Regulatory Toxicology and Pharmacology 123 (2021) 104927

Contents lists available at ScienceDirect

Regulatory Toxicology and Pharmacology

journal homepage: www.elsevier.com/locate/yrtph —a=

ELSEVIER

Check for

Proof of concept efficacy study of intranasal stabilized isoamyl nitrite e
(SIAN) in rhesus monkeys against acute cyanide poisoning

Yifei Zhong?, Robert E. Raulli ¢, Samir Abtout?, Simon Authier?, Alexis Ascah?,
Daniel Lambert %, Gloria Gutierrez”, Norma L. Cantd ”, Nadean Gutierrez ", Larry Cabell ®,
Joe McDonough ”, Kelly C. Cakouros ¢, Pablo Gurman ¢, Vladimir Savransky “ , John Barry ©

2 Charles River (formerly Citoxlab North America), 445 Armand Frappier, Laval, QC, H7V 4B3, Canada

b Southwest Research Institute, 6220 Culebra Road, San Antonio, TX, 78238, USA

¢ Emergent BioSolutions, Inc., 300 Professional Drive, Gaithersburg, MD, 20879, USA

4 Biomedical Advanced Research and Development Authority, Office of the Assistant Secretary for Preparedness and Response, US Department of Health and Human
Services, USA

ARTICLE INFO ABSTRACT

Handling EditorDr. Martin Van den berg Cyanide is a fast-acting toxicant that inhibits aerobic cellular respiration in mitochondria. Historically, amyl
nitrite has been used to treat cyanide poisoning. The objective of this study was to demonstrate the effectiveness
of intranasal (IN) administration of stabilized isoamyl nitrite (SIAN) against lethal potassium cyanide (KCN)
intravenous (IV) challenge in a conscious nonhuman primate (NHP) model. Animals received an IV infusion of a
> 1 mg/mL KCN solution at a dose of 3.25 mg/kg for 15 min. The IN SIAN treatment was administered at 10 or 12
Cardiovascular . . . s . .
Respiratory nyn post-start of KCN.challeflge and monkeys were .momtored .fc.)r survival, clinical 51gns., respiratory and car-
ECG diovascular changes via continuous telemetry recording. In addition, blood methemoglobin (metHb) levels and
blood gases were closely monitored after KCN administration. Mid to mid-high doses (13.5 or 27.0 pL/kg) of
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Methemoglobin
Nonhuman primate SIAN treatments at 10 min post KCN challenge significantly increased animal survival. Improvements were also
Telemetry observed in respiratory and cardiovascular functions. The benefits of SIAN treatment decreased when treatment

was delayed to 12 min post cyanide exposure. IN administration of SIAN 10 min following initiation of a lethal
dose KCN infusion produced 100% survival (at doses > 13.5 pL/kg) in NHP model of lethal cyanide intoxication.

1. Introduction

Cyanide is one of the most rapidly acting lethal poisons currently
known and can lead to death within a few minutes to a few hours post
exposure. The most common source of cyanide exposure and toxicity is
the inhalation of cyanide-containing gases (such as hydrogen cyanide or
cyanogen chloride) and dust containing solid or liquid cyanide, most
likely from industrial exposures or house fires. These contaminants are
typically generated by industrial processes or the combustion of syn-
thetic surfaces in enclosed spaces (Barillo, 2009; Reade et al., 2012).
Additionally, cyanide has also been used as a potent poison in both
homicides and suicides (Musshoff et al., 2002), as well as a weapon in
terrorism or warfare (Eckstein, 2004; Keim, 2006).

Cyanide toxicity can largely be attributed to its ability to stop aerobic
cell metabolism. Cyanide reversibly binds to the ferric ion in cytochrome
oxidase as in the mitochondria, a crucial component in the reduction of

* Corresponding author.
E-mail address: savranskyv@ebsi.com (V. Savransky).

https://doi.org/10.1016/j.yrtph.2021.104927

oxygen to water in complex IV of the electron transport chain, and its
inhibition effectively disrupts oxidative phosphorylation in the cell (Hall
et al., 2007; Hamel, 2011). As a result, the synthesis of adenosine
triphosphate (ATP) and the continuation of cellular respiration is halted.
Subsequently, the depletion of ATP shifts cellular metabolism to
glycolysis through anaerobic metabolism. Glycolysis, however, is inef-
ficient for energy demands of the cell and results in the accumulation of
lactic acid, which can rapidly and severely affect the vulnerable tissues
of the brain and heart (Shepherd and Velez, 2008; Way et al., 1984). The
onset and severity of cyanide toxicity is dependent on multiple factors,
such as route of exposure, concentration, and duration of the exposure.
Early signs and symptoms of acute cyanide poisoning include
hypoxia-associated responses in the nervous, respiratory, and cardio-
vascular systems (e.g. headaches, hyperventilation, increases in blood
pressure and heart rate, etc.), whereas severe poisoning or late symp-
toms can result in stupor, coma, seizures, hemodynamic shock and
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cardiorespiratory arrest (Kerns and Kirk, 2006; Kirk and Stenhouse,
1953).

Various antidotes have been developed for acute cyanide poisoning,
acting to directly or indirectly sequester cyanide to prevent its binding
with cytochrome oxidase a3, and/or neutralize the compound so it can
be eliminated safely. For decades cyanide antidote kits have been uti-
lized in the United States (Chen and Rose, 1952; Shepherd and Velez,
2008), and their use has been associated with a decrease in death rates
from acute cyanide poisoning (Barillo, 2009). Amyl nitrite has been
historically used off-label via inhalation to treat cyanide poisoning but is
currently not approved by the FDA for this indication (Petrikovics et al.,
2015). Amyl nitrite works as an antidote for cyanide by oxidising the
central iron atom of hemoglobin from the ferrous (Fe*) to the ferric
(Fe3H) state, producing methemoglobin (metHb) (Butler and Feelisch,
2008; Lavon and Bentur, 2010). Cyanide has a high binding affinity to
metHb, and results in the formation of the stable and non-toxic cyan-
methemoglobin complex (Chen and Rose, 1952; Chen et al., 1933). This
limits cyanide bonding to cytochrome oxidase a3 and allows aerobic
cellular respiration to resume. Extracellular cyanide can be eliminated
via metabolism in the liver as thiocyanate, a nontoxic compound that is
excreted in the urine (Kirk and Stenhouse, 1953; Megarbane et al.,
2003). Another antidotal mechanism of nitrites is attributed to vaso-
dilatory activity of nitric oxide (NO) and their ability to improve pe-
ripheral circulation and oxygen supply to vital organs (2011). Organic
nitrate, such as isosorbide dinitrate (ISDN), has also shown a beneficial
effect in the treatment of cyanide poisoning in rabbit and swine models
(Lavon et al., 2017, 2020).

There are some associated risks with nitrite administration in the
context of cyanide exposure. Nitrite-induced methemoglobinemia is a
side effect and can reduce oxygen carrying capacity of hemoglobin
(Cooling, 2014). Additionally, efficacy studies of amyl nitrite in animal
models of cyanide toxicity provide limited information regarding the
antidotal effects of amyl nitrite on respiratory and hemodynamic pa-
rameters, as well as dose- or concentration-response correlations after
cyanide exposure. These studies were mostly performed on dogs and
mice (Chen and Rose, 1952; Jandorf and Bodansky, 1946; Klimmek and
Krettek, 1988; Vick and Froehlich, 1985, 1991). Nonhuman primates
(NHPs) are one of the most commonly used preclinical species due to
their genetic, cardiovascular and metabolic similarities to humans;
however, only a few studies on cyanide antidote testing have used NHPs
as a model. The NHP model allows for telemetered respiratory and
cardiovascular monitoring, and has been successfully employed and
validated in a number of studies (Authier et al., 2007; Benardeau et al.,
2000; Gauvin et al., 2006; Hassimoto and Harada, 2003).

The current study aimed to assess the pharmacodynamic response of
telemeterized NHPs (Macaca mulatta) to cyanide exposure and efficacy
of the administration of subsequent antidotal stabilized isoamyl nitrite
(SIAN) therapy. This strategy allowed for an in-depth characterization of
respiratory and cardiovascular changes in NHPs upon cyanide chal-
lenge, and the efficacy of SIAN therapy on survival and recovery.

2. Materials and methods
2.1. Ethics statement

All experimental procedures were performed in accordance with
Institutional Animal Care and Use Committee (IACUC) and the Canadian
Council on Animal Care (CCAC) guidelines for use of experimental an-
imals. The procedures were also approved by the Office of Laboratory
Animal Welfare/Vertebrate Animal Section (OLAW/VAS). The Charles
River Laval (formally known as Citoxlab North America) facility is
AAALAC accredited and all protocols, including humane euthanasia
criteria were reviewed and approved by the IACUC prior to conduct. The
study was approved by the Office of Laboratory Animal Welfare
(OLAW). All procedures were conducted as per Standard Operating
Procedures (SOPs) in place.
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2.2. Test and control items

The synthesis of isoamyl nitrite is based on synthesis of alkyl nitrites
as previously described (Noyes, 1936). Briefly, nitrous acid is generated
from an aqueous mixture of sodium nitrite and sulfuric acid in the
presence of isoamyl alcohol. The resulting isoamyl nitrite is mixed with
Epoxidized Linseed Oil (ELSO) to reduce the risk of chemical degrada-
tion. SIAN was manufactured in accordance with current Good
Manufacturing Practices (cGMP) by Southwest Research Institute
(SwRI), San Antonio, TX. SIAN was supplied in 2 mL ampoules filled to
approximately 1.2 mL and stored at 2-8 °C, protected from light, and
with no further formulation preparation. Ampoule contents (one
ampoule per animal) were transferred to a labeled glass vial right before
dosing using a glass transfer pipette, and the SIAN was drawn immedi-
ately using the delivery device.

Delivery Device: The intranasal (IN) spray delivery devices used to
deliver SIAN were produced and supplied by Southwest Research
Institute and consisted of a nozzle tip (modified from an off-the-shelf IN
atomization device to fit onto a variable volume syringe) and a modified
gas-tight glass syringe. Delivery devices were prepared under the flow
hood cabinet.

Potassium cyanide (KCN) (manufactured by Sigma-Aldrich) was
stored at room temperature. The KCN vehicle was 0.9% sodium chloride
for injection USP (saline) (Baxter Healthcare Corporation, Deerfield, IL)
purchased commercially and stored at room temperature. The KCN so-
lution was freshly prepared on the day of dosing by dissolving of KCN in
the appropriate volume of saline to make a 1 mg/mL (target) solution.
The solution was filtered through a 0.22 pm filter into a non-pyrogenic
sterile container. The solution was kept at room temperature prior to
administration. Samples of the KCN solution were analyzed by poten-
tiometric titration at initiation and completion of the dosing period and
the concentrations were within acceptance criteria (1.02 and 0.97 mg/
mL, respectively).

2.3. General animal handling

A total of 22 (11 males/11 females) rhesus monkey, aged 2.0-5.3
years, and weighing 3.4-5.4 kg, were included in the study. The animal
room environment was maintained at a temperature of 21 + 3 °C with a
relative humidity of 50 + 20%, a light dark cycle of 12 h light/12 h dark,
and 10-15 air changes per hour. Temperature and relative humidity
were monitored continuously.

NHPs were fed a standard certified commercial chow (ENVIGO
Teklad Certified Hi-Fiber Primate Diet #7195C in form of cookies) twice
daily. Treats or fruits/vegetables were provided as part of the animal
enrichment program. Water, which had been exposed to ultraviolet light
and purified by reverse osmosis, was provided to the animals ad libitum.

2.4. Surgical instrumentation

All animals underwent surgical instrumentation for cardiovascular
monitoring of the arterial blood pressure, left ventricular pressure,
respiration, electrocardiogram, body temperature and locomotor
activity.

General anesthesia and surgical preparation. The animals were fasted
overnight prior to the surgical procedures. The animals were sedated
using a mixture of Ketamine (9.09 mg/kg IM) and Acepromazine (0.9
mg/kg IM) followed by intubation. Lidocaine spray (10% w/w) was
administered onto the glottis prior to intubation as needed. An
ophthalmic ointment was applied to both eyes to prevent drying of the
cornea prior and after anesthesia. Anesthesia was maintained with iso-
flurane by inhalation with an oxygen flow at approximately 200 mL/kg/
min or as needed, and animals were mechanically ventilated, as needed,
at a rate of 8-20 breaths/minute with inspiratory pressure of 18-25
cmH50. Intravenous fluid therapy was given throughout the anesthesia
using Sterile Lactated Ringer’s solution at a rate of 10 mL/kg/hr.
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Animals were placed on a heating pad set to maintain the animal’s body
temperature at approximately 37 °C.

Surgical procedure. Two telemetry transmitters were implanted into
abdominal cavity of the animals (Data Science International, Model
D70-PCTR and M10). The pressure catheter was inserted into the
femoral artery and the electrocardiography (ECG) biopotential leads
were placed in a Lead II configuration. The negative lead was inserted
via the jugular vein and was advanced to reach above the heart. The
positive lead was sutured to the diaphragm at the level of the apex of the
heart.

The left ventricular pressure catheter was placed in the apex of the
heart, inside of the left ventricle chamber. The respiratory impedance
leads were placed after the ECG biopotential leads to avoid poor signal
quality and were placed both cranially and caudally to the seventh rib of
the animal on each side. Lead positioning was confirmed by fluoroscopy
or via the telemetry acquisition system through waveform recognition. A
permanent catheter was also inserted into a femoral artery (not the one
used for pressure monitoring by telemetry) for arterial blood collections.

The surgical sites were flushed with warm saline and the incisions
were closed with absorbable suture material using simple continuous
sutures. The skin was closed with discontinuous buried sutures using
absorbable suture material. Animals were placed in a quiet post-
operative room to recover from anesthesia. Surgical sites were cleaned
and appropriate medication (topical and systemic) was provided.

Post-surgical recovery. Rectal body temperature was monitored in the
post-operative period, and each animal was returned to its cage once the
body temperature reached the physiological range. Food and nutritional
support were provided to the animals after return to their cage.

For analgesia an injection of Buprenorphine (0.3 mg/mL) was given
IM twice a day for 3 days starting at least 30 min prior to surgery.
Cefazolin (334 mg/mL) was administered IM three times a day for 3 days
and at least 30 min pre-operatively.

2.5. Experimental design

The study was designed with reference to the following test methods
and/or guidelines: U.S. FDA Redbook 2000: General Guidelines for
Designing and Conducting Toxicity Studies; ICH S3A: Note for Guidance
on Toxicokinetics: The Assessment of Systemic Exposure in Toxicity
Studies; U.S. FDA Guidance for Industry October 2015: Product Devel-
opment under the Animal Rule Guidance for Industry; ICH S7A: Safety
Pharmacology Studies for Human Pharmaceuticals; and ICH S7B: The
Non-Clinical Evaluation of the Potential for Delayed Ventricular Repo-
larization (QT Interval Prolongation) by Human Pharmaceuticals.

Animal assignment. Male and female animals were separately
assigned to dose groups by a randomized stratification system based on
body weights. A total of 22 NHPs (11 males/11 females) were ran-
domized to the vehicle and SIAN treatment groups: 3 NHPs (3 M) were
assigned to the untreated or saline treated group (Group 1); 5 NHPs
(3M/2F) to the very low dose SIAN group (Group 2; 3-4.5 pL/kg); 1 NHP
(1F) to the low dose SIAN group (Group 3; 11.4 pL/kg); 4 NHPs (2M/2F)
to the mid dose SIAN group (Group 4; 13.5 pL/kg); 4 NHPs (1M/3F) to
the mid-high dose SIAN group (Group 5; 20 pL/kg); 3 NHPs (2M/1F) to
the high dose SIAN group (Group 6; 23-27 pL/kg); and 2 NHPs (1M/1F)
to the high dose SIAN group with delayed administration (Group 7;
23.5-26.5 pL/kg). A summary of the study design is presented in Table 1
below.

KCN challenge. All animals received an IV infusion via a previously
placed temporary venous catheter, which was inserted in a saphenous
vein, of a 1 mg/mL (target) KCN solution at a dose of 3.25 mg/kg for 15
min. The infusion rate was determined based on the intended dose, 15
min infusion period, formulation concentration, and weight (measured
the day prior to KCN infusion) of the NHPs. The infusion rate (mL/min)
was calculated as follows: (dose (mg/kg) x weight (kg)/formulation
concentration (mg/mL))/infusion period (15 min).

SIAN treatment and route of administration. SIAN was administered by
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Table 1
Animal assignment and study design.
Treatment SIAN Dose Time of SIAN dosing post Number of
Group volume (pL/ start of KCN (3.25 mg/kg)  Animals
X infusi X R —
&) infusion (min) Males Females
1 0 none or 12 3 -
2 3-4.5 10 3 2
3 11.4 10 - 1
4 13.5 10 2 2
5 20 10 1 3
6 23-27 10 2 1
7 23.5-26.5 12 1 1

IN spray (i.e. using the delivery device as produced and supplied by
SwRI) comprising of 50, 100 or 250 pL gas tight syringe (Hamilton
Company, Reno, NV) equipped with modified Aptar tip (Aptar Pharma,
Le Neubourg, France) in the left nare by a trained technician at 10 min
after start of KCN challenge for Groups 2 through 6, and at 12 min after
start of KCN challenge for Group 7. Animals were placed on a sling at
least 30 min prior the administration of KCN to ensure the cardiovas-
cular and respiratory functions were stable prior the challenge. Animals
were kept on the sling up to 20 min post SIAN administration or later
depending on the animal’s condition.

The delivery devices were filled not more than 25 min prior to dosing
to prevent loss of material as SIAN is relatively volatile. The delivery
devices that were not used within 25 min were discarded and a new dose
was prepared. One ampoule (containing 1.2 mL of SIAN) was used per
animal. The dose volume was set according to the group identification in
the Animal assignment section.

Clinical observations and body weight. Cage-side clinical signs were
recorded on all animals at least twice daily throughout the study and on
8 occasions (i.e. pre-dose, 8, 12, 15, 30 min, 1, 2 and 6 h post start of
KCN administration) after each dose. The time of initiation of dyspnea,
apnea and mortality, if applicable, were also recorded. A detailed clin-
ical examination (DCE) was performed on each animal at animal
transfer and prior to animal assignment, and body weights recorded for
all animals at animal transfer, prior to animal assignment and on the day
prior to dosing.

Cardiovascular and respiratory evaluation by telemetry recordings.
Cardiovascular and respiratory evaluations were performed on all
conscious animals. Arterial blood pressures (BP) were obtained from the
transmitter catheter inserted into the femoral artery. Electrocardio-
grams (ECG) were obtained from the intravascular/diaphragm bio-
potential leads, and from the telemetry transmitter, in a Lead II
configuration. Physical activity was calculated by measurement of the
variability of the signal from the telemetry transmitter as a result of
changes in distance relative to the receiver. Body temperature was ob-
tained from the sensor included in the telemetry transmitter. Respiratory
function (tidal volume, respiratory rate and minute volume) was ob-
tained by impedance via the electrodes implanted subcutaneously at the
mid thoracic level. Ventricular contractility was measured using dp/
dtmax (maximum rate of rise of LVP), Vmax (maximum velocity at no
load) and contractility index ((dP/dtmax/LVP), via the catheter inserted
in the left ventricle. All parameters were recorded in conscious animals.

To ensure suitability of the animals used for the cardiovascular
monitoring, arterial BP, left ventricular pressure (LVP), respiratory and
electrocardiogram data was verified once during acclimation. During
each treatment session, cardiovascular function (arterial BP and ECG),
body temperature, physical activity and respiratory functions were
recorded continuously for a period of at least 24 h following dosing for
each animal.

Cardiovascular function parameters and respiratory parameters were
averaged:

1. Every 5 min for the 30 min prior to the initiation of KCN infusion
(when the animals were on the sling). This was used as baseline.
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2. Every minute from 10 min post-test item administration up to 30 min
post dosing.
3. Every 1 h from 4 h post-dosing up to 24 h post-dosing.

Corrected QT values were calculated and analyzed using Bazett’s
(QTcB) formulae. Electrocardiographic tracings (Lead II) were also
assessed for gross changes indicative of cardiac electrical abnormalities.

The timeline for KCN challenge, SIAN treatment, clinical observa-
tions and monitoring of cardiovascular and respiratory parameters are
outlined in Fig. 1.

Methemoglobin measurement. Blood samples were collected from all
animals prior to KCN challenge and then at 2 min post SIAN adminis-
tration (12 min post start of KCN challenge for Groups 2 to 6, and 14 min
post start of KCN challenge for Group 7), and at 5, 8, 15, 20, and 60 min
post SIAN administration. Each blood sample was collected from the
permanent arterial catheter or from an appropriate vein (femoral, ce-
phalic or saphenous) in tubes containing lithium heparin as anticoagu-
lant and kept at room temperature on orbital shaker until analysis.
Whole blood samples were analyzed using a co-oximeter AVOXimeter®
4000 (Instrumentation Laboratory Company, Bedford, MA) for deter-
mination of % metHb.

Arterial Blood Gas Assessment. Partial pressure of oxygen (Pa02),
partial pressure of carbon dioxide (PaCO2), lactate and pH were
measured in the arterial blood prior to start of KCN infusion and then 8,
12, 15, 20, 24, 27, 30 and 45 min post KCN infusion start using VetScan
I-STAT Analyzer (Abaxis Inc., Union City, CA).

2.6. Statistical analysis

Statistical comparisons were performed on pooled gender and groups
with less than 3 observations were excluded. The significance level was
set to 5% for all tests. The pairwise comparisons of interest were each of
Groups 1 and 2 versus each of the other groups. A parametric one-way
analysis of variance (ANOVA) was performed for numerical data and
the underlying assumptions of normality and homoscedasticity were
assessed on the residuals using respectively the Shapiro-Wilk and the
Levene tests.

Each group comparison was conducted via a two-sided test at the 5%
significance level and the significant results were reported as either p <
0.001, p <0.01 orp < 0.05, where p represents the observed probability.

Regulatory Toxicology and Pharmacology 123 (2021) 104927
3. Results

3.1. SIAN administration improved survival of NHPs in a dose-dependent
manner after KCN challenge

Administration of SIAN was found to be effective in protecting
against cyanide poisoning in a dose dependent manner starting from
20% survival at a dose of 3.0-4.5 pL/kg (Group 2) up to 100% survival
rate for doses > 13.5 pL/kg (Groups 4 to 6) when administered 10 min
post initiation of the KCN infusion (Fig. 2). The survival benefit was
statistically significant in Groups 4 (13.5 pL/kg; p = 0.0286) and 5 (20.0
pL/kg; p = 0.0286) compared to Group 1 (Untreated or saline treated).
The survival benefit was also statistically significant in Groups 4 (13.5
pL/kg; p =0.0476) and 5 (20.0 pL/kg; p = 0.0476) compared to Group 2
(3-4.5 pL/kg). Survival results are presented in Table 4 below.

3.2. SIAN administration reversed the deteriorating clinical condition
caused by KCN challenge

In all animals, KCN infusion induced several clinical signs starting
shortly after initiation of the challenge and subsequentially leading to a
serious deteriorating condition or death. Initial symptoms started 2-3
min post KCN-infusion start and included salivation, ptosis, agitation,
decreased activity level, skin pallor and emesis; then followed 3-4 min
later by dyspnea, gasping, nystagmus, mydriasis, muscle twitches and/
or myoclonic jerks mostly on the upper body with convulsion occurring
in some animals. The administration of SIAN 10 min post KCN-start at
doses >13.5 pL/kg was followed by a rapid reversal of the respiratory
and CNS clinical signs leading to a progressive improvement of the an-
imals’ general condition until complete recovery within an hour post-
dose. The SIAN non-treated animals and animals receiving a SIAN
dose <13.5 pl/kg or treated 12 min post KCN infusion-start continued to
deteriorate until death occurred between 10 and 15 min post KCN
infusion-start. The following exceptions were observed: one Group 2
animal receiving 4.4 pl/kg of SIAN and one Group 7 animal receiving
23.8 pl/kg of SIAN at 10- and 12-min post KCN infusion-start respec-
tively survived the challenge, but remained lying on the cage floor
without any signs of recovery and were humanely euthanized 3- and 5-h
post-SIAN administration, respectively.

3.3. Cyanide in plasma concentration prior and after SIAN
administration correlated with survival results

No cyanide was detected in the plasma samples collected prior to
initiation of the KCN infusion. Eight minutes after the start of cyanide

Experimental Design

SIAN Treatment

24h - Telemetry Stop
6h - Clinical =

Infusion Start \ 15m - Infusion Stop Observation Stop .
4 L. . s
& : PP s I 4

0:00 0:05 0:10 0:15 0:20 6:00 7:00 22:00  24:00

< KCN IV Infusion (0-0.25h) I

< dlinical Observation (0-6h) I

< cardi ular and Re

y Telemetry Monitoring (0-24h) I

Fig. 1. Timeline for KCN challenge, SIAN treatment and monitoring. The animals received an IV infusion of KCN solution at a dose of 3.25 mg/kg for 15 min.
SIAN was administered by intranasal atomization at 10 min after start of KCN challenge for Groups 2 through 6, and at 12 min after start of KCN challenge for

Group 7.
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Fig. 2. Kaplan meier curves representing time to death and survival data for each group at 6 hours.

infusion, the cyanide concentration increased to an average of 1422 ng/
mL in all groups. At 12 min post-start of KCN infusion (i.e. 2 min post
SIAN administration except for Groups 1 and 7), the cyanide concen-
tration was reduced by an average of more than half in all groups treated
with SIAN, except for Groups 2 and 7 where cyanide concentration
continued to increase in most animals. The cyanide concentration
continued to decrease slowly in all other groups up to 60 min post KCN
infusion. Between the approximate time of SIAN administration and 60
min post KCN infusion, the decrease in cyanide concentration showed a
trend proportional to the dose of SIAN administered. Individual KCN
plasma concentrations are presented in Table 2 below.

Table 2
Individual KCN plasma concentration over time.

3.4. SIAN exposure when measured by isoamyl alcohol (IAA) plasma
level acts as a fast-acting antidote, correlating with the rapid reversal of
cyanide effects

After IN administration of SIAN, IAA Tp.x occurred as early as
0.5-2.5 min post-dose, with mean plasma terminal elimination half-lives
ranging from 1.4 to 4.1 min, both with no clear relationship to dose
level. When animals survived, the last quantifiable isoamyl alcohol
concentrations were detected at the last blood sampling time point, (20
min post-dose), and were low when compared to Cyax. Systemic expo-
sure to IAA generally increased with dosage in a dose proportional
manner, although this should be considered with caution due to low

Animal ID SIAN Dose (uL/kg) KCN plasma concentration (ng/mL)
0 min 8 min 12 min 15 min 17 min 24 min 30 min 45 min 60 min

1003" 0 0 1340 1480 - - - - - -
2002° 3.6 0 309 Absent® Absent® 1150 520 - - -
2003" 4.4 0 1220 1310 3020 3120 1380 1090 711 636
2004" 3.1 0 2660 4530 5780 - - - - -
2502 3.8 0 1150 896 2650 1550 1090 590 716 499
2503 3.7 0 1700 2800 2690 1530 - - - -
3505" 11.4 0 2640 1130 3290 3040 - - - -
4005 13.5 0 1530 587 1140 844 565 512 393 308
4006 13.4 0 1010 651 1080 696 490 583 533 448
4504 13.5 0 1220 535 701 686 570 497 450 399
4505 13.5 0 1080 324 754 717 247 324 366 363
5505 20 0 1420 609 684 416 405 386 304 162
5506 20 0 1380 767 555 515 436 397 371 362
5001 20 0 1080 499 441 413 354 297 196 179
5502 20 0 1480 708 502 463 535 498 381 336
6001 23.3 0 1450 643 1250 815 495 439 327 302
6002 27 0 1440 454 412 248 333 211 157 133
6501 27 0 1730 392 458 310 234 210 178 154
7001" 26.3 0 1340 1690 912 545 309 219 160 113
7501* 23.8 0 1260 1930 1120 917 - - - -

: No sampling due to death or euthanasia.
# Animal dead.
b Animal euthanized.
¢ Sample could not be collected.
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number of animals per group (n = 1-3) and IAA plasma concentration
variability. A summary of pharmacokinetic parameters is presented in
Table 3 below.

3.5. SIAN administration increased the metHb levels in treated animals

A dose-dependent increase in absolute metHb concentration was
observed 2 min after the administration of SIAN, with higher metHb
levels correlating with improved survival (Fig. 3). After 2 min post SIAN
administration time point, the metHb concentration generally decreased
slightly and stabilized up to the last collection performed 1 h after SIAN
administration (Table 4). Overall, increased doses of SIAN administra-
tion (doses of >20 pL/kg) appeared to be associated with elevated levels
of metHb in the surviving animals up to 62 min post SIAN
administration.

3.6. SIAN treatment post-KCN challenge rapidly improved respiratory
parameters

Cyanide is known to directly stimulate chemoreceptors in the carotid
and aortic bodies (Calvelo et al., 1970; Comroe and Mortimer, 1964),
resulting in increased respiration which was observed 5 min post KCN
infusion start with followed by decrease in respiratory function with
continued administration of the toxicant. For animals that were rescued
by SIAN, the respiratory function improved during the period following
intranasal administration and a few minutes post the end of KCN chal-
lenge as detailed below.

In most animals, the respiratory rate (RR) increased for approxi-
mately 5 min post start of the KCN infusion (Fig. 4A), and decreased at
up to 10 min post start of the KCN infusion. The RR was restored
following SIAN administration (at 10 min post start of KCN infusion) in
most animals, rapidly returning to baseline comparable values at
approximately 15 min after SIAN administration. In most animals, tidal
volume (TV) increased during the first 8-10 min post start of KCN
administration (Fig. 4B), with substantial individual variations. For
some animals, the increase in TV was slight, while for others it was more
pronounced (such as in the sole animal in Group 3 dosed with 11.4 puL/
kg of SIAN, whose TV more than doubled on some occasions during the
first 8-10 min post start of KCN infusion). Similar to the respiratory rate,
TV decreased to baseline comparable values at 10 min post start of KCN
administration. Interestingly, during the first 2-3 min after SIAN treat-
ment (doses of >13.5 uL/kg), TV showed signs of compensatory increase
in SIAN treated groups (doses of >13.5 pL/kg) at 10 min post KCN
infusion start but not in Group 7 animals (23.5-26.5 pL/kg) treated 12
min after KCN infusion-start. Afterward, TV showed a slow return to
baseline values within approximately 30 min post SIAN administration
for all surviving animals. The minute volume variations were very

Table 3
Mean plasma isoamyl alcohol (IAA) pharmacokinetic parameters after SIAN
intranasal administration.

Group (SIAN No. of Crnax AUC(1ast Tmax (min)* T1/2
dose) Animals (ng/ (min x ng/ (min)
min) mL)

2 (3-4.5puL/ 5 3500 5500 0.999 2.41
kg) (0.498-2.00)

3(11.4 pL/ 1 10800 27300 0.499 2.19
kg) (0.499-0.499)

4(13.4 L/ 4 17100 20600 0.500 2.87
kg) (0.500-0.500)

5 (20 pL/kg) 4 25700 28600 0.500 3.34

(0.500-1.00)

6(23-27 L/ 3 22700 25400 0.500 2.76
kg) (0.500-2.50)

7 (23.5-26.5 4 20700 29200 0.750 4.08
pL/kg) (0.500-1.00)

2 Values represented as Median (Min-Max).

Regulatory Toxicology and Pharmacology 123 (2021) 104927

similar to TV variations, but the increase post KCN infusion was
observed earlier (i.e. 5-7 min post start of the KCN infusion) due to the
increase in respiratory rate.

3.7. SIAN had a minimal effect on arterial blood gases, serum lactate and
PpH caused by KCN challenge

For most animals in the study across groups, the partial pressure of
oxygen (PaOy) increased (by approximately 15 mmHg) at 8 min post-
start of the KCN infusion time point and prior to SIAN administration.
During the same period, decreases between 18.3 and 24.4 mmHg in
PaCO, were observed. It should be noted that animals for which the
PaCO; was >60 mmHg, and/or PaO; was <60 mmHg, and/or pH was
<7 during or after the KCN infusion succumbed post challenge. The
arterial blood pH showed subtle increase at 8 min post-start KCN infu-
sion followed by a decrease in most animals across groups from 12 min.
This continued until the end of the observation period or started to in-
crease without a return to baseline values.

After dosing with SIAN, the partial pressure of carbon dioxide
(PaCOy) increased very slightly and was still well below baseline at 45
min post-start of the KCN infusion with the exception of a few animals,
which had elevated PaCO; levels starting at 15 min post challenge. The
PaO, remained stable around 105 mmHg and the pH decreased slightly
below baseline values and returned to baseline values (i.e. pH of circa
7.4) at 45 min post-start of the KCN infusion.

Lactate levels increased (2-10-fold) in all animals at 8 min post-start
KCN infusion and peaked around the end of the 15-min KCN infusion
(ranged between 14.3 and 20 mol/L). SIAN administration had no effect
on lactate concentration, which continued to increase in all animals at
least until 27 min post-start of KCN (17 min post SIAN), then started to
decrease in some animals or remained high up to the last sampling time
point at 45 min post-start of KCN in other animals, independently to
dose level.

All the changes in blood gases, lactate and pH are consistent with the
mechanism of action of cyanide where cellular respiration is
compromised.

3.8. KCN challenge and/or SIAN treatment had limited effects on clinical
pathology parameters

No effect on hematology and coagulation parameters were observed.
Clinical chemistry changes were limited to a significant increase in
aspartate aminotransferase (AST) and alanine aminotransferase (ALT)
levels in the majority of the animals that survived the KCN challenge
(euthanized approximately 24 h post-KCN challenge), with no similar
effect on alkaline phosphatase (ALP). Higher AST and ALT levels in the
survived animals suggests a liver damage but could also be attributed to
muscle injuries due to manipulation of the animals and hyperactivity on
the sling during the KCN infusion. Absence of similar changes in AST and
ALT in the dead animals at termination was considered normal given the
expected delayed expression in the serum after the effect. Mean AST,
ALT and ALP results are presented in Table 5.

3.9. Mid to high doses of SIAN administration at 10 min post KCN
infusion-start effectively reversed the histotoxic and hypoxic effects
induced by KCN via improvements in cardiovascular parameters

The majority of cardiovascular variations associated with KCN
administration were related to changes in heart rate. After an initial
progressive increase in heart rate to approximately 4 min after the start
of KCN challenge, heart rate progressively and variably decreased in
individual animals until SIAN administration or until death. In control
animals (Group 1) and animals receiving low doses of SIAN (Groups 2
and 3; 3-4.5 pL/kg and 11.4 pL/kg), no recovery of the heart rate was
observed and all animals exhibited cardiovascular collapse progressing
to death within 30 min with the exception of two animals from Group 2
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Table 4
Individual MetHb level (%) over time.
Animal SIAN (pL/ Time SIAN Dose Post MeHb Level (%) Survival
D kg) KCN- start (min) _ , , . , ,
Pre- 2 min Post- 5 min Post- 8 min Post- 15 min Post- 20 min Post- 60 min Post-
SIAN SIAN SIAN SAIN SIAN SIAN SIAN
2002 3.6 10 2.9 Absent” Absent” 2.3 2 - - died
2003 4.4 10 1.6 1.7 1.6 1.5 1.3 1.6 1.5 euthanized”
2004 3.1 10 2.4 2.2 2.2 - - - - died
2502 3.8 10 2.2 3.1 2.5 2.8 2.5 2.8 2.3 survived
2503 3.7 10 1.8 1.8 1.7 - - - - died
3505 11.4 10 1.6 1.7 1.9 2.1 - - - died
4005 13.5 10 1.1 2.7 2.2 2.4 21 1.6 1.8 survived
4006 13.4 10 1.7 2.3 2.1 2 2.5 2 2.2. survived
4504 13.5 10 1.4 2.9 2.3 2.1 2.3 2 1.7 survived
4505 13.5 10 1.9 3.1 1.8 2.1 1.8 2 2.1 survived
5001 20 10 3.5 5.6 4.8 4.4 absent 4.4 4.5 survived
5502 20 10 1.6 3.3 2.3 2.9 2.7 2.2 2.7 survived
5505 20 10 4.4 5.1 5 5.8 4.5 5.2 5.4 survived
5506 20 10 1.6 3.8 3.4 3.4 2.9 3.3 2.7 survived
6001 23.3 10 2.2 3.1 3.2 3.1 1.7 3.4 2.3 survived
6002 27 10 4.4 7.8 6.7 6.4 5.4 5.4 5 survived
6501 27 10 2.9 6.6 5.6 5.7 5.7 4.9 4.4 survived
7001 26.3 12 1.5 2.8 3.1 3.3 3.3 3.8 3.5 euthanized”
7501 23.8 12 1.4 1.6 1.8 - - - - died

-: No sampling due to death.
# Euthanasia within 3-5 h due to no recovery.
b Sample could not be collected.

10+

Q Surviving animals

66— @ Non-surviving animals

. %}
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Fig. 3. Methemoglobin levels in NHPs at 2 min post SIAN administration.

(Fig. 5A). For all SIAN treated groups that received a mid to high dosage
(>13.54 pL/kg), recovery of heart rate occurred rapidly after SIAN
administration (i.e. usually within 2 min after the administration) with
the exception of Group 7, where recovery occurred much later for the
single surviving animal (Fig. 5A). An apparent second phase of decrease
in heart rate, initiated approximately around 1 h and 45 min post start of
KCN challenge was observed in all surviving animals from Groups 4, 5
and 6 (Fig. 5B).

Progressive increases were also observed in QRS complex durations
from 15 to 25 min post start of KCN challenge, especially in animals from
Groups 1, 2 and 3 (untreated or saline, 3-4.5 pL/kg, and 11.4 pL/kg,
respectively) (Fig. 5C). The QRS complex duration returned to pre
challenge levels in the surviving animals at 25 min post challenge —
except for the surviving animal in Group 2, which had lowered QRS
durations at up to 24 h post KCN challenge.

Cardiac contractility changes paralleled the heart rate effects. An
initial slight transient increase in contractility (i.e. maximum rate of left
ventricular pressure decrease (max dP/dt)) was noted, peaking with
heart rate changes at approximately 2-4 min post initiation of KCN
infusion followed by a rapid decline, which continued until death for
untreated, or saline treated animals, as well as for most of SIAN treated
animals at doses < 13.4 pL/kg or treated 12 min post KCN infusion

(Fig. 6A). For animals treated with SIAN at 10 min post KCN infusion
start, ventricular contractility showed signs of recovery with a trend
towards dose dependent effects (Fig. 6B). Signs of cardiac contractility
recovery were noted before SIAN administration for Group 5 (20 pL/kg)
and Group 7 (23.5-26.5 pL/kg) (Fig. 6C). Early recovery of ventricular
contractility may be due to compensatory mechanisms that were acti-
vated by KCN induced hypotension. Contractility values remained
slightly lower than baseline immediately after SIAN treatment in
experimental groups. This may be a result of slightly higher baseline
contractility values in the animals, which were likely due to stress from
restraining procedures.

A progressive fall in arterial BP occurred at about 7-10 min post start
of KCN challenge. This was observed in all animals, and was likely the
direct result of histotoxic hypoxia, progressive myocardial failure, and
changes in heart rate induced by KCN exposure. SIAN treated Groups 4,
5 and 6 showed uniform, rapid improvements in arterial blood pressure
parameters (i.e. systolic arterial pressure (SABP), mean arterial pressure
(MABP), diastolic arterial pressure (DABP), and pulse arterial pressure
(PABP)) immediately after SIAN administration which appeared to
persist at least until approximately 2 h after SIAN administration
(Fig. 7). While arterial blood pressure values remained lower than the
baseline (confirmed by the percentage change from baseline values)
after rescue, the range was considered within normal physiological
values for conscious restrained rhesus monkeys. Stress from restraining
required for dosing likely resulted in higher blood pressure values prior
to cyanide infusion, and the post-SIAN values were considered normal
for conscious animals. A second phase of progressive decrease for all
arterial blood pressure parameters appeared to be somewhat dose
dependent. The highest SIAN dose showed the least decrease (approxi-
mately 20% lower in all surviving animals at 24 h and 10 min post start
of KCN challenge for all arterial blood pressure parameters, except for
PABP. This second phase of decrease in arterial blood pressure corre-
sponded with decreases in heart rate.

This observation also confirmed the outcome associated with the
dose level of KCN used in the challenge. Lethality was confirmed in
untreated or saline treated animals, as well as animals in Groups 2, 3,
and 7 who received SIAN at low dose levels, or at high dose levels but at
a slightly delayed time (i.e. 12 min post start of KCN challenge). Animals
from Groups 3 to 6 that received mid to high doses of SIAN (>13.54 pL/
kg) showed some recovery of normal arterial BP parameters after IN
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Fig. 4. Absolute changes in respiratory rate and tidal volume of SIAN-treated NHPs up to 40 min post start of KCN challenge. A. Respiratory rate, B. tidal volume of
NHPs at up to 40 min post start of KCN challenge. SIAN was administered at dosages indicated to groups at 10 min post start of KCN challenge, except for Group 7
animals, which were treated at 12 min post start of KCN challenge. Shown are the treatment means (+SEM).

administration of SIAN (Fig. 7). Group 2 animals, which received a very
low dose of SIAN (3-4.5 pL/kg), however, continued to show progres-
sive decreases in SABP until the nadir was reached at 15 min and 45 s
post start of KCN challenge (—52.4%) (Fig. 7A). This was followed by a
sudden reversal of hypotension by 16 min and 30 s post challenge, where
only 3 out of 5 animals in the group survived. Subsequently, SABP values
fluctuated and remained low and unstable. The sole animal in Group 3

showed a rapid initial improvement in SABP post SIAN administration,
but deteriorated at 3 min post SIAN administration, became apneic by
17 min, and died. When high dose level of SIAN (23.5-26.5 pL/kg) was
administered 12 min post start of KCN challenge instead of 10 min
(Group 7), the arterial blood pressure parameters showed a greater
decrease. Interestingly, the single surviving Group 7 animal also
exhibited the best recovery of arterial blood pressure parameters after
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Table 5
Liver enzymes levels in survivors and decedents.

KCN Time point AST (U/L) ALT (U/L) ALP
Challenge (Mean (Mean (U/L)
Outcome values) values)

Survivors Baseline 39.2 51.1 388.2
At termination (24h 254.9 114.1 393.4
post-KCN challenge)

% change from +549.9 +123.0 +1.3
baseline

Decedents Baseline 48.8 46.5 456.5
At termination 23.3 8.5 370.3
(immediately before
death)

% change from -52.3 -81.7 -18.9
baseline

SIAN administration compared to all treated animals, which began at 18
min post KCN challenge, returning to baseline values at some time
points.

In all groups, administration of KCN resulted in similar, uniform
decrease in systolic myocardial performance (i.e. left ventricular systolic
pressure (LVSP)) (Fig. 8A). Histotoxic hypoxia of the myocytes had
negative effects on inotropy, which resulted in lethal cardiovascular
collapse and death as described previously. In Groups 2 and 3 (doses of
<11.4 pL/kg), systolic and diastolic function recovered in only one an-
imal from Group 2. However, systemic consequences of KCN adminis-
tration still resulted in morbidity and justified subsequent euthanasia of
this animal. In Groups 4 to 6 (doses of >13.5 pL/kg), there was an
apparent dose related, progressive improvement in both systolic and
diastolic (i.e. left ventricular diastolic pressure (LVDP)) functions as
early as 1-2 min after the administration of SIAN (Fig. 8B). Even though
complete recovery of systolic and diastolic function was not reached, all
animals of these three groups survived to the end of the study.

4. Discussion and conclusions

While amyl nitrite is used as a cyanide antidote for decades, its ef-
ficacy and safety in both animals and human requires further investi-
gation due to the shortage of data. There is also a lack of studies in well
characterized primate models of cyanide poisoning. The information
regarding effects of isoamyl nitrite on both respiratory and hemody-
namic parameters are also limited, and whether there is a dose-response
correlation between isoamyl nitrite treatment and recovery of these
parameters remains unknown. As such, we developed a model using
telemeterized NHPs to assess the effects of SIAN treatment after cyanide
exposure.

This showed that mid to mid-high doses of SIAN treatment (13.5, 20,
and 23-27 pL/kg) significantly enhanced survival of animals post lethal
dose cyanide challenge (p = 0.0286 for Group 4 and 5 compared to
control Group 1; Group 6 comparisons with controls were not statisti-
cally significant, but all animals survived post challenge). Low doses of
SIAN (<13.5 pL/kg) and delayed SIAN treatment after cyanide expo-
sure, even at the highest dose, still resulted in death. Increased survival
was also demonstrated with isosorbide dinitrate in rabbits (Lavon et al.,
2017). In the cyanide-poisoned non-anaesthetized swine model treat-
ment with isosorbide dinitrate oral spray led to a longer time to death
and better clinical scores and clinical laboratory parameters presumably
due to rapid increase of NO levels in the body (Lavon et al., 2020).

There were several mechanisms of action suggested for nitrites an-
tidotal potential. The antidotal properties of amyl nitrite were histori-
cally attributed to induction of metHb and later to NO mediated
vasodilation (Lavon and Bentur, 2010). The nitrites oxidize iron from
ferrous to the ferric state in Hb molecule, converting it into metHb.
When cyanide binds metHb, it produces much less toxic cyanmethe-
moglobin, freeing cytochrome c¢ oxidase from cyanide (Reade et al.,
2012). Alternatively, generation of NO may directly antagonize cyanide
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inhibition of cytochrome c oxidase (Leavesley et al., 2010). In addition,
it was shown that nitrite acts as an effective cyanide antidote when
methylene blue administered to prevent metHb formation (Nelson et al.,
2011). There is a possibility that nitrites could reverse circulatory effects
caused by cyanide via vasodilatory activity of NO rather than neutrali-
zation of cyanide by metHb. Even marginally increased levels of
methemoglobin have been previously associated with improved survival
rates in human cases of cyanide toxicity (Hall et al., 1987; Johnson et al.,
1989). This was also observed in the current study, where a dose
dependent increase in both absolute and percent change of metHb
concentration occurred 2 min after the administration of SIAN, with
higher metHb levels correlating with the rapid exposure of SIAN when
measured by IAA plasma level, reversing cyanide effects and improving
survival.

Cyanide poisoning affect the respiratory and cardiovascular systems
via its direct effect on vascular smooth muscle and likely on the central
nervous system (Cope and Abramowitz, 1960; Kulig, 1991; Salkowski
and Penney, 1995). In the current study, both respiratory and cardio-
vascular parameters were rapidly improved by mid to high doses of
SIAN administration, which were also associated with elevated levels of
metHb at up to 62 min post SIAN administration.

The data presented herein show that rapid administration of SIAN
post cyanide challenge significantly improved survival and reversed the
cardiopulmonary depression caused by cyanide poisoning in a well
characterized NHP model. There are indeed some drawbacks to the use
of SIAN as a cyanide antidote, such as nitrite-induced methemoglobi-
nemia and abuse (Balster, 1998; Haverkos and Dougherty, 1988;
Maickel, 1988). However, its swift antidotal action and ease of use
shows that SIAN may still be considered a rapid first line response
against acute cyanide exposure.

This study clearly demonstrated the survival and therapeutic benefits
of SIAN treatment of lethal cyanide exposure. Nevertheless, follow up
investigations are warranted to address some gaps and limitations. First,
the manipulation and restraining of the conscious animals led to stress-
related changes in the baseline values of some cardiovascular and/or
respiratory parameters add some challenges to interpret the results.
Second, the group size and gender ratio should be optimized to insure
proper statistical analysis and evaluation of the drug exposure-response
relationships.

In conclusion, intranasal administration of SIAN 10 min following
initiation of a lethal KCN infusion was found to be an effective antidote
with 100% survival at doses >13.5 pL/kg and improved clinical out-
comes in NHP model of lethal cyanide intoxication. This study will serve
as a model for further pivotal efficacy studies for cyanide poisoning.
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Fig. 5. Absolute changes in heart rate and QRS interval of SIAN-treated NHPs up to 40 min and 24 h (HR) post start of KCN challenge. Heart rate of NHPs at A. 40
min and B. 24 h post start of KCN challenge C. QRS intervals of NHPs 40 min post start of KCN challenge. SIAN was administered at dosages indicated to groups at 10
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Fig. 6. Absolute changes in max dP/dt, Vmax,
and contractility index of SIAN-treated NHPs
up to 40 min post start of KCN challenge. A.
Max dP/dt of NHPs at 40 min post start of KCN
challenge. B. Vmax of NHPs at 40 min post start of
KCN challenge. Contractility index of NHPs at C.
Contractility index of NHPs at 40 min. SIAN was
administered at dosages indicated to groups at 10
min post start of KCN challenge, except for Group 7
animals, which were treated at 12 min post start of
KCN challenge. Shown are the treatment means
(£SEM).
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Fig. 7. Absolute changes in SABP, MABP and
A : DABP of SIAN-treated NHPs up to 40 min post start
of KCN challenge. A. SABP of NHPs at 40 min post
start of KCN challenge. B. MABP of NHPs at 40 min
post start of KCN challenge. C. DABP of NHPs at
40 min post start of KCN challenge. SIAN was
administered at dosages indicated to groups at 10
min post start of KCN challenge, except for Group 7
animals, which were treated at 12 min post start of
KCN challenge. Shown are the treatment means
(£SEM).
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