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Abstract

There are currently no FDA-approved antidotes for H2S/sulfide intoxication. Sodium nitrite, if 

given prophylactically to Swiss Webster mice, was shown to be highly protective against the acute 

toxic effects of sodium hydrosulfide (~LD40 dose) with both agents administered by 

intraperitoneal injections. However, sodium nitrite administered after the toxicant dose did not 

detectably ameliorate sulfide toxicity in this fast-delivery, single-shot experimental paradigm. 

Nitrite anion was shown to rapidly produce NO in the bloodstream, as judged by the appearance of 

EPR signals attributable to nitrosylhemoglobin and methemoglobin, together amounting to less 

than 5% of the total hemoglobin present. Sulfide-intoxicated mice were neither helped by the 

supplemental administration of 100% oxygen nor were there any detrimental effects. Compared to 

cyanide-intoxicated mice, animals surviving sulfide intoxication exhibited very short knockdown 

times (if any) and full recovery was extremely fast (~15 min) irrespective of whether sodium 

nitrite was administered. Behavioral experiments testing the ability of mice to maintain balance on 

a rotating cylinder showed no motor impairment up to 24 h post sulfide exposure. It is argued that 

antagonism of sulfide inhibition of cytochrome c oxidase by NO is the crucial antidotal activity of 

nitrite rather than formation of methemoglobin.

Graphical Abstract

INTRODUCTION

Methods for generating hydrogen sulfide gas (H2S) from household chemical products 

obtainable at multiple retail outlets have been publicized through the Internet, and suicide by 

H2S inhalation is an emerging trend in some countries.1,2 Significantly, it appears that 

neighbors not in the immediate vicinity of the release site, or emergency responders, were 
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sometimes affected/injured,3,4 leading to a growing realization that H2S might find 

application as a weapon.1 Additionally, there are approximately 102 known commercial 

sources of H2S, resulting in thousands of occupational exposures per year in the US alone, 

including individuals engaged in paper pulping, tanning, vulcanizing, management of animal 

waste, sewer maintenance, heavy water production,5,6 and, especially, natural gas mining.7 

Preventable deaths of inadequately protected would-be rescuers, both co-workers and 

emergency personnel, have been reported.8 It is, therefore, of concern that no FDA-approved 

antidote, or reliable protocol, for treating acute H2S intoxication is currently available.9 

Emergency medicine bulletins/pamphlets issued by several international, federal, and state 

authorities10–16 suggest the use of cyanide antidote kits containing nitrite-thiosulfate, or 

cobalamin, but the basic science that would justify this approach is lacking. Moreover, there 

are conflicting anecdotal case reports attesting to both the success and failure of cyanide 

therapeutics administered in situations where H2S was known or suspected to be the toxic 

agent.17 More seriously, we have recently shown that the production of hydrosulfide (HS−) 

in the blood from thiosulfate administered as a cyanide antidote is measurably toxic.18 

Therefore, the suggested use of the nitrite-thiosulfate combination as a therapy for H2S 

poisoning is alarming. Certainly the toxicology of H2S shares features in common with that 

of cyanide; for instance, both toxins are highly efficient disruptors of mitochondrial electron-

transport chain function19–21 with approximately identical inhibition constants (Ki) for 

cytochrome c oxidase.18,22 It follows that in developing potential therapies for treating acute 

H2S intoxication initial efforts should be directed toward overcoming inhibition of 

cytochrome c oxidase and the associated rapid cardiopulmonary collapse.9

The first pKa of H2S is 6.9–7.0 (37–25 °C), with the second pKa being inaccessible in 

water,23,24 which results in aqueous solutions of approximately 30–25% H2S and 70–75% 

HS− at pH 7.4, irrespective of whether it was initially introduced as the molecular gas or as a 

salt (e.g., NaHS). In keeping with what seems to be a common convention, we refer to this 

mixture at physiological pH as sulfide (and do not mean to imply S2− at any time herein). 

Haouzi et al.25 have recently shown that, at sublethal levels, intravenously administered 

aqueous sulfide becomes converted to other forms in the bloodstream of sheep and rats 

within 1 min of infusion. This seems to be incompatible with the findings of Truong et al.,26 

who reported that cobalamin given intraperitoneally greatly increases the survival rate of 

sulfide toxicity in mice when administered 2 min after the toxicant. Curiously, these latter 

authors report death following sulfide intoxication in a 0–24 h window with no mention of 

the rapid effects that we describe below. To further confound matters, suspected human 

victims of H2S inhalation reaching the clinic have been reported to succumb to the poisoning 

hours after the exposure,20,27 possibly indicating additional slower mechanisms of toxicity 

subsidiary to cytochrome c oxidase inhibition. In this study, we attempt to resolve these 

puzzling observations with regard to the acute toxicity of sulfide.

Sodium nitrite has periodically been mentioned as a possible antidote for H2S for over 30 

years,20,28–30 on the basis of the assumption that detoxification would result from nitrite-

induced generation of methemoglobin (metHb) followed by binding of sulfide to form 

sulfidomethemoglobin (metHbSH).9 However, we propose this widely held mechanistic 

belief to be erroneous. The matter is a critical issue to overcome because concerns that 

increased metHb levels (methemoglobinemia) would further challenge the oxygen utilization 
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capabilities of already sulfide-compromised individuals have almost certainly hindered the 

rational investigation of nitrite as a possible frontline antidote. In the related case of acute 

cyanide intoxication, we have shown that there need be no significant methemoglobinemia 

following administration of sodium nitrite (<2% metHb18), as the principle antidotal action 

is to generate nitric oxide (NO) that ameliorates inhibition of cytochrome c oxidase 

function.31,32 Herein, we have examined the antidotal activity of sodium nitrite toward 

sulfide toxicity and the potential ameliorating effects of supplemental oxygen, employing a 

combination of behavioral assessments on mice and spectroscopic (EPR) measurements on 

drawn blood. A variety of sequelae, secondary to sulfide poisoning, have been anecdotally 

reported in humans, including neurological defects. Accordingly, we have performed some 

neuromuscular assessments on mice following recovery from sulfide intoxication to 

determine if any improved survivability observed with nitrite administration might also be 

associated with undesirable neurological consequences.

EXPERIMENTAL METHODS

Chemicals

All reagents were ACS grade, or better, used without further purification, and, unless stated 

to the contrary, were purchased from Fisher or Sigma-Aldrich. Argon, carbon dioxide, nitric 

oxide, nitrogen, and oxygen gases were purchased from Matheson Incorporated and, with 

the exception of nitric oxide (see Enzyme Preparation and Cell Culture), used without 

further purification. Sodium hydrosulfide or sodium cyanide solutions were prepared in 

septa-sealed vials with minimized headspaces immediately prior to use, and volumetric 

transfers were made with gastight syringes. Sodium hydrosulfide was obtained as 

NaHS·xH2O (Sigma), where x was determined to be 2.5 essentially following procedures 

described by Koltoff et al.33 Briefly, concentrations of HS− were determined by quantitative 

reaction with excess iodine (2HS− + I2 → S + 2H+ + 2I−) followed by titration of the 

liberated iodide (as I− + I3
−) with silver nitrate (precipitating AgI + AgI3) using an Ag+-

sensitive ion-selective potentiometric electrode (Accumet Silver/Sulfide Combination ISE 

13-620-551) to detect the end point.

Animals, Exposure, and Blood Collection

All animal procedures were approved by the University of Pittsburgh Institutional Animal 

Care and Use Committee (protocol no. 13092637). Veterinary care was provided by the 

Division of Laboratory Animal Research of the University of Pittsburgh. Male Swiss 

Webster (CFW) mice weighing 40–50 g were purchased from Taconic (Hudson, NY). Adult 

animals were 16–18 weeks old and were housed four per cage. The mice were allowed 

access to food and water ad libitum. Experiments commenced after the animals were 

allowed to adapt to their new environment for 1 week. A series of experiments testing the 

efficacy of sodium nitrite as a sulfide antidote were performed. All solutions were prepared 

by dilutions into sterilized saline in septa-sealed vials using gastight syringes for all transfers 

and administered through ~0.1 mL intraperitoneal (ip) injections. In general, a group of at 

least 6 mice were tested for each experimental point. At the end of exposures and tests, mice 

were euthanized with CO2. Juvenile male Swiss Webster mice 6–8 weeks old, 25–35 g, 

supplied by Taconic, were treated in the same fashion.
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For collection of blood samples, mice were first euthanized in an atmosphere of carbon 

dioxide and blood was drawn by cardiac puncture into a 1 mL syringe containing 25 μL of 

500 mM EDTA. The blood was expelled into the bottom of a quartz EPR tube containing an 

argon atmosphere and then frozen by immersion in liquid nitrogen. This entire process could 

comfortably be completed in 2 min. The cryogenically preserved sample was stored in liquid 

nitrogen and subsequently transferred to the EPR spectrometer without ever having been 

thawed. Samples of heart tissue were also collected. Euthanized animals were perfused with 

5 mL of PBS by cardiac puncture, and then the hearts were removed and immediately frozen 

in liquid nitrogen. After storage at −80 °C, individual hearts were thawed and homogenized 

in 1 mL of PBS, and a 200 μL aliquot of this homogenate was introduced into an EPR tube 

and frozen in liquid nitrogen before subsequent transfer to the spectrometer.

Righting-Recovery Testing

Lengths of time required for recovery of righting ability in mice were determined based on 

some of the recommendations of Crankshaw et al.34 regarding their measurement of the 

righting reflex but adopting a simpler procedure. Following ip administration of toxicant 

(±NaNO2), mice were placed in a transparent but dark green-colored plastic tube (Kaytee 

CritterTrail, available from pet stores) in a supine position. The time duration from the 

toxicant injection until the mouse flipped from the supine to a prone position in the plastic 

tube was taken as the end point.

RotaRod Testing

To assess motor skill learning and recovery following intoxication, we used the accelerating 

RotaRod (Coulbourn Instruments, Whitehall, PA), a rotating cylindrical apparatus (4 to 40 

rpm) on which the mice were placed. The animals were evaluated for three trials per time 

point on three consecutive days, with a resting time of 30 s between each trial. An individual 

trial was considered to have ended when the mouse either fell off or had remained on the 

rotating cylinder for 60 s. Latency to fall and highest speed reached were recorded for each 

trial. Mice were trained for eight trials on the first day by placing them on an accelerating 

RotaRod for 60 s, during which time the rotation rate was varied linearly from 4 to 11.2 rpm. 

On the day of the toxicity experiments (day 2), animals were tested for a single set of three 

trials, with the same parameters as those used during training to establish a baseline 

performance, before injection. Trained animals were tested at 15 min intervals after toxicant 

administration for 2 h and an additional time 24 h after injection, by placing them on an 

accelerating RotaRod for 60 s, accelerating from 4 to 22 rpm. Motor performance was 

determined to be the highest rotation speed reached before the animal fell off the apparatus, 

determined from the mean rpm in three trials for each mouse at each experimental time 

point. For comparison between groups, the mean performance in preinjection testing for a 

group was used to normalize all of the other experimental points of that group.

Enzyme Preparation and Cell Culture

Bovine pulmonary artery endothelial cells (BPAEC) were purchased from Lonza and used at 

passages 4–8. Cells were grown in Opti-MEM media supplemented with 10% fetal bovine 

serum, 5 mM glutamate, penicillin, and streptomycin under 5% CO2. Cytochrome c oxidase 

was prepared as previously described31 from intact bovine heart mitochondria using a 
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modified Harzell–Beinert procedure (without the preparation of Keilin–Hartree particles). 

The enzyme was determined to be spectroscopically pure if the 444 to 424 nm absorbance 

ratio for the reduced enzyme was 2.2 or higher. Derivatives were prepared in 50 mM 

potassium phosphate, 1 mM in sodium EDTA, and 0.1% in lauryl maltoside, pH 7.4–7.8, to 

concentrations of 10–80 μM (in enzyme). Enzyme concentrations were determined as total 

heme a using the differential extinction coefficient of Δε604 = 12 mM−1 cm−1 for the 

reduced minus oxidized electronic absorption spectra.35 Concentrations throughout are given 

on a per enzyme concentration basis (NOT per [heme a]). Ferrocytochrome c:O2 

oxidoreductase activity was determined spectrophotometrically employing the high ionic 

strength method of Sinjorgo et al.36 Electronic absorption spectra were measured and 

photometric determinations were made using Shimadzu UV-1650PC and UV-2501PC 

spectrophotometers. Nitric oxide (for reactions with cytochrome c oxidase) was scrubbed 

with water and KOH pellets prior to use, bubbled through anaerobic buffer (prepared by 

bubbling argon through the solution), and added to enzyme samples volumetrically with 

gastight syringes. Buffered solutions never exhibited any significant change of pH (i.e., < 

0.05 pH units) following NO additions.

Electron Paramagnetic Resonance (EPR)

X-band (9 GHz) EPR spectra were recorded on a Bruker ESP 300 spectrometer equipped 

with an Oxford Instruments ESR 910 flow cryostat for ultra-low-temperature measurements. 

Access to this instrument and the software (SpinCount) used to analyze the EPR spectra 

were provided by Professor Michael Hendrich, Carnegie Mellon University. Quantification 

of EPR signals was performed by simulating the spectra using known (or determined) 

parameters for each sample in question. Simulations employed a least-squares fitting method 

to match the line shape and signal intensity of a selected spectrum. Simulated spectra were 

expressed in terms of an absolute intensity scale, which could then be related to sample 

concentration through comparison with a CuII(EDTA) spin standard of known concentration.

Data Analysis

Statistical data was analyzed using GraphPad Prism 6 software by t-test. A p-value ≤ 0.05 

was considered to be statistically significant.

RESULTS

Comparison of Sulfide and Cyanide Toxicities

It is frequently noted that there are parallels between the acute toxicities of H2S versus 

HCN, and it will be instructive to explore this comparison further (e.g., Table 1). In our 

procedures, where the toxicants are given to mice as ip injections of sodium salts in saline 

solutions at approximately LD50 doses, those animals that succumb typically do so within 2–

4 min, in keeping with the well-documented rapid action of these poisons. In the particular 

case of sulfide, we have to date observed deaths in excess of 200 animals, with more than 

98% of these occurring within 5 min of the toxicant dose, 2 individuals died in the 5–10 min 

period, and only 1 individual in the 10 min to 24 h window. Consequently, we are very 

surprised by the methodology and observations of Truong et al.,26 who report returning mice 

to their cages after giving similar ip doses of aqueous NaHS to record deaths 24 h later, with 
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no mention of any fatalities in the first few minutes following administration of the toxicant. 

The antidotal regimen adopted by these same authors involved ip administration of 

hydroxycobalamin solutions at 2 min following the toxicant dose and not at any later times 

in the 24 h experimental window before deaths were recorded. A time delay of only 2 min 

between the toxicant and antidote doses for efficacy suggests to us that these authors were 

probably dealing with the same kind of acute response as we now report (i.e., the majority of 

deaths within a few minutes of the toxicant dose) but for some reason left this unclear.

A period of unconsciousness, or knockdown, is a common acute symptom of exposure to 

both sulfide9 and cyanide.37 With a simplified modification of a procedure developed by 

Crankshaw et al.,34 we have previously assessed sublethal cyanide intoxication in mice and 

its antagonism using the observed duration of knockdown to indicate extent of incapacitation 

and recovery.18,38,39 Injection of mice with 0.1 mmol/kg (5 mg/kg, ip) NaCN in saline 

results in loss of consciousness, with clear indication of the onset of narcosis (animals 

stagger or are motionless) beginning at around 1 min following administration of the 

toxicant. Shortly thereafter, the animals may be placed on their backs (supine position) and 

observed until they regain consciousness, at which time they turn themselves to an upright 

(prone) position. The observed righting-recovery time generally lasts around 30 min, with 

about 60% survival in the case of cyanide intoxication at the stated dose. The method has 

proven to be suitable for demonstrating the efficacy of putative antidotes given before or up 

to 20 min after the cyanide.18 Unfortunately, however, the same method proved to be 

impractical for use with respect to sulfide as the toxicant. Mice that experienced sulfide-

induced knockdowns were more likely to die than to survive, and, in fact, only about one-

quarter of all surviving animals experienced knockdown (Table 1). Furthermore, using 0.29 

mmol/kg (16 mg/kg, ip) NaHS in saline (57% survival) caused a knockdown duration of 

only 3.5 ± 1.4 min (n = 28). Increasing the dose incrementally did not lead to any significant 

lengthening of knockdown times observed, and at 20 mg/kg, all of the mice injected (n = 6) 

died within 5 min. That is, in the case of sulfide intoxication, knockdown/righting-recovery 

was the atypical response, variable and short, necessitating that an unreasonably large 

number of animals would have been needed to demonstrate any beneficial effects of putative 

antidotes by this method. Therefore, we reluctantly investigated the efficacy of NaNO2 

toward antagonism of NaHS toxicity using death or survival (observed at 15 min and 24 h) 

as the end point.

In addition to the clear differences in frequency of response and knockdown duration noted 

above with sulfide- and cyanide-dosed mice, the recovery times were also found to be quite 

distinct. Following a toxicant dose (~LD40) with no antidote given, sulfide-intoxicated mice 

took about 15 min to recover essentially normal behavior, whereas almost 2 h had elapsed 

before cyanide-intoxicated mice exhibited similar recovery (Table 1 and RotaRod 

experiments described below). It appears from these observations that the part(s) of the 

central nervous system dealing with consciousness is (are) significantly more deeply 

affected by sublethal cyanide intoxication than is the case with sulfide. The experimentally 

established LD40 doses of NaHS and NaCN, 16 and 5.0 mg/kg, respectively, represent a 

molar ratio of ~3:1 (total sulfide/total cyanide). As the relevant pKa’s are 6.9 and 9.2, 

respectively,23,24 this implies [H2S] ≅ [HCN] circulating in the bloodstreams at pH 7.4; that 

is, the toxicant species expected to be most readily membrane-permeable were administered 

Cronican et al. Page 6

Chem Res Toxicol. Author manuscript; available in PMC 2017 August 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



at the same level. This makes sense, given that we can anticipate the rate of diffusion of the 

toxicants from the bloodstream to depend upon mass action and the principle target 

molecule, cytochrome c oxidase, is similarly inhibited by sulfide and cyanide.22 In summary, 

while the pattern of sublethal narcosis clearly differs between the two toxicants, our present 

data are fully consistent with the notion that the two mechanisms of lethality are essentially 

analogous, with pulmonary function being principally affected.

Potential Antidotes to Sulfide Poisoning

Doubts and conflicting reports have continued to persist regarding the usefulness of sodium 

nitrite as a sulfide antidote for almost 40 years.9,28,40–42 On the basis of our recent 

experience with regard to cyanide and nitrite, we suspected that some of the confusion in the 

literature might stem from an incorrect understanding of how the antidotal action of nitrite 

might best be mechanistically explained. The general consensus is that cyanide exerts its 

acute toxicity primarily on the central nervous system through inhibition of cytochrome c 
oxidase, with death primarily the result of interruption to the pulmonary nervous supply.37,43 

We have shown that nitric oxide (NO) relieves the inhibition of cytochrome c oxidase by 

cyanide,31,32 leading to the suggestion that the antidotal action of nitrite toward cyanide 

poisoning involves the anion functioning as an NO donor to alleviate electron-transport 

chain inhibition by cyanide.18,38 Consequently, we set out to investigate whether sodium 

nitrite might also be antidotal toward sulfide poisoning through a mechanism in which the 

anion acts as an NO donor. We began with a prophylactic paradigm (Figure 1A). Previously, 

12 mg/kg NaNO2 was established as the optimal antidotal dose in the case of acute cyanide 

toxicity.18,38 This same dose, however, resulted in only a modest improvement in survival of 

79% (Figure 1B) for sulfide toxicity. When 24 mg/kg NaNO2 was administered 5 min before 

a 16 mg/kg NaHS dose, survival was significantly increased to 93% (Figure 1B), compared 

to 57% in the case of controls given no nitrite (Figure 1B). Several groups of authors have 

suggested that delivery of supplemental oxygen during treatment for sulfide poisoning may 

be beneficial,44–47 and, indeed, while the supporting evidence is anecdotal, the idea can be 

rationalized on the basis that the known detoxification pathway of sulfide uses oxygen.9,17 

We investigated the matter experimentally. Following prophylactic doses of NaNO2, mice 

were maintained under normoxic conditions for 5 min and then placed in a 100% oxygen 

environment immediately after injections of NaHS. Control animals were given just NaHS 

and placed in the 100% oxygen chamber. Exposures to 100% oxygen were discontinued 

after 15 min or at time of death (<15 min). There was no detectable improvement in survival 

of mice provided with the supplemental oxygen following the toxicant dose (Figure 1B) 

compared to those maintained under normoxic conditions throughout (Figure 1B). While 

this result could be considered negative, it is, nevertheless, important. Faced with patients in 

respiratory distress, it is quite normal practice for emergency responders to provide 

supplemental oxygen if available. Therefore, it is comforting that our data show no effect of 

supplemental oxygen, neither good nor bad, suggesting that the protocol should at least do 

no harm in cases of sulfide intoxication.

Unfortunately, in experiments where NaNO2 (24 mg/kg) was administered 1–2 min after the 

toxicant (NaHS, 16 mg/kg), there was no significant improvement in survival observed (data 

not shown). While NaNO2 was not beneficial when administered after sulfide doses, we 
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were able to confirm the results of Truong et al.26 in which administration of 

hydroxycobalamin acetate (ip) at 2 min after the NaHS dose (ip) increased survival to 80% 

(data not shown). We interpret these observations to reinforce the idea that cobalamin binds 

sulfide circulating in the bloodstream, slowing the passage of the toxicant to the tissues in 

the critical 2–4 min period during which the majority of deaths were observed. Nitrite, on 

the other hand, does not exert its primary action in the bloodstream (see below), and the NO 

released must reach inhibited mitochondria within tissues to reverse the effect of the 

toxicant. As the maximal release of NO occurs about 5 min after ip injection,18 this method 

of NaNO2 delivery is too slow for post-NaHS use in the current scenario, and, ultimately, 

alternate methods (e.g., aerosol inhalation) will probably have to be considered.

Sulfide Toxicity in Juvenile Mice

It is of interest to determine if juveniles are more susceptible to the effects of sulfide. To this 

end, we carried out a series of experiments examining the dose response to sulfide and the 

efficacy of nitrite as an antidote in 6–8 week old mice. As shown in Figure 1C, juveniles 

proved to be slightly more resistant to sulfide, as a dose of 18 mg/kg (Figure 1C) was needed 

to obtain a similar level of survival compared to adult mice exposed to 16 mg/kg. It is of 

interest to note that at 2 mg/kg more (20 mg/kg) survival dropped precipitously from 67 to 

14%. This kind of steep relationship was also observed in preliminary testing with adults 

(data not shown). Survival was improved significantly upon the prophylactic administration 

NaNO2 (Figure 1C) at the same dose (24 mg/kg) as that in the adults. Also like the adults, 

those sublethally intoxicated juvenile subjects recovered quickly (~15 min), and all deaths 

occurred within 5 min of receiving the toxicant dose; none were observed in the 5 min to 24 

h time window.

Recovery of Neuromuscular Function Following Acute Sulfide Intoxication

There is anecdotal evidence in the occupational medicine literature for neurological 

dysfunction in humans following acute exposures to H2S.9,27 To address this possibility 

experimentally, we employed an approach based on the RotaRod device, primarily a 

determinant of neuromuscular coordination, but there is also assessment of muscle strength, 

with a more limited cognitive component. The mice were trained 24 h before the 

intoxication procedures, and baseline peformance was established at 1 h prior to 

administration of toxicant. Following toxicant injections, mice were then tested every 15 

min, up to 1 h, and subsequently at 24 h (Figure 2A). There was no significant difference in 

RotaRod performance of mice (Figure 2B) given 16 mg/kg NaHS (●), 24 mg/kg NaNO2 

(□), or NaNO2 + NaHS (▲). In general, the animals improve with practice, so the increased 

performance between 15 and 45 min post-intoxication should be taken to indicate a learning 

curve, as it has a slope similar to that observed during the training period (Figure 2B). These 

data show that all of the animals have essentially recovered neuromuscular coordination at 

15 min after administration of NaHS, irrespective of whether nitrite was given. A 

comparison (Figure 2C) of the RotaRod performace of mice given 16 mg/kg NaHS (●), 5.0 

mg/kg NaCN (◆), or NaNO2 + NaCN (□) showed that the cyanide-intoxicated mice had a 

longer recovery time (~2 h) compared to sulfide (15 min). Furthermore, while administering 

nitrite shortened the recovery time, the performance of these nitrite-treated and cyanide-

intoxicated mice still clearly lagged behind that of the sulfide-intoxicated animals (Figure 
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2C). Nevertheless, it is to be noted that, in the case of both toxicants, there was no indication 

of persistent impairment of neuromuscular coordination or readily apparent cognitive 

(learning/memory) issues as reported for humans; all of the surviving animals rapidly made 

full recoveries, as judged by the RotaRod testing, and did not develop any latent problems at 

24 h.

Nitrite-Dependent Release of NO in Blood and Heart Muscle

We have previously shown that minority hemoglobin species in blood samples (HbNO, 

metHb, and metHbS) can be quite accurately determined using EPR spectroscopy.18,38 The 

addition of sodium nitrite to mice followed by euthanasia with CO2 and sample preparation 

(see below) led to dose-dependent (0–24 mg/kg) EPR signals, identified as HbNO and 

metHb. In general, the amount of HbNO observed in the blood (a maximum of 0.5 mM, or 

~6% of the total hemoglobin) was roughly 2 to 3 times the amount of metHb (0.15 mM, or 

~2% of the total hemoglobin). Followed over time, the signal intensities peaked at 10–15 

min and measurably persisted up to 1 h after administration of the nitrite dose.18,38 The 

presence of both signals could be construed as evidence for the presence of NO in the blood 

rather than nitrite (HbO2 + NO → metHb + nitrate; Hb + NO → HbNO), but as the signals 

were not present in the spectra of blood samples taken from control animals, they clearly 

arose in a nitrite-dependent manner. In the present study, mice were given NaNO2 (12–24 

mg/kg in saline, ip) and then later euthanized in an atmosphere of CO2 starting at 7 min after 

the nitrite dose. We chose this delay because previously the maximal level of NO-dependent 

EPR signals was found between 5 and 15 min following NaNO2 administration. Within 2 

min of starting euthanasia, blood had been withdrawn by cardiac puncture, 250 μL was 

dispensed into an EPR tube, and the sample cryogenically preserved by immersion in liquid 

nitrogen. When required, NaHS (16 mg/kg in saline, ip) was administered either alone or 5 

min following the nitrite dose (i.e., 2 min before commencing euthanasia).

The EPR spectra of control blood samples, from animals given neither sulfide nor nitrite, 

exhibit only weak signals arising from transferrin at ~1600 gauss (not shown). In samples 

drawn from mice given NaNO2, both metHb (~1100 gauss) and HbNO (~3400 gauss) EPR 

signals were readily observed (Figure 3A). The HbNO exhibits a three-line hyperfine due to 

the interaction of the nuclear spin of the nitrogen atom in NO with the electron spin.48,49 

Most of the HbNO probably accumulates during euthanasia, as the animal will rapidly 

become systemically anaerobic before the blood sample can be drawn and cryogenically 

preserved. Consequently, while the HbNO level contributes to the quantitative estimation of 

effective NO concentration at time of sacrifice, no other useful information can be deduced 

from these particular signals. The blood of animals treated with NaHS alone yielded EPR 

spectra that were essentially the same as those of controls, containing only very weak signals 

and certainly nothing that could be associated with the toxicant dose (Figure 3B). On the 

other hand, the blood of mice administered sulfide 5 min after the nitrite exhibited EPR 

spectra that were interesting in a couple of respects. First, the known EPR signal associated 

with metHbSH (rhombic in nature with features at 2736, 3057 (crossover) and 3715 gauss18) 

was routinely observed (Figure 3C). There are, however, three overlapping sets of EPR 

signals present: metHb (~1100 gauss), HbNO (~3400 gauss), and the metHbSH signal. To 

quantitate these signals, we simulated the spectra using the program SpinCount (M. T. 
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Hendrich, Carnegie Mellon University; see Experimental Methods), and the resulting signal 

intensities are presented in Table 2. The concentration of metHbS detected was 0.13 mM, or 

<2% of the total hemoglobin, which equates to 0.5 μmol in a mouse of total blood volume 

~4 mL (0.13 mM × 4 mL = 0.52 μmol). Now, a 16 mg/kg dose of NaHS in a 45 g mouse 

equates to 12.9 μmol (16/56 × 40/1000 = 12.9 μmol). Thus, only 4% of the total sulfide dose 

given was scavenged by the blood as metHbSH. Interestingly, if nitrite was given to mice 2 

min after administration of the sulfide, with both reagents provided at the same doses as 

above, any EPR signals associated with the binding of HS− to metHb were weaker and in the 

majority of cases none were detected (e.g., Figure 3D), seemingly consistent with the rapid 

elimination of HS− from the bloodstream before nitrite can release NO and generate metHb. 

Examination of samples of juvenile mouse blood drawn from animals subjected to the same 

nitrite/sulfide treatments as adults revealed no significant differences in the EPR signals 

observed (not shown).

Mouse hearts were removed from animals exposed to either 24 mg/kg NaNO2 alone, 16 

mg/kg NaHS alone, or the nitrite/sulfide combinations immediately after euthanasia, flash 

frozen in liquid nitrogen, and stored at −80 °C prior to preparation of EPR samples as 

described in the Experimental Methods. EPR signals consistent with metmyoglobin 

(metMb) and nitrosylmyoglobin (MbNO) formation were observed in animals treated with 

nitrite (Figure 4A). EPR signals of MbNO lack the three-line hyperfine pattern of HbNO 

and, thus, the two spectra are readily distinguishable (see Figures 3A and 4A). There was 

very little sulfidometmyoglobin (metMbSH) signal present in any of the spectra obtained 

from the hearts of animals given NaHS (Figures 4B–D). The level of metMb was diminished 

in samples where NaNO2 had been given before the NaHS (Figure 3C and Table 2), but any 

explanation of this could only be speculative in the absence of detectable metMbSH 

formation. For practical purposes, the detection limit of single-scan EPR measurements is a 

few micromolar, so it is certainly the case that biologically significant levels of potentially 

EPR detectable species can arise but remain below detection. Thus, these data are not very 

informative regarding the movement of sulfide species into cells, but they do confirm 

significant trafficking of NO/nitrite from the bloodstream into the heart muscle. Presumably, 

this also applies to other soft vascularized tissues, but since most do not contain high levels 

of constitutive traps (like myoglobin), the assertion cannot be verified by our EPR 

methodology in such cases. While tissues of the central nervous system are of prime 

importance in the present context, our EPR findings certainly do not exclude their efficient 

uptake of NO/nitrite, and at least NO is known to cross the blood–brain barrier.50

Reactions with the Crucial Target of Sulfide Toxicity, Cytochrome c Oxidase

In many cases, changes in oxidation state and substitution of ligands at the oxygen-binding 

(active site) heme a3 in cytochrome c oxidase can be conveniently followed by electronic 

absorption spectroscopy (e.g., Figure 5). As prepared, the fully oxidized (resting) enzyme 

exhibits an absorption spectrum with two distinct features: a Soret band at 420–422 nm 

(Figure 5A, dot-dash trace) and a visible-region band at ~600 nm (Figure 5B, dot-dash 

trace). Upon the addition of sulfide, using a 5-fold excess of NaHS over enzyme, the 

spectrum changes to yield a more prominent Soret band at 428 nm (Figure 5A, dotted trace) 

and an increased intensity of the ~600 nm band (Figure 5B, dotted trace). It should be 
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remembered that these absorption spectral envelopes (Figure 5A,B) result from two sets of 

overlapping signals arising from heme a and heme a3 (any CuA and CuB contributions are 

minimal). This lack of resolution in the spectra means that while such measurements are 

very good indeed at revealing whether or not something has happened at either heme a or 

heme a3 (oxidaton–reduction and/or ligand substitution) they do not necessarily reveal 

exactly which heme was involved or exactly what happened chemically; this usually has to 

be inferred from other information. It is quite clear from the absorption spectra that, 

following addition of sulfide, a new derivative of the enzyme has been formed, probably 

HS− (rather than S2− at pH 7.4) has bound to heme a3 of the enzyme, but the oxidations 

states of the metal cofactors remain unspecified. On the basis of earlier studies,19 it is most 

likely that HS− became bound to ferric heme a3 with reduction of CuB, and, indeed, our own 

EPR measurements with samples prepared in parallel proved to be in keeping with this 

assertion (not shown). Following exposure of the tentatively identified hydrosulfide adduct 

of the enzyme to excess NO gas, the 428 nm Soret band sharpened and increased in intensity 

(Figure 5A, dashed trace), whereas the visible-region band hardly changed (Figure 5B, 

dashed trace). The new spectrum obtained after the NO addition is reminiscent of that of a 

partially reduced NO adduct of the enzyme, where NO is bound to ferrous heme a3 while 

heme a remains in the ferric form.31 Interestingly, upon the addition of a strong reductant 

(sodium dithionite) to the partially reduced sulfide-inhibited NO adduct, a more complicated 

envelope was obtained, with two maxima at 428 and 442 nm (Figure 5A, solid trace) 

together with a 2-fold stronger band at 603 nm in the visible region (Figure 5B, solid trace). 

Absorption maxima at 442–444 and 603–605 nm are invariably associated with fully 

reduced derivatives of cytochrome c oxidase. The lack of any great shift in the 428 nm band 

of the NO adduct upon the addition of dithionite confirms that NO was bound to a ferrous 

heme in both cases. Also, the 428 and 442 nm features were slightly variable in relative 

intensity between samples (not shown), indicating that they represent two distinct chemical 

species (one associated with heme a and the other, with heme a3) rather than being two 

bands in the spectrum of a single chromophore. The present data do not definitively identify 

to which heme NO binds, but we assume this to be the oxygen binding site of heme a3, 

which, in turn, suggests that the 442 nm band arises from reduced heme a. More importantly, 

the absorption spectra do unambiguously show that NO is able to displace the inhibitory 

ligand from the sulfide-inhibited enzyme. Moreover, when oxygen was admitted to the 

closed vessel containing the NO adduct, the absorption spectrum reverted to that of the 

starting, fully oxidized enzyme (not shown), confirming that any NO inhibition is transient 

and providing a mechanistic basis for nitrite-derived NO antagonizing sulfide inhibition of 

cytochrome c oxidase.

Amelioration of Sulfide Toxicity by Nitrite in Cultured Cells

We have previously shown that proliferating (subconfluent) bovine pulmonary artery 

endothelial cells (BPAEC) can be used to investigate changes in mitochondrial function 

within the cellular environment.51 Furthermore, as BPAEC do not contain hemoglobin/

myoglobin, it was possible to show with this cell line that NO antagonizes cell death due to 

cyanide in a manner that does not depend upon methemoglobin, or metmyoglobin, 

formation.32 Leavesley et al.52 have reported a similar effect using NO donors in a neuronal 

line of cultured cells inhibited with KCN. In the previous studies with BPAEC, we 
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successfully used the metabolic indicator dye alamarBlue to monitor cell proliferation. 

However, sulfide was found to interact directly with alamarBlue, reducing the dye and 

preventing its implementation in the current studies. Instead, we used propidium iodide 

staining as a marker of cell death, having first established that propidium iodide did not react 

with sulfide. Recent studies have shown that nitrite can be easily converted to NO in various 

cells/tissues.53–55 Plated cells were covered with Parafilm, and inoculations of reagents were 

made by injections through the cover to slow the loss rates of gaseous H2S and NO. 

Compared to controls, application of NaNO2 did result in increased cell death after 1 h 

(Figure 6), which is not surprising, as the NO released will inhibit the mitochondrial 

electron-transport chain to some extent (i.e., transiently). Addition of NaHS (alone) to the 

media resulted in considerably more cell death 1 h later (Figure 6), showing that the sulfide 

dose is considerably more inhibitory/toxic than the nitrite-derived NO dose. Most 

importantly, however, when the same doses of nitrite and sulfide were given together, their 

toxic effects did not combine additively; rather, the level of cell death observed 

corresponded to that seen with nitrite alone (Figure 6). In other words, nitrite is observed to 

ameliorate the sulfide toxicity. These findings strongly support the proposition that 

methemoglobin formation by nitrite is not required for significant antidotal activity, but, 

instead, NO generated from nitrite displaces bound sulfide from cytochrome c oxidase.

DISCUSSION

It is widely accepted that the lethal acute toxicities of HCN and H2S are similar, cytochrome 

c oxidase within the central nervous system is the primary target for inhibition, and death 

results from respiratory paralysis.9,37 We have found nothing, to date, that would lead us to 

suspect that any of these assertions might be incorrect. It has also, however, previously been 

widely accepted that the antidotal action of sodium nitrite toward cyanide intoxication 

involves oxidation of hemoglobin to metHb, which then detoxifies cyanide through 

formation of cyanomethemoglobin (metHbCN). This, in turn, frequently led to the 

tautological opinion that sodium nitrite was an undesirable choice for a cyanide antidote 

because it would result in methemoglobinemia in patients with already challenged 

respiratory function.56–58 Contrary to these hypotheses, our laboratory has shown in a series 

of studies that the nitrite anion probably functions as an NO donor able to reverse cyanide 

inhibition at cytochrome c oxidase and, at efficacious antidotal levels, metHb formation is 

minimal (<2% total hemoglobin).18,31,32,38 In support of this position, Lavon has very 

recently shown that the administration of isosorbide dinitrate in rabbits ameliorates cyanide 

toxicity without any metHb formation.59 Now, in the present study of sulfide toxicity and its 

amelioration by nitrite, we have demonstrated an analogy. Sodium nitrite can clearly be 

protective against acute sulfide toxicity in mice (Figures 1 and 2), whereas metHb 

accumulation in the blood is negligible (Figure 3). Quantitation of the EPR data revealed 

that only 4% of the NaHS dose given to mice became trapped as metHbSH. This is less than 

the experimental variability of the toxicant delivery, since our dose error was about ±1 

mg/kg (of 16 mg/kg total) or ca. ± 6%, not enough to explain the observed level of 

protection. Using an approach suggested independently by Chen60 and Way,61 who, before 

our group, were the most vocal critics of the nitrite-metHb hypothesis, we attempted to 

further suppress nitrite-dependent metHb formation with methylene blue. Certainly, sodium 
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nitrite was still fully protective against acute sulfide toxicity in mice also treated with 

methylene blue (data not shown), but we found only a modest (<20%) reduction in levels of 

metHb by EPR, in keeping with our position regarding the insignificance of metHb but not 

adding much weight to the argument. The current rather ambiguous results of the methylene 

blue experiment could be due to the relatively low levels of metHb formation we now obtain. 

The present data obtained with isolated enzyme (Figure 5) and cultured cells (Figure 6) 

support the notion that nitrite-derived NO reversing the sulfide inhibition at cytochrome c 
oxidase is likely to be the principle antidotal mechanism.

Our findings are that experimental animals acutely poisoned with sulfide (LD40 given 

intraperitoneally as an aqueous NaHS solution) either succumb within minutes (typically, <5 

min) or recover fully (by RotaRod assay) within about 15 min (Figure 2) irrespective of 

whether antidote was given. These observations seem to be in broad agreement with the 

recent report of Haouzi et al.,25 who also found, following administration directly into the 

vasculature of sheep and rats at sublethal levels, free sulfide species reacted and disappeared 

from the bloodstream within 1 min. In short, effects that can truly be described as acute are 

very rapid. On the other hand, there are numerous accounts of suspected victims of H2S gas 

inhalation reaching the clinic exhibiting acute symptoms such as unconsciousness and 

respiratory difficulty.9,27 Typically, these patients will have presented at the clinic 

approximately half an hour or more after collapse, with many having received ventillatory 

support, and some succumb to the poisoning hours after the exposure. This chain of events is 

quite unlike observations made with laboratory animals, suggesting additional and slower 

mechanisms of toxicity are important in real-world exposures. While inhibition of 

cytochrome c oxidase may represent the key acute toxic action of sulfide, it has been 

suggested that sulfide may engage a broad range of other biological targets such as carbonic 

anhydrase,62 monoamine oxidase,63 cholinesterase, and Na+/K+-ATPase.64 Alternately, 

sulfide inhibition of mitochondrial electron-transport chains in various parts of the brain, 

which is probably not relieved by ventillatory support, may lead to damagingly low ATP 

levels; sometimes this is misleadingly referred to as brain/tissue hypoxia in relation to 

cyanide/sulfide toxicity, whereas bioenergetic hypoxia might be more appropriate, as there 

will actually be net hyperoxic conditions due to suppressed oxidative phosphorylation. 

Distinguishing between these possibilities will have to await further studies, but the current 

findings do reinforce the view from the experimental toxicologist’s perspective that clinical 

presentations of sulfide poisoning can never be accurately described as acute (the patient 

would either be dead or require no treatment); instead, they represent a range of more 

complicated post-acute conditions.

The current results (Figures 1 and 2) suggest that sodium nitrite may be useful only 

prophylactically and cannot be administered quickly enough to be of any antidotal value 

when given after toxicant dose. However, the lengthy survival time of sulfide-poisoned 

human victims compared to the laboratory animals indicates that this need not be so. There 

may be around half an hour or so, especially in the ambulance and before arrival at the 

clinic, during which time a beneficial intervention could be made with sodium nitrite or 

other antidotes like decorporating agents. NO crosses the blood–brain barrier, and, 

consequently, nitrite administration may be a practical way to address the potential brain 

bioenergetic hypoxia during ventillatory support. At this time, what is lacking is a good 
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experimental paradigm for studying real-world exposures, which are almost all occupational 

accidents involving H2S gas inhalation for a duration of at least several minutes. This is the 

first obvious limitation of the simple ip injection approach we have adopted so far, which 

has such a short period of effect that meaningful testing of putative antidotes post-toxicant 

delivery is impractical, if at all possible. At some point, inhalation exposures of animals will 

be required to address some particular pulmonary issues, such as the lung edema commonly 

found at autopsy in humans,65 and which, so far, has not been evident in our animals. 

Nevertheless, there is some value in pursuing noninhalation methods, as some of the 

pulmonary issues are likely due to H2S acting as an irritant, and it will be important to 

disentangle these from systemic toxic effects and their amelioration. An equally important 

limitation of the present study is the use of a mouse model. Humans and other larger 

mammals exposed to H2S tend to exhibit coma and death without the transient and 

reversible torpor, associated with bradycardia and hypopnea, observed for small animals like 

mice. Perhaps this pattern of protective response helps the mice to avoid neurological 

sequelae in a manner not available to larger mammals.
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Figure 1. 
Prophylactically administered NaNO2 ameliorates NaHS toxicity in mature and juvenile 

mice. (A) Injection paradigm. (B) Mice (Swiss Webster males, 16–18 weeks of age) were 

given NaHS in saline (16 mg/kg, ip), and times until death were recorded. The duration of 

survival (breathing cessation) was measured from the time of the sulfide injection (t = 0). 

Survival quotients are shown with surviving mice/total mice written above the bar. NaNO2 

(12 or 24 mg/kg, ip) was given 5 min prior to NaHS injection. Supplemental oxygen (100% 

O2) was administered for either 15 min or until death immediately after NaHS injections (* 

p ≤ 0.05 vs NaHS injection alone). (C) Juvenile mice (Swiss Webster males, 6–8 weeks old) 

were injected (ip) with either 16, 18, or 20 mg/kg NaHS, and survival was recorded as for 

adults. In addition, 24 mg/kg NaNO2 was given 5 min before 18 mg/kg NaHS (* p ≤ 0.05 vs 

18 mg/kg NaHS injection).
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Figure 2. 
RotaRod testing of neuromuscular coordination following NaHS/NaCN/NaNO2 exposures 

in adult Swiss Webster mice. (A) RotaRod testing paradigm: arrows indicate RotaRod 

testing times; lines with bars indicate injection times (all ip). Mice were trained on the 

RotaRod 24 h before injection, and a baseline performance was obtained 1 h before injection 

(Preip). Mice were tested every 15 min after injections for 1 h to assess recovery. (B) 

Comparison of performance for injections of 16 mg/kg NaHS (●), 24 mg/kg, NaNO2 (□) 

and 24 mg/kg NaNO2 injected 5 min prior to 16 mg/kg NaHS dose (▲). (C) Comparison of 

performance for injections of 16 mg/kg NaHS (●), 6.4 mg/kg NaCN (◆), or 24 mg/kg 

NaNO2 injected 5 min prior to 6.4 mg/kg NaCN (□). Numbers of animals (in parentheses) 

used in each set of experiments: NaHS (6), NaNO2 (8), NaNO2 + NaHS, (8), NaCN (9), 

NaNO2 + NaCN (10). (*, p ≤ 0.05 vs controls.)
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Figure 3. 
EPR spectra (X-band, 10 K) of whole mouse blood. (A) EPR spectrum of drawn blood 

following dose of 24 mg/kg NaNO2 administered ip 5–10 min prior to sacrifice showing 

clear evidence for the generation of nitric oxide. Signal (1) at ~1100 gauss: metHb; signal 

(2) at ~3300 gauss: HbNO. The combined intensities of the metHb plus HbNO signals 

represents <5% of the total heme present in the blood (~9 mM). (B) Spectrum of blood 

following dose of 16 mg/kg NaHS. This dose of NaHS roughly amounts to a maximal 

concentration of ~2.8 mM in the blood. (C) Spectrum of blood following dose of 24 mg/kg 

of NaNO2 (t = 0) and 16 mg/kg of NaHS at 2 min. The signals at ~2700, 3060, and 3700 
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gauss all arise from metHbSH (designated signal 3) and represent <3% (~0.2 mM) of the 

total Hb (~200 mM). (D) Spectrum of blood following NaHS injection 2 min prior to 

NaNO2. (metHbSH signals not detected.)
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Figure 4. 
EPR spectra (X-band, 10 K) of mouse heart tissue. (A) EPR spectrum of minced heart tissue 

following dose of 24 mg/kg NaNO2 administered ip 5–10 min prior to sacrifice showing 

clear evidence for the generation of nitric oxide. Signal (4) at ~1100 gauss: metMb; signal 

(5) at ~3300 gauss: MbNO. The combined intensities of the metMb plus MbNO signals 

approach 100% of the total heme (~260 μM) present in the heart. (B) Spectrum of heart 

tissue following dose of 16 mg/kg NaHS. (C) Spectrum of heart tissue following dose of 24 

mg/kg of NaNO2 (t = 0) and 16 mg/kg of NaHS at 2 min. No signals due to metMbSH were 

observed. (D) Spectrum of heart tissue following NaHS injection 2 min prior to NaNO2. 

(metHbSH signals not detected.)
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Figure 5. 
Electronic absorption spectra of cytochrome c oxidase derivatives showing displacement of 

HS− by NO. Samples were prepared in 100 mM aqueous potassium phosphate buffer, pH 

7.4, 0.05% lauryl maltoside, 25 °C, 1.00 cm pathlength. (Dash-dot trace) Cytochrome c 
oxidase as isolated (oxidized, resting), 5 μM in enzyme; (dotted trace) partially reduced 

sulfide adduct 5 μM in enzyme, 0.2 mM in NaHS; (dashed trace) partially reduced sulfide 

adduct plus NO, 5 μM in enzyme, 0.2 mM in NaHS, 1.9 mM (1.0 atm) NO; (solid trace) 

partially reduced sulfide adduct plus NO, 5 mM in enzyme, 0.2 mM in NaHS, 1.9 mM (1.0 

atm) NO, plus ~1 mM in Na2S2O4. (A) Soret region 380–470 nm. (B) Q (or α) band region 

570–650 nm.
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Figure 6. 
Resistance of bovine pulmonary artery endothelial cells (BPAEC) to sulfide toxicity is 

increased in the presence of sodium nitrite. Effect of NaNO2 on BPAEC and BPAEC treated 

with NaHS. BPAEC were plated and then covered with Parafilm just prior to experiments. 

Aqueous solutions (in media) of both NaNO2 (1 mM) and NaHS (5 mM) were injected 

through the Parafilm into the cell media of wells while shaking the plates gently. Plates were 

incubated at 37 °C for 1 h and then treated with both SYBR Green and propidium iodide 

dyes. Cell counts were taken using a Zeiss IM 35 fluorescent microscope and an Infinity 2 

camera with the Infinity Analyze software.
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Table 1

Summary of HCN and H2S Toxicological Observations in Mice

NaCN/HCN18 (~99% HCN at pH 7.4, 37 °C) NaHS/H2S (~25% H2S at pH 7.4, 37 °C)

strain/sex Swiss Webster/males Swiss Webster/males

supplier Charles River Taconic

age 17 weeks 17 weeks

median weight 40 g 43 g

mean weight 39.8 ± 6.6 ga 43.0 ± 4.0 ga

toxicant dose 5.0 mg/kg (LD33 − LD50) ip 16 mg/kg (LD40) ip

total knockdowns 100% 71% (20 of 28)

knockdown duration 30.5 ± 8 mina 3.5 ± 1.4 mina

survival with knockdown 50−67% 40% (8 of 20)

mode of death respiratory paralysis respiratory paralysis

time to full recovery <2 h ~15 min

a
The quoted uncertainties are standard deviations.
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