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University of Pittsburgh, 2021

Globally, phosphine gas released from metal phosphides is responsible for more poisonings
(both intentional and accidental) than any other chemical agent. Metal phosphides (e.g. CasPa,
AIP) produce phosphine through hydrolysis and can react with moisture in ambient air. Phosphine
is used as a fumigant pesticide and is a workplace hazard in agriculture, shipping, pest control, and
the semiconductor industry where itis used as a doping agent. However, the majority of phosphine
exposures are suicidal in nature. No antidote to phosphine is currently available. Most purposeful
phosphine poisonings occur through the ingestion of metal phosphides, which results in continuous
exposure to phosphine gas. Therefore, an antidote with both prophylactic and therapeutic activity
may be beneficial. Phosphine is associated with the inhibition of mitochondrial respiration at
complex IV, cytochrome c¢ oxidase, but the full implication of this inhibition as it relates to
phosphine toxicity is not completely understood.

Because the mechanism is incomplete, a decorporation strategy, useful against two other
mitochondrial poisons (cyanide and azide), was adopted. Based on inorganic principles, Au(l) and
Ag(l) complexes were selected as potential decorporating antidotes against phosphine toxicity. In
addition, some Co(ll/11l) complexes, shown to be effective against other complex IV inhibitors,
were also tested. A novel method for screening potential antidotes to phosphine toxicity using
Galleria mellonella larvae is described in this work. Antidotes that proved effective against
phosphine toxicity in the larvae were subsequently examined in mice by a behavioral method.

Methemoglobinemia, negatively associated with survival, and hemolysis have been reported in



cases of phosphine poisoning. Murine blood exposed to phosphine was studied over the course of

1-2 hours, both in vivo and in vitro, for the presence of methemoglobin and potential hemolysis.
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1.0 INTRODUCTION

Phosphine (PHs) is used as an agricultural fumigant and dopant in the semi-conductor
industry. The gas is released from metal phosphide tablets upon reaction with water, even with
moisture in ambient air [1, 2]. While phosphine is considered a primarily mitochondrial poison,
case reports and recent developments in phosphine treatment suggest it may act through more
diverse toxicity mechanisms including erythrocyte hemolysis and hemoglobin damage [3-7]. This
possible role for the blood/vasculature might account for the sometimes suggested involvement of
multiple organ systems [8, 9]. There is currently no antidote to phosphine available and poisoned
patients are treated with supportive measures with inconsistent success [10-13]. The goal of this
research is to identify and screen novel antidotes to phosphine poisoning and along the way, add
to the body of knowledge about phosphine toxicity, specifically its impacts on the blood.

Previously identified cobalt-based compounds effectively ameliorated the toxicity of other
mitochondrial poisons cyanide (CN") and azide (N3") through decorporation, the strong binding of
the poison ligand to an antidote metal forming a stable adduct, reducing the circulating level of the
toxicant [14-16], and ultimately, promoting its excretion. In this work, transition-metal based
compounds that may ameliorate phosphine toxicity through a similar decorporation mechanism
have been investigated. Based on inorganic chemistry principles, some gold(l) and silver(l)
compounds were initially selected as candidate antidotes [17, 18]. In addition, some cobalt
compounds shown by our own group to be effective against CN™ and N3~ have been examined for
their putative antidotal effects against phosphine as well. Finally, the impact of phosphine on
whole blood, which has been implicated in cases of human exposure to phosphine has been studied

[5, 6, 19-25].



1.1 HUMAN EXPOSURES & PUBLIC HEALTH SIGNIFICANCE

Phosphine released from metal phosphide tablets is used as an agricultural fumigant around
the world. It is useful as a nonspecific pesticide for food and materials storage; when used
correctly, phosphine is produced and decomposes slowly over time in a sealed container,
ultimately leaving no toxic products behind. Under normoxic conditions (O2 = 21%) in moist air,
phosphine eventually oxidizes to phosphoric acid [26]. The sale of metal phosphides is restricted
in the United States but they are easily available to consumers in many countries [27-29]. The
OSHA permissible exposure limit (PEL) for phosphine gas (PH3) is 0.3 ppm over an 8-hour work
day and the NIOSH immediately dangerous to life or health level (IDLH) is 50 ppm [2].
Immediately obvious symptoms of acute phosphine exposure include drowsiness, vomiting,
ataxia, and cyanosis, followed by clinically determined effects including hypotension, tachycardia,
pulmonary edema, and cardiac failure [2, 25, 30].

In 1980, Wilson and colleagues reported that 1% of known occupational exposures to
phosphine occur on ships [31]. During storage and transport on ships, grain products are often
fumigated with metal phosphides. Ideally, this fumigation occurs under properly ventilated
conditions, but workers on ships are particularly vulnerable to exposure because of their confined
environment. The authors report an incident in 1978 in which 29 out of 31 crew members were
sickened and one child died after phosphine exposure due to a leaky fumigation hold [31].
Phosphine exposure is still a risk to freight workers; a 2020 study of Belgian and French maritime
workers showed that the rate of occupational exposure to phosphine has been steadily increasing
since 2000 [32].

In North America, most human exposures to phosphine are accidental and occupational. In

2014, 80% of California’s reports of phosphine exposure occurred in the agricultural industry [30].
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These exposures are often attributed to mishandling of and/or accidental release from metal
phosphide pellets. For example, in 2013, a pistachio silo containing aluminum phosphide was
damaged during a storm. The phosphide became wet, phosphine gas was released, and 10 workers
were hospitalized for signs of phosphine exposure. Six out of ten showed signs of respiratory
distress [33]. Phosphine gas is also a byproduct of clandestine methamphetamine production.
Phosphine exposure and poisoning is reported among methamphetamine producers and first
responders in the US [34-36]. Other exposures to phosphine in North America are related to
residential fumigation [37-40]. While sale of metal phosphides is limited in the US, they are still
accessible for both professional and amateur household pest control. In a tragic but characteristic
case in Texas in 2017, a man spread metal phosphide pellets under his family’s mobile home to
address a pest problem. In response to the garlic-like odor of the pellets, he attempted to wash
them away with water. This produced more phosphine gas and unfortunately, four children died
and one woman was sickened after inhaling phosphine inside the home. The man had reportedly
received the metal phosphide pellets in an unlabeled container from a friend [38].

Globally, most cases of phosphine poisoning occur in India and the Middle East [41-43].
Phosphine exposure accounted for 8% of all-cause mortality and at least 65% of all poisonings in
India during the early 2000s [42]. While some of these exposures are accidental in nature and
similar to those reported in North America, many are purposeful. Over the past 40 years, the global
suicide rate has risen by 60% [43]. Of nearly 800,000 annual suicides, 79% occur in low-and
middle-income countries. While the global suicide rate is 10.5 out of 100,000, India’s is 16.5 and
reaches 24 in some states [44, 45]. Intentional poisoning is the third most common route of suicide
in Iran and phosphine was implicated in 81% of self-poisonings from 2011 to 2015 [46]. These

suicides are part of an epidemic of farmer suicides in response to socioeconomic



disenfranchisement in the Middle East and India [42, 45]. Many of these suicides occur through
the ingestion of agricultural chemicals including organophosphorus pesticides and metal
phosphides, which are easily accessible in the countries with the highest rates of their use for
suicide [42-44, 46, 47]. Suicide by phosphine is significantly correlated to low socioeconomic
conditions including illiteracy and financial instability [42]. In a typical suicide case, the victim
ingests metal phosphide tablets, which, depending on freshness, contain 1-3 grams of metal
phosphide [1, 21, 42]. 1-2 tablets can produce a fatal dose of phosphine when ingested [21, 27,
48]. The pellets react with saliva and hydrochloric acid in the stomach and produce phosphine gas,
which can be inhaled or absorbed through the gastrointestinal tract [21, 27]. Death from phosphide
ingestion typically occurs 12-24 hours after exposure [2]. If the victim is taken to the hospital, they
receive supportive care, as no antidote is currently available [10, 27]. Supportive measures are
administered based on symptoms and typically consist of supplemental oxygen, and permanganate,
bicarbonate, vegetable oil, and/or activated charcoal lavage [13, 49]. Supportive care yields
inconsistent success; reports of mortality from the ingestion of metal phosphides ranges from 45-
90% [48, 50].

Phosphine and metal phosphides are listed as Chemicals of Interest (COI) by the US
Department of Homeland Security under the Chemical Facility Anti-Terrorism Standards
regulation. This designation is due to the toxicity, reactivity, and accessibility of metal phosphides
and (subsequently) phosphine [51]. Thus, there is much interest (worldwide) in developing a fast-

acting antidote that would be useful in both individual and mass acute poisonings.



1.2 PHOSPHINE CHEMISTRY & TOXICITY

Phosphine, or “phosphane” (IUPAC) is a trigonal pyramidal molecule consisting of one
phosphorous atom bonded to three hydrogen atoms (Figure 1). It is a gas under standard conditions
and has a relative vapor density of 1.17 [48, 52]. Phosphine is produced by the reaction of metal
phosphides with water or acids as shown in Equation 1. Metal phosphides are sold as solid tablets,
typically AIP, CasP2, MgsP2, or ZnsP2. Phosphine is frequently associated with a fishy or garlic-
like odor but the gas itself is odorless [53]. The pungent smell is due to the reaction of impurities

and formation of other phosphate species including HaP> [54, 55].

H”ﬂly
H

Figure 1. Chemical structure of phosphine.

CaszPos) + 6 HoOgy — 2 PH3(g) + 3 Ca(OH)2s) (1)
AlP¢) + 3 H2Og) — PHaz(g) + AI(OH)3(s) (@)

Equation 1. Phosphine production via hydrolysis of metal phosphides.
Reactions of two common metal phosphide salts used to produce phosphine gas through hydrolysis. (1) Calcium

phosphide, (2) Aluminum phosphide.

Phosphine is oxidized to phosphoric acid through a series of intermediates (Equation 2).
The first intermediate, phosphinous acid (H3PO), is thermodynamically unstable and has in fact

never been observed in the study of phosphine in vivo [26]. HsPO has been isolated for spectral
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analysis through the reaction of phosphine and ozone at very low temperature (12-18 K) in solid
argon but is otherwise considered transient [56]. However, this intermediate is notable because in
a 2011 review of phosphine toxicity, Nath and colleagues posit that phosphinous acid may in fact
be the toxicant responsible for phosphine poisoning [57]. None of the other resulting oxo-

phosphorous compounds have shown any toxicity commensurate with phosphine.

[0] 0 [0] (0]
PH; —°% H,P0 3 H,PO, —8 H,PO; —°3 H,PO,

Phosphine  Phosphinous Phosphinic Phosphorous Phosphoric
Acid Acid Acid Acid

Equation 2. Oxidation of phosphine to phosphoric acid.

Specific dose and toxicity information (i.e. LDso, LCso) for phosphine and metal
phosphides is not well-documented. Human data is collected retrospectively and mostly published
through individual case reports. Exposure to metal phosphide tablets through ingestion is often
reported as a mass of tablets consumed. However, phosphine production by metal phosphide
tablets varies by tablet type [58], freshness [1, 50], particle size [1], and the ratio of active
phosphide to other inert ingredients in the tablets [27, 42]. Generally for humans, survival is
unlikely after the ingestion of 1.5-2 g of metal phosphides [59] but 150-500 mg ingested AIP is
also reported as a lethal dose for adults [10, 24, 27]. Based on this information, the lethal dose for
AIP ingestion for a 70 kg adult ranges from 2-28 mg/kg. In 2004, Dua and Gill [3] found the LDsg
for AIP ingestion in rats to be 10 mg/kg and the LD1oo to be between 15-25 mg/kg. Based on Dua
and Gill’s data [3], Anand and Colleagues [60] found that 20 mg/kg was an effective LD1qo for
AIP ingestion in rats. A 1997 publication by the International Programme on Chemical Safety

reports that the LDso for the ingestion of zinc phosphide in rats ranges from 2.9-40.5 mg/kg [61].



Inhalational phosphine exposure also depends upon characteristics of the source (e.g. metal
phosphides vs purified gas), environmental conditions including ventilation, and duration of
exposure [53, 58, 62, 63]. In reports of occupational exposure, exact phosphine concentrations are
rarely reported but can be estimated from post-incident air sampling and records of metal
phosphide use (i.e. mass reacted). A report of occupational phosphine exposure onboard a bulk
grain carrier in 2008 [64], in which one worker died and others were sickened, estimates a peak
phosphine concentration of 700 ppm in both a leaky fumigation chamber and the surrounding
cabins. This estimate is based on the amount of aluminum phosphide used for fumigation: 1.5 g/m?®
which the authors report to be a common amount used in grain fumigation. The true exposure
concentration is not known and may not actually have been 700 ppm; the air was not sampled
quantitatively until two days after workers became ill and hours after cabin ventilation. From this
sampling, the authors report a concentration of 0.24 ppm PHj3 outside of the fumigation chamber
and “a trace” in the cabins [64]. A 1988 occupational health study of Indian agricultural fumigators
found concentrations between 0.17 and 2.11 ppm PHs in their working environments [65]. The
NIOSH IDLH for phosphine is 50 ppm and the NIOSH acute exposure guidelines (AEGL) suggest
that concentrations as low as 4 ppm can result in serious effects and impair the ability to escape
after just 10 minutes [53]. Exposure to 7.2 ppm for 10 minutes is considered life-threatening [53].
In a 2007 report, Assem & Takamiya [58] tabulated human exposure data and occupational
standards and found that exposure to over 100 ppm PHz was associated with severe outcomes 30-
60 min after exposure and exposure to over 400 ppm PH3 was associated with death within 30-60
min. They also reported that the LCsxo for rats is 1057 ppm for 35-50 min exposures, 498 ppm for
65-75 min, and 11 ppm for 4 hours [58]. Waritz and Brown found the rat LCso for a 4 hr PH3

exposure to be 8 ppm [66]. In 2017, Wong and colleagues [67] published a detailed study of



phosphine toxicity in rats. They found that phosphine exhibits a steep dose-response curve between
15000 and 30000 ppm-min with an LCtso (concentration-time value associated with 50% mortality
within 24 hours) of 23270 ppm-min [67]. As in humans, toxicity data for phosphine in rodents is
varied and inconsistent (Table 1). Phosphine toxicity varies in different species of insects; the
dose-response relationship is not linear and varies by the duration of exposure [62, 68]. In a 1969
study, Bond and colleagues [68] exposed insects to phosphine gas and monitored the phosphine
concentration in the chamber over time by gas chromatography. Roaches (Periplaneta
americacna) exhibited visible toxicity (decreased voluntary movement, muscle spasms) after 10
minutes of exposure to 500 ppm, which advanced to death (or non-recovery) between 3 and 5
hours of exposure [68]. In the same study, 24-hr LCioo values were determined to be at most 1380
ppm for mealworms (Tenebrio molitor larvae) and at most 1340 ppm for flour beetles (Tribolium
confusum) under normal aerobic conditions [68]. In insects (at least), acute phosphine toxicity is
dependent on available oxygen [59, 62, 63, 69] and is ineffective under anaerobic conditions [68].
Phosphine resistance has also been reported in insects, including Lepidoptera species [70, 71]. In
a study of three Coleoptera species, Pimentel and colleagues [71] found that resistant organisms
had LCgs values above doses recommended for insecticidal use. Phosphine resistance in insects is
correlated with lowered respiration and active exclusion [71], though the exclusion mechanism is
not clear and is not mediated by spiracle modification [68, 71]. To adjust for these factors,
phosphine/phosphide insecticides are often used at a discriminating dose, or a dose expected to
kill all susceptible insects. In their study of phosphine resistance in Coleoptera and Lepidoptera,
Gautam and colleagues [70] reported a 20 hour exposure to 98.7 ppm PHz to be a discriminating

dose.



In summary, phosphine toxicity is difficult to compare between species because of the

diversity of exposure parameters but available data shows that humans are sensitive to gaseous

phosphine at lower levels than rodents [58, 61] and insects [68] but are similarly sensitive to

phosphine poisoning from metal phosphide ingestion [3, 10, 24, 27, 60].

Table 1. Available toxicity data for phosphine and metal phosphides.

Dose

Concentration

Concentration

Form Organism Route Duration (mg/kg) (bpm, VIY) (bpm-min) Effect Ref.
AlP Human* Ingestion 2-28 LD [24, 27, 59]
Zn3P> Rat Ingestion 2.9-40.5 LDso [61]
AlP Rat Ingestion 10 LDsg [3]
AlP Rat Ingestion 15-20 LD1oo [3, 60]
PHs(g) Human Inhalation 50 IDLH** [72]
PHsq Human Inhalation 10 min 7.2 72 AEGL3*** [53]
PHs) Rat Inhalation 12]}?]0 23270 LCtso [67]
PH3() Rat Inhalation 4 hr 8-11 2640 LCso [58, 66]
PHyg | Rabbit | Inhalation | “>5 500 12500 LDsco [61]
PHs(q Rabbit Inhalation 4 hr 200 48000 LD1oo [61]
Coleoptera, . Discriminating
PH3(g) Lepidoptera Inhalation 20 hr 98.7 118800 dose [70]
PHs(g Roach Inhalation 3-5 hr 500 90000 LD1g0 [68]
PH3g | Mealworm Inhalation 24 hr 1380 1987200 LD1oo [68]
PHs | Flour beetle | Inhalation 24 hr 1340 1929600 LD1oo [68]

*Collected from published reviews of phosphine poisoning, retrospective estimates based on patient or family reports.
** Immediately Dangerous to Life or Health limits are determined by NIOSH and OSHA to be an airborne
concentration likely to immediately cause death, permanent adverse health impacts, or impair the ability to escape

[72].

***Acute Exposure Guideline Level 3, reported by the National Oceanic and Atmospheric Administration, is the
airborne concentration above which serious health effects or death are possible [73].

Phosphine is an inhibitor of mitochondrial respiration; it prevents oxygen consumption and

ATP synthesis through the inhibition of the mitochondrial electron transport system (Figure 2) at

complex 1V, cytochrome c oxidase [3, 59, 74-78]. Normally, cytochrome ¢ oxidase

reduces

oxygen to water through the oxidation of the electron carrier cytochrome c, which transfers

electrons between complex Il and complex IV via a heme-iron(11/111) binding site (Equation 3).

Cytochrome c oxidase is responsible for oxygen consumption or “turnover” during respiration and




contributes to the proton gradient essential to ATP synthesis. When complex IV is inhibited,

oxygen consumption and ATP synthesis slow and cytochrome ¢ remains reduced.

H* H* H*
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Figure 2. The mitochondrial electron transport system.

4 Fe?* cytochrome ¢ + O, — 4 Fe** cytochrome ¢ + H20

Equation 3. Reduction of oxygen to water by mitochondrial complex IV via the oxidation of cytochrome c.

1.2.1 Uncertainty in the mechanism of toxicity

Phosphine poisoning is associated with mitochondrial dysfunction characteristic of
cytochrome c inhibition. Much of the early data on phosphine’s mitochondrial activity comes from
insect models, likely due to its popularity as an insecticide. A 1976 study by Chefurka et al. [74]
reports that phosphine inhibits mitochondrial respiration in two species of insects and in mice. The
authors noted that mitochondrial uncouplers do not improve respiration after phosphine exposure,
which suggests a direct impact on the electron transport system. They also reported that
cytochrome c oxidase is likely the specific target for phosphine toxicity [74]. This is one of many

phosphine studies that report consistent mitochondrial inhibition across species and even phyla
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[41, 60, 63, 67, 79]. Anand and colleagues reported structural damage to mitochondria including
a 70% loss of functional cytochrome c in the liver tissue of mice exposed to phosphine [60] and
Bumbrah and colleagues reported a 70% reduction in respiration and hypoxia-related organ
damage in human patients exposed to phosphine via metal phosphides [41]. This mechanism may
be similar to those of other complex IV inhibitors like cyanide and azide [15, 16, 79]. Also, like
cyanide and azide, many of the effects of phosphine poisoning in humans reflect the inhibition of
the electron transport system. These include cyanosis, reduction in cardiac output, respiratory
distress, and pulmonary edema [2, 30, 42]. Death in cases of phosphine poisoning is usually
attributed to heart failure resulting in cardiac arrest [41, 57, 58, 80].

While a wealth of data suggests that phosphine inhibits cytochrome ¢ oxidase and it is
widely regarded as a mitochondrial poison [3, 59, 74-77, 79], its entire mechanism of toxicity is
not fully understood. It is known that phosphine toxicity is dependent upon environmental oxygen
concentration in a positive but nonlinear correlation [7, 60, 63, 68]. Researchers have reported
decreased respiration in humans and animals exposed to phosphine [41, 63]. Other groups have
reported a lack of change in respiration in insect models exposed to phosphine but this has been
correlated with population resistance [63, 81].

It has also been suggested that phosphine’s toxicity is primarily due to oxidative damage
through the generation of radical oxygen species [23, 59, 69, 82] and lipid peroxidation and/or
protein interaction [7, 9, 57], perhaps leading to the breakdown of vascular tissue [49]. However,
radical oxygen species and their indicators do not necessarily cause toxicity [83-85]. Lipid
peroxidation and metabolic acidosis have indeed been reported in cases of phosphine poisoning
and oxidative damage is frequently claimed to be associated with dysfunction of the electron

transport system [20, 50, 67, 86, 87]. While the supportive treatment of metabolic acidosis using
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sodium bicarbonate and potassium permanganate, typically used to oxidize phosphine to
phosphate, is often recommended for phosphine poisoned patients [5, 11, 24, 27], little evidence
exists to suggest that this significantly increases survival [13, 27]. Phosphine itself is a strong
reductant, so oxidative damage, if important, is likely due to an indirect or secondary mechanism

[20, 21, 88].

1.2.1.1 Potential impacts on blood

The oxidation of the iron atom in hemoglobin from Fe?* to Fe** (methemoglobinemia) and
red blood cell (RBC) lysis (hemolysis) have been reported in cases of phosphine poisoning in
humans [5, 19, 20, 24, 25]. Methemoglobinemia has been negatively associated with survival in
phosphine-poisoned patients; a 2011 case study by Mostafazadeh and colleagues reports a
significant relationship between elevated methemoglobin level upon hospital admission and death
from phosphine poisoning [20]. Methemoglobin levels of up to 46% have been reported in cases
of phosphine poisoning [5, 24]. Methemoglobinemia due to other causes, however, is only
associated with mortality at levels over 70% [89]. The concentration of ferrous hemoglobin (Fe?*)
in the blood is well maintained and blood typically contains less than 2% methemoglobin.
Methylene blue, which accelerates NADPH methemoglobin reductase, is a common treatment for
methemoglobinemia [88, 89]. A 2000 study in rats showed that methylene blue lavage improved
outcomes after phosphine exposure [23]. However, it has not been widely studied against
phosphine poisoning in humans and as of this writing has only been successfully used in human
patients once [24, 25, 89]. Blood transfusion with fresh-packed red blood cells has recently been
shown to improve outcomes from phosphine poisoning in rats [87]. In humans, however, data on

whole-blood transfusion against phosphine poisoning is sparse [5, 6].
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It is unclear if the observed methemoglobinemia and hemolysis are directly related to
phosphine toxicity or if they are secondary symptoms [69, 88]. Additionally, it is not known if (or
how) they are related to each other. Hemolysis and methemoglobinemia often appear together [88,
89]; RBCs containing methemoglobin are prone to rupture, which releases free ferric (Fe*) heme,
which can induce hemolysis in other RBCs [90, 91]. On the other hand, free ferrous heme from
ruptured RBCs is quickly oxidized to Fe3* [90, 92]. These impacts do not appear uniformly in
cases of phosphine poisoning and they are not always observed together or at all [19, 21, 22, 27,
69]. A 2016 case study of 50 patients presenting with acute phosphine poisoning found that only
8 had both methemoglobinemia and hemolysis, 3 had methemoglobinemia alone, and 3 had
hemolysis alone [22]. Further, methemoglobinemia is associated with some oxidizing medications
such as potassium permanganate, given to promote oxidation of phosphine to phosphite/phosphate
in the gastrointestinal tract, and methemoglobinemia has indeed been observed in phosphine-
poisoned patients after treatment with permanganate salts [19, 24, 93]. We are interested in
characterizing the relationship between phosphine and blood because if phosphine indeed directly
induces hemolysis or methemoglobinemia, it may impact the efficacy of our antidotes and change
the required delivery method (i.e. exposure concentration may have to be reduced before reaching
the blood stream).

Very little data is available on phosphine pharmacokinetics and biomarkers of exposure
have yet to be determined. In fact, as of this writing, no formal studies have been conducted of
phosphine absorption and distribution in vivo. Biomarkers of increased cardiac stress and
respiratory failure have been reported in studies of phosphine poisoning [67, 69, 94] but cannot be
correlated to exposure or effective dose in absence of a known toxicokinetic scheme. To delineate

this scheme is outside the scope of this project. In the absence of a better understanding of the
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complete toxic mechanism, we adopted the practical approach of selecting candidate antidotes

with the intention of reducing circulating levels of phosphine in vivo.

1.3 POTENTIAL ANTIDOTES TO PHOSPHINE POISONING

Generalized supportive care is not necessarily enough to ensure positive outcomes for
victims of phosphine poisoning [27, 41]. Fast-acting antidotes that can be administered after or
during phosphine exposure are essential. A prophylactic antidote may be of some use in an
occupational setting, but an antidote to be administered after the start of exposure would be useful
in the majority of phosphine poisonings [95, 96]. The line, however, between prophylactic and
therapeutic antidote is ambiguous in many cases of phosphine poisoning for the following reasons.
As previously mentioned, ingested phosphide tablets produce phosphine gas in an ongoing
reaction. In these cases, phosphine exposure can last for hours [23, 97]. This means that if given
in time after ingestion, a nominally “prophylactic” antidote may prevent cumulative exposure and
subsequent toxicity. In the absence of definitive knowledge of mechanism, possible approaches to
phosphine antidote development are limited, which presents a crucial barrier to progress.
Regardless of the ultimate toxicity mechanism, a decorporating/scavenging antidote may be
beneficial for preventing phosphine poisoning. A decorporating agent reduces the circulating level
of a toxicant and binds the toxicant ligand with high affinity, forming a stable and non-toxic adduct
to be excreted [15, 16]. Ideally, scavenging occurs in the bloodstream and prevents the toxicant
from reaching the target site(s) [15]. Decorporation is characterized by high binding affinity (Keq)
between a toxicant ligand and antidote [14-16]. Using a decorporating approach, we have

identified transition-metal based compounds that successfully ameliorate cyanide and azide
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toxicity in both an insect and mouse model [14, 15, 98]. We have utilized spectroscopic and
respirometric methods to confirm that these candidate antidotes reduce the inhibition of
cytochrome ¢ oxidase and bind the toxicant ligands at reasonable rates and with relatively high
affinity [15, 98].

Phosphine is easily polarized and is characterized as a “soft” ligand according to Pearson’s
hard-soft acid-base theory [99]. According to this principle, phosphine will bind to a “soft” metal
with high affinity [17, 18, 99]. Gold(l) and silver(l) are among the softest metals [18, 99, 100] so
may be useful as decorporating agents against phosphine toxicity. Additionally, many Au(l) and
Ag(l) salts are known to be safe to humans; they are used in a variety of medical applications
including the treatment of rheumatoid arthritis and bacterial infections [100-107]. Based on this
knowledge, a variety of Au(l) and Ag(l) compounds were screened against phosphine toxicity in
an insect and mouse model. Additionally, some cobalt(I1/111) compounds that have been shown to
be effective against cyanide and azide [14, 15, 98], were also screened as controls. These were not
expected these to be very effective at decorporation based on Pearson’s hard-soft acid-base series

[18, 99].

1.3.1 Gold(l) Complexes

Gold(I) is the softest metal in Pearson’s hard-soft-acid base series [99]. Au(l) is
biologically active and has a variety of medical uses; it has been used in the treatment of
rheumatoid arthritis for over 90 years [108]. The cation itself is unstable and can be oxidized to
more toxic forms. However, when paired with “soft”, polarizable ligands, Au(]) is fairly stable and
has relatively low toxicity. Most Au(l) used in medicine is coordinated to ligands including thiol
groups and phosphines, which help to prevent oxidation from Au(l) to highly toxic Au(lll) [101,
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108, 109]. We selected three Au(l) complexes with established safety in humans to screen as
candidate antidotes to phosphine: Au(l) thiosulfate, Au(l) thioglucose, and Au(l) thiomalate

(Figure 3).
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Figure 3. Candidate phosphine antidotes: Au(l) compounds.
Structures of Au(l) complexes tested against phosphine. (A) Au(l) thiosulfate, anion; (B) Au(l) thioglucose, (C),

Au(l) thiomalate, disodium salt.

All of these candidate antidotes have been or are currently used as treatments for
rheumatoid arthritis [108, 110-113] and the sodium salt of Au(l) thiosulfate was used historically
as a treatment for tuberculosis [114, 115]. The anti-inflammatory mechanism of these Au(l)
compounds is not fully understood but seems to be the result of diverse mechanisms. Au(l)
compounds used against rheumatoid arthritis have been shown to inhibit the production of
prostaglandins, interfere with the compliment cascade, and inhibit other pro-inflammatory
enzymes [116]. The adverse effects of long-term treatment with Au(l) compounds include
dermatitis, oral ulcers, and proteinuria. Other, more severe side effects including interstitial lung
disease and liver toxicity have been reported but are quite rare. Again, these effects are associated
with chronic exposure to Au(l) compounds [100, 116] and resolve when exposure is discontinued.
Because of Au(I)’s affinity for soft ligands, low acute toxicity, and established use in humans, we
proposed Au(l) thiosulfate, Au(l) thioglucose, and Au(l) thiomalate as potential decorporating
antidotes to phosphine poisoning.
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Gold is notoriously expensive. Currently, the aforementioned Au(l) compounds cost
between $130 and $598 per gram [117-119]. While we expected Au(l) to be effective against
phosphine poisoning, we searched for alternatives that may be less expensive to produce and

obtain.

1.3.2 Silver(l) Complexes

We identified five readily available Ag(l) compounds that may also be effective antidotes
against phosphine. Ag(l) is also among the softest ligands in Pearson’s hard-soft-acid-base series
and has strong affinity to other soft ligands [18, 99, 105]. Ag(l) compounds also boast established
use in humans; many are antimicrobial and anti-inflammatory agents [105, 106]. In fact, in a 2014
paper, Barillo and Marx speculate that “there are few, if any compounds in contemporary medical
practice with as lengthy a history as silver” [106]. We identified five Ag(l) compounds to screen
against phosphine in an insect model: Ag(l) lactate, Ag(l) nitrate, Ag(l) bis(metronidazole)nitrate,

Ag(l) thiosulfate, and Ag(l) sulfadiazine (Figure 4).
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Figure 4. Candidate phosphine antidotes: Ag(l) compounds.
Structures of Ag(l) complexes tested against phosphine. (A) Ag(l) lactate, (B) Ag(l) nitrate, (C) Ag(l) metronidazole

nitrate [120], (D) Ag(l) thiosfulate, (E) Ag(l) sulfadiazine.

Ag(l) lactate, Ag(l) nitrate, Ag(l) bis(metronidazole), and Ag(l) sulfadiazine are useful
antimicrobials and Ag(l) sulfadiazine has been on the World Health Organization’s List of
Essential Medicines since 1987 [105, 121]. Ag(l) thiosulfate is used to inhibit ethylene production
in plants and is found in the environment as a waste product of photographic film manufacturing
[122]. It has not been assessed for medical use in humans but its toxicity in other organisms is low
compared to other Ag(l) compounds, especially Ag(l) nitrate [123, 124]. The Ag® ion is
responsible for these compounds’ antimicrobial activity; it damages cell membranes and enzymes
through protein interactions and is effective at very low concentrations. Sensitivity to the Ag* ion
is related to genetic factors and rates of intracellular uptake; bacteria and fungi are more sensitive
to the ion than mammalian cells [125, 126]. These compounds are associated with a variety of
adverse effects, mostly cosmetic; Ag(l) nitrate stains the skin upon contact and chronic ingestion

of Ag(l) compounds leads to systemic skin discoloration [126-128].
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Overall, Ag(l) compounds have very low solubility in aqueous solutions. They are even
less soluble in saline solutions, including the physiological fluids of many organisms [105, 129].
Silver is known to precipitate and accumulate in tissues and in the later 20" century, the use of
oral Ag(l) drugs was reduced and substituted for other antibiotics [105, 123, 127]. Currently, most
Ag(l) pharmaceuticals are applied dermally and used to treat skin conditions including severe
burns [106]. Ag(I)’s low solubility may prove challenging for drug delivery and effectiveness, but
is unlikely to endanger health upon acute exposure [106]. We selected candidate antidotes that can
be dissolved in physiologically-appropriate buffers (with and/or without additional solubilizing
agents as described in MATERIALS). Based on Ag(I)’s softness, solubility, and toxicity, we
anticipated that the Ag(l) compounds would prove somewhat useful against phosphine poisoning
but be less effective than Au(l). However, if effective at ameliorating phosphine toxicity, they may

prove beneficial over Au(l) compounds based on their lower price point.

1.3.3 Cobalt(Il) Complexes

Our group has identified and screened cobalt-containing candidate antidotes to other
complex IV inhibitors [14-16, 130]. These cobalt-based macrocycles have proven effective against
cyanide and azide toxicity in a variety of models, in vitro and in vivo. These antidotes work through
decorporation, binding cyanide or azide ligands to the central cobalt with high affinity [15, 16].
These candidate complexes are based on the structure of hydroxocobalamin (Cb) (Figure 5A), an
approved antidote to cyanide poisoning that binds one cyanide ligand to a central Co(lll). Cb is
indeed effective against cyanide, but is expensive and not shelf-stable in a useful form. It is not
well-suited for use in a mass-casualty situation [14, 15]. Thus, we proposed smaller, less expensive
antidotes to cyanide and azide based on the Cb structure. CoN4[11.3.1] (Figure 5B) has been shown

19



to ameliorate cyanide and azide toxicity in animal models [14-16]. We have established toxicity
data for these compounds in two animal models, G. mellonella larvae and mice [14-16, 131]. While
none of these compounds were expected to lessen phosphine toxicity, (Co(ll/111) is not considered
a very soft metal and is unlikely to bind phosphine with strong affinity [18, 99]), it was thought

that they might serve as good controls in the animal models.
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Figure 5. Candidate Phosphine Antidotes: Co(l1/111) compounds.
Structures of Co(l11/111) complexes tested against phosphine. (A) Hydroxocobalamin, (B) CoN4[11.3.1]
(Cobalt(11)2,12-dimethyl-3,7,11,17-tetraazabicyclo-[11.3.1]-heptadeca-1(17)-2,11,13,15-pentaenyl dibromide) (C)

CoN4[14] (5,7,7,12,14,14-Hexymethyl-1,4,8,11-tetraazacyclotetradeca-4,11-dienyl cobalt (1) dibromide dehydrate).

1.4 EXPERIMENTAL MODELS

We screened and tested the potential antidotes in two animal models, larvae of the greater
wax moth, Galleria mellonella, and mice. G. mellonella larvae are used in fungal and bacterial
study owing partly to their melanin-linked immune system with allows for visible infection
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monitoring [132-136]. Our group has successfully utilized this insect model to identify and screen
potential antidotes to other mitochondrial poisons that were subsequently found to be effective in
mice [131]. These models are comparable for mitochondrial study because cytochrome ¢ oxidase,
the likely target of phosphine, is nearly identical between the two models [131]. Both models
exhibit visible signs of toxicity (immobilization) when exposed to the other complex IV inhibitors
azide and cyanide [131]. While mice have a closed circulatory system and an oxygen carrier
(hemoglobin), G. mellonella larvae have an open circulatory system that lacks an active oxygen
carrier. Instead, oxygen diffuses through the body cavity. The main body cavity is called the
hemocoel and is washed in a lipid and mitochondria-rich substance that makes up an organ called
the fat body. This model allows us to study phosphine toxicity without potential interference from
hemoglobin (see section 1.2.1.1). In addition to whole-organism study, we utilized mitochondrial
particles isolated from the fat body to study the action of phosphine on respiration in vitro. G.
mellonella are an advantageous model because they are inexpensive (~$20 for 250 caterpillars)
and have no special housing or food requirements. By using this model for preliminary antidote
screening, we were able to collect hundreds of data points without sacrificing hundreds of mice.
From reported toxicity data (see Table 1), insects appear to be more resistant to phosphine than
mammals. This may require modulation of exposure conditions between models.

We identified promising candidate antidotes based on their efficacy in the insect model
then tested them in mice. This model translates more closely to human physiology and allows us
to study phosphine and potential antidotes in a circulatory environment more closely aligned with
that of humans and in the presence of hemoglobin. To determine if phosphine’s impacts on blood
were relevant to antidote development, we compared antidote effectiveness between insects and

mice. We also performed whole-blood experiments to determine if phosphine directly induces
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hemolysis or methemoglobinemia and studied the blood of phosphine-exposed mice for indicators

of these impacts.

1.5 SCOPE OF DISSERTATION AND STATEMENT OF HYPOTHESES

Phosphine gas (PHs), typically released by the hydrolysis of metal phosphide salts, is
responsible for more human poisonings (accidental and deliberate) worldwide than any other
pesticide. In the US, phosphides (particularly of aluminum and zinc) are legally available from
many commercial outlets for use as insecticide/rodenticide fumigants. The pellets release
phosphine gas upon reaction with agueous media and could conceivably be deployed as weapons.
An antidote to phosphine/phosphide poisoning remains to be identified. Under non-laboratory
conditions, lethal exposures to phosphine have invariably occurred over a duration of minutes to
several hours, either through inhalation/ingestion of dispersed particulate phosphides or inhalation
of phosphine gas in confined spaces. Phosphine (PH3) is comparably soluble in lipids and aqueous
media, so in addition to phosphide particulates in the airways and esophagus, accumulation of PH3
in tissues can be expected to result in an ongoing phosphine exposure even though the victim may
have been separated from the source. It follows that a decorporating approach should be of
considerable value as a countermeasure to phosphine poisoning. We propose such an approach
using metal-ion complexes chosen to have greater affinity for phosphine than any biological
ligands present.

This work is a proof-of-concept study in early-stage drug development and aims to identify
lead compounds that show efficacy against phosphine in animals. Funding was through the NIH

CounterACT program, which primarily supports research into countermeasures to terrorism
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resulting in mass-casualty events. Acute mass-exposures to phosphine would likely occur through
inhalation and modeling exposure through ingestion falls outside the scope of the work. Some
insights into phosphine’s toxicity mechanism have been serendipitously discovered but not further
developed as again, these lines of inquiry were outside of the scope of the funded project.

Aim 1. To determine if some univalent gold and related complexes are antidotal toward
phosphine in mice. Some commercially available gold(l) complexes and similar silver(l)
compounds will be screened for antidotal activity in an insect model and those exhibiting
significant antidotal activity toward phosphine will be further tested in mice. Hypothesis: All
phosphanes, including phosphine, are “soft” ligands according to Pearson’s classification. They
have higher affinity for soft cations like gold(I) and silver(I) than other “harder” ligands like the
nitrogen-, oxygen-, sulfur-donors found in biological systems. Consequently, the proposed
gold(l)/silver(l) antidotes should efficiently scavenge phosphine in animals, protecting the
mitochondria. Approach: Unanesthetized mice will be exposed to phosphine generated by
hydrolysis of aluminum or calcium phosphide (AlIP, CasP2). The putative antidotes will be given
either before or after toxicant exposure. Sub-lethal (pole climbing) assessments of the effectiveness
of putative antidotes will be undertaken.

Aim 2. To show that phosphine causes methemoglobinemia and/or hemolysis in mice.
Hemolysis and methemoglobinemia have repeatedly been reported in conjunction with
phosphine/phosphide exposure but the extent and possible significance of this has not been
recognized by many authors. Recently, blood transfusions have been shown to be helpful in
remediating phosphine poisoning. Hypothesis: Exposure to phosphine results in
methemoglobinemia and/or hemolysis and phosphine antidotes may protect against these

conditions. Approach: Drawn blood samples from phosphine-challenged mice (with and without
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potential antidotes) will be analyzed spectroscopically to assess methemoglobinemia, hemolysis,

and verify protection of hemoglobin from phosphine-dependent damage.
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2.0 MATERIALS AND METHODS

2.1 MATERIALS

All chemicals, unless otherwise stated, were ACS grade, purchased from Sigma-Aldrich or
Fisher and used without further purification. Aluminum phosphide (AIP) was purchased from
American Elements and argon gas (99.998%) was purchased from Matheson.

Phosphine gas was generated with the reaction of either calcium phosphide (CasP2) with
sulfuric acid (H2SO4) or AIP with excess PBS (pH 7.4). For animal exposure models, 20 mL of
1.2 M H>SO4 was mixed with ~0.5 g CasP2 or 20 mL PBS was mixed with ~0.5 g AIP in a closed
chamber (4.8 L volume). Time-dependent phosphine production was observed by infrared
spectroscopy at 2325 cm™ using a Thermo-Nicholet 6700 FT-IR spectrophotometer (Figure 6).

Phosphine concentration was quantified from absorbance using Beer’s law (Equation 4).

A=E-1l-c
Equation 4 Beer’s Law.

Absorbance (A) is proportional to concentration (c) through a constant path length (I) and molar absorptivity (£).
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Figure 6. PHs production by AIP and CasP2 in animal exposure model.
PHs gas was generated in a sealed, 4.8 L chamber under aerobic conditions using 0.5 g AIP mixed with 20 mL PBS
(closed circles) or CasP2 with 20 mL 1.2 M H2SO4 (open circles). PH3 was monitored using IR spectroscopy and
concentration was determined using Beer’s law and absorbance values at 2325 cm™. Circles represent mean

absorbance and bars standard error for 3-6 data sets.

Calibration was by a standard additions method using pure phosphine gas generated with
H>SO4 and AIP. Exposure to phosphine gas is reported as integrated concentration (ppm) - time
(min). Aqueous phosphine was generated using AIP and PBS under anaerobic conditions in a
septum-sealed vial with minimal headspace as described by Hsu and colleagues [137]. The
concentration of aqueous phosphine solutions was limited to 11.6 mM.

Au(l) compounds and sodium thiosulfate solutions were prepared in filtered PBS (pH 7.4).

The carrier molecule calix[4]arene sulfonate, tetrasodium, or tetrasodium;25,26,27,28-
tetrahydroxypentacyclo[19.3.1.137.1%13 11529 octacosa-

1(24),3,5,7(28),9,11,13(27),15(26),16,18,21(25),22-dodecaene-5,11,17,23-tetrasulfonate(832.7
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g/mol) (Figure 7) was synthesized by Karen Rodgers, University of Alabama. Solutions of

calix[4]arene sulfonate, tetrasodium were prepared in 50 mM HEPES buffer, pH 7.4.

Figure 7. Structure of tetrasodium calix[4]arene sulfonate.

2.1.1 Synthesis and preparation of Ag(l) compounds

Ag(MTZ).NO3z was prepared using the method described by Kalinowska et al [107]. 0.34
g metronidazole was dissolved in 20 mL ethanol at 60 °C. 10 mL of 1 mM AgNOs (dissolved in
5% ethanol) was added to the metronidazole solution and stirred at 60 °C for 30 minutes. The
mixture was then evaporated under vacuum at 60 °C to half of the initial volume. The solution was
then left to crystalize at room temperature for 24 hours. Crystals were then washed with anhydrous
diethyl ether.

Silver(l) thiosulfate was prepared by combining 0.1 M solutions of AgNOz and Na>S203
in a ratio of 1:4 and diluted to the desired concentration in 50 mM HEPES buffer (pH 7.4) as
described by “Preparation of silver thiosulfate (STS) solution” [122].

Ag(l) lactate, Ag(l) nitrate, and Ag(l) thiosulfate were prepared in 50 mM filtered HEPES
buffer (pH 7.4). Ag(l) bis(metronidazole) nitrate and Ag(l) sulfadiazine were prepared in 50 mM

HEPES with or without 10% dimethylsulfoxide (DMSO, final concentration 5 mM) to improve
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solubility. Where indicated, Ag(l) nitrate was combined with calix[4]arene sulfonate tetrasodium

in a ratio of 2:1 in 50 mM filtered HEPES buffer (pH 7.4).

2.1.2 Synthesis of CoN4[14]

CoNa4[14], (5,7,7,12,14,14-Hexymethyl-1,4,8,11-tetraazacyclotetradeca-4,11-diene cobalt
(11) dibromide dehydrate) was prepared anaerobically under argon using trans-[14]-diene prepared
as described by Hay et al. [138], adapted from Curtis [139]. Under argon, previously synthesized
trans-[14]-diene (0.96 g) and 0.5 g cobalt acetate tetrahydrate were dissolved in 20 mL
deoxygenated methanol. The solution was heated to 40 °C and stirred and refluxed for 2 hours.
The solution was then evaporated overnight, leaving the orange CoN4[14] powder. Elemental
analysis for Co(C1sH32N4)]Br2-2H20 (Atlantic Microlab) calculated: 35.9% C, 6.78% H, 10.5%
N, 29.9% Br. Found: 36.73% C, 6.99% H, 9.41% N, 26.71% Br. ESI-MS (positive ion mode)

calculated for CoCigHz2N4 [M?*] 339.4 [1/2 M?*] 169.7; found [M?*] 338.3 [1/2 M?'] 169.6.

2.1.3 Synthesis of CoN4[11.3.1]

Cobalt(11)2,12-dimethyl-3,7,11,17-tetraazabicyclo-[11.3.1]-heptadeca-1(17)-2,11,13,15-
pentaenyl dibromide was synthesized as first described by Long and Busch [140], modified by
Lacy and colleagues [141] and reported by Lopez-Manzano et al. [15]. Briefly, 1.35 g CoBr; and
1 g 2,6-diacetylpyridine were dissolved in a deoxygenated solution of 20 mL ethanol and 0.5 mL
deionized water. 0.857 mL (6.13 mmol) 3-3’diaminodipropylamine was slowly added under argon.
A color change from green to red was observed. Still under argon, 1 pL glacial acetic acid was

added and the solution was heated to 50 °C for 12 hours with continuous stirring. The dark purple
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solid was then washed with diethyl ether and dried over P2Os for 24 hours then stored under
anaerobic conditions. Elemental analysis was performed by Atlantic Microlab, Inc. for
Ci1sH22N4Br2Co. Calculated: 37.76% C, 4.65% H, 11.74% N, 33.5% Br. Reported: 37.4% C,
5.05% H, 11.42% N, 32.64% Br.

Co(I11)N4[11.3.1] was prepared from Co(ll)N4[11.3.1] by leaving a solution of
Co(I1)N4[11.3.1] to oxidize in a fume hood under aerobic conditions for a minimum of 48 hours.
Oxidation state and concentration were validated with EPR and electronic absorbance

spectroscopy [16].

2.2 INSTRUMENTATION

2.2.1 High-resolution respirometry

Oxygen concentration was monitored using an Oroboros Instruments Oxygraph-2k high-
resolution respirometer (Oroboros Instruments, Innsbruck, Austria) [142]. The instrument utilizes
a Clark-type electrode to detect oxygen concentration through the reduction of oxygen via a gold
catalyst. With constant stirring, molecular oxygen permeates a Teflon membrane in the reaction
chamber and reaches the cathode, where it is reduced (Equation 5A). A silver/silver chloride anode
provides electrons for this reaction (Equation 5B). The electrode consumes less than 3 pM/s'mL
during operation. Temperature in the reaction chambers is maintained by a built-in Peltier

thermostat [142].
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Au
0,+2H0+4e - 40H (A
4Ag—>4Ag +4¢€ (B)
Equation 5. Cathode and anode reactions for the Oroboros Oxygraph Clark-type electrode.

(A) Cathode reacction, reduction of oxygen through a gold catalyst. (B) Anode reaction using silver/silver chloride

[142].
2.2.2 Other instrumentation

Anaerobic samples were prepared under argon in an Omni-Lab glovebox (Vacuum
Atmosphere, <0.5 ppm O3). Electronic absorption spectra were obtained with Shimadzu UV-
1650PC and UV-2501PC spectrophotometers. Infrared spectroscopy was performed with a Nicolet
6700 FT-IR spectrometer. pH was monitored in solution using a Corning Pinnacle 555 pH/ion

meter.

2.3 METHODS
2.3.1 G. mellonella model

Larvae of the greater wax moth, (G. mellonella) were purchased from Vanderhorst (St.
Mary’s, OH) and Fish On Bait & Tackle (Pittsburgh, PA), and acclimated at 25 °C for at least 48
hours. Groups of 10 caterpillars were exposed to phosphine generated as described above in a
sealed container (4.8 L volume) for a duration of 20 minutes. A group of larvae were exposed to a
vessel containing sulfuric acid placed in the inhalation chamber as an added control. Air was

circulated every 5 minutes with a 30 mL syringe. After exposure, caterpillars were removed from
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the container and monitored for paralysis and recovery. As described by Frawley et al., [131],
recovery is characterized by repeated righting behavior. Candidate antidotes or buffer controls
were administered five minutes before or immediately after the end of exposure via intrahemocoel
injection through the left most distal proleg. Maximum injection volume was 10 uL. Buffers and
candidate antidotes were screened for toxicity in G. mellonella to determine the appropriate dose.
The buffer solutions (500 mM PBS, 50 mM HEPES, 50 mM HEPES with 5 mM DMSO) were not
associated with any adverse outcomes at the experimental doses. Candidate antidote doses were
selected based on solubility constraints and the no-observed-adverse-effect level (NOAEL).
Larvae were monitored for knockdown or death for at least 120 minutes after exposure and/or
antidote administration and then checked for survival 24 hours after exposure. Larvae were also
monitored for immune activity signaled by a melanin-mediated color change [134].

G. mellonella mitochondrial particles were prepared by cooling about 20 larvae to 4 °C for
12 minutes. Cooled larvae were minced in 1 mL EDTA/KCI solution (154 mM KCI, 1 mM EDTA,;
pH adjusted to 6.8) [143]. Minced tissue was gently homogenized using a glass homogenizer in 5
mL EDTA/KCI solution, filtered through cheesecloth, and centrifuged at 1500 g at 4 °C for 8
minutes to pellet mitochondrial particles. The pellet was washed with 200 phL EDTA/KCl solution,
suspended in 200 mL of the same solution, and placed on ice until use in respirometric

experiments.

2.3.2 Mouse model

The University of Pittsburgh Institutional Animal Care and Use Committee (Protocol
number 17091400) approved all animal protocols used in this study. The Division of Laboratory
and Animal Research of the University of Pittsburgh provided all veterinary care during
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experiments. Swiss-Webster (CFW) mice weighing 27-40 g and 6-7 weeks old were purchased
from Taconic, Hudson, N, housed four per cage, and allowed access to food and water ad libitum.
Animals were allowed to adapt to their new environment for at least 1 week prior to carrying out
experiments. All animals were randomly assigned to experimental groups of predetermined size.
Mice were exposed to phosphine gas two at a time in a procedure that was otherwise identical to
that used for the G. mellonella larvae (see above) for 15-20 minutes. For these paired exposures,
one mouse received treatment with a candidate antidote while the other served as a phosphine-
exposed control. Mice were paired by sex and weight and exposure time was adjusted for mean
mass of the two exposed mice. Mean mass for the exposed pair was divided by 40 g, the reference
mass for dosage calculations for a 20 min exposure. The resulting proportion was multiplied by 20
min to determine exposure time.

In the absence of biomarkers for phosphine poisoning (see section 1.2.1) we are limited in
our ability to calculate the inhaled and effective dose of phosphine for our exposure experiments

and must rely on the phosphine concentration within the exposure chamber (

Figure 6) for dosage estimations. Effective phosphine doses are notoriously difficult to

estimate, even in post-mortem sampling in cases of ingested metal phosphides because phosphine
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is degraded quickly to its oxidation products in vivo. We are unable to measure the blood level of
phosphine of mice under our experimental conditions; the amount of circulating phosphine after a
20 minute exposure would likely be low and not easily correlated to an effective dose in the
absence of a known in vivo oxidation rate. We estimated the inhaled phosphine concentration for

mice using a generalized exposure dose (Dexp) calculation as described in Equation 6.
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Dgyp = ¢"BR-t
Equation 6. Inhaled dose calculation.

Equation used to estimate inhaled phosphine by mice. Exposure dose (Dexp, mg/kg) is a function of concentration (c,

mg/L), breathing rate (BR, L/min), and duration (t, min).

The absorbed dose was calculated by multiplying the inhaled dose by phosphine’s 1-
octanol-water partition coefficient (Kow = 0.54 [144]) as shown in Equation 7. Average circulating
phosphine concentration was estimated using the estimated absorbed dose and adjusted for blood

volume.

Dypps = DExp * Kow
Equation 7. Absorbed dose calculation.

Equation used to estimate absorbed phosphine dose in mouse model. Absorbed dose (D aws, mg/kg) is equal to the

exposure dose (Dexp, mg/kg) modified by the diffusion coefficient (Kow).

Candidate antidotes were injected intraperitoneally (IP) into mice either 5 minutes before
or immediately after phosphine exposure. Injected solutions of Au(l) and Co(ll) — based candidate
antidotes were prepared in filtered PBS (pH 7.4) and Ag(l) — based antidotes were prepared in
filtered 50 mM HEPES (pH 7.4) as previously described.

After phosphine exposure and antidote administration for therapeutic treatment groups,
mice were assessed for toxicity using a modified pole test. This test evaluates the ability of the
mouse to climb a lightly roughened, 24 inch pole (0.95 cm diameter) before and after exposure to
a toxicant as well as recovery post-exposure after receiving treatment [131]. Briefly, the pole was

placed in the horizontal position (45° angle) and the mouse was placed on to the end. The pole was

34



then gradually raised to the vertical position (90° angle). The mouse was scored based on its ability
(or inability) to climb the pole from 0 (unable to grasp pole)-3 (climbs to the top readily without
issue). The pole test began immediately after phosphine exposure and was repeated every 10
minutes up to 2 hours after exposure.

In these studies, the absence of normal open-field exploratory behavior when pole testing
had otherwise indicated recovery to be underway was often an early indication of loss of vision.
Mice were further assessed for vision impairment using an eye blink reflex test [145]. The lack of
a blinking response upon approaching the eye with a gloved finger or cotton swab was taken to

indicate visual impairment. Cataracts were identified by observing onset of lens opacity [146].

2.3.3 High-resolution respirometry

Oxygen concentration and flux was monitored with an Oxygraph O2k polarographic
instrument (see section 2.2.1). For experiments using isolated mitochondrial particles of G.
mellonella, the mitochondrial buffer MiRO5 (2.1 mL) was added to both chambers of the
respirometer and left to equilibrate for 20 min at 25 °C before ~100 uL of mitochondrial particles
(prepared as described in section 2.3.1) was added [147]. Mitochondrial respiration was observed
with the addition of cytochrome c (final concentration 10 uM), succinate (final concentration 10
mM), and rotenone (to prevent back reaction through complex I, final concentration 0.5 pM).
Phosphine was added in 25-100 pL increments to respiring mitochondrial particles from an
aqueous phosphine solution prepared as described above.

For Oxygraph experiments with cobalt compounds and phosphine, 50 mM sodium or
potassium phosphate buffer (pH 7.4) was added to each Oxygraph chamber and left to equilibrate
for 20 minutes at room temperature under aerobic conditions [15]. Sodium ascorbate (0.25-1.5
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mM), CoN4[11.3.1] (25-150 uM), and/or aqueous PHz (30-300 uM) were added to the chamber in

varying concentrations.

2.3.4 Product assay

Hydrogen peroxide was detected in solution using the H2O2/peroxidase marker Amplex®
UltraRed (Invitrogen). Experimental samples contained Co(I1)N4[11.3.1] in PBS (pH 7.4) (final
concentration 0.06-5 uM) and increasing amounts of aqueous phosphine (final concentration 5-6
mM, prepared as previously described in MATERIALS) up to a 100 fold excess over the cobalt
complex. Three negative control groups were prepared; one containing PBS alone, another with
250 uM Co(11)N4[11.3.1] in PBS, and one containing aqueous phosphine. Positive control samples
contained 5 pM H20.. Samples were plated in 96-well plates and incubated with Amplex®
UltraRed and horseradish peroxidase according to manufacturer’s instructions. Fluorescence was
detected using a Cytation 5 Cell Imaging Multi-Mode Reader (BioTek) and quantified using
BioTek Gen 5 data analysis software. Results were calibrated by a standard curve method using 0-

5 uM H0:..

2.3.5 Protein isolation and enzyme assay

Cytochrome ¢ oxidase was prepared from intact bovine heart mitochondria using a
modified Harzell-Beinert procedure (without the preparation of the Keilin-Hartree particles) as
described by Pearce et al [148]. The enzyme was determined to be spectroscopically pure if the
444 to 424 nm ratio for the reduced enzyme was 2.2 or higher [149]. Enzyme concentrations were

determined as a total heme a using the differential (absorption) extinction coefficient of A€e0s =
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12 mM - em™ for the reduced minus oxidized spectra of the mammalian and bacterial enzymes,
respectively [150]. Concentrations throughout are given on a per enzyme concentration basis (i.e.,
[heme a]/2).

Steady-state kinetics were performed with the isolated enzyme as described by Nicholls et
al [151]. The concentration changes of the electron donor, bovine ferrocyctochrome c, were
monitored through its absorbance at 550 nm (minus 540 nm, an isosbestic point in the spectrum of
cytochrome c) in the presence of excess sodium ascorbate (14.5 mM) in normoxic solution, 0.1 M
potassium phosphate (pH 7.44), 0.02% laural maltoside (Anatrace). The fractional oxidase
activity, [E], was determined by the following equation in which [c?*]o = fraction at time 0, [c**]:

= fraction at time t, [c®"]o = fraction at time 0 and [c?*]; = fraction at time t.

[E] = [c* o[> IV[c* To[c*' T

Equation 8. Fractional cytochrome ¢ oxidase activity.

2.3.6 Electron paramagnetic resonance (EPR) spectroscopy

X-band (9 GHz) EPR spectra were recorded on a Bruker ESP 300 spectrometer equipped
with an ESR 910 flow cryostat (Oxford Instruments) for ultralow-temperature measurements and
analyzed with SpinCount software, provided by Professor Michael Hendrich, Carnegie Mellon
University. Samples (~200 puL) were placed in quartz EPR tubes, frozen immediately, and stored

in liquid nitrogen before analysis.
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2.3.7 Phosphine binding affinity

In order to determine a binding constant (K = CoN4[11.3.1]-PH3/[PH3][CoN4[11.3.1]),
phosphine was titrated into CoN4[11.3.1] under anaerobic conditions, in septum-sealed quartz
cuvettes with minimal headspace (1.5 mL volume). All transfers were performed using gastight
syringes. Aqueous phosphine was prepared from AIP and PBS as described in section 2.1. Minimal
volumes of aqueous phosphine were titrated into Co(I1)N4[11.3.1] (in 50 mM sodium phosphate
buffer, pH 7.4) followed by rigorous mixing. The binding affinity was calculated from the
absorbance data (recorded from 300-800 nm) using a nonlinear least squares fit of the values at A

=425 nm to Equation 9 [152].

y—£+( (g5 k-x) W
=&

K(1+0.5-<\/(1—(k-6)+(k-x))-(1—(k-C)+(k-x))+(4-k-C))—(1—(k-C)+(k-x))>>/

J(l—(k-C)+(k-x))-(1—(k-C)+(k-x))+(4-k-C))—(1—(k-C)+(k-x)))
“(
2-k

Equation 9. Nonlinear least squares fit for determination of phosphine-Co(11)N4[11.3.1] Keg.
As described by Hargrove et al [152]. y = absorbance at 425 nm, x = concentration of ligand, €; = extinction
coefficient of CoN4[11.3.1] at 425 nm, €, = extnction coefficient of product/adduct at 425 nm, C = concentration of

CoN4[11.3.1], k = Kcona[11.3.1)-PH3.

2.3.8 Blood analysis

Whole-blood was obtained from mice via heart puncture immediately after sacrifice and

mixed with 850 uM EDTA in PBS (pH 7.4). For EPR analysis, 200 puL samples were collected
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from phosphine-exposed mice (controls), placed in EPR tubes, frozen and stored in liquid nitrogen
until examination could occur. Red blood cells (RBCs) were isolated from fresh whole blood by
pelleting at 10000 rpm for 3 min at 20 °C and subsequent re-suspension. Pelleted RBCs were re-
suspended in 1 mL of either PBS (pH 7.4) (negative controls) or deionized water, which is not
isotonic and induces hemolysis (positive controls). Pelleted experimental samples of RBCs were
re-suspended in solutions (1 mL, in PBS) of 0.3-5.8 mM aqueous phosphine for 15 min prior to
analysis. Other experimental samples were re-suspended in 5.8 mM phosphine for 20, 30, 45, or
60 min. The samples were then re-spun at 10000 rpm for 3 min at 20 °C and the resulting
supernatant was diluted 1:100 in PBS and analyzed for free hemoglobin using electronic
absorption spectroscopy. Oxyhemoglobin (oxyHb) concentration was quantified from absorbance

at 415 nm using Beer’s law (Equation 4) and normalized based on positive control values [153].

2.4 STATISTICAL ANALYSIS

Data was analyzed and presented using Kaleidagraph or GraphPad Prism software. A p-
value <0.05 was considered significant. Survival, knockdown, and incidence data was compared
using a two-tailed Fisher’s exact test and animal recovery data and pole test scores were analyzed
using a Kruskal-Wallis ranked sum test with chi-square approximation assuming a nonparametric
distribution and/or a Wilcoxon ranked sign test for paired data assuming a nonparametric

distribution.
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3.1 INTRODUCTION

Worldwide, ingestion of pesticides is seemingly the most common method of suicide,
accounting for approximately one-third of all such deaths [121, 154]. Since the early 1980s,
particularly in parts of Asia, phosphine (PH3) released from pelleted phosphides has become
increasingly used as the poison within this genre [4, 10, 155-158], yet there appears to be no
antidote currently available. Throughout North America, phosphides (particularly of aluminum
and zinc) are legally obtainable from many commercial outlets in pelleted form for use as
rodenticides. There are dozens of sublethal occupational exposures annually in the U.S. [159, 160]
and occasional domestic accidents leading to fatalities in Canada and the U.S. [161, 162], but of
greater public health concern is the possibility that phosphine may be deliberately put to malicious
purposes, since the phosphide pellets release the toxic gas simply upon contact with mildly acidic
water. A key target for the acute toxic action of phosphine is believed to be the mitochondrion,
seemingly by inhibition of cytochrome ¢ oxidase (complex IV) [41, 57, 75, 77, 94]. Unfortunately,
rigorous verification of this mechanism of action at the biochemical and cellular levels is lacking,
representing a barrier to the rational development of possible antidotes. Phosphine, however, is
slow acting, relatively stable in vivo, and a ligand much used in synthetic chemistry; it follows,
therefore, that a scavenging approach employing metal ion complexes designed to bind phosphine
ought to significantly ameliorate its toxicity.

In this investigation, we studied a number of compounds that are commercially available
and have previously been evaluated for their pharmacological activity and safety, although not as
decorporating agents. The essential desired activity we sought was the ability to rapidly bind
phosphine with reasonably high affinity, and based on general inorganic principles [18, 163], we

proposed that some gold(l) complexes should prove to be good candidate phosphine antidotes.
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Phosphine is a “soft” ligand with a marked preference for binding in o-donor/n-acceptor fashion
to “soft” metal ions, typically second- and third-row transition metals in low oxidation states. Gold
in its univalent state, Au(l), is the softest metal ion, and given that Au(l) compounds have been
widely used to treat rheumatoid arthritis for about a century [102, 103], we gave Au(l) complexes
a high priority for investigation as potential phosphine-scavenging agents. Non-life-threatening
side effects develop in about one-third of patients given repeated high doses of Au(l) antiarthritics,
but these are usually minor and manageable/reversible [100, 101]. Gold salts are about an order of
magnitude more expensive than salts of most first-row transition metals, but this cost is still small
in comparison to that of the overall purified product.

In addition, we have previously shown that Galleria mellonella larvae (caterpillars) can
usefully be applied to the screening of antidotes for mitochondrial toxicants, namely, azide,
cyanide, and sulfide [131]. Accordingly, we have employed G. mellonella larvae to find an
exposure level to phosphine gas useful for testing both the prophylactic and therapeutic effects
toward phosphine of three antiarthrytic Au(l) compounds, namely auro-bisthiosulfate (AuTS),
sodium aurothiomalate (AuTM), and aurothioglucose (AuTG). All of these compounds contain
sulfide donors, keeping gold in its reduced univalent state, lowering toxicity, and promoting
affinity for phosphine. The outcomes of these experiments with the larvae were then used to guide

the development of a protocol for testing the potential antidotes to phosphine in mice.
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3.2 RESULTS

3.2.1 G. mellonella model

We have previously shown that G. mellonella caterpillars provide a reasonable model for
screening antidotes to cytochrome ¢ oxidase toxicants, such as cyanide, and found that isolated
tissue and mitochondria particles are useful in monitoring oxygen turnover activity [131].
Uncoupled, isolated mitochondrial particles were used rather than intact mitochondria or cells
because we needed to ensure that our limited dose of aqueous phosphine (minimized to prevent
phosphine-electrode interaction) reached the target site. Further, with mitochondrial particles, we
can add supplemental cytochrome c to the system.

Oxygen consumption was initiated by adding cytochrome c (to replace any lost when the
mitochondria were lysed) along with the electron donor succinate, and rotenone (complex |
inhibitor) to prevent backflow. The respirometric inhibition (decreased oxygen flux, JO2) of G.
mellonella mitochondrial particles [131] observed was quite linear (R?> = 0.95) with respect to

micromolar phosphine additions as shown in Figure 8.
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Figure 8. Respirometric response of G. mellonella mitochondrial particles titrated with PHs.

Oxygen consumption was assessed in G. mellonella mitochondrial particles diluted in MiR05 Oxygraph solution.
The tissue suspension (2.1 mL) was allowed to equilibrate in chamber for ~10 min prior to measuring oxygen
consumption. Default Oxygraph settings of block temperature, 25 °C; stir bar speed, 400 rpm; and data recording, 2
s were used. All reagents/substrates quantities are given as final concentrations. Cytochrome ¢ (10 uM), succinate
(0.5 mM), and rotenone (0.5 uM) were added to the 2.1 mL of respirometric solution containing 100 pL of
mitochondrial particles and the oxygen flux recorded over 5 min (JO2 of ~140 pmol/s - mL). Subsequently, PH3
was added, from a saturated solution, resulting in PH3 concentrations of 12—230 uM in the respirometer, and the
oxygen flux was followed until it was constant (~5 min). Circles represent mean % oxygen turnover normalized to a

100% maximum and bars represent standard error.

Exposure of G. mellonella larvae to phosphine in a closed container for 20 min caused
~50% of the larvae to become immobile (paralyzed), and the time (recovery time) until the
paralyzed larvae regained their ability to move was then recorded. Any larvae that were not
immobilized were recorded as having a recovery time of zero. A dose-response of this adjusted

recovery time of the G. mellonella larvae exposed to phosphine (12-10,000 ppm-min) was
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subsequently determined (Figure 9). An exposure of 4300 (£700) ppm-min phosphine (over a 20

min time span) induced a state of paralysis that lasted ~35 min, a conveniently repeatable response.
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Figure 9. Dose-response data for G. mellonella larvae exposed to varying amounts of PHs.

The larvae were exposed to PH3 gas generated by the reaction of CasP, with 20 mL of 1.2 M H,SO4 in a closed
chamber (4.8 L volume). In sham controls, the addition of the same amount of acid to a reaction vessel (separated
from the larvae) caused no change in the larval behavior. The time from which each larva ceased movement until
movement began again (recovery time) was recorded. Each group of larvae (~10) were exposed to PH3 at 12—10

000 ppm-min. Roughly 60% of control larvae were incapacitated and any larvae that did not knockdown were

assigned recovery times of 0 min. The few larvae that had recovery times over 120 min were not scored. Total

population (N) = 100 with 10 larvae per exposure group. Circles represent mean recovery time and bars are standard

error.

Once a reproducible recovery time for the larvae was obtained, putative antidotes at levels
that showed no visible toxicity to the G. mellonella larvae (AuTS, 25 mg/kg; AuTM, 1 g/kg;
AUTG, 1 g/kg) were administered by injection into the most distal left abdominal proleg 5 min
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prior to or 10 minutes after exposure to phosphine gas. When administered prophylactically, all of
the gold(l) complexes tested significantly increased survival rates (Figure 10A) and decreased
knockdown (Figure 10B) compared to untreated, phosphine-exposed controls (35 (x3.4) min).
Prophylactic treatment significantly decreased the mean time until the larvae were recovered
(AUTM, 3 (£3) min, p < 0.0001; AuTG, 0 min, p < 0.0001; AuTS, 2.1 (+0.7) min, p < 0.0001,
Kruskal-Wallis Chi-square approximation, Figure 10C, Table 2) and decreased the median

recovery time for all surviving caterpillars to 0 (Table 2).
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Figure 10. Prophylactic use of Au(l) thiomalate, Au(l) thioglucose, and Au(l) thiosulfate against phosphine

toxicity in G. mellonella larvae.

Larvae were injected with each of the three putative antidotes (Au(l) thiomalate, 1 g/kg; Au(l) thiogluocse, 1 g/kg;

Au(l) thiosulfate, 25 mg/kg) 5 min prior to a PH3 exposure of 4300 (x700) ppm-min. Roughly 80% of control larvae

survived (A) and 60% of control larvae were incapacitated after PH3 exposure (B). Any larvae that did not

knockdown were assigned recovery times of 0 min. The few larvae that had recovery times over 2 h were scored as

120 min. Sample sizes (n larvae): PHs control = 190, prophylactic Au(l) thiomalate = 50, prophylactic Au(l)

thioglucose = 20, prophylactic Au(l) thiosulfate = 40, therapeutic Au(l) thiomalate = 90, therapeutic Au(l)

thioglucose = 30, therapeutic Au(l) thiosulfate = 70. (A) Percent survival for controls and each group with
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prophylactic treatment, exposure groups compared to controls with a 2-tailed Fisher’s Exact Test: PHz control (black
bar) = 153/190; Au(l) thiomalate (dark gray bar) = 49/50, p = 0.0017; Au(l) thioglucose (light gray bar) = 20/20, p =
0.028; Au(l) thiosulfate (white bar) = 40/40, p = 0.0006. (B) Knockdown incidence for controls and prophylactic
treatment groups, compared with a 2-tailed Fisher’s Exact Test: PH3 control (black bar) = 118/190; Au(l) thiomalate
(dark gray bar) = 3/50, p < 0.0001, Au(l) thioglucose (light gray bar) = 0/20, p < 0.0001, Au(l) thiosulfate (white
bar) = 8/40, p < 0.0001. (C) Recovery time for PHs-exposed larvae treated prophylactrically with Au(l) compounds
compared to controls including non-survivors (recovery time > 120 min). Bars represent sample mean. Means
compared using a Kruskal-Wallis chi-square approximation assuming a nonparametric distribution. Mean recovery
for PH; controls (circles) = 35 (£3.4) min, Au(l) thiomalate (squares) = 3.3 (£2.5) min, p < 0.0001, Au(l)
thioglucose (triangles) = 0 (x0) min, p < 0.0001, Au(l) thiosulfate (diamonds) = 2.2 (£0.73) min, p < 0.0001 Data

tabulated in Table 2.

Table 2. Mean and median recovery times for G. mellonella larvae treated with Au(l) compounds

prophylactically against PHz exposure.

All Surviving*
Mean Recovery Median Mean Recovery Median
Treatment Time (xSE) Recovery Time Time (xSE) Recovery Time

(Prophylactic) (min) (min) (min) (min)
PHz Control 35 (£3.4) 11.5 15 (£1.8) 7.0

1 g/kg Au(l)

Thiomalate 3.3(x2.5) 0 0.94 (x3.4) 0

1 g/kg Au(l)

Thioglucose 0 0 0 0

25 mg/kg Au(l)
Thiosulfate 2.1 (x0.73) 0 2.2 (£0.73) 0

*Data labeled “surviving” incorporates larvae with recovery times < 120 min.

We calculated an estimated absorbed phosphine concentration for the caterpillars using
Equation 6. During a 20 minute phosphine exposure of 4300 ppm - min, the average PH3
concentration in the exposure chamber is 0.3 mg/L. Larval intake rate was estimated using data

reported by Burkett and colleagues [164] and determined to be ~4 uL per minute at 21 °C. Because
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the larvae have an open circulatory system, body mass and circulatory volume were assumed to
be proportional (0.2 g larvae = 0.2 mL control volume) and Dexp and Dans presumed to be
equivalent. The estimated circulating concentration for phosphine in the caterpillars under our
experimental conditions was found to be ~3 uM.

Treatment with Au(l) thiosulfate 10 minutes after phosphine exposure significantly
improved survival compared to untreated controls (p = 0.0066) (Figure 11A) and treatment with
Au(l) thioglucose and Au(l) thiosulfate significantly reduced knockdown rates (Figure 11B, p =
0.01 and 0.0004, respectively). All of the tested Au(l) compounds improved recovery times for
phosphine-exposed larvae upon therapeutic administration, Au(l) thioglucose and Au(l)
thiomalate significantly so (Figure 11C and Table 3, AuTM, 19 (x5) min, p = 0.89; AuTG, 17 (x7)
min, p = 0.0057; AuTS, 14 (x4) min, p < 0.0001; controls, 35 (£3.4) min). In surviving larvae,
therapeutic treatment with the Au(l) compounds reduced median recovery time; treatment with

Au(l) thiosulfate and Au(l) thioglucose reduced the median to 0 (Figure 11C).
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Figure 11. Therapeutic use of Au(l) thiomalate, Au(l) thioglucose, and Au(l) thiosulfate against phosphine

toxicity in G. mellonella larvae.
Larvae were injected with each of the three putative antidotes (Au(l) thiomalate, 1 g/kg; Au(l) thiogl

Au(l) thiosulfate, 25 mg/kg) 10 min after a PH3 exposure of 4300 (x700) ppm-min. Roughly 80% of

uocse, 1 g/kg;

control larvae

survived (A) and 60% of control larvae were incapacitated after PH3z exposure (B). Any larvae that did not

knockdown were assigned recovery times of 0 min. The few larvae that had recovery times over 2 h were scored as

120 min. Sample sizes (n larvae): PH3 control = 190, therapeutic Au(l) thiomalate = 90, therapeutic Au(l)

thioglucose = 30, therapeutic Au(l) thiosulfate = 70. (A) Percent survival for controls and each group with

therapeutic treatment, exposure groups compared to controls with a 2-tailed Fisher’s Exact Test: PH3
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bar) = 153/190; Au(l) thiomalate (dark gray bar) = 70/90, p = 0.64; Au(l) thioglucose (light gray bar) = 27/30, p =
0.31; Au(l) thiosulfate (white bar) = 66/70, p = 0.0066. (B) Knockdown incidence for controls and therapeutic
treatment groups, compared with a 2-tailed Fisher’s Exact Test: PH3 control (black bar) = 118/190; Au(l) thiomalate
(dark gray bar) = 55/90, p = 0.90, Au(l) thioglucose (light gray bar) = 11/30, p = 0.010, Au(l) thiosulfate (white bar)
= 26/70, p = 0.0004. (C) Recovery time for PH3-exposed larvae treated therapeutically with Au(l) compounds
compared to controls including non-survivors (recovery time > 120 min). Bars represent sample mean. Means
compared using a Kruskal-Wallis chi-square approximation assuming a nonparametric distribution. Mean recovery
for PH3 controls (circles) = 35 (£3.4) min, Au(l) thiomalate (squares) = 19 (£5.3) min, p = 0.89, Au(l) thioglucose
(triangles) = 17 (x7.0) min, p = 0.0057, Au(l) thiosulfate (diamonds) = 14 (x3.8) min, p < 0.0001. Data tabulated in

Table 3.

Table 3. Mean and median recovery times for G. mellonella larvae treated with Au(l) compounds

therapeutically after PHs exposure.

All Surviving*
Mean Recovery Median Mean Recovery Median

Treatment Time (xSE) Recovery Time Time (xSE) Recovery Time
(Therapeutic) (min) (min) (min) (min)
PHz Control 35 (£3.4) 11.5 15 (x1.8) 7.0

1 g/kg Au(l)

Thiomalate 19 (£5.3) 2.7 14 (£3.7) 1.0

1 g/kg Au(l)

Thioglucose 17 (x7.0) 0 6.0 (£3.2) 0

25 mg/kg Au(l)
Thiosulfate 14 (£3.8) 0 8.0 (£2.3) 0

*Data labeled “surviving” incorporates larvae with recovery times < 120 min.

Prophylactic treatment with any of the three Au(l) candidates significantly improved larvae
survival and recovery times after phosphine exposure compared to untreated controls (Figure 10).
Au(l) thiosulfate was the only candidate to significantly improve both survival and recovery time

when administered prophylactically (Figure 11).
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3.2.2 Enzyme assay

Since cytochrome c oxidase is difficult to isolate from G. mellonella larvae in large enough
amounts for steady-state turnover experiments, it has been shown that minimal differences
between enzymes isolated from different species exist [131, 165], and we wanted to confirm the
inhibition of mammalian cytochrome c oxidase by phosphine, the turnover experiments were
performed with enzyme isolated from bovine hearts. For straightforward spectroscopic activity
analysis, cytochrome ¢ must be added to large excess over cytochrome ¢ oxidase. In practice, this
means working with isolated cytochrome c oxidase or mitochondrial fragments so that cytochrome
C can gain access to the enzyme. Further, isolated mitochondria have more severe limitations than
intact cells, specifically, they must be isolated and utilized very quickly. Optimally functional
respiration only persists for up to approximately 1 hour in freshly isolated mitochondria [166, 167].
Mitochondrial fragments, however, can be frozen and stored without loss of complex IV activity
[148].

Using methods described by Yonetani and colleagues [168] and Singorgo et al [169], The
steady-state turnover of oxygen by bovine cytochrome c oxidase was monitored by following the
absorbance changes of cytochrome c, the oxidase electron donor, after providing a source of
electrons for cytochrome c, sodium ascorbate (Figure 12A, open circles). Once the steady state
was established, phosphine (to 100 uM) was added (at ~100 s), resulting in inhibition of the
enzyme. The resulting time course of the inhibition of cytochrome ¢ oxidase was fit by a single
exponential: [E]active = 0.87e%93 + 0.13 (Figure 12B). The inactivation rate was proportional to
the phosphine concentration with a kon calculated to be 3.3 x 10% M-s* with 13% of the enzyme
still active at the phosphine concentration of 100 uM. This residual activity is proportional to the

apparent Ki, which was determined to be 13 uM, similar to those previously reported [74]. To test
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if the observed amelioration of phosphine toxicity by gold(l) complexes (Figure 10 and Figure 11)
could indeed be attributable to antagonism of cytochrome ¢ oxidase activity, AuTS (300 uM) was
added to the enzyme solution prior to the initiation of steady-state conditions by addition of
ascorbate (Figure 12A, closed diamonds). When phosphine (100 uM) was subsequently added, the

steady-state turnover was roughly 70% of that observed for the normally functioning enzyme.
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Figure 12. Cytochrome c oxidase asteady-state turnover: inhibition by phosphine and rescue by auro-sodium
bisthiosulfate hydrate (AuTS).

Cytochrome ¢ oxidase (0.194 uM) turnover was followed by observing the oxidation of reduced cytochrome ¢ (14
uM) monitored spectroscopically at A550 nm — A540 nm (T =25 °C, 0.1 M sodium phosphate, pH 7.44, 0.02%
lauryl maltoside) over time. Turnover was initiated by the addition of 1.45 mM sodium ascorbate. (A)
Representative plots for the addition of phosphine (100 uM, open circles) to the active enzyme. Addition of 300 mM
AUTS prior to ascorbate initiation of turnover (closed diamonds, symbols have been slightly offset so as to view
both data sets) and subsequent addition of 100 uM phosphine. (B) A single exponential fit (solid line) to the fraction
of active enzyme vs time (open circles) calculated according to eq 1 (see Experimental Section). All

reagents/quantities are given as final concentrations.
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3.2.3 Mouse model

After screening the potential antidotes in G. mellonella larvae, a preliminary set of similar
experiments were then carried out in mice. Swiss-Webster mice were exposed to phosphine gas,
produced by the same method as used with the G. mellonella larvae, in a closed container for 15-
20 min. This dose of phosphine, 3200 (£500) ppm-min, did not cause the mice to “knockdown”
but did induce a severely lethargic state (motionless in open field). The mice were then examined
by a pole-climbing behavioral assessment (see section 2.3.2). Mice were examined 5 days prior to
the phosphine experiments in order to obtain a baseline and then subjected to the pole test starting
immediately following their exposure to phosphine.

We estimated an inhaled, absorbed, and circulating dose for phosphine in exposed mice
assuming a 40 g mouse with a tidal volume of 0.18 ml and an average respiratory rate of 255
breaths per minute [170]. During phosphine exposure, mouse breathing rate can decrease to about
half of normal while tidal volume has been found to double [67]. With this in mind, we calculated
a range of exposures from fully inhibited breathing to uninhibited breathing. During a 20 minute
phosphine exposure of 3200 ppm-min, the average PHs concentration in the exposure chamber is
0.22 mg/L. With Equation 6, we estimated that a 40 g mouse inhales 3-6 umol of phosphine during
the 20 minute exposure. With a Kow of 0.54, 1.6-3.2 umol is absorbed (Equation 7) and the
estimated circulating dose in the blood (estimated 3.5 mL) is 460-920 uM (maximally, under ideal
conditions, not accounting for metabolism or excretion).

Pole test scores were not significantly correlated to time point (compared using Kruskal-
Wallis rank sum test for nonparametric distribution, control p = 0.95, prophylactic p = 1,
therapeutic p = 0.98) so mice were compared using time-independent mean scores. Mice given the

AUTS antidote (50 mg/kg, previously determined to cause no change in behavior by pole testing
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and chosen based on the mean recovery time in G. mellonella) 5 min prior to the phosphine
exposure performed as well as mice that had never been exposed to phosphine; prophylactic
treatment with AuTS resulted in a significant improvement in average pole test scores compared
to controls (p = 0.017, calculated using a Kruskal-Wallis rank sum test). However, when mice
were exposed to phosphine and given the AuTS antidote 1 min after the toxicant exposure, the
results of the pole test were less impressive with insignificant improvement in performance

compared to untreated, phosphine-exposed controls (p = 0.60).
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Figure 13. Prophylactic and therapeutic use of aurobisthiosulfate (AuTS) in phosphine exposed mice.
Mice were given 50 mg/kg of AuTS intraperitoneally (closed circles) either 5 min before (A) or 1 min after (B) a
PHs (closed squares) exposure of 3200 (£500) ppm-min (over a 15 min time period), The mice were examined using
a behavioral assessment (pole-climbing test, see section 2.3.2) to evaluate their response to the toxicant and putative
antidote (AuTS). Sample sizes (n mice): 6 control, 3 prophylactic treatment, 3 therapeutic treatment. Symbols
represent mean pole test scores and bars standard error. Scores were compared using a Kruskal-Wallis chi-square
approximation assuming a nonparametric distribution. Time did not significantly impact pole test scores (control p =
0.95, prophylactic p = 1, therapeutic p = 0.98). Prophylactic treatment (A) with AuTS resulted in a significant effect

on average pole test scores (p =0.017) while therapeutic treatment (B) did not (p = 0.60).
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3.3 DISCUSSION

It is intrinsically clear from the data (Figure 10, Figure 11) that, in the caterpillars, all three
of the Au(l) compounds are highly effective antidotes to phosphine. That is, the original concept
has been at least circumstantially validated in a biological system; Au(l) complexes are indeed
able to detoxify phosphine, presumably through scavenging (coordination) and decorporation.
Regarding the trials with mice, the compounds are certainly prophylactically effective (Figure
13A) but when administered after the toxicant, any beneficial effects were much more modest in
these assays (Figure 13B).

The acute pharmacokinetics of gold(l) salts are not well documented though much is
known about chronic use and metabolism on the scale of hours to days [171-173]. After
intramuscular injection, Au(l) salts are well-absorbed and maximum circulating concentrations are
established a few hours after exposure [172]. In the absence of acute absorption data in mice, we
estimated a best-case (100% blood absorption) circulating concentration of ~1.7 mM Au(l)
thiosulfate based on the administered dose, mouse body weight, and estimated blood volume.
Compared to the estimated range of circulating phosphine (0.46-0.92 mM), this represents a 1.7-
3.7-fold excess of Au(l) thiosulfate to phosphine in the blood. When administered orally to
humans, as little as 15% of a dose of Au(l) thiomalate is absorbed to the blood (hours after
ingestion) [172]. Assuming Au(l) thiosulfate exhibits similar absorption (albeit at a faster rate),
the circulating concentration in our mouse model may reach 0.26 mM, a Au(l)-phosphine ratio
between 0.28 and 0.57. These ratios are much lower than that for the larval model, which was
estimated to have a 20-fold excess of antidote to phosphine. If the ratio of phosphine-ligand
binding is 1:1, Au(l) thiosulfate could reduce the circulating phosphine concentration in mice to

0.2 — 0.4 mM. In vitro, a 3-fold excess of Au(l) thiosulfate to phosphine successfully prevented
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complex IV inhibition in the isolated enzyme (Figure 12). Our results show that prophylactic
administration of candidate Au(l) antidotes is more efficacious than therapeutic injection, likely
due in part to “lead time” in establishing a circulating antidote concentration.

This result should not, however, be taken to indicate that the approach will ultimately prove
to be of no therapeutic application for two main reasons. First, it is presently unclear exactly why
Au(l) complexes seem to be significantly therapeutic in the caterpillars (Figure 11) but not the
mice (Figure 13B). The compounds may have significantly different pharmacodynamics/kinetic
characteristics in the two organisms, in which case, there may be related structures exhibiting such
properties more suitable for therapeutic use in mammals. At this juncture, especially given that
there is no antidote for phosphine currently available, any detectable ameliorative effect is
encouraging. Second, most human victims reach the clinic having ingested a phosphide salt, and
the exposure is ongoing as the phosphide continues to release phosphine gas through hydrolysis in
the stomach. Additionally, while phosphides are employed as fumigants in western countries, for
indoor control of insects and outdoor control of rodents, it is not clear that their use is so effectively
regulated worldwide. The recent increase in the application of drones to crop-dusting operations,
particularly in Asia, could conceivably lead to future exposures of larger human populations, either
through accident or with malicious intent, not to mention the possibility of release by deliberate
detonations. Any individuals thus exposed to particulate phosphides dispersed in air will likely
have infiltration of phosphide particles into the esophagus and airways, also adhered to clothing.
In all such cases, where slow and continuing release of phosphine gas is to be expected, the
availability of effective prophylactics to prevent any further toxic dose exacerbating the condition
of the victims could have life-saving consequences. The mechanism(s) through which phosphine

exerts its toxicity is (are) seemingly complicated [57, 67, 174] and remain(s) incompletely
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delineated [42, 60, 78]. We think it pertinent to consider if the present findings shed any light on
these matters. For almost half a century, mitochondria have been [75] and continue to be [59]
identified as key targets for disruption by phosphine through inhibition of cytochrome ¢ oxidase
[3, 74, 76, 77, 82]. In response to sublethal phosphine exposure, the G. mellonella larvae used in
the current study exhibit dose-dependent (Figure 9) temporary paralysis (knockdown), from which
they appear to fully recover. This behavior is analogous to that obtained employing the bona fide
cytochrome c¢ oxidase inhibitors azide, cyanide, and sulfide [131]. Consequently, while we have
not set out to examine this particular question rigorously, our observations concerning the
caterpillars do appear to be at least consistent with mechanism of acute phosphine toxicity
primarily involving inhibition of cytochrome c¢ oxidase. If this is so, then it follows that the
different response to the antidotes of phosphine-challenged mice (Figure 13) compared to the
caterpillars (Figure 11) is plausibly due to another toxic mechanism operating in the mice, which
might not involve reversible inhibition of cytochrome ¢ oxidase.

In mammals, acute phosphine/phosphide poisoning is reported to lead to death by
cardiopulmonary failure, with microscopically visible injury to myocardial tissue [67, 175]. This
shares some similarity with acute cyanide and sulfide toxicity in mammals, where death is also the
result of cardiopulmonary collapse, but cyanide and sulfide act more rapidly [176, 177] and
principally on the central nervous system stimulating cardiopulmonary function [178, 179]. The
measured inhibition constant (Ki = 13 pM) and on-rate (kon = 3.3 x 10° M-s%) for phosphine
reacting with isolated cytochrome c oxidase (Figure 8) are, respectively, 2 orders of magnitude
greater an 3 orders of magnitude slower than the corresponding reaction of the enzyme with
cyanide [180], in keeping with the less toxic nature of phosphine compared to cyanide. It follows

that lethal doses of inhaled phosphine may require prolonged exposure as recently reported [181-
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183], but there remains an observable difference between the behavior of phosphine and the better
characterized mitochondrial toxicants in mammals, again suggesting that there could be at least
one other toxic mechanism in play, possibly non-mitochondrial. Rahimi et al. [87] have recently
shown that phosphine poisoning in rats can be ameliorated through blood transfusion, clearly
implicating some component of the blood/vasculature as a target for the toxicant. This finding
seems to be in keeping with earlier observations [5, 20] that hemolysis and methemoglobinemia
may correlate with severity of outcome in aluminum-phosphide-poisoned human patients. There
is a paucity of information regarding the reaction of phosphine with hemoglobin and red blood
cells, the available literature being more than 25 years old [69, 184]. Further effort in this area now

appears to be warranted.
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4.1 INTRODUCTION

Phosphine (PHs) gas released from metal phosphides is a top suicide agent in parts of South
Asia and much of the Middle East [41-43] and mishandling of phosphide tablets is responsible for
many accidental poisonings in Europe and North America [28, 30, 33, 37, 38, 40, 86]. Metal
phosphide pellets are used as agricultural fumigants and are easily accessible in most of the world.
Upon reaction with air, water, or an acid, phosphide pellets release phosphine, which inhibits
mitochondrial complex 1V, cytochrome ¢ oxidase [57, 185]. No antidote to phosphine poisoning
is commercially available; cases are treated with supportive care with inconsistent success [11,
41]. Because of its rapid generation from phosphide pellets and its potency, phosphine has the
potential to be used as a weapon of chemical terrorism. Because of its threat to public health, the
development of antidotes to phosphine poisoning that can be used both in individual poisonings
and mass-casualty exposures is crucial. In past work, our group has identified gold(l)-based
compounds that ameliorate phosphine toxicity in an insect and mouse model [186].

According to inorganic principles, phosphine is a “soft” ligand and should bind
preferentially to “soft” metals [17, 18]. Gold(l) is the softest metal and in our previous
investigation we demonstrated the antidotal activity of some Au(l) compounds against phosphine
poisoning [186]. While Au(l) was successful against phosphine, it is quite expensive. Silver(l) is
similar to gold(l) in its softness and its compounds are used in a variety of medical applications
[17, 18, 105-107]. It is also less expensive than gold. Thus, we propose a variety of Ag(l)
compounds as potential phosphine antidotes. In this work, we assessed the potential ameliorative
effects of Ag(l) nitrate, Ag(l) lactate, Ag(l) thiosulfate, Ag(l) sulfadiazine, and bis(metronidazole)
silver(l) nitrate against phosphine in an insect model. Additionally, we screened

hydroxocobalamin (Cb), Co(l1)N4[14], and Co(lI)N4[11.3.1], identified as antidotes to other
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complex IV inhibitors [15, 16]. We identified the most promising candidate antidotes using the
insect model then tested them against phosphine in mice. We also studied the interaction of the
candidate antidotes with phosphine in vitro to further assess candidate viability.

While a decorporation approach may work against phosphine poisoning, it is important to
understand other potential impacts of phosphine to determine additional treatment methods. We
studied the impacts of phosphine on red blood cells (RBCs) and hemoglobin (Hb). Hemolysis and
methemoglobinemia have been reported in cases of phosphine poisoning [9, 24, 25, 184] but the
relationship between blood and phosphine remains undefined. Recent evidence suggests that
packed RBCs may help prevent phosphine poisoning in a rat model [87]. Based on this evidence,

we hypothesized that phosphine induces methemoglobinemia and hemolysis.

4.2 RESULTS

4.2.1 Therapeutic effects of selected Ag(l) and Co(ll) compounds in a G. mellonella model

We have previously shown that G.mellonella larvae are useful models for screening
potential antidotes to cytochrome c oxidase inhibitors including cyanide, azide, and phosphine
[131, 186]. Larvae were exposed, 10 at a time, to 5740 (£340) ppm-min PH3 for 20 minutes in a
sealed chamber (4.8 L). Phosphine was generated from CasP2 or AlP as described in section 2.3.1.
Ten minutes after exposure to phosphine, ~60% of the larvae became paralyzed in “knockdown.”
The time it took for them to recover (become mobile) from the moment they became paralyzed

was monitored and subsequently designated the recovery time, and larvae that did not knock down
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were assigned a recovery time of 0 minutes. Larvae that remained incapacitated for 120 minutes
rarely recovered within 24 hours, so recovery values were capped at 120 min.

Candidate Ag(l) antidotes were injected (10 pL) into the hemocel via the leftmost distal
proleg immediately after the completion of phosphine exposure. Doses of candidate antidotes were
chosen at concentrations that resulted in no visible toxicity (Ag(l) lactate, 10 mg/kg; Ag(l) nitrate,
10 mg/kg; Ag(l) bis(metronidazole) nitrate, 50 mg/kg; Ag(l) thiosulfate, 10 mg/kg; Ag(l)
sulfadiazine, 9 mg/kg). The Ag(l) complexes were found to be insoluble in phosphate buffered
saline (PBS) due to the precipitation of AgCl (Kspl = 1.77 x 10% at room temperature), thus
compounds were dissolved in either 50 mM HEPES buffer (Ag(l) lactate, Ag(l) nitrate, and Ag(l)
thiosulfate) or HEPES-10% (v/v) DMSO (Ag(l) bis(metronizdazole) nitrate and Ag(l)
sulfadiazine). Presumably, direct injection into the hemocel, and thus the fat bodies of the larvae,
helped prevent undue precipitation of AgCl in the larvae.

Ag(l) nitrate, Ag(l) sulfadiazine, Ag(l) thiosulfate, and Ag(l) lactate all significantly
improved recovery time in the larvae (p < 0.05) (Figure 14C). Larvae treated with Ag(l) thiosulfate
and Ag(l) lactate demonstrated the best mean recovery times of 14 (x4) and 10 (x3) min,
respectively, compared to phosphine exposed controls given no antidote, 39 (x3) min. For
comparison, we previously demonstrated that Au(l) thiosulfate, when given therapeutically,
lowered the recovery time of phosphine exposed worms to 15 (£4) min. (Figure 11) [186]. Because
the strong electrolyte (fully dissociated in aqueous solution) silver nitrate proved antidotal, if less
efficient than the other Ag(l) compounds, the primary importance of the Ag* ion, rather than the
ligands or anions present, is reinforced. Furthermore, the failure of Ag(l) bis(metronidazole) as a

potential antidote is noteworthy because this might be due to the more fully occupied first
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coordination sphere of the Ag(l) in this complex and/or its nitrogenous donors compared to the

other compounds.
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Figure 14. Therapeutic use of Ag(l) lactate, Ag(l) nitrate, Ag(l) bis(metronidazole) nitrate (Ag(l) MTZ)),
Ag(l) thiosulfate, and Ag(l) sulfadiazine against PHs in G. mellonella larvae.

Larvae were injected with the candidate antidotes (Ag(l) lactate, 10 mg/kg; Ag(l) nitrate, 10 mg/kg; Ag(l)
bis(metronidazole) nitrate, 50 mg/kg; Ag(l) thiosulfate, 10 mg/kg; Ag(l) sulfadiazine, 9mg/kg) immediately after a
PH3 exposure of 5740 (+340) ppm-min. Roughly 60% of control larvae were incapacitated after PHs exposure (B).
Any larvae that did not knockdown were assigned recovery times of 0 min. The few larvae that had recovery times
over 2 h were scored as 120 min. Sample sizes (n larvae): PHs control = 250, Ag(l) lactate = 40, Ag(l) nitrate = 60,

Ag(l) bis(metronidazole) nitrate = 20, Ag(l) thiosuflate = 60, Ag(l) sulfadizaine = 60. (A) Percent survival for

64



controls and each group with therapeutic treatment, exposure groups compared to controls with a 2-tailed Fisher’s
Exact Test: PH3 control (black bar) = 200/250; Ag(l) lactate (dark gray bar) = 40/40, p = 0.0005; Ag(l) nitrate (light
gray bar) = 52/60, p = 0.27; Ag(l) bis(metronidazole) nitrate (white bar) = 15/20, p = 0.57, Ag(l) thiosulfate (gridded
bar) = 55/60, p = 0.038, Ag(l) sulfadiazine (diagonal lined bar) = 57/60, p = 0.0039 . (B) Knockdown incidence for
controls and therapeutic treatment groups, compared with a 2-tailed Fisher’s Exact Test: PHs control (black bar) =
155/200; Ag(l) lactate (dark gray bar) = 20/40, p = 0.17, Ag(l) nitate (light gray bar) = 33/60, p = 0.38, Ag(l)
bis(metronidazole) nitrate (white bar) = 15/20, p = 0.34, Ag(l) thiosulfate (gridded bar) = 20/60, p < 0.0001, Ag(l)
sulfadiazine (diagonal lined bar) = 26/60, p = 0.013. (C) Recovery time for PHz-exposed larvae treated
therapeutically with Ag(l) compounds compared to controls including non-survivors (recovery time > 120 min).
Bars represent sample mean. Means were compared using a Kruskal-Wallis chi-square approximation assuming a
nonparametric distribution. Mean recovery for PH3 controls (circles) = 39 (£3.0) min, Ag(l) lactate (squares) = 10
(£2.6) min, p = 0.0030, Ag(l) nitrate (triangles) = 24 (£5.2) min, p = 0.048, Ag(l) bis(metronidazole) nitrate
(diamonds) = 42 (x 12) min, p = 0.64, Ag(l) thiosulfate (X marks) = 14 (£4.3) min, p < 0.0001, Ag(l) sulfadiazine

(plus signs) = 16.6 (£4.0) min, p = 0.0012. Data tabulated in Table 4.
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Table 4. Mean and median recovery times for G. mellonella larvae treated with Ag(l) compounds

therapeutically after PHs exposure.

All Surviving*
Treatment Mean Recovery Median Mean Recovery Median
(Therapeutic) Time (xSE) Recovery Time Time (xSE) Recovery Time
(min) (min) (min) (min)
PH3 Control 39 (£3.0) 15 18 (x2.0) 7.5
10 mg/kg Ag(l)
lactate 10 (x2.6) 0.5 10 (£2.6) 0.5
10 mg/kg Ag(l)
nitrate 24 (£5.2) 6 9.3 (2.1) 0
50 mg/kg Ag(l)
bis(metronidazole) 42 (£12) 14 16 (£6.9) 8.0
nitrate
10 mg/kg Ag(l)
thiosulfate 14 (+4.3) 0 3.8 (x1.0) 0
9 mg/kg Ag(l)
sulfadiazine 16 (x4.0) 0 11 (x2.5) 0

*Data labeled “surviving” incorporates larvae with recovery times < 120 min.

Because both Ag(l) and Au(l) thiosulfate (Figure 11, Figure 14) significantly improved
recovery times in phosphine-exposed G. mellonella, thiosulfate, the counter ion of these Ag(l)
complexes, was tested for antidotal activity to ensure the effect was due to the soft metal cation
and not the thiosulfate anion [186]. Sodium thiosulfate was found to be less toxic to the larvae than
Au(l) or Ag(l) thiosulfate and a dose of 50 mg/kg was selected for these experiments based on the
lack of any observed toxicity. Treatment with sodium thiosulfate (50 mg/kg) did not significantly
improve recovery times in G. mellonella after phosphine exposure (p = 0.39) (Figure 15),
confirming that the Ag(l) and Au(l) cationic complexes are responsible for the amelioration of
phosphine toxicity [186].

Carrier molecules are often used in drug delivery; they transport small molecules through
unfavorable conditions including changes in polarity, pH, and ionic concentration. While DMSO,

also used as a carrier molecule, did increase the solubility of some of the Ag(l) compounds (Ag(l)
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bis(metronizdazole) nitrate and Ag(l) sulfadiazine) in HEPES buffer, when mixed with PBS,
precipitation of AgCI still occurred. As a possible carrier molecule for silver we investigated
calix[4]arene sulfonate tetrasodium, part of a diverse group of calix[n]arenes, macrocyclic ligands
that contain a hydrophobic cavity which can bind a number of molecules [187, 188]. It was
expected, however, that the Ag(l) ions would displace the sodium ions bound to the sulfonate
groups (Figure 7). In addition, we found that calix[4]arene sulfonate tetrasodium was not toxic to
G. mellonella at the desired experimental dose (5 mg/kg, or 0.5x the Ag(l) nitrate dose). The
combination of calix[4]arene (5 mg/kg) and a 2-fold excess of Ag(l) nitrate (10 mg/kg), however,
was not effective in ameliorating phosphine toxicity and improving recovery times compared to

untreated, PHs-exposed controls (Figure 15).
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Figure 15. Therapeutic use of sodium thiosulfate, calix[4]arene, and a combination of Ag(l) nitrate with
calix[4]arene against PHz in G. mellonella larvae.

Larvae were injected with the experiment solutions (sodium thiosulfate, 50 mg/kg; tetrasodium calix[4]arene
tetrasulfonate, 5 mg/kg; tetrasodium calix[4]arene tetrasoulfonate, 5 mg/kg mixed with AgNO3, 10 mg/kg)
immediately after a PH3 exposure of 5740(+340) ppm-min. The mean time until recovery was measured for each
putative antidote vs control (shown as bars). 65% of control larvae were incapacitated after PH3 exposure. Any
larvae that did not knockdown were assigned recovery times of O min. Larvae that had recovery times over 2 h were
scored as 120 min. Sample sizes (n larvae): PHs control = 110, sodium thiosulfate = 40, calix[4]arene = 30,
calix[4]arene/AgNO3 = 40. (A) Percent survival for controls and each group with therapeutic treatments, exposure

groups were compared to controls with a 2-tailed Fisher’s exact test: PHz control (black bar) = 76/100, sodium
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thiosulfate (dark gray bar) = 29/40, p = 0.84, calix[4]arene (light gray bar) = 21/30, p = 1.0, calix[4]arene/AgNO3
(white bar) = 27/40, p = 0.85. (B) Knockdown incidence for controls and therapeutic treatment grouips, compared
with a 2-tailed Fisher’s exact test: PHs control (black bar) = 71/110, sodium thiosulfate (dark gray bar) = 22/40, p =
0.34, calix[4]arene (light gray bar) = 24/30, p = 0.13, calix[4]arene/AgNOs3 (white bar) = 31/40, p = 0.17. (D)
Recovery time for PHz-exposed larvae treated therapeutically with sodium thiosulfate, calix[4]arene, and
calix[4]arene/AgNO3 compared to controls including non survivors (recovery time > 120 min). Bars represent
sample mean. Means were compared using a Kruska-Wallis chi-square approximation assuming a nonparametric
distribution. Mean recovery for PHs; controls (circles) = 51 (+5.0) min, sodium thiosulfate (squares) = 43 (x8.3) min,
p = 0.32, calix[4]arene (triangles) = 66 (£9.0) min, p = 0.20, calix[4]arene/AgNO; (diamonds) = 59 (£8.0) min, p =

0.30. Data tabulated in Table 5.

Table 5. Mean and median recovery times for G. mellonella larvae treated with sodium thiosulfate,

calix[4]arene, and a calix[4]arene-AgNOs mixture therapeutically after PHz exposure.

All Surviving*
Mean Recovery Median Mean Recovery Median
Treatment Time (xSE) Recovery Time Time (xSE) Recovery Time
(Therapeutic) (min) (min) (min) (min)
PHz Control 51 (5.0 32 21 (£3.3) 0
50 Th% “S%I?;’t‘i'“m 43 (+8.3) 12 14 (+4.5) 0
5 mg/kg
calix[4]arene 66 (+9.0) 66 42 (£8.7) 38
5 mg/kg
calix[4]arene + 59 (£8.0) 48 30 (£6.2) 20
10 mg/kg AgNOs

*Data labeled “surviving” incorporates larvae with recovery times < 120 min.

When the Ag(l) nitrate/calix[4]arene sulfonate tetrasodium solution in HEPES buffer was
dissolved in PBS, a precipitate, AgCl, immediately formed (Figure 16A and B). When the
calix[4]arene and Ag(l) were incubated overnight, we observed the precipitation of what appeared

to be silver oxide (Figure 16C). Samples combined with calix[4]arene reproduced the solubility
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problems previously observed with Ag(l) and chloride. Thus, calix[4]arene sulfonate tetrasodium

is not a likely candidate for a Ag(l) carrier molecule in its present form.

Figure 16. Precipitation of Ag(l) compound from Calix[4]arene sulfonate tetrasodium solution upon addition
of PBS.

A solution of 0.3 mM calix[4]arene sulfonate tetrasodium and 3 mM AgNO; in 50 mM HEPES buffer (pH 7.4) was
incubated at room temperature for 30 minutes then diluted in an equal volume of PBS buffer (pH 7.4, final
concentration = 0.15 mM calix[4]arene sulfonate tetrasodium and 0.15 mM AgNO3). Images are representative from
multiple trials. (A) stock solution after incubation for 30 minutes, before PBS suspension showing no precipitate (B)
solution approximately 5 minutes after dilution in PBS showing suspended precipitate, (C) solution 24 hours after

dilution in PBS showing dark preceipitate collected at the bottom of test tube.

In addition to the Ag(l) compounds, we also tested some Co(ll) complexes that were found
to ameliorate both cyanide and azide toxicities [15, 16, 131] at doses that showed no behavioral
toxicity: (Hydroxocobalamin (Cb), 82 mg/kg; Co(ll)N4[14], 31 mg/kg; Co(I1)N4[11.3.1], 28
mg/kg). Initially, these experiments were conceived purely as controls, Co(II) being a “harder”
metal than Au(l) or Ag(l). The cobalt complexes were injected in a similar fashion to the silver
complexes (10 pL into the hemocoel), 5 minutes after phosphine exposure (5740 £340 ppm-min
over a 20 min time span). Surprisingly, Co(I1)N4[11.3.1] treatment was associated with significant

improvement in recovery time, 7.4 (x4.1) min vs 39 (£3) min for controls, p < 0.001(Kruskal-
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Wallis chi-quare approximation) (Figure 17), with only 27% of the larvae becoming incapacitated
(compared to 62% of controls, p = 0.0003, 2-tailed Fisher’s exact test). This antidotal effect is
comparable to that observed for the Au(l) and Ag(l) compounds. Neither Cb nor Co(I1)N4[14]
showed any significant improvement in recovery time compared to controls. Because Ag(l) lactate
and Co(11)N4[11.3.1] significantly improved recovery times therapeutically for phosphine-exposed
larvae, these potential antidotes were subsequently chosen to test against phosphine toxicity in

mice.
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Figure 17. Therapeutic use of hydroxocobalamin (Cb), Co(I1)N4[14], and Co(11)N4[11.3.1] against PH3z in G.
mellonella larvae.

Larvae were injected with the candidate antidotes immediately after a PH3 exposure of 5740 (£340) ppm-min.
Roughly 80% of the control larvae were incapacitated after PH3 exposure. Any larvae that did not knockdown were
assigned recovery times of 0 min. The few larvae that had recovery times of over 2 h were scored as 120 min.
Sample sizes (n larvae): PHs control = 250, Cb = 39, Co(11)N4[14] = 40, Co(Il)N4[11.3.1] = 30. (A) Percent survival
for controls and each group with therapeutic treatment, exposure groups compared to controls with a 2-tailed
Fisher’s Exact Test: PH3 control (black bar) = 200/250; Cb (dark gray bar) = 28/39, p = 0.29; Co(II)N4[14] (light
gray bar) = 30/40, p = 0.53; Co(11)N4[11.3.1] (white bar) = 29/30, p = 0.023. (B) Knockdown incidence for controls

and therapeutic treatment groups, compared with a 2-tailed Fisher’s Exact Test: PHz control (black bar) = 155/200;
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Cb (dark gray bar) = 27/39, p = 0.48, Co(l1)N4[14] (light gray bar) = 27/39, p = 0.22, Co(I1)N4[11.3.1] (white bar) =
8/30, p = 0.0003. (D) Recovery time for PHs-exposed larvae treated therapeutically with cobalt compounds
compared to controls including non-survivors (recovery time > 120 min). Bars represent sample mean. Means were
compared using a Kruskal-Wallis chi-square approximation assuming a nonparametric distribution. Mean recovery
for PH3 controls (circles) = 39 (£3.0) min, Cb (squares) = 45 (£8.1) min, p = 0.34, Co(Il)N4[14] (triangles) = 41

(£7.7) min, p = 0.40, Co(lI)N4[11.3.1] (diamonds) = 7.4 (x4.1) min, p < 0.0001. Data tabulated in Table 6.

Table 6. Mean and median recovery times for G. mellonella larvae treated with sodium thiosulfate,

calix[4]arene, and a calix[4]arene-AgNOs mixture therapeutically after PH3z exposure.

All Surviving*
Mean Recovery Median Mean Recovery Median

Treatment Time (£SE) Recovery Time Time (£SE) Recovery Time
(Therapeutic) (min) (min) (min) (min)
PH3 Control 39 (£3.0) 15 18 (x2.0) 7.5
82 mg/kg Cb 45 (£8.1) 22 15 (£3.6) 9.5

31 mg/kg
Co(I)N4[14] 41 (£7.7) 17 15 (£3.1) 13

28 mg/kg

Co(Il)Na[11.3.1] 7.4 (x4.1) 0 3.5(x1.3) 0

*Data labeled “surviving” incorporates larvae with recovery times < 120 min.

4.2.2 Prophylactic and therapeutic effects of Ag(l) lactate and Co(I1)N4[11.3.1] in a mouse

model

Swiss-Webster mice were exposed to 3200 (+500) ppm'min PHz for 15-20 minina 4.8 L
closed container in a similar fashion to the G. mellonella larvae (see section 2.3.2). Mice were
tested using a behavioral assay, a modified pole test [131]. Two mice were placed in the container
to be exposed to phosphine simultaneously; one served as a control (phosphine exposure alone)
and one received the potential antidote. Candidate antidotes were administered via IP injection

either 5 minutes before or immediately after phosphine exposure. Pole test scores did not vary
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significantly over time (analyzed by Kruskal-Wallis rank sum test with chi-square approximation,
control p = 0.99, treatment p = 0.98). Thus, average pole test scores were compared independent
of time. Prophylactic treatment with 7.5 mg/kg Ag(l) lactate did not result in a statistically
significant improvement in average pole test scores compared to controls (p = 0.11, individual
averages compared using a Wilcoxon sign-ranked test for paired data) (Figure 18). We noticed
that in two trials, control mice recovered fairly quickly after phosphine exposure while the paired
mouse that received Ag(l) lactate remained inhibited. This could mean that the antidote has
previously-unidentified toxic effects at the current dose (perhaps due to solubility constraints
discussed below). Even with these points removed, prophylactic Ag(l) lactate treatment did not
significantly improve average pole test scores compared to controls (p = 0.063, Wilcoxon sign-

ranked test for paired data).
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Figure 18. Prophylactic use of silver(l) lactate against PHs in mice.

Mice were administered 7.5 mg/kg silver lactate intraperitoneally five minutes before a phosphine exposure of 3200
(£500) ppm-min. The mice were examined using a behavioral assessment (pole-climbing test, see 2.3.2) to evaluate
intoxication and recovery. Bars represent standard error. Sample sizes (n mice) = 8 control, 8 7.5 mg/kg Ag(l)
lactate treatment. Time-dependent average pole test scores from untreated, PHs-exposed controls (open circles) and
mice that received 7.5 mg/kg (closed circles) Ag(l) lactate 5 minutes before PH3 exposure. The relationship of pole
test score to time was assessed using a Kruskal-Wallis rank sum test with chi-square approximation assuming a
nonparametric distribution. Pole test scores did not vary significantly over time (control p = 0.99, treatment p =
0.98). Time-independent average scores between treatment and control groups were compared using a
nonparametric Wilcoxon Rank Sign test for paired data. Prophylactic treatment resulted did not result in signficant

improvement in average pole test scores compared to untreated, phosphine-exposed controls (p = 0.11).

We did not perform therapeutic experiments with Ag(l) lactate because of solubility
concerns. We were unable to store injection stock solutions of Ag(l) lactate (15 mM) in HEPES

buffer for longer than ~45 minutes at room temperature before a precipitate formed. Stock
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solutions were made fresh for each experiment and 7.5 mg/kg was determined to be near to the
NOAEL, the highest dose possible before mice displayed visible discomfort and signs of toxicity.
Presumably, the magnitude of the antidotal effect would not be conserved upon therapeutic
administration (based on our findings with Au(l) (Figure 13)) unless we are able to administer a
higher dose. Also, it should be noted that the observed effect of prophylactic treatment with Ag(l)
lactate is less than that observed with Au(l) thiosulfate (Figure 13). As previously noted, Ag(l)
compounds have low solubility in chloride solutions and the Ag(l) lactate most likely precipitated
after injection into the intraperitoneal space due to the chloride concentration (similar to PBS).
While prophylactic Ag(l) lactate indeed improved pole test scores, these constraints limit its
usefulness as an antidote. It appears then that we need something like an auxiliary complexing
agent to “transport” the Ag(I) ions and prevent them from precipitating before they can react with
the toxicant.

In similar experiments, mice were treated with 28 mg/kg Co(11)N4[11.3.1] injected IP 5
minutes prior to or immediately after phosphine exposure (3200 (£500) ppm-min for 15-20 min).
The average pole test score for mice treated therapeutically with Co(11)N4[11.3.1] (Figure 19,
closed circles) was, with the exception of a single time point, greater than the untreated controls
(Figure 19, open squares). Pole test scores did not vary widely over time (control p = 0.99,
prophylactic p = 0.99, therapeutic p = 0.50, compared using a Kruskal-Wallis rank sum test). That
therapeutic treatment has a higher correlation to time (a p-value of 0.50) is attributed to the
magnitude of difference from controls at 0 min (Figure 19). When the 0 minute time point was
removed, the relationship between pole test score and time was similar to the other groups (p =
0.95). Thus, individual scores were compared as time-independent averages. Neither prophylactic

nor therapeutic treatment with Co(11)N4[11.3.1] significantly impacted average pole test scores
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compared to phosphine-exposed controls (p = 0.77 and 0.59, respectively, compared using a

Wilcoxon sign-ranked test for paired data). Average pole test scores of treated mice were not

statistically different from controls when the initial time point (O min) was excluded (prophylactic

p = 0.77, therapeutic p = 0.68, Wilcoxon sign-ranked test for paired data).
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Figure 19. Prophylactic and therapeutic use of Co(I1)N4[11.3.1] against PHz in mice.

Mice were administered 28 mg/kg Co(11)N4[11.3.1] intraperitoneally five minutes before (closed circles) or

immediately after (open circles) a phosphine exposure of 3200 (£500) ppm-min. The mice were examined using a

behavioral assessment (pole-climbing test, see section 2.3.2) to evaluate intoxication and recovery. Sample sizes (n

mice) = 14 control, 7 prophylactic, 7 therapeutic. Pole test scores compared to time were analyzed using a Kruskal-

Wallis rank sum test with chi-square approximation assuming a nonparametric distribution. Pole test scores did not

change signfiicantly over time (control p = 0.99, prophylactic p = 0.99, therapeutic p = 0.50). Paired pole test scores

were assessed using a nonparametric Wilcoxon rank sign test and neither prophylactic nor therapeutic treatment

resulted in significant improvement over paired controls (p = 0.77 and 0.59, respectively).
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4.2.3 Potential PH3 —mediated hemolysis and hemoglobin oxidation in mice

Rahimi and colleagues (2018) found that blood transfusions were helpful in ameliorating
phosphine toxicity in rats and other researchers have found evidence for hemolysis and
methemoglobin production in cases of phosphine poisoning [5, 20, 24, 25, 87]. We investigated
whether phosphine might 1) increase the oxidation of hemoglobin (increase metHb levels) and/or
2) cause red blood cell (RBC) lysis. When RBCs are lysed, Hb is released and is easily detected
in extracellular media (i.e. plasma) using electronic absorption spectroscopy as Hb has a very high
extinction coefficient (~100,000 M cm™ per heme). Isolated mouse blood was mixed with
varying amounts of phosphine, using phosphine-saturated buffer (11.6 mM) along with EDTA to
prevent clotting, at concentrations 0.2-5.8 mM phosphine. Following incubation, for times of 15
min to one hour (Table 7) samples were centrifuged and the supernatant of the packed RBCs was
monitored spectrophotometrically for the presence of Hb. The amount of Hb in the PH3-treated
samples was primarily oxyHb (415 nm maximum) and was indistinguishable from that of the
negative controls (Table 7). MetHb (405 nm maximum) was not detected in the supernatant of the
phosphine-exposed samples nor in that of controls. Phosphine-exposed RBCs showed no
significant lysis over a 60 minute period, even at 5.8 mM PH3 concentrations (Table 7). Small
amounts of metHb are difficult to detect over a background of large amounts of oxyHb by
electronic absorption spectroscopy. MetHb can be easily detected by electron paramagnetic
resonance (EPR) spectroscopy where the signals due to metHb emerge from an essentially zero

background.
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Table 7. Lack of hemolysis in isolated RBCs exposed to PHs.

Sample % Hemolysis +SE
Control (-) diluted 0.33 0.12
in PBS
Control (+) diluted 100 2.3
in H20
0.3-5.8 mM PH;s 0.28 0.02
5.8 mM PH3 0.32 0.04
(15-60 min)

RBCs were isolated from fresh whole mouse blood, suspended in PBS, and exposed to various amounts of aqueous
PHj to test concentration-dependence and for various lengths of time to test time-dependence. Positive controls were
exposed to deionized water and negative controls to isotonic PBS. After exposure, intact RBCs were pelleted and the
supernatant was sampled for free oxyhemoglobin using electronic absorption spectroscopy to monitor absorbance at

415 nm. These values were translated into % hemolysis with positive controls as 100%.

In order to establish if any metHb formation occurs latently in phosphine-exposed mice,
whole blood was taken from control mice (used in antidote screening experiments after exposure
to phosphine, see above) immediately after sacrifice, 60 min after phosphine exposure. Samples
were mixed with EDTA to prevent clotting, transferred to quartz EPR tubes, then immediately
frozen and stored in liquid nitrogen for later analysis (see section 2.3.6). The only EPR signals
arising from Hb are those of metHb (the Fe(lll) form inactive in oxygen transport). OxyHb
(oxygen-bound) and deoxyHb (Fe(Il) form with no oxygen bound) are EPR silent. Thus, unlike
electronic absorption spectroscopy, detection of metHb by EPR spectroscopy is over an essentially
zero (EPR) background. MetHb can have additional signals due to what is known as the alkaline
transition. A water molecule bound to the iron site (metHbH.O) can lose a proton to form
hydroxide (metHbOH) inducing a high- to low-spin transition. Therefore metHb can have both
high spin signals (metHbH>0, S=5/2) and low spin signals (metHbOH, S = 1/2) due to the strong

field hydroxo ligand. In reality, the low spin signals are more difficult to observe and generally are
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lower in concentration at neutral pH compared to the high spin signals found at 1100 and 3400
(Qparaitel @and QGperpendicular). EPR samples of the blood of phosphine-exposed mice did not contain
notable levels of methemoglobin. These signals were indistinguishable from those from mice that
were not exposed to phosphine. A representative EPR spectrum from a phosphine-exposed mouse
is shown in Figure 20, where the low field (1100 gauss) signal is denoted by the # symbol. At
~1500 gauss, we can observe a signal due to transferrin (marked by the * symbol), normally found
in blood at ~50 puM, for comparison. The amount of metHb quantitates to less than 20 uM (> 1%
of the total Hb in blood). In the short term, over the initial 1 hour period after the mice were
exposed to phosphine, we can find no evidence for RBC lysis or any metHb formation in freshly

drawn blood.

#= metHb(HZO)

* = metHb(OH))

Arbitary Units

3500 4500

500 1%00 2%00
Magnetic Field (gauss)
Figure 20. Representative X-band EPR spectra of the blood of PH3-exposed mice.
Mice were exposed to 3200 (+500) ppm-min for ~20 min (time adjusted for mouse weight). Blood was taken from
mice immediatley after sacrifice, 1 hour after the end of exposure. Resulting spectra showed < 1% methemoglobin
in the blood of PH3 — exposed mice. Asterisks and hashtags represent the location of characteristic spectra of

methemoglobin species.
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4.2.4 Unusual complication of PH3 exposure in mice

During our experiments in the mouse model, we observed an unreported symptom in some
phosphine exposed mice: the development of cataracts at least 30 minutes after the end of
phosphine exposure (Figure 21). Affected mice displayed impaired blink reflex response and
decreased exploratory behavior. Only 20% of exposed organisms developed these issues and this
did not correlate with survival status (Table 8, analyzed with two-sided fisher’s exact test).

Cataracts did not develop uniformly; some organisms had only one cloudy eye (Figure 21B).

Table 8. Incidence of observed vision impairment in mice after inhalational PHs exposure.

Blink Response

(A) + .
Survival + 30 8

- 5 1

Blink Response

(8) A Pons
CoNg[11.3.1] + 11 3
Treatment - 11 3
Blink Response

©) + Pom

Ag(l) Lactate + 6 2
Treatment - 7 1

Contingency tables show the incidence of vision loss as measured by the eye blink reflex test (see section 2.3.2) in
PHz-exposed mice (3200 (£500) ppm-min PH; for a maximum of 20 min, exposure time adjusted for mass, see
section 2.3.2) compared using a two-tailed Fisher’s exact test and grouped by (A) survival (p = 1.0) and treatment:
(B) 28 mg/kg CoN4[11.3.1] administered 5 minutes before or immediately after PH3 exposure (p = 1.0), (C) 7.5
mg/kg Ag(l) lactate administered 5 minutes before PH3 exposure (p = 1.0). No significant relationships were

observed between survival, treatment, and incidence of vision impairment or cataracts.
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Figure 21. Cataract development in phosphine-exposed mice.

Mice were exposed to 3200 (+500) ppm-min PH3 for a maximum of 20 min (exposure time adjusted for weight) in a
4.8 L chamber as described in section 2.3.2. Mice were monitored for PH3 toxicity for 1-2 hours after PH3 exposure.
Vision loss developed in 20% of mice at least 30 minutes after the end of PH3 exposure and were not correlated to

treatment status or survival.

4.2.5 Reduction of Co(111)N4[11.3.1] by PHs3

Because phosphine is known to be a strong reductant [7], we hypothesized that it reduces
Co(I11)N4[11.3.1] to Co(I11)N4[11.3.1]. Co(lI11)N4[11.3.1] (2 mM) in 500 mM sodium phosphate
buffer (pH 7.4) was titrated with increasing amounts of aqueous phosphine under anaerobic
conditions at 21 °C while monitoring the absorbance changes between 300 and 700 nm using
electronic absorption spectroscopy. As previously described, Co(11)N4[11.3.1] has a characteristic
spectrum with a peak at 460 nm while Co(I11)N4[11.3.1] is very weak in the same range. When
1/2 of an equivalent of phosphine was added to Co(l11)N4[11.3.1], the resulting spectrum is
indistinguishable from that of Co(ll)N4[11.3.1] (Figure 22A, dotted trace) [98]. A plot of the
absorbance values at 460 nm upon addition of phosphine shows that the reaction has reached >

90% completion at this same ratio (Figure 22B, dotted line). This shows that phosphine reduces
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Co(I11)N4[11.3.1] to Co(I1)N4[11.3.1] through a two-electron reduction similar to the reduction of

the oxidized cobalt complex by sodium ascorbate [98].
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Figure 22. Anaerobic titration of Co(111)N4[11.3.1] with PHa.
Increasing amounts of aqueous PHs were added to Co(I11)N4[11.3.1] (1 mM) in 500 mM sodium phosphate buffer
(pH 7.4) under anaerobic conditions. (A) Electronic absorption spectra of the reduction of Co(111)N4[11.3.1] by PHs.
1 mM Co(l11)N4[11.3.1] (thick solid trace) with additions of 0.05 mM PHj; (dashed trace), 0.25 mM PH3 (dot-dash

trace), and 0.5 mM PHs. (B) Absorbance values at 460 nm upon addition of PHz to 1 mM Co(l11)N4[11.3.1].

4.2.6 H202 production in the oxygen consumption reaction of Co(11)N4[11.3.1] and PH3s

The well-known reduction of oxygen to water by metal catalysts (including cytochrome ¢
oxidase) often includes the production of H.O> as an intermediate. In our previous examination of
the oxygen consumption of Co(I1)N4[11.3.1] in the presence of ascorbate, we detected the presence
of 1-2 uM H»02 [15]. This was consistent with our proposed mechanism for this activity based on

other metal complexes [15].
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The reaction between Co(I1)N4[11.3.1] and phosphine was carried out under several
different reaction conditions and the solutions were examined for the production of H.O> using the
Amplex® UltraRed probe (see 2.3.4). Hydrogen peroxide concentrations were quantified using a
standard curve (Figure 23B). The reaction between Co(11)N4[11.3.1] and phosphine indeed
produces H202, and the concentration of H20; increased as a ratio of phosphine to Co(11)N4[11.3.1]
(Figure 23A). At a ratio of ~10 to 20 PH3/Co(l1)N4[11.3.1], the production of H,O; reached a
maximum of ~1.5 uM (Figure 23A). In the respirometric experiments, roughly 150 uM oxygen
reacts (Figure 26); if H.O> was the end product, one would expect to see at least half that amount
produced (Equation 10C). Because the observed concentration of H2O2 was much less than 75 uM
this possibility is likely excluded and H20- is probably an intermediate in the conversion of oxygen
to water. In addition, a report also notes that phosphine does not react with H20, [52].Since the
concentration of H,O was observed to increase with the increasing ratio of PHs to cobalt complex,
this suggests the first step in this mechanism (Equation 10A) is faster than the reduction of H20-

to water.

PH3 + 2 Co® + H,0 — H3PO + 2 Co?* + 2 H* (A)
2C0%*+20;>2C0%* +20y (B)
C03+
207 +2HY — 02 + H202 ©)
C03+
H202 + PHz — H3PO + Hz0 (D)

Equation 10. Potential rapid reduction of oxygen to water mediated by CoN4[11.3.1] (written as Co?***) with
phosphine as a source of electrons.
Representative scheme of the oxygen consumption of CoN4[11.3.1] upon reduction. Note: The Co** in equations (C)

and (D) is a catalyst.
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Figure 23. H20: production during the oxygen consumption reaction of Co(11)N4[11.3.1], Oz and phosphine.
(A) Standard curve using Amplex® UltraRed/horseradish peroxidase assay used to determine H,O; as described in
section 2.3.4. (B) Co(11)N4[11.3.1] (0.12 uM-5 mM) in 50 mM sodium phosphate buffer, pH 7.4, was incubated
with increasing amounts of phosphine (5-11 mM) under aerobic conditions at 21 °C for 30 min and H.0;
concentration determined by Amplex® UltraRed/horseradish peroxidase assay and comparison to the standard curve

(A).

4.2.7 Binding of phosphine to Co(11)N4[11.3.1]

As Co(II) is an intermediate cation on the Pearson’s scale of hard-soft cations [99], we did
not expect strong binding between the cobalt complex and phosphine. Still, any interaction
between the Co(ll) complex and phosphine is notable. Since phosphine reacts with oxygen to form
oxy-phosphorous compounds that ultimately lead to phosphate and Co(ll)N4[11.3.1] is also
oxidized to Co(lll) in the presence of oxygen, the reaction of these two compounds was examined
anaerobically. Aqueous phosphine solutions were prepared through the reaction of AIP with

deoxygenated PBS (pH 7.4) in septa-sealed vials with minimal headspace and transfers of
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solutions were performed using gastight syringes. Titrations were performed by adding increasing
amounts of aqueous phosphine to constant concentrations of Co(I1)N4[11.3.1] in PBS buffer (pH
7.4) with minimal headspace and solutions were monitored using electronic absorption
spectroscopy from 300-700nm. Co(11)N4[11.3.1] has a characteristic peak at 460 nm that can be
used to identify it in solution. A new peak in the spectrum appeared at 425 nm upon addition of at
least a 50-fold excess of phosphine (Figure 24A) and the peak at 460 nm due to Co(11)N4[11.3.1]
was considerably diminished upon the addition of a 100-fold excess of phosphine. The reaction,
monitored at 425 nm, does not appear to reach an end point even with the addition of a 200-fold
excess of phosphine (Figure 24B). The phosphine concentration cannot be increased much more
as its solubility is limited to ~11 mM in aqueous solution and Co(I1)N4[11.3.1] has a low extinction
coefficient, thus increasing the difficulty of the measurements. We can, however, fit the electronic
absorption data (Figure 24B) using Equation 9 (see Methods) using nonlinear least squares analysis
and thus estimate a binding constant. Using the absorption coefficients for the Co(11)N4[11.3.1]
compound at 425 nm, the calculated concentration of the cobalt complex, the fact that phosphine
has no absorption at that wavelength and the method of Hargrove et al [152], the binding of
phosphine to the cobalt complex was investigated by fitting the changes in absorption (Equation
9). Because we could not reach an endpoint in the titration, this was floated in the calculation and
the binding equilibria was found to be 0.08 (£0.02). This equilibrium constant, below zero, is

indicative of low binding of phosphine to the cobalt complex.
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Figure 24. Spectroscopic analysis of the interaction between phosphine and Co(I11)N4[11.3.1] under anaerobic
conditions.

(A) Electronic absorption spectra of Co(11)N4[11.3.1] alone (solid trace) and with a 50-fold excess of PH3 (dotted
trace) and a 100-fold excess of PH3 (dashed trace) under anaerobic conditions. (B) Absorbance values at 425 nm
plotted against increasing phosphine concentration added to Co(I1)N4[11.3.1] (0.5 mM) under anaerobic conditions.
The Keq of 0.08 +0.02 was determined from this data using a nonlinear least-squares fit (solid trace, R? = 0.99)

(Equation 9).

Since phosphine is a good reductant, one would not expect Co(11)N4[11.3.1] to be oxidized
to Co(lll) in the presence of phosphine, but it may further reduce Co(11)N4[11.3.1] to Co(l).
Co(I11)N4[11.3.1] has an electronic configuration of d’; it has an odd electron and the surrounding
ligands can be thought of as strong field and has an S=1/2, low spin, EPR signal with a crossover
of ~3080 gauss (Figure 25). When a large excess of phosphine was added to Co(l11)N4[11.3.1], a
shift in the signal was observed with the crossover now appearing at 3030 gauss and some small
changes found in the nuclear hyperfine (due to the cobalt nuclear spin, S=7/2). Double integration
of the signal indicated that there was little loss of intensity, suggesting that while the signal may

be a combination of the original signal plus that of a Co(ll)N4[11.3.1]-phosphine adduct, the
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compound is still primarily Co(ll) and has not changed its oxidation state. The calculated
equilibrium for the binding of phosphine to the cobalt complex (see above) would indicate that at
the ratio of phosphine/cobalt in Figure 25, only ~2/3 of the cobalt complex would be bound to
phosphine perhaps resulting in a slight shoulder observed at 3000 gauss (due to residual unbound
CoN4[11.3.1]. Subtraction (of the unbound complex) from the phosphine —cobalt EPR signal and

subsequent simulation of the signal resulted in a slight improvement of the EPR signal.
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Figure 25. X-band EPR spectra (at 20 K) of Co(11)N4[11.3.1] with phosphine.

(A) Co(11)N4[11.3.1] (1 mM) prepared under anaerobic conditions at room temperature in 50 mM sodium phosphate
buffer (pH 7.4) and 10% glycerol. (B) Co(I1)N4[11.3.1] (1 mM, 50 mM sodium phosphate buffer, pH 7.4) plus a 50-
fold excess of PH; (prepared under anaerobic conditions at room temperature). Samples were frozen immediately
and stored in liquid nitrogen immediately after preparation for later analysis. EPR conditions: Power = 63.2 uW,
modulation amplitude = 9.8 G
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4.2.7.1 Rapid oxygen consumption of PHsz and Co(11)N4[11.3.1]

As previously shown in our laboratory, Co(I1)N4[11.3.1] is only slowly oxidized by oxygen
with a rate constant of ~0.5 M s at 25 °C [98] and this oxygen consumption can be followed
using an oxygen electrode (Figure 26, dotted trace). Phosphine also reacts quite slowly with
oxygen (Figure 26, dashed trace). When a reductant, such as ascorbate, is added to
Co(I1)N4[11.3.1] the oxygen consumption becomes quite rapid [15]. We previously suggested, as
other authors have [189], that, similar to many transition metals, Co(I11)N4[11.3.1] can mediate an
oxygen consumption process in the presence of reductant (see Equation 10). When
Co(I1)N4[11.3.1] was added to a solution of phosphine, the rate of oxygen consumption increased
dramatically (Figure 26, solid trace) and thus it seems plausible that phosphine may act in a fashion

similar to ascorbate in these oxygen consumption reactions.
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Figure 26. High-resolution respirometry showing oxygen consumption of Co(l11)N4[11.3.1] in the presence of
PHs.

All reactions were carried out in 500 mM sodium phosphate buffer, pH 7.4, 21 °C, in air saturated solutions. Dotted

trace:Co(I1)N4[11.3.1] (150 uM) and representative traces are shown. Dashed trace: PHs, 90 uM. Solid trace:PH3

(90 uM) added to a solution of CoN4[11.3.1](150 mM) at 3.5 min. All concentration are final.
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4.3 DISCUSSION

4.3.1 Ameliorative effects of Ag(l) and Co(ll/111) complexes

Earlier work (Section 3.0Error! Reference source not found., [186]) demonstrated that
Au(l) compounds were very good antidotes for phosphine in the G. mellonella caterpillars and the
present work now demonstrates that some Ag(l) compounds (see Figure 14) are similarly effective.
Ag(l), as Au(l), likely ameliorates phosphine toxicity through a decorporation mechanism. Ag(l)
lactate reduced the average recovery time in phosphine-exposed G. mellonella larvae more
effectively than Au(l) thiosulfate by ~5 minutes but in mice prophylactic treatment with Au(l)
thiosulfate was far more effective than Ag(I) lactate. Ag(I) lactate’s diminished ameliorative effect
in mice (Figure 18) is almost certainly due to the precipitation of AgCl. The solubility of these
Ag(l) compounds (in distilled water, pH 7, 20-25°C) vary widely [107, 122, 190-192]. For
example, AgNOz has a molar solubility of 14.4 M [192] while Ag(l) sulfadiazine has a molar
solubility value of 3.2 x 10 M [191]. In our experiments, antidote effectiveness did not correlate
with molar solubility; Ag(l) lactate (solubility 0.4 M [190]) and silver sulfadiazine were more
effective than AgNOs, which might suggest an inverse relationship with solubility but Ag(l)
metronidazole nitrate was not effective despite modest solubility [107]. Because silver ions are not
soluble due to the high levels of chloride found in the vasculature, a “carrier” compound could be
used, such as a calix[n]arene. The tetrasodium calix[4]arene tetrasulfonate does appear to be
relatively non-toxic, at least in the caterpillars, but its sodium ions do not appear to be displaced
by Ag(l) ions (Figure 16). Thus, to potentially employ the calix[4]arene as a carrier, the tetra Ag(l)
compound could be synthesized and tested, a future project. Other Ag(l) carrier compounds, such
as Ag(l) Schiff-base complexes, might also be a potential area to be investigated. Finally, while

90



none of the compounds we investigated were of much therapeutic value in the mice, it can be
argued that in cases of poisoning by the slow release, i.e. ingestion, of phosphine from phosphides
such as AIP, the Au(l) and perhaps future Ag(l)/carrier compounds may be of value in possible
treatment protocols.

As described above (section 3.2.1), we estimated the circulating phosphine concentration
in the mouse model to be 460-920 uM. Even if the full dose of Ag(I) lactate was immediately
absorbed, the circulating concentration would reach a Ag(l) — phosphine ratio of 0.44-0.87. If one
Ag(l) binds 2 phosphine ligands, Ag(l) lactate may be a practically effective antidote but these
estimates are calculated for ideal conditions. Our findings in mice suggest that Ag(l) precipitates
and little of the administered dose is absorbed in vivo. Again, solubility constraints limit the
practicality of Ag(l)-based antidotes.

Unexpectedly, a significant therapeutic effect of Co(11)N4[11.3.1], a compound being
investigated for its antidotal effects on cyanide and azide poisoning, was observed for phosphine
exposed larvae (Figure 17). Although this effect was not observed in the mouse model (Figure 19),
the fact that Co(I1)N4[11.3.1] was effective against phosphine in any capacity is notable.
CoN4[11.3.1] does not bind phosphine to any appreciable extent (Figure 24), although perhaps
even a very small decrease in phosphine levels in organisms may be beneficial. Phosphine,
however, could be oxidized in a two electron process by Co(I11)N4[11.3.1] (Figure 22), presumably

converting phosphine to phosphinous acid (HsPO), see Equation 11.

PH3 + 2 Co(I11)N4[11.3.1] + H20 — 2 Co(11)N4[11.3.1] + HsPO+ 2H*

Equation 11. Reduction of Co(I11)N4[11.3.1] by phosphine under anaerobic conditions.
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Another way to discuss the efficacy of candidate antidotes in mice is to compare the
distribution of pole test scores 10 minutes after the end of phosphine exposure, a time point at
which differences between groups are consistently observed (Figure 13, Figure 18, and Figure 19)
as displayed in Figure 27. Prophylactic treatment with Au(l), identified as the most effective
antidote overall, stands out with no variation in pole test scores compared to controls, which had
scores distributed between 0 and 2 (Figure 27A). When compared using a paired Wilcoxin sign-
ranked test for a nonparametric distribution, 10-minute pole test scores for mice treated
prophylactically with Au(l) thiosulfate are significantly improved from those of controls (p = 0.02)
while those of therapeutically-treated mice are not (p = 0.67). When generalized, pole test scores
of mice treated prophylactically with Ag(l) lactate were slightly improved at 10 minutes (p = 0.05,
unpaired Wilcoxon sign-rank test) but this significance did not hold upon comparison of paired
mice (p = 0.07). Overall, there was no difference in the distribution of pole test scores at 10 minutes
for mice treated with CoN4[11.3.1] either prophylactically or therapeutically compared to controls,

which is in keeping with the lack of efficacy overall in the mouse model (Figure 27C).
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Figure 27. Pole test score distributuion 10 minutes after the end of phosphine exposure for controls and mice
treated with candidate antidotes.

Distribution of pole test scores 10 minutes after the end of exposure for phosphine-exposed mice treated with
candidate antidotes . Scores are normalized as a fraction of the experimental group size (n mice) Antidotes were
administered intraperitoneally five minutes before or immediately after a phosphine exposure of 3200 (£500)
ppm-min. The mice were examined using a behavioral assessment (pole-climbing test, see 2.3.2) to evaluate
intoxication and recovery. (A) Distribution of pole test scores of mice treated with 50 mg/kg Au(l) thiosulfate before
(gray bar) or after (white bars) phosphine exposure compared to controls (black bars). Sample sizes (n mice) = 6

control, 3 prophylactic, 3 therapeutic. At the 10 minute time point, mice treated prophylactically with Au(l)
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thisoulfate had significantly improved pole test scores compared to controls (p = 0.02, Wilcoxin sign-rank test for
paired data). (B) Distribution of pole test scores of mice treated with 7.5 mg/kg five minutes before phosphine
exposure (gray bars) compared to untreated controls (black bars) 10 minutes after the end of exposure. Sample sizes
(n mice) = 8 control, 8 prophylactic. Ag(l) lactate treatment did not significantly improve pole test scores at the 10
minute time point (p = 0.07, Wilcoxon sign-ranked test for paired data). (C) Distribution of 10-minute pole test
scores of mice treated with 28 mg/kg CoN4[11.3.1] five minutes before (gray bars) or immediately after (white bars)
phosphine expousre compared to untreated controls (black bars). Sample sizes (n mice) = 14 control, 7 prophylactic,

7 therapeutic. Treatment did not result in any change in pole test scores compared to controls.

The comparison of 10-minute pole test scores reflects the overall effectiveness of each
candidate antidote. This, along with the fact that prophylactic treatment is most effective, shows
that the ameliorative reaction between phosphine and the candidate antidote must occur fairly
quickly in vivo. Certainly, a decorporating agent that precipitates before circulation (Ag(l) lactate)
would not be effective under these conditions. Our group has previously demonstrated that
CoN4[11.31], like many transition metal complexes, can catalyze the reduction of oxygen using
ascorbate as a reductant [15]. The reduction reaction in Equation 11, coupled with the increase in
oxygen turnover (Figure 26) driven by in the presence of phosphine suggests that phosphine can
indeed participate (like ascorbate) in the turnover of oxygen to water, with superoxide/hydrogen
peroxide intermediates, as shown in Equation 10. While this plausible mechanism of clearing
phosphine might not be as rapid as the decorporation mechanism(s) of Au(l) (and potentially
Ag(l)), it may represent another approach toward phosphine antidotes.

CoN4[11.3.1] is highly soluble and rapidly absorbed into the blood after injection [14, 15].
We have previously detected Co(I11)N4[11.3.1] in the urine of mice 40 minutes after injection of
26 mg/kg [15], suggesting rapid circulation and metabolism. If 100% of the dose is absorbed, we

would expect a circulating concentration of 0.67 mM in mouse blood. With our estimated
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phosphine concentration, this represents an antidote-phosphine ratio between 0.73 and 1.5. Our
data suggests that the cobalt compound does not bind phosphine at these levels but it may facilitate
phosphine oxidation. Phosphine likely reduces Co(111)N4[11.3.1] to Co(Il)N4[11.3.1] through a 2-
electron process (Equation 11) which requires a ratio of 2 PHs to 1 Co(ll11)N4[11.3.1]. The
circulating level of phosphine is likely reduced by CoN4[11.3.1] under our reported experimental
conditions but the cobalt complex may be more effective in at least a 2-fold excess.
Co(I1)N4[11.3.1] was more effective in the caterpillars than in mice. The ratio of antidote to
phosphine in the larvae is estimated to be over 10.

Neither hydroxocobalamin nor CoNs[14] treatment resulted in any amelioration of
phosphine poisoning (Figure 17). The interaction of oxygen with the cobalt complex may be the
crucial step in this process. We previously observed that oxidation of Co(I1)N4[11.3.1] by oxygen
had a second order rate constant of 0.5 (+0.02) M1s [98] and the rate constant for the oxidation
of CoN4[14] is estimated to be a least an order of magnitude slower (unpublished data) offering a
partial explanation as to why CoN4[14] does not work (Figure 17). Clearly, the exact mechanism
by which CoN4[11.3.1] protects against phosphine toxicity should be further explored.

As described in Equation 2, phosphine is oxidized to phosphoric acid through a series of
intermediates including phosphinous acid. If Co(I11)N4[11.3.1] induces this reaction, it produces
phosphinous acid. If phosphinous acid were responsible for phosphine poisoning (as suggested by
Nath and colleagues [57]), we would expect Co(11)N4[11.3.1] to not necessarily be ineffective but
rather to increase toxicity. Our findings do not support the hypothesis of Nath and colleagues [57]

and suggest that phosphine itself is the primary toxic agent.
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4.3.2 Impacts on blood & other findings

We found no association between acute phosphine exposure and methemoglobinemia or
hemolysis. Even when RBCs were suspended and incubated in aqueous phosphine, we found no
evidence for the formation of methemoglobin or extensive hemolysis compared to unexposed
controls. This suggests that methemoglobinemia and hemolysis observed in some human cases of
phosphine poisoning may not be caused by any direct interaction of phosphine with RBCs but by
some secondary effect. In our studies, intact mice were exposed to gaseous phosphine via
inhalation while in most, if not all case reports, patients were reported to develop
methemoglobinemia after ingestion of metal phosphide tablets. It has been speculated that these
symptoms are the result of the absorption of unhydrolyzed AIP particles into the blood stream and
subsequent hydrolysis and reaction with RBCs [4, 10, 23, 24, 69, 175, 184]. This seems unlikely
as in our vitro study phosphine solutions were added directly to RBCs with phosphine levels of
millimolar concentrations (Table 7). Phosphine solutions, prepared under 100% phosphine gas,
are saturated at ~11 mM so it is difficult to understand how ingestion of phosphides, followed by
hydrolysis to phosphine, would give rise to higher concentrations than that in the bloodstream.
Although ingestion may give rise to phosphine concentrations in the body at higher levels than
those caused by inhalation of the gas.

As of this writing, there do not seem to be any reports of blindness or cataracts in the
phosphine literature. Cataract development is typically the result of long-term illness (e.g.
diabetes), aging, ultraviolet rays in sunlight and/or chronic chemical exposures [146, 193, 194].
Cataracts were not associated with either antidotal treatments (Ag(l) lactate or Co(I1)N4[11.3.1])
or survival in phosphine exposed mice (see Table 8). Cataracts have not been previously linked to

phosphine, metal phosphides, or their metal oxide products either but they are associated with
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oxidative damage [146, 194]. The lens of the eye is hypoxic with oxygen levels from ~1-5% [195].
The concentration of mitochondria varies throughout the lens [193] and they are certainly
important in maintaining the low oxygen tension found there. Since phosphine inhibits cytochrome
c oxidase, it can be easily envisioned that this might disturb the lens’ oxygen environment and
generate oxidative damage leading to cataracts. Because of this symptom’s novelty, further study

is warranted.
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5.0 CONCLUSIONS

5.1 DECORPORATION APPROACH

We have demonstrated that some Au(l) and Ag(l) compounds are effective antidotes to
phosphine poisoning in both an insect and a mouse model. In keeping with a decorporation
mechanism, we observed that antidote effectiveness diminished between prophylactic and
therapeutic administration. Presumably, prophylactic treatment was more effective because the
decorporating agent was circulating before phosphine exposure, allowing it to bind the toxicant
throughout exposure thereby and reducing the effective toxic dose. While these putative antidotes
may be of limited therapeutic use in cases of poisoning with gaseous phosphine (PHz3), they could
perhaps be effectively applied in cases of ingested metal phosphide poisoning, which accounts for
the majority of phosphine poisoning worldwide [27, 42, 43]. When metal phosphides are ingested,
the reaction with hydrochloric acid in the stomach is ongoing and patients undergo continuous
exposure to phosphine over a series of hours [41, 59]. In fact, medical staff are encouraged to take
measures to avoid secondhand phosphine exposure themselves as the gas can be exhaled by the
patient long after ingestion [2, 41, 97]. In such a situation, a decorporating antidote nominally
regarded as “prophylactic” could scavenge phosphine from this ongoing reaction and prevent
cumulative exposure, even if administered after ingestion. Since phosphine’s scope of toxicity is
not fully delineated, antidotes that prevent cumulative exposure and reduce circulating phosphine
are advantageous.

We found that Ag(l) lactate was a promising candidate phosphine antidote in G. mellonella

larvae but was less effective in mice. This work is currently limited by Ag(I)’s low solubility both
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under physiologic conditions and in stock solution. Our preliminary trial with tetrasodium
calix[4]arene tetrasulfonate was unsuccessful (Figure 15) but other carrier molecules, perhaps
prepared as argentum salts, may prove efficacious. Clearly, some synthetic development is
required to find suitable Ag(l) compounds for administration in vivo. The possibility of using Ag(l)
lactate (or other insoluble Ag(l) formulations) orally in cases of ingested metal phosphides,

however, should not be completely dismissed without further testing.

5.2 PHOSPHINE’S IMPACTS ON THE VASCULATURE

Even the most promising candidate antidotes demonstrated reduced efficacy in the mouse
model compared to the larvae. This may be due to key differences in organismal vasculature and
circulation. G. mellonella larvae lack a complex vascular system and instead have an open
circulatory system and mitochondria-rich fat body [131, 196]. In the larval stage, G. mellonella do
not have an active oxygen carrier and instead respire through diffusion [131]. In insects,
phosphine’s impacts are likely primarily mitochondrial and it follows that additional toxic effects
in mammal models could be vasculature-associated. We initially hypothesized that the difference
was due to erythrocyte damage, specifically hemolysis and methemoglobinemia, but our evidence
shows that neither is a primary consequence of phosphine exposure. However, according to recent
research [87], blood transfusions appear to be ameliorative. While phosphine does not directly
induce methemoglobinemia or hemolysis (section 4.2.3), perhaps it interacts with some other
major blood component. Serum albumin is highly concentrated in the blood but is an unlikely
alternate target for rapid reaction as evidenced by the late onset of cardiac-dependent lethality,

which occurs hours to days after exposure. This timescale of cardiovascular effects suggest that
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they are not due to a rapid biochemical modification of one blood component, rather an ongoing
more cellular-based signaling mechanism finally leading to cardiac failure. Multi-organ
congestion has been reported alongside cardiac failure in cases of phosphine poisoning [4, 8, 60].
This is not particularly surprising as congestion is closely associated with acute heart failure. This,
combined with reports of hypotension [1, 78, 197], could suggest that PH3 toxicity results in
damage to or dysfunction of the vascular endothelium [198]. In a 2016 review of phosphine
toxicity, Farahani and colleagues indeed highlight vascular wall damage as an important
contribution to the overall outcome of phosphine poisoning [49]. The effects of phosphine

poisoning may be diverse and wide-ranging.

5.3 INSIGHTS INTO PHOSPHINE BIOCHEMISTRY

Our findings suggest that the effective candidate antidotes work by lowering circulating
levels of phosphine. The Au(l) and Ag(l) compounds do this through decorporation/scavenging
the PH3 ligand and CoN4[11.3.1] likely induces the oxidation of PH3 to H3sPO. Under physiologic
conditions, H3PO is transient and the reaction quickly proceeds through a series of benign
intermediates to phosphoric acid (see Equation 2). Consequently, it appears that PH3 is the toxic
agent; if HsPO were an actual toxic species (as suggested by Nath and colleagues [57]),
CoN4[11.3.1] should have exacerbated (or at least have no effect on) the measured toxicity,
whereas it was significantly antidotal in the larvae and mildly so in the mice.

In vivo, the putative antidotes demonstrated the highest efficacy when administered prior
to the onset of PH3 exposure; they were less effective when given therapeutically. Essentially, at

times longer than 20 minutes from the start of exposure, any protective benefits of the antidotes
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were minimal. In context of the putative antidotal activity (reduction of circulating PH3), this
demonstrates that the toxic activity and decomposition of phosphine in vivo is rapid. This is further
supported by comparative observations between the animal models. The putative antidotes were
more effective in G. mellonella than in mice which, as discussed, is likely due to its open
circulatory system. In addition, PHs likely reacts and decomposes more slowly in the insect model
because of its body composition. The larval fat body is a lipid and mitochondria-rich organ
contained in the hemocoel that performs a variety of biological functions including metabolism
[130, 196]. Since larval circulation is passive and the respiratory organs are contained in lipids, it
may take more time for phosphine to react and degrade in the caterpillars than in mammals, which
have vastly different (and more polar) physiology. Notably, Ag(l) lactate was quite effective
therapeutically against phosphine in the caterpillar model (Figure 14) but less impressive when
administered prophylactically in mice (Figure 18). Ag(l) likely did not precipitate to AgCl as
quickly (if at all) when administered in G. mellonella larvae due to the lipid-rich environment of
the hemocoel. Thus, the Ag* ion remained available to scavenge the PH3 ligand as an active
antidote.

We observed cataract development in some phosphine-exposed mice. This outcome was
not associated with any treatment or survival outcome (section 4.2.4). Cataracts are not a
previously reported consequence of phosphine toxicity in humans or animals. Acute cataract
development is associated with oxidative damage [193, 194]. In our research, cataracts did not
develop uniformly and some animals only developed them in one eye (as shown in Figure 21). If
cataracts were the result of systemic phosphine poisoning alone, they would likely have developed
in both eyes. This suggests that some outside stimulus in combination with phosphine toxicity may

lead to cataract formation. This effect could be explained by photochemistry; light is a main source
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of radical oxygen species and the eye is obviously quite photosensitive. Perhaps light from a
laboratory source induced a photolysis reaction in the eye of phosphine-poisoned mice. Mice
demonstrated decreased activity after phosphine exposure; perhaps that the mice that developed
only one cataract remained positioned with only one eye facing the light source. Much study
remains to explain this observed phenomenon but we recommended that animals exposed to
phosphine under experimental conditions be observed for impaired visual response and cataract
development.

Because phosphine activity and oxidation is fast, death at later time points must be due to
secondary consequences or derivatives of PHs (unlikely any oxidation intermediates, as described
above). Perhaps along with mitochondrial inhibition, PH3 induces a signaling cascade responsible
for cardiac failure hours to days after exposure. Identifying the nature of this post-acute toxic
mechanism is a critical barrier to designing effective antidotes and antidotal measures to
phosphine. To delineate the complex mechanism of phosphine toxicity is beyond the scope of this
work but we have demonstrated that phosphine inhibits complex 1V, can induce redox chemistry,
and does not directly induce hemolysis or methemoglobinemia. Thus, we join the many authors
that stress the importance of mitochondrial dysfunction and oxidative stress to phosphine

poisoning [26, 42, 59].

5.4 FUTURE DIRECTIONS

While our results are currently limited to animal models, we predict that our most
promising candidate, gold(l) thiosulfate, will be a practically useful antidote to human exposure to

phosphine. We calculated an estimated dose and cost for use in humans after occupational
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exposure to phosphine based on available exposure data and regulatory limits using Equation 6
and Equation 7. For this exercise, we assume that Au(l) thiosulfate, when administered orally,
distributes similarly to Au(l) thiomalate as reported by Mascarenhas and colleagues [172] (15%
of dose reaches bloodstream) and the phosphine intake rate is 4.25 L/min [199] and blood volume
is 5 L. We also assume that circulating Au(l) thiosulfate must be in at least a 2-fold excess to
phosphine for decorporation. For a 10 minute exposure to 7.2 ppm PH3 (AEGL3, Table 1), the
estimated dose is 38 mg Au(l) thiosulfate, which would cost $11 [119]. For a 5 minute exposure
to 700 ppm, the ambient concentration estimate in a fatal phosphine exposure onboard a grain
freighter [64], the dose would be 740 mg and cost $98. Of course, these estimates do not include
temporal data for antidote uptake or the cost of medical-grade reagents, but these calculations
support further study into Au(l) thiosulfate’s potential as an antidote to acute phosphine poisoning
for mass-exposure events.

Much remains to be learned about phosphine’s toxicity mechanism and we can certainly
make recommendations on how to proceed with mechanistic research. For example, we have
demonstrated that acute phosphine exposure does not induce methemoglobinemia or hemolysis
and do not think they should be regarded as direct or primary effects of phosphine poisoning.
Phosphine’s toxicity mechanism is clearly complex and deserves detailed and focused study.
However, mechanism determination falls outside of the bounds of our current project. In the
absence of detailed mechanistic information, we will continue to investigate potential antidotes to
phosphine poisoning that reduce the circulating concentration. We have identified a variety of
promising candidate antidotes and demonstrated their effectiveness under two administration
conditions (a few minutes before or after phosphine exposure through non-1V injection). These

conditions should be expanded to determine the temporal limits of effectiveness (e.g. how late is
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too late for therapeutic administration?) and possibility for multiple injections. Since CoN4[11.3.1]
is rapidly metabolized in mice [15], perhaps a combination of prophylactic and therapeutic doses
could be administered. Ag(l) compounds should be studied with oral administration to overcome
the solubility barriers in IP injection. Candidate antidote identification should continue and be

expanded to include compounds that might catalyze phosphine oxidation in the blood.
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APPENDIX A.SUPPLEMENTAL MATERIALS

Raw data for the recovery assessment of Galleria mellonella larvae after exposures of phosphine
(Table 9) along with the prophylactic and therapeutic administration of putative antidotes Au(l)
complexes auro-bisthiosulfate (AuTS), sodium aurothiomalate (AuTM), and aurothioglucose
(AUTG).

Table 9. Dose-response recovery times of G. mellonella larvae in response to increasing phosphine exposures

as shown in Figure 9.

. [PH3] Recover| . [PH;] Recover
i . i .
ppmemin|y T (min) ppmemin|y T (min)

1 12.2 0] 51 4362.5 0]

2 12.2 0 52 4362.5 0

3 12.2 0 53 4362.5 7

4 12.2 [¢] 54 4362.5 14
5 12.2 0] 55 4362.5 17

6 12.2 (0] 56 4362.5 22

7 12.2 0] 57 4362.5 29

8 12.2 0] 58 4362.5 60
9 12.2 0] 59 4362.5 100
10 12.2 0 60 4362.5 100
11 73.1 [¢] 61 5447 [¢]

12 73.1 0 62 5447 0

13 73.1 0] 63 5447 16
14 73.1 0] 64 5447 22
15 73.1 0] 65 5447 41
16 73.1 0] 66 5447 90
17 73.1 0 67 5447 100
18 73.1 o] 68 5447 100
19 73.1 [¢] 69 5447 100
20 73.1 0] 70 5447 100
21 219.3 0] 71 6287.8 0]

22 219.3 0] 72 6287.8 (0]

23 219.3 0] 73 6287.8 8

24 219.3 0 74 6287.8 100
25 219.3 0 75 6287.8 100
26 219.3 0 76 6287.8 100
27 219.3 [0] 77 6287.8 100
28 219.3 0] 78 6287.8 100
29 219.3 0] 79 6287.8 100
30 219.3 4 80 6287.8 100
31 438.7 0 81 7835.4 100
32 438.7 0 82 7835.4 100
33 438.7 0 83 7835.4 100
34 438.7 0 84 7835.4 100
35 438.7 0] 85 7835.4 100
36 438.7 0] 86 7835.4 100
37 438.7 0] 87 7835.4 100
38 438.7 0 88 7835.4 100
39 438.7 [¢] 89 7835.4 100
40 438.7 0 90 7835.4 100
41 3265.8 0 91 10187.3 100
42 3265.8 0] 92 10187.3 100
43 3265.8 0] 93 10187.3 100
44 3265.8 0] 94 10187.3 100
45 3265.8 0] 95 10187.3 100
46 3265.8 0 96 10187.3 100
47 3265.8 0 97 10187.3 100
48 3265.8 0 98 10187.3 100
49 3265.8 20 99 10187.3 100
50 3265.8 20 100 10187.3 100
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Table 10. Dose-response recovery times of G. mellonella larvae in response to prophylactic and therapeutic

treatment with Au(l) complexes auro-bisthiosulfate (AuTS, (25 mg/kg), sodium aurothiomalate (AuTM, 1

g/kg), and aurothioglucose (AuTG, 1 g/kg).
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No
Treatment
Control

PBS
Injection
Control

AuTM
Injection
Control
(1000ppm)

AuTG
Injection
Control
(1000ppm)

AuTS
Injection
Control
(25ppm)

PH, 4300
(¥700)
ppmemin

Prophylactic
PBS

Post
Exposure
PBS

Prophylactic
AuTM
(1000ppm)

Prophylactic|
AuTG
(1000ppm)

Prophylactic
AuTS
(25ppm)

Post
Exposure
AuTM
(1000ppm)

Post
Exposure
AuTG
(1000ppm)

Post
Exposure
AuTS
(25ppm)

H,SO,
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Raw data for the pole climbing assessment of phosphine intoxicated mice (see METHODS for
details) establishing prophylactic and therapeutic responses using auro-bisthiosulfate (AuTS, 50
mg/kg) (see Figure 13).

Table 11. Raw data of the responses of phosphine-intoxicated male mice and the putative antidote AuTS as

determined by a pole-climbing test (as shown in Figure 13).

Pole Test Score at Time Point
Time
(min) 10 20 30 60 90 120
mouse 1 3 3 3 3 3 3
-5 min mouse 2 3 3 3 3 3 3
mouse 3 3 3 3 3 3 3
mouse 4 3 3 3 3 3 3
+ 1 min mouse 5 1 1 2 2 1 2
mouse 6 1 1 1 1 1 1
mouse 7 2 2 3 3 3 3
mouse 8 1 1 1 1 1 1
controls mouse 9 1 3 3 3 3 3
moue 10 1 1 1 1 1 1
mouse 11 2 2 1 2 2 3
mouse 12 0 0 0 0 0 0
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Table 12. Dose-response recovery times of G. mellonella larvae in response to prophylactic and therapeutic

treatment with Ag(l) complexes as shown in Figure 14.
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Table 13. Dose-response recovery times of G. mellonella larvae in response to therapeutic treatment with
Sodium Thiosulfate, Calix[4]arene sulfonate tetrasodium, and a 1:2 Calix[4]arene and Ag(l) Nitrate mixture

as shown in Figure 15.

5 mg/kg
No PH, HEPES Sgor:ii/rlr:g > me/ke Calix{4Jarene Sgo:ii/r';g > me/ke Calix[sll]rzfé:i +10
Treatment . Calix[4]arene +10 mg/kg R Calix[4]arene
Control Control Control Thiosulfate Control Ag(l) Nitrate Thiosulfate Treatment ' mg/kg Ag(l)
Control Treatment Treatment Nitrate Treatment

0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 9 0
0 0 0 0 0 0 0 12 0
0 0 0 0 0 0 0 28 0
0 0 0 0 0 0 0 33 8
0 0 0 0 0 0 0 38 13
0 0 0 0 0 0 0 41 17
0 0 0 0 0 0 0 46 17
0 0 0 0 0 0 0 52 20
0 0 0 0 0 0 0 59 22
0 0 0 0 0 0 0 72 28
0 0 0 0 0 0 0 77 29
0 0 0 0 0 0 0 96 40
0 0 0 2 0 0 8 100 45
0 0 0 14 0 0 12 110 47
0 0 0 0 0 12 118 49
0 0 0 0 0 13 120 55
0 0 0 0 0 22 120 58
0 0 0 0 0 26 120 59
0 0 0 0 0 41 120 80
0 0 0 0 0 47 120 93
0 0 0 0 0 56 120 118
0 0 0 0 0 76 120 120
0 0 0 0 0 85 120 120
0 0 0 0 0 120 120 120

0 0 0 120 120

0 0 0 120 120

0 0 0 120 120

0 0 0 120 120

0 0 0 120 120

0 0 0 120 120

0 0 0 120 120

0 0 0 120 120

0 0 0 120 120

8 0 0 120 120

11 0 0

12 0 0

12 0 0

12 0 0

14 0 0

15 0 0

17 0 0

18 0 0

18 0 0

22 0 0
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22
23
26
29
31
32
33
35
42
43
43
43
46
50
50
55
55
64
66
76
77
78
80
83
109
113
120
120
120
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120
120
120
120
120
120
120
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Table 14. Dose-response recovery times of G. mellonella larvae in response to therapeutic treatment

Hydroxocobalamin, Co(l11)N4[14], and Co(11)N4[11.3.1] as shown in Figure 17.*

28

82 mg/kg 31 mg/kg 82 mg/kg 31 mg/kg 28 me/kg
PBS ) mg/kg . CoNa
Control Hydroxocobalamin CoNa[14] CoN4 Hydroxocobalamin CoNa[14] (11.3.1]
Control [11.3.1] Treatment Treatment
Control Treatment
Control
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
3 0 0 0 0 0
0 0 0 0 6 0
0 0 0 5 10 0
0 0 0 9 10 0
0 0 0 10 12 0
0 0 0 10 13 0
0 0 0 14 13 0
0 0 0 15 14 0
0 0 0 15 14 0
0 0 1 22 16 0
0 0 0 25 18 0
0 0 0 25 20 0
0 0 0 27 21 7
0 0 0 30 23 10
0 0 0 49 23 12
0 0 0 50 25 13
0 0 0 58 27 16
0 0 0 60 50 16
0 0 0 120 57 28
0 0 0 120 62 120
0 0 0 120 120
0 0 0 120 120
0 0 0 120 120
0 0 0 120 120
0 0 0 120 120
0 0 0 120 120
0 0 0 120 120
0 0 0 120 120
0 0 0 120 120
0 0 0 120
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0
0
0
0
0
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*Experiments were performed along with those with Ag(l) compounds and these groups were compared to untreated
and PH3 exposed groups listed in Table 12.
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Table 15. Raw data of the responses of phosphine-intoxicated mice and those treated with 7.5 mg/kg Ag(l)

lactate 5 minutes before exposure, as determined by a pole-climbing test, data shown in Figure 18.

Pole Test Score at Time Point Pole Test Score at Time Point

Time | n 10 20 30 40 50 60 Time | 5 19 20 30 40 50 60

(min) (min)

M1|3 3 3 3 3 3 3 Mo [1 1 1 1 1 1 1
2E(mM2|3 3 3 3 3 3 3 Mi0l1 1 3 3 3 3 3
+— E J—

3 ZiM3|1 11 1 1 1 18 mMuIj1 2 1 1 1 1 1

=Z=o/mMalo0o o 1 1 1 1 1]/ §|M12/0 o0 0o 0 o0 0 0

<°t° o o

»E|M5[3 3 2 2 2 2 3|/%|M13/0 0 0 0 O 0 O

~ =

Pelme |2 2 2 2 2 1 1| &|mual2 11 1 1 1 1

(40}

(V)

28mM7 |1 2 2 1 2 1 1 M50 0 0 0 0 0 0
M8 |1 2 1 1 1 1 3 Mi6|1 2 3 3 3 3 3

Table 16. Raw data of the responses of phosphine-intoxicated mice and those treated with 28 mg/kg

Co(I1)N4[11.3.1] 5 minutes before or immediately after PHs exposure, as determined by a pole-climbing test,

data shown in Figure 19.

Pole Test Score at Time Point Pole Test Score at Time Point

(T':‘:ne) 0 10 20 30 40 50 60 (T;T:) 0 10 20 30 40 50 60

M1|/0 0O O O O 1 1 M15 |0 O O 0 O 0 0
To./M2(3 3 3 3 3 3 3 M16 [ 2 2 2 2 2 1 1
238 m3 |1 0 0o 1 1 1 1 MI9 |0 0 0 0 0 0 O
£ S = M4 1 1 1 1 1 1 M 20 1 1 1 1 1 1
X E S| M5 2 2 2 1 1 1| ,| M2 3 2 3 3 2 2
S*I'mMe |1 1 1 1 1 1 1|8|lM24]0 1 1 1 1 1 0
M7 |1 1 1 1 1 1 1 § M2s |1 1 1 1 1 1 1

M8 |3 1 1 1 1 1 1/|g|M17|3 3 3 2 1 1 1
So/M9f1 2 1 1 1 1 of|E|M18[3 1 1 1 1 1 1
g ; ‘% M10/3 1 1 1 2 1 2 |%|mM2|1 0o 0o o 1 1 1
g g/mM11(3 3 2 3 3 3 3 M23 |3 2 2 3 2 3 3
®¥Sg/M12{2 1 1 1 1 1 1 M26 |1 0o 0 O o0 1 1
SFimM1|1 1 1 1 1 1 1 M27 |1 1 1 1 1 1 1
M14|1 o o0 1 1 1 1 M28 |1 1 0 0 1 0 0O
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INTRODUCTION

Most azide poisonings are either accidental or suicide attempts, but there also seem to have
been at least half a dozen reported instances of malicious injury to others caused by spiking
beverages with azide in Japan [200] and the U.S. [201-203]. The symptoms of acute azide (N3’
intoxication are similar to those induced by cyanide (CN") [204, 205], and, analogous to cyanide,
azide is known to be an inhibitor of the mitochondrial electron transport system, specifically at
cytochrome c oxidase (complex 1V) [206-208]. Unlike cyanide, however, there is no antidote for
azide poisoning, either approved or off-label, currently available. Given the similarity in action of
these two toxicants, conventional remedies for cyanide poisoning, such as nitrite/thiosulfate or
hydroxocobalamin, might reasonably be expected to be of benefits for treating azide toxicity.
Curiously, however, it seems that no cyanide antidote has so far been shown to produce any
substantial or convincing amelioration of azide toxicity [209, 210].

Recently, we have demonstrated a cobalt containing Schiff-base macrocyclic compound,
Co(Il)-2,12-dimethyl-3,7,11,17-tetraazabicyclo[11.3.1]heptadeca-1(17)2,11,13,15-pentaenyl
dibromide (Co(11)N4[11.3.1]), to be an effective cyanide scavenger in mice [14, 15]. Here, we
explore whether CoN4[11.3.1] might also be an efficacious antidote toward azide toxicity by virtue
of its anionic ligand-binding (scavenging) capability. The Kinetics of the reaction between azide
anion and the complex have been investigated at physiologically relevant pH and temperature by
stopped-flow spectrophotometry. The possible interference that oxygen may have on the azide-
scavenging reaction has also been examined. Lastly, as a proof-of-principle exercise, the potential
utility of CoN4[11.3.1] as an antidotal therapeutic for azide poisoning has been briefly investigated

in sublethally intoxicated mice.
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EXPERIMENTAL SECTION

Chemicals

All reagents were ACS grade, or better, used without further purification, and, unless stated
to the contrary, obtained from Fisher or Sigma-Aldrich. Sodium dithionite (87% minimum by
assay) was purchased from EMD Chemicals Inc. Argon gas (99.998%) and oxygen gas (99.997%)
were acquired from Matheson Inc. Phosphate buffer (0.1 M) was prepared by mixing an
appropriate volume of 0.1 M sodium phosphate monobasic (NaH2PO4) and 0.1 M sodium
phosphate dibasic (NaH2PO4) to make buffers at the desired pH, ranging from 6 to 8.5. To prepare
NaNs3 solutions, weighed quantities of the salt were dissolved in 0.1 M phosphate buffer at the
desired pH in septum-sealed vials with minimal headspace. To maintain ionic strength when
required, sodium nitrate was added to phosphate buffer. Deoxygenated solutions were prepared
under argon using either an Omni-Lab glovebox (Vacuum Atmospheres) operating at <0.3 ppm

O> or a Schlenk line.

Synthesis of Co(I1)N4[11.3.1]

Co(I1)N4[11.3.1] (cobalt(I1)2,12-dimethyl-3,7,11,17-tetraazabicyclo-[11.3.1]-heptadeca-
1(17)-2,11,13,15-pentaenyl dibromide) was prepared by the method of Long and Busch [211], as
adapted by Lacy et al [212]. Briefly, CoBr2 (1.35 g, 6.17 mmol) and 2,6-diacetylpyridine (1.00 g,
6.13 mmol) were dissolved in 20 mL of deoxygenated ethanol at room temperature under argon,
followed by the addition of 0.5 mL of water, and then, over the course of several min, degassed
3,3’-diaminodipropylamine (0.857 mL, 6.13 mmol) was added dropwise. The initial blue-green
color of the CoBr» and 2,6-diacetylpyridine mixture gradually turned to dark red upon addition of

the amine. Next, a small amount of glacial acetic (1 pL) was introduced before stirring at 50 °C
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for 12 h. Upon cooling, the reaction mixture was transferred to a glovebox (argon atmosphere,
<0.5 ppm of Oz, ~4 ppm H20) and filtered through a fritted-glass funnel to obtain a pure solid. The
product was washed with ethyl acetate and left to dry over phosphorous pentoxide for 24 hr.
Elemental analysis (Atlantic Microlab): calculated for CisH22N4Br.Co, 33.76% C, 4.65% H,

11.74% N, 33.50% Br; found 37.66% C, 4.67% H, 11.62% N, 22.16% Br.

Azide binding equilibria

Azide-binding stoichiometry and equilibria were studied under either aerobic or anaerobic
(under argon) conditions in capped (septum-sealed, with head volumes minimized) vessels.
Transfers were made with gastight syringes and careful mixing to ensure the complete dissolution
of sodium azide. Small aliquots of concentrated azide solutions were titrated into larger volumes
of relatively dilute solutions of Co(ll1/111)N4[11.3.1] (in freshly made 0.1 M phosphate-buffer, pH
7.4) at 25 °C. The method of continuous variation, also known as Job’s method [213-215], was
used to determine the stoichiometry of azide binding. Briefly, the total concentrations of azide plus
Co(l1/111)N4[11.3.1] were held constant, but the relative proportions of azide and
Co(I1/111)N4[11.3.1] were varied, while absorbance changes were monitored at 460 nm. [In fact,
because these particular measurements involved weak chromophores, we adopted a small
modification of the basic method in which absorption difference spectra were recorded,;
specifically, complex plus azide (sample) minus azide-free complex (reference). This approach
necessitates the slight procedural complication of having to make a fresh blank (reference)
containing the same total concentration of the cobalt compound as was present in the sample for
each individual point on the Job plot.] The change in absorbance of the Co(11/111)N4[11.3.1](N3)

compound (normalized) is plotted (ordinate) versus the volume fraction of Co(ll), Co(lll), or
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Cu(ll), Xa=[A]/([A]+[B]) (abscissa). The maximum change in absorbance is found at an Xa value
corresponding to the binding stoichiometry of the complex formed: 0.5 for a 1:1 binding of
Co(l1/111)N4[11.3.1] and azide, and 0.33 for a 1:2 ratio of Co(ll/I111)N4[11.3.1] and azide. When a
signal was present, the quantitative EPR data (see below) were employed to calculate estimates

for association constants.

Animals, exposure, and blood collection

Animal procedures were approved by the University of Pittsburgh Institutional Animal
Care and Use Committee (Protocol No. 16088947), and veterinary care was provided by the
Division of Laboratory Animal Research of the University of Pittsburgh. Mice, 12-16 week old
male Swiss-Webster (CFW) weighing 30-40 g, were purchased from Taconic (Hudson, NY) and
were housed four per cage. Upon arrival, the mice were allowed to adapt to their new environment
for 2 weeks with access to food and water ad libitum prior to experiments. A series of trials
determining the level of sodium azide that caused a reproducible impairment of the mice without
death was performed, administering solutions (toxicant and control saline) through ~0.1 mL
intraperitoneal (ip) injections. All solutions were prepared by dilution into sterilized saline in
septum-sealed vials, and gastight syringes were used for all transfers. Groups of at least six mice

were tested for each experimental point.

Righting-recovery testing
Following the administration of toxicant, the time required for recovery of righting ability
in mice was determined adopting the procedure of Cambal et al [176, 216], a simpler variation of

the righting-reflex method described by Crankshaw et al [217]. After injection (ip) of sodium azide
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(26 mg/kg), mice were placed in a dark but transparent plastic tube (Kaytee CritterTrail, available
from pet stores) in supine position. The time from the toxicant injection until the mice flipped from

the supine to prone position in the plastic tube was taken as the end point (righting-recovery time).

Stopped-flow kinetics

The rapid kinetic experiments were carried out in both multiple (photodiode array, PDA)
and single wavelength absorbance (photomultiplier tube, PMT) modes using an SX.18MV-R
stopped-flow spectrophotometer, manufactured by Applied Photophysics Ltd. The reaction
temperature was controlled using an Isotemp 2100 thermostat (Fisher Scientific). At least three
data sets were collected for each set of kinetic conditions and subsequently averaged. Upon
changing any reagent concentration, the stopped-flow instrument was flushed out at least five
times before data were recorded to ensure that the previous reagents remaining in the reaction
chamber were completely removed before the next set of reactions started. Pseudo-first-order
conditions were employed to obtain the observed rates, kobs. Rate constants (k) were determined
from the slope of the linear relationship between kons and the flooding reagent. All kinetic data
were analyzed and modeled using Pro-K and SX.18MV software programs, supplied by the
manufacturer. Stopped-flow experiments with oxygen employed phosphate buffer solutions
saturated with 99% oxygen (exposed to 1 atm oxygen for 2 h) resulting in solutions with oxygen
concentrations of 1 mM [189]. Anaerobic experiments were performed in buffers flushed with
argon and drive syringes were filled with reagents in the glovebox. The stopped-flow syringe
assembly was fitted with an argon-flushed manifold to prevent any inadvertent leakage of air

around the pistons (plungers).
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Electron paramagnetic resonance (EPR) spectroscopy

X-band (9 GHz) EPR spectra were recorded on a Bruker ESP 300 spectrometer equipped
with an ESR 910 flow cryostat (oxford Instruments) for ultralow-temperature measurements at
Carnegie Mellon University. SpinCount software used to analyze the EPR spectra was 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 Cu(ll)
(EDTA) spin standard of known concentration. EPR samples were prepared by combining
buffered solutions of Co(11/111)N4[11.3.1] and sodium azide in the requisite stoichiometric ratios,
loading the samples into quartz EPR tubes and freezing in liquid nitrogen for subsequent analysis

within 10 min of mixing. Anaerobic samples were prepared in the glovebox.

Other instrumentation

Electron absorption spectra were recorded using Shimadzu UV-1650PC and UV-2501PC
spectrophotometers. The concentrations of oxygen solutions in sodium phosphate buffer, pH 7.4,
were generally calculated from Henry’s law. In a limited number of cases, the oxygen
concentration was verified by measurement with a Clark-type electrode housed in an Oxygraph
02k polarographic instrument (Oroboros, Innsbruck, Austria). Infrared (IR) spectroscopy was
performed using a Nicolet 6700 FT-IR spectrometer. Samples for solution IR were prepared and

loaded into a liquid transmission cell in an anaerobic glovebox (<0.5 ppm O in argon). Solid
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samples for IR spectroscopy in the attenuated total reflectance (ATR) mode were also prepared

anaerobically in the glovebox by drying solutions onto microscope slides over P20s.

Data analysis
Data obtained from titrations and animal experiments were analyzed using KaleidaGraph
software v. 4.5.1. Statistical significance was determined by a p-value < 0.05. Data are reported as

means * standard deviation (SD).
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RESULTS
Azide binding to CoN4[11.3.1]

The addition of Co(Il)N4[11.3.1] to mouse blood was previously shown to result in its
reduction to the Co(ll) form [15]. We, therefore, studied the stoichiometry and determined the
equilibrium constant for the binding of azide to Co(l1)N4[11.3.1]. The electronic absorption
spectrum of Co(11)N4[11.3.1] exhibits a broad band in the visible region with a maximum at 460
nm (Figure 28, solid trace) and no readily detectible features in the 750-110 nm range (not shown).
This type of spectrum is suggestive of some combination of nitrogen and oxygen donors in roughly
octahedral geometry, as would be provided by the near square-planar arrangement of four aza
groups in the macrocycle plus two axial aquo ligands. Following the anaerobic addition of excess
sodium azide (0.1 M phosphate buffer, pH 7.4), the absorption maximum shifts to ~475 nm with
slight loss of intensity (Figure 28, broken trace). These spectra are consistent with the observed
transitions being largely d-d in origin, and, importantly, their similarity is not suggestive of much
change in net ligand geometry around the central Co(ll) ion upon binding azide. When excess
azide was added to Co(I11)N4[11.3.1] in the presence of oxygen, the spectrum obtained displayed
significantly reduced absorption intensity throughout most of the visible region (Figure 28, dotte-
dashed trace) in keeping with the typically weak d-d spectra of Co(l1l) compounds. The absorption
spectrum of azide-free Co(l11)N4[11.3.1], demonstrating a similar lack of distinct features in the
visible region, is shown for comparison (Figure 28, dotted trace). The five-fold more intense band
at 350 nm in the azide adduct, formed under aerobic conditions (Figure 28, dot-dashed trace) is
presumably more charge-transfer (ligand-to-metal) in nature than the visible region bands in these
spectra. Overall, these data suggest that in the presence of oxygen, the binding of azide to

Co(11)N4[11.3.1] results in oxidation of the cobalt to a Co(l1l) form. The conversions of an ititally
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Co(Il) species to a Co(lll)-containing azide adduct under aerobic conditions was subsequently

confirmed by EPR measurements (see further).

—cCo'N, [11.3.1]

- —co'N [11.3.1] + 100x N,

TV 3
Co'N, [11.3.1]

—-c:o”N4 [11.3.1] + 100x N, 1

1.0

e
O 0 '------::i??

300 400 500 600 700
Wavelength (nm)

Figure 28. Electronic absorption spectra of CoN4[11.3.1] and azide adducts in 0.1 M phosphate buffer, pH 7.4.
Co(I11)N4[11.3.1] (0.5 mM, solid line), addition of 100-fold excess sodium azide (50 mM) under anaerobic
conditions (dashed line). Co(I11)N4[11.3.1] (0.5 mM, dotted line), addition of 100-fold excess sodium azide (50 mM)
under aerobic conditons (dot-dashed line). Inset: Enlarged spectra of Co(11)N4[11.3.1] and Co(I11)N4[11.3.1], both

+100-fold excess sodium azide. Spectra were recorded in 1.00 cm path length cuvettes at 25 °C versus buffer blanks.

While the electronic spectral changes indicated that azide bound to Co(11)N4[11.3.1], the
stoichiometry remained unresolved. Job’s method has been used for over a century to determine
molecular associations such as acid-base equilibria, transition metal coordination, host-guest

association, etc. Briefly, the mole fraction of a single component of a two-component system can

129



be plotted versus some physical property, commonly absorbance, which linearly relates to the
formation of a complex. This presentation is often called a Job plot [213-215]. As a positive
control, we applied a minor variation of the method to a system containing similarly weak
chromophores to the cobalt complexes we intended to investigate further. Formation of the
Cu(INEDTA complex was monitored by absorption difference spectroscopy monitoring the peak-
to-trough changes at 723 and 500 nm (

Figure 29A). This well-known 1:1 complex gave a maximal absorption difference at the
volume fraction of 0.5, confirming the expected 1 Cu(ll):1 EDTA stoichiometry. In addition, the
well-defined apex of the plot (rather than something more curved in the vicinity of the maximum)
indicates a large binding constant [213]. When the same approach was applied to the anaerobic
binding of azide to Co(l1)N4[11.3.1] (monitoring the change in absorbance at 460 nm), the
maximum was poorly determined, presumably due to an indifferent association constant in
conjunction with small changes in absorbance (Figure 28, inset). Thus, the binding stoichiometry
was inconclusively defined (Figure29B). In an analogous experiment was carried out in the
presence of oxygen, the resulting Job plot was found to exhibit a maximum at a volume fraction

of 0.6 (Figure29C). This result best fits a 1:1 stoichiometry.
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Figure 29. Job plots of Cu(I1)SO4/EDTA, Co(I1)N4[11.3.1]/sodium azide, and Co(I11)N4[11.3.1]/sodium azide
using the method of continuous variations.

(A) Cu(INSO4 (5 mM) added to Na.EDTA (5 mM) in 0.025 M acetate buffer, pH 4.7, at the ratios indicated. (B).
Co(I11)N4[11.3.1] (0.5 mM) added to sodium azide (0.5 mM) in the presence of 5 mM sodium ascorbate in 0.1 M
sodium phosphate, pH 7.4, under aerobic conditions at the ratios indicated. (C) Co(I11)N4[11.3.1] (0.5 mM) added to
sodium azide (0.5 mM) in sodium phosphate, pH 7.4, under aerobic conditions at the ratios indicated. The
intersection of linear fits to the data represent the volume fraction (Xa=[A]/([A]+[B])) of host corresponding to its

binding ratio with the ligand. Dashed lines indicate 1:! Ratio of ligand to complex (see section 0 for details).

To verify the binding of a single azide anion to the reduced cobalt complex, an approach
using IR spectroscopy was adopted, taking advantage of both a transmission window in the IR
spectrum of solvent water and the absence of any bands arising from the CoN4[11.3.1] macrocycle
in that region of the spectrum where some characteristic azide transitions (asymmetric stretches)
are to be found (2000-2200 cm™) [218]. All measurements shown were performed on samples of
the reduced complex prepared/loaded anaerobically (Figure 30). The aqueous solution IR spectrum
of Co(I1)N4[11.3.1] in the presence of a substoichiometric amount of azide, 0.5:1, showed only a

single transition at 2036 cm™ in the accessible range (Figure 30A, solid trace), indicating a single
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azide anion bound to the cobalt complex. Increasing the relative quantity of azide in the sample
(3:1, azide:Co(I1)N4[11.3.1]) resulted in the single peak becoming broadened and shifting to 2048
cm™? (indicated by the dashed line). E conclude that only one azide anion is bound to
Co(I1)N4[11.3.1] in aqueous solution and interpret the dot-dash trace (Figure 30A) to be a
superimposition of the signals due to Co(lI)N4[11.3.1](Ns™) and free azide. When prepared as
slowly dried solid films, the IR spectra show that two transitions are now observable in this region
of the spectrum located at 2134 and 2008 cm™ (Figure 30B). All these signals have been confirmed
to be associated with the azide/azido anion/ligand by obtaining spectra for the N-substituted
analogs in which they shifted to lower energies (not shown). As the ratio of azide to
Co(I1)N4[11.3.1] in samples was increased from 0.5-1 (solid trace) to 1:1 (dotted trace) to 3:1 (dot-
dash trace), the intensity of the 2008 cm™ band decreased relative to the 2134 cm™ band, and the
underlying spectrum of free azide (now located at 2105 cm™ in the solid films) started to become
evident (position of maximum indicated by vertical broken line). The simplest interpretation of
these findings is that the 2008 cm™ band is associated with the Co(11)N4[11.3.1](N3") species in
the solid and the 2134 cm™ band arises from a diazido adduct or some bridged species. Further
unambiguous clarification of this matter would require experiments with isotopically scrambled
ligands (like ¥N-*N->N") but, fortunately, this is not necessary for present purposes. Clearly, in
comparison with the solution spectra (Figure 30A), the IR spectra of the solid films (Figure 30B)
(i) indicate that loss of solvent leads to change in (axial) coordination of the cobalt ion; (ii) provide
an example of what the spectrum can be expected to look like with more than one azido ligand
bound; and thereby (iii) give reassurance that, in aqueous solution, the Co(ll) compound only binds

a single azido ligand.
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Figure 30. FT-IR spectra of Co(11)N4[11.3.1] titrated with sodium azide.

(A) Transmission spectra of aqueous samples, 0.025 mm path lengths, containing 100 mM Co(l11)N4[11.3.1] and
sodium azide at 50 mM (solid trace) or 300 mM (dotted trace). (B) ATR spectra of solid samples prepared as dried
films on glass slides containing azide:cobalt(l1) in the following ratios: 0.5:1 (solid trace); 1:! (dotted trace); 3:1
(dot-dashed trace). The frequencies of uncomplexed azide (sodium salt) transitions are indicated by the vertical

dashed lines.

Co(I1)N4[11.3.1] has an EPR spectrum typical of S = % Co(ll) complexes (d’) having an
axis of symmetry with g; < gLand exhibiting signals near 3300 G (Figure 31A). We can observe a
series of features on top of the main signal (crossover at 3085 G) consisting of eight hyperfine
lines resulting from the interaction of the unpaired electron (d’) with the *°Co nucleus (I = 7/2).
Following the addition of increasing amounts of azide to the initial sample, a new EPR signal
begins to become apparent (Figure 31B, C, and D) finally resulting in a spectrum with the main

crossover feature at 3121 gauss (Figure 31E), a small (36 gauss) but highly reproducible shift.
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Figure 31. X-band EPR spectra at 20 K of Co(I1)N4[11.3.1] titrated with sodium azide.
Samples were prepared anaerobically at room temperature before freezing in liquid nitrogen. (A) Co(I1)N4[11.3.1]
(0.063 mM) control; (B-E) with increasing amounts of sodium azide (5-100-fold excess) over the cobalt complex

concentration. EPR sconditions: 9.8 G modulation amplitude, 63.2 yW microwave power.

In agreement with the electronic spectral findings (Figure 28), the subtlety of these EPR
changes suggest that approximately octahedral ligand geometry is maintained around the central
Co(ll) ion upon azide binding. Even when a 100-fold excess of azide was added to
Co(11)N4[11.3.1], the EPR signal obtained did not significantly change from that observed with a
10-fold excess of sodium azide (Figure 31E). When this sample was exposed to oxygen, the signal
disappeared, demonstrating the formation of an EPR-silent Co(I11)N4[11.3.1[ azide compound
(data not shown). The concentrations of the Co(l11)N4[11.3.1] sample and the fully formed
Co(11)N4[11.3.1](N3") were determined by double integration of the signals with reference to a

Cu(IEDTA standard using the program SpinCount and found to be within 90% of the calculated
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concentrations, that is, 63 uM. The concentrations of the azide-free and azide-bound signals could
be determined by combining the two EPR and Co(l1)N4[11.3.1] signals arising from the fully
formed Co(11)N4[11.3.1](N3") and Co(l)N4[11.3.1] in the samples and matching to the
intermediary spectra (Figure 31B, C, and D). This procedure enabled us to quantify concentrations
of the Co(ll) species present without any interference from small amounts of Co(lll), thereby
overcoming a significant interference that prevented using electron absorption data to evaluate the

azide binding constant. The equilibrium constant (K) was determined using the following equation:

_ [Co""N4[11.3.1](N5)]
~ [co'N,[11.3.1]][NaN;]

The concentrations of both cobalt complexes were determined by EPR, and the free azide
concentration was calculated by subtracting the amount of bound azide bound from the initial
(total) concentration. The equilibrium (association) constant, K, for azide binding to
Co(1)N4[11.3.1] was then calculated to be ~10* (M™). This is likely to be an overestimate
compared to the value under standard conditions because of the manner in which the EPR samples
were prepared (i.e., frozen in liquid N2). The IR spectra lacked the necessary resolution (Figure
30A), and the visible region absorbance changes were too small (Figure 28 and

Figure 29B) for entirely satisfactory determinations of the association constant.
Nevertheless, rough estimates of the ratios of azide to Co(I1)N4[11.3.1] at which the reactions
could be judged to be ~50% (or ~90%) complete in the experiments with unfrozen solutions
suggest that estimates for the association constant should be in the range of 102-10® (M) with

respect to ambient temperatures.
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As the oxidation of Co(ll) to Co(lll) decreases the lability of the cobalt compound and its
ability to exchange ligands, a titration of Co(l1)N4[11.3.1] with azide in the presence of oxygen
was carried out and analyzed using the Hill equation. A Hill plot of this titration data (log Y = n
log [azide] — n log Ka, where Y represents the fractional saturation) resulted in a Hill coefficient
(n) of 1.92 (Figure 32). The Hill coefficient of ~2 suggests that there is some type of cooperativity
occurring during this reaction, involving at least two processes to which the electronic spectral
changes are sensitive. Since the titration monitored the extent of oxygen-dependent oxidation in
response to azide addition, the simplest interpretation of the cooperativity is that the binding of an

axial ligand to Co(I1)N4[11.3.1] activates the complex to react with oxygen.
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Figure 32. Hill plot of the titration of 0.5 mM Co(11)N4[11.3.1] with sodium azide following absorbance
changes at 360 nm.
The solid line represents a linear least-squares fit of the Hill equation (log Y = n log [azide] — n log Ka, where Y

represents the fractional saturation determined from the absorbance data) with n = 1.92.
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Kinetics of reaction of azide with Co(I1)N4[11.3.1]

The kinetics of association between azide and the reduced cobalt complex were studied
under anaerobic conditions (pH 7.4, 0.1 M sodium phosphate) by following the absorbance
changes at 460 nm (absorption maximum of Co(ll)N4[11.3.1]) using stopped-flow
spectrophotometry at 25 and 37 °C. The results were indicative of three phases: | (fast, Figure

33A); Il (intermediate, Figure 33B), and 111 (slow, not shown).
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Figure 33. Representative stopped flow kinetics of the reaction of Co(I11)N4[11.3.1] with sodium azide under
pseudo-first order conditions.
The reaction was followed anaerobically at 460 nm under the following conditions: 0.3 mM Co(I1)N,[11.3.1], 15
mM (50-fold excess) NaNs, 0.1 M phosphate buffer, pH 7.4, 25 °C. The absorption at 460 nm was shown to (A) first
increase over a one second time frame and then (B) decrease afterward over a 500 s runtime. Symbols represent the
collected data with solid lines showing the single exponential fits to the data. All concentrations given are those

obtained after mixing.
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We first consider phase 1l that accounted for ~70% of the absorbance change at 460 nm
and, therefore, represents the major process observed. Phase Il was observed to be linear with
respect to both the concentration of azide and the concentration of the cobalt complex (

Figure 34A,B). Second-order rate constants (designated kz) of 29 (+4) Ms* at 25 °C and
70 (x10) M s at 37 °C were determined for this phase. To verify the lack of any significant pH
dependence of the reaction around neutrality, additional experiments at pH values of 6.4 (

Figure 34A, open circle) and 8.5 (

Figure 34, open square) were undertaken and the resulting rates were found to be identical
to that observed at pH 7.4 (

Figure 34, solid circles). As the pKa for azide is 4.72, greater than 97% of the total azide in
solution is in the anionic form (N3’ at pH values above 6.4. Thus, as expected, the kinetic results
are consistent with the unprotonated azide ion being the reacting species.

The fast phase | coincided with a small absorbance increase at 460 nm and was dependent
on both the azide concentration and the square of the cobalt compound concentration (Figure 34

C, D). This initial phase was also independent of pH between 6.4 (Figure 34C, open circles)
and 8.5 (Figure 34C, open squares) confirming the azide anion to be the attacking species. Phase
I and 1l represent two distinct pathways to the final product, but because phase I is associated with
relatively small absorbance changes and occurred partly in the instrument dead time, it was
difficult to monitor and we did not attempt a thorough examination of this phase. The rate constant
for phase Il (above) provides the information of primary concern to the current study, namely, the

lower limit of the rate at which Co(l11)N4[11.3.1] binds azide.
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The slow phase 11 also exhibited a small decrease in absorbance at 460 nm (only a few

percent change compared to phase Il). Interestingly, this fnal phase was linearly dependent on the

square root of the azide concentration (Figure 34E)

When the reaction between azide and Co(l1)N4[11.3.1] was carried out aerobically, the

presence of oxygen appeared to have no impact on phases | or Il. Phase Il was masked by the

relatively slow oxidation reactions described below, so it is unclear if it was affected.
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Figure 34. Stopped-flow kinetics of the reaction of sodium azide with Co(I1)N4[11.3.1] under pseudo-first

order conditions at 25 °C.

Three phases (fast, kq; intermediate, k»; and slow, ks) were followed anaerobically under pseudo first-order

conditions at 460 nm in 0.1 M potassum phosphate buffer (pH 6.4, 7.4, or 8.5) at 25 °C with excess sodium azide

(1.5-15 mM) and Co(11)N4[11.3.1] (0.1-0.5 mM). The observed rates were then plotted versus either the azide

concentrations or the Co(l1)N4[11.3.1] concentrations. All concentrations given are those obtained after mixing.
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Plots shown are (A) intermediate phase, k, varying azide with Co(l11)N4[11.3.1] = 0.15 mM, (B) intermediate phase,
ko, varying Co(Il)N4[11.3.1], with azide = 15 mM, (C) fast phase, kv varying azide concentration with
Co(I1)N4[11.3.1] = 0.15 mM (D) fast phase, ki, varying Co(I1)N4[11.3.1] concentration with azide = 15 mM, and (E)

slow phase varying azide in the presence of 0.15 mM Co(l11)N4[11.3.1].

The oxidation of Co(I1)N4[11.3.1](N3") to Co(I11)N4[11.3.1](Nz3") in the presence of excess
oxygen (pseudo first-order conditions) exhibited biphasic kinetics. Both phases were oxygen
dependent (Figure 35 A,B), but the faster phase was linearly dependent on the square of the oxygen
concentration (Figure 35A) with calculated rate constants of 3.0 (+0.1) x 10*M2 s and 130 (+13)
M7 s In contrast, the reaction of azide-free Co(l1)N4[11.3.1] with oxygen was significantly
slower, 0.5 (+0.1) M s, with only one significant phase observed [98]. Both oxidation processes
appear to be somewhat complicated and warrant further study. Most importantly, however, with
regard to the present investigation, the oxidation of the cobalt-azide complex is at least two orders

of magnitude faster than the oxidation of the azide-free cobalt complex.
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Figure 35. Stopped flow kinetics of the reaction of oxygen with Co(11)N4[11.3.1](N3s") under pseudo-first order
conditions at 25 °C.

Saturated oxygen buffer (0.1 M sodium phosphate, pH 7.4) and oxygen saturated buffer diluted into argon saturated

buffer were rapidly mixed with Co(I1)N4[11.3.1](N3s") (0.05 mM after mixing with a 100-fold ecess of sodium azide)

and the reaction followed at 350 nm. The observed rates are plotted versus the final oxygen concentrations (0.28-0.5

140



mM). The observed rates are plotted versus the final oxygen concentrations (0.28-0.5). (A) fast phase; (B) slow
phase, and (C) Co(I1)N4[11.3.1](N3")2 (0.05 mM).

Potential antidote to azide toxicity in mice

We routinely employ the righting recovery behavior of mice to assess the ability of
potential antidotes to ameliorate sublethal doses of toxicants (especially cyanide) [15, 176, 216].
In the present study, mice were injected (ip) with sodium azide (t = 0) and then, after “knockdown”
(loss of consciousness), placed on their backs and the time until they “righted” themselves onto
four feet were recorded. Mice given sodium azide exhibited a rather steep response curve (Figure
36): 25 mg/kg showed no effect, while 30 mg/kg was essential a lethal dose. This differs from the
response observed with cyanide in that the molar LDso dose for azide is ~4.5 times the molar
cyanide LDsp dose. When given 26 mg/kg sodium azide, 12 week-old mice exhibited knockdowns
at 7-8 min post injection, with the majority of mice surviving (88%) and exhibiting righting-

recovery times of 40 (£8) min (Table 17).
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Figure 36. Survival curve of mice treated with sodium azide.
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Swiss-Webster mice (12 weeks) were injected (ip) with sodium azide (22-32 mg/kg) and percent survival calculated.

At least six mice were used per data point. The line represents a sigmoidal fit of the data.

Table 17. Antidotal activity of CoN4[11.3.1] against azide toxicity in mice.

Experimental conditions Number of Recovery % survivors
knock-downs Time (min)
26 mg/kg NaN3 8of8 40 (£8) 88
26 mg/kg NaNs + 24 6 of 6 38 (£8) 83
mg/kg NaNO: (5 min later)
26 mg/kg NaNs + 37 20f7 12 (4) 100
mg/kg CoN4[11.3.1] (5 min later)

The protective effect of CoN4[11.3.1] against cyanide toxicity has previously been
demonstrated in a mouse model [14, 15]. When CoN4[11.3.1]Br, (37 mg/kg) was given at 5 min
post sodium azide, all the mice recovered, the majority did not knockdown (71%) and those that
did (29%) recovered by 12 min (Table 17). These results clearly demonstrate that CoN4[11.3.1] is
a potential antidote to azide toxicity, providing encouragement for the further development of

scavenger-based therapeutics.
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DISCUSSION

Principal toxicant species

It has been suggested that azide itself might not be responsible for the observed toxicity,
with secondary metabolites, namely, cyanide [205] and nitric oxide [219], proposed as the
principal species involved. We have previously shown [176, 216] that (i) administration of sodium
nitrite to mice (at similar dose to that employed here) results in the appearance of >0.1 mM nitric
oxide in the bloodstream, starting at less than 5 minutes and continuing up to about 20 minutes
following the nitrite dose; and (ii) the administration of sodium nitrite/nitric oxide is markedly
antidotal toward cyanide intoxication. Consequently, the available anecdotal evidence that sodium
nitrite has no antidotal effect toward azide toxicity in human patients [209, 220] argues that neither
nitric oxide nor cyanide can be key (secondary) toxicants in azide poisoning. If nitric oxide were
involved, then sodium nitrite would be expected to exacerbate azide toxicity and, if cyanide were
important, then sodium nitrite should ameliorate azide toxicity. Of course, we cannot categorically
state that some other, presently unidentified, secondary metabolite of azide might not be involved,
but this would only be speculation. At the present time, to the best of our knowledge, there are no
other unambiguous data or rational and well-formulated hypotheses to suggest that the main
toxicity of azide is due to anything except the N3~ anion itself. Therefore, in the absence of any
information to the contrary, it behooves us to continue working under the extremely reasonable
assumption that N3~ alone is responsible for the observed acute toxicity.

The observed duration of knockdown following the administration of toxicant were
certainly longer for azide (40 and 8 min, respectively) compared to those previously found for
cyanide (24 and 2 min, respectively). This slower onset and longer duration of knockdown in the

case of azide can probably be explained by consideration of the two relevant acid dissociation
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constants (Kas). The pKa for hydrazoic acid is 4.7, indicating that at physiological pH, >98% of
the azide will be present as the unprotonted anion (Nz°). On the other hand, the pKa for hydrocyanic
acid is 9.2, indicating that at physiological pH >98% of the cyanide will be present as the molecular
acid (HCN). HCN is free to diffuse across biological membranes and also quite soluble in agueous
media, while N3~ must locate channels to efficiently cross membranes. It follows that diffusion of
HCN to its mitochondrial site of inhibition from the bloodstream should be faster, resulting in

quantitative transfer in less time than N3 is transported.

Antidotal activity

In our previous studies concerning the amelioration of cyanide toxicity by CoN4[11.3.1] in
mice, we found the complex to be an efficacious antidote when given either 5 min before or 2 min
after an LD4o dose of cyanide (5 mg/kg NaCN) [14, 15]. The cobalt macrocycle was shown to bind
two molecules of cyanide cooperatively [15], and extensive studies in mice showed it to be at least
as good an antidote as cobinamide while measurably better than hydroxocobalamin [14].
Consequently, because azide is a slower acting toxicant, it is perhaps not surprising that
preliminary experiments with CoN4[11.3.1] in mice indicate that it will function as an azide
antidote when given at least 5 min after the toxicant (Table 17). More remarkable is the apparent
failure of established cyanide antidotes to display any ameliorative effect toward azide toxicity in
human patients, particularly when they clearly protect mitochondrial function in an invertebrate
model [131]. In fact, there is, seemingly, one case report in the literature suggesting that
hydroxocobalamin might be of value as an azide antidote [221] and another to the contrary [222],
but nothing of a less anecdotal nature. If we accept the consensual viewpoint that the target for

both poisons is primarily cytochrome ¢ oxidase, then it is reasonable to expect similarities in
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behavior of azide and cyanide both in terms of their toxic mechanisms and responses to antidotes.
That is, it might be possible to understand any quantitative difference in the manner in which these
two toxicants behave based on knowledge of how each reacts with isolated cytochrome c oxidase.
In oxygen turnover experiments, isolated cytochrome ¢ oxidase has been reported to be inhibited
by azide and cyanide with Kis of 22 uM and 0.2 uM, respectively [223]; indicating cyanide to be
150-fold more inhibitory than azide toward the enzyme. Intriguingly, the sodium azide dose used
in the present study (400 pmol/kg) is only four-times the sodium cyanide dose (100 pmol/kg) used
in our previous studies also monitoring knockdown and righting recovery.

The amount of CoN4[11.3.1] employed to ameliorate azide toxicity was ~80 umol/kg (37
mg/kg, Table 17) or approximately 20% of the azide dose (400 umol/kg). Previously, to ameliorate
cyanide toxicity, the most efficacious dose in mice was found to be approximately one-half the
cyanide dose, consistent with CoN4[11.3.1] binding two molecules of cyanide [14, 15]. The present
dose of CoN4[11.3.1] found to ameliorate azide toxicity would have maximally bound about 20%
of the azide dose (based on 1:1 stoichiometry). This is low compared to the amount of antidote
necessary to bind all the azide but would have the effect of lowering the residual (effective) azide
dose from 26 mg/kg to ~21 mg/kg (assuming 20% bound) less than the 24 mg/kg at which we are
able to observe minimal effects (Figure 36). Consequently, the findings appear reasonable, being

in keeping with the steepness of the dose-response curve for azide toxicity in mice.

Mechanism of decorporation
The detoxification of cyanide by cobalt complexes has recently been suggested to consist
of the toxicant binding to the reduced (substation labile) Co(Il) forms, resulting in lowering of

their oxidation potentials; this in turn facilitates oxidation to the (substitution inert) Co(l1l) cyanide
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adducts that may then be excreted [15, 224-226]. That is, bound cyanide becomes trapped in
kinetically stable forms from which it is slow to dissociate, preventing systemic redistribution of
the toxicant and, thereby, nullifying its toxicity [14]. A somewhat similar mechanism of
decorporation is plausibly operating in the case of the current preliminary experiments with azide
intoxicated mice given Co(I1)N4[11.3.1] (Table 17) but differing in detail. Unlike the cyanide
reaction, we observed no oxidation of Co(ll) to Co(l11) under anaerobic conditions following azide
addition (Figure 28Figure 31). The oxidation of the azido-cobalt complex does occur however, but
in the presence of oxygen and, although complicated (

Figure 35), it is faster than the oxidation of the cobalt complex itself (without azide). Given
that inhibition of mitochondrial electron transfer in vivo must result in some increase in the
prevailing oxygen level, any necessary requirement of available oxygen for conversion of the
azide-bound complex to a kinetically stable Co(l1l) form does not seem to be a limiting issue. The
affinity of the Co(lIl) form of the complex for azide appears to be suitably large enough for efficient
decorporation purposes. From the EPR data (Figure 31), we estimate an association constant of
~10* for the binding of an azide anion. The kinetics of the reaction of Co(l11)N4[11.3.1] with azide
is triphasic, with the first two reasonably facile phases seemingly representing independent azide
binding processes (Figure 33

Figure 34). The second (intermediate rate) phase Il, with an associated rate constant kz =
70 Mt stat 37 °C, is the majority process. While the rate constant for phase 11 is about an order
of magnitude less than the analogous rate constant describing cyanide binding to Co(11)N4[11.3.1]
[98], the onset of symptoms in mice given azide intraperitoneally is about five-times slower than
animals similarly administered cyanide (not shown). Thus, the rate of reaction appears to be at

least adequate for a decorporation mechanism in which azide binds to Co(I1)N4[11.3.1].
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The mechanism of decorporation of azide by CoN4[11.3.1] differs in detail from that we
have previously suggested for cyanide [98] and is more complicated. The major reaction pathway
(represented by phase Il in the kinetics) can most simply be considered a two-step process (e.g.
Figure 37) but with the caveat that this does not take into account the possible involvement of
protein-associated ligands in vivo. For the present purposes, the key finding is that while
CoN4[11.3.1] can clearly be antidotal toward sublethal azide intoxication (Table 17), the apparent
binding of one azido ligand to the cobalt ion is likely to ultimatey prove an undesirable limitation.
A better antidote might conceivably be some related macrocyclic structure of suitably low toxicity
in which the central Co(ll) ion is able to bind two azido ligands and then undergo oxidation to a

substation inert Co(l11) without any loss of bound azide.
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Figure 37. Minimal mechanism for reaction of excess sodium azide with Co(11)N4[11.3.1] and subsequent

oxidation by oxygen.
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