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ABSTRACT 

Background: Cancer metastasis is facilitated by voltage-gated sodium channels (VGSCs) through the extracellular 

matrix (ECM) degradation. VGSCs play a pivotal role in cancer invasion during its epithelial-mesenchymal transition; 

hence, decreasing treatability. Tetrodotoxin (TTX) is a potent, selective neurotoxin that blocks VGSCs, particularly 

Nav1.7, which is overexpressed in carcinomas, especially type II endometrial and ductal carcinomas. TTX is found 

mainly in puffer fish (Fugu) and other marine and terrestrial animals used in traditional Japanese cuisine. TTX carries 

the potential for therapeutic applications; however, it’s limited by a high toxicity and narrow therapeutic index (NTI), 

requiring precise dosage control for medicinal use [38]. Thus, TTX appropriate adjustment could give novel anti-

metastatic agent, while maintaining a non-toxic concentration for human, what is very important. Limited insights 

exist on TTX's toxicology and therapeutic potential. 

Objective: This study employed a multifaceted approach to evaluate the therapeutic potential of TTX in inhibiting 

carcinoma metastasis while ensuring concentrations remain within non-toxic levels for humans. Due to the 

hazardous nature of TTX, Carbamazepine (CBZ), an anticonvulsant known to block Nav1.7, was selected as a 
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reference compound. CBZ's established pharmacokinetic profile and lower toxicity allowed for safer experimental 

handling and provided a comparative baseline for TTX's efficacy. Since collecting volumetric data on CBZ, according 

to Mohr’s method, was unfeasible due to its fully molecular composition, Verapamil was introduced as a similar 

channel-blocking drug in chloride salt form. 

Methods: Verapamil chloride was used for precipitation titration to estimate CBZ’s effective (ED50), toxic (TD50), and 

lethal (LD50) doses. This was done by using the ED50 of Verapamil and transcribing it to CBZ, as they have very similar 

TI. Similar tactics were carried out for the determination of the ED50 of TTX in concentration form, yielding its 

therapeutic dose. TI of TTX was calculated. Molecular Docking analysis of both CBZ and TTX’s interaction with Nav1.7, 

independently 5 times using 20 starting conformations for each compound, with the virtual box size not exceeding 

27,000 Å. 

Results: In silico analysis showed that TTX binds to Nav1.7 within a pocket, demonstrating lower affinity but greater 

efficacy due to site-specific interactions, while CBZ binds on a more exposed level with less efficacy. Volumetric 

dosage-adjustment analysis indicated that, while TTX has NTI ≈ 1.6, careful administration could allow localized 

carcinoma treatment at 1.737×10⁻⁸ mol cm⁻³/kg. The findings support the hypothesis that TTX, in controlled dosage-

adjustment and targeted delivery, could inhibit carcinoma metastasis. 

Conclusion: TTX has the potential to inhibit the invasion of carcinoma cells, especially those of ductal and type II 

endometrial carcinomas, by selectively blocking Nav1.7. Careful dosage control and targeted drug delivery systems 

(which would vary with the stage of the cancer’s development) are necessary to minimize systemic toxicity. Further 

research is required to practically develop safe administration methods to enhance TTX’s therapeutic viability, with 

in vivo methodologies. 

Keywords: Cancer, tetrodotoxin (TTX), voltage-gated sodium channels (VGSCs), carbamazepine (CBZ), novel anti-

metastatic agent, verapamil, bioactive, functional food. 
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INTRODUCTION 

Neurotoxins are chemicals that interfere with the 

nervous system functionality. They can either inhibit 

the electrochemical cascade of an action potential or 

neurotransmitter actions [1,2]. Tetrodotoxin (TTX) is a 

particularly fascinating and highly lethal neurotoxin, 

originally found in the ovary and liver of puffer fish 

(Fugu, Tetraodon genus or Takifugu rubripes, 

traditionally used in Japanese sashimi), which functions 

according to the former, by binding to voltage-gated 

sodium channels (VGSC) and inhibiting Na+ flow. TTX 

pharmacology has been studied extensively in Japan, as 

Fugu is regarded as one of the most delicious fish 

among the Japanese [3-5]. TTX is a bioactive compound 

capable of paralytic harm; however, its ability to halt 

the functionality of a significant transport channel can 

have medical implications, particularly for carcinoma 

treatments [6-8]. 

Carcinomas are cancerous tumors that arise from 

epithelial tissues and can be generalized (metastatic) or 

localized depending on the stage. VGSCs play a 

determining role in the metastasis of carcinomas, 

leading to cancer advancement [9,10]. Persistent Na 

currents, pH modulation, and Na+/Ca²⁺ exchange drive 

the degradation of the extracellular matrix (ECM) and 

epithelial-mesenchymal transition, leading to the 

cancer fluidity increasing its metastatic potential [11-

12]. Particularly, VGSC types Nav1.7 and Nav1.5 were 

found to contribute most. Type II endometrial cancer 

and ductal carcinoma are some of the carcinomas that 

possess the most VGSC activity and can be expected to 

be most responsive if mitigated with TTX [13-15]. It 

binds to the specific binding site at the outer pore 

region, also known as the selectivity filter of Nav1.7, 

similar to other TTX-sensitive VGSCs [16]. Once TTX is 

bound, the channel’s morphology and the binding 

affinity halt practically all Na+ flow, which would show 

promising anti-metastatic activity at pre-metastatic 

carcinomas. Nav1.7 concentrations have been shown 

to be spatially localized near invadopodia, where they 

enhance the activity of membrane-type matrix 

metalloproteinases (MT-MMPs) that degrade the 

extracellular matrix (ECM), leading to metastasis [17]. 

Blocked Nav1.7 VGSCs would reduce MMP activity near 

the invadopodia and preserve the ECM for longer [17].  

This study aims to investigate whether TTX, a 

highly potent blocker from the potential functional 

food Fugu, can be adjusted and used as a bioactive 

therapeutic compound for carcinoma treatment [14, 

15]. To accomplish this, comparative approaches will 

be carried out with the reference compound 

Carbamazepine (CBZ), an already medically established 

VGSC blocker, prescribed as an anticonvulsant. CBZ 

acts as a VGSC modulator and inhibits its pathological 

hyperactivity by binding to α-subunit of VGSC, 

specifically at a binding pocket formed by the external 

pore loop and the pore-lining part of domain IV [16]. 

CBZ and TTX differ greatly in their binding sites and 

mechanisms; however, CBZ intake at higher toxic 

dosages can resemble TTX toxicity, as both produce 

central nervous system (CNS) depression, though TTX 

toxicity results in absolute paralysis rather than only 

CNS depression [17]. Hence, it can be assumed that CBZ 

at high dosages is a TTX mimicking compound and the 

necessary dosage adjustments of CBZ can be referred 

to TTX [18-19]. The outcome will provide 

administrative volumetric dosage data for TTX, as 

handling a substance as potent as TTX requires 

administering appropriate concentrations to avoid 

instant adverse effects, while allowing the toxin 

sufficient chemical space to target the carcinoma cells 

[18-20].  

Hence, it’s hypothesized that TTX, if adjusted 

appropriately according to CBZ’s adjustments, could be 

utilized effectively in blocking Nav1.7 in carcinoma cells 

to preserve ECM and halt invasion, while not posing the 

neurological harm. The contrary null hypothesis would 

state that TTX’s toxic dosage adjustment, according to 

CBZ’s adjustment, doesn’t mean that the neurotoxin 

can be used in cancer treatment. To execute volumetric 

dosage adjustments, effective, toxic, and lethal half 

dosages of TTX and CBZ should be present. An effective 

dosage for TTX would be considered any dose that has 

not historically caused toxicity when ingested by a 
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human. TTX has been briefly studied and even tested 

as a pain killer at 5 µg/kg b.i.d. Thus, the human 

organism can somewhat tolerate and survive taking a 

maximum of 5µg/kg at once; hence for this study, this 

data will be estimated as the TTX effective dosage 

(ED50). In case of higher doses, TTX intake would induce 

neurotoxicity, partial paralysis, numbness, and shutting 

down of organ systems, up to its lethal dosage 

terminating the lives of half of the affected individuals: 

LD50=1500 µg for humans (21.4 µg/kg). Non-lethal but 

somewhat irreversible toxicity is estimated at TD50=8 

µg/kg (table 1) [21, 22].  

Table 1. Dosage and compatibility characteristics of TTX, CBZ and Verapamil (70 kg considered average human weight). 

TTX  

dosage values 

(in µg/kg) 

CBZ  

Overdose values  

(in mg/kg) some cases 

Important Values for Verapamil 

and CBZ compatibility (in mg/kg) 

ED50(Verap.) 2.86 

ED50 (TTX) 5 ED50 (CBZ) 4.8 TD50(Verap.) 11.4 

TD50 (TTX) 8 TD50 (CBZ) 21 TI (Verap.) 3.99 

LD50 (TTX) 21.4 LD50 (CBZ) 343 TI (CBZ) 4.38 

The ED50 and TD50 values remain estimations, as 

there are ethical drawbacks to properly testing them. 

CBZ as a pharmaceutical becomes toxic and even lethal 

through overdose [23-25]. Due to CBZ’s molecular 

composition, it wouldn’t be possible to conduct 

volumetric analysis on it using precipitation titration 

methodologies, as a result Verapamil, which is another 

channel blocking agent, possessing a chloride salt form 

was introduced. Verapamil was a compatible match as 

it has a very similar TI (TD50, ED50) to CBZ [26-28].  

This study will incorporate in silico and volumetric 

analyses to establish the safe volumetric dose of TTX 

and to examine TTX and CBZ binding to Nav1.7 in 

support of the feasibility that TTX can be used as an 

antimetastatic agent. The approaches answering the 

question would contribute to current knowledge of TTX 

and CBZ, potentially introducing a novel therapeutic 

agent in oncology. The main quality of this treatment 

would be halting carcinoma invasion rather than 

destroying the existing cancerous tissue. 

METHODS: 

For volumetric data, precipitation titration was carried 

out, according to Mohr’s method, which is used to 

determine the concentration of chloride, bromide or 

cyanide ions in a solution. It involves chromate ions 

(K₂CrO₄) as the indicator and AgNO3 0.1 M solution as 

the titrant [29]. The measurements were carried out 

three times. Molecular docking (AutoDock Vina 

software and Molecular Graphics Laboratory tools) was 

applied to assess the potential of TTX’s utilization as a 

pharmaceutical. The interactions of TTX and CBZ as 

organic ligands with Nav1.7 (with application of Protein 

Data Bank data of Nav1.7) is a channel protein were 

studied independently 5 times using 20 starting 

conformations for each compound, with the virtual box 

size not exceeding 27,000 Å. The affinity and the amino 

acids (AA) of binding sites were estimated for 11 

probable conformations.  

RESULTS: 

Verapamil’s ED50 was measured as 7.3 mL. 

𝑣(𝐴𝑔𝑁𝑂3(𝑎𝑞)) = 𝑣(𝑉𝑒𝑟𝑎𝑝. ); 𝑛(𝐴𝑔+) =

𝑛(𝑉𝑒𝑟𝑎𝑝. ) = 0.0073 𝑚𝑜𝑙 

[𝑉𝑒𝑟𝑎𝑝. ] = 0.0000104𝑚𝑜𝑙 𝑐𝑚−3/𝑘𝑔 𝑜𝑟 

𝑉𝑒𝑟𝑎𝑝. (𝐸𝐷50) ≈ 𝐶𝐵𝑍(𝐸𝐷50) = 0.0073 𝑚𝑜𝑙/𝑘𝑔 

Hence, the concentration of CBZ at its ED50 is 

0.0000104 mol cm-3/kg. TD50 and LD50 values can be 

established through the TI values:  

𝐶𝐵𝑍(𝑇𝐷50) = 𝑇𝐼(𝐶𝐵𝑍) × 𝐸𝐷50(𝐶𝐵𝑍) = 

0.0000456𝑚𝑜𝑙 𝑐𝑚−3/𝑘𝑔; 𝐶𝐵𝑍(𝐿𝐷50) =

0.000743𝑚𝑜𝑙 𝑐𝑚−3/𝑘𝑔 
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The therapeutic window, ranging from ED50 to TD50 is 

0.0000352, which is not a very high value, narrowing 

the therapeutic range of CBZ (Figure 2). This brings 

forth the matter of secondary responses. Secondary 

responses of an administered drug are more intensive 

with a lower TI. Hence, TTX, being a potent toxin, is 

supposed to have a even lower TI. TTX’s dosages should 

be in concentration values therefore in mol cm-3/kg. If 

administered, its concentration plays a significant role 

in its pharmacokinetic pathways, and TTX’s 

concentration would be assumed through CBZ’s: 

𝐿𝐷50(𝑇𝑇𝑋) = 0.0214𝑚𝑔/𝑘𝑔;   

𝐿𝐷50(𝐶𝐵𝑍) = 343𝑚𝑔/𝑘𝑔; 

[𝐿𝐷50(𝐶𝐵𝑍)] = 0.000743𝑚𝑜𝑙 𝑐𝑚−3/𝑘𝑔 

Figure 2. Dosage distribution of CBZ showing its ED50, TD50 and LD50 in mol cm-3/kg. 

After settling the LD50 concentration value, theoretical 

foundations should be considered to proceed with the 

dosage adjustments. Logically, the TI of TTX should be 

smaller than that of CBZ. The comparative therapeutic 

window expression would be the following. As TTX has 

been studied previously to have some therapeutic 

potential, its TI should exceed 1.  

[𝐿𝐷50(𝑇𝑇𝑋)] =
[𝐿𝐷50(𝐶𝐵𝑍)]𝐿𝐷50(𝑇𝑇𝑋)

𝐿𝐷50(𝐶𝐵𝑍)

= 4.579 × 10−8𝑚𝑜𝑙 𝑐𝑚−3/𝑘𝑔 

𝑇𝐼(𝑇𝑇𝑋) <  4.38;  𝑇𝐷50(𝑇𝑇𝑋) −

𝐸𝐷50(𝑇𝑇𝑋) < 𝑇𝐷50(𝐶𝐵𝑍) − 𝐸𝐷50(𝐶𝐵𝑍); 1 <

𝑇𝐼(𝑇𝑇𝑋) <  4.38 

Considering how selective and potent TTX is, it 

would be classified as an agent with NTI (very small 

difference between the effective and the toxic doses), 

meaning that its TI should be lower than 2 [30-32]. It 

belongs somewhere within the abovementioned 

range. For further calculations, the mean of the range 

will be considered TTX’s TI, which is 1.5. The TI of 1.5 is 

very near the TI calculated from the estimated ED50 and 

TD50 values of TTX, which is 1.6; hence, those values can 

be considered valid for the study and be converted into 

mol cm-3/kg (figure 3). 

1 < 𝑇𝐼(𝑇𝑇𝑋) < 2; [𝐸𝐷50(𝑇𝑇𝑋)] = 1.083 ×

10−8𝑚𝑜𝑙 𝑐𝑚−3/𝑘𝑔; [𝑇𝐷50(𝑇𝑇𝑋)] = 1.737 ×

10−8𝑚𝑜𝑙 𝑐𝑚−3/𝑘𝑔 
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Figure 3. Dosage distribution of TTX showing its ED50, TD50 and LD50 in mol cm-3/kg. 

The gradual increase in Figure 2 compared to the 

drastic increase in Figure 3, shows that TTX is a more 

toxic compound. TTX’s therapeutic window would be: 

1.083 × 10−8𝑚𝑜𝑙
𝑐𝑚−3

𝑘𝑔
→ 

1.737 × 10−8𝑚𝑜𝑙 𝑐𝑚−3/𝑘𝑔  ranging 0.654× 10−8 

If TTX is to be considered bioactive from a 

functional food source, to be utilized as a therapeutic 

agent based on the adjustments of CBZ, it would have 

to have up to 1.737×10-8 mol cm-3/kg concentration in 

the sample that would be administered (upper 

boundary of therapeutic window). To back up the 

feasibility of the occurrence and the validity of the 

comparison, biological insights from the docking 

analysis would be needed. The binding sites of TTX and 

CBZ on Nav1,7, with their respective affinities, are 

presented in Table 2 and Figure 4. 

Table 2. Molecular docking of TTX and CBZ interactions with Nav.1.7 (at T=309.75K). 

Ligand Amino acids of binding Site  Affinity (∆G) K 

TTX Arg356, Tyr362, Asn365, Arg922, Glu927, Ile929, Glu930, Lys1406, Gly1407, Ile1410, 

Ser1697, Ala1698, Gly1699, Asp1701, Gly1702 

-8.0kJ/mol 1.003 

CBZ Cys1328, Thr1404, Leu1449, Phe1452, Ile1453, Trp1700, Val1741, Ile1744, Ile1745, 

Phe1748, Leu1749, Val1752 

-8.9kJ/mol 1.004 
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(1)

(2)

Figure 4. Molecular Docking of TTX (1) and CBZ (2). I: A – ligand in a ribbon diagram of Nav1.7; B – ligand with an indicated 

surface; С – space-filling model (closest to Nav1.7’s actual physical shape); II: A – ligand with Nav1.7; B – ligand at the binding site in 

a ribbon diagram with an indicated surface; C – the space-filling model. 

Figure 5. TTX and CBZ binding sites on Nav1.7: pattern of AA’s in each binding sight for each ligand. 

DISCUSSION: 

Higher formation constant (K) values indicate higher 

affinity. TTX is a highly selective and potent poison, so 

it’s theorized to have either a high affinity or a more 

impactful efficacy. Considering that a much less 

selective ligand, CBZ, has a higher K value, the toxicity 

of TTX lies in its efficacy. To address this, the properties 

of the binding sites should be evaluated [33-36]. Firstly, 

the configuration of each binding site should be 

determined. The docking provided the AAs the ligand is 

bound to and their number in the polypeptide chain of 

Nav1.7. If the number of the AAs varies by a large 

difference, that means the ligand is in a deeper pocket 

of Nav1.7, hence it is more likely to have more 

impactful efficacy than a ligand that binds to a 

shallower pocket of the protein. According to the 

presented data, CBZ is bound to 12 AAs in Nav1.7, 

ranging near the 1400s and 1700s; TTX is bound to 16 

AAs in Nav1.7, more than CBZ, involving much more 

variety in numbers of the AAs, hence indicating its 

position in a pocketed section of Nav1.7, with 

potentially more impactful efficacy and high 

selectiveness due to its morphological specificity 

[37,38]. The morphological properties can be visually 

observed further (Figure 5). The deep-pocketed 

binding and efficacy of TTX show that it has the 

potential to selectively attach to the Nav1.7 VGSCs of 

a carcinoma and terminally block them to impede 

the epithelial-mesenchymal transition of the tissue 

and stop metastasis, if administered at the correct 

dosage within its established therapeutic window [39].  
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Practical Applications: TTX’s administration to the 

cancer would have to involve no intravenous 

administration, considering it would be more 

bioavailable with greater secondary effects. At stage 0, 

its interventions are not highly necessary, as less risk-

bearing options are available. At stages I and II, as the 

ECM starts degrading, it can be administered locally, at 

the lower end to the median of its therapeutic window, 

through direct injections to the epithelial tissue near 

the site [40].  

Thus, TTX-based novel anti-metastatic agents 

could be potentially elaborated in future. At stage III, it 

can be administered at the higher end of its therapeutic 

window, to the local lymph vessels that would flow 

towards the carcinoma, to minimize its spread to the 

organism and maximize its influence on the cancer. 

Little can TTX do at stage IV of cancer, as it has already 

fully metastasized. Through these applications, TTX 

would be a bioactive compound, making fugu a 

functional food from which it originates [41].  

CONCLUSION: 

TTX can be adjusted according to the dosage 

adjustments of CBZ and potentially act as a bioactive 

therapeutic agent, sourced from fugu, which can 

subsequently be considered a functional food. It is 

important to note that the adjustments should account 

for the molarities of the substances rather than their 

masses, as this reflects how they are administered in 

clinical practice. Concentration plays a key role in 

determining how the drug reaches its target, what kind 

of secondary responses are to be expected, and its 

overall bioavailability. Hence, the significance of the 

volumetric analysis, where the ED50 of Verapamil was 

a model for CBZ’s. The results, combined with sources, 

showed the effective, toxic, lethal half-dosage 

molarities of CBZ. TTX was assumed to be an NTI 

compound, and its TI was estimated accordingly. 

Building on TTX’s known LD50, adjustments were made 

according to CBZ’s and the therapeutic window was 

finalized with an upper boundary of 1.737×10-8 mol 

cm-3/kg. In silico molecular docking analysis was then

conducted to estimate the affinity and efficacy of the 

TTX-Nav1.7 complex and back up the dosage 

adjustment. Once again, a key element was 

comparative analysis with the CBZ-Nav1.7 complex. 

TTX exhibited lower affinity towards Nav1.7 than CBZ. 

Hence, its potency had to lie in its efficacy, which was 

proven to be impactful, due to the morphology of its 

binding site, and the binding site’s variety in AA 

placement. The conclusions proved TTX’s 

selectiveness, and its utilization for therapeutic uses 

was justified if administered correctly, at the 

appropriate dosage and stage of a carcinoma’s 

development. As Nav1.7 is TTX-vulnerable, and TTX is 

selective towards Nav1.7, if delivered appropriately, 

TTX is supposed to halt the degradation of the ECM of 

the carcinoma and stop its development. However, the 

existing tissue is expected to remain intact as it was 

before the administration of TTX. Thus, the null 

hypothesis was rejected, and the hypothesis was 

confirmed. 

Abbreviations: AA, Amino Acid; b.i.d., Bis in die (twice 

daily); CBZ, Carbamazepine; CNS, Central Nervous 

System; ECM, Extracellular Matrix; ED50, Median 

Effective Dose; LD50, Median Lethal Dose; MT-MMP, 

Membrane type Matrix Metalloproteinase; NTI, 

Narrow Therapeutic Index; TD50, Median Toxic Dose; 

TTX, Tetrodotoxin; VGSC, Voltage-Gated Na Channel. 
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