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Abstract

Fatalities from organophosphate (OP) insecticide result from both occupational and deliberate
exposure; significantly impacting human health. Like nerve agents, insecticides are neurotoxins
which target and inhibit acetylcholinesterases (AChE) in central and peripheral synapses in the
cholinergic nervous system. Post-exposure therapeutic countermeasures generally include
administration of atropine with a pyridinium aldoxime e.g. pralidoxime, to reactivate the OP-
inhibited AChE. However, commonly used oximes inefficiently cross the bloodbrain barrier and
are rapidly cleared and their benefit is debated. Recent findings have demonstrated the ability of a
novel zwitterionic, centrally acting, brain penetrating oxime (RS194B) to reverse severe symptoms
and rapidly reactivate sarin-inhibited AChE in macaques, but it has not been tested following OP
pesticide poisoning. In the present study, the symptoms following a lethal dose of inhaled
paraoxon (100 ug/kg), were shown to mimic those in insecticide poisoned individuals and were
also rapidly reversed in macaques by post-exposure IM administration of 80 mg/kg of RS194B.
This occurred with a concomitant reactivation of AChE to 40-100% in < 1 hr and BChE (40% in 8
h). These findings will be used to develop a macaque model with RS194 B as a post-exposure
treatment for insecticide poisoning and generate efficacy data for approval under the FDA Animal
rule.
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1. Introduction

Worldwide, the routine use of organophosphorus (OP) pesticides to control agricultural,
household and structural pests has reached > 5 billion tons annually; potentially exposing >
1.8 billion civilians (Alavanja., 2009). This practice has resulted in > 200,000 occupational
poisonings and > 100,000 deaths by intentional ingestion of insecticides each year (Hulse et
al., 2014; Mew et al., 2017). Cardiovascular and nervous system symptoms associated with
exposure result from irreversible inhibition of acetylcholinesterase (AChE) in neuromuscular
junctions, peripheral autonomic and central nervous systems which may lead to hypoxia,
bradycardia, seizures, cognitive and behavioural defects, and often death by respiratory
failure (Hulse et al., 2014; Taylor, 2010; Gupta., 2006). Measurement of plasma
butrylcholinesterase and erythrocyte AChE has been used to reflect exposure levels.

Standard post-exposure therapy typically involves administration of a muscarinic antagonist
(atropine) to block receptors, pyridinium aldoximes e.g. pralidoxime (2-PAM), HI-6,
obidoxime, MMBA4, to reactivate the OP-inhibited AChE, with/without a benzodiazepine
anticonvulsant to control seizures (Hulse et al., 2014; Eddleston et al., 2008; Eddleston and
Chowdhury., 2016; Shih et al., 2012). While oximes are widely used globally, several animal
model studies and recent clinical trials using pesticide-poisoned individuals have shown
uneven clinical benefits with those currently used (Buckley et al., 2011; Eddleston et al.,
2009; Steinritz et al., 2016) and the value of administering an oxime has therefore been
seriously debated. Limitations of antidotal function of most synthetic oxime reactivators
relate to their quaternary structure and their inability to rapidly cross the blood-brain barrier
(BBB), in addition to rapid clearance from the circulation. Only recently has the search for
broad spectrum, centrally acting oximes with enhanced efficacy met with some success
(DeMar et al., 2010; Chambers et al., 2016; Mercey et al., 2012; Cadieux et al., 2016)

One leading candidate to emerge is a zwitterion of simplified structure, RS194B, whose
neutral species efficiently crosses the BBB permitting favorable tissue disposition, CNS
penetration and oral bioavailability in mice exposed to sarin and VX (Sit et al., 2011; Radi¢
et al., 2012). More recently, a single treatment (62.5 mg/kg) of macaques with RS194B
following head-only exposure to sarin vapor has also been shown to reactivate circulating
red blood cell (RBC)-AChE and plasma BChE and dramatically reverse both early and
advanced symptoms typical of nerve agent toxicity (Rosenberg et al., 2017).

New countermeasures to OP insecticides, require extensive testing for regulatory approval
under the Animal Rule (21 CFR 601.90 for biological products). However, very few animal
models exist, and published reports indicate that the /n vivo toxicokinetics and oxime
responsiveness to different OP insecticides and nerve agents may vary significantly with the
offending OP and animal species (Worek et al., 2010a; Luo et al., 2010, 2008), often
preventing direct extrapolation to humans. In most cases the inhibition and reactivation
kinetics with swine, rat and GP AChE exposed to a variety of OP nerve agents as well as
insecticides are slower than for humans and non-human primates.

Based on the protective efficacy of RS194B in sarin vapor exposed macaques, we examined
the capacity of a single dose of RS194 B to reactivate AChE and BChE and prevent death in
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macaques following lethal exposure to the insecticide oxon, paraoxon (Px), in order to
establish a new non-human primate treatment model for insecticide poisoning. In previous
studies, (Marchand et al., 2014; Rosenberg et al., 2015) it has been surprisingly
demonstrated that aerosolized (aer) substances administered to macaques (and small
children) using a nebulizer are deposited predominantly in the stomach (~40%) rather than
the lungs (5-13%); presumably due to the swallowing of nasal and oral secretions. This
model offers the advantage of mimicking both inhalation and oral OP insecticide exposures.
The early results indicate that: (i) the clinical symptoms observed following a lethal dose of
aer-Px (100 ug/kg) are very similar to those seen in insecticide-poisoned humans, and (ii)
post-exposure administration of RS194B prevents death even in animals exhibiting signs of
lethal toxicity. These results bode well for developing an inhalation macaque/RS194B model
to aid in the treatment of insecticide-poisoned people.

2. Materials and methods

2.1. Chemicals

Paraoxon (99.1% pure) was obtained from ChemService Inc. (West Chester, PA), diluted in
sterile water to obtain a stock solution of 1 mg/ml and maintained at RT protected from
light. Inoculation doses were prepared 12—24 h prior to use in 1 ml in PBS, pH 6.8 at 0.7
mg/ml.

2.2. RS194B oxime

RS194B was prepared as previously described (Sit et al., 2011; Radic et al., 2012) and was
formulated for IM injection at concentrations of 50-80 mg/ml. RS194 B was dispersed in
sterile water and then titrated with ~ 18% HCI to a pH of 5.5-6.5, resulting in clarity of the
solution. It was allowed to stand for at least 24 h at 4C before injection at room temperature.
The concentration of ionized species is slightly above isotonicity.

2.3. Assays for reactivation of AChE and BChE

AChE and BChE activities were assayed using 1 mM acetylthiocholine or butyrylthiocholine
(Sigma-Aldrich) and 0.5 mM 5,5"- dithiobis 2-nitrobenzoic acid (DTNB) in 50 mM sodium
phosphate buffer, pH 8.0, at 22 °C. The formation of product was followed by monitoring
the increase in absorbance of 5-thio-2- nitrobenzoic acid at 412 nm using a molar extinction
coefficient of 13,600 cm~1 M~1. Activity was reported as U/ml where 1 U represents 1
pumole of acetyl- or butyrylthiocholine per min. In the AChE activity assay, 20 M
ethopropazine was used as a BChE-specific inhibitor. These assays were performed in
triplicate by three different people and repeated several times. Background levels in macaque
blood generally range from 2.5 to 6.5 U/ml AChE and 3.5-8.5 U/ml BChE.

2.4. Pharmacokinetics of RS194 B in macaques

Circulating RS194 B oxime was measured by liquid chromatography-tandem mass
spectrometry (LC-MS/MS). Twenty ul of lysed blood from macaques, diluted 1/10, was
initially used in this assay, which has a dynamic range is 1-20,000 ng/ml. Samples were de-
proteinated by 1:3 dilution with acetronitrile, using a close congener, RS138 B as internal
standard, before injection of 10 ul for analysis by MS/MS. Separation of oximes from other
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plasma constituents was performed with an HPLC gradient of methanol partitioning in water
+ 0.1% formic acid (by volume), in an ACE C18-Ar column (2.1 x 100 mm; 3 uM. Mac-
Mod analytical), prior to MS/MS analysis. MS/MS transitions for RS194 B and RS138 B
used for quantification were m/z214 > 115 and m/z 266 > 115, respectively. The limit of
detection for RS-194 B was 20 pg on the column.

2.5. Administration of aerosolized paraoxon

Animal studies were conducted at the 11T Research Institute, Chicago, in compliance with
the Animal Welfare Act and other federal statutes and regulations stated in Guide for the
Care and Use of Laboratory Animals (NRC Publication, 1996).

Three female rhesus macaques (#T767, T768 and T769), weighing 3.4, 3.66 and 4.14 kg,
were anesthetized with Telazol (tiletamine/zolazepam) (5-8 mg/kg IM (Zoetis, Parsippany,
NJ), and moved to a preparation room where they were bled for baseline cholinesterase
activity. After bleeding, they were placed into a primate chair (Model 515-SASR, PlasLabs,
Inc. Lansing, MI 48906) and moved into an enclosed inhalation chamber with glove access.
EKG leads and a pulseoximeter sensor were attached to allow monitoring of heart rate and
rhythm; respiratory rate and blood oxygen saturation. A pediatric facemask was used to
administer an accumulating lethal dose of aer-Px (100 ug/kg) using an Aerogen Solo®
nebulizer (Aerogen Ltd. Galway, Ireland) modified by the addition of a small reservoir
which facilitated evaporation of droplets and thereby increased lung deposition (Marchand et
al., 2014; Rosenberg et al., 2015; MacLoughlin et al., 2016). Using carrier airflow to the
nebulizer, aerosol was supplied to the exposure mask at a flow rate of approximately 2 L/
min. The Px solution was dispensed into the nebulizer reservoir as needed. In order to
minimize loss of aerosol in transport, the aerosolization device and the mask combination
was held manually at the nostril of the animal allowing it to breathe the test aerosol. Any
excess aerosol was exhausted through a one way valve. Handling and holding of the aerosol
generation/administration device was accomplished through seal tight gloves. The inhalation
chamber was held at slightly negative pressure compared to the laboratory to prevent any
leakage of test aerosols into the laboratory. This combination of face mask and modified
nebulizer device has been shown to increase aerosolization rate and generate respirable
aerosols (greater than 85%) with a Mass Median Aerodynamic Diameter (MMAD) of 2.1
+ 0.4 um. Use of this modified nebulizer has been previously shown to increase lung
deposition of an anti-ricin antibody to 13% in macaques (Marchand et al., 2014).

The target Aer-Px dose was (100ug/kg); however, the Px aerosol exposure had to be
terminated early for macaques T768 (78% of dose) and T769 (92% of dose) when their heart
rate dropped significantly to ~ 100 beats/min. Macaque (T767) received the full dose.
Aerogen nebulizers are powered by electricity and aerosol generation can be stopped by
switching off the power. Post exposure, as the symptoms became severe, each macaque was
first administered 0.28 mg/kg atropine IM and then 80 mg/kg RS194B at 22 min (T767), at
7 min (T768) and at 6 mins (T769) following termination of the Px exposure.

Animals were monitored continuously throughout the exposure and clinical observations
were recorded prior to administration, during administration and 1 h post administration.
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When exposure was complete, anesthesia monitoring equipment was removed, animals were
removed from the primate restraint chair.

Animals were closely examined for cessation of symptoms typical of excessive cholinergic
stimulation over the periods lasting up to 2 h, checked at 4,8 and 12 h and then for survival
at 48 h after challenge. After macaques were removed from the inhalation chamber, blood
was drawn from the femoral vein prior to and at 0.5, 1, 6, 24, 48 and 192 h following aer-Px
and assessed for AChE and BChE levels. Whole blood samples (20 ul) from macaques were
first diluted 10-fold in water, frozen and tested for plasma BChE and RBC-AChE activity.
Animals were sedated for each blood collection with 10 mg/kg ketamine IM and allowed to
recover in their cage.

3. Results

While monkeys have been employed to assess oxime potency of nerve agent-inhibited
enzymes both in vitroand in vivo (Sit et al., 2011; Radi¢ et al., 2012; Rosenberg et al., 2017,
Worek et al., 2010a; Luo et al., 2010, 2008), they have been rarely used to evaluate oxime
reactivation following phosphorothioate insecticide exposure /n vivo. In this context, unlike
nerve agents, OP insecticides such as chlorpyrifos, malathion and parathion, must be first
metabolically converted by oxidative desulphuration into the active oxon (to replace P =S
bond with a P= Q) by liver cytochrome P450 for their insecticidal action (Murray and
Butler., 1994; Atterberry et al., 1997; Mukhopadhyay and Saha., 2013). This results in a
slow onset in clinical symptoms following insecticide-poisoning, providing more time to
administer post-exposure atropine/oxime and achieve ChE reactivation and reversal of
cholinergic symptoms. Using a macaque model and pulmonary system for delivery of
100ug/kg of active paraoxon, the present study has examined the effectiveness of a single IM
injection of the centrally acting RS194 B oxime to reactivate AChE and BChE and reverse
severe clinical symptoms resulting from a lethal exposure. It should be noted that a large
study on parathion-poisoned patients (~70 kg) indicated that a lethal dose of parathion was
in the range of 20-100 mg (Eyer et al., 2003).

3.1. Delivery parameters and onset of symptoms following paraoxon exposure

Table 1 describes the pulmonary exposure details and the impact on heart rate of a lethal
dose of aer-Px (100ug/kg) delivered using a combination nebulizer/adaptor. It should be
noted that while the duration of aer-Px exposure was ~21 min, only macaque T767 received
100% of the 100 ug/kg aer-Px dose before bradycardia occurred and the administration was
stopped. Thus, doses of Px delivered to macaques T767, T768 and T769 were 320 ug, 250
ug and 313 ug, respectively

The clinical symptoms which began within 30 mins following termination of aer-Px are
shown in Table 2. and involved diarrhoea, miosis, irregular breathing, tail stiffness and
salivation before atropine (0.28 mg/kg) and RS194B oxime (80 mg/kg) was administered IM
at 43, 32, and 38 mins following initiation of the exposure and at 22, 7 and 6 mins following
termination of the exposure to T767, T768 and T769 respectively. Tremors and labored
breathing observed in 3/3 monkeys at 40-49 mins following oxime injection, had
disappeared within 4 h post-exposure.
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3.2. Rapid RS194 B oxime reactivation of blood AChE and BChE activities in macaques
following paraoxon inhalation

The macaques described in Tables 1 and 2 were also monitored for reactivation of RBC-
AChE and plasma BChE. While all macaques exhibited rapid, sustained recovery of RBC-
AChE and plasma BChE activities, the oxime responsiveness varied; macaque T767
reaching 100% of AChE baseline levels within an hour compared to 65% for T769 and 42%
for T768 (Fig. 1). By day 8 all levels ranged from 60 to 100%. The reactivation of BChE
was slower than that observed with AChE reaching 40% reactivation by ~8 h and > 80% by
day 8 in all macaques. Once again, T767 exhibited the fastest recovery. Restoration of
cholinesterase levels by RS194 B in the blood, along with the rapid cessation of
gastrointestinal and respiratory symptoms, suggest a roughly parallel time course for
RS194B-mediated reactivation of AChE in the brain.

3.3. Kinetics of oxime clearance

Fig. 2 shows the clearance of RS194B in the macaques previously exposed to lethal aer-Px
with a Cmax occurring at ~1 h and total elimination by 8 h. The high Cyhax (270 ug/ml) in

the circulation of macaque T767 correlated with the very high levels of reactivation above

background.

4. Discussion

Reactivation of plasma AChE, presumed reactivation in tissue, and the ultimate survival of
the exposed macaques involve restoration of the inhibited enzyme activity in the brain and
blood, through a nucleophilic attack by the oxime on the conjugated OP (Wilson and
Ginsburg, 1955). Most oxime therapies for insecticide poisoned patients and animals achieve
this outcome only if oxime treatment is initiated early after exposure and administered
repetitively. In this context, in minipigs exposed to oral dimethoate, high doses of
pralidoxime and obidoxime resulted in only a < 25% reactivation by 12 h (Worek et al.,
2010b), whilst a steady state plasma concentration of 14.5uM of obidoxime, required
infusion of a total of 2269 +/-1726 mg into a patient over 65 h+/=55 h to provide the
necessary supportive care (Thiermann et al., 2010). In parathion poisoning of rats (Bunya et
al., 2016), animals received IV 20 mg/kg (LD50), 40 mg/kg and 60 mg/kg (LD75) doses of
the OP and were treated with the standard critical care used for humans made up of
continuous atropine, midazolam (every 4 h) and either 15 mg/kg or 90 mg/kg doses of 2-
PAM 1V post exposure every 6 h. However, despite these high doses of 2-PAM, no
reactivation of RBC-AChE was observed during the first for 24 h and 50% activity was not
reached until days 4 and 5.

This requirement for very high doses or continuous 2-PAM and obidoxime treatment is in
marked contrast to the rapid 42—100% reactivation of AChE within 1hr and the rapid
reversal of severe symptoms observed following a single post-exposure IM injection of
RS194B (80 mg/kg) with low-dose atropine (0.28 mg/kg) in macaques exposed to inhaled
paraoxon. These results are similar to those previously observed using 62.5 mg/kg RS194 B
following inhaled sarin vapor (Rosenberg et al., 2017). This dramatic outcome is consistent
with the ability of RS194 B to rapidly cross the BBB. In the current study, oxime was
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administered when all macaques experienced diarrhoea, hypothermia and severe
bradycardia. Symptoms were expected to proceed to fatality. Immediately before and
following oxime administration, exposed macaques also exhibited distinct tremors and/or
muscle rigidity, and difficulty breathing from upper respiratory stridor and/or apneic
episodes before normalization of symptoms within four hours.

In this context, these symptoms are very similar to those observed in insecticide poisoned
people exposed dermally, by inhalation or by ingestion (Eddleston et al., 2008). The initial
observed abdominal manifestations of toxicity e.g. diarrhoea, is consistent with deposition
of the inhaled Px in the gastrointestinal tract as previously indicated bv gamma scintigraphy
(Marchand et al., 2014). It should be noted that Px was diluted in water and PBS which is
absorbed less readily than oil-based liquid formulations.

The levels of reactivation of Px-inhibited AChE were, in general, similar to that observed
with sarin-inhibited AChE in exposed macaques; 70% for aer-Px vs 40-60% for sarin vapor.
Although reactivation of BChE was slower than AChE, RS194B still achieved a significant
40% level by 8 h. In previous /in vitro and in vivo studies with 2-PAM and other oximes,
monitoring of pesticide inhibited BChE was determined not to be clinically useful as a
therapeutic marker (Aurbek et al., 2009; Konickx et al., 2013). It is possible that RS194B
reactivation of AChE and BChE may be more valuable blood markers in this respect. Recent
studies using phenoxyalky!l pyridinium, detergent-like oximes have also shown AChE
reactivation levels to 25% in the rat brain homogenates and 70-80% protection in rats
against sarin and VX surrogates when given at the time of onset of seizure (25-30 mins)
(Chambers et al., 2016).

The ability of oximes to reverse AChE inhibition /7 vivo is known to vary with the pesticide
type ingested or inhaled (Eddleston and Chowdhury., 2016). In this context, diethyl
phosphoryl conjugates (paraoxon-ethyl, parathion, chlorpyrifos, diazinon, quinalphos) are
more efficiently reactivated than dimethyl conjugates (malathion, dimethoate, paraoxon-
methyl, dichlorvos) which are generally resistant to reactivation by oximes such as 2-PAM
and obidoxime (Worek et al., 1999). Further studies will determine how effective RS194B
will be within a larger family of chemically diverse OPs.

5. Conclusion

Identifying efficacious antidotes capable of reactivating OP insecticide-inhibited brain AChE
in the central and peripheral nervous systems has proven elusive despite many years of
intense effort. In addition few animal models with biochemical/pharmacological similarities
to humans exist. This initial study has demonstrated that a lethal dose of inhaled Px in
macaques resulted in symptoms very similar to insecticide poisoned humans exposed by
either inhalation or ingestion, and that these symptoms could be rapidly reversed and
inhibited-RBC-AChE rapidly reactivated by IM administration of a centrally acting oxime
RS194B. This model may serve as a valuable tool for developing a protective treatment in
humans, as well as a NHP model for regulatory approval.
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AChE acetylcholinesterase
BChE butyrylcholinesterase
Ma macaque

OoP organophosphate

Px paraoxon

IM intramuscular
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Hours after Px

Post-exposure reactivation of RBC-AChE and plasma BChE by RS194B in three macaques
weighing between 3.4-4.14 kg (T767, T768, T769) exposed to inhaled Px (100 g/kg). Each
monkey received 320, 250 and 313 pg, respectively. Values are shown as percent of pre-
exposure levels in the individual macaque prior to paraoxon exposure. The time intervals
between cessation of aer-Px administration and injection of RS194 B in the animals were 22,
7 and 6 min respectively. All animals were administered atropine (0.28 mg/kg) followed by
oxime (80 mg/kg) IM in separate syringes. Doses were divided and % dose injected into
each side. All macaques survived. Peak inhibition ranged from 2 to 7% of pre-bleed level.
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Time afterinjection (hrs)

Concentrations of IM administered RS 194B (80 mg/kg) extracted from blood samples of
the three macaques following a lethal inhalation exposure of aer-Px (100ug/kg) (left).
Measurements were made by High Pressure Liquid Chromatography and Mass spectrometry
(17). (right) Logarithmic plots of the same data showing a similar decline of plasma
concentrations. Oxime was delivered 22mins (blue), 7mins (orange) and 6 mins (green) after
termination of the aer-Px. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article).
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