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Abstract

Mitochondrial dysfunction occurring in response to cellular perturbations can include altered
mitochondrial motility and bioenergetic function having intracellular heterogeneity. Exogenous
mitochondrial directed therapy may correct these dysfunctions. Using /in vitro approaches, we find
that cell perturbations induced by rapid decompression from hyperbaric conditions with specific
gas exposures has differential effects on mitochondrial motility, inner membrane potential, cellular
respiration, reactive oxygen species production, impaired maintenance of cell shape and altered
intracellular distribution of bioenergetic capacity in perinuclear and cell peripheral domains.
Addition of a first-generation cell-permeable succinate prodrug to support mitochondrial function
has positive overall effects in blunting the resultant bioenergy responses. Our results with this
model of perturbed cell function induced by rapid decompression indicate that alterations in
bioenergetic state are partitioned within the cell, as directly assessed by a combination of
mitochondrial respiration and dynamics measurements. Reductions in the observed level of
dysfunction produced can be achieved with application of the cell-permeable succinate prodrug.
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Introduction

Mitochondrial dysfunction is a recognized as an important contributor to the pathogenesis of
many health disorders, including cardiomyopathy, coronary artery disease, skeletal muscle
atrophy, chronic fatigue syndrome, dementia and Alzheimer’s disease, diabetes, and
psychiatric disorders (Galvan et al., 2017; Kim et al., 2019; Wilkins and Swerdlow, 2016),
and generally reflects the presence of cellular stress. The bioenergetic demands on cells can
exceed their intrinsic bioenergetic capacity under stress, disease or injury conditions, thus
rendering cells unable to meet all of their bioenergy requirements. In such circumstances,
this can disrupt energy-dependent functions occurring in the cell periphery or within the cell
nucleus and can manifest as alterations in mitochondrial dynamics involving mitochondrial
motility and other functions (Kandel et al., 2015), as changes in mitochondrial respiratory
function (Kandel et al., 2016), or even as disturbances in both mitochondrial dynamic and
respiratory functions (Jang et al., 2017c). For instance, both select medications (Gorini et al.,
2018; Guigni et al., 2018; Kucera et al., 2017; Lin et al., 2019; Porporato et al., 2018;
Ramachandran and Wierzbicki, 2017) and environmental toxicants (Lee et al., 2010; Meyer
et al., 2013) have been demonstrated to alter mitochondrial dynamic and respiratory
functions. These may include changes in mitochondrial motility, perinuclear clustering and
size, and may also impair bioenergetics functions including respiratory chain performance,
maintenance of intermembrane potential and rates of production of reactive oxygen species
(Jang et al., 2019a; Jang et al., 2018b; Jang et al., 2019b). Cumulatively, these effects lead to
intracellular partitioning of bioenergy delivery to the cell nucleus and the cell periphery that
can detrimentally impact cell health (Eckmann et al., 2019).

Overall such findings suggest that common signaling mechanisms are involved in the
cellular response to perturbations such as injury or illness which culminate in the
development of impaired mitochondrial respiration, altered mitochondrial dynamics and
reduced bioenergy delivery to particular regions of the cell (Chandel, 2014; Kotiadis et al.,
2014; Whelan and Zuckerbraun, 2013). This also suggests that targets for mitochondrial-
directed therapy exist and that the associated biological mechanisms can potentially be
exploited to protect cells from degradation of necessary bioenergy functions despite the
presence of conditions that challenge metabolic capabilities (Distelmaier et al., 2017;
Ehinger et al., 2016; Piel et al., 2018). These targets include Complex 11 (CIl) via the use of
cell-permeable succinate prodrugs such as diacetoxy-methyl succinate (NV118) which can
access mitochondria and bypass Complex | (CI) (Ehinger et al., 2016).

Conditions that have been proven to alter both mitochondrial respiration and mitochondrial
dynamics include rapid decompression from hyperbaric exposure (Jang et al., 2018c). In that
work we rapidly decompressed human dermal fibroblast cells from hyperbaric exposure to
air, nitrogen and oxygen as can occur in recreational or occupational underwater diving. We
performed high-resolution respirometry (HRR) to examine key respiratory states following
decompression from hyperbaric exposures and we coupled our findings to parallel
fluorescence microscopy imaging-based measurements of mitochondrial dynamic function,
including net mitochondrial movement, number, and size. Key findings were that maximal
respiration and cellular bioenergetic reserve were gas mixture exposure dependent, as was
any decrement in mitochondrial motility, when compared to baseline. Decompression from
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hyperbaric oxygen and air exposures produced deleterious effects on overall mitochondrial
function, with cytoskeletal imaging providing additional evidence of associated alterations in
cell morphology. An important implication of this study is the potential for exogenous
compounds to provide prophylaxis and blunt the degree of impairment in these measures of
mitochondrial function and cell morphology that are otherwise induced by the applied
hyperbaric exposures and subsequent decompression (Distelmaier et al., 2017; Ehinger et
al., 2016; Piel et al., 2018).

We now utilize these and additional methodologies, including measurement of
intermembrane potential, superoxide production, and cell morphology, to evaluate
mitochondrial and cellular responses (Kandel et al., 2015; Kandel et al., 2017) to
decompression from hyperbaric conditions as they occur in a previously untested yet
relevant cell line, human aortic smooth muscle cells (HA0SMCs). An important new
approach undertaken in this work is to investigate the intracellular compartmentalization of
mitochondrial dynamics in cell peripheral and perinuclear domains, as has already been
performed to examine mitochondrial responses to liquid anesthetic exposure (Eckmann et
al., 2019). Additionally, perinuclear clustering of mitochondria has been observed in cells
under distressed conditions (Dzeja et al., 2002). Based on these details, herein we apply our
established methodology to partition the cell interior into both peripheral and perinuclear
zones (Eckmann et al., 2019) as shown in Figure 1A. We do this in order to assess
intracellular inhomogeneities of mitochondrial dynamics, to evaluate the
compartmentalization of bioenergy distribution within the HA0SMCs under the various
experimental conditions and to examine other measureable effects of decompression from
hyperbaric conditions. We also use this approach to quantify the degree of prophylaxis from
those measurable effects provided by the exogenous compound. Figure 1B-E recapitulates
our methodology (Eckmann et al., 2019) for creation of a mask for image analysis that
enables partitioning the cell into both perinuclear and peripheral zones, as described in the
Methods section. Employing this technique facilitates the assessment of mitochondrial
responses within each specified intracellular domain. The domain size we establish for the
perinuclear region, as described in the Methods Section, is based on the intracellular
diffusion coefficient of ATP and the associated diffusion time (Hubley et al., 1995), which
yields a diffusion length scale for ATP of ~ 3 um. This is entirely consistent with the
distance measured between the cell nucleus and mitochondria that have clustered around it
(Dzeja et al., 2002). It also fulfills the need to minimize the distance that ATP molecules
must travel by diffusion to reach the cell nucleus, which lacks mitochondria of its own.

Herein we also demonstrate effects of a cell-permeable succinate prodrug, NV118 (Ehinger
etal., 2016; Piel et al., 2018), to mitigate in part the mitochondrial responses to the imposed
environmental conditions and, thus prophylactically maintain bioenergy availability within
cells that otherwise would demonstrate greater bioenergy perturbations. We first establish
baseline mitochondrial dynamics and bioenergetics /in vitro and quantify alterations of
mitochondrial dynamics and bioenergetics induced by rapid decompression from select
hyperbaric gas exposure conditions. We then assess effects of the cell-permeable succinate
prodrug to decrease the decrement in mitochondrial dysfunction otherwise caused by the
decompression from hyperbaric conditions. This preclinical study includes both cell
perturbation effects on partitioning of intracellular bioenergy availability and efficacy of a
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potential prophylaxis strategy to preserve cell bioenergy functions, thus providing a
framework for additional /7 vitro and vivo experiments involving other sources of cell
bioenergy perturbation.

2. Results

2.1 Alterations in mitochondrial potential and motility that follow decompression from
hyperbaric exposures are partially preserved with cell-permeable succinate prodrug

NV118.

Using HA0SMCs we first assessed the influences of rapid decompression from hyperbaric
exposure on mitochondrial inner membrane potential (Eckmann et al., 2019) and
mitochondrial motility (Jang et al., 2018c). We also assessed the impact of NV118, added to
cells in advance of the decompression event, on mitigation of any changes in membrane
potential or mitochondrial motility otherwise induced by the combination of hyperbaric
exposure plus rapid decompression. The applied cellular perturbations included
decompression from hyperbaric exposure to air (Figure 2), nitrogen (Figure 3) and oxygen
(Figure 4). These perturbations were not sufficient to increase cell death rates from baseline,
as indicated by cell viability studies conducted with trypan blue (0.4%) exclusion staining.
The membrane potential imaging demonstrates fluorescence that is brighter in a thin
perinuclear region than in the cell periphery at baseline (Figures 2A, 3A, 4A), following
decompression from any of the hyperbaric exposure conditions (Figures 2B, 3B, 4B), as well
as following decompression but with NV118 present (Figures 2C, 3C, 4C). These
microscopy images are not presented at the same image intensity due to the very wide range
of brightness between images. Within each image, however, the range of brightness does
exceed the lower thresholding limit for imaging mitochondria without incurring saturation
effects (Kandel et al., 2015). While these large differences which arise between experimental
conditions do prevent direct visual comparisons between the different images shown (direct
comparisons from advanced quantitative image analysis are indicated separately below),
direct visual comparison between mitochondria in the perinuclear and peripheral regions of
the cell can be made within a single frame. This does discernibly show the presence of
differences in membrane potential between these two regions for base conditions, following
decompression from hyperbaric air exposure with NV118 added (Figure 2C), and following
decompression from hyperbaric oxygen exposure both without (Figure 4B) and with NV118
utilized (Figure 4C).

We also used our mitochondrial imaging to create heat maps of individual mitochondrial
motility (Jang et al., 2018c; Jang et al., 2017c; Kandel et al., 2015). Each dot on the heat
maps represents a distinct mitochondrion in its final location within the microscopy plane
after tracking. Each dot’s color is a representation of its measured motility, assessed as the
log of the net distance traveled according to an accompanying color scale. The images
demonstrate a shift from the cooler colors (e.g., blue/white, indicating a smaller degree of
individual net mitochondrial movement) at baseline conditions (Figures 2D, 3D, 4D) toward
the hotter colors (e.g., white/red, indicating greater individual mitochondrial movement)
after decompression from hyperbaric conditions (Figures 2E, 3E, 4E). The addition of
NV118 prior to the decompression event shifted the individual mitochondrial motility back
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into the blue/white domain for each of the decompressions from hyperbaric conditions
(Figures 2F, 3F, 4F).

The net distances traveled by mitochondria follow a log-normal distribution (Barel et al.,
2017; Eckmann et al., 2019; Jang et al., 2018c; Kandel et al., 2015), and this occurs in both
the cell periphery and in the perinuclear region. In both these regions, the log-normal
distributions are shifted rightward (increased mitochondrial movement) in comparison to
baseline following decompression from hyperbaric exposure to air (Figures 2G, 2H),
nitrogen (Figures 3G, 3H) and oxygen (Figures 4G, 4H). However, in those cases in which
NV118 was added to cells just prior to the hyperbaric exposure and subsequent
decompression, the resultant mitochondrial motility was shifted leftward to a degree that at
least matched motility at baseline conditions (e.g., perinuclear zone, oxygen exposure,
Figure 4G), or actually left-shifted in comparison to baseline (Figures 2G-H, 3G-H, 4H). In
all cases, the rightward distribution shifts following decompression from hyperbaric
exposure, as compared to baseline, indicated a marked increase in mitochondrial motility,
whereas all the leftward log normal distribution shifts evident in comparing decompression
from hyperbaric exposure with NVV118 present to cases without it, indicated a marked
decrease in mitochondrial motility. Because the measurement of mitochondrial motility does
not adhere to a linear Gaussian distribution, the mean value of the motion and its standard
deviation does not yield an appropriate parameter for statistical comparison. Instead, the
geometric mean is selected to represent the central tendency of the net distances traveled by
mitochondria to follow a log-normal distribution. The specific values of the geometric
means of the mitochondrial net distances traveled (measured in nm) appear in Table 1 for
each of the decompression from hyperbaric exposure conditions, as do the resultant P values
for statistical comparisons between the groups (Eckmann et al., 2019; Jang et al., 2017c;
Kandel et al., 2015). These comparisons show that mitochondrial motility is significantly
increased in both the perinuclear region and the cell periphery for each of the decompression
from hyperbaric exposure conditions compared with baseline conditions and that the
addition of NV118 mitigates the increase in motility induced by decompression from
hyperbaric conditions.

The aforementioned results suggest that there exist intracellular distinctions and
inhomogeneities in mitochondrial motility and, potentially, in mitochondrial respiration.
These result from the different gas compositions used in the compression/decompression
exposure as well as from the cell-permeable succinate prodrug delivered. This prompted us
to explore further the key cellular respiration parameters (Jang et al., 2017a; Jang et al.,
2017b) as well as additional measures of mitochondrial dynamics affecting the HAoSMCs
undergoing environmental exposure to perturb cells.

2.2 Key cellular respiration parameters are sensitive to decompression and cell-
permeable succinate prodrug NV118.

Previously we showed that decompression of human dermal fibroblasts from hyperbaric
conditions resulted in decreased basal and maximum respiration with oxygen exposure,
decreased maximum respiration following air exposure and increased leak following
nitrogen exposure (Jang et al., 2018c). The data in our present study suggest that the effects
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of decompression from hyperbaric conditions on cellular respiration are dependent on cell-
type. The data also indicate that the respiration is responsive to addition of the succinate
compound. Consistent with this view are the measurements of basal respiration (Figure 5A),
which demonstrates that the oxygen consumption rate for ATP-linked respiration is
exposure-dependent and can either increase or decrease from baseline values, depending on
the exposure. Key findings include an increase in basal respiration following decompression
from hyperbaric air exposure, whereas it decreased following decompression from
hyperbaric oxygen exposure. In both cases, the application of NV118 yielded a further
increase in basal respiration. Maximal respiration (Figure 5B) decreased following
decompression from both hyperbaric air and oxygen exposure, and it further decreased in the
oxygen exposure group with NV118 provided. The cumulative effect of these two measures
is shown in the spare respiratory capacity, or SRC (Figure 5C), which is decreased in all
decompression from hyperbaric exposure conditions compared to baseline, further decreased
in the air and oxygen exposure groups with NV118 given, but increased above baseline in
the nitrogen exposure group having received NV118.

The superoxide production obtained with MitoSOX, displayed as the average corrected total
cell fluorescence (CTCF) in Figure 5D, indicates an increase following decompression from
both hyperbaric air and oxygen exposure compared to baseline, whereas it is decreased
following decompression from hyperbaric nitrogen exposure. The addition of NV118
reduces superoxide production below baseline values for the air and oxygen exposures. With
NV118 added to cells undergoing decompression from hyperbaric nitrogen exposure, the
superoxide production is no different from baseline.

2.3 Intracellular mitochondrial partitioning reveals application of cell-permeable
succinate prodrug NV118 preserves nuclear bioenergetics.

Our findings above indicate that mitochondrial motility and inner membrane potential are
not equal in the region near the cell nucleus and in the cell periphery. As indicated above and
illustrated in Figure 1A, we partitioned the intracellular space into both peripheral and
perinuclear zones (Eckmann et al., 2019). Mitochondrial length (Kandel et al., 2015) was
measured to be equal in the two zones at baseline (Figure 6A), but mitochondria are shorter
within the perinuclear zone compared to the cell periphery following decompression from
hyperbaric air exposure (with and without NVV118) and following decompression from the
hyperbaric nitrogen exposure. Figure 6A also demonstrates that mitochondria are shorter in
the perinuclear zone compared to baseline for decompression from hyperbaric air and
nitrogen exposures, while they are longer compared to baseline for decompression from
hyperbaric oxygen exposure. Addition of NVV118 results in preservation of these
mitochondrial lengths so they are not different from baseline. There are no differences in
mitochondrial length in the peripheral zone between baseline and any of the experimental
conditions.

Figure 6B presents the mitochondrial inner membrane potential determined from TMRM
average fluorescence intensity ratios for decompression from all hyperbaric exposure
conditions in both the perinuclear and peripheral regions of the cells with and without
pretreatment of NVV118 (Eckmann et al., 2019) as well as controls for cells exposed to
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carbonyl cyanide p-trifluoro-methoxyphenyl hydrazone (CCCP) at baseline. These are the
quantitative data that accompany the imaging for which individual examples appear as
Figures 2A-C, 3A-C and 4A-C. The data are normalized by the mean value for the
measurement in the perinuclear zone under baseline conditions (see Methods below). These
data demonstrate multiple features. There was a significant difference in the TMRM
intensity ratio for the perinuclear area within the group undergoing decompression from
hyperbaric oxygen exposure and having been provided NV118. For the peripheral region,
there was a significant difference with NV118 pretreatment for decompression from both
hyperbaric air and oxygen exposure. With the exception of the nitrogen exposure, the
potential is lower in periphery than in the perinuclear zone. The potential in the perinuclear
zone is lower under all conditions compared to baseline. Except for decompression from
hyperbaric air exposure with NV118, the potential in the peripheral zone is always lower
than that at baseline. With the exception of the cell periphery in the group undergoing
decompression following hyperbaric nitrogen exposure, the potential is increased following
addition of NV118.

The calculated values of the scaled fractional ATP-linked respiration (Figure 6C) are
determined from the volumetric intracellular partitioning of the mitochondria between the
perinuclear and cell peripheral regions, the respective values for mitochondrial potentials,
and the measured respiration rates, including basal and leak (Eckmann et al., 2019). The
graph is scaled to the mean value for baseline and demonstrates the increase in overall ATP-
linked respiration with NVV118 pretreatment for a particular experimental condition. Of note,
this effect is the result of bioenergy activity occurring primarily in the cell periphery, as there
is essentially no difference in the perinuclear component of ATP-linked respiration resulting
from the addition of NVV118 for decompression from a specific hyperbaric exposure
condition. Additionally, the magnitude of the perinuclear component of ATP-linked
respiration remains well preserved across all the experimental conditions with the exception
of the oxygen exposures, for which it is slightly decreased both with and without N\V118.

One functional measure of cellular response to perturbation is the ability of cells to maintain
their shape. This depends on many factors, including cytoskeletal integrity (Kandel et al.,
2017) and is an energy dependent process linked to ATP availability (Rangamani et al.,
2014). Imaging of cell cytoskeleton, including actin and microtubules, was used to
interrogate cytostructural features of HAoSMCs under baseline conditions, and following
decompression from hyperbaric exposure to air, nitrogen and oxygen with and without
NV118 included. As shown in Figure 6D, which presents results for cell circularity, cell
shape did appear to depend on environmental exposure. We measured the circularity of cells
following established methodology to define the cell outline, determine cell perimeter and
cross sectional area from the imaging (Kandel et al., 2017). Examples of the cell imaging
used for this analysis appear in Figure 6E-K, which shows cell filamentous organization on
the left side of each image and the accompanying cell outline on the right side for the
different experimental exposures. Following decompression from each type of hyperbaric
gas exposure there is a significant increase in the mean value of the circularity parameter and
a large variance compared to baseline (Figure 6D). This indicates a loss of maintenance of
cell shape resulting from the decompression from the respective hyperbaric exposure. For
each condition of decompression from hyperbaric exposure, the addition of NVV118 results in
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lesser perturbation in mean value of the circularity parameter as well as a decrease in the
variance. This indicates that the inclusion of the exogenous compound better enables cells to
maintain their shape in the face of decompression from the hyperbaric exposure.

3. Discussion

In this study we have measured changes in mitochondrial function, including mitochondrial
dynamics and cellular respiration parameters, occurring in response to an applied
environmental cellular perturbation. We have shown that this environmental challenge leads
to an increase in metabolic demand that is dependent on features of the applied perturbation
(e.g., specific gas composition to which cells are exposed during the compression/
decompression cycle). We have further demonstrated for the first time that the changes
induced by these conditions, including alterations in mitochondrial motility and effects on
cell morphology, are mitigated in part by the administration of the cell-permeable succinate
prodrug NV118. The cell line we have used, HA0SMCs, has been used to study vascular
wound healing, tissue remodeling, and vascular differentiation relevant to diving and
hyperbaric oxygen treatment (Mazur et al., 2016). Here we demonstrated differential
alterations in both mitochondrial respiratory and dynamic motility function resulting from
decompression from hyperbaric exposure. Similar to our previous study with fibroblasts, the
gas mixture used was different between groups while the other related variables including
absolute pressure exposure, hyperbaric compression and decompression rate, temperature,
and cell type were all held constant (Jang et al., 2018c). As a new study using additional
image analysis methods to partition cells into perinuclear and peripheral regions, we
employed a more comprehensive examination of zone-based mitochondrial function. This
was motivated by our consideration that the perinuclear clustering of mitochondria serves to
minimize the distance that ATP molecules must diffuse to satisfy the nucleus’ energy needs
(Jang et al., 2019a). It is already established that the intracellular diffusion coefficient of
ATP is in the range of 2.5 + 0.3 x 1076 cm?/s, with a diffusion time of approximately 19 ms
(Hubley et al., 1995). This yields a diffusion length scale for ATP in cells that is in the range
of 3 um, which is a length scale that is consistent with the extent of the region determined by
microscopy methodology to represent the thickness of the perinuclear zone in which
mitochondria cluster around the cell nucleus (Dzeja et al., 2002). We also evaluated the /n
vitro application of the cell-permeable succinate prodrug NV118 (Ehinger et al., 2016) to
investigate mitigation of the mitochondrial dysfunction imposed by these injurious, but non-
fatal decompression exposure conditions.

We measured changes in mitochondrial respiration specially looking at how both ATP-linked
respiration and SRC in response to the cellular perturbations imposed by the decompression
from hyperbaric exposure conditions. ATP-linked respiration reflects the oxygen
consumption related to Complex V in the generation of ATP. In our analysis we found that
cells exposed to hyperbaric oxygen demonstrated lower ATP-linked respiration compared to
all other groups. This was consistent with our previous work in which we also demonstrated
both lower basal respiration and maximal respiration in fibroblasts exposed to hyperbaric
oxygen (Jang et al., 2019b). One study illustrated increased reactive oxygen species (ROS) is
related to a higher oxygen partial pressure which likely reflects oxygen toxicity due to
hyperoxia (Wang et al., 2015). In this work we also demonstrated significantly higher
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superoxide production measured as MitoSOX in the Oxygen group when compared to the
baseline group which further supports the detrimental effect of excessive ROS.

We examined the SRC in all groups. SRC is used to describe the additional production of
ATP that can occur in the event of a sudden increase in energy demand. Depletion of the
SRC has been shown to relate to a range of pathologies affecting high energy requiring
tissues such as the heart and brain, both of which are particularly susceptible to
decompression exposure (Leitch and Hallenbeck, 1985; Vann et al., 2011). In our study, the
air, nitrogen, and oxygen groups all demonstrated lower SRC which likely reflects the
increase in cellular demand from the perturbations induced by the decompression from
hyperbaric exposure conditions (Chacko et al., 2014). As seen in Figure 5D, the superoxide
production was significantly higher in the air and oxygen groups when compared to
baseline, which likely reflects the importance of ROS in this process. There were no changes
in ATP-linked respiration in the nitrogen group, as also occurred with fibroblasts in our
previous study (Jang et al., 2018c). This is likely due to nitrogen having minimal or no effect
on induction of ROS production and to the fact that there is no hyperoxic exposure occurring
under this condition. Coupled with the results in the air and oxygen groups in which cells are
indeed exposed to hyperoxia during the compressive phase, these findings suggest that
decompression from hyperbaric exposure alone does not provoke the cellular response and
that the gas exposure, including oxygen concentration during the compressive phase,
influences the degree of injury manifest as respiratory dysfunction. This also is evident in
the mitochondrial dynamics results discussed below, and influences the efficacy of the
therapeutic approach we have investigated.

We delivered the first-generation cell-permeable succinate prodrug NV118, one of a series
of /n vitro test compounds, to cells as a potential means of preserving mitochondrial function
otherwise disturbed by decompression from hyperbaric exposure. There is currently a large
unmet need for evidence-based treatment related to diving injuries (Distelmaier et al., 2017)
as well as a general need for mitochondrial therapies. In both the air and oxygen groups, the
prophylactic use of NV118 resulted in increased basal respiration and decreased SRC. In the
nitrogen group, there was no change the basal respiration but a significant increase in the
SRC was present with NV118 administration. The potential value of N\VV118 in the setting of
decompression injury is also reflected in the significant decrease in superoxide production in
the air and the oxygen groups when compared to the untreated cells. There was a small but
significant increase in superoxide production in the nitrogen group with N\VV118 treatment,
but it did not exceed baseline values. The significance of this is unclear in light of the
increased SRC without any appreciable change in other respiration parameters resulting as a
response to NV118. It is clear, however, that select conditions of decompression from
hyperbaric exposure, particularly decompression from hyperbaric air and oxygen exposure,
impose a significant cellular response resulting in a decrease in SRC that may be explained
in part as a result of excessive superoxide production. However, the correlation between
SRC and ROS does not indicate a causal relationship; this requires further investigation.
However, supplying the mitochondria with a substrate that bypasses CI provides additional
support of aerobic metabolism for ATP generation (Ehinger et al., 2016).
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The measurement of mitochondrial membrane potential further demonstrated that
HAO0SMCs subjected to decompression from hyperbaric exposure were injured because
there was loss of TMRM signal observed. In particular, there was a significant decrease in
the TMRM signal in both the perinuclear and peripheral regions of cells in the untreated
decompression groups, which partially explains the changes in ATP-linked respiration and
SRC along with altered superoxide production. The diminution of signal in the cell
periphery may also serve as a biomarker of loss of bioenergetic capacity for cell function
occurring in the cytosol. Likewise the reduction of mitochondrial potential in the perinuclear
zone may be an integral component of nuclear-to-cytosol signaling that results in
mobilization of mitochondrial resources in order to maintain ATP-based energy delivery the
nucleus. This can potentially involve mitochondrial motility as is discussed below, which we
have observed via imaging and image analysis to change in response to decompression from
hyperbaric exposure. Our demonstration that pretreatment with NV118 improves
mitochondrial membrane potential for all conditions/locations except for the cell periphery
with nitrogen exposure supports the role of maintaining adequate mitochondrial membrane
potential to generate ATP as exhibited in the improvement in ATP-linked and SRC
respiration.

The measurements of mitochondrial dynamics, and in particular mitochondrial motility in
both the perinuclear region and the cell periphery, which we have made following
decompression from cell exposure to hyperbaric conditions, demonstrate that mitochondrial
movement becomes enhanced. Coupled with the changes in respiration parameters and the
concomitant reductions in mitochondrial potential, this indicates that mitochondria respond
to a disequilibrium between cellular bioenergy needs and reduced bioenergetic capacity
arising as a result of the exposure conditions. While the specific signaling for this response
remains unknown, the response includes increased spatial exploration by mitochondria to
seek usable bioenergy substrate. If cells subjected to decompression from hyperbaric
conditions are first incubated with NV118, the presence of additional substrate for ClI
results in a net decrease in motility of mitochondria back to, or below, baseline levels. Our
ability to partition the cell into the perinuclear and peripheral zones allows us to combine the
mitochondrial motility results with an overall parameter of cellular bioenergetic
performance. The scaled fractional ATP-linked respiration (Figure 6C) is used to discern that
the mitochondrial dynamics and respiratory functions are coupled to yield preservation of
bioenergy delivery to the cell nucleus despite the applied exposure conditions to induce cell
perturbation. In the case of the oxygen exposure, the fact that cell viability remains equal to
baseline experiment levels suggests that the energy demand of the nucleus is still sufficiently
met despite the measured decrease in the perinuclear component of this parameter. However,
the changes in cell circularity suggest that within the cell periphery there is has been some
form of injury that results in inability of the cell to maintain shape. Again, the addition of
NV118 shields the cells to a significant degree from these quantifiable changes,
demonstrating that the cell-permeable succinate prodrug NV118 has positive effects in both
the cell periphery and in the perinuclear region to protect cells from injury wrought by
decompression from hyperbaric and hyperoxic exposure.

An important aspect of this work is our demonstration that decompression from hyperbaric
and hyperoxic exposure are environmental factors that impair mitochondrial function in
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HAO0SMCs. Furthermore, we have shown that NV118 mitigates the mitochondrial
dysfunction induced by these environmental factors to a degree sufficient to maintain or
preserve many of the functional measures examined at, or closer to, baseline levels. Our
results suggest that employing these experimental methods can be used to aid in identifying
signaling- or pathway-dependent approaches to provide prophylaxis for toxicant-induced
mitochondrial dysfunction, which may progress in the future to clinical utilization. This
work can be generalized to address applications involving drug or environmental toxicants
that cause quantifiable aberrations in bioenergy availability between the cell nucleus and
periphery as a component of mitochondrial dysfunction and to pursuit of novel approaches
of maintaining adequacy of intracellular bioenergy supply.

4. MATERIALS AND METHODS
4.1 EXPERIMENTAL MODEL DETAILS

4.1.1 Cell Culture—Adult primary human aortic smooth muscle cells (HAoSMCS)
between passages one and eight were cultured in Vascular Cell Basal media (ATCC) without
gentamicin. A 24-well polystyrene Seahorse XF cell culture plate was seeded at a density of
60,000 cells/100 pL 24 hours prior to mitochondria respiration assay experiments. For
experiments to measure mitochondrial dynamics with fluorescence microscopy, cells were
plated at a density of 10,000 cells per dish on fibronectin-coated MatTek 35-mm glass-
bottom dishes approximately 48 hours before motility experiments. MatTek dishes were
coated with 10 pg/ml fibronectin-PBS solution for 30 minutes prior to plating.

4.2 METHOD DETAILS

4.2.1 Decompression from Hyperbaric Exposure Conditions—In addition to
baseline (ambient atmosphere) conditions, HA0SMCs were subjected to three distinct
conditions of decompression from hyperbaric exposure to: (1) air; (2) nitrogen; and (3)
oxygen based gas compositions defined below. Except for the baseline group, all hyperbaric
exposures were performed at room temperature and under a pressure of 4.8 atmosphere
(atm) added to atmospheric (ATA) for one hour. The hyperbaric exposure protocol was
performed by first implementing a five-minute compression phase conducted at a rate of
approximately one atm per minute, followed by the one-hour constant pressure phase at 4.8
atm ATA, and concluding the decompression phase back to ambient pressure occurring over
five minutes, also at a rate of approximately one atm per min. All described hyperbaric
exposures and decompressions were performed in a Nat’L BD model portable hyperbaric
chamber rated for 100 PSI. Cells in the air exposure group were exposed to 19.8% O,
79.2% N5 and 1.0% COy; cells in the nitrogen exposure group were exposed to 4.0% O,
95.0% N, and 1.0% CO,; and those in the oxygen exposure group were exposed to 84.0%
05, 15.0% N, and 1.0% CO». During hyperbaric exposures these gas mixtures yield the
equivalent of 5.8% CO» as in (Jang et al., 2018c). Cells in the baseline group did not
undergo hyperbaric exposure and subsequent decompression, however they were kept in the
hyperbaric chamber at ambient pressure for one hour as in (Jang et al., 2018c). See
Supplemental Figure 1 for data regarding stability of the baseline conditions.
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4.2.2 Determination of Mitochondrial Respiration—Prior to the measurement of
cellular respiration, cells were subjected to decompression from the hyperbaric exposure
conditions described above. As in (Jang et al., 2018c), mitochondrial oxygen consumption
rates (OCR) in pmol/min were evaluated in HA0SMC using the Seahorse XFe24 Analyzer
(Agilent, Santa Clara, CA). The experiments were performed with unbuffered DMEM XF
assay media supplemented with 2 mM GlutaMAX, 1 mM sodium pyruvate, and 5 mM
glucose (pH 7.4 At 37 °C). Once calibration of the instrument was completed, select
compounds were injected to obtain various respiratory states: (1) Basal respiration; (2)
LEAK; (3) Maximum respiration (Max); and (4) Residual oxygen consumption (ROX).
Basal respiration representing steady state energy turnover and ATP production was obtained
first. Following measurement of basal respiration, oligomycin (2 pM) was injected to inhibit
ATP synthase (Complex V or CV) to obtain LEAK. After obtaining the LEAK state, CCCP
(1 uM) was injected to induce uncoupling that provides the maximum respiration (Max) of
the cell. Finally, rotenone (0.5 puM) followed by antimycin A (0.5 pM) was injected in order
to inhibit all mitochondrial respiration. This provides ROX that is an assessment of non-
mitochondrial oxygen consumption. We obtained two other states, ATP-linked respiration
and spare respiratory capacity or SRC. ATP-linked respiration is oxygen consumption
related to the production of ATP at Complex V. It is calculated as basal respiration minus
LEAK after the injection of oligomycin to inhibit Complex V. SRC is a measure of
mitochondrial reserve available for cells to produce ATP in response to conditions which
induce increase in metabolic demand. It is calculated as maximal respiration minus basal
respiration. Basal, LEAK and Max respiration were each corrected for ROX to provide
mitochondrial respiration. All respiratory states described above were measured at three
consecutive time points. These three values were averaged to give a single measure of
respiration for each state for each cell culture well. After each Seahorse run, metabolic
activity in each well was determined by relative fluorescence measurements made in a
Synergy H1 plate reader (BioTek, Winooski, VT, USA). Cells in each well were stained with
100 nM Calcein-AM for 30 minutes prior to imaging. Seahorse data were then normalized
using metabolic activity; background readings for each plate were calculated by averaging
the OCRs from the background wells for those plates and subtracted from all subsequent
readings. Erratic or extreme background well readings were excluded. All experiments were
repeated in triplicate in runs performed on at least separate days. Each well was analyzed
individually, and the resultant data are presented as the mean + standard error on mean
(SEM) for all experiments.

As occurred in (Jang et al., 2018a), the Oxygen group showed consistently negative values
of respiratory states due to the Seahorse XF cell culture plate absorbing oxygen under high
pressure in the hyperbaric chamber resulting in unreliable negative OCR values. Based on
our previous modified approach for this group, we performed the hyperbaric exposure to
oxygen and subsequent decompression using a fully confluent T75 cell culture plate
(Resseguie et al., 2015). After the decompression was completed, cells were washed with
PBS and detached using 0.25% trypsin. The detached cells were then plated on Cell-Tak
coated 24-well PS Seahorse XF plates at a density of 60,000 cells/100 pL. The plated
Seahorse XF plate was centrifuged for 1 minute to ensure proper cell adherence to Cell-Tak
before the plate was loaded into the XF®24 Analyzer. The time between the end of
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hyperbaric exposure and decompression and start of the mitochondrial respiration assay was
approximately 30 min. A set of preliminary of experiments comparing OCR values
following decompression from hyperbaric exposure to air obtained using this modified
technique and the standard approach demonstrated no significant differences in the
measurements. This provided reassurance that the OCR measurements performed with
hyperbaric oxygen are valid.

In addition, a succinate-based experimental compound, NVV101-118 (NV118, diacetoxy-
methyl succinate, Isomerase Therapeutics Ltd.) at a final concentration of 500 UM was used
in this study. 1M NV118 previously reconstituted in DMSO was further diluted in
unbuffered XF media for use in the XF®24 Analyzer. Hence, unbuffered XF media was also
used as vehicle for XF® experiments. The stock (100%) DMSO concentration was 14.079 M.
Microscopy experiments with NV118 were done at 25 uM. This concentration was chosen
after separate experiments showed higher doses of NVV118 had an inhibitory effect similar to
the cell-permeable complex Il inhibitor NV161 at similar concentrations.

4.2.3 Determination of Mitochondrial Dynamics—In addition to the obtained
mitochondrial respiration in all conditions, we also measured mitochondrial dynamics in all
decompression from hyperbaric exposure conditions. Mitochondrial dynamics
measurements included determination of (1) Net mitochondrial movement; (2)
Mitochondrial number; and (3) Mitochondrial size. These were subdivided into two
intracellular zone based measurements as described below. First we obtained whole cell
mitochondrial dynamics data for measurements using wide-field fluorescence microscopy as
described in specific detail in our previous work (Barel et al., 2017; Eckmann et al., 2019;
Jang et al., 2019a; Jang et al., 2018c; Jang et al., 2017c; Kandel et al., 2015). The day before
experiments, cells were transfected with CellLight Mitochondria-GFP, BacMam 2.0 (Life
Technologies, Grand Island, NY, USA) at a concentration of 40 particles/cell, and kept in the
dark at 37°C. Cells were also stained with DAPI and were placed in Recording HBSS
(HBSS pH 7.4 with 1.3 mM CaCl,, 0.9 mM MgCl,, 2 mM glutamine, 0.1 g/L heparin, 5.6
mM glucose, and 1% FBS) for imaging. Cells were imaged using an Olympus IX-51
inverted epifluorescence microscope with an Olympus 40x oil immersion objective lens, a
Hamamatsu ORCA camera (2048 X 2048 pixels) with an LED light source from Lumencor.
Images were collected using Metamorph 10.7.8.9 software. For each motility experiment,
cells were visualized using a standard FITC filter, and isolated cells with well-resolved
mitochondria were selected. Following exposure to experimental conditions, cells were
imaged every 3 seconds for a total of 5 minutes, giving 101 image frames which were
dubbed “whole cell” frames.

Image pre-processing and image analysis of whole cell motility included the use of ImageJ
and MATLAB following established methodology (Eckmann et al., 2019; Jang et al., 2017c;
Kandel et al., 2015). Obtained DAPI images (maintaining field of view) were thresholded on
ImageJ and our in-house written MATLAB program was used to detect the edge pixels and
centroid of the cell nucleus. Straight lines were then constructed radially from the centroid to
each of the edge pixels and their angles, measured. Using the Pythogorean theorem, the line
created was then extended by a fixed distance of 20 pixels (3.2 um, (Eckmann et al., 2019))
with its angle maintained and repeated for all end pixel points to generate new end pixel
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points which were connected to form a continuous border (see Figure 1B-E). The space
between the border of the cell nucleus and this second continuous border was dubbed the
“perinuclear zone”. This zone was subtracted from each of the “whole cell” frames to
provide corresponding new frames dubbed the “peripheral zone”. Two sets of folders
(perinuclear zone, and peripheral zone) were then analyzed using an additional in-house
written MATLAB program for mitochondrial motility in which time-lapse images were
convolved using the 5x5 edge-detection filter (Kandel et al., 2015). Then, images were
converted to the frequency domain using a Fast Fourier Transform (FFT) in ImageJ, and
subjected to a bandpass filter ranging from 2 pixels (~0.3 um with our resolution) to 100
pixels (~16 um). The MATLAB algorithm reads the current frame and the built-in function
bwconncomp is used to find the connected white objects in the image which allows us to
quantify both mitochondrial movement and mitochondrial dimensions. All of the scripts and
instructions of these algorithm are readily available online for public use, with the
expectation of proper citation, at www.github.com/kandelj/MitoSPT.

Cells were analyzed individually using these imaging techniques. All conditions were
repeated at least three times from different days and the analysis was performed on resulting
videos from all trials for each condition. The findings for all cells across all trials were then
pooled for each condition, as in (Kandel et al., 2015), with 14-17 cells per group.

4.2.4 Determination of Superoxide Production and Mitochondrial Inner
Membrane Potential—Measurement of superoxide production and mitochondrial inner
membrane potential were conducted in separate experiments performed in triplicate on
separate days. To assess superoxide production, on the day of each experiment, cells were
incubated with Red Mitochondrial Superoxide Indicator (MitoSOX) working solution at 5
UM for 10 minutes at 37 °C, protected from light, washed with warm Recording HBSS and
then mounted in warm Recording HBSS for imaging. Fluorescence intensity in individual
cells (at least 16 per group) 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).

In another batch of experiments, mitochondrial membrane potential was obtained using
TMRM. On the day of each experiment, cells were incubated with DAPI and with TMRM in
20 nM working solution for 30 minutes in the dark at 37 °C. Cells were rinsed twice and
then mounted in Recording HBSS for imaging. To obtain a zone around the nucleus that
would separate the perinuclear and peripheral regions, images with TMRM and DAPI stains
were merged on ImageJ and a line was traced around the nucleus at a distance of 20 pixels
or (3.2 um) from the nuclear edge. This tracing was saved onto the ROI manager (on
ImageJ). The TMRM frame was then duplicated; the first of which was thresholded using
the same method for preprocessing motility images after which the mitochondria in the
image were isolated using the Create Selection function (creates a region of interest
surrounding thresholded objects, essentially isolating individual mitochondria) and then
saved onto the ROI manager. These ROIs were then superimposed on the duplicate TMRM
frame. Using the line tracing zone saved onto the ROl manager, the perinuclear and
peripheral zones were separated out. Once separated, using the Measure function on ImageJ,
average fluorescence measurements in the ROIs (minimum 10 per region per cell) were

Mitochondrion. Author manuscript; available in PMC 2021 May 01.


http://www.github.com/kandelj/MitoSPT

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ranganathan et al.

Page 15

recorded. For both the perinuclear and peripheral zones, background measurements were
also made (using the Measure function) near mitochondria located in their respective zones.
The final membrane potential value measured is the average background intensity subtracted
from the average pixel intensity of mitochondria derived from the ROIs. An additional
control experiment was performed with cells under baseline conditions with 10 uM CCCP
added in order to collapse the mitochondrial membrane potential. Membrane potential
experiments were performed on at least three separate days with a minimum of 16 cells per

group.

4.2.5 Scaled Fractional ATP-Linked Respiration—Following the method we
established in (Eckmann et al., 2019), we used the various data obtained to construct the
fractional intracellular perinuclear and peripheral components of the regional distribution of
bioenergetic capacity. By combining our determination of mitochondrial number, the
dimensions of mitochondria and the fraction of mitochondria distributed within the
perinuclear and peripheral domains, we directly construct of the net mitochondrial volume
fraction present in each domain. Based on (Lionetti et al., 1996) we applied a linearized
relationship between mitochondrial potential and cellular respiration rate to the domain-
specific measurement of mitochondrial potential in each of the perinuclear and peripheral
regions. Using the results for mitochondrial volume fraction distribution permitted
calculation of the perinuclear and the peripheral fractional contributions to total cellular
respiration. We applied the values which were determined for ATP-linked respiration and
thus established the fractional intracellular perinuclear and peripheral contributions as the
regional distribution of bioenergetic capacity (Eckmann et al., 2019).

4.2.6 Cell Cytoskeletal Imaging—In a separate cohort of experiments conducted on at
least 3 separate days to evaluate the effect of decompression on actin, cells were transfected
with CellLight Actin-RFP, BacMam 2.0 and placed in Recording HBSS the day prior to
experiments. To evaluate the effect of decompression from hyperbaric exposure on
microtubules, cells were incubated in 250 nM Tubulin Tracker Green (Life Technologies)
for 30 min at 37 °C prior to being subjected to identical hyperbaric and decompression
conditions. Hoechst (20 mM) was also used to stain the nucleus in the cytoskeletal imaging
experiments. Cell were imaged at 40X with an oil immersion objective lens through a Cy3
filter and the resulting images were then pseudocolored using Image J software.

4.2.7 Cell Circularity—ImageJ was used to quantify the circularity of cells to determine
if experimental conditions had any effect on cell morphology. Cell circularity, C, was
measured on a scale of 0 to 1 from least to most circular after first creating a mask of each
cell. Image analysis was then used to determine C = 4t A/7, in which A = cell area and P=
cell perimeter (C =1 for spherical cells; C < 1 for cells deformed from circular cross section
is energy requiring) with 16 cells per group being evaluated. The circularity parameter
measures the cell’s ability to maintain shape and relies on multiple factors, including energy
dependent processes to preserve cytoskeletal integrity. Alterations in cell circularity are a
measure of change in stress fiber response to many inputs, including mitochondrial function
and its influence on maintenance of cell membrane pinning (Kandel et al., 2017).
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4.3 QUANTIFICATION AND STATISTICAL ANALYSIS

Data are presented as mean = S.E.M., if not indicated otherwise. Graph Pad Prism 8.0 was
used for statistical analysis. Sigmaplot 14.0 was used for data presentation. Data were tested
for normal distribution with the D’ Agostino and Pearson omnibus normality test.
Differences between groups were assessed using ANOVA in repeated measures. Post-hoc
pair wise comparisons using Tukey Kramer t-tests to adjust for multiple comparisons were
used to assess differences between groups and respiratory states. A Pvalue of < 0.05 was
considered statistically significant. Statistical parameters can be found in figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Vascular smooth muscle cells are decompressed from hyperbaric exposure
Mitochondrial motility and respiratory function are affected.

A succinate prodrug provides partial prophylaxis from these effects
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PERINUCLEAR ZONE

PERIPHERAL ZONE

Figure 1. Intracellular partitioning of mitochondria into perinuclear and peripheral zones.
(A) Schematic of intracellular partitioning of mitochondria into perinuclear and peripheral

regions. Cell image analysis steps (see Methods Section) demonstrating creation of mask for
the cell nucleus (B) and its edge (C) from which a discrete perinuclear border region is
determined (D) and a new mask of the nucleus plus the perinuclear zone is created (E).
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Figure 2. Alterations in mitochondrial potential and motility following decompression from
hyperbaric air exposure are partially prevented by NV118 administration.

Tetramethylrhodamine, methyl ester (TMRM) fluorescence images of mitochondrial
intermembrane potential in human aortic smooth muscle cells (HA0oSMCs) (A) at baseline,
(B) following decompression from hyperbaric air and (C) and with N\VV118 added prior to
decompression from hyperbaric air. Cell nuclei are identified via DAPI fluorescence and
appear blue. (D-F) Heat maps of individual mitochondrial net movement at baseline (D),
following decompression from hyperbaric air (E) and following decompression from
hyperbaric air with NVV118 pretreatment (F). Each dot represents a distinct mitochondrion in
its final location after tracking, and each dot’s color represents the log of the net distance
traveled according to the color bar beneath the image. All size bars are 10 ym. (G,H)
Lognormal distribution of net distances traveled by all mitochondria at baseline, following
decompression from hyperbaric air and following decompression from hyperbaric air with
NV118 pretreatment groups in the perinuclear and peripheral zone, respectively.
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Figure 3. Alterations in mitochondrial potential and motility following decompression from
hyperbaric nitrogen exposure are partially prevented by NV118 administration.

Tetramethylrhodamine, methyl ester (TMRM) fluorescence images of mitochondrial
intermembrane potential in human aortic smooth muscle cells (HA0SMCs) (A) at baseline,
(B) following decompression from hyperbaric nitrogen and (C) and with N\V118 added prior
to decompression from hyperbaric nitrogen. Cell nuclei are identified via DAPI fluorescence
and appear blue. (D-F) Heat maps of individual mitochondrial net movement at baseline (D),
following decompression from hyperbaric nitrogen (E) and following decompression from
hyperbaric nitrogen with NVV118 pretreatment (F). Each dot represents a distinct
mitochondrion in its final location after tracking, and each dot’s color represents the log of
the net distance traveled according to the color bar beneath the image. All size bars are 10
pum. (G,H) Lognormal distribution of net distances traveled by all mitochondria at baseline,
following decompression from hyperbaric nitrogen and following decompression from
hyperbaric nitrogen with NVV118 pretreatment groups in the perinuclear and peripheral zone,
respectively.
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Figure 4. Alterations in mitochondrial potential and motility following decompression from
hyperbaric oxygen exposure are partially prevented by NVV118 administration.

Tetramethylrhodamine, methyl ester (TMRM) fluorescence images of mitochondrial
intermembrane potential in human aortic smooth muscle cells (HA0SMCs) (A) at baseline,
(B) following decompression from hyperbaric oxygen and (C) and with NV118 added prior
to decompression from hyperbaric oxygen. Cell nuclei are identified via DAPI fluorescence
and appear blue. (D-F) Heat maps of individual mitochondrial net movement at baseline (D),
following decompression from hyperbaric oxygen (E) and following decompression from
hyperbaric oxygen with NVV118 pretreatment (F). Each dot represents a distinct
mitochondrion in its final location after tracking, and each dot’s color represents the log of
the net distance traveled according to the color bar beneath the image. All size bars are 10
pum. (G,H) Lognormal distribution of net distances traveled by all mitochondria at baseline,
following decompression from hyperbaric oxygen and following decompression from
hyperbaric oxygen with NV118 pretreatment groups in the perinuclear and peripheral zone,
respectively.
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Figure 5. Key cellular respiration parameters are sensitive to decompression and cell-permeable
succinate prodrug NV118.

(A) Basal cellular respiration, (B) Maximal cellular respiration, (C) Spare Respiratory
Capacity and (D) MitoSox-based fluorescence indicating superoxide production in
HAO0SMC:s at baseline, following decompression from hyperbaric exposure conditions and
with NV118 added prior to decompression from hyperbaric exposure conditions. Data are
represented as mean £ SEM. * p < 0.05 compared to baseline; T p < 0.05 compared to same
cell exposure without NV118 pretreatment.
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Figure 6. Intracellular mitochondrial partitioning reveals cell-permeable succinate prodrug

NV118 partially preserves mitochondrial dynamics, respiration and nuclear bioenergetics
following decompression from hyperbaric exposure.

Mitochondrial length (A) and intermembrane potential (B) in both the perinuclear and cell
peripheral regions are indicated for HAoSMC:s at baseline, following decompression from
hyperbaric exposures and with N\VV118 added prior to hyperbaric exposure and
decompression. Intermembrane potential following CCCP administration is shown as a
control. Data are represented as mean £ SEM. * p < 0.05 compared to baseline, perinuclear
region; # p < 0.05 compared to baseline, peripheral region; ¥ p < 0.05 compared to
perinuclear region, same cell exposure; T p < 0.05 compared to same cell exposure without
NV118 pretreatment. (C) Stacked bar graphs of scaled fractional ATP-linked respiration in
the perinuclear and peripheral cell regions for HAoSMCs at baseline, following
decompression from hyperbaric exposure and with NV118 added prior to decompression
from hyperbaric exposure. (D) Box plots of cell circularity for each group, 16 cells per
group. Solid circles appear at 51" and 95t percentiles, whiskers extend to 10t and 90t
percentiles, boxes extend to the 25M and 75™ percentiles, median values appear as a black
line and mean values appear as a red line. * p < 0.05 compared to baseline; t p < 0.05
compared to same cell exposure without NV118 pretreatment. (E-K) Fluorescence images of
tubulin stained cells with corresponding masks created for calculating circularity of cells.
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Scale bar is set at 20 um. Images are for baseline (E) and following decompression from
hyperbaric exposure to air (F), air with NV118 pretreatment (G), nitrogen (H), nitrogen with
NV118 pretreatment (1), oxygen (J), and oxygen with NV118 pretreatment (K).
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Mean net distance traveled by mitochondria in cell perinuclear and peripheral regions and P values from
comparisons between groups (14-17 cells per group).

Table 1.

Condition | Distanes (hm) P Value
Baseline Air N> 0,
Baseline 65.7366 - - - -
Air 88.4274 1.91E-13 -- - -
Air+NV118 49.903 6.48E-06 | 6.93E-18 -- --
Perinuclear | N2 96.4737 4.28E-26 - - -
N,+NV118 66.6936 2.89E-02 - 7.42E-12 --
0, 90.6153 8.63E-21 -- - -
0,+NV118 61.7904 7.13E-04 - - 3.56E-10
Baseline 69.9495 -- - - -
Air 86.7702 5.82E-07 -- -- -
Air+NV118 55.903 1.68E-11 | 7.01E-46 - -
Peripheral | N2 97.8861 2.15E-38 - - -
N,+NV118 70.98 8.49E-02 - 1.83E-53 -
0, 97.5637 6.57E-33 -- - -
0,+NV118 67.363 9.22E-04 -- -- 9.26E-75
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