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Abstract

Context: Hydrogen cyanide and methanethiol are two toxic gases that inhibit mitochondrial 

cytochrome c oxidase. Cyanide is generated in structural fires and methanethiol is released by 

decaying organic matter. Current treatments for cyanide exposure do not lend themselves to 

treatment in the field and no treatment exists for methanethiol poisoning. Sodium tetrathionate 

(tetrathionate), a product of thiosulfate oxidation, could potentially serve as a cyanide antidote, 

and, based on its chemical structure, we hypothesized it could react with methanethiol.

Results: We show that tetrathionate, unlike thiosulfate, reacts directly with cyanide in vitro 
under physiological conditions, and based on rabbit studies where we monitor cyanide poisoning 

in real-time, tetrathionate likely reacts directly with cyanide in vivo. We found that tetrathionate 

administered by intramuscular injection rescues >80% of juvenile, young adult, and old adult 

mice from exposure to inhaled hydrogen cyanide gas that is >80% lethal. Tetrathionate also 

rescued young adult rabbits from intravenously administered sodium cyanide. Tetrathionate was 

reasonably well-tolerated by mice and rats, yielding a therapeutic index of ~5 in juvenile and 

young adult mice, and ~3.3 in old adult mice; it was non-mutagenic in Chinese Hamster ovary 

cells and by the Ames bacterial test. We found by gas chromatography-mass spectrometry that 

both tetrathionate and thiosulfate react with methanethiol to generate dimethyldisulfide, but that 

tetrathionate was much more effective than thiosulfate at recovering intracellular ATP in COS-7 

cells and rescuing mice from a lethal exposure to methanethiol gas.

Conclusion: We conclude that tetrathionate has the potential to be an effective antidote against 

cyanide and methanethiol poisoning.
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Introduction

Cyanide is a well-known toxic chemical. It is generated as hydrogen cyanide gas in 

structural fires and is a major contributor to death by smoke inhalation [1]. It is used in 

a variety of industries, with over three billion pounds of cyanide salts produced annually 

worldwide [2]. It has the potential to be released by terrorists and is considered a high-

priority chemical threat by the Center for Disease Control. Currently approved treatments 

for cyanide poisoning in the United States are hydroxocobalamin and the combination 

of sodium nitrite and sodium thiosulfate. Both treatments must be given intravenously 

over 10–15 min, which would not be practical in the setting of a major fire, industrial 

accident, or terrorist attack. A treatment is needed that can be given quickly, for example 

by intramuscular injection using an autoinjector. This requires that the drug is sufficiently 

potent and soluble that it can be administered in a small volume.

Sodium tetrathionate, shown at the end of this sentence, is highly water-soluble. One 

molecule of tetrathionate can potentially detoxify two molecules of cyanide [3,4]. At a

. high, non-physiological pH, tetrathionate can react directly with cyanide via a reaction 

known as “cyanolysis” to generate thiocyanate and sodium thiosulfate (Equation 1) [3]. The 

resulting thiosulfate can serve as a substrate for rhodanese converting a second molecule of 

cyanide to thiocyanate (Equation 2).

Na2S4O6 + CN− SCN− + SO4
− 2 + Na2S2O3 (1)

Na2S2O3 + CN−Rhodanese SCN− + SO3
− 2 (2)

where Na2S4O6 is sodium tetrathionate, CN‒ is cyanide, SCN‒ is thiocyanate, SO4
‒2 is 

sulfate, Na2S2O3 is sodium thiosulfate, and SO3
‒2 is sulfite. Consistent with these reactions, 

tetrathionate has been shown to rescue young adult animals from cyanide poisoning, with 

several investigators showing that on a molar basis tetrathionate was 1.5- to 3.3-fold more 

potent than thiosulfate [5–10]. The latter data suggest that one mole of tetrathionate can 

indeed neutralize two moles of cyanide, but it has never been demonstrated that tetrathionate 

reacts directly with cyanide, either in vitro under physiological conditions or in vivo. The 

demonstration of a direct reaction of tetrathionate with cyanide in vivo is complicated by 

the fact tetrathionate is reduced to thiosulfate in vivo [11]. In the previous studies evaluating 

tetrathionate as a cyanide antidote, a cyanide salt was injected into animals, and most 

of the studies lacked appropriate control groups. We recently showed that tetrathionate 

administered by intramuscular injection rescued adolescent pigs from cyanide poisoning, but 
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again, the cyanide was administered parenterally and animals of only one age were studied 

[12].

In addition to reacting directly with cyanide, we hypothesized that tetrathionate could also 

react with methanethiol, another toxic chemical that like cyanide, inhibits cytochrome c 

oxidase of the mitochondrial electron transport chain [13–16]. Methanethiol, also known as 

methyl mercaptan and mercaptothiol, is a catabolic product of methionine and is generated 

during the decay of organic matter [17]. It is present in sewage treatment plants, wood pulp 

mills, oil and natural gas processing plants, and factories that produce pesticides, poultry 

feed, and jet fuel [18,19]. Seven deaths related to methanethiol exposure have occurred from 

occupational exposures over the last 10 years, and like cyanide, methanethiol is listed as a 

high priority chemical threat by the US Agency for Toxic Substances and Disease Registry 

[20,21]. But, unlike cyanide, no specific antidote exists for methanethiol.

For a drug to be useful against toxic gases in mass casualty scenarios, it needs to be 

effective against inhaled gases in people of all ages, and it needs to have an acceptable safety 

profile. We now show that tetrathionate: (1) reacts directly with cyanide at physiological 

pH; (2) reverses cyanide toxicity more rapidly than sodium thiosulfate in a highly monitored 

rabbit model, suggesting that tetrathionate reacts directly with cyanide in vivo; (3) rescues 

juvenile, young adult, and old adult mice from a lethal dose of inhaled hydrogen cyanide 

gas, and rescues rabbits from a lethal dose of intravenous cyanide; (4) has a therapeutic 

index towards cyanide of 3–5 in mice, and has no genetic toxicity; and (5) reacts directly 

with methanethiol, restores intracellular ATP in cultured cells exposed to methanethiol, and 

rescues mice from inhaled methanethiol gas.

Materials and methods

Materials

Sodium tetrathionate dihydrate, sodium thiosulfate pentahydrate, and potassium and sodium 

cyanide were purchased from Sigma-Aldrich, and sodium methanethiolate, the sodium salt 

of methanethiol (NaSCH3, 95% pure), was purchased from Acros Organics. A thermal 

desorption tube filled with Tenax® TA adsorptive material (Gerstel Inc.) was conditioned for 

8 h at 315 °C under 68 psi before being used for the first time. Purified water (18 MΩ-cm 

resistivity) was generated using a Water PRO PS system.

Measurement of tetrathionate and thiosulfate reaction with cyanide in vitro

The reaction of tetrathionate or thiosulfate with cyanide generates thiocyanate, which can 

be measured spectrophoto-metrically by conversion to ferric thiocyanate, a colored product 

[3]. Sodium tetrathionate or sodium thiosulfate were incubated with potassium cyanide 

either under conditions of excess cyanide at a high pH (Figure 1(A)) or a limiting cyanide 

concentration at physiological pH (Figure 1(B)). In Figure 1(A) experiments, cyanide was 

adjusted to a concentration five times higher than the concentration of sodium tetrathionate 

or sodium thiosulfate, which ranged from 50 μM to 5 mM; these experiments were 

conducted in 50 mM sodium phosphate buffer, pH 11.0. In Figure 1(B) experiments, the 

cyanide concentration was maintained at 100 μM, the sodium tetrathionate and sodium 
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thiosulfate concentration was 1 mM, and the pH of the sodium phosphate buffer was 7.4; 

these experiments were conducted in filled 1.5 ml screw-capped microcentrifuge tubes to 

minimize loss of HCN gas into the headspace above the sample. In both sets of experiments, 

samples were incubated at 37 °C for either 15 min (Figure 1(A)) or the indicated times 

(Figure 1(B)). At the end of the incubation period, a sample aliquot was mixed with an 

equal volume of ferric nitrate reagent [3], and absorbance of the resulting ferric thiocyanate 

product was measured at 460 nm.

Assessment of reversal of cyanide poisoning by continuous-wave near-infrared 
spectroscopy

We used a non-lethal rabbit model of cyanide poisoning to follow the animal’s degree of 

cyanide poisoning in real-time [22]. We studied 4–6 month old male New Zealand white 

rabbits (Western Oregon Rabbit Supply) weighing 3.5–4.5 kg. The rabbits were anesthetized 

with a 1:1 mix of ketamine and xylazine, and mechanically ventilated with 100% oxygen 

at a respiratory rate of 20–22 breaths per minute and a tidal volume of 60 cc. After a 30 

min equilibration period, the animals were injected intravenously for 55 min with sodium 

cyanide at a rate of 0.04 mg/kg/min (Figure 1(C)). When the cyanide infusion was stopped, 

the animals were injected into the right triceps longus muscle with 150 μl of either 2 M 

sodium tetrathionate or 2 M sodium thiosulfate. Sixty minutes later, they were euthanized 

by an intravenous injection of 1.0 mL Euthasol (Vibrac AH, Inc, Fort Worth, TX, USA). 

Throughout the experiment, tissue oxy- and deoxy-hemoglobin and total hemoglobin were 

monitored by continuous-wave near-infrared spectroscopy (CWNIRS) [21,22]. A custom-

designed CWNIRS fiber optic probe with a broadband light source and detector was placed 

on the animals’ head, and the intensity of reflected light was measured every second at five 

specific wavelengths in the near-infrared region (732, 758, 805, 840, and 880 nm) using a 

CCD spectrometer. Relative changes of oxy-, deoxy-, and total hemoglobin were calculated 

using a modified Beer-Lamberts’ law. All data were processed with MATLAB (Mathworks, 

MA) software.

Lethal mouse model of cyanide poisoning

Male C57/BL6 mice were exposed to hydrogen cyanide gas as described previously (Figure 

2(A)) [23,24]. Briefly, mice were placed into a 2.4 liter sealed chamber, anesthetized by 

injecting isoflurane to a final concentration of 2%, and then HCN gas was generated in the 

chamber by injecting potassium cyanide into a stirred beaker containing 10 M H2SO4. After 

15 min of HCN exposure, the mice were removed from the chamber briefly and injected 

intramuscularly with saline or sodium tetra-thionate. They were then placed back into the 

chamber and exposed to HCN gas for an additional 25 min, for a total of 40 min of HCN 

exposure. Mice that were still alive at 90 min were considered survivors, and all surviving 

mice remained alive and well when followed for two weeks. This model simulates a real-life 

exposure to cyanide gas in an enclosed space, such as a subway or train station, where about 

15 min would be required for emergency medical personnel to arrive at a disaster scene and 

another 25 min required to treat and evacuate victims. We performed the experiments on 

juvenile mice (4 week old), young adult mice (15–20 week old), and old adult mice (14–18 

month old). We used an HCN concentration that resulted in ≥80% lethality in saline-treated 
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animals, i.e., 427, 584, and 427 ppm HCN for the 4 week old, 15–20 week old, and 14–18 

month old mice, respectively.

Lethal rabbit model of cyanide poisoning

Male New Zealand white rabbits received a continuous intra-venous infusion of sodium 

cyanide (0.08 mg/kg/min) as shown in Figure 2(B) and described previously [22]. When 

the mean arterial blood pressure measured by an intra-arterial catheter decreased to <70% 

of baseline, the animals were injected intramuscularly with saline or sodium tetrathionate. 

The cyanide infusion was continued for an additional 30 min, and the animals were then 

observed for 60 min more. Survival was the primary outcome; animals with a mean arterial 

blood pressure of <30 mm Hg were euthanized.

Assessment of sodium tetrathionate toxicity and genetic mutagenesis

Toxicity studies—Mice and rats received an intraperitoneal injection of sodium 

tetrathionate, and they were then observed for four days (rats) or two weeks (mice). The rats 

had daily complete blood counts and chemistry panels performed in a certified veterinary 

medicine laboratory; the chemistry panel included serum electrolytes, renal function tests, 

and liver function tests.

Mutagenesis studies—We performed screening non-GLP mutagenicity studies, 

conducting the chromosomal aberration test in Chinese hamster ovary cells, and the 

Ames bacterial mutagenesis assay. As screening studies, we tested only two Salmonella 
typhimurium LT2 strains in the Ames test (strains TA98 and TA100); these two strains are 

generally the most sensitive to mutation.

Chromosomal aberration studies.: Cells were exposed to sodium tetrathionate for 3–21 h 

at concentrations ranging from 40.8 mM to 0.49 mM in the absence or presence of a rat S9 

metabolic activation mixture. Cells were arrested in mitosis using 0.5 μM colchicine, and at 

least 100 cells per condition were scored for evidence of chromosomal aberrations. Methyl 

methanesulfonate and cyclophosphamide were used as positive controls.

Ames bacterial mutagenesis assay.: Salmonella typhimurium strains TA98 and TA10, were 

exposed to sodium tetrathionate for 48 h at concentrations ranging from 0.28 to 22 mM in 

the absence or presence of a rat S9 metabolic activation mixture. Revertant colonies were 

scored using an automated colony counter. Sodium azide and 2-nitrofluorene were used as 

positive controls for strains TA100 and TA98, respectively.

Measurement of sodium tetrathionate and sodium thiosulfate reaction with sodium 
methanethiolate

Aqueous solutions of 500 μM sodium tetrathionate or 500 μM sodium thiosulfate were 

mixed with 500 μM sodium methanethiolate at ratios of 1:3, 1:2, and 1:1 (v:v). The 

mixtures were incubated in a 20 mL headspace vial and analyzed by dynamic headspace-gas 

chromatography-mass spectrometry using a multiple positioning system samplers. Electron 

ionization coupled with a quadrupole mass filter in scan mode was used to identify reaction 

products.
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Cell culture and measurement of ATP

COS-7 cells were grown in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented 

with 10% fetal bovine serum. Twenty-four hours before measuring ATP, they were switched 

to DMEM without glucose, supplemented with 25 mM galactose and 10% fetal bovine 

serum that had been dialyzed against normal saline. Sodium methanethiolate was added 

at the start of an experiment to a final concentration of 1 mM and again after 1.5 h; it 

was added twice because, at physiological pH, it is converted to methanethiol, which is 

volatile and evaporates from the medium. Sodium tetrathionate and sodium thiosulfate were 

added at the indicated concentrations at 1.5 h, i.e., at the same time as the second sodium 

methanethiolate addition. After 3 h, the cells were extracted in situ, and ATP was measured 

in the extracts using the Cell Titer-Glo 2 kit (Promega Corp.). Protein was measured by 

the Bradford method [25], and the data are expressed as nmol/mg protein, using an ATP 

standard curve generated with every assay.

Exposure of mice to methanethiol gas

Male C57/BL6 mice (15–20 week old) were exposed to methanethiol gas. The experiment 

was analogous to exposure to hydrogen cyanide gas, except sodium methanethiolate was 

injected into the beaker containing H2SO4, leading to a final methanethiol concentration 

of 1400 ppm. As with the hydrogen cyanide exposure, the mice were removed from the 

chamber after 15 min of methanethiol exposure, injected intramuscularly with the test 

article, and placed back into the chamber for an additional 25 min. Mice that were alive at 90 

min were considered survivors, and they all remained alive and well when followed for two 

weeks.

Animal study approval and number of animals used

All experiments were conducted according to the National Academies of Sciences, 

Engineering, and Medicine Institute for Laboratory Animal Research (ILAR) Guide to 

the Care and Use of Laboratory Animals, and were approved by the local Institutional 

Animal Care and Use Committee (IACUC) accredited via the American Association for 

Accreditation of Laboratory Animal Care (AAALAC).

In the mouse survival studies, six animals were used in each group, in the rabbit survival 

studies, at least 10 animals were used in each group, and in the rabbit reversal of cyanide 

poisoning experiments, three animals were used in each group. These numbers were 

established by a priori power analyses to achieve a p-value of <0.05 between groups: for 

the mouse survival studies we assumed 100% lethality in saline-treated animals and >80% 

survival in the treated animals and for the rabbit survival studies we assumed >80% lethality 

in saline-treated animals and >80% survival in treated animals. For the rabbit reversal 

studies, we wanted to assess the rate of recovery from cyanide poisoning in tetrathionate-

treated and thiosulfate-treated animals, but we were not necessarily interested in achieving 

statistical significance.

Chan et al. Page 6

Clin Toxicol (Phila). Author manuscript; available in PMC 2023 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Statistics and data analysis

Data were graphed and analyzed in Prism 7.04 (GraphPad, San Diego, CA, USA). Survival 

curves were compared by a Mantel-Cox log-rank test, and two or more conditions were 

compared by a one-way ANOVA. A p-value <0.05 was considered significant.

Results

Tetrathionate reacts directly with cyanide in vitro under physiological conditions and 
reverses cyanide poisoning in rabbits more rapidly than thiosulfate

In vitro studies—Previous studies of tetrathionate’s reaction with cyanide were conducted 

at a high cyanide concentration (~25 mM), a relatively high pH (pH ~ 9), and 4 or 20 

°C, because HCN’s pKa is 9.3 and its boiling point is ~22 °C. Tetrathionate reacts with 

the cyanide anion (CN‒), and thus conducting experiments under the above conditions will 

maintain the CN‒ concentration at a high and relatively constant concentration throughout 

the experiment, allowing one to calculate the reaction rate (Vmax). We confirmed the earlier 

results and showed complete conversion of tetrathionate to thiocyanate at tetrathionate 

concentrations from 50 mM to 5 mM (Figure 1(A); cyanide was present at five times the 

tetrathionate concentration; note that the amount of thiocyanate formed was identical to 

a thiocyanate standard). Under these same optimal conditions for reaction with cyanide, 

thiosulfate showed no generation of thiocyanate, consistent with previous work showing that 

thiosulfate reacts with CN‒ only in the presence of excess cupric ions (Figure 1(A)) [3].

We next designed an experiment to allow the measurement of tetrathionate’s reaction with 

cyanide under physiological conditions. At pH 7.4, ~99% of cyanide will be in the form of 

HCN, with <1% as CN‒. Thus, one would not expect as rapid or as complete a reaction of 

tetrathionate with cyanide as at a high pH and high cyanide concentration, but tetrathionate 

still reacted with cyanide, generating a linear increase in thiocyanate concentration over time 

(Figure 1(B)). As would be expected, thiosulfate showed no reaction with cyanide under 

these conditions (Figure 1(B)).

Rabbit studies—To assess if tetrathionate reacts with cyanide in vivo, we used a well-

described non-lethal rabbit model of cyanide poisoning [23,24]. We infused sodium cyanide 

intravenously for 55 min, and then injected equimolar amounts of sodium tetrathionate or 

sodium thiosulfate intramuscularly (Figure 1(C)). We then measured the rate of return of 

tissue deoxy-hemoglobin towards baseline concentrations and found that tetrathionate more 

rapidly and fully returned tissue deoxy-hemoglobin to baseline values than thiosulfate, with 

50% recovery of deoxy-hemoglobin concentration occurring at 13.5 min for tetrathionate 

and 21.6 min for thiosulfate (Figure 1(D)). This suggests that tetrathionate reacts directly 

with cyanide in vivo; we consider this matter further in the Discussion.

Tetrathionate is effective as a cyanide antidote in juvenile, young adult, and old adult mice, 
and young adult rabbits

Since cyanide exposure from a fire, a terrorist attack, or an industrial accident could affect 

people of all ages, we studied 4 week old, 15–20 week old, and 14–18 month old mice, 

corresponding to 2, 20–30, and 50–60 year old humans, respectively [26]. We chose mice, 
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because the age correlation between mice and humans is well-defined, and conducting these 

experiments in a larger species, such as rabbits would have been prohibitively expensive. In 

a cyanide gas inhalation model (Figure 2(A)), no saline-injected 4-week old and 15–20 week 

old mice lived, and <20% of saline-injected 14–18 month old mice lived (Figures 2(C–E), 

black circles). We found that at 108 mg/kg (0.4 mmol/kg) sodium tetrathionate >80% of 

4 week old and 15–20 week old mice lived, while at a 50% higher dose of 162 mg/kg 

(0.6 mmol/kg) sodium tetrathionate, 100% of the 14–18 month old mice lived (Figures 2(C–

E), grey squares; the difference between saline-injected animals and tetrathionate-injected 

animals was significant by a log-rank test). Possible reasons for the higher tetrathionate 

requirement in the older mice will be considered in the Discussion.

The FDA Animal Rule Pathway requires efficacy studies to be conducted in at least one non-

rodent species [27]. We used a lethal rabbit model of cyanide poisoning, with survival as the 

measured outcome (Figure 2(B)). We administered saline or tetrathionate by intramuscular 

injection and found that 3 of 11 saline-injected rabbits lived, compared to survival in 7 of 10 

rabbits that received 23 mg/kg (0.09 mmol/kg) sodium tetrathionate (Figure 2(F); compare 

black circles to grey squares; the difference between the two groups was significant by a 

log-rank test).

Safety profile of tetrathionate

Acute toxicity studies in mice and rats—We found that five of five mice appeared 

completely normal after a dose of 540 mg/kg (2 mmol/kg) sodium tetrathionate; the drug 

was administered by intraperitoneal injection because the volume was more than could be 

administered by intramuscular injection. Mice are too small to tolerate serial blood removal, 

and we, therefore, could not assess laboratory tests, but they remained completely healthy 

for two weeks post tetrathionate injection at which time they were euthanized.

Previous investigators have shown that the major toxicity of tetrathionate is from acute renal 

injury [11,28,29]. To assess renal toxicity of tetrathionate, we used rats, which can sustain 

seral blood removal. We found that both male and female rats tolerated 200 and 250 mg/kg 

(0.74 and 0.93 mmol/kg) sodium tetrathionate without any clinical abnormalities, and that 

male rats showed no change in serum blood urea nitrogen or creatinine at either dose(Table 

1). The female rat that received 200 mg/kg sodium tetrathionate showed a small transient 

increase in the blood urea nitrogen and creatinine; the female rat that received 250 mg/kg 

sodium tetrathionate showed a large increase in both renal function parameters that peaked 

at 48 h and were returning towards baseline by 96 h (Table 1). All other laboratory tests 

including serum electrolytes and liver function tests were normal in both genders and at both 

sodium tetrathionate doses. When corrected by body surface area, doses of 200 and 250 

mg/kg in rats correspond to ~400 and 500 mg/kg in mice.

Genetic toxicology studies—We tested sodium tetrathionate in the Chinese hamster 

ovary chromosomal aberration assay and the Salmonella/ microsome plate incorporation 

assay (Ames test). We found no evidence of mutagenicity at the maximal testable dose of 

0.49 mM in the chromosomal aberration assay and 22 mM in the Ames test.
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Tetrathionate and thiosulfate react directly with methanethiol, revert methanethiol cellular 
toxicity, and rescue mice from methanethiol poisoning

Reaction of tetrathionate and thiosulfate with methanethiol—We incubated 

sodium tetrathionate or sodium thiosulfate with sodium methanethiolate, and analyzed 

the samples by dynamic headspace gas-chromatography mass-spectrometry. We found 

that a 1:1 molar ratio of sodium tetrathionate or sodium thiosulfate mixed with sodium 

methanethiolate yielded a clearly defined dominant peak at 1.6 min, which accounted 

for 98% of the overall peak area on the chromatogram (Figure 3(A)). This peak was 

absent in samples containing only sodium tetrathionate, sodium thiosulfate, or sodium 

methanethiolate (Figure 3(A); for sake of simplicity, sodium methanethiolate alone is not 

shown). The 1.6 min peak was positively identified as dimethyldisulfide by (i) comparing 

the peak to the known mass spectrum of dimethyldisulfide; (ii) adding a dimethyldisulfide 

standard to a blank solution; and (iii) fragmentation analysis (Figure 3(B)).

Reversal of methanethiol toxicity in cells and mice—We tested if tetrathionate and 

thiosulfate could recover ATP in methanethiol-exposed COS-7 cells and rescue mice from 

methanethiol poisoning. Due to the volatility of methanethiol, we added it twice to the 

COS-7 cells, once at zero time and then again after 1.5 h, both times at a final concentration 

of 1 mM; the ATP concentration was then measured at 3 h. We added the tetrathionate and 

thiosulfate at 1.5 h, i.e., at the time of adding the second dose of methanethiol. We found 

that 1.5 mM sodium tetrathionate completely recovered the ATP concentration to that of 

control cells, whereas 5 mM sodium thiosulfate yielded only partial recovery of ATP (Figure 

3(C); neither 1.5 nor 3 mM sodium thiosulfate had a significant effect).

We studied methanethiol poisoning in mice, using an analogous model to that of cyanide 

poisoning. At a calculated methanethiol concentration of 1400 ppm, all saline-injected 

animals died, whereas 5 of 6 animals that received 162 mg/kg (0.6 mmol/kg) sodium 

tetrathionate lived (Figure 3(D)). Sodium thiosulfate at 186 mg/kg (0.75 mmol/kg) rescued 1 

of 6 animals, while 372 mg/kg (1.5 mmol/kg) sodium thiosulfate yielded the same recovery 

as 162 mg/kg sodium tetrathionate, i.e., 5 of 6 animals lived (Figure 3(D)).

Discussion

In this study, we show that sodium tetrathionate is effective against cyanide and 

methanethiol poisoning in cultured cells and animals. This makes tetrathionate a potentially 

important therapeutic because it is active against two high-priority threat agents. Three 

notable aspects of this study are that: (i) we used inhaled models of cyanide and 

methanethiol exposure, (ii) we tested animals of multiple ages in the cyanide experiments, 

and (iii) we followed the animals for at least two weeks after exposure to the chemical agent. 

Most studies of cyanide exposure inject cyanide solutions intravenously, intraperitoneally, or 

subcutaneously, use animals of only one age, and euthanize the animals within 1–3 h after 

cyanide exposure. Inhalation of hydrogen cyanide gas in a fire or methanethiol gas in an 

industrial accident is the most likely mode of exposure to these agents, and, in the case of 

a fire, people of multiple ages will be exposed. Thus, it is critical to show that a cyanide or 

methanethiol antidote works against inhalation of the gases and that it is effective in animals 
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of varying ages. It is also important to show that acute reversal of toxicity by an antidote 

translates to long-term survival without evident clinical sequelae.

The finding that 14–18 month old mice required about 50% more tetrathionate to achieve 

full rescue from cyanide toxicity than younger mice underscores the necessity of testing 

antidotes in animals of varying ages. We can think of two possible reasons for an 

increased tetrathionate requirement in older mice. First, aged mice may have decreased 

blood perfusion of skeletal muscle, which would impair tetrathionate absorption, since 

we administered the drug by intramuscular injection. And second, although tetrathionate 

appears to react directly with cyanide in vivo (discussed further below), some of the 

tetrathionate’s neutralizing capacity towards cyanide is almost certainly from conversion 

to thiosulfate; to neutralize cyanide, thiosulfate requires the enzyme rhodanese, which may 

decrease in activity with age. Thus, more tetrathionate would be required for direct reaction 

with cyanide.

Tetrathionate is known to react directly with cyanide in vitro under non-physiological 

conditions, and we now show that it reacts readily with cyanide under physiological 

conditions. Thiosulfate can react with cyanide, but the reaction requires a catalyst, such 

as cupric ions [3]. Consistent with these latter data, we found no evidence of thiosulfate 

reaction with cyanide in the absence of a catalyst, either under non-physiological or 

physiological conditions.

Tetrathionate is reduced to thiosulfate in vivo, with differing rates of reduction among 

species [11]. In rabbits, about 50% of an intravenously administered dose of tetrathionate 

is reduced to thiosulfate over 30 min [11]. Because the direct reaction of tetrathionate with 

cyanide and the enzymatic reaction of thiosulfate with cyanide via rhodanese both yield 

thiocyanate, it would be difficult to determine whether tetra-thionate reacts directly with 

cyanide in vivo or indirectly via reduction to thiosulfate. Thus, we conducted the rabbit 

cyanide reversal experiments, which suggest that tetrathionate reacts directly with cyanide in 
vivo: if tetrathionate reversed cyanide poisoning only by being converted to thiosulfate, then 

tetrathionate’s rate of reversal would have been slower than that of thiosulfate, assuming 

one mole of tetrathionate yields two moles of thiosulfate, and that 30 min is required for 

half of the tetrathionate to be reduced to thiosulfate. However, tetrathionate reversed cyanide 

toxicity almost twice as fast as an equimolar amount of thiosulfate, pointing to a direct 

reaction between tetrathionate and cyanide.

For an agent to be a viable drug candidate, it must have an acceptable therapeutic index. We 

found that the therapeutic index of tetrathionate for treating cyanide poisoning in juvenile 

and young adult mice is at least 5, and old adult mice is at least 3.3. Data from rat toxicity 

studies confirmed that renal dysfunction is the major basis of tetrathionate toxicity, but that 

up to 250 mg/kg, the renal injury appears to be reversible.

Cyanide and methanethiol both inhibit cytochrome C oxidase in complex IV of the 

mitochondrial electron transport chain, which would be expected to reduce intracellular ATP. 

Consistent with this mechanism of action, cyanide has been shown to reduce the intracellular 

ATP content in the brains of cyanide-poisoned rats, and we now show that methanethiol 
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reduces intracellular ATP in COS-7 cells [30]. No antidote currently exists for methanethiol 

poisoning, although we showed recently that the vitamin B12 analog cobinamide rescues 

pigs in a lethal model of methanethiol exposure [31]. In the current work, we found that 

both sodium tetrathionate and sodium thiosulfate reacted with methanethiolate to produce 

dimethyldisulfide in vitro. These are highly plausible reactions based on the oxidizing power 

of both tetrathionate and thiosulfate, and methanethiol oxidation produces dimethyldisulfide 

according to the following reaction, where [O] represents an oxidizing agent: CH3SH + 

[O] → CH3S-SCH3. In cultured cells, tetrathionate was about 3-fold more potent than 

thiosulfate at recovering intracellular ATP, and, in mice, tetrathionate was 2-fold more 

potent than thiosulfate in rescuing the animals from a lethal exposure to methanethiol. Thus, 

tetrathionate appears to be a better methanethiol antidote than thiosulfate.

Limitations

A limitation to these studies is that the mice and rabbits were anesthetized, as required by 

the IACUCs at our respective institutions due to the possibility of the animals suffering 

during cyanide or methanethiol exposure. Since control non-antidote-treated animals were 

also anesthetized, we think it is unlikely the anesthetic interfered with the interpretation of 

results. A second limitation is that we used only male animals in the efficacy studies. It is 

possible we would have obtained different results with female animals.

Conclusions

We conclude that sodium tetrathionate could be a good drug for emergent treatment of both 

cyanide and methanethiol poisoning. A major advantage of tetrathionate is that it could be 

administered by intramuscular injection via an autoinjector in the pre-hospital setting.
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Figure 1. 
Sodium tetrathionate reacts directly with cyanide. (A) The indicated concentrations of 

sodium tetrathionate (dark grey squares, solid line) and sodium thiosulfate (light grey 

triangles, solid line) were incubated at 37 °C in 50 mM sodium phosphate buffer, pH 

11.0 with a 5-fold excess of potassium cyanide. After 15 min, thiocyanate formation was 

measured by adding ferric nitrate and measuring absorbance at 460 nm. Sodium thiocyanate 

incubated under identical conditions in the absence of potassium cyanide is shown (black 

circles, dashed line). The main figure shows data from zero to 5 mM of sodium tetrathionate, 

sodium thiosulfate, and sodium thiocyanate, and the inset shows data from zero to 500 

μM of sodium tetrathionate and sodium thiocyanate. (B) Similar experiments as those 

shown in Panel A were conducted except the sodium tetrathionate (dark grey squares, solid 

line) and sodium thiosulfate (light grey triangles, solid line) were at 1 μM, the potassium 

cyanide was held constant at 100 μM, and the sodium phosphate buffer was pH 7.4. The 

amount of thiocyanate produced over 40 min is shown. (C) Diagrammatic representation 

of a rabbit non-lethal cyanide infusion model. Rabbits received a continuous intravenous 

infusion of sodium cyanide at 0.04 mg/kg/min for 55 min. The infusion was stopped and 

they were injected immediately with equimolar amounts of either sodium tetrathionate or 

sodium thiosulfate. Throughout the experiment, the tissue concentration of oxy- and deoxy-

hemoglobin was monitored by continuous-wave near-infrared spectroscopy. (D) Rabbits 
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were injected intravenously with sodium cyanide according to the protocol shown in panel 

(C). The rate of return of deoxy-hemoglobin towards baseline values is plotted vs. time 

for animals injected with sodium tetrathionate (dark grey squares) or sodium thiosulfate 

(light grey triangles). Time zero is the same as in panel (C). The dotted lines show the 

time to 50% recovery of deoxy-hemoglobin, which was 13.5 min for tetrathionate and 21.6 

min for thiosulfate. In panels (A,B,D), the data are the mean ± SEM of three independent 

experiments.
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Figure 2. 
Sodium tetrathionate rescues juvenile, young adult, and old adult mice, and young adult 

rabbits from lethal cyanide poisoning. (A,B) Diagrammatic representations of the mouse 

cyanide inhalation model (panel A) and rabbit lethal cyanide infusion model (panel B). 

(C–E) Juvenile mice (4 week old, panel C), young adult mice (15–20 week old, panel D), 

and old adult mice (14–18 month old, panel E) were exposed to hydrogen cyanide gas 

in an airtight chamber as depicted in panel (A). After 15 min of gas exposure, they were 

removed from the chamber and injected intramuscularly with saline (black circles), 108 

mg/kg sodium tetrathionate (grey squares), or 162 mg/kg sodium tetrathionate (old adult 

mice, grey diamonds). They were placed back in the chamber for an additional 25 min of 

cyanide gas exposure. Animals that lived until 90 min were observed for an additional two 

weeks, and all of them appeared fully normal. N=6 mice in each group. (F) Rabbits received 

a continuous intravenous infusion of sodium cyanide as depicted in panel (B). When the 
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mean arterial blood pressure was <70% of baseline, the animals received an intramuscular 

injection of saline (black circles) or 23 mg/kg sodium tetrathionate (grey squares). The 

cyanide infusion was continued for 30 min more, and the animals were then observed for an 

additional 60 min. Zero time is the time of saline or sodium tetrathionate injection. N=11 

for saline-injected animals and N=10 for tetrathionate-injected animals. In panels (C–F), 

the difference between saline-injected and tetrathionate-injected animals is compared by a 

log-rank test.
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Figure 3. 
Sodium tetrathionate and sodium thiosulfate react with sodium methanethiolate, and reverse 

methanethiol toxicity in cells and mice. (A) Sodium methanethiolate was mixed at a 1:1 

molar ratio with sodium tetrathionate (grey line) or sodium thiosulfate (red line), and 

the product(s) of the reaction were analyzed by dynamic headspace gas-chromatography 

mass-spectrometry. As negative controls, the mass spectra of sodium tetrathionate (orange 

line) and sodium thiosulfate (blue line) alone are shown. (B) The peak eluting at 1.6 min 

in panel (A) was identified as dimethyldisulfide by mass spectrometry and fragmentation 

analysis; the structure of dimethyldisulfide is shown in the upper left. (C) COS-7 cells 

were incubated for 3 h with 1 mM methanethiol; due to its volatility, it was added at zero 

time and again at 1.5 h. At the time of the second methanethiol addition, either 1.5 mM 

sodium tetrathionate (Na2S4O6) or 1.5, 3, or 5 mM sodium thiosulfate (Na2S2O3) were 

added to the cells. At the end of the 3 h incubation, the cells were extracted in situ, and 

ATP was measured by a chemiluminescent method. * and **** indicate p < 0.05 and 

<0.001, respectively, by a one-way ANOVA for the indicated comparisons. (D) Mice were 

exposed to 1400 ppm methanethiol gas for 15 min, and were removed from the chamber 

and injected with either saline (black circles), 0.6 mmol/kg sodium tetrathionate (Na2S4O6, 
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blue triangles), or 0.75 or mmol/kg sodium thiosulfate (Na2S2O3, red squares, and green 

inverted triangles, respectively). They were placed back in the chamber for an additional 

25 min of methanethiol exposure. The saline-injected animals all died before removal from 

the chamber at 40 min. Animals that were alive at 90 min remained alive and well over a 

two-week follow-up period. N = 6 mice per group. The difference between saline-injected 

animals and animals that received 0.6 mmol/kg sodium tetrathionate or 1.5 mmol/kg sodium 

thiosulfate was significant by a log-rank test (p = 0.0028).
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