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ARTICLE INFO ABSTRACT

Keywords: The objective of this study was to compare the use of hydroxocobalamin (B12a) and a succinate prodrug to
Respiration evaluate for improvement in mitochondrial function in an in vitro model of cyanide poisoning. Peripheral blood
C){anide X mononuclear cells (PBMC) and human aortic smooth muscle cells (HASMC) incubated with 50 mM of sodium
r;i(i);:;ndna cyanide (CN) for five minutes serving as the CN group compared to controls. We investigated the following: (1)

Mitochondrial respiration; (2) Superoxide and mitochondrial membrane potential with microscopy; (3) Citrate
synthase protein expression. All experiments were performed with a cell concentration of 2—3 x 10° cells/ml for
both PBMC and HASMC. There were four conditions: (1) Control (no exposure); (2) Cyanide (exposure only); (3)
B12a (cyanide exposure followed by B12a treatment); (4) NV118 (cyanide followed by NV118 treatment). In this
study the key findings include: (1) Improvement in key mitochondrial respiratory states with the succinate
prodrug (NV118) but not B12a; (2) Attenuation of superoxide production with treatment of NV118 but not with
Bl2a treatment; (3) The changes in respiration were not secondary to increased mitochondrial content as
measured by citrate synthase; (4) The use of easily accessible human blood cells showed similar mitochondrial
response to both cyanide and treatment to HASMC. The use of a succinate prodrug to circumvent partial CIV
inhibition by cyanide with clear reversal of cellular respiration and superoxide production that was not attrib-
uted to changes in mitochondrial content not seen by the use of B12a.

1. Introduction

Cyanide is a potent Complex IV or CIV inhibitor that results in
cellular bioenergetic failure from decreased ATP production [1-4]. Cy-
anide exposure can occur from smoke inhalation, especially following
the combustion of materials that include wool, silk, synthetic rubber,
and polyurethane. Exposure can also occur as an occupational hazard
and also as an agent of terriorism [5-9]. Treatment of cyanide toxicity
consists primarily of supportive care and select use of antidotal therapy.
One class of antidotes are the nitrites to induce methemoglobin forma-
tion, however, its primary effect may be attributed to the formation of
nitric oxide (NO) that displace cyanide from CIV potentially leading to

recovery in the electron transport system (ETS) [10]. Another commonly
used antidote is hydroxocobalamin (B12a) that binds with cyanide
forming a common vitamin cyanocobalamin (B12) that is non-toxic
[11-13]. A significant limitation that exists is that very few antidotes
address the underlying problem with cellular bioenergetic failure. There
is a gap in mitochondrial therapy that directly delivers substrate to in-
crease oxidative phosphorylation (OXPHOS) capacity. There are a class
of cell-permeable succinate prodrugs that readily bypass the cell mem-
brane independent of active transport to release succinate. While pri-
marily developed for patients with genetically inherited Complex I or CI
deficiency, its use in partial CIV inhibition is not known [14,15].
Another gap that exists is the limited ability to gauge cellular
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function in vivo with cyanide poisoning. There are many barriers to this
approach that include cost, time and invasiveness. Whole blood cells
such as peripheral blood mononuclear cells (PBMC) and platelets have
been explored for their potential to act as sensitive biomarkers for
mitochondrial dysfunction in lieu of invasive and time consuming tissue
biopsies [16-18]. The measurement of mitochondrial respiration in cells
isolated from human blood offers a more sensitive assay for mitochon-
drial poisons such as cyanide by directly measuring mitochondrial
respiration as demonstrated in our previous study [19].

The goals of this in vitro investigation were to utilize a cellular model
of partial complex IV inhibition to study a new approach in therapy
using a succinate prodrug. We evaluated alterations in respiration,
reactive oxygen species production and mitochondrial content
compared to standard treatment as well as the use of blood cells as a
surrogate biomarker of tissue function.

2. Materials and methods
2.1. Material

We used a cell-permeable first-generation succinate prodrug, NV101-
118 or diacetoxy-methyl succinate obtained from NeuroVive Pharma-
ceutical AB (Lund, Sweden) as seen in Fig. 1.

2.2. Study design and cell preparation

The Institutional Review Board approved this study (Protocol num-
ber 822694) and whole blood was obtained from twenty consented
participants. All eligible subjects underwent phlebotomy and samples
were taken from the collection tubing and PBMC were isolated using
Leucosep Centrifuge tubes from Greiner Bio-One (Kremsmdiinster,
Austria) [19]. Adult primary human aortic smooth muscle cells
(HASMC)- SKU: ATCC® PCS-100-012 were purchased from Lifeline Cell
Technology (Frederick, CA, USA). The HASMC between passages one
and eight were cultured in Vascular Cell Basal media from American
Type Culture Collection (Manassas, VA, USA) without antibiotic use.
HASMC have been used to study vascular pathophysiology and is often
used as a model for vascular response to stress response. For experiments
to measure mitochondrial function with fluorescence microscopy, cells
were plated at a density of 10,000 cells per dish on fibronectin-coated
MatTek 35-mm glass-bottom dishes purchased from MatTek Life Sci-
ences (Ashland, MA, USA) approximately 48 h before experiments.
MatTek dishes were coated with 10 pg/ml fibronectin-PBS solution for
30 min prior to plating.

2.3. High-resolution respirometry

Respiration was measured at a constant temperature of 37 °C in a
high-resolution respirometry (Oxygraph-2k) with DatLab software
version 7 for data recording and analysis (Oroboros Instruments, Inns-
bruck, Austria). All experiments were performed at an oxygen concen-
tration range of 50—210 pM O,. For respiration measurements, both
PBMC and HASMC were suspended in a mitochondrial respiration me-
dium (MiR05) containing sucrose 110 mM, HEPES 20 mM, taurine
20 mM, K-lactobionate 60 mM, MgCly 3 mM, KHyPO4 10 mM, EGTA
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Fig. 1. Structure of a First Generation Succinate Prodrug: NV118.
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0.5 mM, BSA 1 g/1, pH 7.1. All experiments were performed with a cell
concentration of 2—3 x 10° cells/ml with normalization performed for
each experiment based on cell number.

There were four conditions: (1) Control (no exposure); (2) Cyanide
(exposure only); (3) B12a (cyanide exposure followed by Bl2a treat-
ment); (4) NV118 (cyanide followed by NV118 treatment). Initially,
cells were left to stabilize at a routine respiration state, revealing resting
cellular energy demands on OXPHOS. Once routine respiration was
obtained, with the exception of the Control group, sodium cyanide, a
1 mM stock for a final concentration of 50 pM was used in the other
three groups. A fresh batch was made prior to each experiment and
immediately injected into airtight O2k chambers for consistent dosing
due to off-gassing that may occur with cyanide. This concentration was
determined in a dose dependent fashion to cause a 50 % reduction in
respiration representing partial inhibition of CIV as a 100 % inhibition is
incompatible with cell viability. 15 min. following cyanide exposure,
respiration was obtained and either B12a (1 mM) or NV118 (100 pM)
was used as treatment based on previous publications [14]. Dime-
thylsulphoxide (DMSO) was the compound vehicle for NV118 and
therefore it was also used in a separate series of experiments as well as
succinate and treatment alone to examine for any treatment effect in the
absence of cyanide exposure. After the titration of B12a or NV118, the
maximal capacity of the electron transport system (ETS) also known as
maximal respiration or MAX was measured after careful titration of the
protonophore, carbonyl cyanide p-(trifluoromethoxy) phenylhydrazone
(CCCP (0.5uM steps)) until no further increase in respiration was
detected. Rotenone, a CI inhibitor, (2 pM) and antimycin-A, a CIII in-
hibitor, (2.5 uM) were then sequentially added to inhibit the ETS
providing the non-mitochondrial residual oxygen consumption (ROX)
that was subsequently subtracted from the different respiratory pa-
rameters in further analyses [20]. We also investigated specific CIV
activity with the addition of ascorbate (2mM) and N,N,N/,
N'-Tetramethyl-p-phenylenediamine or TMPD (0.5 mM) followed by
sodium azide (100 mM) which will inhibit any remaining CIV respira-
tion based on multiple publications [21-23]. All chemicals used for
respiration were obtained from Sigma-Aldrich (St. Louis, MO, USA)
based on previous publications which include exact specifications [20,
24]

2.4. Determination of superoxide production and mitochondrial inner
membrane potential

The same conditions were repeated to determine superoxide pro-
duction and mitochondrial inner membrane potential. Cells were
imaged using a Zeiss LSM 710 Confocal microscope (Oberkochen, Ger-
many). We used the following fluorophores: MitoSOX Red Mitochon-
drial Superoxide Indicator (catalog M36008); Tetramethylrhodamine,
methyl ester (TMRM) mitochondrial membrane potential indicator
(catalog 134361); and 4',6-diamidino-2-phenylindole (DAPI) DNA stain
(catalog D1306) purchased from Invitrogen (Carlsbad, CA, USA). The
production of superoxide by mitochondria can be visualized in fluores-
cence microscopy using MitoSOX Red. MitoSOX Red experiments were
performed with a 5 u M working solution. Fluorescence intensity was
measured with ImageJ software and Corrected Total Cell Fluorescence
(CTCF) was calculated through the formula (CTCF = Integrated Density
— Area of Cell x Background Fluorescence). Mitochondrial membrane
potential was obtained with the use of tetramethylrhodamine (TMRM).
TMRM data was acquired by incubating cells in 20 nM working solution
for 30 min in the dark at 37 °C. Fluorescence Intensity Ratio for each
region of interest (ROI) was calculated as follows: (ROI Mean Fluores-
cence — Background Fluorescence) / Background Fluorescence [25].

2.5. Determination of citrate synthase (CS) relative density values

Protein quantification was performed with iWestern and gels were
imaged with the iBright CL1500 by Thermo Fisher Scientific (Waltham,
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MA, USA). Western blot was performed to measure CS protein expres-
sion used as a marker of mitochondrial content. Western blot was per-
formed on cells with the same conditions and concentrations used in this
study with all reagents and antibodies purchased from Invitrogen
(Carlsbad, CA, USA) unless otherwise noted. Cells were incubated on ice
in RIPA lysis and extraction buffer (catalog 89,900) containing Pierce
Protease inhibitor (catalog A32963) for 5min. All cells types were
briefly sonicated and then subjected to centrifugation at 14,000 g at 4°C
for 10 min. Protein concentrations of the supernatant were quantified
using a Pierce BCA Protein Assay Kit from Thermo Fisher Scientific
(Waltham, MA, USA). Equal protein content was loaded into each well of
a 4-12 % Bis-Tris gel and separated by sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE). Gel proteins were transferred onto a
nitrocellulose membrane and then incubated with a CS Recombinant
Rabbit Monoclonal Antibody (catalog 3H8L26). Primary rabbit mono-
clonal anti-glyceradehyde 3-phosphate dehydrogenase (GAPDH) anti-
body conjugated to horseradish peroxidase (HRP) (#3683 Cell Signaling
Technology; 1:2000) was used as the internal control. CS levels were
detected using goat anti-rabbit IgG secondary antibody conjugated to
HRP (catalog A16096; 1:400) and a chemiluminescent substrate reagent
kit. Inmunoblotting steps were done in an iBind Western Device (Invi-
trogen). iBright Analysis 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 den-
sity values were normalized against respective GAPDH values used as a
housekeeping protein.

2.6. Statistical analysis

Statistics were calculated by using Prism v.8 from GraphPad Soft-
ware (San Diego, CA, USA). Data are presented as mean + standard
deviation (SD) of the mean if not indicated otherwise. Analysis between
groups was performed by using repeated measures ANOVA. The results
were adjusted with Bonferroni correction for multiple tests. A P value of
<0.05 was statistically significant.

Table 1
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3. Results

Whole blood for PBMC isolation were obtained from participants
that included 20 healthy subjects: 10 males and 10 females, median age
of 31 years of age (interquartile range = 25-36). Table 1 contains all the
values presented as the mean and the SD obtained for respiration,
fluorescence microscopy and Western blot in HASMC and PBMC for all 4
conditions. Figs. 2 and 3 displays the oxygen consumption for key res-
piratory states for all conditions in both HASMC and PBMC, respectively.
Key findings in the HASMC cell line include a similar baseline routine
respiration prior to exposure to cyanide with a significant 50 % decrease
in mitochondrial respiration after cyanide exposure with the exception
of the Control group which was not exposed to cyanide. The use of
NV118 showed a significant treatment effect and ClII-linked respiration
along with a significant increase in both maximal and CIV respiration
when compared to the Cyanide and B12a group. This relationship in
respiration with the treatment of B12a and NV118 was also consistent in
the PBMC groups. In addition, we also performed additional experi-
ments examining for an effect with treatment alone (B12a and NV118)
with no observed differences with the exception that NV118 increased
respiration in healthy PBMCs which has been noted in other works.

Figs. 4, 5 display the superoxide production as measured with
MitoSOX fluorescence shown as the average corrected total cell fluo-
rescence (CTCF) for each of the four groups. For HASMCs, there was a
significant increase in superoxide in the Cyanide group when compared
to the Control group. There was normalization of superoxide in the
NV118 group when compared to the Cyanide group. There were no
other significant differences between groups with respect to HASMCs. In
the PBMC groups, there was a significant increase in superoxide when
compared to the Control group. There was also a significant decrease of
superoxide upon administration of NV118 similar to what is seen with
HASMC. A different finding with PBMCs when compared to HASMCs is
that in the B12a group there was also a significant increase in superoxide
when compared to the Control group similar to the Cyanide group.

Figs. 6 and 7 display the mitochondrial membrane potential obtained
with TMRM displayed as the average corrected total cell fluorescence
(CTCF) for each of the four groups. There were no significant differences

Mitochondrial respiration, MitoSOX, TMRM, and citrate synthase obtained in PBMC and HASMC. Values presented as mean =+ SD.

HASMC (pmol O, ¢ 571 & 10°° Cells) Control Group Cyanide group B12a group NV118 group

Respiratory State Mean SEM Mean SEM Mean SEM Mean SEM
Routine 16.30 0.46 17.50 0.67 17.42 0.73 17.16 0.71
Cyanide exposure 16.30 0.57 9.46 2.00 10.14 0.77 10.20 0.78
Treatment 16.30 0.57 9.56 1.89 10.78 0.53 12.76 0.55
Complex II-linked respiration 0.34 0.43 0.12 0.08 0.16 0.17 6.38 0.87
Maximal respiration 25.86 0.83 21.52 1.51 23.10 1.00 27.28 4.18
Complex IV respiration 65.20 0.66 29.70 0.85 30.14 0.81 55.44 1.67
PBMC (pmol O, e s~ ¢ 10°° Cells) Control Group Cyanide group B12a group NV118 group

Respiratory State Mean SEM Mean SEM Mean SEM Mean SEM
Routine 20.25 1.13 22.87 1.26 23.46 1.80 20.96 0.90
Cyanide exposure 20.19 1.26 8.54 0.46 10.55 1.47 8.61 0.69
Treatment 20.19 1.26 8.89 0.49 7.17 1.01 14.44 0.99
Complex II-linked respiration 1.23 0.33 2.57 0.33 2.95 0.56 9.08 1.00
Maximal respiration 50.30 2.46 23.70 1.43 15.76 2.21 34.68 2.03
Complex IV respiration 72.49 5.61 25.07 2.60 33.42 6.12 56.08 6.61
HASMC (Average CTCF) Control Group Cyanide group B12a group NV118 group

Microscopy Mean SEM Mean SEM Mean SEM Mean SEM
MitoSOX 197005.24 38437.69 483858.24 102987.75 283262.05 33065.41 239075.81 22207.17
TMRM 271.75 26.46 327.01 23.51 293.35 24.98 320.63 23.31
PBMC (Average CTCF) Control Group Cyanide group B12a group NV118 group

Microscopy Mean SEM Mean SEM Mean SEM Mean SEM
MitoSOX 62148.00 4257.32 116576.70 10957.88 144530.00 10348.72 61427.45 3130.45
TMRM 207.14 17.41 175.52 11.29 169.62 14.58 183.55 10.75
HASMC (Relative Density Value) Control Group Cyanide group Bl2a group NV118 group

Western Blot Mean SEM Mean SEM Mean SEM Mean SEM
Citrate synthase 10118.05 398.70 12441.68 810.08 11635.22 948.47 12385.28 884.94
PBMC (Relative Density Value) Control Group Cyanide group Bl2a group NV118 group

Western Blot Mean SEM Mean SEM Mean SEM Mean SEM
Citrate synthase 3113.41 590.70 4466.01 916.34 4420.17 906.23 4761.85 1161.17
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Fig. 2. Key Respiration States for HASMC.
Respiration obtained in HASMC in 4 groups: (1)
Control (no exposure to treatment); (2) Cyanide
(exposed to 50 pM); (3) B12a (exposed to cya-
nide followed by 1 mM of Bl2a); (4) NV118
(exposed to cyanide followed by 100 pM).
Routine respiration was the same across all
groups (not-displayed) and the y-axis ranges
have been adjusted to clearly show the resolu-
tion of the reported respiratory states. Values
presented as mean =+ SD.

*The Control group significantly different after
all other groups after cyanide exposure but
before administration of treatment (P <
0.0001).

**The NV118 group is significantly higher than
all the other groups (P < 0.001).

#The NV118 group is significantly higher than
both the Cyanide and B12a group (P < 0.05).
##The NV118 group is significantly higher than
both the Cyanide and B12a group and signifi-

*k

Complex IV respiration

cantly lower than the Control group (P <
0.0001).
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in the TMRM signal in all 4 groups for both the HASMC and PBMC cell
line. Also shown are fluorescence images of a cell from each group in
both HASMC and PBMC cell lines. In addition, we also performed
additional experiments for all conditions with treatment alone (B12a
and NV118) and succinate with no observed differences

Supplemental Fig. 1 illustrate the relative density values for CS and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) used as a house-
keeping protein obtained in PBMC and HASMC in the 4 groups. There
was no significant difference in the relative density value of CS across all
conditions with both the HASMC and PBMC cell line. Supplement Fig. 2
show the Western blot image with the —45 kDa band corresponding to
the molecular weight of CS protein was detected using a polyclonal
secondary antibody against a rabbit monoclonal anti-CS primary that is
known to bind human CS. A second band was detected at —37 kDa using
a monoclonal rabbit anti-GAPDH antibody known to detect human
GAPDH.

4. Discussion

This in vitro study investigates the changes in mitochondrial function
in response to cyanide. Cyanide caused impaired mitochondrial function
alleviated with the administration of a cell-permeable mitochondrial
substrate when compared to cells treated with B12a. The key findings
include: (1) Improvement in key mitochondrial respiratory states with
the application of a succinate prodrug (NV118) but not B12a in mito-
chondrial dysfunction imposed by cyanide; (2) Attenuation of superox-
ide production observed in the Cyanide group treated with NV118 but

1266

not with B12a treatment; (3) The changes in respiration were not sec-
ondary to increased mitochondrial content as measured by CS; (4) The
use of easily accessible human blood cells showed similar mitochondrial
response to both cyanide and treatment, demonstrating the significant
potential as a peripheral serum biomarker of mitochondrial toxicity and
treatment response.

We utilized a first-generation succinate prodrug (NV118) which is
one of a series of in vitro test compounds [14]. There is currently a large
unmet need for evidence-based treatment related to cyanide poisoning
[26]. We utilized an in vitro cellular model of partial complex IV inhi-
bition that was largely reversed with the application of the succinate
prodrug but not with B12a. Importantly, these findings are consistent
with the mechanism of action as a therapy for cyanide poisoning [27].
The cobalt ion in B12a combines with cyanide to form the nontoxic
cyanocobalamin making the timely administration of this therapy
crucial [8]. In this study, the treatment of B12a after exposure to cyanide
did not result in any significant changes in key mitochondrial respira-
tory states such as maximal and CIV respiration when compared to
NV118. As proof of target engagement and therapeutic mechanism, we
also demonstrated the increased CII-linked respiration in the NV118
group which is the most likely reason for the increased maximal and CIV
respiration observed in our study. There was another study that
demonstrated partial inhibition of CIV respiration in an ex vivo study of
carbon monoxide poisoning that showed improvement upon affected
cells being given NV118. While there is reproducibility with the effect of
succinate on CIV inhibition, further studies are required to fully un-
derstand the rescue effect of CIV respiration and may include
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Fig. 3. Key Respiration States for PBMC.
Respiration obtained in PBMC in 4 groups: (1)
Control (no exposure to treatment); (2) Cyanide
(exposed to 50 pM); (3) B12a (exposed to cya-
nide followed by 1 mM of Bl2a); (4) NV118
(exposed to cyanide followed by 100 pM).
Routine respiration was the same across all
groups (not-displayed) and the y-axis ranges
have been adjusted to clearly show the resolu-
tion of the reported respiratory states. Values
presented as mean =+ SD.

*The control group significantly different after
all other groups after cyanide exposure but
before administration of treatment (P <
0.0001).

**The NV118 group is significantly lower than
the Control lower (P < 0.01) but the NV118
group is significantly higher than all the other
groups (P < 0.001).

#The NV118 group is significantly higher than
both the Cyanide and B12a group (P < 0.05).
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##The NV118 group is significantly higher than
both the Cyanide and Bl2a group (P <
0.0001).

3

measurements of ATP [28].

In both cell lines. cyanide resulted in an increase in superoxide as
measured with MitoSOX fluorescence that was attenuated with admin-
istration of NV118. Cyanide has been showed to inhibit superoxide re-
ductases which reduces superoxide to the more stable hydrogen
peroxide [29]. Superoxide is a short-lived but highly reactive oxygen
species that can damage cellular membranes, mitochondrial, and pro-
teins. Over production of superoxide has been implicated in a variety of
ailments such as cancer, aging, and Parkinson’s disease [30,31]. The
main pathway used for the cellular degradation of superoxide is through
superoxide dismutase (SOD). There are both cytosolic and mitochon-
drial SOD where it has been shown that cyanide may inhibit cytosolic
SOD more so than mitochondrial SOD depending on dose [32]. The
increased MitoSOX signal from cyanide exposure may be due to overall
increase in production of superoxide that overwhelms the ability of SOD
to convert superoxide to hydrogen peroxide. One noted difference is in
the B12a group between both cell lines where there was a clear increase
in superoxide when compared to the Control group in PBMC not seen
with HASMC. The difference between PBMC and HASMC may be due to
the type of cells exposed to cyanide and response to treatment with
B12a. In our study, the use of NV118 not only increased mitochondrial
respiration but also attenuated the production of superoxide as
measured by MitoSOX. By supplying the mitochondria with a substrate
for CIl-linked, this better supports aerobic metabolism for ATP
generation.

In addition to measuring superoxide production we also evaluated
mitochondrial membrane potential with the use of TMRM. TMRM is a
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cell-permeant, cationic, red-orange fluorescent dye that is readily
sequestered by active mitochondria. Healthy cells with functioning
mitochondria will demonstrate a bright signal as opposed to injured
mitochondria that will demonstrate a dimmer or loss of signal indicating
a decrease in membrane potential. In our study, there were no signifi-
cant changes in the TMRM signal in either cell lines across the 4 con-
ditions. The effect of cyanide on mitochondrial membrane potential is
not well established whereas well known uncouplers such as carbonyl
cyanide p-trifluoromethoxyphenylhydrazone (FCCP) and 2,4-dinitro-
phenol (DNP) reduce mitochondrial membrane potential. Interest-
ingly, there was one study that found the use of cyanide actually
attenuated the uncoupling response of both FCCP and DNP [33]. It is
important to note that the response of mitochondrial membrane po-
tential may differ based on various factors such as the cyanide concen-
tration, duration of exposure, cell type, and technique used to measure
membrane potential.

We also measured the CS relative density value in both cell lines in all
four conditions with 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. CS, therefore, is commonly used as a quantitative
marker enzyme for the content of intact mitochondria. The proliferation
of mitochondria in pathological states is sometimes associated with an
increase in CS activity per cell, but CS activity can vary depending on the
tissue type [34]. In this study we evaluated alterations in cellular
function with exposure to cyanide with response to treatment. One of
the possible factors in changes in both respiration and ROS generation
maybe related to a change in the number of mitochondria, or content.
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Fig. 4. MitoSOX for HASMC.

Superoxide measured as MitoSOX obtained in
HASMC in 4 groups: (1) Control (no exposure to
treatment); (2) Cyanide (exposed to 50 pM); (3)
B12a (exposed to cyanide followed by 1 mM of
B12a); (4) NV118 (exposed to cyanide followed
by 100 pM). Values presented as mean =+ SD.
Each cell shown is a representation for each
condition above the bar graph.

* The Control group is significantly lower than
the Cyanide group with the NV118 group
significantly lower than Cyanide group (P <

0.005 for both)

Fig. 5. MitoSOX for PBMC.

Superoxide measured as MitoSOX obtained in
PBMC in 4 groups: (1) Control (no exposure to
treatment); (2) Cyanide (exposed to 50 pM); (3)
B12a (exposed to cyanide followed by 1 mM of
B12a); (4) NV118 (exposed to cyanide followed
by 100 pM). Values presented as mean + SD.
Each cell shown is a representation for each
condition above the bar graph.

* The Control group is significantly lower than
the Cyanide group with the NV118 group
significantly lower than Cyanide group (P <
0.005 for both) and the B12a group is signifi-
cantly higher than the Control group.
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Fig. 6. TMRM for HASMC.

Mitochondrial membrane potential measured as
TMRM obtained HASMC in 4 groups: (1) Con-
trol (no exposure to treatment); (2) Cyanide
(exposed to 50 pM); (3) B12a (exposed to cya-
nide followed by 1 mM of Bl2a); (4) NV118
(exposed to cyanide followed by 100 pM).
Values presented as mean + SD. There was no
significant difference in HASMC in all condi-
tions. Each cell shown is a representation for
each condition above the bar graph.

NV118

N
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T
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-
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Thus, we measured the corrected relative density of CS in both cell lines
used in our study across all conditions. We demonstrate that the mito-
chondrial content was the same across all conditions and cell lines which
makes changes in mitochondrial content as a cause of the changes seen
in this study unlikely. While chronic exposure to cyanide may result in
changes in mitochondrial content measured as CS, we were interested in
studying cyanide poisoning in the acute setting which is a more realistic
scenario to which exposure to cyanide may occur.

Finally, we used two cell types and demonstrated similar results in
mitochondrial dysfunction imposed by cyanide with rescue seen with
the use of NV118. The use of circulating blood cells such as white blood
cells and platelets potentially serve as pathophysiologic biomarkers, or
as an early warning or “canary in the coal mine” for mitochondrial
dysfunction that may occur in conditions of metabolic stress in affected
organ systems, such as brain and heart [16]. Once isolation of PBMC
have occurred, the time to obtain key mitochondrial respiration pa-
rameters is typically less than an hour which may have relevance for
time-sensitive clinically problems such as acute poisoning or sepsis. The
advantage of the use of blood cells include minimally invasive method
(phlebotomy), ability to perform multiple measurements, monitor
response to treatment, and prognosis. Our prior work has explored the
use of blood cells in a variety of acute care illnesses to gauge severity of
disease [21-23]. One of the limitations of this method is how much of a
biomarker blood cells may serve as a surrogate function for tissue. We
utilized HASMC as a surrogate for the vascular function which was
similar in response to both cyanide and treatment to PBMC.

In this study, we have shown that mitochondrial-directed therapy
mitigates mitochondrial dysfunction imposed by cyanide when
compared to B12a. Our results also suggest that the potential application
of human blood cells as a surrogate marker of tissue function as the
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findings in PBMC mirrored that of a representative cell line affected by
cyanide.

5. Limitations

One of the limitations of our study is that the first-generation suc-
cinate prodrugs are not suitable for in vivo use. Another limitation is
whether blood cells serve as a precise biomarker of tissue cellular
function, in our study demonstrates similar mitochondrial response to
cyanide and restoration of cellular function with the use of NV118 in
both PBMC and HASMC. This can be further explored in an in vivo model
of cyanide poisoning as well. A third limitation is if the concentration of
B12a was sufficient. We used a wide range of concentrations of B12a
with no appreciable effect on respiration imposed by cyanide which is
likely due to the fact B12a is not a mitochondrial substrate. Finally, a
final consideration is the concentration of cyanide used. While the use of
the concentration of cyanide in our study is smaller than what is used in
animal studies, we choose a concentration that reliable induced a 50 %
reduction in respiration to represent partial CIV inhibition. It is not
known what efficacy NV118 would have with complete CIV inhibition
although it is unlikely there would be survivability in a clinical scenario
if there was complete CIV inhibition.
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