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Abstract

Introduction Cyanide exposure can occur in various settings such as industry and metallurgy. The primary mechanism of injury is
cellular hypoxia from Complex IV (CIV) inhibition. This leads to decreased ATP production and increased reactive oxygen species
production. The brain and the heart are the organs most affected due to their high metabolic demand. While the cardiac effects of
cyanide are well known, the cerebral effects on cellular function are less well described. We investigated cerebral metabolism with
a combination of brain respirometry, microdialysis, and western blotting using a rodent model of sub-lethal cyanide poisoning.
Methods Twenty rodents were divided into two groups: control (n=10) and sub-lethal cyanide (n=10). Cerebral microdialysis
was performed during a 2 mg/kg/h cyanide exposure to obtain real-time measurements of cerebral metabolic status. At the end of
the exposure (90 min), brain-isolated mitochondria were measured for mitochondrial respiration. Brain tissue ATP concentrations,
acyl-Coenzyme A thioesters, and mitochondrial content were also measured.

Results The cyanide group showed significantly increased lactate and decreased hypotension with decreased cerebral CIV-linked
mitochondrial respiration. There was also a significant decrease in cerebral ATP concentration in the cyanide group and a significantly
higher cerebral lactate-to-pyruvate ratio (LPR). In addition, we also found decreased expression of Complex III and I'V protein expres-
sion in brain tissue from the cyanide group. Finally, there was no change in acyl-coenzyme A thioesters between the two groups.
Conclusions The key finding demonstrates mitochondrial dysfunction in brain tissue that corresponds with a decrease in mitochon-
drial function, ATP concentrations, and an elevated LPR indicating brain dysfunction at a sub-lethal dose of cyanide.
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the movement of electrons across the ETS is hindered and
mitochondria are unable to maintain a proper proton gradient
across the inner mitochondrial membrane [6-8]. In addition
to the reduction in the bioenergetic efficiency of the mito-
chondria, cyanide will also result in increased production
of reactive oxygen species (ROS) due to the inhibition of
superoxide dismutase (SOD) and possible increase in reverse
electron transport (RET) from CIV inhibition [9].

Cyanide primarily affects the brain and the heart which
have a heavy reliance on the production of ATP given their
high metabolic demand. Substantial cyanide poisoning man-
ifests in a wide range of signs and symptoms such as sei-
zures, tachycardia, and hypotension [10, 11]. The most com-
mon cause of death is cardiovascular shock where patients
often have the triad of unresponsiveness, high lactate, and
cardiovascular collapse. Despite the well-known effects of
cyanide on the heart, an understudied area is the neurologic
effects of cyanide [12]. We utilized a comprehensive rodent
platform using in vivo and ex vivo measures to investigate
the effect of sub-lethal cyanide poisoning on the physiologi-
cal and molecular levels specifically in the brain.

Material and Methods

Perioperative Procedures and Hemodynamic
Monitoring

All procedures have been approved by the Institutional
Animal Care and Use Committee at the Children’s Hos-
pital of Philadelphia and performed in accordance with
the National Institutes of Health Guide for the Care and
Use of Laboratory Animals. Sprague—Dawley (Charles
River Laboratories, Horsham, PA, USA) rats P60 (postna-
tal day) equivalent to a young human adult (~250-300 g)
were used for this study of equal sexes. All rodents were
placed in an induction chamber with 5% isoflurane expo-
sure for 1-2 min, placed on a SurgiSuite Multi-Functional
Surgical Platform (Kent Scientific, Torrington, CT, USA)
with warming capacity, and maintained in a temperature
range of 36-38 °C, monitored with a rectal probe for the
duration of the experiment. After induction, 2-3% isoflu-
rane was delivered by a rodent cone to maintain general
anesthesia (tail and toe pinch used to assess the depth of
anesthesia). Immediate tracheostomy was performed; the
animals were placed on a small animal ventilator (Ven-
tElite Small Animal Ventilator from Harvard Apparatus
(Holliston, MA, USA)); isoflurane was then weaned down
to 1-1.5%, and continuous measurement of oxygen satura-
tion was recorded during the entire experiment. Ventilator
settings were as follows on pressure support: respiratory
rate of 50-55 breaths/minute and a pressure of 8—10 cm
H,O to maintain a partial venous CO, of 35-45 mmHg

confirmed by iStat (Abbott Laboratories, IL, USA) using
100 uL of venous blood every 30 min after the insertion
of a 23 g IV catheter placed in the right femoral vein.
The right carotid artery, internal jugular vein, and vagal
nerve were then dissected out under 3 X magnification.
Upon isolation of the carotid artery, a Millar SPR-869
Rat PV Catheter (2F, 4E, 6 mm, 15 cm, PI) was advanced
into the left ventricle of the heart and pressure—volume
loop analysis was obtained with an ADInstruments Pow-
erLab 8/35 (Sydney, Australia) and Millar (Houston, TX,
USA). All data were recorded with PowerLab LabChart 8
Pro software from ADInstruments (Sydney, Australia).
The animals were randomized to 2 different groups: sham
(n=10) and sub-lethal cyanide (n=10).

Cyanide Experimental Protocol

A sub-lethal dose of cyanide (2 mg/kg/h) prepared in saline
was administered through a femoral line with a Harvard
Apparatus 11 Elite Syringe pump (Holliston, MA, USA).
The dose was based on existing literature for dosing of cya-
nide through various routes, such as oral and intravenous,
and in line with what would be considered sub-lethal [13].
All cyanide was prepared on the day of the experiment
and placed on ice in a sealed container to avoid off gassing
prior to infusion. Animals received their assigned cyanide
infusion for 90 min. Animals in the sham group received
90 min of 0.9% normal saline. The volume of fluids was
similar between the two groups.

Tissue and Whole Blood Extraction and Preparation
Isolated Brain Mitochondria

Upon completion of the exposure, all subject animals
were euthanized (decapitation) and the brain was imme-
diately obtained. Brain tissue immediately underwent
rapid but gentle dissection and was immediately trans-
ferred to an ice-cold isolation buffer solution (320 mM
sucrose, 2 mM EGTA, 10 mM Trizma base, pH 7.4).
Next, brain tissue was minced, manually homogenized
in ice-cold brain buffer (225 mM D-Mannitol, 75 mM
Sucrose, 5 mM HEPES, 1 mM EGTA, and 0.5 L of dou-
ble deionized water, pH 7.4) containing 0.2% BSA buffer
(catalog A6003), and centrifuged at 1300 g and 4 °C to
discard cell debris. Subsequently, the supernatant was
centrifuged for 10 min at 21,000 g to extract the mito-
chondrial pellet. Brain mitochondria were further iso-
lated from the derived pellet by differential centrifuga-
tion and application of density gradients using 15%, 23%,
and 40% Percoll (GE Healthcare cat. no. 17089101),
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washed with brain buffer, and centrifuged to collect the
isolated mitochondrial pellet. Protein count for isolated
mitochondria was obtained with a Pierce BCA Protein
Assay kit (catalog 23,227) from Thermo Fisher Scien-
tific (Waltham, MA, USA). The full methods for isolated
mitochondria from brain tissue are based on our previ-
ous works [13, 14]. Snap-frozen brain tissue was stored
at-80 °C for CoA measurements, ATP concentrations,
and western blotting.

Measurement of Mitochondrial Respiration

Mitochondrial respiratory function was analyzed using Orob-
oros O2k-FluoRespirometer (Oroboros Instruments, Inns-
bruck, Austria) with a substrate—uncoupler—inhibitor titration
(SUIT) protocol as previously described in our work [13,
15]. The SUIT protocol measures oxidative phosphorylation
capacity with electron flow through Complex I (CI) as well
as the convergent electron input through CI and Complex II
(CI+CII) using the nicotinamide adenine dinucleotide-linked
substrates, malate and pyruvate, and glutamate, as well as the
flavin adenine dinucleotide-linked substrate succinate, both in
the presence of adenosine diphosphate. Oxidative phospho-
rylation produces adenosine triphosphate (ATP), which is
the primary fuel for performing the basic cellular function.
Oligomycin, an inhibitor of the ATP synthase, uncouples res-
piration from ATP-synthase activity to measure respiration
where the O, consumption is dependent on the leakiness of
the mitochondrial membrane and back-flux of protons into
the mitochondrial matrix that is independent of the ATP syn-
thase (LEAK, o). If LEAK respiration is increased, the
electrochemical gradient across the mitochondrial membrane
is uncoupled, resulting in inadequate ATP production. Maxi-
mal convergent non-phosphorylating respiration of ETS ¢, ¢y
is evaluated by titrating the protonophore, carbonyl cyanide
p-(trifluoromethoxy) phenylhydrazone. ETScy, ¢y is consid-
ered a stress test for mitochondria as a marker of mitochondrial
respiratory reserve. Non-phosphorylating respiration, specifi-
cally through CII (ETSyy), is achieved through the addition
of rotenone, an inhibitor of CI. The Complex III (CIII) inhibi-
tor antimycin-A is added to measure the residual non-mito-
chondrial oxygen consumption, and this value was subtracted
from each of the measured respiratory states to provide only
mitochondrial respiration. Complex IV (CIV) respiration was
measured by the addition of N,N,N,N-tetramethyl-phenylen-
ediamine together with ascorbate. The CIV inhibitor sodium
azide was added to reveal the chemical background that is
subtracted from the N,N,N,N-tetramethyl-phenylenediamine-
induced oxygen consumption rate. All data were acquired
using DatLab 7 (Oroboros Instruments, Innsbruck, Austria),
and respiration value was normalized to the protein count of
the isolated mitochondria obtained from brain tissue also
based on our previous works [13, 14, 16].
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ATP Fluorometry

ATP concentrations were obtained from the snap-frozen brain
using an ATP fluorometric assay kit (Sigma MAK190). Tis-
sue was electrically homogenized in a 1.5 mL centrifuge tube
to obtain a concentration of 10 mg weight tissue/100 uL. ATP
assay buffer per well. A 0.1 mM ATP standard was created
with an ATP concentration range of 0 to 1000 pmol/uL; 50
UL of the homogenized sample and standards were loaded in
duplicates in a 96-well opaque well plate. The loaded plate was
briefly mixed in a shaker and incubated at room temperature for
30 min. ATP fluorometry was measured at excitation and emis-
sion values of 535 and 587 nm, respectively. All values were
corrected for background and glycerol phosphate (no addition
of ATP converter) [13].

Cerebral Microdialysis

We performed cMD that allows semicontinuous monitoring
of brain extracellular fluid. The cMD system consisted of a
CMA 402 Syringe Pump with 1 mL microsyringe, a CMA 142
Microfraction Collector with 300 uL plastic vials, and a CMA
12 Probe with FEP tubing and tubing adapters from CMA, a
division of Harvard Biosciences, Inc. (Holliston, MA, USA).
The probe was placed in the left frontal cortex at a depth of
0.5—1 cm in the brain parenchyma. Sterile saline was perfused
at 1 ul/minute, and after a 30-min equilibration period, samples
were collected in 30-min intervals throughout the cyanide expo-
sure. Samples were immediately frozen at-80 °C. Pyruvate,
lactate, glycerol, and glucose concentrations were analyzed in
a blinded fashion using the automated ISCUS FlexTM Micro-
dialysis Analyzer, and data were processed using the ICUpilot
software from mDialysis (Stockholm, Sweden) [13].

Acyl-Coenzyme A (CoA) Thioesters

Flash-frozen brain tissue samples were kept on dry ice through-
out processing. To measure acyl-coenzyme A (CoA) thioesters,
the frozen tissues were cut on a frozen tile (kept on dry ice) and
added to 10% (w/v) trichloroacetic acid (Sigma cat. #T6399) in
water then were sonicated for 12 0.5 s pulses, the protein was
pelleted by centrifugation at 17,000 g from 10 min at 4 °C.
The supernatant was purified by solid-phase extraction using
Oasis HLB 1 cc (30 mg) SPE columns (Waters). The wash
step was with 1 mL. methanol and the equilibration with 1 mL
water. The supernatant was loaded, desalted with 1 mL water,
and eluted with 1 mL methanol containing 25 mM ammonium
acetate. The elutes were evaporated to dryness under nitrogen
and then resuspended in 100 pL 5% (w/v) 5-sulfosalicylic acid
in water. Acyl-CoAs were measured by liquid chromatography-
high resolution mass spectrometry. Briefly, 5 uL of resuspended
samples in 5% SSA were injected on an Ultimate 3000 UHPLC
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coupled to a Q Exactive-HF (Thermo Scientific) mass spec-
trometer in positive ESI mode using the settings described pre-
viously [17]. Quantification of acyl-CoAs was via their MS1.
Data were integrated using Xcalibur 4.2 (Thermo Scientific)
software. The standard curve generation can be seen in Sup-
plementary Table 2.

Western Blot Protocol

Western blot was performed on brain tissue with all reagents
and antibodies purchased from Invitrogen (Carlsbad, CA,
USA) unless otherwise noted. Brain tissues were incubated
on ice in RIPA lysis and extraction buffer (catalog 89,900) con-
taining Pierce Protease inhibitor (catalog A32963) for 5 min.
Tissues were homogenized with the electric homogenizer and
then subjected to centrifugation at 14,000 g at 4 °C for 10 min
with the collection of the supernatant. Protein concentrations
of the supernatant were quantified using a Pierce BCA Pro-
tein Assay Kit from Thermo Fisher Scientific (Waltham, MA,
USA). We have published specifics of our protein quantifica-
tion [18]. The equal protein content of 20 pg was then loaded
into each well of 4-12% Bis—Tris gel and separated by sul-
fate—polyacrylamide gel electrophoresis (SDS-PAGE). Gel
proteins were transferred onto a nitrocellulose membrane (Cat-
alog IB23001) and then incubated with a citrate synthase (CS)
recombinant rabbit monoclonal antibody (catalog #703,361)
with a dilution factor of 1:4000 in the iBind solution (Catalog
SLF1020). Primary rabbit monoclonal anti-glyceraldehyde
3-phosphate dehydrogenase (GAPDH) antibody conjugated
to horseradish peroxidase (HRP) (#3683 Cell Signaling Tech-
nology; 1:1000) was used as an internal control. CS levels
were detected using goat anti-rabbit IgG secondary antibody
conjugated to HRP (catalog A16096; 1:400) and a chemilu-
minescent substrate reagent Kit.

The same method was performed to obtain protein quan-
tification of components of the OXPHOS system using an
OXPHOS cocktail (CI-V). Gel proteins were transferred onto
a PVDF membrane (catalog IB24001) and then incubated with
an OXPHOS monoclonal antibody cocktail (catalog 458,099)
with a dilution factor of 1:1600 in iBind solution (Catalog
SLF1020). Primary mouse monoclonal anti-GAPDH antibody
(GAI1R) conjugated to HRP (#3683 Cell Signaling Technol-
ogy; 1:4000) was used as an internal control. OXPHOS levels
were detected using rabbit anti-mouse IgG secondary antibody
conjugated to HRP (catalog A16160, 1:1600) and a chemilu-
minescent substrate reagent Kit.

Immunoblotting steps used the iBind Western Device with
images captured with the iBright CL.1000, and iBright Analy-
sis Software (Thermo Scientific) was used in the quantification
and densitometric analysis of the blots. All experiments were
performed in duplicates, and the local background corrected
density values were normalized against respective GAPDH (CS)
and GA1R (OXPHOS) values.

Statistics and Data Analysis

With 10 rodents per group, the study was powered to detect an
effect size of 1.3 or larger for all measurements with 80% power
and alpha set at 0.05. To determine differences between control
and cyanide groups for blood gasses, hemodynamics, ATP, cit-
rate synthase, and acyl-CoAs, Wilcoxon rank sum tests were
used. Data for these analyses are presented as median and inter-
quartile range (IQR). To adjust for multiple direct comparisons
(n=7), a more stringent p-value of 0.007 was used. To assess
differences between groups over time for lactate-to-pyruvate
ratio and mitochondrial respiration, an analysis of variance in
repeated measures was used. To adjust for multiple comparisons
between groups and time or respiratory states, post-hoc pairwise
comparisons using Tukey Kramer #-tests were performed. All
analyses were performed using SAS statistical software (ver-
sion 9.4, SAS Institute, Cary, NC). Figures were created using
GraphPad Prism (version 9.3.1, GraphPad Software, San Diego,
CA, USA).

Result

Baseline Characteristics, Blood Gas Chemistry,
and Hemodynamics Variables

The baseline weight and blood gasses obtained at the start
of the experiment were similar between animals (data not
shown). Serial venous blood gasses were obtained every
30 min, along with continuous vital sign monitoring
throughout the experiment. There was a significant differ-
ence between the two groups at the end of the experiment,
where the cyanide group had significantly lower heart rate

Table 1 Subject animal characteristics.

Group characteristics

Variable Sham Cyanide P-value*
(n=10) (n=10)

Blood gasses

pH 741 (7.4-742) 7(6.9-7.1) 0.0014

PaCO, (mmHg) 41 (4041) 20.5 (19-22) 0.0013

Lactate (mmol/L) 1.1 (1.1-1.2) 6.25 (5.1-7.3) 0.0013

Hemodynamics

Heart rate (bpm) 305.5 (299-312) 210.5 (206-220) 0.0014

Mean arterial pres-  71.5 (70-73) 39 (37-42) 0.0013

sure (mmHg)

The variables reported are at the 90-min time point. At the 90-min
time point, the venous blood gas and basic hemodynamics are pre-
sented as well as their respective P-values obtained with a 2-sample
t-test. All values are represented as median (IQR)

*P-values derived from Wilcoxon rank sum tests
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and mean arterial pressure along with higher blood lactate
(Table 1). The blood oxygen saturation was over 95% for
both groups throughout the entire experiment.

Cerebral Microdialysis

Cerebral microdialysis (cMD) samples were taken at
30-min time points during the experimental procedure,
starting with baseline measurements. The following sub-
strates were measured to gauge cerebral metabolism: lac-
tate, pyruvate, glycerol, and glucose. With the exception
of baseline measurement prior to the exposure, LPR was
significantly higher for the cyanide group compared to the
control group over 30-min intervals (P <0.0001 for all
time points beyond the baseline, Fig. 1).

Mitochondrial Respiration

The oxygen consumption of isolated mitochondria from cor-
tical brain tissue was measured ex vivo at the conclusion of
the experiment. CIV-linked respiration as well as all other
respiratory states were significantly lower in the cyanide
group when compared to the sham group (P < 0.0001 for all
respiratory states, Fig. 2 and Supplementary Table 1).

ATP Concentration
ATP concentrations were obtained from snap-frozen brain

cortical tissue using a commercially available kit. There
was a significant decrease in the ATP concentration in

I
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Lactate-to-pyruvate ratio
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0 30 60 90 120

Time (min)
Fig.1 Cerebral microdialysis (cMD) measurements during cya-
nide exposure. Values expressed as mean +95%CI. Sham vs. cyanide

groups significantly different at all time points (p <0.0001 for all). CI:
confidence interval.
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Fig.2 Isolated mitochondrial respiration of brain (cortical)
tissue. Respiration states of isolated mitochondria from brain tis-
sue between the sham and cyanide group. Values expressed as
mean=+95% CI. Sham vs. cyanide groups significantly different for
all key respiratory states (p<0.0001 for all). OXPHOS: oxidative
phosphorylation; ETS electron transport chain; C: Complex; CI: con-
fidence interval.

brain tissue obtained from the sham group when compared
to the cyanide group (median=3,011,393 vs. 1,155,689,
respectively; p=0.0002, Fig. 3).

Western Blot for Mitochondrial Content

The relative density of citrate synthase (CS) and OXPHOS
complexes in snap-frozen cortical brain tissue were com-
pared in the two groups. Results show no significant differ-
ence in the relative density value for both CS and OXPHOS
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Fig.3 Adenosine triphosphate (ATP) concentrations in brain tis-
sue. ATP concentrations were obtained from snap-frozen brain tissue
performed in duplicates from the sham and cyanide group. Error bars
are expressed as median+IQR. ATP: adenosine triphosphate; IQR:
interquartile range. Sham and cyanide group ATP significantly differ-
ent (median=3,011,393 vs. 1,155,689, respectively; p=0.0002).
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(*p=0.003 and **p =0.0002, respectively, Fig. 4a,b).
Supplementary Fig. 1 displays representative images used
for western blot analysis of both CS and OXPHOS com-
plexes. The ~45 kDa band corresponds to the molecular
weight of CS protein which was detected using a poly-
clonal secondary antibody against a rabbit monoclonal
anti-CS primary that is known to bind human CS. A sec-
ond band was observed at~37 kDa using a monoclonal
rabbit anti-GAPDH antibody known to detect human
GAPDH.

Acyl-Coenzyme A (CoA) Thioesters

Acetyl-CoA, Succinyl-CoA, HMG-CoA, B-Hydroxybu-
tyrate (BHB)-CoA, and Malate-CoA were also compared
between the sham and cyanide group. There was no sig-
nificant difference between the two groups for any of the
five metabolites (p > 0.05 for all comparisons, Fig. 5).

The objective of this study was to investigate alterations in
cerebral metabolism in a rodent model of sub-lethal cyanide
poisoning. To achieve this, we employed measurements of
cerebral metabolism and mitochondrial function to study the
metabolic effects of cyanide poisoning in the brain. We also
measured mitochondrial respiration in the brain to evalu-
ate the effects of CIV inhibition on other components of
the electron transport system [9, 19]. Our key findings from
this study include (1) changes in the metabolic response of
the brain that were characterized by a significant decrease
in mitochondrial function (most prominently in, but not
restricted to, CIV respiration) and no changes in mitochon-
drial content or respiratory chain complexes protein abun-
dance; (2) substantial decrease in cerebral tissue ATP con-
centrations; and (3) significant increase in cerebral LPR as
seen by cMD, corroborating the diminished mitochondrial
function in the brain imposed by cyanide.
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Fig.5 Coenzyme A for brain tissue. Data shown are median +IQR.
No statistically significant differences found between the sham and
cyanide group (p>0.05 for all comparisons). AcCoA: Acetyl-CoA;

One of the strengths of our study was the ability to
investigate the effect of cyanide on cerebral metabolism
using cMD in conjunction with our other measures such
as mitochondrial respiration of the brain [20, 21]. We
measured concentrations of glucose, glycerol, lactate, and
pyruvate across the exposure period to examine changes in
cerebral metabolism related to the CIV inhibition caused
by cyanide. While there were no significant differences in
both the glucose and glycerol concentrations, there was a
substantial difference in the lactate/pyruvate ratio, which
is an indication of dysfunction within the electron trans-
port system. This result attests to the implications of cya-
nide on cerebral metabolism leading to high LPR in the
cyanide group compared to the control group. In general,
an LPR of greater than 20 often indicates cellular dysfunc-
tion [22]. For our study, the LPR in the cyanide group was
above 20 during the entire exposure period with a nor-
mal baseline for both groups, which further supports the
mitochondrial dysfunction observed in the brain. cMD is a
translational method that is used for clinical application in
traumatic brain injury (TBI), so cerebral LPR may serve as
a potential translational biomarker for future clinical trials.
c¢MD also has other important applications for future stud-
ies in this area that include delivery of therapeutics and
measurements of other important substrates that can lead
to further identification of other critical pathways amend-
able to therapy. It is important to note that while cMD
has been used clinically in the TBI field, it is considered
invasive and has not shown clear benefit over other mark-
ers of injury or prognosis in TBI.

We also performed an analysis of mitochondrial respira-
tion to evaluate the effects of sub-lethal cyanide poisoning
on cellular respiration in a rodent model. While cyanide
poisoning can present clinically with seizures, tachycardia,
and hypotension, the physiologic response and its effect
on cerebral function have been less studied. The results
of our study showed a decrease in mitochondrial function
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Sham Cyanide Sham Cyanide
Succ-CoA: Succinyl-CoA; HMG-CoA: B-Hydroxy p-methylglutaryl-
CoA; BHB-CoA: B-hydroxybutyrate CoA; Mal-CoA: Malonyl-CoA.

and oxidative phosphorylation, with the most significant
inhibition in CIV-linked respiration. Furthermore, we saw
a significant decrease in non-phosphorylating respiration
of through Complex I and II (ETS¢y, ¢y.) Maximal con-
vergent non-phosphorylating respiration of ETS¢, ¢y 18
evaluated by titrating the protonophore, carbonyl cyanide
p-(trifluoromethoxy) phenylhydrazone. ETS, ¢y is con-
sidered a stress test for mitochondria, as a marker of mito-
chondrial respiratory reserve. We specifically test the whole
pathway of CI+1I to CIII to CIV, and that the reduction or
respiration here likely is an effect of the downstream block-
ade at CIV [23].

Furthermore, oxidative phosphorylation produces ATP
which is the primary fuel for performing the basic function.
In times of distress or injury, the ability to produce ATP may
be reduced. To characterize this relationship, we measured
ATP concentrations in snap-frozen tissue with the use of
fluorometric analysis to better investigate the consequence
of altered cellular respiration. Since the primary function of
the mitochondria is to generate ATP for cellular bioenergetic
function, having the ability to measure this critical molecule
in relation to respiration will be important for future studies.
The significant decrease in ATP concentration in the cyanide
group compared to the sham group corroborates the deplet-
ing effect of cyanide poisoning on the mitochondrial func-
tion which consequently implicates ATP production. Low
levels of ATP in other states of critical illness have also been
linked with increased mortality and morbidity [19, 24, 25].

In addition to respiration, we also measured acyl-coen-
zyme A thioesters (acyl-CoAs). CoAs are metabolites
involved in multiple metabolic pathways that involve the
mitochondria [26]. Acetyl-CoA, the most abundant acyl-
CoA, is the product of several catabolic processes in the
mitochondria as well as serving an important function in the
formation of citrate in the TCA cycle. It is the primary sub-
strate for anabolic processes in the cytosol such as fatty acid
synthesis. Our group developed a Stable Isotope Labeling
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of Essential nutrients in cell Culture (SILEC) approach
using 15N113C3-vitamin B5 (pantothenate) to generate
cell lines highly enriched for 15N113C3-labeled acyl-
CoAs [27]. SILEC applies SILEC-labeled cells as rigorous
isotope-labeled analogs used as internal standard controls
introduced prior to quantify acyl-CoA in cells and tissues.
The metabolic sequelae of cyanide poisoning include lac-
tic acidosis with increased glycolysis to compensate for
impaired mitochondrial respiration. The lactate acidosis
leads to impaired hepatic and pyruvate uptake as well as
impaired gluconeogenesis supported by elevated concen-
trations of gluconeogenic precursors such as alanine and
glycerol with some indication that there is the activation of
fatty acyl-CoA with cyanide poisoning. While our study did
not find a significant difference in the CoA measured, larger
studies or varying doses of cyanide may result in measur-
able changes in CoA or longer exposures.

We also investigated if cyanide resulted in alterations in
the protein expression of CS and structural OXPHOS pro-
teins using Western blotting. CS is a pace-maker enzyme
in the Krebs cycle with a molecular weight of 51,709 Da
and is localized in the mitochondrial matrix [28-30]. The
OXPHOS mitochondrial antibody cocktail represents the
five mitochondrial complexes with different band densities
and is used to examine the expression of mitochondrial pro-
teins. The OXPHOS cocktail was used to determine if the
protein quantification of components of the OXPHOS sys-
tem changed due to cyanide poisoning. One of the possible
factors in changes in both respiration and ROS generation
may be related to a change in the number of mitochondria or
content. We demonstrated that there was decreased protein
expression of CIII and CIV, but otherwise, no other proteins
were significantly different in the two conditions.

One of the limitations of our study was using a fixed dose
of cyanide exposure. Future studies may implement varying
doses of cyanide to evaluate the dose-dependent effect on
cellular function [31]. For future studies, it will be useful to
determine a range of doses that will allow us to evaluate for
changes in cellular function that may be predictive of toxic-
ity before any clinical manifestations. Another limitation of
our study was that we did not specifically measure cyanide
concentrations as a confirmatory test. Cyanide poisoning is
considered a clinical diagnosis, and our animals exposed to
cyanide demonstrated high lactates, hypotension, and tachy-
cardia. Furthermore, in our recent ex vivo study, we dem-
onstrated a dose-response relationship between cyanide and
mitochondrial function using blood cells, without confirma-
tory levels [9]. Another limitation was that we did not measure
metabolites in plasma, and hence, we cannot relate the values
found in the brain to those in plasma. In general, there is an
equilibrium of lactate through the blood—brain barrier but not
clear if this is the case with pyruvate as that typically requires
active transport and has an important role in the pyruvate and

malate shuttle. We also did not perform any behavioral assess-
ments as this was a non-survivor study. Future survivor stud-
ies in this area should ideally examine mitochondrial physiol-
ogy to gauge any persistent cellular dysfunction after cyanide
exposure has stopped, as well as neurobehavioral outcomes.
Finally, our rodent model used mechanical ventilation to avoid
the potential for hypoventilation related to sedation and hence
does not strictly represent what may occur clinically, but this
controlled experiment allows us to better isolate the effects of
cyanide on our proposed metrics.

In summary, in our sub-lethal rodent model of cyanide
poisoning, we demonstrate mitochondrial respiratory dys-
function in brain tissue that corresponds to decreased ATP
concentrations and an elevated LPR, indicative of brain
dysfunction. This model may allow more comprehensive
monitoring of brain function in response to future therapies
for cyanide.
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