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Characterization of a Swine (Sus scrofa) Model
of Oral Potassium Cyanide Intoxication

Patrick C Ng,"* Tara B Hendry-Hofer,* Alyssa E Witeof,> Matthew Brenner,** Sari B Mahon,® Gerry R Boss,®
and Vikhyat S Bebarta'?

Cyanide is a readily available and potentially lethal substance. Oral exposure can result in larger doses, compared with
other routes. Currently, there are no antidotes specific for use in the treatment of oral cyanide poisoning, and studies cannot
be done in humans. We report on a new large animal model of oral cyanide toxicity to evaluate potential antidotes. Six fe-
male swine (Sus scrofa; weight, 45 to 55 kg) were anesthetized, intubated, and instrumented. Animals received a KCN bolus
of either 5 or 8 mg/kg delivered via orogastric tube. Time to apnea was recorded; parameters monitored included heart rate,
respiratory rate, blood pressure, pulse oximetry, end-tidal CO,, arterial blood gasses, and lactate concentrations. The Welch
t test was used to calculate confidence intervals, mean, and standard deviation, and a Kaplan-Meier survival curve was used
to compare survival between the 2 groups. At baseline, all animals in both groups were similar. Animals in the 5-mg/kg group
had a more rapid time to apnea (5.1 = 2.1 min), longer time to death (48.5 + 38.1 min), and a greater rate of survival than the
8-mg/kg group (apnea, 10.6 =10.7 min; death, 26.1 + 5.8 min). All animals displayed signs of toxicity (acidemia, hyperlactatemia,
hypotension, apnea). We here report a large animal (swine) model of oral cyanide poisoning with dose-dependent effects in
regard to time to death and survival rate. This model likely will be valuable for the development of medical countermeasures

for oral cyanide poisoning.
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Cyanide is lethal to humans.'**” A primary mechanism of
toxicity is the inhibition of complex IV (cytochrome a3) in the
electron transport chain, thus compromising oxidative phos-
phorylation and leading to severe end-organ damage.">”® The
NIH Strategic Plan and Research Agenda for Medical Counter-
measures specifies that ingested cyanide is a leading threat—
unique from inhaled and intravenous cyanide—because of the
potentially higher cyanide dose, accessibility, delayed kinet-
ics of absorption, and vulnerability of food and water suppl
ies.562121516232829 When ingested, cyanide salts are exposed to
the acidic environment of the stomach and form hydrogen
cyanide, which gets absorbed and can cause systemic tox-
icity. Events over the past 2 decades have revealed the inter-
est of various terrorist network groups in using cyanide in
attacks.!369111317:202327:29 According to the Centers for Disease Con-
trol and Prevention, the potential LD, for oral KCN exposure
is 1.8 to 7.3 mg/kg, but this figure is not well defined and is
extrapolated from case report studies. Furthermore, the LD,
for oral cyanide in swine is not well established, and dosing
regimens must be based on previous studies performed mostly
on small to moderate-sized animals. The LD, of oral cyanide in
small to moderate-sized animal models range from 3 to 8 mg/kg,
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and these data were used to determine dosing regimens for
swine toxicity studies.>*78141621.2224

Currently, no countermeasures are established for oral cya-
nide poisoning. Regulations of the US Food and Drug Asso-
ciation provide guidance on the new drug approval process
when antidotes for chemical threats cannot be tested directly
on human subjects for safety reasons."” For scenarios where hu-
man studies are not feasible, the FDA (through application of
the Animal Rule) can approve new therapeutics that have been
studied in well-characterized animal models—preferably 2 spe-
cies, one of which is a large mammal.’ Swine (Sus scrofa) are a
large mammalian species that has been used in several toxico-
logic studies.>* In these studies, pigs provided a reliable and
reproducible model system.

Potential therapeutics and countermeasures for oral cyanide
exposures have been studied in small animal models, including
mice.?** Small animals have several limitations, including dif-
ficulty with scaling dosages and challenges with hemodynamic,
clinical, and laboratory monitoring.*** In addition, there are
key differences between the physiologic and metabolic char-
acteristics of some species and humans.>*781011141621222426 Ag
result, the toxicokinetic and pharmacodynamic principles of
oral chemicals and antidotes observed in those species may not
apply to humans. Studies of oral cyanide toxicity and treatment
involving a large animal model that has similar physiology, size,
and anatomy to humans would be useful in developing new
antidotes.

Previously, we studied acute intravenous cyanide toxicity in
a swine model.’* Swine is a reasonable option to test counter-
measures, given the similar size, cardiovascular system, and
gastrointestinal system between swine and humans.?** The use

375



Vol 68, No 5
Comparative Medicine
October 2018

of a large animal model will help further understanding of oral
cyanide poisoning through increased knowledge of the physi-
ologic and biochemical effects that occur but cannot be mea-
sured in smaller mammals. Studies in large animals can help to
determine the necessary effective dose in humans and for use in
Good Laboratory Practice and Phase I studies. Here we report a
new large animal (swine) model of oral cyanide toxicity, which
we developed to study oral cyanide poisoning and evaluate
potential countermeasures.

Materials and Methods

Adolescent female Yorkshire swine (Sus scrofa; weight, 45 to
55 kg) were used for this study. Anesthesia was induced by us-
ing ketamine (10 to 20 mg/kg IM; MWI, Boise, ID) and isoflu-
rane (MWI) by nosecone. Animals were intubated with a cuffed
8.0-mm endotracheal tube (Teleflex, Morrisville, NC), an oro-
gastric tube (B Braun, Boise, ID) was placed, and peripheral
venous access obtained. Sedation was maintained (Fabius GS,
Drager, Houston, TX) by using 1%,3% isoflurane and 0.4 FiO,
Tidal volume was set at 8 mL/kg and a respiratory rate of 16 to
20 breaths per minute, and the minute volume was adjusted to
maintain an end-tidal CO, of 38 to 42 mm Hg. A 7.5-mL/kg bo-
lus of 0.9% saline (B Braun) was given prior to central line place-
ment. The external jugular and femoral artery were visualized
(M9 ultrasound system, Mindray, Mahwah, NJ), and central
venous and arterial access was obtained. Pulse oximetry, body
temperature, invasive blood pressure, and ECG were monitored
(Infinity Delta Monitor, Drager) throughout the experiment.
Once vascular access was obtained, the mechanical ventilator
was turned off, and isoflurane and FiO, were weaned to 0.8% to
1% and 0.21, respectively.

Once the pig was stabilized and breathing spontaneously
without mechanical ventilation, as indicated by a minute vol-
ume greater than 5.0 L and PaCQO, less than 45, gastric contents
were sampled to assess pH. KCN (Sigma Aldrich, St Louis,
MO) was diluted in saline and delivered as a one-time bolus
dose through the orogastric tube. After administration of KCN,
ventilation status was monitored by using end-tidal CO,, ar-
terial blood gasses, and time to apnea, defined as fewer than
6 breaths per minute, was recorded. Untreated control animals
were instrumented and monitored identically to the KCN expo-
sure groups. The pigs were observed continuously for 90 min
or until death, defined as a mean arterial pressure of less than
30 mm Hg for 10 min. Physiologic variables including heart
rate, respiratory rate, minute volume, end-tidal CO,, and mean
arterial pressure were monitored continuously and recorded
every 5 min. Laboratory studies including chemistry, arterial
blood gasses, and lactate concentration were obtained every
10 min. At the end of the study, pigs were euthanized by using
sodium pentobarbital (100 mg/kg IV).

All experiments were approved by the University of Colo-
rado’s IACUC and complied with the regulations and guide-
lines of the Animal Welfare Act and AALAC. Prism 7.0 software
(GraphPad, La Jolla, CA) was used for statistical analysis. The
Welch t test was used to calculate confidence intervals, mean,
and standard deviation. A Kaplan-Meier survival curve was
used to compare survival rate between concentrations of in-
gested cyanide.

Results
At baseline, all physiologic parameters, including weight,
pH, lactate, CO,, and blood pressure, were similar in all groups
(Table 1). Survival in the 5-mg/kg group (n = 3) was lower
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(33.3%) compared with the control group (100%; n = 3; P =
0.116). Survival at 90 min in the 8-mg/kg group (0%; 1 = 3) was
significantly (P = 0.025) lower than the control group (100%;
Figure 1). After oral KCN administration, all pigs began to de-
velop hypotension before becoming apneic (Figure 2). Hypoten-
sion was more profound and persistent in the group treated with
8 mg/kg KCN. One animal in the 5-mg/kg group did not return
to spontaneous ventilation, as indicated by a minute volume of
less than 1 L and CO, of 96.3 mm Hg but maintained a mean
arterial pressure of greater than 30 mm Hg for the 90-min dura-
tion of the study. Animals in the 5 mg/kg group had a more
rapid time to apnea but a longer time to death and a greater rate
of survival, compared with the 8-mg/kg group (Table 2). In ad-
dition to hypotension, all KCN-exposed animals developed aci-
demia, as indicated by a decrease in serum pH (Figure 3 A) and
an increase in serum lactate concentration (Figure 3 B). At the
time of death, animals in both groups had similar physiologic
parameters (Table 2). Animals treated with 8 mg/kg KCN PO
died faster than animals treated with 5 mg/kg.

Discussion

Several government agencies highlight the threat of oral cya-
nide and the need for an antidote approved for cyanide poison-
ing through this route of exposure.””** A well-characterized
model for oral cyanide poisoning is needed to develop effective
countermeasures. Here we report a reproducible swine model of
oral cyanide poisoning that is dose-dependent in regard to time
to death and survival and demonstrates clinical effects that are
similar to the toxicity of oral cyanide in humans.** Human ex-
posure to cyanide results in significant cellular dysfunction, pre-
senting as sedation, apnea, hypotension, and metabolic acidosis
with significant hyperlactatemia.’* In our current study, swine
exposed orally to KCN had similar physiologic effects and dem-
onstrated a similar time course as had been reported for hu-
man exposures.'* All of our KCN-treated pigs died, except for
one animal in the 5-mg/kg group. Although this remaining pig
maintained a mean arterial pressure of greater than 30 mm Hg
for the duration of the study; it likely would have died at a later
point than 90 min (the end of our observation period), given
that it never returned to spontaneous ventilation.

As with human toxicity, higher doses of oral KCN proved
to be more toxic in pigs. The group of swine challenged with
8 mg/kg of oral KCN had a 100% mortality rate, a more rapid
decrease in blood pressure, and higher rise in serum lactate con-
centration. The dose-dependency of oral cyanide has clinical im-
plications, given that large gastrointestinal reservoirs of cyanide
can occur after ingestion, which in turn may require increased
doses of antidote compared with conventional dosing. In hu-
mans, exposures to oral KCN result in signs of toxicity within
minutes, which was similar to the onset of toxicity in our pigs.
In our study, the 5-mg/kg group became apneic sooner than the
other group, but other markers (lactate, time to death) reflect
that 8 mg/kg of KCN is more toxic, in a dose-dependent man-
ner. Because death occurred at different time points throughout
the experiment, intergroup differences in blood pH and lactate
were not statistically significant. In addition, the shorter time to
apnea observed for the 5-mg/kg group may be secondary to a
small sample size.

Previous reports describe using small animal models to study
oral cyanide. In 2016, a mouse model of oral poisoning was used
to study cyanide toxicokinetics.” In that study, the authors de-
termined the LD, of oral cyanide in these mice, noted that the
natural history of oral cyanide toxicity is similar in mice and
humans, and concluded that a reproducible small animal model



Table 1. Characteristics at baseline

Swine model of KCN poisoning

5 mg/kg KCN 8 mg/kg KCN 95% CI
Weight (kg) 50.1+7.0 51.5+6.4 -13.9 to 16.6
KCN dose (mg/kg PO) 5.22+0.44 8.14+0.08 -0.54t0 4.3
pH 7.43£0.07 7.46 +0.04 -0.12t0 0.17
CO, (mm Hg) 42+79 43.7+2.6 -159t019.3
Lactate (mmol/L) 1.22+£0.53 0.58 £0.12 -19t0 0.6
Systolic blood pressure (mm Hg) 116 +£11 116 £19 —40 to 40

Data are given as mean = 1 SD.
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Figure 1. The increased time to death in the 5-mg/kg group compared
with the 8-mg/kg group demonstrates a dose-dependent response to
KCN toxicity. Compared with untreated controls, the 8-mg/kg ani-
mals had increased (P = 0.025) mortality.
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Figure 2. Animals challenged with 5 or 8 mg/kg KCN developed hy-
potension prior to apnea. One of the 3 pigs that received 5 mg/kg
KCN PO survived until the end of the study despite remaining apneic;

all animals in the 8-mg/kg group continued to become hypotensive
until death. A, anesthesia; BL, baseline.

can be used to test potential countermeasures for oral cyanide
toxicity. A limitation of the cited study?® is the use of a small
animal model, where monitoring of cardiovascular parameters
can prove to be challenging. In addition, given the large size dif-
ference between mice and humans, scaling the dose of any po-
tential therapeutics might be difficult. Furthermore, mice may
be more resistant to the effects of oral cyanide exposure than
humans. This effect may be secondary to the potential differ-
ences in gastric pH of the 2 species. Human gastric pH generally
ranges from 1.5 to 3, whereas in mice, depending on whether
they are fed (or not), gastric pH may be as high as 4. HCN is
formed more favorably in an acidic milieu after the ingestion of
cyanide salts such as KCN, and these differences in pH may ex-
plain potential differences in the toxic response to oral cyanide
exposure across species.?’*

In studies using animals to model human toxicity, the use
of moderate-sized species such as rabbits, offers various ad-
vantages compared with smaller animals, such as mice. For ex-
ample, rabbits are more amenable to cardiovascular monitoring
in real-time than are mice. In addition, rabbits have a similar

gastric pH compared with humans, which has implications
regarding the bioavailability of toxic compounds and poten-
tial oral countermeasures in vivo.”? A 2017 study reported data
from rabbits and potential oral cyanide countermeasures. In
particular, the authors used continuous-wave near-infrared tis-
sue spectroscopy system to monitor for toxicity in real-time and
found that a combination of oral glycine and sodium thiosulfate
may be useful for treating high-dose acute cyanide ingestion.”
The authors highlighted the difference between the metabolic
rates of rabbits and humans as a limitation of using rabbits for
these types of studies. Of the 2 species, rabbits have a higher
metabolic rate, and this difference has implications regarding
the toxicokinetics of oral poisonings, time window for antidote
administration, and response to potential oral antidotes.

To compliment earlier studies, a large animal model for cya-
nide toxicity is needed. Rabbits and swine complement each
other well in terms of drug development and assessment of
physiologic and biochemical variables."*” The FDA Animal Rule
likely will require 2 animal models (including at least one large
animal species) for testing the efficacy of oral cyanide counter-
measures.'’ The selection of swine as a model of cyanide toxic-
ity is appropriate for several reasons. First, the size of swine is
similar to humans, and the allometric conversion of drug doses
is similar to the human equivalent dose.” With the potential
for increased amount of antidote needed in oral cyanide expo-
sures, the need for significant scaling of drug dosing can be bet-
ter extrapolated to humans by using of a large animal model.
In addition, swine and humans are gastrointestinally and car-
diovascularly similar.?'*?? These similarities support the use
of swine to model human toxicity of oral poisons like cyanide,
because swine and humans have demonstrated similar systemic
absorption of such chemicals.**!*#% Future studies should eval-
uate promising countermeasures in our swine model—similar
to what has been done for intravenous KCN models—in experi-
ments that reflect clinically relevant scenarios.>*”*

Our study has limitations. This study was a pilot study, and
the sample size was small. In addition, drug kinetics were not
studied; however, all pigs demonstrated severe toxicity as evi-
denced by apnea, acidemia, and hyperlactatemia, similar to
the clinical signs of KCN poisoning in previous experiments.’*
Furthermore, the pigs were observed for only a short period of
time, and potential delayed sequela from KCN poisoning were
not characterized. However, we plan to develop specific coun-
termeasures for acute oral KCN poisoning soon after ingestion
for prehospital and mass-casualty settings. In addition, we
anesthetized the pigs for dosage, which was required by our
IACUC and might influence data from the model. We did not
test a broad range of KCN doses, because the development
of a new large animal models is expensive, which thus lim-
its the number of experiments that can be performed. We did
not assess a countermeasure or antidote, given that our objec-
tive was to develop and present the current model; we have
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Table 2. Characteristics of pigs at death after KCN challenge

5mg/kg 8 mg/kg 95% CI
Time to apnea (min) 512+2.13 10.64 +=10.7 -19.77 to 30.81
Time to death (min) 48.52 +38.13 26.11 +£5.81 -114.3 to 69.5
pH 6.99 +0.14 7.02+0.05 -0.26 to 0.32
CO, (mm Hg) 75.3+18.2 56.9 + 3.6 —-61.5 to 24.7
Lactate (mmol/L) 10.92 + 4.36 11.17 £ 2.07 -8.89 to 9.39
Systolic blood pressure (mm Hg) 64.0 +35.4 49.7+9.5 —-278.7 to 250

Data are presented as mean + 1 SD.

BL A 5 10 20 30 40 50 60 78 80 90
Time (min) after apnea

=~ 5 mgl/kg
B = 8 mg/kg
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-
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Figure 3. All pigs developed acidosis after KCN challenge. (A) Blood
pH decreased over time until death occurred (mean: 49 min [5 mg/kg
pigs] or 26 min [8 mg/kg pigs]) or until the end of the study. (B) Blood
lactate concentrations increased over time until death occurred (mean:
49 min [5 mg/kg pigs] or 26 min [8 mg/kg pigs]) or until the end of
the study. A, anesthesia; BL, baseline.

studies ongoing in this model to evaluate several potential
treatments and to further understand the mechanisms of oral
KCN toxicity. Furthermore, we report an animal model for
human toxicity.

Although swine are a great choice in terms of their physi-
ologic and size similarities to humans, these species nonetheless
display key differences. For example, the CYP1 and CYP2 fami-
lies of enzymes differ markedly between the 2 species. CYP1
activity is sex-related in both species. However, CYP1 activity
is higher in female pigs compared with male. Whereas clear
sex-associated differences in CYP2 activity occur in swine, these
differences are not as pronounced in humans. In addition, CYP2
enzyme variations in humans are primarily due to polymor-
phisms, whereas most of the variations in individual CYP2 in
swine are secondary to sex hormones.*"! These examples are
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only some of the limitations in using an animal model to study
human toxicity.

Here we report a large animal (swine) model of oral cyanide
poisoning with dose-dependent toxic effects in regard to time to
death and survival. This model would be valuable for federal
agencies and industry in need of developing medical counter-
measures to treat oral cyanide poisoning. %
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