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Abstract

This paper reviews milestones in antidotal therapies
for cyanide (CN) spanning early remedies, current
antidotal systems and research towards next genera-
tion therapies. CN has been a part of plant defense
mechanisms for millions of years. It became industrially
important in the nineteenth century with the advent
of CN assisted gold mining and the use of CN as
a pest control agent. The biochemical basis of CN
poisoning was actively studied and key mechanisms
were understood as early as 1929. These fundamental
studies led to a variety of antidotes, including indirect
CN binders that generate methemoglobin, direct CN
binders such as hydroxocobalamin, and sulfur donors
that convert CN to the less toxic thiocyanate. Research
on blood gases at the end of the twentieth century shed
new light on the role of nitric oxide (NO) in the body.
The discovery of NO’s ability to compete with CN for
enzymatic binding sites provided a previously missed
explanation for the rapid efficacy of NO generating
antidotes such as the nitrites. Presently used CN thera-
pies include: methemoglobin/NO generators (e.g.,
sodium nitrite, amyl nitrite, and dimethyl aminophenol),
sulfur donors (e.g., sodium thiosulfate and glutathione),
and direct binding agents [(e.g., hydroxocobalamin
and dicobalt salt of ethylenediaminetetraacetic acid
(dicobalt edetate)]. A strong effort is being made to
explore novel antidotal systems and to formulate them
for rapid administration at the point of intoxication in
mass casualty scenarios. New antidotes, formulations,
and delivery systems are enhancing bioavailability
and efficacy and hold promise for a new generation of
improved CN countermeasures.

Key words: Cyanide; Hydrocyanic acid; Antagonist;
Antidote; Cobinamide; Sulfanegen; Sulfane sulfur donor
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Core tip: This paper reviews milestones in antidotal
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therapies for cyanide (CN) spanning early history,
current antidotal systems, and research towards next
generation therapies. Presently used CN therapies
include: methemoglobin/nitric oxide generators (e.g.,
sodium nitrite, amyl nitrite, and dimethyl aminophenol),
sulfur donors (e.g., sodium thiosulfate and glutathione),
and direct binding agents (e.g., hydroxocobalamin
and dicobalt edetate). New antidotes, formulations,
and delivery systems are presently being developed
for rapid administration at the point of intoxication in
mass casualty scenarios. These hold promise for a new
generation of improved CN countermeasures.

Petrikovics I, Budai M, Kovacs K, Thompson DE. Past, present
and future of cyanide antagonism research: From the early
remedies to the current therapies. World J Methodol 2015; 5(2):
88-100 Available from: URL: http://www.wjgnet.com/2222-0682/

full/v5/12/88.htm DOL: http://dx.doi.org/10.5662/wjm.v5.i2.88

INTRODUCTION

Cyanide (CN) refers to both the anion CN™ and the
undissociated form of hydrogen cyanide (HCN). It is a
weak acid with a pKa of 9.2, therefore at the body’s pH
it exists mainly in the HCN form. HCN can easily cross
cellular, and subcellular membranes such as the blood
brain barrier, and mitochondrial membranes.

CN is formed and is present in various spheres of
Nature, such as the cosmos, volcanic eruptions, and
lightning™. Certain plants, fungi, bacteria, and animals
synthesize CN as a component of cyanogenic glycosides
to provide a source of nitrogen and for self-defense!®?.
Consuming cyanogenic plants (e.g., cassava roots,
yams, sorghum, maize) without proper preparation
can lead to CN intoxication. The cyanogenic glycoside
amygdalin is present in some pitted fruits like bitter
almond, and apricot cherries'. Cyanogenic glycosides
can eliminate HCN through a hydrolytic reaction™.
Metabolism of other cyanogenic chemicals such as
the cyanogen halides, and nitriles also leads to CN
intoxication'®,

CN is present in smoke from fires (especially bur-
ning acrylonitrile, polyurethane, polyamide, wool, silk,
rubber) and cigarettes”™®: in the vasodilating agent
Nitroprusside (formulated as a CN complex)™®*!; and in
industrial settings where CN is widely used to complex
metals - for example, CN is widely used in industry for
gold extraction from orest*?,

CN has been used as a poison from antiquity. It was
first isolated from cherry laurel™. Early CN poisonings
were reported more than 200 years ago by Wepfer in
1679, and by Fontana in 1795™, however, the first
attempt to antagonize CN was reported later, in the 19"
century™., Theories, based on biochemical mechanisms
of CN antagonism were reported in the mid-20"
century™?? and therapeutic agents became available
for clinical application. After the recent recognition of CN
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as a military weapon and terror agent, intense research
has led to a deeper understanding of CN biochemistry,
and has fostered the development of novel CN
countermeasures.

CN was used as a chemical weapon for the first time
in World War 1. In World War II the Nazi’s used CN in
gas chambers®", In the 1980’s Iraq used CN against
the Kurds'®?!, CN was also involved in the Tokyo subway
attack in 1995, in the first World Trade Center attack in
1993™", and in the Chicago Tylenol disaster in 1982,

FROM RESEARCH TO THERAPY

Mechanism of cyanide toxicity/search for diagnostics
The primary biochemical basis of CN poisoning was
known and published as early as 1929, CN binds
and inactivates several metal-containing enzymes, but
the most important effect is attributed to the binding
of Cyt c Oxidase, which is the terminal oxidase of the
mitochondrial electron transport chain. This results in
histotoxic hypoxia, due to the inhibition of cell oxygen
utilization. As the result of suppressing the aerobic
metabolic pathway, the less efficient anaerobic pathway
becomes dominant, and pyruvate is reduced to lactic
acid. The resultant acidosis leads to central nervous
system (CNS) and myocardial depressions.

Higher CN doses (higher than 5XLD50) generate
more complex responses®’. For example, at higher
doses, CN induces pulmonary arteriolar and coronary
vasoconstriction that can result in cardiogenic shock/
pulmonary edema™, and stimulates chemoreceptors
in the carotid artery and aorta resulting in hyper apnea.
The antidotal effects of the vasodilators (e.g., nitrites)
and alpha-adrenergic blockers (e.g., phenoxybenzamine)
confirmed the vascular effects of CN, that are present
along with the earlier discovered biochemical enzyme
binding effects®”,

Lower doses of CN cause responses such as dizziness,
headache, nausea, and vomiting as a result of inhibiting
and interfering with the cellular enzymes. Chronic
low dose CN exposure can result in Parkinson-like
syndromes, confusion, and intellectual deterioration®"..
It is suggested that the wide-spread pathologic condition
of tropic ataxic neuropathy is associated with the
intense consumption of cassava with high CN-Glycoside
content™",

HCN absorbs rapidly through the mucus membranes
and the skin. Inhaling HCN results in rapid intoxication,
and if concentrations are high enough, death. When
salts are ingested, the absorption from the GI tract is
slower. About 60% of the absorbed CN binds to protein.
It has high affinity to Cobalt and Fe**, but it also reacts
with sulfur containing molecules in the body (see next
paragraphs).

The diagnosis of CN intoxication is difficult in the
absence of a direct assay for CN; however, cardiova-
scular and CNS depressions in smoke inhalation
victims always suggest CN involvement. Generally,
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symptoms, such as metabolic acidosis, coma, shock,
seizures, bradycardia, are not specific, but if the
patient is randomly collapsed, and not responding to
oxygen treatment, CN exposure should be suspected.
Laboratory tests can show saturated hemoglobin
(Hgb) (oxygen is not utilized), lactic acidosis (blocked
oxidative phosphorylation), and hyperglycemia (toxic
effects on pancreatic beta-cells)*”. CN caused death
is confirmed chemically using a colorimetric test at the
scene of the crime®?, followed by analysis by GC-MS?**,
Due to the relatively short half-life of CN in the blood™?,
detecting major metabolites such as thiocyanate (SCN)
and 2-aminothiazoline-4-carboxylic acid (ATCA) are
recommended™®*"). ATCA, as a stable CN metabolite
has been established as an important forensic CN
biomarker™. A recent review of the analysis of CN and
its metabolites was published by Logue et ai*® in 2010.

Cyanide metabolism

Small amounts of CN can be metabolized in the body
by various endogenous metabolic pathways, however,
the rate of detoxification is slow (about 0.017 mg
CN/body weight/min). The body can metabolize CN
at even the lethal dose, if that is given slowly over
the course of several hours™”. In the most important
endogenous detoxification reaction CN is converted
to the less toxic SCN by reaction with thiosulfate and
other endogenous sulfur donors in the presence of a
sulfurtransferase enzyme, Rhodanese (Rh). Since Rh is
a mitochondrial enzyme, and the inorganic thiosulfate
has limited cell penetration capability, the serum
albumin-sulfane complex plays a major role in ferrying
sulfur donors to Rh*Y, Endogenous sulfur donors are
formed from cysteine and methionine in the presence
of sulfurtransferases such as Rh, Mercaptopyruvate
Sulfur Transferase and Cystathionase. The second
most important metabolic pathway is the formation of
the chemically stable CN metabolite, ATCA, when CN
reacts with endogenous cysteine®®”’. Another important
metabolic pathway is the formation of cyanocobalamin
from hydroxocobalamin. These metabolic end-products
are excreted by the urine, while unreacted CN is
excreted in breath, urine and sweat. The most recent
understanding of CN metabolism, the role of nitric oxide
(NO) will be discussed in the next section.

Milestones in CN antagonism

At the end of the 19" and beginning of the 20" century
scientists began a systematic search for ways of
neutralizing the toxic effects of the deadly chemical.
These investigations of CN antagonism prior to the
1930s resulted in the development of the classic CN
therapies such as of sodium thiosulfate and sodium
nitrite that are still in use worldwide. Table 1 lists some
important therapies and the countries where they are
presently employed in treating CN intoxication.

Methemoglobin formers: Historically the first CN
poisoning remedy was the methemoglobin former amyl
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nitrite*?!. In studies on the biochemical mechanism

of CN antagonism, it was found that while CN has
low affinity to Hgb, it has high affinity to the oxidized
form of Hgb, methemoglobin (MetHgb), resulting in
the formation of the relatively stable cyano-MetHgb
complex™>*®), Amyl nitrite, the first MetHgb former
used for CN antagonism, was followed subsequently
by sodium nitrite. As early as 1933, the combination
of the MetHgb formers amyl nitrite, sodium nitrite and
sodium thiosulfate was reported to show significant
enhancement in antidotal protection™'®. To overcome
the disadvantage of the slow MetHgb formation by
nitrites, a fast MetHgb former, 4-dimethylaminophenol
(DMAP), was developed and investigated****!, When
DMAP was administered intravenously, CN was entrap-
ped within the red blood cells with relatively high
efficiency®. This fast acting MetHgb former was deve-
loped and used in Germany in the military and civilian
population. It produced 2-3 x LD50 protection in a dog
model when the MetHgb level was kept around 30%"*".
Similar CN antidotal protections were found with other
MetHgb formers such as p-aminopropiophenone (PAPP),
p-aminoheptanoylphenone, and hydroxylamine!*®.

Sulfane sulfurs and sulfur donors as CN antidotes:
As early as 1894 Lang™® reported that sodium thio-
sulfate antagonizes CN intoxication by converting it to a
biologically less active metabolite in rabbits. Pascheles™
and Kahn™" pointed out that in the liver enzymes
enhanced the transformation of CN to SCN. During
that time other endogenous organo sulfur molecules,
such as cysteine, cystine and glutathione were also
investigated as CN antidotes®®*>*,

In parallel with the MetHgb binding theory reported
by Chen et ai*® in 1933, Lang™ reported the biotrans-
formation reaction between CN and thiosulfate, in which
thiosulfate served as a sulfur donor substrate for the
mitochondrial sulfurtransferase, Rh. Investigating the
substrate specificity of Rh, Sorbo reported that sulfur
donors, such as aliphatic and aromatic thiosulfonates
are superior sulfur donors than thiosulfate™. Rh (E.C.
2.8.1.1; thiosulfate:cyanide sulfurtransferase) was the
first sulfurtransferase that was studied in detail®>®, The
utilization of thiosulfate as CN antidote was reported to
be limited by its short biological half-life, small volume
of distribution, and limited ability to penetrate the
mitochondrial membranes to reach the Rh enzyme®.,
Frankenberg et al*® reported in 1975 that the presence
of CN enhanced the cell penetration capability of
thiosulfate, making thiosulfate more efficient as a
therapeutic agent, rather than as a prophylactic agent.
Sulfane sulfur molecules (containing multiple divalent
sulfur atoms bound to each other) can serve as a sulfur
donor to the Rh reaction. In 1981, Westley™ reported
that a series of sulfane sulfur compounds, such as
thiosulfonates, polythionates persulfides, polysulfides,
and elementary sulfur serve as substrates for the Rh
reaction, however, the pharmacokinetic parameters and
toxicity of some of these compounds limited their usage
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Table 1 Present cyanide therapies worldwide

Antidotal therapy Country availability
Sodium nitrite, amyl nitrite and sodium thiosulfate Europe, Asia (Lilly kit; Talor kit; Pasadena kit)
United States (Nithiodote™)
Hydroxocobalamin European Union/United States (Cyanokit®)
4-Dimethylaminophenol Germany/Austria/Netherlands
Dicobalt edetate Netherlands/France/United Kingdom/Australia/Israel (Kelocyanor)
as CN antidotes. antidotal effects of thiosulfate, and the thiosulfate +

The Westley lab reported that the reaction between nitrite combination”®,
CN and mercaptopyruvate (another type of sulfur

donor), was catalyzed by 3-Mercaptopyruvate s_ul— Oxygen/hyperbaric oxygen: The Way lab reported
furtransferase (E.C. 2.8.1.2) in the cytosol and mito- first the CN antidotal effect of Oxygen/Hyperbaric
chondria®®. When mercaptopyruvate reacts with CN, oxygen”*”3), Oxygen alone does not protect against CN,

both SCN and cyanohydrin are formed. Mercaptopy-  put it does enhance the effects of thiosulfate and the
ruvate enhances the antidotal effect of thiosulfate, or  thjosulfate + nitrite combination™.

the thiosulfate + nitrite combination®. Westley et

al*” reported that serum albumin may also act as an  way - classification of CN antidotes: Way"™ sum-
endogenous sulfane sulfur dOI’lOI‘, and can react with CN marized the mechanisms of CN antagonism and

to form SCN. classified the CN antagonists known at that time. For

Sodium thiosulfate and nitrite are the active com- example, he described the four major steps involved
ponents of the present CN antidotal combination in the antagonism of CN by nitrites and thiosulfate:
therapy in the United States (Nithiodote™). (1) CN binds to Cytochrome C Oxidase to form CN-

Cytochrome C Oxidase; (2) nitrite reacts with Hgb to
Cobalt compounds: Because cobalt has high affinity form MetHgb; (3) CN binds to MetHgb to form Cyano-
to CN, cobalt containing compounds can be used as MetHgb; and (4) thiosulfate reacts with CN to form
CN antidotes. Hydroxocobalamin can react with CN SCN. This mechanism explained how the classic CN
by forming cyanocobalamin, which is excreted in the  therapy (thiosulfate + nitrite) works, how CN partitions
urine®, In a dog model, dicobalt edetate is superior to  between Cytochrome ¢ Oxidase and MetHgb until it is
the classic nitrite + thiosulfate combination®. When  eventually converted to SCN and eliminated from the
cobalt chloride was administered in combination with body by the urine.
thiosulfate or nitrite, it was reported that there was a Way described four basic classes of CN antagonists:
striking enhancement between cobalt and thiosulfate, (1) class 1I: Cyanide Binders: Class IA: MetHgb
but not between the cobalt and the nitrite’®. Due toits  formers (such as nitrites and DMAP); Class IB: Cobalt
toxicity, cobalt chloride is not used as an antidote for compounds (such as dicobalt edetate and Hydroxo-
humans®. cobalamin); Class IC: Carbonyl compounds (such

as pyruvate); (2) class II: Sulfur Donors: Class IIA:
Carbonyl compounds: CN is a nucleophile that Thiosulfate; Class IIB: Thiosulfonates; Class IIC: Other
reacts with carbonyl containing molecules, such as Sulfur sulfanes; (3) class IIl: Cyanide Binders and Sulfur
aldehydes and ketones, to form cyanohydrines. Sodium Donors: such as mercaptopyruvate; and (4) class IV:
pyruvate was reported first to antagonize CN in a mice Unknown Mechanism: Class IVA: Oxygen; Class IVB:
model®. The advantage of sodium pyruvate over  Chlorpromazine.
the classic thiosulfate + nitrite antidotal combination
is that it is actively transported intracellularly and New antidotal approach and new sulfur donor
can distribute to sites of CN localizations®®”. Sodium combination studies in the 20™ century: The
pyruvate has been reported to significantly enhance lower in vivo antidotal efficacy of thiosulfate relative
the protective effects of nitrite, but with thiosulfate this to its in vitro efficacy highlighted how the limited cell
enhancement is negligible. However, by adding pyruvate penetration capability of thiosulfate adversely impacted

to the combination of nitrite and thiosulfate, a striking its ability to reach the mitochondrial Rh">!. Early
protection was found™®.. The strong CN antidotal effects investigations indicated the importance of externally
of alpha-ketoglutaric acid were reported as a result of administered Rh directly to the circulation to enhance
cyanohydrine formation with CN®, the CN antidotal effect of thiosulfate!**”®7®, However,

when proteins (enzymes) are injected directly to the
Clorpromazine: Chlorpromazine was reported as a bloodstream, they are rapidly destroyed by proteolytic
CN antidote as early as 1958™°!, The mechanism of enzymes and the body’s immune system. Therefore,
its action is not known. It does not form MetHgb, bind the efficiency of this approach is limited. To minimize
CN, nor serve as sulfur donor, but it does enhance the the adverse immunologic reactions, a protective
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environment is needed for the externally administered
enzymes. The two major challenges of this approach
of placing sulfur donor and Rh in a close proximity are:
finding an appropriate sulfur donor with high sulfur
donor reactivity, and developing an appropriate scheme
for protecting Rh against macrophage recognition in
the circulation®. Early investigations following this
approach focused on Rh encapsulation within Carrier
Erythrocytes”*®!.. To enhance the antidotal efficacy of
the CN antidotal system of sulfur donor + externally
administered Rh, organic thiosulfonates with superior
sulfur donor reactivity were employed. When butane
thiosulfonate was encapsulated with Rh in Carrier
Erythrocytes, and administered in combination of
sodium nitrite, a 14 x LD50 prophylactic protection
was found™". To overcome the disadvantage of carrier
erythrocytes (labor demanding encapsulation, prior
blood typing), biodegradable, synthetic polymeric nhano-
delivery systems were employed™?.

The importance of this approach became supp-
ressed when sulfur donors with higher lipophilicity, and
higher cell penetration capability were employed. In
1999 Baskin et al® reported results on the in vitro
and in vivo efficacy studies with various synthetic
sulfur donors with different chemical structures and
greater lipophilicity than thiosulfate. In 2006 Ashani
et al'® reported that garlic, and its main component,
allicin, were beneficial in acute CN intoxications. Allicin
breaks down spontaneously to form a variety of
organosulfur molecules, such as diallyl-sulfide, diallyl-
disulfide and diallyl trisulfide. In the presence of ail,
allicin is transformed to ajoene and vinyl-dithiins®®>®,
Investigations of these specific garlic components
proved that they are not superior to thiosulfate in vitro
nor in vivo, even when they were applied with nano-
intercalated Rh®, More recent investigations have
examined naturally occurring sulfur donors from garlic
and onion that have lower Rh dependence. These sulfur
donors demonstrate superior sulfur donor reactivity
to thiosulfate. As a result of these investigations,
an advanced formulation and superior therapeutic
antidotal protection from intramuscularly administered
methylpropy! trisulfide was reported in a mice model®”.,
Very recent investigations are focused on other garlic
compounds as sulfur donors that can improve the
ancient, but still clinically used thiosulfate + nitrite
combination (Nithiodote™). Publications of the results
of these investigations are presently in progress.

Mystery of nitrite/nitric oxide: Turning point
in mechanism of CN antagonism: The traditional
nitrite theory of MetHgb formation provided a simple
explanation of the role of nitrites (sodium nitrites and
amyl! nitrites) in CN antagonism: Nitrites produce
MetHgb; since MetHgb has higher affinity to CN than
Cyt c oxidase, MetHgb removes CN from the binuclear
heme center (Fea3-CuB) of Cyt c Oxidase, and the
mitochondrial electron transport chain is able to return
to its job of transferring electrons to oxygen and
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generating ATP. In this picture nitrites act as indirect
CN scavengers'>®l, When the nitrite + thiosulfate
combination is applied, the CN that nitrite displaces
reacts with thiosulfate to form SCN that is excreted in
the urine®®, However, additional research revealed
that the blood MetHgb content needed to be around
15% to effectively antagonize CN®". However, when
the recommended amyl nitrite dose is applied, only
about 5%-7% of Hgb is oxidized to MetHgb, and at
these low doses amyl nitrite still acts as an efficacious
CN antidote.

The fact that rapid onset of antidotal efficacy by
nitrites could not be explained by MetHgb formation
suggested one or more additional therapeutic mecha-
nisms. A turning point in understanding this mystery
came when the mitochondrial NO synthase was
discovered and the function of NO as a regulator in the
electron transport chain was characterized®.

NO regulates the conversion of oxygen to water
by Cyt c Oxidase as follows: Ferri-heme a3 takes up
electrons and is reduced to ferro-heme a3, NO enters its
active site pocket before oxygen does, a nitrosyl-ferro-
heme a3 derivative is formed that reacts with dioxygen.
NO then dissociates from ferro-heme a3 (rate limiting
step), and in the presence of an additional electron
donor, nitrite is formed via an intermediate peroxynitrite.
The cycle’s last step is the conversion of peroxynitrite
to nitrite and water. In this way, the cycle results in the
reduction of oxygen by NO to form water and nitrite.
When CN enters the mitochondria, it binds to Cyt ¢
Oxidase. NO can alter the CN binding to Cyt ¢ Oxydase
and displace CN from the Cyt ¢ Oxidase’s binding site
thus restoring its availability for Oxygen binding®®***.
Pearce et al®! 2003, suggested the reversal of CN
inhibition of Cyt ¢ Oxidase by NO occurs in the presence
of excess reduced (ferro cyt ¢ Oxidase) and oxygen.
They followed the CN substitution by NO in the ferri-
heme a3, through a 5-coordinate structure by electron
paramagnetic resonance spectroscopy. They stated
that NO does not simply act as a reversibly bound
competitive inhibitor, but it is also an auxiliary substrate
that is consumed and converted to readily releasable
nitrite. The displaced CN may then be converted to
SCN, or be scavenged by the circulating MetHgb. When
external nitrite is added, it boosts the availability of the
auxiliary substrate for the Cyt c Oxidase. Along with the
NO and MetHgb mechanisms, the vasodilation effects
of nitrites also contribute to the their antidotal effects
against CN. These results by the Pearce et al* have
provided strong evidence toward solving the puzzle of
the mechanisms by which nitrite/NO antagonize CN.

The regulatory effect of NO on Cyt ¢ Oxidase
became a well-studied area™®®®”\. The signaling molecule
NO is generated endogenously from L-Arginine by nitric
oxide synthase (NOS)®. In CN intoxication, due to the
histotoxic hypoxia and lactic acidosis, the NOS activity
is decreased, and an exogenous NO source is necessary
to protect the cellular respiration. Exogenous nitrites
can be transformed to NO even in the condition of
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[99,100]

hypoxia

Studies on isolated cells (where no Hgb/MetHgb)
confirmed that NO inhibits CN by displacing it from Cyt
¢ Oxidase®™. When the NO donor S-nitroso-N-acetyl-
DL-penicillamine was applied to the CN inhibited Cyt c
Oxydase, CN was replaced by NO. However, when a
NO scavenger 2-phenyl-4,4,5,5-teramethylimidazoline-
1-oxy-3 oxide (PTIO) was present, the CN antagonism
was blocked, providing strong experimental support for
the role of NO as a CN displacement agent®. In 2010,
Leavesley et af''®! used a selective NO scavenger, PTIO
to explore CN inhibition by nitrites. In the presence of
CN, both the PTIO consumption and the Cyt ¢ Oxidase
were inhibited. However, nitrite pretreatment reversed
the CN inhibition of NO production and Cyt c Oxidase
activity. Conversely, pretreatment with the NO scavenger
PTIO negated the ability of the nitrites to antagonize
CN. Cumulatively, these studies conclude that a key
mechanism of CN antagonism by nitrites involves the
generation of NO that competitively displaces CN from
Cyt ¢ Oxydase. The NO mechanism runs parallel to the
MetHgb mechanism. The formation of each of these
species, NO and MetHgb, plays an independent role in
the in vivo antagonism of CN by nitrites.

Modern theory for old molecules (Nitrites): In
2013 Cambal et ai® compared CN antidotal effects,
and blood NO concentration when equimolar amounts
of sodium nitrite and amyl nitrite were given to mice
intraperitoneally or by inhalation after sub lethal CN
doses. They reported that the toxic effects of iso-amyl
alcohol formation from amyl nitrite, and the more
efficient antidotal effects by sodium nitrite favored the
use of sodium nitrite over iso-amyl nitrite. Agreeing with
prior studies the authors noted that MetHgb formation
was insufficiently rapid to explain the full antidotal
effects of amyl nitrite™®®). They also noted that the
sodium nitrite maintained efficacy even when MetHgb
formation was suppressed. These studies suggested
that the NO mechanism was primary and MetHgb
formation secondary to the antidotal action of these
nitrites. The authors also discussed the complexity of
experimental interpretation when interferences due to
anesthesia are present.

When the CN antidotal effects of the clinically used
anti-angina drug isosorbide dinitrate (ISDN) were
reported, NO formation was declared as the major
mechanism of its CN antidotal efficacy. It was reported
that ISDN has potential advantages over sodium nitrite
because it is relatively non-toxic, and is less likely to
form MetHgb!*.

Present therapies and recent research investigations in
the United States

For treating CN poisoning, multiple antidotes exist and
vary in regional availability: MetHgb generators (e.g.,
sodium nitrite, amyl nitrite, and dimethyl aminophenol),
sulfur donors (e.g., sodium thiosulfate and glutathione),

Baishidenge ~ WIM | www.wjgnet.com

93

Table 2 Novel cyanide therapies in development for rapid

IM delivery in mass casualty situations

Novel therapy Mechanism of action Older analog
Cobinamide Direct CN Scavenger Hydroxocobalamin
Sulfanegen CN Transformer Mercaptopyruvate

(Leverages the
mercaptopyruvate sulfur
transferase enzyme)
CN Transformer

Next generation Thiosulfate

sulfane sulfur (Leverages the rhodanese

donors enzyme)

CN: Cyanide.

and direct binding agents (e.g., hydroxocobalamin
and dicobalt edetate). All currently marketed antidotes
appear to be effective. In the United States, sodium
nitrite and sodium thiosulfate and hydroxocobalamin are
used as cyanide antidotes, while in France and several
other European countries, only hydroxocobalamin is
favored™®™!, Antidotal mechanisms include chelation,
formation of stable, less toxic complexes, MetHgb
induction, and sulfane sulfur reaction with endogenous
Rh enzyme. Research with the goal of finding new, safer
and more effective cyanide antidotes continues™*.

The two currently FDA approved CN countermea-
sures, Nithiodote™ (sodium nitrite and sodium thio-
sulfate) and Cyanokit® (hydroxocobalamin), each
have limitations [e.g., sodium nitrite: intravenous (IV)
administration, hypotension, methemoglobinemia;
thiosulfate: IV administration, slow onset of action;
hydroxocobalamin: IV administration, large volume].
Furthermore, the common requirement for IV adminis-
tration renders broad use of these CN countermeasures
unrealistic in @ mass CN exposure event. The distinct
need remains to develop a CN countermeasure suitable
for mass casualties. Recent investigation efforts focus
on developing efficient, easy to administer (e.g.,
intramuscular) CN countermeasures, which may also
be used in combination with other new generation
countermeasures. Table 2 shows the classification of
recent CN antidotes under development in the United
States related to the two present CN therapies of
Cyanokit® and Nithiodote™,

Hydroxocobalamin

Hydroxocobalamin is a vitamin B derivative known as
vitamin Bi2a. The compound is a hygroscopic, odorless,
dark red crystalline powder which is freely soluble in
water and ethanol, and practically insoluble in acetone
and diethyl ether. It is the hydroxylated active form
of vitamin B:2 differing in that hydroxocobalamin has
a hydroxo moiety linked to a cobalt ion while cyanoco-
balamin, known as vitamin Bi2 has a cyano moiety.
The latter is used to treat pernicious anemia while
hydroxocobalamin, based on its strong cyanide binding
ability is a potent antidote against cyanide. Hydroxoco-
balamin has a large molecular weight and a trivalent
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cobalt ion that is coordinated by a tetrapyrrol ring.
Its mode of action is attributed to its ability to form
cyanocobalamin through binding cyanide ion by substi-
tuting the aforementioned hydroxo ligand!®’*%!,

Its pharmacokinetic properties can be characterized
by significant plasma protein binding and the formation
of various cobalamin-(Il) complexes after intravenous
administration. Free and total cobalamin-(IIT) complexes
have half-lives of 26-31 h and overall urinary excretion
accounts for 60%-70% of the administered dose!'*,

The first reports of its antidotal efficacy were docu-
mented in 1952 when an experimental cyanide poisoning
of mice was conducted. Ever since, hydroxocobalamin
has proved its efficacy in combating cyanide intoxication
both in animal models and humans. Mice, rats, guinea
pigs, beagle dogs and Yorkshire pigs are some of
the species that were included in hydroxocobalamin
studies. Alongside the large variety of species included
in the investigations various administration methods,
such as intravenous, intraperitoneal and intracerebral
micro dialysis were also tested. The studies also
included pre- and post-poisoning set-ups and cyanide
intoxications of various natures including inhalation and
parenteral*®*,

The efficacy of hydroxocobalamin was also seen in
human poisonings. In these cases the antidotal effect
of the compound, although originally developed as a
monotherapy was seen either alone or in combination
with other agents, such as 100% oxygen, sodium
nitrite and sodium thiosulfate. The therapy was applied
in cyanide poisonings originating from various sources
including ingestion (e.g., cyanide salts and hydrogen
cyanide) and inhalation (e.g., smoke). Survival rate
depended on many factors but most notably hydro-
xocobalamin therapy was especially helpful when
administered before anoxic brain damage occurred due
to the cardiac arrest of the patients!****,

Hydroxocobalamin is available as an United States
Food and Drug Administration (FDA) and European
Medicines Agency (EMA) approved formulation. The
development of the medication was initiated in the 1980s
based on request from the Fire Brigade of Paris and
antipoisoning center of Paris. The product was approved
in France in 1996 and approved in the United States fast
track in 2006, followed by EMA approval in 2007. The
antidotal kit comprises two glass vials. Each vial contains
2.5 g of hydroxocobalamin in the form of lyophilized
powder, a transfer spike for reconstitution, and an
intravenous tubing system. Prior to administration
the product is reconstituted with 100 mL of preferably
0.9% sodium chloride solution for injection, or lactated
Ringer or 5% glucose solution for injection. The mixture
is shaken and then administered intravenously over
a period of 7.5 min. Hydroxocobalamin has shown
itself to be an effective CN antidote via intravenous
administration. In the pivotal studies which due to
ethical reasons were not controlled studies but included
patients with suspected or known cyanide-poisoning a
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survival rate of 58% was seent'%!*7],

Cobinamide

Cobinamide is the penultimate precursor in the biosyn-
thesis of cobalamin, lacking the dimethylbenzimidazole
nucleotide tail coordinated to the cobalt atom in the
lower axial position.

Thus, whereas cobalamin has only an upper ligand
binding site, cobinamide has two - both an upper and
a lower - ligand binding sites. Moreover, the dimethyl-
benzimidazole group has a negative trans effect on the
upper binding site, thereby reducing cobalamin’s affinity
for ligands. As a result of these cobinamide has a higher
affinity with an overall Ka of 10> mol/L for cyanide ion
(binding affinity for first cyanide ion is 10" mol/L and
for second ion is 10® mol/L) than cobalamin; for the
sake of comparison Kais 10" mol/L for cobalamin. On
the basis of Ka values cobinamide should be a more
effective cyanide detoxifying agent than cobalamint**.,
Furthermore, from the aspect of antidote formulation
an advantageous feature of cobinamide is that it is at
least five times more water soluble (as aquohydroxo-
cobinamide) than hydroxocobalamint**.,

As in vitro affinities are not always in line with the
in vivo conditions (e.g., intracellular proteins may bind
cobinamide and cobalamin to varying degrees), many
in vivo investigations on cell lines and animal models
were carried out to examine the cyanide detoxifying
properties of cobinamide and to compare it with cobala-
min and other antidotes.

The ability of equimolar doses of cobinamide and
hydroxocobalamin to reverse the effects of cyanide
exposure in New Zealand white rabbits (n = 16) was
investigated by Brenner et a/l"*®!. CN toxicity was
induced by intravenous infusion and the animals were
monitored continuously noninvasively by diffuse optical
spectroscopy.

Rabbits were divided into three groups: controls (n
= 5) received intravenous saline, 6 rabbits were treated
with intravenous hydroxocobalamin, and 5 rabbits with
intravenous cobinamide following CN exposure. At the
end of the sodium cyanide (NaCN) infusion (10 mg in
60 cc normal saline for 60 min), 5 cc of normal saline or
0.0816 millimoles of cobinamide or hydroxocobalamin
dissolved in 5 cc of normal saline were infused over
30 s. Cobinamide caused significantly faster and more
complete recovery of oxy- and deoxyhemoglobin concen-
trations in CN-exposed animals over hydroxocobalamin
with a recovery time constant of 13.8 = 7.1 min.

Broderick et al'*®! found cobinamide to be several-
fold more effective than cobalamin in reversing CN
inhibition of oxidative phosphorylation in mammalian
cells; in rescuing mammalian cells and Drosophila mela-
nogaster from cyanide toxicity; and in reducing CN
inhibition of Drosophila Malpighian tubule secretion.
Cobinamide was as effective when administered up to 5
min post-CN exposure as when used pre-exposure for

[118]

prophylaxis—.
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Currently marketed antidotal formulations for CN
poisoning must be given by IV administration, limiting
their use in treating mass casualties. It is advantageous
that cobinamide could be delivered by other routes, e.g.,
oral ingestion, inhalation, too™'®**,

Cobinamide was studied in both an inhaled and
intraperitoneal model of CN poisoning in mice by Chan
et al"*. They found cobinamide more effective than
hydroxocobalamin, sodium thiosulfate, sodium nitrite,
and the combination of sodium thiosulfate-sodium
nitrite. Compared to hydroxocobalamin, cobinamide
was 3 and 11 times more potent in the intraperitoneal
and inhalation models, respectively.

The use of intramuscular cobinamide sulfite to
reverse CN toxicity-induced physiologic changes in a
sub lethal CN exposure animal model was investigated
by Brenner et a"*, New Zealand white rabbits (n =
11) were given 10 mg sodium cyanide intravenously
over 60 min. To follow the effect of antidote, tissue oxy-
and deoxyhemoglobin concentrations were monitored
using quantitative diffuse optical spectroscopy and
continuous-wave near-infrared spectroscopy. After
completion of the CN infusion, the rabbits were treated
intramuscularly with cobinamide sulfite (n = 6) or
vehicle (controls, n = 5). Intramuscular administration
led to rapid absorption of cobinamide and the molecule
was extremely effective at reversing the physiologic
effects of CN. Recovery time to 63% of their baseline
values in the central nervous system occurred within
a mean of 1032 min in the control group and 9 min in
the cobinamide group, with a difference of 1023 min. In
muscle tissue, recovery times were 76 and 24 min, with
a difference of 52 min™",

When hydroxocobalamin and cobinamide were
compared on a nonventillated swine model it was
reported that both hydroxocobalamin and cobinamide
rescued severely CN-poisoned swine from apnea,
however, the dose of cobinamide was one fifth that of
hydroxocobalamin to get the same protection*??,

In another study in which cobinamide sulfite was
administered via intramuscular injection, cobinamide
was rapidly absorbed. Mice recovered from a lethal dose
of CN even when cobinimide was injected after they had
been apneic for over 2 min. Cobinamide sulfite at doses
up to 2000 mg/kg exhibited no clinical toxicity!**"’.

Broderick et al'*** observed that cobinamide is
highly effective in neutralizing CN ions released by
nitroprusside in cultured mammalian cells, Drosophila
melanogaster, and mice. Sodium nitroprusside is
used to treat hypertensive emergencies and acute
heart failure. It acts by releasing NO, a highly potent
vasodilator, but for each NO molecule released, five
cyanide ions are released, too; thus limiting the safe use
of this therapy. To avoid this side effect a CN scavenger
could be beneficial when administering nitroprusside.
It was reported that cobinamide could neutralize nitro-
prusside-released CN without having any effect on
nitroprusside-released NO, thus it could be a valuable

adjunct to nitroprusside therapy"***.
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It is worth mentioning that in addition to cyanide,
cobinamide is capable of reacting with NO. However, the
binding constant of cobinamide is substantially lower
for NO than it is for cyanide (= 10°®> mol/L for cyanide;
~ 10" mol/L for NO)***, On this basis when given in
excess of available CN, cobinamide may potentially
induce vasoconstriction and increase blood pressure, as
has also been observed with hydroxocobalamin™*.

It can be concluded that cobinamide and its sulfite-
salt are effective cyanide detoxifying agents that
have the potential to serve as CN antidotes for smoke
inhalation victims and persons exposed to CN used as a
weapon of mass destruction.

Sulfanegen

Sulfanegen is the water-soluble prodrug of 3-mer-
captopyruvate that was developed in the early 1990’s
to overcome the problem of the relatively low serum
stability of the sulfur donor 3-mercaptopyruvate**®,
Sulfanegen is a dimer that dissociates non-enzy-
matically in physiological systems to two equivalents
of the monomer 3-mercaptopyruvate. The endogenous
enzyme 3-mercaptopyruvate sulfur transferase (3-MPST)
catalyzes the transfer of reactive sulfane sulfur from
3-mercaptopyruvate to CN resulting in the formation of
thiocyanate and pyruvate™®'?®], Compared to Rh, the
3-MPST enzyme is available in both the mitochondria
and cytoplasm, whereas rhodanese is present only in
the mitochondria of hepatic and renal tissues. It was
shown that a high amount of 3-MPST exists in the tissue
of the brain, specifically in the cerebellum. This strong
presence of detoxifying enzyme in the brain holds
therapeutic promise, because much of the damage from
CN intoxication is localized in the heart and brain.

The other potential advantage with sulfanegen is
the fact that it exerts its effects in less than 3 min. With
hydroxocobalamin, a fifteen-minute intravenous infusion
is required to deliver a standard dose. The discovery of
the highly water-soluble sulfanegen triethanolamine for
development as an intramuscular injectable antidote was
reported by Patterson et af***®, The potential of intramu-
scular and intravenous sulfanegen sodium treatment to
reverse CN effects was evaluated in a rabbit model (n =
35). Changes associated with CN exposure and reversal
were monitored by diffuse optical spectroscopy and
continuous wave near infrared spectroscopy. Sulfanegen
sodium was shown to reverse the effects of CN exposure
on oxy- and deoxyHgb rapidly, significantly faster than
in case of control animals. Red blood cell CN levels also
returned to normal levels faster with both intramuscular
and intravenous sulfanegen sodium treatment than with
control treatments!*®’,

Severe CN toxicity - occurrence of severe lactic
acidosis accompanied by significant elevation in blood
CN levels - was induced in juvenile pig models to
demonstrate the CN antagonism capability of sulfane-
gen'?1, Anesthetized pigs (n = 8) received a high-
dose intravenous infusion of sodium nitroprusside SNP
(100 mg/h) for 2 h to induce CN toxicity. Then, four
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pigs received 3 doses of sulfanegen sodium (2.5 g i.v.)
and four pigs received placebos. Administration of the
sulfanegen antidote resulted in progressively significant
reduction in blood lactate and CN levels with 100%
survival (P < 0.05), whereas the placebo-treated pigs
deteriorated and did not survive (P < 0.05). In another
group of pigs (n = 6) severe CN toxicity was induced
by NaCN and at peak toxicity (value determined during
preliminary measurements), the animals were given
sodium sulfanegen (2.5 g i.v.) followed by a repeat dose
60 min later in surviving animals. Without sulfanegen
the NaCN injection used in this study resulted in CN
toxicity, accompanied by severe lactic acidosis, and
mortality in all the pigs. Sodium sulfanegen reversed
NaCN-toxicity and prevented mortality in all the pigs
treated with this antidote™”’.

The combination of cobinamide and sulfanegen
was explored by Chan et al*® using a non-lethal and
two different lethal models - a CN injection and a CN
inhalation - of CN poisoning in mice. The effect of the
two antidotes was found to be at least additive when
used together in all the models used in this study. At
doses where all animals died with either drug alone,
the combination yielded 80% and 40% survival in the
injection and inhalation models, respectively. Similarly,
drug doses that yielded only 40% survival with either
drug alone, yielded 80% and 100% survival with the
combination therapy in the injection and inhalation
models, respectively*".

New sulfur donors

As indicated earlier, very recent investigations in the
Petrikovics lab have focused on naturally occurring sulfur
donors with lower Rh dependence (scavenger type
mechanism), that have superior sulfur donor reactivity
to thiosulfate. These sulfur donors were first extracted
from garlic compounds and show great promise as su-
ccessors to the ancient antidote thiosulfate, which is
still clinically used in the thiosulfate + nitrite combina-
tion (Nithiodote™). Publications of the results of these
investigations are presently in progress.

CONCLUSION

Table 1 shows the recent therapies in the US and some
European countries, and Table 2 indicates the relations
of the new generation CN antidotes to the recent CN
therapies in the US. The roots of the present clinically
employed therapies reach back to research efforts
initiated in the early 20" century. CN intoxication from
suicides, homicides, fires, industrial accidents, and
potential terrorist attacks, presents a tremendous need
for new, rapidly acting and efficient tools to antagonize/
treat the toxic and lethal effects of CN in both isolated
and mass casualty scenarios.

The lead new generation CN countermeasure cobina-
mide is a successor of the ancient, but still employed
therapy of hydroxocobalamin. Sulfanegen is a next
generation successor of mercaptopyruvate. The new
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generation of sulfane sulfur donors are successors of
the classic sulfur donor sodium thiosulfate. These novel
sulfane sulfur donors are organo-sulfur molecules that
were originally found in garlic and onion. They have
other potentially positive health effects'** and work
efficiently against CN intoxication without requiring the
catalytic mediation of sulfurtransferases.

New combinations, formulations and nano-delivery
systems of these next generation antidotes with enhan-
ced bioavailability, and efficacy, provide strong hope
for the gradual replacement of present therapies with
improved new drugs and therapies for CN intervention.

ACKNOWLEDGMENTS

The authors are thankful to Dr. Lorand Kiss, Mr. Reny
Jacob Roy, Ms. Denise Brown and Ms. Secondra Holmes
for helping with the references.

REFERENCES

1 Solomon P, Vanden Bout P, Carilli C, Guelin M. The essential
signature of a massive starburst in a distant quasar. Nature 2003;
426: 636-638 [PMID: 14668856 DOI: 10.1038/naturc02149]

2 Lieberei R, Bichl B, Giesemann A, Junqueira NT. Cyanogenesis
inhibits active defense reactions in plants. Plant Physiol 1989; 90:
33-36 [PMID: 16666758 DOI: 10.1104/pp.90.1.33]

3 Moller BL. Functional diversifications of cyanogenic glucosides.
Curr Opin Plant Biol 2010; 13: 338-347 [PMID: 20197238 DOI:
10.1016/j.pbi.2010.01.009]

4 Zagrobelny M, Bak S, Olsen CE, Mgller BL. Intimate roles for
cyanogenic glucosides in the life cycle of Zygaena filipendulae
(Lepidoptera, Zygaenidae). Insect Biochem Mol Biol 2007; 37:
1189-1197 [PMID: 17916505 DOI: 10.1016/j.ibmb.2007.07.008]

5 Sadoff L, Fuchs K, Hollander J. Rapid death associated with laetrile
ingestion. JAMA 1978; 239: 1532 [PMID: 633565 DOI: 10.1001/
jama.1978.03280420068022]

6 Eisler R. Handbook of Chemical Risk Assessment: Health Hazards
to Humans, Plants, and Animals. Organics 2000; 2: 903-959

7  Hall AH, Kulig KW, Rumack BH. Suspected cyanide poisoning in
smoke inhalation: complications of sodium nitrite therapy. J Toxicol
Clin Exp 1989; 9: 3-9 [PMID: 2746547]

8  Alarie Y. The toxicity of smoke from polymeric materials during
thermal decomposition. Annu Rev Pharmacol Toxicol 1985; 25: 325-347
[PMID: 3890706 DOL: 10.1146/annurev.pa.25.040185.001545]

9 Baud FJ, Barriot P, Toffis V, Riou B, Vicaut E, Lecarpentier

Y, Bourdon R, Astier A, Bismuth C. Elevated blood cyanide

concentrations in victims of smoke inhalation. N Engl J Med 1991; 325:

1761-1766 [PMID: 1944484 DOI: 10.1056/NEJM199112193252502]

Lockwood A, Patka J, Rabinovich M, Wyatt K, Abraham P. Sodium

nitroprusside- associated cyanide toxicity in adult patients- fact or

fiction? A critical review of the evidence and clinical relevance. Open

Access J Clin Trials 2010; 2: 133-148 [DOL: 10.2147/0AJCT.S7573]

11 Aitken D, West D, Smith F, Poznanski W, Cowan J, Hurtig J,

Peterson E, Benoit B. Cyanide toxicity following nitroprusside

induced hypotension. Can Anaesth Soc J 1977; 24: 651-660 [PMID:

589503 DOI: 10.1007/BF03006709]

Fleming CA, Cromberg G. The extraction of gold from cyanide

solutions by strong- and weak-base anion-exchange resins. J S Afr

Inst Min Metall 1984; 84: 125-137

Borowitz JL, Kanthasamy AG, Isom GE. Toxicodynamics of

cyanide. In: Chemical Warfare Agents. Somani SM, editor. San

Diego: Academic Press, 1992: 209-236

Blake J. Observations on the physiological effects of various agents

introduced into the circulation as indicated by the hemodynamometer.

Edin Med Surg J 1839; 51: 330-345

Chen KK, Rose CL, Clowes GHA. Methylene Blue, Nitrites and

12

13

14

15

June 26, 2015 | Volume 5 | Issue 2 |



16

17

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

JRaishideng®

Petrikovics I et a/. Cyanide antagonism: Past, present, and future

Sodium Thiosulfate Against Cyanide Poisoning. Proc Soc Exp Biol
Med 1933; 31: 250-252 [DOI: 10.3181/00379727-31-7079P]

Chen KK, Rose CL. Nitrite and thiosulfate therapy in cyanide
poisoning. J Am Med Assoc 1952; 149: 113-119 [PMID: 14917568
DOI: 10.1001/jama.1952.02930190015004]

Sorbo BH. Crystalline rhodanese. 1. Purification and physicochemical
examination. Acta Chem Scand 1953; 7: 1129-1136

Westley J. Rhodanese and the sulfane pool. In: Enzymatic Basis of
Detoxification. Jakoby WB, editor. London: Academic Press, 1980:
245-262

Way JL. Cyanide antagonism. Fundam Appl Toxicol 1983; 3:
383-386 [PMID: 6416915 DOI: 10.1016/S0272-0590(83)80009-8]
Schubert J, Brill WA. Antagonism of experimental cyanide
toxicity in relation to the in vivo acitivity of cytochrome oxidase. J
Pharmacol Exp Ther 1968; 162: 352-359 [PMID: 4299107]

Baskin SI. Zyklon. Baumel JT, Laqueur W, editors. The Holocaust
Encyclopedia. Yale: Yale University Press, 2001: 716-719

Baskin SI. Cyanide Poisoning. Zajtchuk MC, Bellamy RF, editors.
Medical Aspects of Chemical and Biological Warfare. Washington,
DC: Office of the Surgeon General, Department of the Army, 1997:
271-282

Sidell FR, Takafuji ET, Franz DR, editors. Medical Aspects of
Chemical and Biological Warfare. Washington, DC: Office of the
Surgeon General, Department of the Army, 1997

Brennan RJ, Waeckerle JF, Sharp TW, Lillibridge SR. Chemical
warfare agents: emergency medical and emergency public health
issues. Ann Emerg Med 1999; 34: 191-204 [PMID: 10424921 DOI:
10.1016/S0196-0644(99)70229-5]

Wolnik KA, Fricke FL, Bonnin E, Gaston CM, Satzger RD. The
Tylenol tampering incident - tracing the source. Anal Chem 1984;
56: 466A-470A, 474A [PMID: 6711821]

Keilin D. Cytochrome and respiratory enzymes. Proc R Soc Ser B
1929; 104: 206-252 [DOL: 10.1098/rspb.1929.0009]

Borak J. Pharmacologic mechanism of antidotes in cyanide and
nitrile poisoning. J Occup Environ Med 1995; 37: 793-794 [PMID:
7552462]

Okolie NP, Osagie AU. Differential effects of chronic cyanide
intoxication on heart, lung and pancreatic tissues. Food Chem
Toxicol 2000; 38: 543-548 [PMID: 10828506 DOI: 10.1016/S0278-
6915(00)00020-X]

Vick JA, Froehlich HL. Studies of cyanide poisoning. Arch Int
Pharmacodyn Ther 1985; 273: 314-322 [PMID: 2860882]
Karalliedde L, Wheeler H, Maclehose R, Murray V. Possible
immediate and long-term health effects following exposure to
chemical warfare agents. Public Health 2000; 114: 238-248 [PMID:
10962584 DOI: 10.1038/sj.ph.1900659]

Osuntokun BO. A degenerative neuropathy with blindness and
chronic cyanide intoxication of dietary origin. The evidence in
Nigerians. In: Toxicology in the Tropics. Smith RL, Bababunmi
EA, editors. London: Taylor and Francis Publishers, 1980: 16-79
Hall AH, Rumack BH. Clinical toxicology of cyanide. Ann
Emerg Med 1986; 15: 1067-1074 [PMID: 3526995 DOI: 10.1016/
S0196-0644(86)80131-7]

Laforge M, Buneaux F, Houeto P, Bourgeois F, Bourdon R,
Levillain P. A rapid spectrophotometric blood cyanide determination
applicable to emergency toxicology. J Anal Toxicol 1994; 18:
173-175 [PMID: 8065128 DOI: 10.1093/jat/18.3.173]

Darr RW, Capson TL, Hileman FD. Determination of hydrogen
cyanide in blood using gas chromatography with alkali thermionic
detection. Anal Chem 1980; 52: 1379-1381 [PMID: 6255825 DOI:
10.1021/ac50058a058]

Moriya F, Hashimoto Y. Potential for error when assessing blood
cyanide concentrations in fire victims. J Forensic Sci 2001; 46:
1421-1425 [PMID: 11714154 DOI: 10.1520/JFS15165]]
Ballantyne B. In vitro production of cyanide in normal human
blood and the influence of thiocyanate and storage temperature.
Clin Toxicol 1977; 11: 173-193 [PMID: 891111 DOI: 10.3109/1556
3657708989832]

Baskin SI, Petrikovics I, Platoff GE, Rockwood GA, Logue

WIM | www.wjgnet.com

38

39

40

41

4

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

BA. Spectrophotometric Analysis of the Cyanide Metabolite
2-Aminothiazoline-4-Carboxylic Acid (ATCA). Toxicol Mech
Methods 2006; 16: 339-345 [PMID: 20021033 DOI: 10.1080/1537
6520600616933]

Yu JC, Martin S, Nasr J, Stafford K, Thompson D, Petrikovics 1.
LC-MS/MS analysis of 2-aminothiazoline-4-carboxylic acid as a
forensic biomarker for cyanide poisoning. World J Methodol 2012; 2:
33-41 [PMID: 25237615 DOI: 10.4329/wjm.v2.i5.1]

Logue B, Hinkens D, Baskin S, Rockwood G. The analysis of cyanide
and its breakdown products in biological samples. Crit Rev Anal Chem
2010; 40: 122-147 [DOL: 10.1080/10408340903535315]
MacNamara BP. Estimation of the toxicity of hydrocyanide acid
vapors in man (Edgewood Arsenal Technical Report Number EB-
TR-76023). Aberdeen Proving Ground, MD: U.S. Biomedical
Laboratory, 1976

Sylvester DM, Hayton WL, Morgan RL, Way JL. Effects of
thiosulfate on cyanide pharmacokinetics in dogs. Toxicol Appl
Pharmacol 1983; 69: 265-271 [PMID: 6868088 DOI: 10.1016/004
1-008X(83)90307-1]

Moore SJ, Norris JC, Walsh DA, Hume AS. Antidotal use of
methemoglobin forming cyanide antagonists in concurrent carbon
monoxide/cyanide intoxication. J Pharmacol Exp Ther 1987; 242:
70-73 [PMID: 2886639]

Christel D, Eyer P, Hegemann M, Kiese M, Lorcher W, Weger N.
Pharmacokinetics of cyanide in poisoning of dogs, and the effect
of 4-dimethylaminophenol or thiosulfate. Arch Toxicol 1977; 38:
177-189 [PMID: 578721]

Kiese M, Weger N. Formation of ferrihaemoglobin with amino
phenols in humans for the treatment of cyanide poisoning. Eur J
Pharmacol 1969; 7: 97-105 [DOIL: 10.1016/0014-2999(69)90170-8]
Szinicz L, Weger N, Schneiderhan W, Kiese M. Nephrotoxicity of
aminophenols: effects of 4-dimethylaminophenol on isolated rat
kidney tubules. Arch Toxicol 1979; 42: 63-73 [PMID: 454186 DOLI:
10.1007/BF00351825]

Klimmek R, Fladerer H, Weger N. Circulation, respiration and
blood homeostasis in cyanide poisoned dogs after treatment with
4-dimethylaminophenol or cobaltous compounds. Arch Toxicol
1979; 43: 121-133 [DOI: 10.1007/BF00333619]

Lorcher W, Wegner N. Optimal concentration of ferrihemoglobin
for treatment of cyanide poisoning. Arch Exp Patol Pharmacol
1971; 270 Suppl: R88

Bhattacharya R, Jeevaratnam K, Raza SK, Das Gupta S.
Protection against cyanide poisoning by the co-administration of
sodium nitrite and hydroxylamine in rats. Hum Exp Toxicol 1993;
12: 33-36 [PMID: 8094969 DOI: 10.1177/096032719301200107]
Lang S. Uber die Umwandlung des Acetonitrils und seiner
homologen im Thierkdrper. Naunyn- Schmeidebergs. Arch Pathol
Pharmakol 1894; 34: 247-258 [DOI: 10.1007/BF01824916]
Pascheles W. Versuche iiber die Unwandlung der Cyanver-
bindungen im Thierkdrper. Arch Pathol Pharmacol 1984; 34:
281-288 [DOI: 10.1007/BF01824919]

Kahn M. Biochemical studies of sulfocyanate. Dissertation:
Columbia University, 1912

Lang S. Studien iiber Entgiftungs Therapie. 1. Uber Entgiftung der
Blausdure. Naunyn-Schmeidebergs. Arch Pathol Pharmakol 1895;
36: 75-99 [DOI: 10.1007/BF01825016]

Hebting J. Versuche iiber Entgiftung der Blausdure durch
schwefelabspaltende Substanzen. Biochem Zeitschri 1910; 28:
208-212

Voegtlin C, Johnson JM, Dyer HA. Biological significance of
cystine and glutathione. I. On the mechanism of the cyanide action.
J Pharmacol Exp Ther 1926; 27: 467-483

Lang K. Die rhodanbildung in tierkorper. Biochem Z 1933; 259:
243-256

Sérbo BH. On the substrate specificity of rhodanese. Acta Chem
Scand 1953; 7: 32-37 [DOI: 10.3891/acta.chem.scand.07-0032]
Westley J, Adler A, Westley L, Nishida C. The sulfur trans-
ferases. Fund Appl Toxicol 1983; 3: 377-382 [DOI: 10.1016/
S0272-0590(83)80008-6]

June 26, 2015 | Volume 5 | Issue 2 |



58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

71

78

79

80

JRaishideng®

Petrikovics I et a/. Cyanide antagonism: Past, present, and future

Himwich WA, Saunders JP. Enzymatic conversion of cyanide to
thiocyanate. Am J Physiol 1948; 153: 348-354 [PMID: 18872649]
Frankenberg L, Sorbo B. Effect of cyanide antidotes on the
metabolic conversion of cyanide to thiocyanate. Arch Toxicol 1975;
33: 81-89 [PMID: 810115 DOI: 10.1007/BF00353233]

Westley J. Cyanide and sulfane sulfur. In: Cyanide in Biology.
Vennesland B, Conn EC, Knowles CJ, Westley J, Wissing F, editors.
London: Academic Press, 1981: 61-76

Jarabak R, Westley J. Steady-state kinetics of 3-mercaptopyruvate
sulfurtransferase from bovine kidney. Arch Biochem Biophys 1978;
185: 458-465 [PMID: 564663 DOI: 10.1016/0003-9861(78)90189-3]
Mushett CW, Kelley KL, Boxer GE, Rickards JC. Antidotal
efficacy of vitamin B12 (hydroxocobalamine) in experimental
cyanide poisoning. Proc Soc Exp Biol Med 1952; 81: 234-237 [DOI:
10.3181/00379727-81-19831]

Paulet GL. Intoxication Cyanhydrique et son Traitment. Pairs:
Masson, 1960

Isom G, Way JL. Cyanide intoxication: protection with cobaltous
chloride. Toxicol Appl Pharmacol 1973; 24: 449-456 [PMID:
4704816 DOLI: 10.1016/0041-008X(73)90051-3]

Antal J. Experimentelle Untersuchungen zur Therapie die
Cyanvergiftungen. Ungar Arch Med 1894; 3: 117-128

Cittadini A, Galeotti T, Terranova T. The effect of pyruvate
on cyanide-inhibited respiration in intact ascites tumor cells.
Experientia 1971; 27: 633-635 [PMID: 5556436 DOI: 10.1007/
BF02136930]

Schwartz C, Morgan RL, Way LM, Way JL. Antagonism of
cyanide intoxication with sodium pyruvate. Toxicol Appl Pharmacol
1979; 50: 437-441 [PMID: 516056 DOI: 10.1016/0041-008X(79)9
0396-X]

Norris JC, Utley WA, Hume AS. Mechanism of antagonizing
cyanide-induced lethality by alpha-ketoglutaric acid. Toxicology
1990; 62: 275-283 [PMID: 2167518 DOI: 10.1016/0300-483X(90)
90051-H]

Guth PS, Sprites MA. Antagonism of cyanide intoxication by
chlorpromazine. Fed Proc 1958; 17: 374

Way JL, Burrows G. Cyanide intoxication: protection with
chlorpromazine. Toxicol Appl Pharmacol 1976; 36: 93-97 [PMID:
1273841 DOI: 10.1016/0041-008X(76)90029-6]

Way JL, Gibbon SL, Sheehy M. Effect of Oxygen on Cyanide
Intoxication I. Prophylactic Protection. J Pharmacol Exp Ther
1966; 153: 381-385

Burrows GE, Liu DH, Way JL. Effect of oxygen on cyanide
intoxication. V. Physiologic effects. J Pharmacol Exp Ther 1973;
184: 739-748 [PMID: 4687234]

Isom GE, Way JL. Effect of oxygen on cyanide intoxication. VI.
Reactivation of cyanide-inhibited glucose metabolism. J Pharmacol
Exp Ther 1974; 189: 235-243 [PMID: 4823293]

Sheehy M, Way JL. Effect of oxygen on cyanide intoxication. 3.
Mithridate. J Pharmacol Exp Ther 1968; 161: 163-168 [PMID:
5648494]

Way JL, Sylvester D, Morgan RL, Isom GE, Burrows GE, Tamulinas
CB, Way JL. Recent perspectives on the toxicodynamic basis of
cyanide antagonism. Fundam Appl Toxicol 1984; 4: S231-S239
[PMID: 6327443 DOI: 10.1016/0272-0590(84)90157-X]

Clemedson CJ, Hultman HI, Sorbo B. The antidote effect of some
sulfur compounds and rhodanese in experimental cyanide poisoning.
Acta Physiol Scand 1954; 32: 245-251 [PMID: 13228113 DOI:
10.1111/j.1748-1716.1954.tb01171.x]

Atkinson A, Rutter DA, Sargeant K. Letter: Enzyme antidote for
experimental cyanide poisoning. Lancet 1974; 2: 1446 [PMID:
4140348 DOI: 10.1016/S0140-6736(74)90093-2]

Frankenberg L. Enzyme therapy in cyanide poisoning: effect of
rhodanese and sulfur compounds. Arch Toxicol 1980; 45: 315-323
[PMID: 6934715 DOI: 10.1007/BF00293812]

Way JL, Leung P, Ray L, Sander C. Erythrocyte encapsulated
thiosulfate sulfurtransferase. Bibl Haematol 1985; (51): 75-81
[PMID: 3859292]

Way JL, Cannon EP, Leung P, Davis R, McGuinn DW, Yao

WIM | www.wjgnet.com

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

C, Chiou C, Naqi A. Antagonism of cyanide intoxication with
rhodanese encapsulated within resealed erythrocytes. Adv Biosci
1991; 81: 207-211

Petrikovics I, Cannon EP, McGuinn WD, Pei L, Pu L, Linder LE,
Way JL. Cyanide antagonism with carrier erythrocytes and organic
thiosulfonates. Fund Appl Toxicol 1995; 24: 86-93 [DOI: 10.1006/
faat.1995.1010]

Petrikovics I, Baskin SI, Beigel KM, Schapiro BJ, Rockwood GA,
Manage AB, Budai M, Szilasi M. Nano-intercalated rhodanese in
cyanide antagonism. Nanotoxicology 2010; 4: 247-254 [PMID:
20795898 DOI: 10.3109/17435390903528254]

Baskin SI, Porter DW, Rockwood GA, Romano JA, Patel HC,
Kiser RC, Cook CM, Ternay AL. In vitro and in vivo comparison
of sulfur donors as antidotes to acute cyanide intoxication. J Appl
Toxicol 1999; 19: 173-183 [PMID: 10362268 DOI: 10.1002/(SICI)
1099-1263(199905/06)19: ]

Ashani MR, Mohri M, Chekani M. Effects of garlic (Allium
sativum) and its chief compound, allicin, on acute lethality of
cyanide in rat. Comp Clin Pathol 2006; 15: 211-213 [DOI: 10.1007/
$00580-006-0633-3]

Iciek M, Bilska A, Ksiazek L, Srebro Z, Wtodek L. Allyl disulfide
as donor and cyanide as acceptor of sulfane sulfur in the mouse
tissues. Pharmacol Rep 2005; 57: 212-218 [PMID: 15886420]
Block E. The chemistry of garlic and onions. Sci Am 1985; 252:
114-119 [PMID: 3975593 DOI: 10.1038/scientificamerican0385-114]
Kovacs K, Ancha M, Jane M, Lee S, Angalakurthi S, Negrito M,
Rasheed S, Nwaneri A, Petrikovics 1. Identification, solubility
enhancement and in vivo testing of a cyanide antidote candidate.
Eur J Pharm Sci 2013; 49: 352-358 [PMID: 23602996 DOI:
10.1016/j.ejps.2013.04.007]

Isom GE, Way JL. Effects of oxygen on the antagonism of cyanide
intoxication: cytochrome oxidase, in vitro. Toxicol Appl Pharmacol
1984; 74: 57-62 [PMID: 6328698 DOI: 10.1016/0041-008X(84)90
269-2]

Hall AH, Saiers J, Baud F. Which cyanide antidote? Crit Rev
Toxicol 2009; 39: 541-552 [PMID: 19650716 DOI: 10.1080/104084
40802304944

Way JL. Cyanide intoxication and its mechanism of antagonism.
Annu Rev Pharmacol Toxicol 1984; 24: 451-481 [PMID: 6428300
DOI: 10.1146/annurev.pa.24.040184.002315]

Bhattacharya R. Antidotes to cyanide poisoning: present status.
Indian J Pharmacol 2000; 32: 94-101

Kanai AJ, Pearce LL, Clemens PR, Birder LA, VanBibber MM,
Choi SY, de Groat WC, Peterson J. Identification of a neuronal
nitric oxide synthase in isolated cardiac mitochondria using
electrochemical detection. Proc Natl Acad Sci USA 2001; 98:
14126-14131 [PMID: 11717466 DOI: 10.1073/pnas.241380298]
Torres J, Darley-Usmar V, Wilson MT. Inhibition of cytochrome ¢
oxidase in turnover by nitric oxide: mechanism and implications for
control of respiration. Biochem J 1995; 312 (Pt 1): 169-173 [PMID:
7492308]

Leavesley HB, Li L, Prabhakaran K, Borowitz JL, Isom GE.
Interaction of cyanide and nitric oxide with cytochrome ¢ oxidase:
implications for acute cyanide toxicity. Toxicol Sci 2008; 101:
101-111 [PMID: 17906319 DOI: 10.1093/toxsci/kfm254]

Pearce LL, Bominaar EL, Hill BC, Peterson J. Reversal of cyanide
inhibition of cytochrome ¢ oxidase by the auxiliary substrate nitric
oxide: an endogenous antidote to cyanide poisoning? J Biol Chem
2003; 278: 52139-52145 [PMID: 14534303 DOI: 10.1074/jbc.
M310359200]

Collman JP, Dey A, Decreau RA, Yang Y, Hosseini A, Solomon
EI, Eberspacher TA. Interaction of nitric oxide with a functional
model of cytochrome ¢ oxidase. Proc Natl Acad Sci USA 2008; 105:
9892-9896 [PMID: 18632561 DOI: 10.1073/pnas.0804257105]
Cooper CE, Brown GC. The inhibition of mitochondrial
cytochrome oxidase by the gases carbon monoxide, nitric oxide,
hydrogen cyanide and hydrogen sulfide: chemical mechanism and
physiological significance. J Bioenerg Biomembr 2008; 40: 533-539
[PMID: 18839291 DOI: 10.1007/s10863-008-9166-6]

June 26, 2015 | Volume 5 | Issue 2 |



98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

JRaishideng®

Petrikovics I et a/. Cyanide antagonism: Past, present, and future

Lundberg JO, Weitzberg E, Gladwin MT. The nitrate-nitrite-
nitric oxide pathway in physiology and therapeutics. Nat Rev Drug
Discov 2008; 7: 156-167 [PMID: 18167491 DOI: 10.1038/nrd2466]
Feelisch M, Fernandez BO, Bryan NS, Garcia-Saura MF, Bauer
S, Whitlock DR, Ford PC, Janero DR, Rodriguez J, Ashrafian H.
Tissue processing of nitrite in hypoxia: an intricate interplay of nitric
oxide-generating and -scavenging systems. J Biol Chem 2008; 283:
33927-33934 [PMID: 18835812 DOI: 10.1074/jbc.M806654200]
Webb A, Bond R, McLean P, Uppal R, Benjamin N, Ahluwalia A.
Reduction of nitrite to nitric oxide during ischemia protects against
myocardial ischemia-reperfusion damage. Proc Natl Acad Sci
USA 2004; 101: 13683-13688 [PMID: 15347817 DOI: 10.1073/
pnas.0402927101]

Leavesley HB, Li L, Mukhopadhyay S, Borowitz JL, Isom GE.
Nitrite-mediated antagonism of cyanide inhibition of cytochrome
¢ oxidase in dopamine neurons. Toxicol Sci 2010; 115: 569-576
[PMID: 20335280 DOI: 10.1093/toxsci/kfq084]

Cambal LK, Weitz AC, Li HH, Zhang Y, Zheng X, Pearce LL,
Peterson J. Comparison of the relative propensities of isoamyl
nitrite and sodium nitrite to ameliorate acute cyanide poisoning in
mice and a novel antidotal effect arising from anesthetics. Chem
Res Toxicol 2013; 26: 828-836 [PMID: 23536974 DOI: 10.1021/
tx400103k]

Cambal LK, Swanson MR, Yuan Q, Weitz AC, Li HH, Pitt BR,
Pearce LL, Peterson J. Acute, sublethal cyanide poisoning in
mice is ameliorated by nitrite alone: complications arising from
concomitant administration of nitrite and thiosulfate as an antidotal
combination. Chem Res Toxicol 2011; 24: 1104-1112 [PMID:
21534623 DOI: 10.1021/tx2001042]

Sun P, Borowitz JL, Kanthasamy AG, Kane MD, Gunasekar PG,
Isom GE. Antagonism of cyanide toxicity by isosorbide dinitrate:
possible role of nitric oxide. Toxicology 1995; 104: 105-111 [PMID:
8560488 DOI: 10.1016/0300-483X(95)03152-6]

Amizet L, Pruvot G, Remy S, Kfoury M. Occupational cyanide
poisoning. BMJ Case Rep 2011; 2011: [PMID: 22674698 DOI:
10.1136/bcr.09.2011.4865]

Fincham SM, Hill GB, Hanson J, Wijayasinghe C. Epidemiology
of prostatic cancer: a case-control study. Prostate 1990; 17: 189-206
[PMID: 2235728 DOI: 10.2174/138920112802273182]

Thompson JP, Marrs TC. Hydroxocobalamin in cyanide poisoning.
Clin Toxicol (Phila) 2012; 50: 875-885 [PMID: 23163594 DOL:
10.3109/15563650.2012.742197]

Sanofi Pasteur MSD Ltd. Summary of Product Characteristics
VIATIM. Updated. [accessed 2013 Sept 23]. Available from: URL:
http://emec.medicines.org.uk/medicine/7684/SPC/ViATIM/

Reade MC, Davies SR, Morley PT, Dennett J, Jacobs IC. Rev-
iew article: management of cyanide poisoning. Emerg Med
Australas 2012; 24: 225-238 [PMID: 22672162 DOI: 10.1111/
j.1742-6723.2012.01538.x]

Fahmy NR. Consumption of vitamin B12 during sodium nitroprusside
administration in humans. Anesthesiology 1981; 54: 305-309 [PMID:
7212330 DOI: 10.1097/00000542-198104000-00009]

Hatch RC, Laflamme DP, Jain AV. Effects of various known and
potential cyanide antagonists and a glutathione depletor on acute
toxicity of cyanide in mice. Vet Hum Toxicol 1990; 32: 9-16 [PMID:
2301155]

Chan A, Balasubramanian M, Blackledge W, Mohammad OM,
Alvarez L, Boss GR, Bigby TD. Cobinamide is superior to other
treatments in a mouse model of cyanide poisoning. Clin Toxicol
(Phila) 2010; 48: 709-717 [PMID: 20704457 DOI: 10.3109/155636
50.2010.505197]

Lawson-Smith P, Olsen NV, Hyldegaard O. Hyperbaric oxygen
therapy or hydroxycobalamin attenuates surges in brain interstitial
lactate and glucose; and hyperbaric oxygen improves respiratory
status in cyanide-intoxicated rats. Undersea Hyperb Med 2011; 38:
223-237 [PMID: 21877551]

Borron SW, Baud FJ, Mégarbane B, Bismuth C. Hydroxoco-
balamin for severe acute cyanide poisoning by ingestion or
inhalation. A4m J Emerg Med 2007; 25: 551-558 [PMID: 17543660

WIM | www.wjgnet.com

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

DOI: 10.1016/j.ajem.2006.10.010]

Breton D, Jouvet P, de Blic J, Delacourt C, Hubert P. Toxicity of
fire smoke. Apropos of 2 pediatric cases. Arch Fr Pediatr 1993; 50:
43-45 [PMID: 8389538]

Houeto P, Hoffman JR, Imbert M, Levillain P, Baud FJ. Relation of
blood cyanide to plasma cyanocobalamin concentration after a fixed
dose of hydroxocobalamin in cyanide poisoning. Lancet 1995; 346:
605-608 [PMID: 7651005 DOI: 10.1016/S0140-6736(95)91437-4]
Levy F. Cyanide poisoning Therapy in the field. CTIF Heatlth
Commission International Scientific Journey Mulhouse. [accessed
2013 Jul 18]. Available from: URL: http://www.google.com.hk/
url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=0CB4QF
JAA&url=http%3A%2F%2Fwww.pompiers68.fr%2Fdownload.
php%3Ffil_1d%3D219%26nom%?3Dctif cyanide poisoning_teatm
ent_in_the field.pdf%26fichier%3Dprivate files%2Ffile%2Fctif ¢
yanide poisoning_teatment in_the field.pdf&ei=tYa3VNLdI8mqg
gTUnIPQBg&usg=AFQjCNEPWgM7DI1X j2nX3jqgYRZDAS5o0p
5Q&bvm=bv.83829542,d.eXY &cad=tjt

Broderick KE, Potluri P, Zhuang S, Scheffler IE, Sharma VS, Pilz
RB, Boss GR. Cyanide detoxification by the cobalamin precursor
cobinamide. Exp Biol Med (Maywood) 2006; 231: 641-649 [PMID:
16636313]

Brenner M, Mahon SB, Lee J, Kim J, Mukai D, Goodman S,
Kreuter KA, Ahdout R, Mohammad O, Sharma VS, Blackledge
W, Boss GR. Comparison of cobinamide to hydroxocobalamin in
reversing cyanide physiologic effects in rabbits using diffuse optical
spectroscopy monitoring. J Biomed Opt 2010; 15: 017001 [PMID:
20210475 DOI: 10.1117/1.3290816]

Chan A, Crankshaw DL, Monteil A, Patterson SE, Nagasawa HT,
Briggs JE, Kozocas JA, Mahon SB, Brenner M, Pilz RB, Bigby TD,
Boss GR. The combination of cobinamide and sulfanegen is highly
effective in mouse models of cyanide poisoning. Clin Toxicol (Phila)
2011; 49: 366-373 [PMID: 21740135 DOI: 10.3109/15563650.2011.5
84879]

Brenner M, Kim JG, Mahon SB, Lee J, Kreuter KA, Blackledge
W, Mukai D, Patterson S, Mohammad O, Sharma VS, Boss GR.
Intramuscular cobinamide sulfite in a rabbit model of sublethal
cyanide toxicity. Ann Emerg Med 2010; 55: 352-363 [PMID:
20045579 DOI: 10.1016/j.annemergmed.2009.12.002]

Bebarta VS, Tanen DA, Boudreau S, Castaneda M, Zarzabal LA,
Vargas T, Boss GR. Intravenous cobinamide versus hydroxocobalamin
for acute treatment of severe cyanide poisoning in a swine (Sus scrofa)
model. Ann Emerg Med 2014; 64: 612-619 [PMID: 24746273 DOI:
10.1016/j.annemergmed.2014.02.009]

Broderick KE, Balasubramanian M, Chan A, Potluri P, Feala J,
Belke DD, McCulloch A, Sharma VS, Pilz RB, Bigby TD, Boss
GR. The cobalamin precursor cobinamide detoxifies nitroprusside-
generated cyanide. Exp Biol Med (Maywood) 2007; 232: 789-798
[PMID: 17526771]

Sharma VS, Pilz RB, Boss GR, Magde D. Reactions of nitric oxide
with vitamin B12 and its precursor, cobinamide. Biochemistry 2003;
42: 8900-8908 [PMID: 12873151 DOI: 10.1021/bi034469¢t]
Borron SW, Stonerook M, Reid F. Efficacy of hydroxocobalamin
for the treatment of acute cyanide poisoning in adult beagle dogs.
Clin Toxicol (Phila) 2006; 44 Suppl 1: 5-15 [PMID: 16990189 DOI:
10.1080/15563650600811672]

Brenner M, Kim JG, Lee J, Mahon SB, Lemor D, Ahdout R, Boss
GR, Blackledge W, Jann L, Nagasawa HT, Patterson SE. Sulfanegen
sodium treatment in a rabbit model of sub-lethal cyanide toxicity.
Toxicol App! Pharmacol 2010; 248: 269-276 [PMID: 20705081
DOI: 10.1016/j.taap.2010.08.002]

Belani KG, Singh H, Beebe DS, George P, Patterson SE, Nagasawa
HT, Vince R. Cyanide toxicity in juvenile pigs and its reversal by a
new prodrug, sulfanegen sodium. Anesth Analg 2012; 114: 956-961
[PMID: 22392971]

Nagasawa HT, Goon DJ, Crankshaw DL, Vince R, Patterson SE.
Novel, orally effective cyanide antidotes. J Med Chem 2007; 50:
6462-6464 [PMID: 18038966 DOI: 10.1021/jm7011497]
Patterson SE, Monteil AR, Cohen JF, Crankshaw DL, Vince R,

June 26, 2015 | Volume 5 | Issue 2 |



Petrikovics I et a/. Cyanide antagonism: Past, present, and future

Nagasawa HT. Cyanide antidotes for mass casualties: water-soluble [PMID: 23301495 DOI: 10.1021/jm301633x]
salts of the dithiane (sulfanegen) from 3-mercaptopyruvate for 130 Rivlin RS. Historical perspective on the use of garlic. J Nutr 2001;
intramuscular administration. J Med Chem 2013; 56: 1346-1349 131: 951S-954S [PMID: 11238795]

P- Reviewer: Cao DF, Murdaca G~ S- Editor: Tian YL L- Editor: A
E- Editor: Wu HL

Raishidenge ~ WIM | www.wjgnet.com 100 June 26, 2015 | Volume 5 | Issue 2 |



JRnishideng®

Published by Baishideng Publishing Group Inc
8226 Regency Drive, Pleasanton, CA 94588, USA
Telephone: +1-925-223-8242
Fax: +1-925-223-8243
E-mail: bpgoffice@wijgnet.com
Help Desk: http://www.wijgnet.com/esps/helpdesk.aspx
http:/ /www.wjgnet.com

© 2015 Baishideng Publishing Group Inc. All rights reserved.



	88
	WJMv5i2Back cover

