based 

on variations in functional groups at four defined positions (Figure 2): (1) Carbamate toxins containing 

a carbamoyl group at the R1 position, such as STX, neo-saxitoxin, and gonyautoxins 1–6;  

(2) N-sulfocarbamoyl toxins, such as C1–C4; (3) decarbamoyl toxins; and (4) deoxydecarbamoyl  

toxins [27,62]. 

Figure 2. Structures and species of STX, and its analogs, produced by marine 

dinoflagellates. Figure adapted from Wang (2008) [27,62]. 
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STX was the first discovered and the most well known potent neurotoxin that selectively targets 

VGSCs besides TTX. STX binds to VGSCs with high affinity (Kd ~2 nM), resulting in blockade of 

muscle action potential and respiratory paralysis [27]. Three models have been proposed for the 

mechanisms of VGSC blockage by STX [27]. Hille et al. postulated a plugging model in 1975, in 

which STX penetrates the VGSC protein and binds at the bottom of the channel, forming an ion pair 

with an anionic site rather than deeply plugging the channel. Nonetheless, the plugging model is 

unsuitable for unfolded gonyautoxins owing to the lack of anticipated steric interactions [63]. 

Subsequently, Kao and Walker proposed another model in which the toxin molecule binds at the 

outside edge of the channel with the guanidinium group on top of the channel entrance [64]. 

Meanwhile, Shimizu proposed a third model called three-point binding model, in which two hydrogen 

bonds with the ketal OHs and ion pairing of the guanidinium group with an anionic site on the outside 

surface of the membrane are speculated [65]. However, all the three models did not explain the precise 

action mechanism of the blockage of VGSCs by STX on molecular level until the successful cloning 

of VGSCs and the subsequent identification of the binding site of STX in the channel. 

In 1986, Numa and Noda reported the first successful cloning of VGSCs [66]. Later, Numa and 

coworkers pioneered using site-directed mutagenesis to investigate the binding site of STX in Nav1.2. 

Their results demonstrated that changing glutamic acid residue 387 to glutamine (E387Q) and 

mutations of charged amino acid residues of SS2 in the four domains strongly reduced binding 

sensitivity. STX was found to bind to Nav1.2 through electrostatic interactions between the  

7, 8, 9-guanidinium moiety of STX and certain fixed amino acid residues in the lip of the channel  

pore [64,67]. These fixed amino acid residues are located in segment SS2 of the S6 transmembrane 

segment in all four domains, forming two rings that interact with the STX molecule [40,41]. The first 

ring contains D384 in domain I, E942 in domain II, K1423 in domain III, and A1714 in domain IV. 

The second ring contains E387 in domain I, E945 in domain II, M1425 in domain III, and D1717 in 

domain IV. Therefore, studies reported thus far demonstrate that STX blocks VGSCs through binding 

to receptor site 1 [40,41]. The specific binding mode enables STX to effectively block the inward flow 

of Na
+
 into cell. More recently, Walker et al. reported a two amino acid variation of human Nav1.7, 

which results in dramatic differences in the binding affinity for STX; the two residues are Thr1398 and 

Ile1399 of domain III, which occur as Met and Asp in other VGSC isoforms, as the critical 

determinants of STX binding affinity. Their findings provide possibility that selective blockers of 

hNav1.7 could be designed around the site 1 for the uniqueness of its outer pore structure [68]. 

STX also binds to voltage-gated K
+
 and Ca

2+
 channels, however, the binding mode is different from 

that with VGSCs. STX modulates the gating of human K
+
 channels rather than directly blocking the 

pore through binding to extracellular sites of the channel [34]. For Ca
2+

 channels, STX was found to 

possibly bind to at sites located in the selectivity filter, resulting in incomplete blockage of the  

channel [35]. 

2.2. Brevetoxins 

In marine ecosystems, dinoflagellates produce two types of lipid soluble toxins that cause 

neurotoxic shellfish poisoning with lethal effects on marine life including fish, sea birds, and marine 

mammals [49,69–75]. Brevetoxins are known as neurotoxic shellfish toxins, and they are mainly 
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produced by dinoflagellate Kerenia brevis. However, brevetoxins were also recently found in other 

genera: Chatonella marina such as C. antiqua, Fibrocapsa japonica, Heterosigma akashiwo,  

K. mikimotoi, K. brevisulcata, K. selliformis, and K. papilionacea [27,29,69,70,76–78]. Brevetoxins 

are a suite of ladder-like cyclic polyether compounds with two types of backbone structures, 

brevetoxin B backbone (type 1: PbTx-2, 3, 5, 6, 8, and 9) and brevetoxin A backbone  

(type 2: PbTx-1, 7, and 10) (Figure 3) [27,62]. 

Figure 3. Structures of brevetoxins from marine dinoflagellates [27,62]. 

 

Toxin Type R1 R2 Nominal Mass 

PbTx-1 2 H CH2C(CH2)CHO 866 

PbTx-2 1 H CH2C(CH2)CHO 894 

PbTx-3 1 H CH2C(CH2)CH2OH 896 

PbTx-5 1 COCH3 K-ring acetate PbTx-2 936 

PbTx-6 1 H K-ring epoxide PbTx-2 910 

PbTx-7 2 H CH2C(CH2)CH2OH 868 

PbTx-8 1 H CH2COCH2Cl 916 

PbTx-9 1 H CH2CH(CH3)CH2OH 898 

PbTx-10 2 H CH2CH(CH3)CH2OH 870 

The major symptoms of severe brevetoxin poisoning are paresthesia, nausea, abdominal pain, 

vertigo, ataxia, diarrhea, burning pain in the rectum, headache, and bradycardia. Brevetoxins may also 

cause respiratory irritation syndrome [79]. Brevetoxins are odorless, tasteless, and heat and acid stable, 

and, hence, not easily detectable in human food sources [27,29]. Of the ten brevetoxins identified so 

far, PbTx-3 was investigated more intensively compared with other ones. The LD50 of PbTx-3 in mice 

is 94 µg/kg body weight by intravenous injection, 170 µg/kg body weight by intraperitoneal injection, 

and 520 µg/kg body weight by oral administration, respectively [27,80]. Pathogenic dose of PbTx-3 in 

human is about 42–72 times larger than that in mice [27,80]. 

Brevetoxins inhibit the inactivation of TTX-S VGSCs through binding to site 5. Earlier 

investigations showed that brevetoxins activate VGSCs and lead to uncontrolled Na
+
 influx into the 

cell [70]. Subsequent studies by Poli and co-workers using [
3
H]brevetoxin PbTx-3 as a specific probe 

revealed that PbTx-3 does not bind to any of the previously described sites and a new site of binding, 
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site 5, was identified [72]. Later studies further confirmed that brevetoxins are site 5 toxins, interacting 

with the α-subunit of VGSCs in a “head-down” orientation in a 1:1 stoichiometry. Binding of 

brevetoxins to site 5 causes conformational changes in the channel, which lead to abnormal opening of 

the channel and inhibited channel inactivation, resulting in persistent channel activation, membrane 

depolarization, Na
+
 current increment, and repetitive firing [27,81–84]. 

2.3. Antillatoxins 

Antillatoxin A (C28H45N3O5; [M + H]
+
 at m/z

 
504.3436) (Figure 4), a potent ichthyotoxin and 

cytotoxin, was first isolated from tropical marine cyanobacterium Lyngbya majuscula in Curaçao by 

Gerwick et al. [85]. It is a structurally unique cyclic lipopeptide composed of a tripeptide linked to a 

highly methylated lipid moiety via ester and amide bonds [85–87]. Antillatoxin A has been 

demonstrated to be one of the most ichthyotoxic metabolites isolated from marine algae up to  

now [85]. Blooms of Lyngbya majuscula have been associated with adverse effects on human health, 

including respiratory irritation, eye inflammation and severe contact dermatitis in exposed  

individuals [88]. 

Figure 4. Structures of antillatoxin A, antillatoxin B and kalkitoxin [85,89,90]. 

 

The earliest report about antillatoxin A provided information about its basic structure features 

including seven partial structures by 1D- and 2D-
1
H and 

13
C NMR [85,91]. Yokokawa et al. reported 

the first successful total synthesis of (4S, 5R)-antillatoxin A and presented a proposed structure of 

antillatoxin A [92]. Later, Li et al. synthesized four different antillatoxin stereoisomers which are all 

likely C-4 and C-5 diastereomers, and identified possible stereochemistry of natural antillatoxin A 

through the study of the biological activities of the compound [87]. Total synthesis of antillatoxin A 

and its stereoisomers were explored and finally accomplished by Yokokawa and Shioiri (1998), 

Yokokawa et al. (1999, 2000), and Lee and Loh [86,92,93]. 

Antillatoxin A is one of the most ichthyotoxic metabolites as evaluated in the goldfish toxicity 

assay (LD50, 0.05 μg/mL; ED50, approximately 0.01 μg/mL) [85]. Berman et al. found that antillatoxin 

A showed concentration-dependent cytotoxicity to rat cerebellar granule cells with an LC50 value  



Mar. Drugs 2013, 11 4707 

 

 

of 20.1 ± 6.4 nM [94]. Antillatoxin A has been demonstrated to be an activator of VGSCs, but its 

precise binding site on VGSCs remains unknown [95–98]. Li and co-authors reported that the rapid 

increase in intracellular Ca
2+

 produced by antillatoxin A was antagonized by TTX; Antillatoxin A 

allosterically enhanced the activity of [
3
H]batrachotoxin ([

3
H]BTX), a neurotoxin acting on site 2 of 

VGSCs; meanwhile, antillatoxin A in combination with brevetoxin produced a strong synergistic 

stimulation of [
3
H]BTX; furthermore, antillatoxin A enhanced Na

+
 influx in cerebellar granule cells by 

acting on VGSCs [95]. Subsequently, Cao et al. reported that high concentrations of antillatoxin A 

increased intracellular Na
+
 concentration, and this effect was abrogated by TTX [96]. Recently, the 

study from the same group proved that antillatoxin A was able to promote Na
+
 influx in cells 

heterologously expressing rat Nav1.2, rat Nav1.4, or rat Nav1.5 α-subunits by using the Na
+
 selective 

fluorescent dye, sodium-binding benzofuran isophthalate. They also found that potency of antillatoxin 

A on the three VGSC isoforms did not differ significantly and its efficacy was quite different from 

those of other VGSCs activators acting on sites 2 or 5 [98]. Taken together, these data demonstrate that 

antillatoxin A is an activator of VGSCs with unique pharmacological properties; decoding the 

molecular determinants and mechanism of action of antillatoxin A may provide further insight into 

gating mechanisms of VGSCs [98]. 

Antillatoxin B (C33H48N3O5 ; [M + H]
+
 at m/z 566.3596) (Figure 4), first isolated by Nogle et al. in 

2001 from Lyngbya majuscule collected from Puerto Rico and the Dry Tortugas, is an N-methyl 

homophenylalanine homolog of antillatoxin A [89]. Similar to antillatoxin A, antillatoxin B activates 

VGSC expressed in mouse neuro-2a neuroblastoma cells (EC50 1.77 μM) and shows strong 

ichthyotoxic activity (EC50 1 μM). Antillatoxin B, however, is 10-fold less potent than antillatoxin A, 

indicating that the substitution at the N-methyl group is critical for compound potency [89]. 

2.4. Kalkitoxin 

Kalkitoxin (C21H38N2OS; [M + H]
+
 at m/z 366.2696) (Figure 4), a thiazoline ring-containing 

lipopeptide, was first isolated by Wu in 1996 from organic extracts of Lyngbya majuscula collected in 

coasts of Curaçao using a brine shrimp toxicity guided assay. Later, Wu and coworkers reported its 

structure, synthesis, and biological properties [90]. In 2003, Nogle and Gerwick also reported the 

isolation of this potent neurotoxin from Lyngbya majuscula specimens collected in shallow waters off 

the coast of Puerto Rico [99]. Kalkitoxin is a valuable target for total synthesis for its interesting 

biological activities, intriguing structure, and scarcity in natural products. Wu et al. and White et al. 

successfully completed the total synthesis of (+)-kalkitoxin [90,100,101]. Recently, Umezawa and  

co-workers successfully synthesized kalkitoxin and its analogs and tested their biological activities 

using brine shrimp toxicity assay [102]. 

Natural kalkitoxin consists of a lipophilic chain, a 2, 4-disubstituted thiazoline, and an unsaturated 

CH2=CH2 unit [90]. There are five asymmetric centers in kalkitoxin structure including a thiazoline 

ring and four methyl groups. The absolute stereochemistry of natural kalkitoxin was determined to be 

3R, 7R, 8S, 10S, and 2′R by comparing the 
13

C spectrum of the natural metabolite with those of 

synthesized compounds with all possible configurations. In 2004, White and coworkers published the 

full details of their work, which was a prerequisite for successful total synthesis of natural  

(+)-kalkitoxin [101]. 
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In 2000, Wu et al. reported that natural (+)-kalkitoxin was strongly toxic to common goldfish 

(Carassius auratus, LC50 700 nM) and brine shrimp (Artemia salina, LC50 170 nM) [90]. Kalkitoxin 

also displayed extremely potent cytotoxicity (LC50 3.86 nM) to primary cultures of rat neurons, which 

was antagonized by NMDA receptor antagonists dextrorphan and MK-801 [94]. (+)-Kalkitoxin and 

two synthetic precursors showed cytotoxicity to human colon cell line HCT-116, indicating that the 

thiazoline moiety of kalkitoxin is required for cytotoxicity [101]. 

Natural (+)-kalkitoxin is an antagonist of VGSCs. However, there have been few reports about its 

action mechanisms and binding site on VGSCs. Wu et al. demonstrated that kalkitoxin was a very 

potent blocker of VGSCs expressed in mouse neuro-2a cells (EC50 of kalkitoxin, 1 nM vs. EC50 of 

saxitoxin, 8 nM) [90]. In 2005, LePage et al. found that kalkitoxin interacted with VGSCs in cerebellar 

granule neurons (CGN) [103] and eliminated elevation of [Ca
2+

]i induced by veratridine (a VGSCs 

activator) and neurotoxicity in CGN in a concentration-dependent manner (EC50 262.7 nM), providing 

indirect evidence that kalkitoxin may be a blocker of TTX-S VGSCs. Kalkitoxin showed no effect on 

basal binding of [
3
H]BTX to VGSCs, but it inhibited [

3
H]BTX binding to VGSCs in the presence of 

deltamethrin, a positive allosteric modulator of VGSCs. These results also suggest that kalkitoxin may 

be a blocker of VGSCs for that BTX binds to VGSCs only when the channel is in the open 

conformation [91,103]. 

2.5. Jamaicamides 

Jamaicamides include jamaicamide A, B, and C. Jamaicamide A (C27H37O4N2ClBr; [M + H]
+
 at  

m/z 567.1625) (Figure 5) is a novel and highly functionalized lipopeptide, containing an alkynyl 

bromide, a vinyl chloride, a β-methoxy eneone system, and a pyrrolinone ring [104]. It was first 

isolated from a dark green strain of Lyngbya majuscula (strain JHB) by Edwards et al. in 2004. 

Jamaicamide B (C27H37O4N2Cl) was first isolated as a pale yellow oil from the lipid extract of cultured 

Lyngby majuscule JHB and is slightly more polar than jamaicamide A. Jamaicamide C 

(C27H39O4N2Cl) was purified from the crude extract of cultured Lyngby majuscule JHB in very low 

yield (0.5%), and is slightly more hydrophobic than either jamaicamide A or B. 

Figure 5. Structures of Jamaicamide A–C [104]. 
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The high-resolution fast atom bombardment mass spectrometry and isotope peak analyses of the 

structure of jamaicamide A highlighted the presence of a chlorine atom and a bromine atom in the 

molecule [104]. Its degree of unsaturation was calculated to be 10 from its molecular formula [104]. 

Similarly, jamaicamide B also has a degree of unsaturation of 10, with 
1
H and 

13
C resonances very 

close to those of jamaicamide A. The only difference is the lack of bromine signal in jamaicamide B, 

suggesting that jamaicamide B is the debromo analog of jamaicamide A. The molecular formula of 

jamaicamide C was determined to be C27H39O4N2Cl by the high-resolution fast atom bombardment 

mass spectrometry with a deduced degree of unsaturation of 9. 
1
H and 

13
C NMR data indicate that 

jamaicamide C has two additional hydrogen atoms compared with jamaicamide B. Recently,  

Graf et al. published the total synthesis of jamaicamide A [105]. 

Jamaicamides have potent ichthyotoxicity and cytotoxicity [104]. In a goldfish toxicity assay, 

jamaicamide B was the most active (100% lethality at 10.22 nmol after 90 min) followed by 

jamaicamide C (100% lethality at 20.36 nmol after 90 min), while jamaicamide A was the least active 

fish toxin (sublethal toxicity at 17.62 nmol after 90 min). In a brine shrimp toxicity assay, jamaicamide 

C was only modestly active (20.36 nmol, 25% lethality) while both jamaicamide A and B showed no 

significant toxicity. Moreover, jamaicamides A, B, and C exhibited similar cytotoxicity to both H-460 

human lung cell line and Neuro-2a mouse neuroblastoma cell line (LC50 ~15 μM). 

Jamaicamides are also antagonists of VGSCs. Edwards and coworkers reported that jamaicamides 

A, B, and C at 5 μM all partially blocked VGSC activity with percent inhibition about half of that by 

saxitoxin at 0.15 μM using an antagonism cell bioassay [104]. In this assay, the ability of 

jamaicamides to antagonize the combined cytotoxic effects of ouabain (a plasma membrane Na
+
-K

+
 

ATPase inhibitor) and veratridine on cerebellar granule neurons were examined, and the results were 

scored through visually noting morphology of a significant number of living cells [106]. 

2.6. Crossbyanols 

Crossbyanols A–D are four heptabrominated polyphenolic ethers first isolated from marine 

cyanobacterium Leptolyngbya crossbyana collected at Honaunau reef off the island of Hawaii [107]. 

The periodic extensive blooms of Leptolyngbya crossbyana in Hawaii coral reefs cause significant 

damage to the subtending corals, generating serious concerns. Chemical investigation of bioactive 

secondary metabolites of Leptolyngbya crossbyana led to the discovery of crossbyanols. Crossbyanols 

have a branched oligomeric structure of polybrominated diphenyl ethers [107]. Crossbyanol A 

(C30H15
79

Br7O6, m/z: 1046.5044) possesses seven bromine atoms, three 1,2,4-trisubstituted phenyl 

rings, one 1,2,3,4-tetrasubstituted phenyl ring, and one 1,2,3,5-tetrasubstituted phenyl ring (Figure 6). 

Crossbyanol B (C30H15
79

Br7O12S2, m/z: 1182.4172) shows an isotope pattern similar to that of 

crossbyanol A with the presence of two additional sulfate groups. Interestingly, crossbyanol C and 

crossbyanol D showed identical molecular ion peaks at m/z values of 1102.4703 and 1102.4642 in 

negative-ion HRESIMS, suggesting that they share identical molecular formula of C30H15
79

Br7O9S. 

Similarly, crossbyanol C and D contain the same five substructures with substitution patterns identical 

to that of crossbyanol A or B. In addition, crossbyanol C and D have one sulfate group and one 

hydroxyl group in their structures [107]. 
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Figure 6. Structures of crossbyanol A–D [107]. 

 

Among crossbyanols, crossbyanol A activates VGSCs expressed in neuro-2a mouse neuroblastoma 

cells, while crossbyanols B, C, and D do not [107]. However, how crossbyanol A activates VGSCs is 

largely unknown. Most studies on crossbyanols A–D are mainly about their antibacterial, ichthyotoxic, 

and cytotoxic activities [107]. Crossbyanol A has weak cytotoxicity against H-460 human lung cancer 

cells (IC50 30 µg/mL). Crossbyanol B displays the most potent antibacterial activity (MIC  

value: 2.0–3.9 µg/mL) against methicillin-resistant Staphylococcus aureus. In addition, crossbyanol B 

is potently ichthyotoxic to brine shrimp with an IC50 value of 2.8 µg/mL. However, crossbyanols C 

and D show no bioactivity in all these assays at the maximum test concentration of 20 µg/mL. The 

observation that crossbyanols A and B have quite different bioactivities in these assays suggests that 

the sulfation of crossbyanols is critical for potent biological activities in this structure class. It is not 

clear if VGSC stimulation activity of crossbyanol A correlates with its cytotoxicity [107]. 

2.7. Hoiamides 

Hoiamides A–D are a new family of marine secondary metabolites. In 2009, the first member of 

hoiamides, hiamides A (C44H71N5O10S3, m/z: 926.4441) (Figure 7), was isolated from marine 

cyanobacteria Lyngbya majuscula and Phormidium gracile collected in Papua New Guinea [108]. 

Hoiamide A, a novel cyclic depsipeptide of a highly unusual structure, displays potent cytotoxicity and 

neurotoxicity [108]. In 2010, Gerwick et al. reported two additional compounds in the hoiamide 

family, the cyclic depsipeptide hoiamide B (C45H73N5O10S3, m/z: 940.4584) and the linear lipopeptide 

hoiamide C (C37H62N4O7S3, m/z: 770.3775), which were purified from two different collections of 

marine cyanobacteria obtained in Papua New Guinea, respectively [109]. The fourth member, 

hoiamide D (C35H58N4O7S3, m/z: 743.3535) was isolated from cyanobacterium Symploca sp. collected 

in Kape Point, Papua New Guinea [110]. 
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Figure 7. Structures of hoiamide A–D [108–110]. 

 

The hoiamides A–D are a new class of cyanobacterial compounds featuring a triheterocylic system 

likely derived from a mixed peptide-polyketide biogenetic origin. The hoiamides are composed of a 

peptidic segment with an acetated and S-adenosyl methionine modified isoleucine moiety, a central 

triheterocyclic core comprised of two α-methylated thiazolines and one thiazole, and a highly 

oxygenated and methylated C-15 polyketide substructure [108,109]. Particularly, hoiamide A and B 

are cyclic while hoiamide C and D are linear. Moreover, hoiamide C may be an extraction byproduct 

of hoiamide D given the utilization of ethanol in the isolation and storage of the biological  

material [109]. The unique structures and bioactivities of hoiamides elicited extensive exploration of 

its synthesis and biological functions. Recently, Wang and coauthors disclosed the first successfully 

total synthesis of hoiamide C, which was accomplished by using a highly efficient convergent 

approach [111]. 

Hoiamide A shows modest cytotoxicity against H460 human lung adenocarcinoma and neuro-2a 

mouse neuroblastoma cells with IC50 values of 11.2 μM and 2.1 μM, respectively [109]. Hoiamide B 

displays low cytotoxicity against H460 with an IC50 value of 8.3 μM, but shows no inhibition of  

neuro-2a neuroblastoma cells, indicating that replacing the Hiva residue in hiamide A by a Hmpa 

residue in hiamide B remarkably decreases cytotoxicity for neuro-2a [109]. Moreover, the linear 

analog hoiamide C shows no significant inhibitory activity for either H460 or neuro-2a cell line, 

suggesting that the macrocyclic ring and the hydrogen bond donors at C-3, C-13, and C-37 positions in 

1 and 2 are important structural features for the bioactivity of hoiamides [109]. 

Among hoiamides A–D, hoiamide A and B are site 2 activators of VGSCs. Hoiamide A produces a 

rapid and concentration-dependent elevation of [Na
+
]i with an EC50 value of 2.31 μM in neocortical 

neurons and TTX antagonizes hoiamide A-induced [Na
+
]i elevation [108]. In comparison, BTX, 

another site 2 agonist of VGSCs, causes a rapid and concentration-dependent elevation of neuronal 

[Na
+
]i with an EC50 value of 11.4 nM. BTX induce the maximum elevation of [Na

+
]i at concentrations 
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greater than 60 mM, whereas the maximal response for hoiamide A was less than 20 mM [108]. 

Moreover, hoiamide A inhibits the specific binding of [
3
H]BTX A and 20-α-benzoate ([

3
H]BTX) to 

neurotoxin site 2 on VGSCs in neocortical neurons, providing direct evidence that hoiamide A is an 

agonist of VGSCs through interacting with the neurotoxin site 2 [108]. In addition, deltamethrin, an 

agonist binding to a site distinct from sites 1–6 and allosterically coupled to sites 2, 3, and 5, enhances 

hoiamide A-induced elevation of [Na
+
]i in neocortical neurons, which is in agreement with the binding 

of hoiamide A to neurotoxin site 2 [108]. Similar to hoiamide A, hoiamide B stimulates Na
+
 influx 

with an EC50 value of 3.9 µM in mouse neocortical neurons. Considering the structural similarity 

between hoiamide A and B, it is plausible to speculate that hoiamide B is also a site 2 activator of 

VGSCs [109]. 

2.8. Palmyrolide A 

Palmyrolide A (C20H36O3N, m/z: 338.2690) (Figure 8) is a novel neuroactive macrolide that features 

a rare N-methyl enamide and t-butyl branch [112]. In 2010, Gerwick and co-workers reported the 

isolation, structure determination, and biological activity of palmyrolide A. It was isolated from a 

cyanobacterial assemblage of Leptolyngbya cf and Oscillatoria spp. collected in the Northern Pacific 

at Palmyra Atoll [113]. Palmyrolide A displays interesting bioactivities including VGSC blockage and 

Ca
2+

 oscillation inhibition [113]. Its unique structure has attracted attentions of many researchers. In 

2012, Maio and coworkers reported the first total synthesis of (+)-ent-palmyrolide A and the first 

asymmetric total synthesis, along with the absolute configurations of products they obtained [114,115]. 

Meanwhile, Brimble and coworkers accomplished a total synthesis of the initially reported and the 

revised structures [116]. In 2013, Reddy et al. disclosed the shortest synthetic route for  

(+)-palmyrolide A and produced (−)-cis-palmyrolide A for the first time by modifying Maio’s 

macrocyclization conditions [112]. 

Figure 8. Structures of palmyrolide A [112]. 

 

Gerwick and coauthors demonstrated that palmyrolide A acts on VGSCs in neuro-2a cells [113]. 

Palmyrolide A suppresses veratridine- and ouabain-induced Na
+
 overload and shows cytotoxicity with 

an IC50 value of 5.2 µM [113]. Moreover, palmyrolide A significantly inhibits Ca
2+

 oscillations in 

murine cerebrocortical neurons with an average IC50 value of 3.7 µM (2.29–5.98 µM, 95% CI), 

although it is not cytotoxic when tested against H-460 human lung adenocarcinoma cells up to  

20 µM [113]. These results indicate that palmyrolide A may be a suitable probe for pharmacological 

study of VGSCs. 
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2.9. Palmyramide A 

Palmyramide A (C36H53N3O9, m/z: 672.3852) (Figure 9), a novel cyclic depsipeptide, was purified 

by Gerwick et al. in 2010 from a consortium of cyanobacteria and red algae collected at Palmyra  

Atoll [117]. The cyclic depsipeptide is composed of three amino acids and three hydroxyl acids in an 

unusual arrangement. Among the three hydroxyl acids, 2,2-dimethyl-3-hydroxyhexanoic acid (Dmhha) 

is the most unusual which has only been reported previously in guineamides E and F [118]. The planar 

structure of palmyramide A was determined by 1D and 2D NMR studies and mass spectrometry. 

Figure 9. Structures of palmyramide A [117]. 

 

Palmyramide A is a VGSC blocker. It inhibits veratridine- and ouabain-induced Na
+
 overload in 

cerebrocortical neurons with an IC50 value of 17.2 µM. In addition, palmyramide A displays modest 

cytotoxic activities against cancer cells, inhibiting H-460 human lung carcinoma cells with an IC50 

value of 39.7 µM [117]. 

3. Pharmaceutical Potential of Shellfish Toxins 

The past two decades witnessed a boom in reports of secondary metabolites purified from marine 

and freshwater algae, among which shellfish toxins have drawn considerable attention for their 

structural diversity and biological activities. Particularly, the activities of shellfish toxins on VGSCs 

have attracted significant interest in biomedical research to explore the therapeutic potential of these 

compounds. Selective ion channel blockers have proved to be effective analgesics. Ziconotide (trade 

name Prialt
®

), a synthetic version of ω-conotoxin MVIIA, which selectively blocks N-type  

voltage-gated Ca
2+

 channels, reduces chronic pain in spinal cord injury and became the first marine 

natural product approved for pain management by the US Food and Drug Administration in  

2004 [119–122]. Advances in biomedical research in recent years have demonstrated that VGSCs are 

involved in pain management. Loss-of-function mutations of Nav1.7 cause a complete absence of  

pain sensation in patients [123,124] while gain-of-function mutations lead to painful  

neuropathies [125,126]. In 2008, Lewis et al. demonstrated that MrVIB (μO-conotoxin) produced 

significant analgesic effects in neuropathic and inflammatory pain by selectively blocking Nav1.8, a 

VGSC specifically expressed in sensory neurons [127]. Shellfish toxins may represent a novel class of 
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analgesics through regulation of VGSCs activity. We hereby discuss the pharmacological potential of 

shellfish toxins with a focus on STX and its analogs. 

STX and its analogs selectively target VGSCs and block Na
+
 currents via binding to site 1 with 

nanomolar affinity, leading to inhibition of nerve impulses, which may result in paralytic shellfish 

poisoning. Meanwhile, they also have significant potential as extraordinary anesthetics and analgesics. 

The therapeutic potential of STX as a highly selective and long lasting blocker of nerve conduction 

was recognized as early as 1975. However, its innate systematic toxicity has hampered its clinical 

development. Recent advances in drug delivery techniques may provide new strategies to facilitate the 

clinical development of STX. Recently, Kohane reported liposomal formulations for a mixture of STX, 

bupivacaine, and dexamethasone, which delivered prolonged duration of local anesthesia with minimal 

systemic toxicity [128]. The formulated mixture produced sciatic nerve blockade lasting up to 7.5 days 

in male Sprague–Dawley rats. Systemic toxicity was only observed with high loadings of 

dexamethasone, which caused increased release of liposomal STX. Mild myotoxicity occurred only in 

formulations containing bupivacaine. There was no nerve injury on Epon-embedded sections or  

up-regulation of the four genes associated with nerve injury in the dorsal root ganglia. The authors thus 

concluded that controlled release of STX and similar compounds is capable of providing prolonged 

nerve blockage with minimal systemic and local toxicity [128]. 

Gonyautoxins display remarkable therapeutic effects in treatment of pain caused by anal fissures. In 

2004, Garrido et al. reported that gonyautoxin 2/3 epimers effectively reduced anal tone when injected 

into anal sphincter of healthy adults [129]. In this study, gonyautoxin 2/3 epimers were administered 

by local infiltration in the anal internal sphincter in healthy adult volunteers, and the beneficial effects 

were evaluated by anoscopy, electromyography, and anorectal manometry before and after toxin 

application. Gonyautoxin administration significantly decreased anal maximal voluntary contraction 

pressure, produced immediate relaxation, and brought statistically decrease in anal tone (P < 0.001). 

Later, Garrido et al. reported effective treatment of chronic anal fissure with repeated gonyautoxin 

injection. Gonyautoxin 100 units was intrasphincterically injected and infiltrated to 23 chronic anal 

fissure patients every four days. Anorectal pressure was recorded before and four minutes after each 

infiltration. Results showed that total remissions were achieved within 7–14 days with an average of 

8.2 ± 2.4 days. Importantly, no relapses or side effects were observed during a 10-month follow up 

study [43]. Currently gonyautoxin injections are being intensively exploited as a new therapy for pain 

management in anal fissure patients [130]. In addition, gonyautoxin by local infiltration has been 

shown to be a safe and effective treatment of chronic tension-type headache [44]. 

Taken together, shellfish toxins such as STX and gonyautoxins may provide a new rich source for 

development of novel pain therapies. In the past ten years, significant progress has been made in 

biosynthetic route elaboration and total synthesis of cyanobacterial toxins, such as STX. With more 

and more new members being identified, shellfish toxins may provide great opportunity for 

pharmaceutical discovery and development. 

4. Conclusions 

Shellfish toxins exhibit novel and diverse structural features, intriguing biological activities, and 

significant pharmaceutical potential, which place them in the center of current studies of marine 
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natural products. Systematic and comprehensive investigation of structure–activity relationships of 

shellfish toxins enables the design and synthesis of toxins with improved properties. Shellfish toxins 

with desirable VGSC subtype selectivity combined with suitable delivery vehicles may deliver 

superior therapeutic benefits with minimal toxicity. 
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