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Abstract

Title: Mitochondria-Based Mechanisms and Interventions for Neurotrauma-relevant

Neuroinflammatory Responses

Naibo Zhang, Doctor of Philosophy, 2025

Dissertation Directed by: Brian M. Polster, Ph.D., Professor, Department of Anesthesiology

In recent years, increased attention has been paid to the role of mitochondrial alterations in
studies of traumatic brain injury (TBI). Mitochondria participate in the regulation of
neuroinflammation after TBI. Disrupted mitochondrial respiration and impaired bioenergetics
cause energy deficiency and reactive oxygen species (ROS) accumulation, facilitating the
activation of pro-inflammatory signaling pathways in microglia, the innate immune cells of the
brain. To robustly evaluate brain bioenergetics after TBI, we optimized a new Seahorse
respirometry-based protocol, CRABS-ROC (Complex Respirometry Assay Bypassing Substrate-
Restricted Oxygen Consumption). This protocol not only unmasks the full electron transport chain
(ETC) Complex I-dependent respiratory capacity by bypassing substrate restrictions but also
measures Complex-II- and IV-dependent respiration in the same experiment, on a variety of sample
types. Using CRABS-ROC, we assessed ETC complex respiratory capacities in a rat pediatric TBI
model, revealing sex-specific Complex I and IV deficiencies in males at an individual ETC

complex level.

To restore impaired mitochondrial respiration in pro-inflammatory microglial cells, a
Coenzyme Q10 (CoQ) short-chain analogue idebenone was employed. Idebenone supplies

electron flux through ETC Complex III, bypassing a disruption at Complex I. To achieve this



activity, idebenone first requires a cytoplasmic reduction to its active form, idebenol. Previously,
it was shown that the enzyme NAD(P)H quinone oxidoreductase 1 (NQO1) reduces idebenone in
astrocytes. Here, we identified a different enzyme, inducible nitric oxide synthase (iNOS), which

catalyzes most of the idebenone reduction in microglia.

Restoring impaired microglial respiratory function is predicted to inhibit pro-inflammatory
signaling and mitigate secondary brain injury. Therefore, we also investigated ETC complex
degradation mechanisms in microglia. We first observed that among representative subunits of
each ETC complex, only the Complex III subunit UQCRC2 and the Complex V subunit ATPAS
remained unchanged in microglial cells stimulated to a pro-inflammatory state by
lipopolysaccharide (LPS) and interferon-gamma (IFN-y). Using iNOS-deficient Nos2 knockout
microglial cells, we found that nitric oxide (NO) regulates the degradation of the Complex II
subunit SDHB and the Complex IV subunit MTCO1, but not the Complex I subunit NDUFBS.
These findings indicate that multiple mechanisms contribute to ETC impairment in activated, pro-
inflammatory microglia. A positive feedback loop between iNOS and activated caspase-1 protease
was also identified, revealing a new system regulating the degradation of ETC complexes. These

findings complement existing knowledge on pro-inflammatory signaling amplification.
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Chapter 1

Introduction

1.1 Investigating mitochondrial dysfunction in traumatic brain injury

1.1.1 Preclinical modeling of traumatic brain injury toward the discovery of improved strategies

for long-term management

Traumatic brain injury (TBI) is one of the leading causes of mortality among all central
nervous system (CNS) disorders [1]. TBI happens in diverse ways and usually results in complex
and persistent conditions involving many cell types, wound healing, and long-term inflammation.
Secondary brain injury is caused by persistent inflammation [2], resulting in enlarged lesion size
and contributing to cognitive dysfunction. Furthermore, TBI and persistent neuroinflammation
increase the lifetime risk of chronic pain [3] and neurodegenerative disorders [4, 5] including

Alzheimer’s disease [6] and Parkinson’s disease. Severe TBI increases the long-term risk of stroke

[7].

TBI induces increased amyloid § (APB) production and Alzheimer’s disease-like symptoms
[8]. Mild TBI is responsible for a 56% increased risk of Parkinson’s disease in United States
veterans [9]. Long-term mitochondrial dysfunction is commonly observed in injured brains,
disrupting energy production and causing failure to meet the brain’s high energy demand[10, 11].
Mitochondrial dysfunction can also contribute to prolonged neuroinflammation by generating
excessive reactive oxygen species (ROS) and promoting the activation of pro-inflammatory
microglia[10, 12]. The increasingly appreciated exacerbating role of neuroinflammation is
redefining TBI as a chronic disorder that may require long-term “management” more so than an

acute treatment. Even greater consideration to long-term management may need to be considered



in pediatric/juvenile TBI [13], which will be discussed further in section 1.2. Therapeutic strategies
aimed at restoring mitochondrial bioenergetics after TBI during the extended clinical management

phase are therefore worthy of pursuit.

Although rodent brains have some distinct TBI and inflammatory responses compared
with human brains, rodent TBI models are still commonly used. Just as human TBI is diagnosed
and classified into mild, moderate, and severe based on criteria such as the Glasgow Coma Scale
(GCS)[14], rodent TBI has also been carefully classified by severity and impact type. Two major
categories of animal models are penetrating TBI (open-head TBI) and non-penetrating TBI
(closed-head TBI) based on the insult type [15]. One of the most used models is the controlled
cortical impact (CCI) penetrating TBI model[16-18], which is programmable for lesion size, depth,
velocity, and impact duration to model different severities of human brain injury. CCI is usually a
direct focal hit onto the exposed brain surface post-craniotomy, with a known-diameter probe. CCI

can be used to model concussions, hemorrhage, edema, and inflammation in a controllable manner.

1.1.2 TBIl-induced mitochondrial deficits and candidates for treatment

Mitochondrial bioenergetics deficits caused by TBI result in interrupted neuronal energy
supply, accumulation of ROS, mitochondrial DNA (mtDNA) release, and pro-inflammatory
microglial activation. These events are all thought to contribute to the overall neuropathology of
TBI. Disrupted energy production is usually a central component of the TBI pathology. The
electron transport chain (ETC) generates the proton gradient across the mitochondrial inner
membrane (MIM) and its function is required for oxidative phosphorylation (OXPHOS; Figure

1.1). Aberrant ETC function can cause bioenergetics failure and ROS accumulation, especially



during a prolonged post-TBI recovery period. Therefore, it is crucial to understand how the ETC
is damaged after TBI and develop strategies to restore OXPHOS function. Such strategies may
rewire mitochondrial energy supply and reduce the secondary brain damage caused by ETC
dysfunction. Mitochondrial dysfunction has been separately studied in both acute (minutes to days)
and chronic (weeks to months) periods in animal models. Deficiencies of OXPHOS caused by TBI
were evaluated at the resolution of ATP production efficiency and sometimes individual ETC
complex-dependent respiration. Many studies have assessed the dysfunction of mitochondrial

energy production indirectly by respirometry-based measurements of oxygen consumption rate

(OCR).
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Figure 1.1 Schematic figure showing electron flux through the electron transport chain
(ETC) and oxidative phosphorylation under physiological conditions.

CoQ: coenzyme Q, cyt c: cytochrome c, e: electrons. The black arrows show the direction of
physiological electron flux. The red arrow shows the supply of electrons provided by the
exogenous molecule idebenone. NQOI1 is an enzyme expressed by some cell types that is
established to reduce idebenone into its bioactive form, idebenol. iNOS is a second enzyme,
demonstrated by this dissertation research, that catalyzes idebenone reduction. The blue curved

arrows show the redox reactions catalyzed by NQO1 and iNOS, using NADPH as substrate.



Other than the physiological basal OCR and the uncoupled maximal OCR typically
evaluated in cells, distinct respiratory states can be induced and measured when using isolated
mitochondria. Respiratory States I-V were defined by Chance and Williams in 1955 based on
polarographic oxygen electrode measurements [19]. State I respiration is the respiration of isolated
mitochondria in the presence of abundant oxygen and inorganic phosphate but no exogenous
substrates so that it is usually slow. State II respiration represents slow respiration stimulated by
the addition of the Complex I-linked substrates pyruvate and malate when there is no ADP added.
State III respiration denotes the highest rate of oxygen consumption stimulated by ADP, which
induces phosphorylating respiration driven by the ATP synthase. State IV respiration represents
leak-driven respiration which remains after all the ADP added to induce State III respiration has
been consumed. The ratio of State III respiration to State [V respiration, which is referred to as
Respiratory Control Ratio (RCR), is an important parameter representing the mitochondrial
energetic efficiency. The original definition of State V respiration refers to the anaerobic state on
the oxygraph after all oxygen is consumed in the system, and the oxygen consumption rate is no
longer linear as it was in State IV. However, an alternative definition of State III by Nicholls and

Ferguson in their book (David Nicholls and Stuart Ferguson (1992), Bioenergetics 2, Academic

Press.) represents leak respiration (Figure 1.2B) when oxygen consumption is due to proton leak
across the MIM due to the addition of ADP, which is functionally equal to the State IV respiration
in Chance and Williams’ definition (Figure 1.2A). Alternative definition of State V respiration
represents an uncoupled respiration when uncoupler FCCP or DNP is present (Figure 1.2C). It can
be further distinguished by Complex I-driven State V respiration and Complex II-driven State V

respiration by adding Complex I-and II-specific substrates, respectively [20-22].
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(A) the earliest definition of respiration states first brought up by Chance and Williams in 1955.
(B) alternative definitions from the book Bioenergetics 2, by Nicholls and Ferguson in 1992. (C)
Example traces explaining the modern definition of respiration states measured using Seahorse
protocols. State V-I: Complex I-driven State V respiration, an uncoupled respiration driven by the
addition of Complex I-specific substrates pyruvate and malate; State V-II: Complex II-driven State

V respiration, an uncoupled respiration driven by the addition of Complex II-specific substrate



succinate. (D) Example OCR traces adding a reflection of respiration state rates onto modern

Seahorse-based OCR traces.

Table 1.1 Studies showing energy production deficiency post-TBI.

model Affected rates authors

mouse RCR, State III, State V-I, State V-II decrease at 1 and 3h post | Gilmer, L.K., et al.
TBI 2009

mouse State III-1 (79%), State, State I1I-11(81%) decrease, at 72h post- | Singh, I.N., et al.
TBI 2006

rat State II-IV, State V-II respiration decrease at day3 but recover | Hill, R.L., et al
incompletely at dayS5 2017
RCR (declines at day 3 and recovers at day5)

mouse State III, State V-I, State V-II respiration decrease at day 28 | Lyons, D.N., et al.

post-TBI (Close-head injury)

2018




Many studies suggest energy production deficiency after TBI. Actual oxygen consumption,
RCR, State III, Complex I-driven State V and Complex II-driven State V respiration were all
significantly decreased acutely in the injured cortex at both 1 and 3 h post-trauma [23]. OCR was
also decreased at 72 hours after CCI, with State III respiration decreased by 79% or 81% when
driven by Complex I or Complex II substrate, respectively [24]. Mitochondrial OCR exhibits
partial recovery over time in the rat CCI model. A comprehensive time course study of 9-10 week-
old male rats from the earliest three hours post-injury to Day 5 showed significant respiration
decreases from three hours to Day 3, and an incomplete recovery of State II-IV respiration and
succinate-stimulated respiration at Day 5 [25]. RCR was unaltered until a significant decline at
Day 3, followed by a complete recovery at Day 5. However, this study lacked information between
Day 3 and Day 5, making the duration of the impairment unclear. More recent studies focused on
long-term mitochondrial dysfunction post-TBI. In a mouse closed-head injury TBI model,
significant decreases were observed in State III and Complex I-driven and Complex II-driven state
V respiration in cortical and hippocampal mitochondria at 28 days post-injury even though in this
model, deficits were not seen on Day 3 [20]. I would summarize the data above with some kind

of cartoon or table.

Many pharmacological compounds used in preclinical TBI models were reviewed by
Thapak and Gomez-Pinilla [15] in 2024. However, only a few of them showed the ability to restore
mitochondrial membrane potential or improve energetics, with most targeting inhibition of pro-
inflammatory signaling pathways. Among the mitochondria-targeted compounds, cyclosporin A
(CsA), which inhibits mitochondrial permeabilization transition pore (mPTP) opening, improved

bioenergetics deficits following CCI when administered at 15 minutes post-injury [26]. The mPTP



is a non-selective pore formed on MIM that increases mitochondrial permeability that causes cell

necrotic death and neurodegeneration [27].

However, there are no FDA-approved drugs for specifically stimulating mitochondrial
ETC function after TBI. Idebenone, a structural analog of ubiquinone (Coenzyme Q) has shown
potential for rescuing impaired mitochondrial respiration, and it is approved by the European
Medicines Agency (EMA) for the treatment of visual impairment in adolescents and adults
with Leber's hereditary optic neuropathy (LHON) [28]. Idebenone and other bioavailable quinone
compounds are promising drug candidates for the long-term management of TBI because they can
act as both antioxidants and electron donors to reverse respiratory deficiencies. In this dissertation,
we tested idebenone for neuroprotection in mouse CCI, as well as for its ability to rescue
mitochondrial respiration in our in vitro model of microglial activation. The neuroprotective

potential of idebenone and its mechanisms of action will be further discussed in 1.3.

1.1.3 Evidence for mitochondrial damage in pediatric TBI

Pediatric/juvenile TBI may involve different injury mechanisms and consequences
compared to adult TBI because the brain is still developing. TBI during childhood causes altered
neurodevelopment and deficits that extend well into adulthood. Among 2-12 years old children
who had experienced moderate to severe TBI, intellectual functional assessment by an IQ test fell
to the lower end of the average 1Q range at 10 years post-TBI. However, 1Q was not significantly
different at the 10-year follow up compared with the control group [29]. Reduced cerebral blood
flow and decreased brain oxygen metabolism were observed in severely injured children at three

months post-TBI [30]. Evidence indicates that pediatric TBI can cause a metabolic crisis leading



to cognitive damage that persists into adulthood. CCI is one of the most widely used preclinical
models to experimentally recapitulate TBI damage in juveniles as well as adults. CCI causes
significant deficits in hippocampus-dependent cognition at two months post-injury and adult
neurogenesis at three months post injury in postnatal day (PND) 5-7 New Zealand white rabbits
[31]. The brain development in these rabbits is comparable to the infancy stage in a human and to
PND15-20 in rodents. Mechanical damage to the brain causes not only a direct tissue lesion but
also subsequent neuroinflammation cascades that can exacerbate the damage. Mitochondrial
bioenergetic deficiency and aberrant elevated ROS production are thought to contribute to the
neuroinflammation and cell death in the central nervous system (CNS) after TBI. Since the
developing juvenile brain exhibits some metabolic differences compared to the mature brain,
including with regard to mitochondrial substrate usage [32-34], understanding TBI-induced
bioenergetic perturbations in developing brains is crucial to developing treatments that recover

brain function.

The focus of mitochondrial studies in pediatric TBI now is very different than 20 years ago
when the emphasis was on developmental differences in calcium buffering, brain metabolism, and
ROS between immature and mature brains [35], Seahorse-based respirometry has emerged as a
new tool to evaluate mitochondrial dysfunction in pediatric TBI. To understand the effects of TBI
on the respiratory function of cells in pediatric brains at a more detailed level, it is necessary to
investigate respiration rates dependent on individual ETC complexes. This can now be done using

a new Seahorse respirometry protocol, the optimization of which is described in Chapter 2.

There are sex differences in mitochondrial respiratory impairments following TBI in adult
rodents [21, 22, 36]. Female non-synaptic cortical mitochondria show impaired State III and

Complex II-driven State V respiration at 12 hours post CCI, impaired State III, State IV, Complex

10



I-driven State V and Complex II-driven State V respiration at 24h post CCI, while only male
synaptic mitochondria show early impairments in State I1I, Complex I-driven State V and Complex
II-driven State V respiration at 12 hours post-CCI [22].However, the possibility that sex influences
mitochondrial alterations after pediatric TBI is largely unexplored. Physiological progesterone
levels are neuroprotective in adult female rats and can preserve mitochondrial bioenergetic
function as assessed by measuring the RCR [35]. Additionally, for PND 17-21 rats, pre-treatment
with exogenous progesterone protects the RCR of male but not female rats post-TBI [37]. Sex
differences in mitochondrial respiratory impairment may be an important factor to consider during

the design of bioenergetics-bases therapeutics.

1.2. Methods for studying mitochondrial respiration after TBI

1.2.1 Current studies and methods for assessing mitochondrial respiratory function after TBI

The best ways to test for OXPHOS dysfunction in cells or isolated mitochondria are to
measure ATP production or oxygen consumption in the presence of energy substrate(s). Clark
electrodes and other amperometric sensors measure real-time oxygen consumption directly from
biological samples. However, the yield of biological material may be limiting, and the procedure
itself is time consuming. Luciferase-based ATP measurements are the most direct way to evaluate
net bioenergetic function; however, this method does not distinguish between mitochondria- and
glycolysis-derived ATP unless pathway inhibitors are employed. In addition, because steady-state
measurements reflect a balance between ATP production and consumption, changes may be

difficult to interpret.
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Since the technology was first launched in 2006, Seahorse respirometry (Agilent) has been
widely used for fast and high-throughput evaluation of mitochondrial ETC function. The employed
fluorescent oxygen sensors allow for serial measurements of real-time OCRs in 24 to 96 samples
simultaneously, depending on the instrument model. With the use of specific ETC substrates or
inhibitors, the Seahorse respirometer is a powerful tool to dissect changes in mitochondrial
bioenergetic properties. The Mito Stress Test is a popular protocol for measuring the basal and
maximal respiration rates of cells, as well as oxygen consumption linked to ATP synthesis and
spare respiratory capacity. The spare respiratory capacity is the difference between the basal and
maximal OCR, and it predicts the capacity of the cells’ mitochondria to respond to increased

energy demand.

1.2.2 Shortcomings of the Mito Stress Test protocol and the improvement

The Mito Stress Test protocol is the most used Seahorse respirometry protocol to study
mitochondrial dysfunction in disease models. In the classical protocol, basal respiration rate is
measured before oligomycin is added through the Seahorse instrument’s first injection port. A
schematic figure summarizing common substrates and chemicals that are used in Seahorse
respirometry is provided (Figure 1.2). Oligomycin inhibits the ATP synthase to stop mitochondrial
ATP production and, in cells, a compensatory increase in glycolysis usually results to meet the
energy demand. The difference in OCR before and after oligomycin addition represents the ATP
production-associated oxygen consumption. The residual OCR after oligomycin injection is driven
by proton leak across the MIM. An uncoupler is added after oligomycin. The protonophore
carbonyl cyanide-p-trifluoromethoxphenylhydrazone (FCCP) is the most widely used uncoupler

to disrupt the proton gradient across the MIM. With the loss of protonmotive force, respiratory
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control by the ATP synthase is relinquished and the uncoupler-stimulated OCR value is considered

the maximal respiration rate.

The energy substrates included in the Seahorse assay medium are typically glucose and
pyruvate, which drive ETC activity. Metabolism of these substrates generates electron flux from
the reduced forms of nicotinamide adenine dinucleotide (NAD) and flavin adenine dinucleotide
(FAD) (Figure 1.1.). NADH is the direct substrate of ETC Complex I and is generated from the
tricarboxylic acid (TCA) cycle by dehydrogenase enzymes. Because pyruvate is cell permeable
and enters the mitochondrial matrix through a specific transporter, it can be used as an exogenous
Complex I-linked substrate. When extra pyruvate is added after FCCP, an OCR increase suggests
a restriction in endogenous mitochondrial substrate provision by glycolysis [38] (Example OCR
traces Figure 1.3B). In other words, there is a substrate restriction on the maximal respiration rate
induced by FCCP when glucose is the only energy substrate provided. Therefore, the FCCP-
induced OCR in glucose-metabolizing cells does not represent the full capacity of the ETC. In the
classical Mito Stress Test, a combination of the ETC Complex I inhibitor rotenone and Complex
[T inhibitor antimycin A are injected after FCCP through the third injection port, causing complete
inhibition of mitochondria-dependent respiration. Without supraphysiological levels of pyruvate
supplementation prior to the injection of ETC inhibitors, the Mito Stress Test fails to yield the

maximal ETC-dependent respiration rate because of substrate limitations.

As another way to bypass the endogenous substrate restriction impeding maximal OCR
measurement, direct substrates of ETC complexes can be introduced to the mitochondria within
cells. Abundant NADH can be supplied to Complex I when the bacterial pore-forming peptide
alamethicin is added to permeabilize mitochondrial membranes, instead of adding FCCP uncoupler

and pyruvate substrates. Exogenous purified cytochrome ¢ also needs to be supplied to the
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mitochondria to measure OCR because alamethicin causes the release of the endogenous
cytochrome c. In this assay, NADH-induced respiration minus the OCR measured following
rotenone addition is considered Complex I-dependent respiration, while the Complex II-specific
substrate succinate can subsequently be added to induce Complex II-dependent respiration. To
assess the full capacity of Complex IV, tetramethylphenylenediamine (TMPD) and ascorbate can
then be added, which stimulate electron entry through cytochrome c. Thus, this new protocol
enables the serial assessment of ETC Complex I-, II-, and IV-dependent respiration. Furthermore,
this new protocol can be applied to various sample types, including cultured cells, purified
mitochondria, and tissue homogenates. It provides the means to rigorously evaluate the activity of
individual ETC complexes under physiologically or pathologically relevant conditions. Identifying
specific deficits in individual ETC Complex capacities under pathological conditions, such as TBI
and other neurodegenerative disorders, may reveal new strategies to relieve or bypass the ETC

impairments.
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Figure 1.3 A schematic figure summarizing chemicals for Seahorse respirometry that are

used in this dissertation.

Red arrow showed FCCP mediating a proton leak into mitochondrial matrix, in reverse of the
physiological proton movement direction across the mitochondrial inner membrane. Green arrows
show individual ETC complex substrates that stimulate OCR in Seahorse. Red blunted arrow

showed inhibitors against each ETC complex.
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Figure 1.4. Schematic diagrams comparing respirometry-based protocols for assessing
mitochondrial respiratory dysfunction after brain injury.

A-C The upper cartoons illustrate substrate supply and electron flux during the respirometry test.
Added reagents are shown in red. Lower traces are representative respirometry OCR traces
matching each upper cartoon. The abbreviations are as follows: oligo, oligomycin; AA, antimycin
A; pyr, sodium pyruvate; alm, alamethicin; cyt ¢, cytochrome c; succ, succinate; rot, rotenone; asc,
ascorbate. (A) The Mito Stress Test. One of the most popular Seahorse respirometry-based
protocols. Addition of FCCP alone shows a modest stimulation of OCR above the basal rate
because the provision of endogenous substrates by glycolysis is rate-limiting. (B) Illustration of
the endogenous substrate rate restriction by the addition of extra pyruvate after uncoupler. The
further increase of uncoupled OCR reveals additional respiratory capacity. (C) The CRABS-ROC
protocol for assessing Complex I-, II- and IV-dependent respiratory capacity. The development of
this protocol will be described in detail in Chapter 2. The NADH-stimulated OCR reveals
additional Complex I capacity because the rate-limiting restrictions of both glycolysis and

dehydrogenase enzymes are bypassed.
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1.3. Investigating the potential of idebenone for treating TBI-induced mitochondrial

dysfunction

1.3.1 History of idebenone being used as a treatment for neuroinflammation

As briefly mentioned earlier, idebenone is a synthetic analog of ubiquinone, also known
as Coenzyme Q10 (CoQ10), with the advantage of a shorter side chain conferring better solubility
and bioavailability compared with CoQ10. Idebenone showed positive outcomes in a few clinical
trials on Alzheimer’s diseases [39, 40]; however, some trials reported failure of idebenone to slow

cognitive decline [41].

Multiple preclinical studies indicate that idebenone rescues respiration and
mitochondrial ATP production in models of rotenone-induced ETC Complex I inhibition [42, 43].
However, idebenone’s ability to restore mitochondrial function has not yet been tested in TBI
models. A recent mouse TBI study reported that idebenone administered at one- and five-hours
post-injury mitigates TBI-induced dysregulation in the expression of ephrin-A signaling genes and
alleviates decreases in dopamine receptor-encoding genes Drdl and Drd2 at 24 hours post-TBI
[44]. This translational pilot study suggests that idebenone may have neuroprotective potential. We
hypothesize that idebenone is neuroprotective through restoring brain mitochondrial respiration

and ameliorating pro-inflammatory signaling pathways.

1.3.2 Cytoplasmic reduction of idebenone by NQOI is the established mechanism of

bioactivation

Like ubiquinone, idebenone functions as an ETC Complex III electron donor only in its
reduced state. However, the reduced form, idebenol, is poorly soluble in aqueous solution and
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therefore lacks bioavailability. Idebenone shares the same quinone moiety with CoQ10, which
requires a two-electron reduction to yield the hydroquinone form [45]. The predominantly
cytoplasmic enzyme NAD(P)H: quinone oxidoreductase 1 (NOQI1) appears to be the major
enzyme catalyzing the two-electron reduction of idebenone to its hydroquinone bioactive form in
most cells [46] [42]. NQOI is an inducible enzyme that is regulated by the transcription factor
NRF?2. Previous studies revealed different bioenergetic responses to idebenone treatment in neural
cell types that correlated with the differential expression of NQO1. Primary rat cortical neurons
exhibited no NQOI1 expression and, accordingly, lacked idebenone-stimulated respiration, while
rat cortical astrocytes showed dose-dependent idebenone-stimulated respiration that was

dependent on NQOI1 activity[47].

1.3.3 The mechanisms of idebenone reduction in pro-inflammatory microglia are unknown

Pro-inflammatory microglia contribute to neuroinflammation after TBI [48].
Mitochondrial dysfunction contributes to pro-inflammatory microglial activation [49, 50]. We
hypothesized that idebenone attenuates microglial pro-inflammatory activation by restoring
mitochondrial respiration. Former lab members Evan Bordt and Sausan Jaber observed that
idebenone can partially restore LPS/IFN-y-impaired respiration in the activated HAPI microglial
cell line [51]. We initially hypothesized that NQO1 reduces idebenone in microglia as was
observed in astrocytes [47]. However, although NQO1 enzyme is expressed in microglia, former
lab member Sausan Jaber observed that idebenone-driven NADPH oxidation in LPS/IFN-y
activated microglia is NQO1-independent, which is opposite to that in astrocytes[52], suggesting
that a different enzyme, other than NQO1, may catalyze the cytoplasmic reduction of idebenone

in these cells. To evaluate idebenone’s potential to counteract the harmful effects of pro-
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inflammatory microglial activation, it is crucial to understand which microglial enzymes
contribute to the conversion of idebenone to its reduced form that can act as a Complex III electron

donor and antioxidant.

1.4. Targeting neuroinflammatory signaling pathways to attenuate loss of ETC complex

proteins in pro-inflammatory microglia

1.4.1 Roles of microglia in neuroinflammation after TBI

Neuroinflammation is a substitute for the term “reactive gliosis” often used in the CNS
injury field [53], and it is preferred here because it better describes the pro-inflammatory role of
microglia. Microglia are the main innate immune cell type in the CNS and play key roles in the
progression and persistence of neuroinflammation after TBI. Microglia survey the brain to detect
damage and disease- or infection-associated processes that disrupt brain homeostasis. Microglia
have pattern recognition receptors (PRRs) that detect TBI-induced [54], interferon (IFN) receptors,
and receptor for advanced glycation end products (RAGE). Once these receptors are activated,
pro-inflammatory signaling cascades including the NLRP3 inflammasome (Figure 1.5) are
initiated. Formation of the NLRP3 inflammasome, facilitates the cleavage and activation of
caspase-1, which mediates the processing of IL-1f. Pro-inflammatory microglia release multiple
factors that, at high levels, can promote neurotoxicity, including IL-1p, TNF-a, and nitric oxide
(NO). In this way, persistent or excessive microglial activation contributes to secondary brain
injury. Microglial mitochondrial bioenergetic dysfunction is implicated in TBI and other
neurodegenerative diseases in part through its relationship to immune signaling. Respiratory
failure and disrupted metabolism are thought to promote the chronic activation of microglia,

contributing to secondary injury after TBI [55, 56].
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To study the innate immune signaling pathways relevant to CNS injury, in vitro models
such as primary isolated microglia, bone marrow-derived macrophages, and immortalized
microglial or macrophage cell lines are widely used. Due to difficulty in obtaining primary isolated
microglia in sufficient quantities, an immortalized microglia cell line was used in this study. Highly
aggressively proliferating immortalized (HAPI) microglial cells were reported to be spontaneously
immortalized from postnatal day 3 rat microglia [57]. However, we identified that these cells have
a mouse origin based on our sequencing results. We then submitted HAPI cells to the American
Type Culture Collection (ATCC) for authentication by short tandem repeat (STR) profiling. The
results revealed that HAPI cells have an identical STR profile to the established mouse microglial
cell line SIM-A9, supporting their use as a mouse microglial model. In this dissertation, we apply
HAPI cells as a rodent microglial model and use lipopolysaccharides (LPS) plus interferon-gamma
(IFN-y) to activate the cells to a pro-inflammatory state. NO release is one of the most common
factors seen in activated mouse microglia, myeloid cells such as macrophages, and microglial cell
lines. NO release has been used as an important criterion for the characterization of mouse
microglial cell lines [58-60]. Besides this reason, the detection of other biomarkers of activated
microglia is usually slow and costly, such as expression profiling of activated microglial genes by
qPCR and RNA sequencing, ELISA-detection of pro-inflammatory cytokines such as IL-18, IL-
18 and TNF-a. This is why Griess assay, a fast, colorimetric assay detecting NO release, is widely
used for a quick, benchtop characterization of microglial activation. We measure nitric oxide
production as a criterion for efficient activation of HAPI cells. Explain more why nitric oxide

measurements are used. Sorry if I missed it>
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We discussed post-TBI respiratory dysfunction studies in sections 1.3 and 1.4. Most of the
studies target the entire brain hemisphere or peri-lesion area in TBI. However, there is a lack of
studies specifically focused on microglial respiratory dysfunction post-TBI. It is also unclear
whether TBI-induced mitochondrial respiratory dysfunction results in part from structural damage
to one or more ETC complexes, including the degradation of specific subunits. We hypothesized
that preventing the loss of ETC subunits will rescue mitochondrial respiration in pro-inflammatory
microglia. To guide the development of precise treatments, it is crucial to understand the
mechanisms of ETC complexes loss. In the studies described in this dissertation, we used
pharmacological inhibition of several different pro-inflammatory signaling components to test if

TLR4, NLRP3, caspase-1 or iNOS is upstream of ETC degradation.
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Figure 1.5 Putative signaling pathways acting upstream of ETC complexes degradation in
pro-inflammatory microglia.

Red arrows: proposed pathways that are related to ETC complexes degradation: nitric oxide (NO),
caspase-1, and caspase-11. Green circles show pharmacologically inhibited targets in this
dissertation: TLR4, NLRP3-dependent inflammasomes, and caspase-1/-11. On the right-most side
of the diagram, the interrelated GSDMD-mediated pyroptosis signaling pathway is also shown.
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1.4.2 TLR4 and NLRP3 as targets to prevent the activation-induced loss of ETC subunits

Toll-like receptor 4 (TLR4) is considered one of the most important and common initiators
of innate immune signaling cascades in macrophages and microglia. LPS is the most used TLR4
agonist in preclinical immune studies. To model the role of TLR4 in pro-inflammatory microglia
in TBI and other neurodegenerative disorders, in the subsequently described doctoral research
HAPI microglial cells were treated with a combination of LPS and IFN- y (LPS/IFN-y), which
activates microglia to a neurotoxic state [61]. Interrupting TLR4 function seems to be a
straightforward therapeutic strategy that can suppress pro-inflammatory signaling from the
initiating step. Various TLR4 inhibition strategies have been developed, such as glycolipid-based
inhibitors, non-glycolipid-based inhibitors, peptide-based inhibitors, TLR4 competitive
antagonists, and TLR4 expression downregulators [62]. Genetic depletion of TLR4 in mice
reduces the infarct size after CCI, inhibits IL-1f and iNOS expression detected by
immunohistological staining, increases the basal level of IxB-a, and inhibits CCl-increased p65
and p-JNK signaling [63]. Another group also reported that the infarct volume is lower in TLR4
knockout (KO) mice compared with wild-type after CCI, and they observed that TLR4 KO
decreases pro-inflammatory gene expression while promoting the expression of anti-inflammatory

phenotype markers [64].

There are three TLR4 inhibitors that have entered clinical trials. Eritoran (E5564) failed a
Phase 3 clinical trial for treating severe sepsis [65] and a trial of E-5531 stopped at Phase 2 due to
limited efficacy against septic shock despite having demonstrated the ability to diminish LPS-
induced inflammation preclinically [66]. TAK-242 failed in a phase 3 sepsis clinical trial after
28 days of administration due to lack of efficacy [67]. Although TAK-242 has not been tested in

any clinical trials for TBI, it is still widely used in preclinical research as a relatively specific TLR4
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inhibitor, and we employed it in our studies of ETC alterations during pro-inflammatory microglial

activation.

When activated through TLR4 and IFN-y receptors, microglia undergo multiple signaling
cascades to become neurotoxic. The NLRP3-dependent inflammasome, one of the key mediators
of neuroinflammation, is induced and assembled [68]. It then mediates the autocleavage of pro-
caspase-1 to the active form, facilitating the proteolysis and extracellular secretion of IL-18 and
IL-18. During the formation of the NLRP3-dependent inflammasome, mitochondria play key roles,
serving as a “platform” that facilitates ASC and NLRP3 recruitment and assembly through lipid-
based interactions [69]. We predict that inhibiting the activity of the NLRP3 inflammasome will
protect the mitochondrial ETC complexes from LPS/IFN-y-induced degradation. MCC950 is a
direct NLRP3 protein inhibitor. MCC950 abrogates ASC oligomerization and binds to the NACHT
domain of NLRP3 to block ATP hydrolysis, thereby inhibiting NLRP3 inflammasome activation
[70]. In this dissertation research, we tested the ability of MCC950 to protect the integrity of the

mitochondrial ETC complexes in pro-inflammatory microglia.

1.4.3 Caspase-1 as a target to prevent the activation-induced loss of ETC subunits

The inactive precursor form of caspase-1, pro-caspase-1, resides in the cytoplasm.
Caspase-1 can also be secreted extracellularly [71] or translocated into the nucleus [72]. There is
no direct evidence for caspase-1 translocation inside mitochondria, however, caspase-1 does

interact with mitochondria during NLRP3 inflammasome assembly [69, 73].

Caspase-1 directly interacts with the mitochondria-specific lipid cardiolipin during

inflammasome assembly, with the interaction observed during the priming stage of bone marrow-
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derived macrophage (BMDM) activation [69]. In that report, a low level of caspase-1 was detected
by western blot in the mitochondria-enriched fraction of biochemically fractionated cells. We
could find no literature indicating whether caspase-1 specifically interacts with the mitochondrial
outer or inner membrane. However, based on the reported mitochondrial localization, we suspect
caspase-1 may have mitochondrial roles yet to be discovered, including the possible regulation of

ETC complexes.

Previously, caspase-1 has been connected to mitochondrial dysfunction in a few different
ways. Caspase-1 inhibits mitophagy in activated BMDMs by cleaving Parkin, which is an
important mitophagy regulator [74]. Mitophagy inhibition causes mitochondrial damage to persist
and may lead to apoptosis. In addition, activated caspase-1 cleaves gasdermin D (GSDMD).
GSDMD N-terminal fragments form pores in the plasma membrane to facilitate pro-inflammatory
cytokine release [75]. GSDMD N-terminal fragments also form pores in both mitochondrial
membranes, causing mitochondrial DNA release and the induction of pyroptotic cell death [76].
Rapid mitochondrial outer and inner and membrane damage were detected in LPS- and nigericin-
treated immortalized Tohoku Hospital Pediatrics-1 (THP-1) macrophage cells during an early
stage of pyroptosis [76]. Caspase-1 can also cleave the BH3-domain-only cytosolic protein BID
to induce a GSDMD-independent apoptotic form of cell death [77]. Once cleaved, BID activates
the BCL-2 family pro-apoptotic proteins BAX and BAK, which cause mitochondrial outer
membrane permeabilization through pore formation. The production of truncated BID (tBID) is

inhibited in DNA- or ATP-stimulated Caspl” Caspl1”~ BMDM:s [74].

As mentioned earlier, in the cytoplasm, activated caspase-1 cleaves pro-IL-1f and pro-IL-
18 to their active, secreted forms. However, whether caspase-1 contributes to pro-inflammatory

signaling by cleaving any substrates in the mitochondria remains unknown. We tested whether
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caspase-1 cleaves ETC subunits in pro-inflammatory microglia, contributing to the mitochondrial
respiratory dysfunction observed after LPS/IFN-y stimulation. Belnacasan, also known as VX-765,
is a selective caspase-1 sub-family inhibitor that inhibits both caspase-1 and caspase-11 activities.
Multiple clinical trials and preclinical studies support VX-765’s efficacy in diseases with an
inflammatory component, such as Alzheimer’s disease, epilepsy, diabetes, arthritis, and psoriasis.
The benefits are thought to stem in part from the attenuation of IL-1f production achieved through
caspase-1 inhibition. Episodic and spatial memory impairment in the J20 Alzheimer’s disease
mouse model was reversed by VX-765 treatment and reoccurred after a stop in treatment [78]. A
few other preclinical studies suggest that VX-765 is neuroprotective and can reverse cognitive
impairments. For example, in a mouse model of TBI, VX-765 alleviated the production of pro-
inflammatory cytokines such as IL-18, IL-18, IFN-y while promoting increases in IL-10 and TGF-
B [79]. The authors also observed a reduction in lesion size that correlated with VX-765’s ability

to ameliorate neuroinflammation.

1.4.4 Inhibition of nitric oxide production as a target to prevent the activation-induced loss of

ETC subunits

Nitric oxide (NO) is an important neurotransmitter in physiological conditions, mediating
neuronal communication and synaptic plasticity. Physiological NO is also a key regulator of brain

blood flow, orchestrating nutrients and oxygen supply to support brain functions.

NO is generated by the nitric oxide synthase (NOS) family of enzymes, which includes
three isoforms: nNOS, eNOS and iNOS. Neuronal NOS (nNOS) is a specific NOS type which is

usually expressed in neuronal cells to produce NO as a neurotransmitter, while endothelial NOS
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(eNOS) is expressed in vascular endothelial cells to regulate blood flow. NO generated by
endothelial NOS (eNOS) reduces vascular permeability and increases blood flow through
vasodilation. Relevant to injury-induced immune responses, vasodilation can also restrict the
migration of innate immune cells and leukocytes [80]. Inducible nitric oxide synthase (iNOS) can
be found in many immune cell types such as macrophages, microglia, and neutrophils [81]. As the
name implies, iINOS is an induced enzyme which is only expressed under infections or
inflammatory conditions through exposure to specific stimuli. These include lipopolysaccharide
(LPS) and/or pro-inflammatory cytokines such as IFN-y, IL-1B, or TNF-a. Compared with
physiological NO produced by eNOS or nNOS, NO produced by macrophage or microglial iNOS
is released at much higher levels and acts as a pro-inflammatory factor, amplifying

neuroinflammation in TBI and other neurodegenerative diseases.

NO’s direct effects on mitochondria were carefully investigated at the beginning of the 21
century by biochemical methods using exogenous addition of NO or its highly reactive
peroxynitrite derivative (ONOO"). For example, it was found that NO inhibits Complex I activity
through its peroxynitrite species form and metabolizing intermediates [82]. Some in-depth studies
concluded that there are respiratory deficiencies at the level of multiple individual ETC complexes.
This was revealed by using Complex I- or Complex II-specific substrates—pyruvate/malate or
succinate, respectively—on permeabilized cells or purified mitochondria. When individual
substrate-induced oxygen consumption was measured from digitonin-permeabilized L1210 mouse
lymphocytic leukemia cells following saturated bubbling of NO into the O»-free culture medium,
Complex I- and Complex II-linked oxygen consumption were decreased to 16% and 44% of
control, respectively [83]. Studies of ETC respiratory impairments by inducing endogenously

produced micromolar level of NO in LPS/IFN-y-stimulated microglia and macrophages are even
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more relevant to our study. In 2001, Moss and Bates detected significant decreases in Complex I
and IV respiratory activities as well as in the ATP level in the LPS/IFN-y-treated mouse
macrophage cell line J744.A1 and the microglial cell lines N11 and BV2 [84]. In 2002, Chenais et
al. reported 45% inhibition of Complex I activity and 59% inhibition of Complex II activity in
LPS/IFN-y-treated BV2 cells but did not observe attenuation of Complex IV activity [85]. Both
studies on BV2 microglial cells used the NOS inhibitor L-NMMA to show that the respiratory
impairments were NO-dependent. The intact Complex IV respiration in the later report is possibly
due to the lower concentrations of LPS/IFN-y (50 ng/ml LPS and 20U/mL IFN-y vs. 10ug/ml LPS
and 50U/mL IFN-y) and shorter treatment time (16 hours, as opposed t020 hours). Overall, these
studies suggest that endogenous NO in stimulated microglial cells impairs the activity of multiple

ETC complexes.

To ameliorate the amplification of neuroinflammation by NO, methods such as inhibiting
INOS expression or eliminating NO production seem to have potential. Genetic ablation and
pharmacological inhibition of iNOS should provide good evidence of NO involvement. Nos2 KO
macrophages are a useful cellular model to study NO’s role in immunometabolism, as
macrophages, like microglia express TLR4 and IFN-y receptor, and the two cell types respond to
LPS/IFN-y stimulation in similar ways. Studies using Nos2 KO mouse macrophages suggest that
NO is a crucial factor responsible for TCA cycle alterations, citrate accumulation, and the loss of
ETC complex subunits [86]. 1400W, is an NO production inhibitor that does not affect the
expression level of iINOS enzyme. In a rat fluid percussion TBI model, 1400W administered
through a bolus at 18 hours post-TBI and via an osmotic pump infusion between 18-72 hours post-
TBI reduced the brain lesion volume by 64% at 72 hours post-injury [87]. In this dissertation,

newly created Nos2 KO HAPI cells were used to elucidate the contribution of the iNOS enzyme
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to microglial cytoplasmic idebenone reduction, and the role of NO in LPS/IFN-y-triggered
degradation of microglial ETC complexes. The pharmacological inhibitor 1400W was used to help
specifically implicate NO production by iNOS as crucial in the ETC degradation process vs. other

potential consequences of genetically removing the enzyme.
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Chapter 2
CRABS-ROC, A Respirometry Protocol for Overcoming Substrate Limitations, Reveals

Excess Brain Mitochondrial Complex I Capacity

2.1 Abstract

Mitochondrial bioenergetic competency in cells is frequently assessed by the Mito Stress
Test protocol, which includes uncoupler addition for evaluating respiratory capacity. The
uncoupled oxygen consumption rate (OCR) is usually defined as maximal respiration, with little
consideration of whether the measured rate is restricted by substrate supply. In this study, we show
that the uncoupled OCR is substrate-limited in rat primary cortical neurons and isolated mouse
forebrain synaptosomes. We use a different respirometry protocol we name CRABS-ROC
(Complex Respirometry Assay Bypassing Substrate-Restricted Oxygen Consumption) that
enables evaluation of individual electron transport chain (ETC) complex capacities using
saturating levels of substrates to bypass this restriction. Optimization of the cytochrome c
concentration was critical for ETC complex capacity assessment. Applying CRABS-ROC to
primary cortical neurons reveals >2-fold excess Complex I capacity beyond the uncoupled OCR
of cells metabolizing glucose and pyruvate. Furthermore, we demonstrate that CRABS-ROC can
expose a Complex I deficit in isolated harlequin mutant brain mitochondria that display wild-type
levels of Complex I-substrate-linked respiration despite having about half the normal level of
Complex 1. Thus, CRABS-ROC should be broadly useful for studies on mitochondrial function
because it can both reveal excess ETC capacity and unmask ETC alterations that may be missed

by the most widely used methods.
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2.2 Introduction

The energy storage molecule ATP is essential for brain function. Mitochondria couple
electron transport to ATP generation through a series of membrane-embedded proton pumping
complexes that produce an electrochemical gradient with potential energy [88]. Oxygen is the final
electron acceptor in this oxidative phosphorylation process that uses the proton-motive force of
the gradient to drive ADP to ATP phosphorylation. As cellular respiration consists primarily of
mitochondrial oxygen consumption, measurement of oxygen consumption rate (OCR) is a
convenient way to evaluate the bioenergetic competency of mitochondria within cells. However,
in healthy cells OCR is dictated by proton gradient utilization by the ATP synthase, which in turn
is driven by the ADP/ATP ratio or “energy demand” [88]. Therefore, to assess the bioenergetic
capabilities of the mitochondrial network in cells, it is necessary to either increase energy demand
or remove this restriction.

Chemical uncouplers like carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP)
and 2,4-dinitrophenol are widely used as part of the Mito Stress Test to evaluate mitochondrial
capacity because they accomplish the latter goal and are not cell-type specific [38, 89]. Uncouplers
dissociate electron transport from ADP phosphorylation, which increases OCR by removing ATP
synthase control [88]. Thus, the OCR in uncoupler-treated cells is usually considered as maximal
respiration, reflecting the mitochondrial “respiratory capacity,” while the difference between
uncoupler-stimulated OCR and basal OCR is thought to indicate the “spare” or “reserve”
respiratory capacity of the cell [38, 89].

A drawback of this method for assessing mitochondrial capability, however, is that the
uncoupled respiration rate depends not only on the intrinsic capacity of the mitochondrial electron

transport chain (ETC) components, which includes the ETC protein complexes, but also on the
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rate of electron entry from NADH and FADH,. While the redox center FAD/FADH?> is covalently
bound to several enzymes that converge to feed electrons to coenzyme Q, NADH, the immediate
substrate of Complex I (NADH:ubiquinone oxidoreductase; EC 7.1.1.2), is provided primarily by
dehydrogenase enzymes of the tricarboxylic acid (TCA) cycle [88]. Pyruvate, the glycolysis end-
product that enters the TCA cycle as acetyl-CoA, is cell permeable and can be added with
uncoupler to bypass the glycolysis rate restriction of OCR [38, 89]. Nevertheless, the activity level
of one or more NADH-yielding dehydrogenase enzymes may still be a rate-limiting factor for
measuring the true capacity of Complex I, the main site of ETC electron entry. Consistent with
this possibility, evidence suggests that pyruvate dehydrogenase (PDH; EC 1.2.4.1), which is
regulated by post-translational modifications that include phosphorylation and lipoylation, exerts
control over mitochondrial respiration rate in many cell types [90].

To help overcome the limitation of evaluating mitochondrial bioenergetic competency
using uncouplers, in this study we employ a simple respirometry protocol we name CRABS-ROC
(Complex Respirometry Assay Bypassing Substrate-Restricted Oxygen Consumption) that
enables direct interrogation of the capacity of individual complexes within the ETC in parallel to
classical cellular respiratory capacity measurements that are influenced by substrate restrictions.
We show that in addition to cells, the protocol is readily applied to isolated mitochondria or tissue
homogenate, requiring only high nanogram to low microgram amounts of protein, respectively.
By applying CRABS-ROC to harlequin (Hq) mutant mouse mitochondria that show ~50%
respiratory chain Complex I deficiency [91-94] due to insufficiency of the mitochondrial import
protein apoptosis-inducing factor (AIF) [95-98], we demonstrate that substrate supply limits the
respiration of brain mitochondria, which have excess Complex I capacity to support oxygen

consumption.
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2.3 Materials and Methods
2.3.1. Materials

Saponin (catalogue #S7900), alamethicin (catalogue #A4665), cytochrome ¢ (catalogue
#C2506), NADH (catalogue #10128023001) and pyruvate (catalogue #P2256) were from Sigma-
Aldrich (St. Louis, MO). The bicinchoninic acid (BCA) assay was purchased from Thermo Fisher
(Waltham, MA). Seahorse XF24 and XFe96 FluxPaks were acquired from Agilent Technologies
(Santa Clara, CA) or Seahorse Bioscience (North Billerica, MA). Other reagents were obtained
from Sigma-Aldrich unless noted otherwise. NADH and pyruvate were prepared fresh from

powder immediately prior to experiments.

2.3.2. Animals

Male harlequin (Hq) mutant mice (strain name B6CBACa A4"/A4-Aifim1'4/]) and age-
matched male wild-type (WT) controls on the same background were acquired from the Jackson
Laboratory (Bar Harbor, ME). Mice were kept on a 12-hour light/dark cycle, fed ad libitum, and
housed according to standard animal care protocols. Embryonic Day 18 Sprague-Dawley rats from
Charles River (Wilmington, MA) were used for the preparation of mixed-sex primary rat cortical
neuron cultures. Postnatal day 18 male rats were used for the preparation of brain homogenates.
All protocols were approved by the Institutional Animal Care and Use Committee (IACUC) and
were in accordance with the International Guiding Principles for Biomedical Research Involving

Animals, as issued by the Council for the International Organizations of Medical Sciences.

2.3.3. Preparation of primary neuron cultures

E18 rat cortices were dissociated using trypsin to prepare primary rat cortical neurons as
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previously described [99, 100]. Cells were plated in V7-PS or V28-PS microplates (Agilent
Technologies) at a density of 80,000-100,000 cells/well (0.32 cm?) in Neurobasal medium (100 pl)
containing B27 supplement (2%), fetal bovine serum (10%), L-glutaMAX (0.5 mM), streptomycin
(100 pg/ml), and penicillin (100 IU/ml). Medium was replaced with 0.5 ml of the same medium
but lacking fetal bovine serum at two hours post-plating. Cytosine arabinofuranoside (5 uM) was
added on days in vitro (DIV) 4 to inhibit glial proliferation. Without removing any medium, fresh
Neurobasal medium (0.2 ml) containing supplements was added to each well on DIV 6. Neurons
were maintained at 37°C in a humidified atmosphere of 95% air/5% CO; and used for experiments

at 6-15 DIV.

2.3.4. Preparation of brain homogenate

Following euthanasia, the brain was rapidly removed, and frontal and occipital brain tissue
was dissected with a razor blade on an acrylic brain matrix previously cooled in ice. Using sharp
scissors, the tissue was then rapidly minced in MS+EGTA buffer consisting of 225 mM mannitol,
75 mM sucrose, 1| mM ethylene glycol-bis(B-aminoethyl ether)-N,N,N’,N'-tetraacetic acid (EGTA),
1 mg/ml fatty acid-free bovine serum albumin (BSA), and 5 mM HEPES, pH 7.4. The minced
tissue was then washed with MS+EGTA buffer and homogenized in the same buffer using a glass
Dounce homogenizer with six strokes of pestle A (loose-fitting), followed by six strokes of pestle
B (tight-fitting). The homogenized sample was centrifuged at 1000xg for 10 minutes at 4 °C to

remove nuclei and unbroken cells and then stored at -80 °C until used for OCR measurements.

2.3.5. Isolation of mitochondria and synaptosomes

A Percoll™ density gradient was used to isolate non-synaptosomal brain mitochondria
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from 2-3 Hq male mice and from 2-3 male WT littermates in parallel as previously described [101].
Mouse forebrain synaptosomes were isolated from male C57BL6/]J mice as described [93].
Mitochondrial and synaptosomal protein concentrations were determined by the Bio-Rad
(Hercules, CA) Bradford method or by the BCA method (Thermo Fisher). Mitochondria and
synaptosomes were stored on ice and used for OCR measurements on the day of isolation and then
frozen at -80° C. Following thawing on a later date, the same mitochondria were used for OCR

measurements by the CRABS-ROC protocol.

2.3.6. Seahorse respirometry — neurons and synaptosomes

Neuronal [102] and synaptosomal [103] OCR measurements were made using a Seahorse
XF24 Extracellular Flux Analyzer (Agilent Technologies) as previously described [47]. Artificial
cerebrospinal fluid (aCSF) assay medium consisted of 120 mM NacCl, 3.5 mM KCl, 1.3 mM CaCl,,
0.4 mM KH2PO4, 1 mM MgCl,, and 5 mM HEPES, pH 7.4. Glucose was additionally present at
15 mM and fatty acid-free BSA at 4 mg/ml to model the extracellular protein concentration unless
indicated otherwise. Cells or synaptosomes were incubated in aCSF assay medium for one hour
prior to measurements in a CO»-free incubator at 37°C. For some experiments, cells were incubated
in aCSF for 45 minutes prior to this step in a 95% air/5% COz incubator at 37°C, followed by an
additional media change to fresh aCSF.

For the experiments in which the permeabilizing agents saponin and alamethicin were
employed, the aCSF contained an increased concentration of HEPES (20 mM) because greater
buffer capacity was required. For those experiments, the neurons were plated on V28-PS plates,
which have a higher measurement volume (28 ml) than standard V7-PS plates (7 ml). Avoiding

complete oxygen depletion during OCR measurements is critical for accurate OCR determination.
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The greater volume of the transiently closed measurement chamber established in V28-PS plates
successfully prevented excessive oxygen depletion due to the high OCR of NADH-stimulated
respiration (Figure 2.1). Figure 2.1 also demonstrates the background correction that was applied
to account for chemical oxygen consumption upon N,N,N',N'-tetramethyl p-phenylenediamine

(TMPD) plus ascorbate injection whenever that injection combination was used.
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Figure 2.1 Neither NADH- or TMPD/ascorbate-dependent respiration led to excessive
oxygen depletion by primary cortical neurons, but the latter required a correction for
chemical oxygen consumption.

(A) Oxygen level changes without background correction are shown for the experiment depicted
in Figure 2.4 and the full drug injection details can be found in the Figure 2.4 legend. Also shown
here are two wells lacking cells (“blank™) to which 0.1 mM TMPD and 10 mM ascorbate were
added when indicated. (B) The oxygen level changes depicted in A are shown following
background correction to the two blank wells.
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2.3.7. Seahorse respirometry — homogenate or isolated mitochondria

Brain homogenate and isolated brain mitochondria were diluted in MAS assay medium to
concentrations of 0.4 mg/ml and 0.02 mg/ml, respectively. The MAS medium consisted of 220
mM mannitol, 70 mM sucrose, 5 mM KH>PO4, 5 mM MgCl,;, 1 mM EGTA, and 2 mM HEPES,
pH 7.4. Twenty ml of the diluted suspensions were added to XFe96 plates (Agilent Technologies)
for final amounts of 8 mg brain homogenate and 0.4 mg brain mitochondria, respectively, while
four wells on each plate received 20 ml of MAS medium to be used as a temperature control. The
XFe96 plates were centrifuged at 2,000xg for 5 minutes at 4 °C without braking to adhere
mitochondria to the bottom of the wells, and then 160 pl of MAS assay medium was added to each
well. OCR was measured using a Seahorse XFe96 Extracellular Flux Analyzer (Agilent

Technologies) as previously described [104].

2.3.8. Statistics

OCR were compared by paired ¢ test for two groups and by two-way ANOVA with repeated
measures for more than two groups using GraphPad Prism version 10.4.1 (GraphPad, Boston, MA).
Parametric tests were employed because the Shapiro-Wilk normality test was passed. Following
the ANOVA, the Sidék post hoc test was used for pairwise comparisons. P<0.05 was considered
significant. Power analyses were not done because this was not a planned study; the experiments
were originally done as part of other studies and repurposed for this thesis. For example, in the
case of WT and harlequin isolated mitochondria, we used all remaining frozen samples from a

previously published study [93].
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2.4. Results
2.4.1. The uncoupled oxygen consumption rate in the Mito Stress Test is limited by substrate supply

Mitochondrial respiratory capacity is usually assessed following uncoupler addition as a
component of the widely used Mito Stress Test protocol [38, 105]. The protocol also includes the
prior addition of the ATP synthase inhibitor oligomycin to estimate mitochondrial coupling.
Although literature has demonstrated that supraphysiological pyruvate concentrations can enhance
glycolysis-supported mitochondrial OCR [106, 107], pyruvate is usually absent or present at <1
mM when the Mito Stress Test protocol is employed. We applied the Mito Stress Test protocol to
primary rat cortical neurons metabolizing a physiological concentration of glucose (3 mM), which
supplies the glycolysis end product pyruvate to mitochondria, and then added an excess,
supraphysiological amount of pyruvate (10 mM) [107] to determine whether maximal respiration
had been obtained upon addition of the uncoupler FCCP. Significantly greater OCR was obtained
after pyruvate addition compared to the uncoupled OCR of neurons metabolizing only
physiological glucose (Figure 2.2A, B). Pyruvate has antioxidant activity [108, 109]. However, the
antioxidant Trolox (50 mM) failed to mimic or occlude pyruvate’s enhancement of uncoupled
respiration (Figure 2.4), supporting the interpretation that pyruvate acts as a substrate rather than
as an antioxidant in this context.

Most bioenergetics studies are done in the presence of supraphysiological glucose
concentrations. To determine if the substrate limitation is overcome at a typical supraphysiological
glucose concentration, we repeated the experiment using neurons incubated with 15 mM glucose
and obtained the same results (Figure 2.2A, B). Together, these results suggest that mitochondrial

substrate supply downstream of physiological glucose utilization is rate-limiting in neurons.
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Figure 2. 2 Uncoupled respiration by intact neurons and synaptosomes is limited by
substrate availability.

(A) The oxygen consumption rate (OCR) of primary cortical neurons at baseline and following
the sequential addition of oligomycin (oligo, 0.5 pg/ml), FCCP (3 uM), pyruvate (pyr, 10 mM),
and antimycin A (Anti A, 1 pM). The results are mean = SEM from biological replicates. The
glucose (gluc) concentration was 3 mM (n=5) or 15 mM (n=3), as indicated. (B) The maximal
OCR following the FCCP and pyr additions (mean = SEM). *p<0.01; ***p<0.001. (C) The OCR
of forebrain synaptosomes at baseline and following the sequential addition of oligo (2 pg/ml),
FCCP (4 uM), pyr (10 mM), and Anti A (10 uM). The results are mean + SEM from »n=3
biological replicates. (D) The maximal OCR following the FCCP and pyr additions (mean +
SEM). *p<0.05.
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Figure 2. 3 The antioxidant Trolox does not mimic or occlude pyruvate’s enhancement of
uncoupled respiration.

The oxygen consumption rate (OCR) of primary cortical neurons at baseline and following the
sequential addition of FCCP (0.2 mM) and pyruvate (10 mM) is shown in the absence or presence
of 50 mM Trolox (2-3 technical replicates each). The NMDA receptor antagonist MK801 (10 mM),
the AMPA receptor antagonist CNQX (10 mM), and the calcium channel blocker nifedipine (1
mM) were present in all wells, making it additionally unlikely that pyruvate was stimulating OCR
by increasing neuronal activity. A reduced FCCP concentration was used for this experiment

compared to others because BSA was not included in the assay medium.
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The mitochondrial reliance of cells cultured in glucose is thought to be low, whereas
synaptic function is thought to be highly dependent on mitochondrial ATP supply. Therefore, we
acutely isolated pre-synaptic terminals (“synaptosomes”) from mouse forebrain to further
investigate substrate limitations when employing the Mito Stress Test. Pyruvate addition led to a
significant stimulation of the uncoupled OCR of synaptosomes metabolizing glucose, very similar
to the enhancement observed in cells (Figure 2.2C, D). Previously, we showed that pyruvate also
enhances the uncoupled respiration measured in mouse organotypic hippocampal slices, which
consist of multiple brain cell types in their native architecture [110]. Therefore, the results from a
variety of neural models suggest that mitochondrial substrate supply is rate-limiting when

measuring mitochondrial respiratory capacity using uncoupler in the Mito Stress Test.

2.4.2. Complex I has excess capacity that is obscured in neurons metabolizing glucose

NADH, not pyruvate, is the direct Complex I substrate. Therefore, it is possible that the
provision of NADH was still rate-limiting in measuring respiratory capacity with the
uncoupler/pyruvate combination. However, NADH is not cell permeable and, thus, cannot be
readily incorporated into the Mito Stress Test protocol. Previously, we optimized Seahorse cell-
based respirometry for measuring respiration by permeabilized cells [102]. The assay uses saponin
to deliver a defined ETC substrate combination to mitochondria by selectively permeabilizing the
plasma membrane. Subsequently, we showed that Complex I-III-IV linked activity could be
measured using Seahorse respirometry by additionally adding the bacterial pore forming peptide
alamethicin to transport the Complex I substrate NADH across the mitochondrial inner membrane
[111]. This assay required the provision of exogenous cytochrome ¢ to replace the endogenous

cytochrome c released by alamethicin.
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To evaluate whether primary rat neurons have excess Complex I capacity, we employed
the permeabilized cell assay and a Complex I-III-IV linked activity assay in parallel while also
comparing OCR to intact neurons treated with FCCP and an overabundance of the cell permeable
Complex I substrate pyruvate (Figure 2.4). Exogenous pyruvate was included to bypass the rate-
limiting provision of endogenous pyruvate by glycolysis. The three different compound injection
protocols were done simultaneously on a single plate. Whereas the ADP-stimulated respiration of
permeabilized cells provided with the Complex I-linked substrates pyruvate and malate was
similar to that measured in intact cells treated with FCCP plus pyruvate (Figure 2.4), a >2-fold
higher OCR was measured when alamethicin was used to deliver the immediate Complex I
substrate NADH (Figure 2.4). These results revealed that neuronal Complex I capacity is obscured

when tricarboxylic acid (TCA) cycle dehydrogenase substrates drive respiration.
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Figure 2. 4 NADH delivery to mitochondria within primary rat cortical neurons reveals
excess Complex I capacity.

Intact neurons (squares), plasma-membrane-permeabilized neurons (triangles), and
mitochondrial-membrane-permeabilized neurons (circles) were compared. Three baseline O>
consumption rate (OCR) measurements were made and then one of the following three cocktails
was injected as indicated: 0.5 mM NADH + 40 pg/ml alamethicin + 100 uM cytochrome ¢
(“NADH/alm/cyt ¢”), 5 mM pyruvate + 5 mM malate + 1 mM ADP (“pyr/mal/ADP”), or 3 uM
FCCP + 10 mM pyruvate (“intact/FCCP+pyr”). Saponin (sap, 3 pg/ml) plus EGTA (5 mM) and
KoPHO4 (3.6 mM) were additionally present in the “NADH/alm/cyt ¢’ and “pyr/mal/ADP”
injections. Rotenone (1 pM) or control, TMPD (0.1 mM) + ascorbate (asc, 10 mM), and sodium
azide (5 mM) were then sequentially injected as indicated. Only the NADH/alm/cyt ¢ group
received rotenone; the other groups received an aCSF control injection. The results are technical
replicates of one experiment and are representative of two (pyr/mal/ADP group) to three (other
groups) biological replicates.
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2.4.3. CRABS-ROC unmasks a Complex I activity deficit in harlequin mutant mitochondria

Next, we sought to apply the Complex I-III-IV-linked activity assay to a model of genetic
Complex I deficiency, the harlequin mouse, while also incorporating measurement of Complex I1
activity. We named this modified assay protocol “CRABS-ROC” to reflect its ability to bypass
endogenous substrate-restricted oxygen consumption by providing the respective Complex I and
IT substrates NADH and succinate in excess. Harlequin mice harboring a mutation in the gene
encoding AIF [112], a component of the mitochondrial disulfide relay protein import pathway [95-
98], have about a 2-fold reduction in assembled Complex I [91-94]. Unexpectedly, we [93] and
others [92] found that despite this Complex I deficiency, isolated harlequin mouse brain
mitochondria show a wild-type ADP-stimulated respiration level when oxidizing the Complex I-
linked substrates glutamate and malate. This finding suggests that even in isolated mitochondria,
the full Complex I capacity may be obscured when Complex I-linked TCA cycle dehydrogenase
substrates are used.
CRABS-ROC can be applied to frozen tissue samples [104, 113], giving us the opportunity to re-
evaluate Complex I activity in the stored isolated brain mitochondria samples from our prior study.
As the cytochrome ¢ and alamethicin concentrations in the Respirometry In Frozen Samples (RIFS)
protocol [104, 113] differ from those we optimized for neurons in cell culture under different
experimental conditions [111], we first re-titrated cytochrome ¢ and alamethicin using RIFS on
freeze-thawed rat brain homogenate. We found that concentrations of 100 mM cytochrome c
(Figure 2.5A) and 40 mg/ml alamethicin (Figure 2.5B) yielded maximal respiration whereas the
previously employed concentrations of 8 mM [104] or 10 mM [113] cytochrome ¢ (Figure 2.5A)

and 10 mg/ml alamethicin (not shown) [104, 113] were suboptimal.
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Figure 2. 5 Titrations of cytochrome c (cyt ¢) and alamethicin (alm) for the Complex
Respirometry Assay Bypassing Substrate-Restricted Oxygen Consumption (CRABS-ROC)
protocol applied to freeze-thawed brain homogenate.

(A) Oxygen consumption rate (OCR) measurements from brain homogenate. NADH (1 mM) was
added with the pore-forming peptide alm (40 pg/ml) and cyt ¢ to initiate Complex I dependent
respiration, followed by the Complex I inhibitor rotenone (2 pM), the Complex IV substrate TMPD
(0.4 mM) with ascorbate (asc, 2 mM), and the Complex IV inhibitor sodium azide (50 mM). The
cyt ¢ concentration was varied as shown. The results are mean + SEM, n=6-8 technical replicates
per group. (B) OCR measurements from brain homogenate. The same additions were made as in
A, but the cyt ¢ concentration was 100 uM and the alm concentration was varied as shown. The
results are mean = SEM, n=8 technical replicates per group.
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Next, WT and Hq mitochondria, which displayed equivalent ADP-stimulated respiration
when oxidizing the Complex I-linked substrates malate and glutamate (Figure 2.6A), were
subjected to an optimized CRABS-ROC protocol consisting of the sequential additions of NADH,
rotenone, succinate, and combined TMPD/ascorbate. By including some wells in which sodium
azide was injected together with TMPD/ascorbate, this protocol allows for the measurement of
Complex I, Complex II, and Complex IV activities in individual samples (Figure 2.6B). We
observed trends toward decreased Complex I-dependent respiration (Figure 2.6C) and increased
Complex II-dependent respiration (Figure 2.6D). As expected, there was no difference in Complex
IV-dependent respiration in Hq mitochondria compared to WT (Figure 2.6E). Because Complex
IV activity was clearly unchanged, we expressed the activities of the other complexes as a ratio of
the Complex IV activity, which reduced the data variability through internal normalization.
Following normalization, the Complex I-dependent OCR measured upon NADH addition was
significantly lower in Hq mitochondria compared to WT (Figure 2.6F). The CRABS-ROC protocol
also revealed a strong trend (p=0.06) toward increased Complex II-dependent OCR in Hq
mitochondria (Figure 2.6G). Furthermore, the ratio of Complex I to Complex II-dependent OCR
was significantly decreased by over two-fold (Figure 2.6H). Thus, CRABS-ROC unmasked a
Complex I activity deficit that multiple studies [92, 93] failed to reveal by conventional
respirometry using Complex I-linked substrates. It also revealed a likely adaptive increase in

Complex II activity.
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Figure 2.6 CRABS-ROC unmasks Complex I deficiency in previously frozen AIF-depleted
isolated harlequin (Hq) brain mitochondria.

(A) Reprinted with permission from Fig. 2.1C of [93]. ADP (I mM)-stimulated oxygen
consumption was measured using a Clark-type oxygen electrode at 30°C for wild-type (WT)
and Hq brain mitochondria (0.25 mg/ml) incubated in a potassium chloride-based assay medium.
Oligomycin (3 pg/ml) was then added. Oxygen consumption rates (OCR) are shown in nmol
O2/min/mg mitochondrial protein; additional experimental details can be found in [93]. The
addition of FCCP after oligomycin failed to yield higher OCR than the ADP-stimulated rates
(data not shown). (B) OCR measurements from WT and Hq brain mitochondria. NADH (1 mM)
was added with the pore-forming peptide alamethicin (alm, 40 pg/ml) and cytochrome ¢ (cyt c,
100 mM), followed by rotenone (2 uM), succinate (5 mM), and TMPD (0.4 mM) plus ascorbate
(asc, 2 mM). Sodium azide (50 mM) was added with TMPD/asc when indicated. The OCR
subtractions used to calculate Complex I-dependent (I), Complex II-dependent (II), and
Complex IV-dependent (IV) OCR are shown graphically for the Hq trace and were done in the
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same way for the WT trace, with calculations using the first data point following each injection.
The results are mean = SEM from »n=3 biological replicates. (C) Complex I-dependent OCR.
(D) Complex II-dependent OCR. (E) Complex IV-dependent OCR. (F) The ratio of Complex I-
dependent to Complex IV-dependent OCR. (G) The ratio of Complex II-dependent to Complex
IV-dependent OCR. (H) The ratio of Complex I-dependent to Complex II-dependent OCR. The
results in C-H are mean + SEM, n=3. *p<0.05; **p<0.01
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2.5. Discussion

Over the past two decades, mitochondrial bioenergetics research has expanded rapidly,
largely driven by the introduction of the Seahorse Extracellular Flux Analyzer. This technology
popularized the Mito Stress Test, a respirometry injection protocol that became the standard
protocol in bioenergetics studies [38, 105]. However, in many—if not most—studies this was the
only protocol employed, and potential limitations related to substrate availability were often
overlooked.

Our experiments employing exogenous pyruvate demonstrate that the Mito Stress Test
significantly underestimates respiratory capacity in neurons due to insufficient mitochondrial
substrate provision by glycolysis and other endogenous metabolic pathways. This limitation may
also extend to other cell types. Using a complementary respirometry protocol we named CRABS-
ROC, we demonstrated that substrate availability not only underestimates respiratory capacity, but
it also masks the capacity of Complex I in both intact cells and isolated mitochondria. This suggests
that even when glycolysis is not rate-limiting, as is the case when an exogenous mitochondrial
substrate such as pyruvate is provided, maximal respiration is still constrained by the rate at which
TCA cycle dehydrogenases supply NADH to the ETC—a process that is tightly regulated by
enzymes such as PDH [90].

Importantly, the CRABS-ROC protocol was able to uncover a Complex I activity deficit
in harlequin mutant mitochondria that went undetected by a conventional respirometry protocol
[92, 93] and also by a spectrophotometry-based Complex I assay [92], despite an approximately
50% reduction in most Complex I proteins. Previous studies required titration with Complex I
inhibitors to functionally demonstrate the deficiency in harlequin mitochondria [92, 93]. This

highlights the enhanced sensitivity of CRABS-ROC in detecting subtle bioenergetic impairments
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that may be present in many disease models. The existence of excess Complex I capacity likely
explains why both harlequin mutant mice and Ndufal5>>* mutant mice—each exhibiting ~50%
Complex I deficiency—maintain a relatively normal lifespan [112, 114], with female Ndufal mice
even showing a modest lifespan extension relative to WT controls [114].

Alamethicin-based respirometry protocols similar to CRABS-ROC were previously
employed for measuring ETC complex activities within freeze-thawed brain homogenate or
isolated mitochondria [104, 113]. These studies showed that ETC complex activities are not
compromised by freezing, and the ability to use frozen samples for ETC measurements was cited
as a main advantage.

In this study, we highlighted the utility of a further optimized protocol, CRABS-ROC, for
investigating mitochondrial bioenergetic function under conditions that bypass endogenous
substrate limitations. Importantly, we demonstrated that the protocol can be applied not only to
tissue homogenates and isolated mitochondria, but also to cells in parallel to intact or
permeabilized cell systems (Figure 2.4). These simultaneous measurements enable direct
comparisons of mitochondrial bioenergetic properties among conditions where glycolysis- or TCA
cycle-mediated substrate restrictions are either present or removed.

Spectrophotometry-based individual and linked ETC complex activity assays have been
used for decades [115]. However, many of these ETC activity assays rely on the donation of
electrons to an artificial electron acceptor and some employ exogenous benzoquinone, including a
Complex I assay that failed to detect the Complex I deficit in Hq brain mitochondria [92]. In
contrast, the CRABS-ROC protocol relies on endogenous inner membrane ubiquinone as well as
oxygen consumption by Complex IV, facilitating comparison of ETC activities to physiologically

relevant intact cells. When evaluating Complex I activity by CRABS-ROC with a side-by-side
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intact cell comparison and OCR as the common readout, the large excess of neuronal Complex I
capacity could be readily detected and appreciated. Notably, CRABS-ROC’s high sensitivity
enabled easy investigation in a specific primary cell population, cortical neurons, whereas
spectrophotometric ETC complex activity assays have mostly been applied to brain homogenate
or isolated brain mitochondria that are derived from a mixture of neurons and glia.

Our CRABS-ROC protocol employed a 100 mM cytochrome ¢ concentration, whereas
previous related protocols used a >10-fold lower concentration (i.e., 8 mM [104] or 10 mM [113]).
We wondered how these cytochrome ¢ concentrations compare to the physiological cytochrome ¢
concentration in brain mitochondria. We failed to find studies directly estimating the concentration
of cytochrome c in the intermembrane space. However, alamethicin releases essentially all of the
cytochrome ¢ from isolated brain mitochondria through swelling-induced outer membrane rupture
and this amount was reported as 9.5 ng cytochrome ¢/mg of mitochondrial protein (equivalent to
0.76 nmol/mg) [116]. Based on a mitochondrial intermembrane space volume of ~1 ml/mg
mitochondrial protein [117], the physiological cytochrome ¢ concentration within brain
mitochondria is ~760 mM; it may approach 2 mM based on another intermembrane space volume
estimate [118] These numbers indicate that the higher cytochrome ¢ concentration we optimized
by titration is closer to the physiological concentration than those used by other alamethicin-based
respirometry protocols.

Our cytochrome c titration revealed that the cytochrome ¢ concentration influences not
only absolute, but also relative ETC complex activities. We found that Complex IV-dependent
OCR exceeds Complex I-dependent OCR in both brain homogenate and isolated brain
mitochondria, whereas previous studies reported the opposite [113] or that they are similar [104].

Because NADH-dependent respiration also depends on Complex IV activity in the Complex I-I11-
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IV linked activity assay, the Complex I-dependent OCR should not exceed the Complex IV-
dependent OCR unless the concentration of TMPD/ascorbate or cytochrome c is rate-limiting. We
found that lowering the CRABS-ROC cytochrome ¢ concentration further below the physiological
level, from 100 mM to 8 mM, disproportionally decreased Complex [V-dependent respiration
(Figure 2.5), causing Complex I-dependent OCR to exceed Complex IV-dependent OCR as
reported by [113] even though the OCR of both was reduced. This finding illustrates that the
measured ratios of ETC complex activities can change if cytochrome c is rate-limiting. Future
studies might directly compare ETC complex activity rates and ratios measured by CRABS-ROC
under optimized conditions to those measured by classical assays. It is notable that CRABS-ROC
detected a difference in Complex I activity (Figure 2.6) that could also be detected by Complex I
inhibitor titration [92, 93] but was missed by a spectrophotometry-based Complex I assay [92].

The existence of excess Complex I capacity has important implications for disease biology.
Loss of Complex I function is implicated in the pathogenesis of Parkinson’s disease [119-121], a
late-onset neurodegenerative disorder primarily affecting the elderly [122]. Exposure to
environmental toxins that inhibit Complex I are linked to the sporadic form of Parkinson’s disease
[123-125]. Our finding that neurons possess substantial excess Complex I capacity may help
explain in part the disease’s typically late onset and slow progression, as a threshold of cumulative
toxin exposure may be required prior to the manifestation of clinical symptoms.

While the CRABS-ROC protocol offers enhanced sensitivity for detecting mitochondrial
respiratory deficits, it has several limitations. To facilitate Complex I substrate delivery, the
protocol compromises the integrity of the inner mitochondrial membrane. As a result, it is
unsuitable for studies investigating the influence of mitochondrial structural dynamics, such as

fusion, fission, or membrane lipid alterations, on the ETC complexes. Additionally, CRABS-ROC
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relies on the addition of exogenous substrates and cytochrome c—an intermembrane space ETC
component—at concentrations that differ from physiological levels. Consequently, the protocol is
better suited for assessing maximal ETC enzyme capacities rather than physiological ETC activity.
Therefore, CRABS-ROC should not be viewed as a replacement for the Mito Stress Test, but rather
as a complementary approach that can be run in parallel with assays involving intact or plasma-
membrane-permeabilized cells. Finally, it is important to note that although the CRABS-ROC
protocol was optimized for our samples (rat neurons, rat brain homogenate, and mouse isolated
brain mitochondria), the reagent concentrations employed may not be universally optimal.
Protocol optimization should be independently verified before use, with reagent concentrations

adjusted as necessary.

2.6. Conclusions

Our study highlights the limitations of the widely used Mito Stress Test protocol in
accurately assessing mitochondrial bioenergetic capacity due to substrate constraints. To address
this, we introduced the CRABS-ROC protocol—a complementary approach that assesses the
capacity of individual respiratory chain components and enables detection of hidden ETC deficits.
Our findings emphasize the importance of considering substrate availability in bioenergetics
research, especially when investigating mitochondrial dysfunction in disease models where the
impairments may be subtle. This approach could also have translational applications in

understanding functional aspects of human Complex I deficiencies.
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Chapter3
Sex-Specific Acute Impairment of the Mitochondrial Respiratory Chain in a Rat Model of

Pediatric Traumatic Brain Injury

3.1 Abstract

Pediatric traumatic brain injury (TBI) causes mitochondrial bioenergetic impairment
affecting brain metabolism and development. Whether there are intrinsic sex-based differences in
how the mitochondrial electron transport chain (ETC) complexes of the immature brain are
affected in the acute period following TBI is unknown. To address this gap, we applied the
Seahorse respirometry-based protocol CRABS-ROC to measure the activity of individual ETC
complexes in brain homogenates of 17-day old male or female rats at 24 hours post-TBI in the
controlled cortical impact TBI model. There were no differences in the Complex I-, II-, or I'V-
dependent oxygen consumption rates (OCRs) between the ipsilateral and contralateral
hemispheres in females. However, the Complex I- and Complex IV-dependent OCRs were
significantly reduced in injured male brain tissue relative to the contralateral, non-impacted side.
Nevertheless, males showed no changes in representative subunits of each ETC complex detected
by western blot at 24, 48, or 72 hours post-TBI, suggesting that the male-specific ETC deficiencies
following TBI are not a result of ETC complex protein degradation. In summary, TBI acutely
impaired the Complex I and IV activities of immature male rats whereas females were spared.

Further work is needed to elucidate the underlying mechanisms.

3.2 Introduction
Traumatic brain injury (TBI) is a leading cause of morbidity and mortality in children and

adolescents, with long-term consequences for cognitive, behavioral, and neurological development
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[126, 127]. Illustrating the chronic nature of injury-associated disease, elevated global cognitive
deficits were observed at 10 years post-TBI among severely injured children 2-12 years old, with
the severity and age of injury determining the extent of processing speed impairments [29]. In
animal studies, pediatric TBI caused young adulthood deficits in hippocampal neurogenesis and
cognitive function [31].

Mitochondrial bioenergetic deficits are a hallmark of pediatric TBI, with evidence from
both human and animal studies indicating post-TBI oxidative phosphorylation impairment,
reduced ATP production, and increased reliance on glycolysis [30, 128-131]. Large animal (swine)
models of pediatric TBI revealed evidence for decreased Complex I-driven respiration and
increased Complex II-driven respiration at 24 hours post-injury [128-130]. The TBI-induced
respiratory impairment was greater following focal TBI than after a diffuse, rotational brain injury
[128, 129], and acute mitochondrial respiratory deficits following immature rat focal TBI were
also reported [37, 128, 130, 132]. In humans, reduced cerebral blood flow and decreased brain
oxygen metabolism were observed in severely injured children even at three months post-TBI [30].

There has been some study of sex differences in mitochondrial bioenergetic function in
adult brain injury models, including TBI, but with differences mostly attributed to sex hormones
[21, 133, 134]. There is one report of sex-dependent mitochondrial functional differences in a
juvenile closed-head TBI model [135], with females showing greater oxygen consumption rates
(OCRs), but respiration was measured at a chronic, three week timepoint. Whether there are sex-
dependent TBI-induced mitochondrial alterations in the pre-pubescent brain during the acute post-
injury period is unknown, as most immature animal studies used only one sex. Therefore, the goal
of this study was to test for sex-specific mitochondrial electron transport chain (ETC) deficits at

an acute, 24-hour time point in a pediatric rat TBI model.
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Recently, we described the Seahorse respirometry protocol CRABS-ROC (Complex
Respirometry Assay Bypassing Substrate-Restricted Oxygen Consumption) that can measure
Complex I, II, and IV activities in low microgram amounts of brain homogenate [136]. An
advantage of this protocol is that it can reveal subtle differences in Complex I function that may
be missed by evaluating respiration in the presence of classical Complex I-linked substrates—e.g.,
pyruvate and malate—when the supply of NADH from tricarboxylic acid cycle dehydrogenase
enzymes may be rate-limiting. A second advantage is that mitochondrial isolation is unnecessary
since brain homogenate is used, avoiding inaccuracies due to the incomplete recovery of
mitochondria during the isolation procedure [137]. Therefore, we applied the CRABS-ROC
protocol to test for sex-specific functional ETC deficits caused by pediatric TBI. Western blot
analysis of representative ETC complex proteins was performed at 24-72 hours post-injury to
evaluate whether functional differences coincide with alterations at the protein level. The results
demonstrate that there are intrinsic sex differences in the mitochondrial resilience to TBI, revealing

male-specific Complex I and IV vulnerabilities that are likely post-translational in nature.

3.3 Materials and Methods
3.3.1Animals and TBI surgery

All animal procedures were conducted in accordance with the Guide for Care and Use of
Laboratory Animals of the NIH and were approved by the Institutional Animal Care and Use
Committee (IACUC) at Johns Hopkins University. Controlled cortical impact was conducted on
17-day-old male and female Sprague-Dawley rats to the left brain hemispheres under 2%
isoflurane inhalant anesthesia, followed by midline scalp incision and left parietal craniotomy [37,

132]. Impact was performed with a 3 mm metal impactor tip at a depth of 1.5 mm, a duration of
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50 msec, and a velocity of 5.5 £ 0.4 m/s as described [37]. The skull flap was then replaced to seal
the craniotomy and the skin was sutured. Rats were awakened from anesthesia and were returned
to their original cages with their littermates and mother. Sample sizes of n=11 males and n=11
females were used for the TBI-respirometry experiments, with the uninjured brain hemisphere
serving as the internal control. A sample size of n=4 males was used for each of the 24-hour, 48-
hour, and 72-hour post-TBI time points (12 males total). Four naive animals were used to support

the use of contralateral samples as appropriate controls.

3.3.2 Brain homogenate sample collection

Rats were euthanized and whole brains were dissected 24 hours after CCI (Figure 3.1A).
Uninjured frontal and occipital brain tissue was removed using a razor blade. Peri-contusional
cortex was then separated in the injured, ipsilateral (left) side. The equivalent area in the uninjured,
contralateral (right) side was also dissected. The tissue from each hemisphere was separately
homogenized in 5 mL of MS+EGTA buffer using a 7 mL glass homogenizer by delivering six
strokes with pestle size A (loose-fitting), followed by six strokes with pestle size B (tight-fitting).
The MS+EGTA buffer consisted of 225 mM mannitol, 75 mM sucrose, 1 mM ethylene glycol-

bis(3-aminoethyl ether)-N,N,N',N’-tetraacetic acid (EGTA), 1 mg/ml fatty acid-free bovine serum

albumin (BSA), and 5 mM HEPES, pH 7.4. Nuclei and unbroken cells were removed from the
homogenized samples by centrifugation at 1000xg for 10 min at 4°C and the supernatants were

stored at -80°C.
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3.3.3 Stock solutions for respirometry

Alamethicin was dissolved at 40 mg/mL in ethanol. Horse heart cytochrome ¢ (catalogue#
C2506, MilliporeSigma, St. Louis, MO) was prepared at 100 mg/mL in MAS buffer. Rotenone
was dissolved at 2 mM in DMSO. Succinate was prepared at 1 M in water. TMPD was dissolved
at 500 mM in ethanol and 0.1 mg/mL ascorbate was added to this TMPD stock solution to prevent
auto-oxidation. A separate ascorbate stock solution was dissolved in MAS buffer at 1M. All these
reagents were obtained from MilliporeSigma and the prepared stock solutions were stored at -20°C.

NADH (catalogue #10128023001, MilliporeSigma) powder was stored in a 4°C desiccator
and, for every experiment, freshly dissolved in MAS buffer immediately prior to use. Sodium azide

(MilliporeSigma) was also prepared freshly from powder for each experiment.

3.3.4 Respirometry assay

Twelve samples with 6-8 technical replications per sample were run on each XFe96
Seahorse Analyzer cell culture microplate (Agilent Technologies; Santa Clara, CA) (Figure 3.1B).
Tissue homogenates samples were thawed on ice, followed by a Pierce bicinchoninic acid (BCA)
assay from Thermo Fisher Scientific (Waltham, MA) to determine protein concentrations. Four pg
of homogenate protein per well, diluted in 20 pL of MAS buffer, were added to XFe96 microplates.
The MAS assay buffer consisted of 220 mM mannitol, 70 mM sucrose, 5 mM KH>PO4, 5 mM
MgClz, 1 mM EGTA, and 2 mM HEPES, pH 7.4.

The microplates were centrifuged at 2000xg (without braking) for 5-10 min at 4°C to
sediment and attach biological material. Additional MAS buffer (160 puL) was gently added to the
side wall of each well to bring the starting assay volume to 180 puL. Reagents dissolved in MAS

buffer were loaded into pre-hydrated Seahorse xFe96 cartridges as follows: Port A - Complex I
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substrate NADH, alamethicin, cytochrome c; port B — Complex I inhibitor rotenone; port C -
Complex II substrate succinate; port D — Complex IV substrate TMPD and ascorbate. In three of
the 6-8 technical replicates per sample, the Complex IV inhibitor sodium azide was added together
with the TMPD and ascorbate (Figure 3.1C). Oxygen consumption rate measurements were
acquired using an XFe96 Extracellular Flux Analyzer (Agilent Technologies). Ipsilateral and
contralateral samples from individual animals were always loaded on the same XFe96 plate and
every plate contained samples from both males and females, as well as at least one reference

sample from a naive animal.
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Figure 3.1 Schematic illustration of the CRABS-ROC protocol used to evaluate
mitochondrial electron transport chain function in brain homogenates from the immature
rat controlled cortical impact (CCI) TBI model.

(A) CCI to respirometry experimental flowchart. (B) Example sample loading template showing
the different D port injections used to calculate Complex IV activity. Each column had 6-8
technical replications for each hemisphere sample (with a few wells serving as blank controls), L:
left/ipsilateral; R: right/contralateral. (C) Sample Seahorse respirometry data traces illustrating

how Complex I, II, and IV activities were calculated.
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3.3.5 Western blots

Brain hemisphere lysates from separate cohorts of male rats were collected for western
blots. Halt protease and phosphatase cocktail (Thermo Fisher Scientific) was added into ice-cold
RIPA lysis buffer (Thermo Fisher Scientific) before use. Rat hemispheres were lysed in RIPA
buffer at 50-100 uL per 2 mm? of tissue, followed by 6W sonication on ice for 10 seconds per
sample. Samples were left on ice for an additional 10 minutes and then centrifuged at 1,7000 xg
for 20 minutes at 4°C. Supernatants were collected as protein samples and were stored at -80°C.
Protein samples were then thawed on ice before use.

Fifty ng of total protein were loaded after preheating samples to 50°C for 10 minutes in
Laemmli buffer containing sodium dodecyl sulfate. Samples were run on Invitrogen NuPAGE 4%-
20% gradient mini acrylamide gels. Electrophoresis was done at 200V for 20 minutes. Proteins
were then transferred to PVDF membranes using the Bio-Rad semi-dry transfer system. LiCOR
Revert 700 total protein stain was done for normalization of protein loading. Rodent OXPHOS
antibody cocktail (RRID:AB 2629281, Abcam; Waltham, MA) was diluted in blocking buffer (2.5%
bovine serum albumin + 2.5% non-fat milk in TBS-T) at 1:1000 for immunodetection. Rhodamine-
conjugated tubulin antibody (RRID:AB 2884950, Bio-Rad; Hercules, CA) was co-diluted at
1:25,000. Fluorescent secondary antibodies from LI-COR Biosciences (Lincoln, NE) were used at
1:20,000. The protein bands were visualized using a LI-COR Odyssey Fc Imager and the protein

levels were quantified by densitometry using Image Studio 6.0 software (LI-COR Biosciences).

3.3.6 Data Analysis and Statistics
OCR data analysis and statistics were performed using Agilent Wave Analyzer software

and GraphPad Prism 10.4.1 software (San Diego, CA), respectively. Complex I-dependent
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respiration = NADH-induced OCR - rotenone-inhibited OCR; Complex II-dependent respiration =
succinate-induced OCR - rotenone-inhibited OCR; Complex IV-dependent respiration = OCR
difference between TMPD/ascorbate-induced OCR and OCR following TMPD/ascorbate plus
sodium azide addition. Both OCRs and protein levels were analyzed by within-subjects two-way
ANOVA with brain hemisphere (ipsilateral vs. contralateral) and sex as factors. The Sidak post hoc

test was used for pairwise comparisons and p<0.05 was considered significant.

3.4 Results
3.4.1 Detection of male-specific decreases in Complex I- and IV-dependent respiration at 24 hours
post-TBI

Oxygen consumption by mitochondria within ipsilateral and contralateral brain
homogenates was measured by Seahorse respirometry at 24 hours post-CCI brain injury (Figure
3.1). After three baseline measurements, NADH was added together with the pore-forming peptide
alamethicin and the electron carrier cytochrome c¢ to induce primarily Complex I-dependent
respiration. This was followed by addition of the Complex I inhibitor rotenone and the OCR
difference before and after rotenone administration was taken to represent the Complex I-
dependent OCR. The Complex II substrate succinate was then added to induce Complex II-

dependent OCR. Finally, N,N,N',N'-tetramethyl-para-phenylene-diamine (TMPD), a Complex IV

electron donor that passes electrons to cytochrome ¢, was co-added with ascorbate, which reduces
TMPD. In three of the eight technical replications, the Complex IV inhibitor sodium azide was
included with the TMPD mixture. The difference between the TMPD/ascorbate-stimulated OCR

and the azide insensitive OCR was taken to represent Complex IV-dependent OCR.
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We observed a significant decrease of Complex I- and IV-dependent OCRs (Figures 3.2C
and 3.2E, respectively) in ipsilateral hemispheres compared to contralateral hemispheres in males
but not females. Complex II-dependent OCR did not change significantly between ipsilateral and
contralateral brain homogenates in either sex (Figure 3.2D). We also calculated the
ipsilateral/contralateral ratio for the OCRs dependent on each complex. The ratio decreased for
Complex IV activity in males (Fig. 3.2H), while a significant difference in Complex I (Figure 3.2F)

or II (Figure 3.2G) activity was not detected.
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Figure 3.2 TBI-induced decreases in Complex I- and IV-dependent oxygen consumption
rates in male ipsilateral brain homogenates at 24 hours post-injury.

A and B. Representative XFe96 respirometry traces (mean = SD, n=8 wells) from a male (A) and
female (B) subjected to TBI. C-E. Complex I- (C), II- (D), and IV (E)-dependent respiration in
male and female rat brain homogenates. ipsi: ipsilateral or injured hemisphere; contra: contralateral
or uninjured hemisphere. OCR were analyzed by within-subjects two-way ANOVA (repeated
measures) with Sidék post hoc analysis for multiple comparisons among groups. Data are mean +
SEM, n=11. *p<0.05. F-H. Ipsilateral to contralateral OCR ratio in Complex I- (F), II- (G), and
IV (H)-dependent respiration. OCR ratios were analyzed by Student’s t-test. Data are mean + SEM,

n=11. *p<0.05.
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3.4.2 Levels of representative electron transport chain complex subunits are unchanged at acute
time points after TBI in males

Since we observed decreased Complex I- and IV-dependent respiration in male ipsilateral
brain homogenates, we asked whether this respiration deficiency could be caused by protein
instability of the affected ETC complexes after TBI. Upon performing western blots using the
OXPHOS cocktail of ETC antibodies, we failed to observe significant changes in the protein level
of any of the representative ETC complex subunits at 24, 48, or 72 hours post-injury, suggesting

an alternative mechanism for the male-specific post-TBI Complex I and IV deficits.
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Figure 3.3 Levels of representative electron transport chain complex subunits in uninjured
vs. injured hemispheres at 24, 48, and 72 hours post-TBI.

Western Blot examination of ETC complex subunits with rodent OXPHOS antibody cocktail
(Abcam) at the indicated post-injury time points. i: left/ipsilateral/injured hemisphere; c:
right/contralateral/uninjured hemisphere. Subjects are all males. (A), (D), and (G). western blot
images for 24h, 48h, and 72h post-TBI, respectively. (B), (E), and (H). western blot
quantifications, normalized to tubulin, for 24h, 48h, and 72h post-TBI, respectively. (C), (F), and
(I). ipsilateral to contralateral ratio for 24h, 48h, and 72h post-TBI, respectively. Protein levels of
ipsilateral and contralateral TBI brains were analyzed by within-subjects two-way ANOVA
(repeated measures) with Siddk post hoc analysis for multiple comparisons among groups.
Ipsilateral to contralateral ratios were analyzed by ordinary on-way ANOVA, Data are mean +

SEM, n=4.
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3.5 Discussion

Both acute and sub-acute changes to mitochondrial bioenergetic function have been
reported in pediatric TBI animal models [37, 128-130, 132, 135]. However, there has been little
investigation of sex differences, particularly during the early response to TBI. In this study, we
observed ETC Complex I- and IV-dependent respiration deficiencies in the PND17 rat pediatric
TBI model at 24 hours post-injury that were only seen in males. Despite these functional
differences, there were no changes to the protein levels of representative ETC complex subunits
from Complexes I-IV, including NDUFB8 (Complex I subunit) and MT-COI (Complex IV
subunit), at 24-72 hours post-injury. A significant TBI-associated decrease in the ATP synthase
subunit ATP5A was observed in the ipsilateral brain tissue relative to the contralateral side,
however the deficit was minor (~10%) and observed only at 48 hours post-injury.

There have been a few previous studies of mitochondrial dysfunction in pediatric TBI
animal models, with most employing isolated mitochondria. In a three-week post-injury study of
isolated mitochondria, females showed a TBI-induced increase in Complex I-linked OCR that was
attributed to elevated proton leak, whereas in that same PND30 rat juvenile TBI model, male
Complex I-dependent OCR was about two-fold lower compared to females and unchanged
following TBI [135]. We failed to see the large respiration difference between males and females
that was documented in this study. However, our study was done in substantially younger animals
and used brain homogenates rather than isolated mitochondria.

Developmental changes may contribute to the varying mitochondrial susceptibility to TBI
observed in previous studies because brain mitochondria undergo changes in protein levels and
ETC activities during the early postnatal day period [138-140]. A pediatric TBI study of PND9-10

female rats observed a small deficit in the Complex I substrate-linked, ADP-stimulated respiration
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of ipsilateral brain mitochondria at 24 hours post-injury [130], whereas a later study done with
PND17-21 rats detected no impairment [37]. Although this later finding is concordant with the
lack of female ETC deficiencies observed in our PND17 rat TBI study, that same study also failed
to observe a TBI-induced change in the Complex I-linked OCR of ipsilateral mitochondria from
males at 24 hours post-injury, in contrast to the Complex I activity deficit we observed. In the prior
study, OCR was measured using isolated brain mitochondria incubated with the Complex I-linked
substrates pyruvate and malate—a condition where tricarboxylic acid cycle dehydrogenase
activities are rate-limiting for Complex I activity—whereas in our study we evaluated Complex I
capacity in brain homogenates by providing the direct Complex I substrate NADH. Additionally,
mitochondrial isolation fails to recover a substantial fraction of the mitochondria present within
brain homogenate [137], which may also contribute to different findings with brain homogenates
compared with isolated mitochondria.

Although we observed significantly lower Complex I and IV capacities in peri-contusional
brain homogenate relative to the contralateral hemisphere, the deficits were relatively small (~10-
15%). Nevertheless, a proton nuclear magnetic resonance spectroscopy study of PND16-17 male
rats reported a TBI-induced increase in the brain lactate to creatine ratio at 24 hours post-injury,
reflective of decreased oxidative metabolism and/or increased glycolysis [131]. This finding in a
comparable CCI model suggests that the mitochondrial ETC deficits we observed in PND17 brain-
injured males are relevant to the in vivo brain situation.

After examining the representative ETC complex subunit protein levels, we did not observe
any TBI-induced protein declines at 24, 48, or 72 hours post-injury. Since we only detected the

protein level of one subunit within each ETC complex, we cannot exclude the possibility that the
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Complex I and Complex IV deficits detected at 24 hours post-injury were caused by protein level
changes to other subunits. However, there are several alternative possibilities.

Complexes I and IV are closely related based on evidence that defective Complex IV
destabilizes Complex I in mammalian cells [141] and C.elegans [142]. As the balance of individual
and super-assembled complexes within the ETC is essential for maintaining proper mitochondrial
respiratory function, it is possible that the TBI-induced Complex I and IV capacity decreases are
due to a disruption in supercomplex assembly or stability. The protein level of the Complex I
subunit NDUFBS is often evaluated as a proxy for the assembled complex because it is essential
for NADH dehydrogenase function. However, NDUFAF2, a key protein that coordinates the
association between mitochondrial DNA-derived and nuclear DNA-derived Complex I subunits,
would be a good candidate to evaluate in future studies.

Oxidative post-translational modifications (PTM), including reversible and irreversible
cysteine modifications, tyrosine nitration, carbonylation, and tryptophan oxidation can decrease
the activity of ETC complexes with Complex I being particularly susceptible [143]. These redox
PTMs may be caused by TBI-induced increases in the generation of reactive oxygen and nitrogen
species. While redox PTM-induced Complex I activity decreases were observed in aging and
neurodegenerative diseases [144], our findings raise the possibility that there is a connection
between TBI-induced Complex I respiratory deficiency and oxidative PTMs at an acute post-injury
time point.

This chapter highlighted the sex-related differences in mitochondrial ETC complex I- and
IV-dependent respiration in injured immature rat brains. We observed the differences at PND17,
prior to when sex hormones induce secondary sexual characteristics. Sex differences in

mitochondrial respiratory function were reported at acute post-injury time points in adult TBI [22];
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however, here we uncovered that the immature brain also exhibits TBI-induced ETC deficits that
are both acute and sex-specific . These findings may encourage the consideration of sex as a factor

in the investigation and design of new therapies for pediatric TBI patients.
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Chapter 4
Inducible Nitric Oxide Synthase (iNOS)-catalyzed Reduction of the Coenzyme Q10

Analogue Idebenone Restores Mitochondrial Respiration in Pro-inflammatory Microglia

4.1 Abstract

The mitochondrial electron transport chain is non-linear, with multiple entry points. The
Coenzyme Q10 (CoQ10) analogue idebenone, used to treat the mitochondrial Complex I eye
disease Leber Hereditary Optic Neuropathy (LHON) [145], bypasses Complex I by feeding
electrons to Complex III. Supporting repurposing idebenone for additional disorders, Complex I
dysfunction has emerged as a drug target in persistent microglia-mediated brain inflammation that
contributes to multiple neurodegenerative diseases. However, idebenone’s pro-drug-like behavior,
requiring reduction by the enzyme NAD(P)H:quinone oxidoreductase 1 (NQO1) that exhibits cell-
type specific brain expression, is thought to be an obstacle for expanded clinical use. Among
unstimulated primary rat cortical neurons, astrocytes, and microglia, we found only NQO1-
expressing astrocytes displayed a robust ability to reduce idebenone. However, pro-inflammatory
activation markedly enhanced the ability of microglia to reduce idebenone, which was
unexpectedly NQO1 inhibitor-insensitive. Biochemical purification strategies identified inducible
nitric oxide synthase (iNOS) as a novel idebenone-reducing enzyme. iNOS knockout diminished
the ability of idebenone to stimulate mitochondrial respiration in activated microglia while
recombinant iNOS delivery reconstituted the ability of idebenone to bypass impaired Complex I.
Our results identify the inflammatory enzyme iNOS as a novel branch point for mitochondrial
electron transport chain entry through Complex III and show that iNOS activity can be redirected

by the clinical drug idebenone to restore mitochondrial respiration in pro-inflammatory microglia.
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4.2 Significance

Prior evidence indicates that mitochondria within some cells can use cytoplasmic
NAD(P)H as an electron source when the clinically safe CoQ10-like molecule idebenone is
supplied. To fuel mitochondria through Complex III, the pro-drug idebenone was thought to
require chemical reduction catalyzed by NQO1, an enzyme not expressed by most brain cell types.
Our results establish iNOS as another enzyme that, through idebenone reduction, can co-opt
cytoplasmic NADPH to support mitochondrial bioenergetic function. We show that the microglial
expression of iNOS—the very enzyme driving mitochondrial dysfunction during pro-
inflammatory activation—can be exploited by idebenone to recover mitochondrial oxygen

consumption by bypassing sites of nitric oxide-mediated electron transport chain damage.

4.3 Introduction

Electron transport by the respiratory chain allows mitochondria to produce ATP by
oxidative phosphorylation [88]. Ubiquinone, commonly called Coenzyme Q (CoQ), is a lipophilic
electron carrier with antioxidant properties [146]. Enzymatic cycling between the oxidized and
reduced forms is critical both for its ability to act as antioxidant and to support mitochondrial ATP
production. Despite possessing these two activities crucial for cell survival, CoQ’s poor
bioavailability limits its therapeutic potential. The synthetic short-chain CoQ analogue idebenone
was developed as a neurotherapeutic drug candidate designed to overcome the poor bioavailability
of CoQ [147]. In animal models, idebenone was shown to cross the blood-brain barrier [148, 149]
and enhance ex vivo mitochondrial oxygen consumption [150]. Oral idebenone is approved in

many countries to treat Leber Hereditary Optic Neuropathy (LHON), a disease caused by
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mitochondrial Complex I mutations [145, 151]. However, idebenone has not fared well in clinical
trials for other neurodegenerative disorders [152].

Evidence suggests that idebenone behaves as a prodrug requiring conversion to idebenol,
the non-bioavailable, reduced form of the drug that is believed to mediate its beneficial actions
[152]. Idebenol, like ubiquinol, can suppress lipid peroxidation and transfer electrons to Complex
IIT of the mitochondrial respiratory chain [42, 153, 154]. Studies indicate that enzymatic reduction
of idebenone is catalyzed by NAD(P)H:quinone oxidoreductase 1 (NQO1) in cells [42, 47, 155].
NQOI1 expression level in the target cell population is therefore expected to dictate the usefulness
of idebenone for treating a given disease.

Microglia, the innate immune cells of the brain, have become an attractive drug target in
several neurodegenerative and psychiatric disorders [156]. A highly pro-inflammatory state of
microglia is induced by the Toll-like Receptor 4 (TLR4) agonist lipopolysaccharide (LPS)
combined with the cytokine interferon-y (IFN-y). This reactive state is associated with a
suppression of mitochondrial metabolism and the ability to promote neurotoxicity in vitro or in
situ [157-159]. Our prior work demonstrated that whereas cortical astrocytes can use idebenone as
an electron donor to bypass Complex I inhibition, cortical neurons, which do not express NQOI,
lack the ability [47]. Whether microglia can enzymatically reduce idebenone has yet to be assessed.
Because pro-inflammatory LPS stimulation is reported to upregulate NQO1 via the nuclear factor
E2-related factor 2 (Nrf2) transcription factor [160], we hypothesized that LPS/IFN-y-treated
microglia would exhibit an NQO1-dependent enhancement in the ability to reduce idebenone,
facilitating its ability to bypass mitochondrial Complex 1.

To test this hypothesis and further elucidate the relative capabilities of brain cells for

idebenone prodrug conversion, we used a biochemical quinone reduction assay to quantitatively
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compare the abilities of neurons, astrocytes, and microglia to reduce idebenone. We found that
cortical neurons did not reduce idebenone, consistent with their lack of NQOI1 expression [47],
while microglia only showed a high rate of idebenone reduction approaching that of astrocytes
when stimulated to the pro-inflammatory state. Subsequent experiments revealed that inducible
nitric oxide synthase (iNOS) was a main enzyme contributing to the enhanced idebenone reduction
in  LPS/IFN-y-stimulated microglia, promoting Complex III-dependent stimulation of

mitochondrial oxygen consumption.

4.4 Results
4.4.1 Comparison of brain cell idebenone reduction activity.

The bioenergetic and antioxidant benefits of idebenone are thought to depend on the ability
of cells to catalytically generate its reduced form [152]. Neurons and astrocytes differ in how their
mitochondria respond to idebenone treatment [47], while little is known about how the drug acts
in microglia. To quantitatively compare cellular idebenone-reducing ability, we measured the
NADPH oxidation rate in concentrated cellular extract upon idebenone addition (Figure 4.14).
Extracts were concentrated using a 50 kDa cut-off filter, which significantly enhanced activity per
mg protein relative to unconcentrated extract. The <50 kDa flow-through fraction exhibited little
ability to oxidize NAPDH in the presence of idebenone, indicating that idebenone reducing

enzymes were successfully captured and concentrated by the filter.
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(4) Schematic representation of the NAPDH-oxidation based idebenone reduction assay. (B)
NAPDH oxidation rate was quantified by measuring decrease in absorbance at 340 nm (DOD340)
in the presence of NADPH (200 uM) and idebenone (Ideb, 200 uM), with or without the co-
presence of the NQO1 inhibitor dicoumarol (Dic, 20 pM). Representative traces of DOD349 over
time for the indicated cell types, including all control conditions. (C) Idebenone-dependent
NADPH oxidation rates, calculated by subtracting the DOD340 measured under the same
experimental conditions in the absence of idebenone. Mean = SEM from n=3 astrocyte or n=9

HAPI cell extracts are shown in C, while the data from primary microglia extract is from a single
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experiment. No activity was observed in primary cortical neuron extracts, with the traces in B

representative of two independent experiments.
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Rat cortical astrocytes exhibited the highest rate of idebenone reduction per mg protein
among the tested cell types (Figures 4.1 B and C). Astrocyte idebenone-reducing activity was
almost completely abolished by the NQOI1 inhibitor dicoumarol, congruent with the many studies
suggesting an NQO1 requirement for idebenone reduction in cells (e.g., [42, 47, 155]). Primary rat
microglia showed little idebenone-reducing activity relative to astrocytes (Fig. 4.1 B and C), with
possible dicourmarol sensitivity of the modest activity. Neurons lacked detectable activity (Figure
4.1B), consistent with their inability to use idebenone as an exogenous electron donor [47]. Thus,
despite evidence that succinate dehydrogenase and glycerol-3-phosphate dehydrogenase can
reduce idebenone in isolated mitochondria or sub-mitochondrial particles [161-164], our cell
extract-based idebenone reduction assay recapitulated the NQO1 dependence seen in cells. In
addition, the cell type differences in activity correlated with the reported NQO1 expression pattern
in the healthy brain [165].

Next, we evaluated the idebenone-reducing ability of microglia stimulated to a pro-
inflammatory state. Microglia exposed to LPS/IFN-y for 18 hours showed a significant ~4-fold
increase in NADPH-dependent idebenone reduction (Figure 4.1C). Surprisingly, this activity was
not sensitive to dicoumarol, suggesting that an enzyme other than NQO1 is responsible for this
activity. The number of primary microglia necessary for the quinone reduction assay was
prohibitive for further characterization. Therefore, subsequent experiments were performed with
the HAPI microglial cell line [57], which also exhibited dicoumarol-insensitive LPS/IFN-y-
stimulated idebenone-reducing activity (Figure 4.1) and could be generated in the abundance

needed for biochemical fractionation.
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4.4.2 Biochemical enrichment of the LPS/IFN-y-induced microglial idebenone-reducing
enzyme(s).

LPS primes microglia for pro-inflammatory activation by inducing the transcription of
several pro-inflammatory mediators [157]. IFN-y activates LPS-primed microglia to a neurotoxic
state through the IFN-y receptor [159]. We tested LPS and IFN-y individually and found that the
combined treatment was necessary to robustly stimulate dicoumarol-insensitive idebenone-
reducing activity (data not shown). Furthermore, we were able to detect robust activity after 10 h,
but not after 6 h, of LPS/IFN-y-stimulation, supporting the possibility that an induced rather than
existing enzyme mediates this novel activity. As a first step toward identifying the responsible
enzyme, we enriched for NAD(P)H binding proteins in the >50 kDa fractions of non-stimulated
and LPS/IFN-y-treated cells using Cibacron blue affinity chromatography [166]. A total of 683
proteins were identified by mass spectrometry. Overall, these proteins were enriched for
NAD(P)H-dependent dehydrogenase enzymes. However, multiple dehydrogenase enzymes were
uniquely detected or elevated in the LPS/IFN-y sample compared with the control sample,
necessitating additional purification strategies to identify the idebenone-reducing enzyme(s).

To narrow down the number of candidate enzymes, we used a parallel biochemical
enrichment approach based on an in-gel activity assay. Cellular extracts prepared from non-
stimulated or LPS/IFN-y-treated HAPI microglia cells were subjected to native polyacrylamide
gel electrophoresis in the presence of the blue dye 2,6-dichloroindophenol (DCPIP). Upon
NADPH and idebenone addition, three colorless bands appeared within the gel that were specific
to the LPS/IFN-y-treated sample, indicating the presence of enzyme(s) capable of reducing DCPIP
to its colorless product (Figure 4.24). The upper and lower bands were excised and the proteins

within these bands were extracted, digested, and identified by mass spectrometry. The middle band
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could not be excised cleanly because of its proximity to the other two. A total of 342 proteins were
identified in the higher molecular weight band while 586 proteins were identified in the lower
molecular weight band. The NADPH-binding proteins fatty acid synthase (Fasn), isocitrate
dehydrogenase 1 (Idhl), thioredoxin reductase 1 (Txnrdl), and inducible nitric oxide synthase
(INOS) were present in both excised colorless bands and, also, present in the affinity

chromatography-enriched LPS/IFN-y-treated sample.
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Figure 4.2 Idebenone is reduced by recombinant iNOS and NOS?2 gene deletion attenuates
LPS/IFN-y-induced microglial idebenone-reducing activity.

(A) In-gel activity assay of HAPI cell extract from LPS/IFN-y-stimulated or non-treated control
(CTRL) cells. Cell extract proteins were separated by polyacrylamide gel electrophoresis under
non-denaturing conditions in the presence of the blue redox dye DCPIP (shown in grayscale).
Idebenone and NADPH addition resulted in the appearance of three colorless bands (asterisks). (B)
Idebenone-dependent NADPH oxidation by recombinant iNOS. Decrease in 340 nm absorbance
(DOD340) was measured over 10 minutes in the presence or absence of 200 uM NAPDH, 200 uM
idebenone, and 1 U/ml of recombinant iNOS. (C) NOS2 was eliminated by CRISPR-Cas9 gene
editing using small guide RNA SG1 or SG2. Western blots demonstrating the absence of LPS/IFN-
y-induced iINOS expression in several single-cell clones derived from HAPI SG1 or SG2 knockout

(KO) pools. The SG1 clones 8, 14, and 15 and the SG2 clones 11, 12, and 13 (red font) were
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selected for the subsequent assays. iNOS was not detectable in wild-type HAPI empty vector (EV)
cells in the absence of the 18-hour LPS/IFN-y stimulation (data not shown). (D) Representative
raw idebenone-dependent NADPH oxidation measurements (means of three technical replicates)
by cell extracts, as monitored by decrease in absorbance at 340 nm [OD340, shown in arbitrary
units (A.U.) from time 0 (To)]. Cell extracts were from empty vector (EV) HAPI cells or from
NOS2 KO SG2 clone 13, incubated in the absence and presence of dicoumarol (20 uM). All cells
were treated with LPS (10 ng/ml) and IFN-y (10 ng/ml) for 18 hours prior to harvest. (E)
Idebenone-dependent NADPH oxidation rates by NOS2 KO SG1 or SG2 cell extract, expressed as
a percentage of EV wild type control. Data are mean = SEM from the 3 different SG1 or SG2
NOS?2 KO clones selected in C (highlighted in red), run in triplicate, with empty vector controls

run in parallel.
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Among these enzymes, inducible nitric oxide synthase (iNOS) encoded by the Nos2 gene
is well-established to be an LPS/IFN-y-inducible enzyme. In addition, an iNOS-idebenone
interaction is predicted by molecular modeling [167]. We therefore tested the hypothesis that iNOS
is responsible for the distinct microglial idebenone-reducing activity that appears after LPS/IFN-y

stimulation.

4.4.3 Evidence that iNOS mediates LPS/IFN-y-induced microglial idebenone-reducing activity.

We tested whether iNOS can directly reduce idebenone by incubating recombinant iNOS
with idebenone in the presence of NAPDH. Consistent with the hypothesis that iNOS can directly
reduce idebenone to idebenol, we observed an idebenone-dependent reduction in NADPH
absorbance when all three components were present, but no change in absorbance when the
enzyme was incubated with idebenone or NADPH alone (Figure 4.2B).

Next, we sought to determine the extent to which iNOS is responsible for the idebenone-
reducing activity of pro-inflammatory cells by eliminating the enzyme via CRISPR-Cas9-
mediated genetic deletion. CRISPR-Cas9 HAPI Nos2 knockout (KO) cells were created using two
distinct small guide RNAs, SG1 and SG2. Several single-cell complete KO clones from each KO
pool were isolated and validated by immunoblot (Figure 4.2C), functional assay (Figure 4.3), and
next generation sequencing. Nos2 KO abolished ~70% of LPS/IFN-y-stimulated idebenone-
reducing activity (Figure 4.2 D and E). The residual activity in Nos2 SG1 and SG2 KO clones was
dicoumarol-insensitive, suggesting that LPS/IFN-y-stimulated HAPI microglial cells express one

or more enzymes other than iNOS and NQO1 with modest idebenone-reducing capability.

84



>

Griess verification of Nos2 KO SG1 clones

1.0+ —
=
2
=
E
o 0.5-
0
3]
2
@
o]
=
0.0 TITIITI T T ITIITI
0@400\0\\} NS R D oA DN RO DD AP g
QS CLP
B . e s
Griess verification of Nos2 KO SG2 clones
1.0 —
<
2
2
=
o
o 0.5
2]
1]
2
[
g
0-°"T|.T'|F|IT|ITI| |[TIITI.??_I—I_TFQ'?M?'?'T_I_T'T_
b O ©0A DO NI RPN PP

Figure 4.3 Functional verification of NO release in Nos2 KO clones by Griess assay.

(A4) NO release activity percentage of Nos2 KO cells constructed with SG1 guide RNA. SG1 C,
Non-activated control of SG1 pool; SG1 LI, LPS/IFN-y-activated SG1 pool. 1-24, individual
clones. (B) NO release activity percentage of Nos2 KO cells constructed with SG2 guide RNA.
SG2 C, Non-activated control of SG2 pool; SG2 LI, LPS/IFN-y-activated SG2 pool. 1-24,

individual clones. All data are mean of two technical replications.
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Figure 4.4 Nos2 gene deletion diminishes the ability of idebenone to restore Complex I-
impaired oxygen consumption in pro-inflammatory microglia.

(A4-B) Representative oxygen consumption rate (OCR) measurements from wild-type (WT) empty
vector control (4) or Nos2 KO SG2 clone 13 (B) HAPI cells that were pre-treated with LPS (10
ng/ml) and IFN-y (10 ng/ml) for 9 hours and then sequentially exposed to FCCP (4 uM) plus
pyruvate (10 mM), vehicle or idebenone (40 uM) * piericidin A (1 uM), ascorbate (10 mM), and
antimycin A (1 uM) as indicated (arrows). (C-D) Quantification of basal OCR (C) and basal ECAR
(D) in LPS/TFN-y—activated and non-activated wild type and Nos2 KO cells. n=4, mean+SEM,
two-way ANOVA with repeated measures and Sidak’s post hoc comparison. *p<0.05, **p<0.01,
*%p<0.001, ****p<0.0001. (E) Quantification and comparison of idebenone-induced maximal
OCR. n=4, meantSEM, one-way ANOVA with Dunett’s multiple comparison. *p<0.05, **p<0.01,
*E#%p<0.001, ****p<0.0001. (F) Percentage OCR changes of idebenone-stimulated OCR. n=4,

meantSEM, one-way ANOVA with Dunett’s multiple comparison. ****p<0.0001.
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4.4.4. iNOS-dependent rescue of LPS/IFN-y-mediated respiratory suppression by idebenone in
pro-inflammatory microglial cells

Measurement of idebenone-initiated NAPDH oxidation rate does not distinguish between
two-electron reduction to idebenol, which can act as a mitochondrial Complex III electron donor,
and one-electron reduction to a semiquinone, which can generate superoxide. Therefore, we sought
to evaluate the effects of idebenone on microglial respiration. LPS/IFN-y-induced pro-
inflammatory microglial activation causes suppression of mitochondrial respiration that is
associated with iNOS induction [158, 168]. We hypothesized that idebenone would rescue
LPS/IFN-y-induced mitochondrial respiratory impairment by iNOS-dependent transfer of
electrons to Complex II1.

First, it was necessary to determine how the absence of iNOS affects the activation-
associated respiratory suppression phenotype. HAPI wild-type (WT) empty vector (EV) control
cells and Nos2 KO cells were treated with LPS/IFN-y for 12 hours to induce the expression of
iNOS in cells with the WT gene, and then the oxygen consumption rate (OCR) of each cell line
was measured and compared with the non-activated control condition. Non-activated WT EV and
Nos2 KO cells displayed a comparable basal OCR (Figure 4.4 4-C). Each cell type exhibited a
decreased OCR (Figure 4.4 4-C) and an increased glycolysis-associated extracellular acidification
rate (ECAR; (Figure 4.4D)) after 12 hours of LPS/IFN-y stimulation. However, the OCR in
LPS/IFN-y-treated cells was significantly preserved in Nos2 KO cells compared with the activated
WT EV control (Figure 4.4C). LPS/IFN-y also significantly decreased the mitochondrial
respiratory capacity, defined as the OCR measured in the presence of the uncoupler FCCP plus
excess substrate, in both cell types, although Nos2 KO mitigated the extent of respiratory capacity

loss (Figure 4.4F). These findings resemble the ability of Nos2 KO to partially inhibit the
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metabolic shift from oxidative phosphorylation to glycolysis in LPS/IFN-y-stimulated
macrophages [169-171].

Next, we evaluated the ability of idebenone to restore LPS/IFN-y-impaired respiratory
capacity in each cell type. The addition of idebenone after FCCP stimulated OCR in WT EV cells,
partially rescuing the LPS/IFN-y-induced respiratory capacity loss (Figure 4.4 4, E, F). Idebenone-
stimulated OCR was insensitive to the Complex I inhibitor piericidin A but was inhibited by the
Complex III inhibitor antimycin A, consistent with the ability of idebenol to bypass Complex I
inhibition by transfer of electrons to Complex III. In contrast to the results in WT EV cells,
idebenone failed to stimulate OCR in Nos2 KO cells (Figure 4.4 B, E, F). One explanation for
idebenone’s inability to rescue respiration in Nos2 KO cells is that there is insufficient production
of bioactive idebenol in the absence of iNOS-catalyzed idebenone reduction. However, an
alternative explanation is that the idebenone-sensitive portion of respiratory capacity loss was
already rescued by Nos2 ablation, while the remaining respiratory impairment occurs downstream
of Complex III, thereby showing idebenone insensitivity. If the first explanation is correct and
inadequate idebenone reduction explains the failure of Nos2 KO cells to increase OCR in response
to its addition, then we predicted that ascorbate would stimulate respiration in Nos2 KO cells by
chemically reducing idebenone. The Seahorse Wave software (Agilent) showed increased OCR in
both WT EV and Nos2 KO cells when ascorbate was added after idebenone (Figure 4.4 4 and B).
However, we found that the reaction of idebenone with ascorbate led to chemical oxygen
consumption that completely depleted oxygen in the media, resulting in unreliable OCR readings
(Figure 4.5). Therefore, a different experiment to distinguish between the two alternative

hypotheses to explain idebenone’s lack of OCR stimulation in Nos2 KO cells was needed.
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Figure 4.5 Chemical oxygen consumption caused by the addition of ascorbate contributes to
unreliable OCR.

Left y-axis: oxygen level. Solid lines show real-time oxygen level with a dramatic drop after
adding ascorbate. Right y-axis: OCR. Dashed lines showed the OCR of corresponding

representative wells.
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The protection of LPS/IFN-y-induced respiratory inhibition afforded by Nos2 KO hindered
our ability to quantitatively compare idebenone’s ability to stimulate OCR in the two cell lines. To
directly evaluate the ability of idebenone in each cell line to bypass Complex I by feeding electrons
to Complex III, we first added the Complex I inhibitor piericidin A. Piericidin A inhibited OCR to
the same low level in EV control and KO cells (Figure 4.6 4). Idebenone stimulated respiration to
a significantly greater extent in EV control cells compared with the Nos2 KO cells using two
different KO cell clones (Figure 4.6 4 and B). Idebenone’s stimulation of OCR was Complex III-
dependent, as determined by the subsequent addition of the Complex III inhibitor antimycin A
(Figure 4.64).

To exclude the possibility that the reduced OCR stimulation in Nos2 KO cells was due to
lower Complex IV capacity, the exogenous Complex IV electron donor TMPD in combination
with the reducing agent ascorbate was added in place of idebenone. TMPD feeds electrons to
cytochrome ¢ downstream of Complex I1I, which are subsequently passed to Complex IV. TMPD
stimulated OCR to the same level in EV control cell and Nos2 KO cells (Figure 4.6C), suggesting
that the impaired idebenone response in Nos2 KO cells is not due to diminished Complex IV
capacity. This result is consistent with the hypothesis that Nos2 KO are deficient in the utilization

of idebenone as a Complex III substrate.
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Figure 4.6 Nos2 depletion impaired idebenone-stimulated OCR.

WT EV, wild type empty vector. (A) Idebenone-stimulated, Complex I-independent, Complex III-
dependent OCR decreases in both Nos2 KO lines generated with different guide RNA. The
representative traces are mean = SD from 6 technical replicates and the data are representative of
3-5 independent experiments (WT EV, n=5, Nos2 KO SGI, n=3, Nos2 KO SG2, n=5). (B)
Quantification of idebenone-stimulated OCR. The results of the two Nos2 KO clones were
combined. Two-way ANOVA, multiple comparisons with uncorrected Fisher's LSD. Non-
activated, n=3-4. LPS/IFN-y-activated, n=5-8. * p<0.05, ** p<0.01, ns, not significant. (C) OCR
traces showing that the impaired idebenone-stimulated, Complex I-independent, Complex III-
dependent OCR did not result from a difference in Complex IV-dependent respiration. Trace data
are mean = SD and are representative of 3-5 independent experiments (WT EV, n=3, Nos2 KO,

n=>5).
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To show that iNOS is not only required for idebenone to maximally stimulate respiration
but is also sufficient to promote idebenone-supported mitochondrial respiration, we added
recombinant iNOS, NAPDH substrate, and idebenone to permeabilized Nos2 KO cells that were
either non-activated (Figure 4.7 4 and C) or pre-stimulated with LPS/IFN-y (Figure 4.7 B and D).
Results showed that iNOS, like the known idebenone-reducing enzyme NQOI, supported
idebenone-mediated Complex III-dependent respiration in the presence of the Complex I inhibitor

piericidin A in both non-activated and LPS/IFN-y cells.
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Figure 4.7 Recombinant iNOS enables idebenone-mediated bypass of Complex I inhibition
in Nos2 knockout cells.

(4 and B) Oxygen consumption rate (OCR) measurements from Nos2 KO SG2 clone 13 cells that
were either not activated (A4) or pre-treated with LPS (10 ng/ml) and IFN-y (10 ng/ml) for 9-11
hours (B). Complex I-linked respiration was stimulated at the first arrow by permeabilizing the
cells with perfringolysin O (PFO, 0.5 nM) in the presence of pyruvate (P, 5 mM), malate (M, 5,
mM), and ADP (1 mM), and then the Complex I inhibitor piericidin A was added + idebenone
with or without the indicated enzymes (second arrow). Antimycin A (Anti A) was added at the
third arrow to inhibit Complex III. (C) Complex III-dependent OCR measurements from the non-
activated cells shown in A. The mean of the Anti A-insensitive OCR in the vehicle control group
was subtracted from the first four measurements while the Anti-A-insensitive OCR of the
individual group was subtracted from the last two measurements. (D) Complex I1I-dependent OCR

measurements from the LPS/IFN-y-activated cells shown in B, determined using the same
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calculation method as in C. The traces in A-D are mean = SD of 3-8 individual wells per group

and are representative of three independent experiments.
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Collectively, these results support the hypothesis that a two-electron reduction of
idebenone by iNOS promotes transfer of electrons to Complex III in LPS/IFN-y-stimulated
microglia, bypassing Complex I inhibition. However, because respiratory stimulation by
idebenone was only diminished but not abolished in Nos2 KO cells, the results indicate the
presence of additional, unidentified enzymes catalyzing the conversion of idebenone to idebenol

in activated microglia.

4.5 Discussion

Complex I-independent but Complex III-dependent respiration stimulation is seen in rat
primary cortical astrocytes [47]. We observed an idebenone-associated respiration rescue that is
also insensitive to Complex I inhibitor piericidin A but sensitive to Complex III inhibitor antimycin
A in LPS/IFN-y-activated microglial cells, as evidence of idebenone being an electron donor to
rescue impaired respiration, via Complex III, but bypassing the impaired Complex I. Like
ubiquinone, the two-electron reduction of idebenone to idebenol is required prior to function as an
electron donor. The reduction of idebenone is catalyzed by NQOI in rat cortical astrocytes and
NQOI inhibitor dicoumarol abolishes the respiratory rescue. Due to the poor expression of NQO1
in rat cortical neurons, idebenone exhibits a dose-dependent respiratory inhibition, presumably by
the production of reactive semi-quinone due to insufficient reduction of idebenone, while
recombinant NQO1 reverses the inhibition of idebenone. The observation of idebenone-stimulated
respiration in activated microglial cells suggests alternative enzymes are involved in catalyzing
the two-electron reduction of idebenone. Neuronal NOS is one of several enzymes that through
enzymatic quinone reduction, participates in the bioactivation of the chemotherapeutic drug

mitomycin C to an alkylating agent [172]. Through the usage of a redox indicator in situ, we
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identified iNOS as one of the induced enzymes that catalyzes the reduction of idebenone, in
activated HAPI microglial cells.

The NADPH-oxidation method we used to identify the reduction of idebenone is highly
comparative to the classical NADPH diaphorase histochemistry methods which detects the NO-
producing neurons as a popular diagnostic and pathological criteria in many preclinical
biochemistry studies in late 20th century. The dicoumarol-insensitive neuronal NADPH
diaphorase was characterized in rat striatum as an alternative enzyme from DT-diaphorase (NQO1)
in 1989 [173] and later in 1991, it was further characterized as a NOS enzyme [174]. Quinone-
structured staining reagent LY 883583 was later used to detect NQO enzymes in the brain [175].
Quinone is known to inhibit nNOS activity of NO synthesis by competitively inhibiting NADPH
and non-competitively inhibiting L-arginine[176]. All these studies using quinone substrates to
detect quinone-reducing enzymes in reverse suggest NQO1 and NOS enzymes reduce quinone.

Nitric oxide can directly react with ubiquinol [177], suggesting that it can also react with
its short-chain analogue idebenol. The [NADPH] reduction rate observed in the presence of
recombinant iNOS, NADPH, and idebenone is very likely independent of a direct idebenol-NO
reaction, however, as iNOS is not expected to produce NO in the absence of its substrate, L-
arginine. Furthermore, although L-arginine may be present in cell extracts, the iNOS inhibitor
1400W failed to suppress the idebenone-induced NADPH oxidation rate, suggesting that iNOS
can catalyze idebenone reduction by a mechanism that is independent of its ability to generate NO.

In this study, we identified iNOS as a major contributor for idebenone reduction in pro-
inflammatory microglia. However, the residual one quarter of NADPH oxidization activity in
Nos2 KO HAPI cells, regardless of the presence of dicoumarol (Figure 4.2D), suggested the

existence of additional enzymes, other than iNOS and NQO1, catalyzing the cytoplasmic reduction
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of idebenone. Enzymes other than NQO1, including succinate dehydrogenase[178] and glycerol
3-phosophate dehydrogenase, were reported to catalyze idebenone reduction.

Finally, the therapeutic potential of idebenone for its capability of restoring mitochondrial
respiration enhances the importance of our work. Pharmacologically inhibiting NO production
restores mitochondrial respiration and thus improves the repolarization of M 1(pro-inflammatory)
macrophages to M2 (anti-inflammatory) macrophages[171]. Idebenone could be a strategy to
repolarize microglia from pro-inflammatory activation via improving mitochondrial respiratory

impairments.

4.6 Materials and Methods
4.6.1 Materials
All reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise

indicated.

4.6.2 Preparation and maintenance of cell cultures

All procedures were approved by the University of Maryland Institutional Animal Care
and Use Committee and were compliant with the NIH Guide for the Care and Use of Laboratory
Animals. Primary rat cortical astrocytes and microglia were prepared from postnatal day 1 Sprague
Dawley rat pups as described [179, 180]. The purity of the astrocyte and microglia cultures
produced by these methods are >93% [180, 181] and >90% [179], respectively. Primary rat cortical
neurons were prepared from Sprague Dawley rat embryos on embryonic day 18 as previously
described [99, 100, 107]. To enrich for neurons, cytosine [-d-arabinofuranoside, which inhibits

glial proliferation, was added after 4 days in vitro (DIV). Neurons exhibit less than 5% glial
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contamination when prepared by this method [107]. Microglia, astrocytes, and neurons were
cultured for at least 7, 18, or 11 DIV, respectively, prior to experiments. The cultured medium for
microglia was Dulbecco's Modified Eagle's Medium (DMEM)/F12 supplemented with penicillin
(100 IU/ml) plus streptomycin (100 pg/ml) solution (Gemini Bio-Products, Broderick, CA) and
10% FBS. Astrocytes were cultured in Eagle's Minimal Essential Medium (EMEM, Quality
Biological, Gaithersburg, MD) containing 10% FBS, 1% non-essential amino acids (NEAA,
Lonza, Walkerville, MD), and 50 pg/ml gentamicin. Neurons were cultured in Neurobasal
Medium (Thermo Fisher, Waltham, MA) supplemented with 1x Gem21 (Gemini Bio-Products),
1x Glutamax (Thermo Fisher), and penicillin (100 IU/ml) plus streptomycin (100 pg/ml). For all
three primary cell culture preparations, the dissociated cells were pooled from one litter of animals
that included both males and females.

HAPI mouse microglial cells (RRID: CVCL_0F62) were generously provided by James

Connor (Penn State University). Although originally misidentified as rat rather than mouse cells

([57], https://web.expasy.org/cellosaurus/CVCL_0F62), proteomic characterization [182] and
functional studies over nearly two decades, e.g. [57, 183, 184], have validated them as a microglial
cell model. The cells were cultured in DMEM containing 10% FBS and penicillin (100 [U/ml)
plus streptomycin (100 pg/ml). All cells were maintained at 37°C in a humidified atmosphere

consisting of 95% air and 5% COx.

4.6.3 CRISPR/Cas9 generation of HAPI NOS2 knockout cells

Two different guide RNAs delivered by lentivirus were used to create NOS2 knockout

(KO) HAPI cell pools SG1 and SG2 by CRISPR/Cas9 gene editing. NOS2 KO single cell clones
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were isolated from each pool and then validated by measurement of nitric oxide release,

immunoblot, and next-generation sequencing.

4.6.4 Pro-inflammatory activation of microglia

Primary rat or HAPI microglia were treated with a combination of 5, 10, or 100 ng/mL
lipopolysaccharide (LPS; Sigma-Aldrich, cat# L2654), as indicated, and 10 ng/mL recombinant
interferon-y (IFN-y; R&D Systems, Minneapolis, MN, cat# 485-MI-100) for 18 hours to induce a

pro-inflammatory state.

4.6.5 Microplate-based Idebenone Reduction Assay

Idebenone-reducing activity was evaluated indirectly by measuring the idebenone-
dependent oxidation of NADPH in fresh cell extracts, with or without concentration by molecular
weight cut-off (MWCO) filter or following addition of recombinant mouse iNOS enzyme (Sigma-
Aldrich). Cells were washed twice with PBS and then scraped into a 25 mM Tris-HCI1 pH 7.4
hypotonic lysis solution containing 1:200 protease inhibitor cocktail (Sigma-Aldrich). Cell
extracts were sonicated twice for 15 seconds on ice, then centrifuged at 17,000g for 20 minutes at
4°C. When indicated, supernatants were concentrated by centrifuging again at 14,000g for 20
minutes at 4°C using 50 kilodalton (kDa) MWCO Amicon Ultra-0.5 Centrifugal Filter Units
(Sigma-Aldrich). MWCO concentration increased assay sensitivity, facilitating its use for primary
cells difficult to obtain in high abundance, without altering the relative results. The sample fraction
retained by the 50 kDa cut-off filter was collected for the assay and protein concentration was
estimated using a Nanodrop 1000 (Thermo Fisher Scientific) or by the Pierce micro bicinchoninic

acid (BCA) assay [185]. Idebenone-dependent oxidation of NADPH was detected by measuring
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NADPH absorbance at 340 nm over a 10-20 min time course in the presence or absence of 0.2
pg/ul sample protein, 200 uM NADPH, and 200 uM idebenone. Enzyme inhibitors (e.g.
dicoumarol) or vehicle control were also added when indicated. Assays were run in 96-well
microplates using either a Varioskan Lux (Thermo Fisher Scientific) or FLUOstar OPTIMA

(BMG LABTECH, Inc., Cary, NC) multimodal plate reader.

4.6.6 Fractionation of HAPI cell extract by size exclusion and NAP(D)H affinity chromatography

4.6.7 In-gel activity assays for detection and isolation of idebenone-reducing enzymes
MWCO-concentrated cell extracts of HAPI microglia cells were collected as described
above after treatment with 100 ng/mL LPS and 10 ng/mL IFN-y for 18 hours. Precast Tris-Glycine
WedgeWell gels (Invitrogen) were used for this assay. As for native polyacrylamide gel
electrophoresis (PAGE), the anode buffer was composed of a 1x solution of Novex Tris-Glycine
Native Running Buffer. The cathode buffer was made from running buffer with the addition of
100 uM of the redox dye 2,6-dichloroindophenol (DCPIP). A 2x loading buffer was made using 1
mM DCPIP and 10% glycerol in running buffer. Wells were loaded to maximum capacity with
~300 pg protein in 1x loading buffer. Gels were run at 100 V for 150 minutes at 4°C. Gels were
then removed from their cassette and washed briefly in 25 mM Tris-HCI. Gels were then incubated
in 15 ml of 25 mM Tris-HCL, 200 uM NADPH, 200 uM idebenone, and 100 uM DCPIP for 5-10
minutes. Pictures of gels were taken using an iPhone 6 (Apple). Images were converted to
grayscale for clarity. Enzyme activity is indicated by the absence of color after enzymatic reduction

of the dye.
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4.6.8 Identification of proteins by mass spectrometry

Gel bands showing DCPIP turnover were excised from the native PAGE and cut into 1 x
I mm pieces. The gel pieces were destained in 50 % acetonitrile with 50 mM ammonium
bicarbonate. Proteins in the gel pieces were reduced by 50 mM Tris(2-carboxyethyl) phosphine
and alkylated by 100 mM iodoacetamide in the dark. The gel pieces were shrunk by neat
acetonitrile and air dried. Proteins were digested and extracted by incubating the gel pieces with
sequencing grade trypsin in 50 mM ammonium bicarbonate overnight. Tryptic peptides from the
supernatant were separated on a nanoACQUITY UPLC analytical column (BEH130 C18, 1.7 pum,
75 um x 200 mm, Waters) over a 165-minute linear acetonitrile gradient (3 — 40 %) with 0.1 %
formic acid on a Waters nano-ACQUITY UPLC system and analyzed on a coupled Thermo
Scientific Orbitrap Fusion Lumos Tribrid mass spectrometer as described by Williamson et al.
[186]. Full scans were acquired at a resolution of 120,000, and precursors were selected for
fragmentation by collision-induced dissociation (normalized collision energy at 35%) for a
maximum 3-second cycle. Tandem mass spectra were searched against a UniProt Rattus
norvegicus reference proteome using Sequest HT algorithm described by Eng ef al. [187] with a
maximum precursor mass error tolerance of 10 ppm. Carbamidomethylation of cysteine and
deamidation of asparagine and glutamine were treated as static and dynamic modifications,
respectively. Resulting hits were validated at a maximum false discovery rate of 0.01 using a semi-

supervised machine learning algorithm Percolator developed by Kall et al. [188].

4.6.9 Griess Assay
Nitric oxide concentration was estimated indirectly by detecting the more stable nitric

oxide derivative nitrite using a Griess assay (Thermo Fisher) according to the manufacturer’s
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protocol. Absorbance was measured at 560 nm and a standard curve of sodium nitrite was used to

calculate concentrations.

4.6.10 Cell-based respirometry

Oxygen consumption rate (OCR) measurements were performed using a Seahorse XF24
Extracellular Flux Analyzer (Agilent Technologies, Santa Clara, CA) as previously described
[189, 190]. HAPI cells were plated in XFe96 or XF24 plates (Agilent Technologies) at 8,000 or
12,000 cells per well, respectively, and cultured for ~24 hours before stimulation. Cells were either
untreated or activated for 9-12 hours by LPS (10 ng/ml) plus IFN-y (10 ng/ml) and then respiration
was measured. Artificial cerebrospinal fluid (aCSF) assay medium for respiration measurements
consisted of 1.3 mM CaCly, 0.4 mM KH>PO4, 1 mM MgCl,, 120 mM NacCl, 3.5 mM KCI, 5 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), and 15 mM glucose, pH 7.4. Fatty
acid-free bovine serum albumin (0.1 mg/mL) was included in the injection port media for the
permeabilized cell experiments in which recombinant enzymes were injected. Cell counts were
obtained prior to oxygen consumption measurements using either a Celigo™ image cytometer
(Revvity; Waltham, MA) or an ImageXpress™ Pico Automated Cell Imaging System (Molecular

Devices; San Jose, CA).

4.6.11 Statistical analysis

Statistical analyses were performed using SigmaPlot 12.0 (Systat Software Inc, San Jose,
CA). Two-way analysis of variance (ANOVA) was employed to evaluate statistical significance.
A p value < 0.05 was considered significant. Tukey’s post-hoc analysis was used to compare

individual groups.
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Chapter 5
Inhibition of Nitric Oxide (NO) Production Prevents the Loss of a Subset of Mitochondrial

Electron Transport Chain Subunits During Pro-inflammatory Microglial Activation

5.1 Introduction

Microglia are the intrinsic innate immune cells of the central nervous system (CNS). Under
physiological conditions, microglia patrol the CNS for local neuronal damage, cell death, and
exogenous infections. In traumatic brain injury (TBI) and many neurodegenerative disorders such
as Alzheimer’s disease [191, 192] and Parkinson’s disease [193], microglia-mediated persistent
neuroinflammation is common and leads to progressive neuronal damage [54, 194]. During these
pathological conditions, pattern recognition receptors (PRRs) residing on the surface of microglia,
such as Toll-like receptors (TLRs), are activated by exogenous pathogens and endogenous ligands
collectively referred to as damage-associated molecular patterns (DAMPs). Various DAMPs can
induce the formation of the NLRP3 inflammasome [195] and transform the microglia into a pro-
inflammatory state. Depending on the nature and extent of pro-inflammatory microglial activation,
the microglia may become neurotoxic and promote neuronal death by releasing neuroinflammatory
molecules such as nitric oxide (NO) [196, 197] and the pro-inflammatory cytokines TNF-a and

IL-1B [198].

Mitochondria are thought to contribute to the pro-inflammatory activation of microglia in
multiple ways [55]. These include bioenergetic alterations and reactive oxygen species (ROS)
production. ROS mediate separate interactions of NLRP3 protein and caspase-1 with the
mitochondrial outer membrane (MOM), regulating NLRP3 inflammasome assembly [69].
Pharmacological inhibition of reverse electron transport (RET) driven by ETC Complex I or

genetic depletion of the Complex I subunit NDUFS4 attenuates neuroinflammation and improves
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functional outcomes in experimental autoimmune encephalomyelitis (EAE), a mouse model of
multiple sclerosis [199]. Mitochondrial ETC complexes also support NLRP3 inflammasome
activation through ATP generation [200]. These findings suggest that individual ETC complexes

may play unique roles in neuroinflammation.

NO is also a known inducer of neuroinflammatory signaling. In both pro-inflammatory
mouse microglia and bone marrow-derived macrophages—peripheral innate immune cells sharing
some of the same signaling pathways—NO is generated by inducible nitric oxide synthase (iNOS).
Recent studies showed that suppression of ETC complex activities and accompanying ETC protein
loss in LPS/IFN-y activated bone marrow-derived macrophages were induced by NO accumulation
[86, 201]. In these studies, ETC subunits NDUFS1 and NDUFB8 (Complex I), SDHB (Complex
II), and MTCO1 (Complex IV) were protected in LPS/IFN-y activated Nos2 knockout (KO)
macrophages compared to wild-type (WT) cells [86, 201]. Mitochondrial ETC deficits also occur
in microglia following LPS/IFN-y stimulation [85, 158, 202, 203], but whether these coincide with
ETC subunit loss and exhibit NO-dependency are unknown. However, supporting this possibility,
in experiments described in Chapter 4 we observed partial protection of maximal (uncoupled)
mitochondrial respiration in LPS/IFN-y-activated Nos2 KO HAPI cells compared to the empty
vector (EV) controls (see Figure 4.3B). Understanding the mechanisms of how ETC complex
subunits are degraded in pro-inflammatory microglia is critical to prevent or reverse the loss of
mitochondrial respiratory function, which may also suppress microglial pro-inflammatory
activation phenotypes. Therefore, important goals are to identify the mechanisms underlying the
ETC deficits in pro-inflammatory microglia and to identify therapeutic strategies for preserving
mitochondrial bioenergetic function. The strategies may include preventing the degradation of

ETC complex subunits by one or more proteases.
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Caspase proteases belong to the cysteine protease family, and they play important roles not
only in apoptotic cell death, but also inflammation [204]. Self-cleaved mature caspase-1 (p20), as
produced by the NLRP3-dependent inflammasome assembly, mediates the cleavage and
maturation of IL-1B [205]. While pro-caspase-1 mostly resides in the cytoplasm, it also
translocates into the nucleus and becomes activated in a process regulated by tumor necrosis factor
(TNF) [72]. In addition, as part of the NLRP3-dependent inflammasome assembled on a
mitochondrial membrane platform, caspase-1 is detected in mitochondria [69, 74, 206]. However,
mitochondrial substrates of caspase-1 have yet to be described. Based on the mitochondrial
localization during NLRP3 inflammasome assembly of this established LPS/IFN-y-activated
protease and our findings of mitochondrial functional protection in Nos2 KO HAPI cells, we
hypothesized that caspase-1 cleaves ETC subunits in LPS/IFN-y-stimulated microglial cells

downstream of iNOS-mediated NO production.

To test this hypothesis, several pharmacological approaches were employed, along with the
genetic ablation of iNOS. We used 1400W, an iNOS-selective NO production inhibitor that does
not affect the iNOS protein level [207], to complement the Nos2 KO genetic approach. The
caspase-1/-11 inhibitor VX-765 and the pan-caspase inhibitor Q-VD-OPh were employed to
determine if caspase activities are required for the degradation of any of the investigated
representative ETC complex subunits. Additionally, we tested MCC950, an NLRP3 protein
inhibitor that is predicted to prevent LPS/IFN-y-induced caspase-1 activation by blocking NLRP3
inflammasome assembly and ATP hydrolysis [70]. Finally, because LPS may directly bind and
activate caspase-11 independently of TLR4 and/or NLRP3 signaling [208], we also tested TAK-
242, an inhibitor of LPS-induced TLR4 activation [209-211]. Overall, results indicate that subunits

of Complex I, I1, and IV are diminished during LPS/IFN-y-induced microglial activation. Contrary
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to our hypothesis, only a subset of these ETC subunit losses—that of the Complex II subunit SDHB
and the Complex IV subunit MTCO1—are NO-dependent and caspase proteases activities are not
required. However, we identified a novel positive feedback loop between iNOS protein expression

and caspase-1 activation that may amplify the neuroinflammatory cascade.

5.2 Materials and Methods

5.2.1 Cell culture, pro-inflammatory activation, and sample collection

The HAPI (highly aggressively proliferative immortalized) mouse microglial cell line was
generously provided by Dr. James Connor (Penn State University). Cells were maintained in
Dulbecco’s Modified Eagle’s Medium (Corning catalogue number (Cat#) 10-017-CV, Corning,
NY) containing 10% fetal bovine serum (FBS) and 1x penicillin-streptomycin (both from Thermo
Fisher Scientific; Waltham, MA) in a 5% CO; humidified incubator at 37°C. Cells were passaged
at a 1:20 dilution in T75 culture flasks when they reached 90% confluency, which was typically
every two days. Cells were seeded onto 6-well plates at 0.2 x 10° per well, followed by a 24-hour
recovery prior to pro-inflammatory activation. Cells were then activated by the addition of 10
ng/mL lipopolysaccharide (LPS) and 10 ng/mL interferon gamma (IFN-vy) in a full medium change.
After 18 hours of treatment, 1 mL of conditioned medium was collected from each well into
Eppendorf tubes, followed by microfuge centrifugation (Fisherbrand accuSpin Micro 17R;
Thermo Fisher) at 17,000xg for 20 minutes at 4°C to remove the cellular debris. Supernatants were
transferred to new Eppendorf tubes for detection of nitrite by Griess assay. Residual medium was
removed by suction and the cells were washed once with room temperature phosphate-buffered
saline (PBS, Thermo Fisher). The cells were then thoroughly scraped and harvested after adding

ice-cold radioimmunoprecipitation assay (RIPA) lysis buffer (Thermo Fisher) with freshly added
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protease/phosphatase inhibitor cocktail (Thermo Fisher, Cat# 78430). Cell lysates were collected
into Eppendorf tubes and centrifuged at 17,000xg for 20 minutes at 4°C to remove insoluble
material. Supernatants were transferred to new tubes and stored at -80°C for later detection of

proteins by western blot.

5.2.2  Protein detection by western blot

Cell samples were thawed on ice, and the protein concentrations were measured with the
bicinchoninic acid (BCA) protein quantification assay (Thermo Fisher). Fifty pug of protein per
sample were loaded onto NuPAGE™ Bis-Tris 4-12% gradient mini protein gels (Thermo Fisher)
in a 20 pL per well volume that was prepared in protein sample loading buffer (LI-COR
Biosciences; Lincoln, NE). Five pLs of 10-250 kDa pre-stained Odyssey Protein Molecular
Weight Marker (LI-COR Cat# 928-40000) were added to one lane of each mini gel. Gel
electrophoresis was run for 21 minutes at 200 volts and a Trans-Blot turbo semi-dry transfer station
(Bio-rad Laboratories; Hercules, CA) was then used at 25V for 11 minutes to transfer proteins

from gels to Immuno-Blot Low Fluorescence PVDF Membranes (Bio-Rad).

After protein, transfer, membranes were dried on filter paper in a 37°C non-CO; incubator
for 15 minutes and then stained for total protein using a Revert 700 kit (LI-COR). Following
destaining using Revert Destaining Solution (LI-COR), membranes were blocked with 2.5%
Blotting-Grade Blocker Non-Fat Dry Milk (Bio-Rad Cat# 1706404XTU) and 2.5% bovine serum
albumin (BSA, Cat# A7906; Sigma-Aldrich; St. Louis, MO,) in 0.1% 0.1% Tween 20 in Tris-
buffered saline (TBST) for 1 hour at room temperature. Membranes were then probed overnight
on a rocker at 4°C with primary antibodies dissolved in blocking buffer. Primary antibodies were

used at the following dilutions: 1:1000 mouse Total OXPHOS Rodent WB Antibody Cocktail
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(Abcam, Cat# abl110413, RRID:AB 2629281), 1:1000 rabbit caspase-1 (Cell Signaling
Technology, Cat# 2225, RRID:AB 2243894), 1:500 mouse iNOS (BD Biosciences, Cat# 610329,
RRID:AB_397719), 1:500 rat caspase-11 (BioLegend, Cat# 647202, RRID:AB_1937281), and
1:20,000 hFAB  Rhodamine-conjugated anti-Tubulin  (Bio-Rad  Cat# 12004166,
RRID:AB 2884950). Membranes were washed three times for 10 minutes each in TBST, followed
by the introduction of secondary antibodies. The LI-COR fluorescent secondary antibodies IRDye
680RD goat anti-mouse (LI-COR Biosciences Cat# 926-68070, RRID: AB 10956588) and IRDye
800CW goat anti-rabbit (LI-COR Biosciences Cat# 926-32211, RRID: AB 621843) were added
to membranes at a 1:20,000 dilution and incubated at room temperature for 40 minutes. After an
additional three 10-minute TBST washes, membranes were imaged with a LI-COR Odyssey Fc

blot imager and proteins were quantified using LI-COR Image Studio 6.0 software.

5.2.3 Griess assay

Nitrite concentration in conditioned cell culture medium was measured in duplicate with a
Griess Reagent kit (Invitrogen, Thermo Fisher). This colorimetric assay detects the nitrite in the
medium when nitrite and sulfanilic acid react to form a diazonium salt which is coupled to N-(1-
naphthyl)ethylenediamine. The azo dye formed during this reaction can then be detected

spectrophotometrically by absorbance at 548 nm.

5.2.4 Statistical analysis
All experiments were replicated at least three times (n=3). Biological replicates are
reported as mean * standard error of the mean (SEM). Statistical analyses were performed using

GraphPad Prism 10.4.0 (GraphPad Software, LaJolla, CA). Griess assay and western blot data
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were analyzed using two-way ANOVA with Dunnett’s multiple comparisons. The significance

level was set at p<0.05.

5.3 Results
5.3.1 Pharmacological co-inhibition of TLR4 and caspase-1 may lead to partial rescue of the

Complex 1V subunit MTCO1

Protein levels of representative ETC complex subunits were examined by western blot in
activated HAPI cells and non-activated controls. In wild-type (WT) control cells transduced with
an empty vector (EV), we observed dramatic activation-induced decreases in the Complex II
subunit SDHB and the Complex IV subunit MTCOI, as well as a significant decrease in the
Complex I subunit NDUFBS8. Neither individually inhibiting TLR4 with TAK-242 nor inhibiting
caspase-1/-11 with VX-765 prevented the loss of the Complex I, II and IV subunits. However, the
combination of TAK-242 and VX-765 appeared to partially inhibit the reduction in the Complex
IV subunit MTCOI. In contrast to the partial protection observed with the TLR4/caspase-1/-11
inhibitor combination, we observed complete protection of not only MTCO1 but also the Complex
IT subunit SDHB in LPS/IFN-y-treated Nos2 KO HAPI cells compared with the activated WT EV
cells. The Complex I subunit NDUFBS8 was not protected from LPS/IFN-y-induced loss by the
absence of Nos2, as its level decreased to the same extent in EV and Nos2 KO cells. This finding
indicates that the degradation mechanism of this Complex I subunit is independent of NO. The
Complex III subunit UQCRC2 and the Complex V subunit ATPAS were unchanged following
LPS/IFN-y activation, regardless of the presence of iNOS. We observed that pro-caspase-1

(~50kDa) remained unchanged following LPS/IFN-y treatment but the level of the “p20” active
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form of caspase-1 (~20kDa) increased. We observed a slight decrease in the p20 band in the TAK-
242 and VX-765 combination group, with simultaneous partial protection of the Complex IV
subunit MTCOI. Although we did not probe for iNOS in this experiment, in subsequent
experiments we observed that the sole addition of VX-765 decreased the induction of iNOS protein
in LPS/IFN-y activated cells. (Figure 5.2) The NLRP3 inhibitor MCC950 did not rescue the loss
of any ETC complex subunits in activated HAPI cells. In addition, MCC950 failed to attenuate the

LPS/IFN-y-induced production of NO implicated in SDHB and MTCO1 degradation.
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Figure 5.1 Co-inhibition of TLR4 inhibitor TAK-242 and caspase-1/11 inhibitor VX-765
vector wildtype HAPI cells

partially rescued the Complex IV subunit MTCOL1 loss in empty
while Nos2 KO completely rescued the loss.

(A) Representative western blot images for rodent OXPHOS, caspase-1, and tubulin. Cells were
treated with TAK-242 (1 uM) and VX-765 (80 uM) along with LPS/IFN-y. ETC complex-origin
and specific subunit names are labeled on the right. B-D. The relative levels of the representative

Complex I (B), II (C), and IV (D) subunits. One-way ANOVA, Dunnett’s multiple comparison

test, n=3. Mean +SEM.
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5.3.2  Elimination of NO production rescues the Complex Il and IV subunits SDHB and MTCOI,
respectively, but not the Complex I subunit NDUFBS8

Having observed that the representative ETC Complex II and IV subunits are preserved in
Nos2 KO HAPI cells, we sought to confirm that NO produced by iNOS is required for the loss of
these subunits. Therefore, we co-treated both EV and Nos2 KO HAPI cells with the iNOS inhibitor
1400W upon LPS/IFN-y addition, predicting protection against the ETC Complex II and IV losses
in the EV cells. By measuring NO in the culture medium using the Griess assay, we verified that
1400W completely inhibited NO production (data not shown). As expected, we observed no loss
of SDHB or MTCOI protein in activated wild-type or Nos2 KO cells when 1400W was present
(Figure 5.2). However, neither 1400W treatment nor elimination of the Nos2 gene rescued the

protein level of the Complex I subunit NDUFBS.

112



Nos2 KO

Empty vector (EV)

A.

+ + + + + + - + + + + + +

LPS/IFN-vy

MCC950

VX765
1400w

Complex | — Dfufb8

[~—-‘---~--- - d]

Complex || -SDHB

B e e e e

Complex Il -UQCRC2

TS ST s e Ccomplex IV-MTCO1

R e eV SN ————

S ————— ————— — -

-~

Complex V -ATP5A

Caspase-1

Caspase-11

iNOS
Tubulin

-

LA

(W - ——————

(o]]}

Cl

2.0

1.5

12A8] uisjoud aApeley

caspasei11

L

T
0
-

caspasel

1
|1aA8] uiejold

aAneley

1
|eAa] uiajoud

aAnejey

113



Figure 5.2 Either pharmacological iNOS inhibition or Nos2 KO rescues ETC complex
subunits SDHB and MTCOL1.

(A) Western blot analysis of representative ETC Complex subunits, iNOS and caspases when EV
and Nos2 KO cells were treated with caspase-1/11 inhibitor VX-765 (80 uM), NLRP3 inhibitor
MCC950 (20 uM) and NO production inhibitor 1400W (100 uM). ETC complex-origin and
specific subunit names are labeled on the right. B-F. Complex I- (B), II- (C), caspase-1 (D),
caspase-11 (E) and iNOS (F), two-way ANOVA with Tukey’s multiple comparison test, n=3. # or
* p<0.05, ** p<0.01, *** p<0.001, **** p<0.001, ##HH# p<0.001.
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5.3.3 Caspase activity is not required for the loss of ETC complex subunits

Although we concluded that NO is required for the degradation of the representative
Complex II and IV subunits evaluated, experiments with the caspase-1/-11 inhibitor VX-765 were
not sufficient to demonstrate the hypothesized requirement for caspase-1. We then tested the pan-
caspase inhibitor Q-VD-Oph to more broadly address the requirement for any of the caspase
proteases in the activation-induced loss of ETC subunits. However, as was the case for the VX-
765 treatment, we found that Q-VD-Oph failed to protect the representative Complex I, II, or IV
subunits from LPS/IFN-y-triggered loss (Figure 5.3A). This finding suggests that the loss of all

three subunits in pro-inflammatory microglia occurs by caspase-independent mechanisms.

5.3.4 A caspase-1/iNOS positive feedback loop may contribute to Complex II and 1V degradation

We observed an inhibition of LPS/IFN-y-induced iNOS induction when VX-765 was used
to inhibit caspase-1/-11 (Figure 5.3D). This finding suggests that caspase-1/-11 activity enhances
INOS expression. Although pan-caspase inhibitor Q-VD-Oph failed to rescue the loss of any of
the ETC complex subunits, it decreased the iNOS protein level (Figure 5.3B) as well as NO
secretion (Figure 5.3C) measured after 18 hours of LPS/IFN-y treatment. We also observed a
decrease of the p20 active caspase-1 band (Figure 5.2D) when we used 1400W to inhibit NO
production in WT EV HAPI cells. This result suggests that the activation of caspase-1, reflected
by the level of p20, is enhanced by iNOS-mediated NO production. We also observed decreased
p20 caspase-1 in Nos2 KO cells (Figure 5.2D), further supporting this conclusion. Thus, a positive
feedback loop (Figure 5.3E) between iNOS and caspase-1 regulates their expression during pro-

inflammatory microglial activation, resulting in the NO-dependent loss of Complex II and IV
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subunits. The Complex I subunit NDUFBS is lost by a different mechanism that is both NO- and

caspase-1/-11 independent.
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Figure 5.3 The pan-caspase inhibitor Q-VD-OPh decreases the iNOS enzyme level but fails

to prevent the loss of ETC complex subunits.

QVD, Q-VD-OPh. LI, LPS/IFN-y. (A) Western blot evaluation of ETC complex subunits and
analysis of caspases and iNOS, with a titration of Q-VD-OPh (5~50 pM) in empty vector (EV)
and Nos2 KO HAPI cells. (B) iNOS protein level decreased in Q-VD-OPh treatment with a dose-
dependent manner. (C) Relevant NO release showed milder decrease than iNOS protein level. (D)
iINOS protein level also decreased with 80 uM capsase-1/-11 inhibitor VX-765 treatment. (E)
Schematic model explaining the positive feedback loop between iNOS and caspase-1. One-way
ANOVA with Dunnett’s multiple comparisons test. n=3. Mean £SEM, * p<0.05, ** p<0.01, ****
p<0.0001.
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5.4 Discussion

In this study, we found that the loss of ETC subunits in HAPI microglia activated with the
pro-inflammatory stimulus of LPS/IFN-y occurs by multiple mechanisms. First, we observed that
the degradation of SDHB (CII) and MTCOI1 (CIV), but not NDUFBS8 (CI), was prevented by
pharmacologically inhibiting NO synthesis or by genetically ablating the iNOS-encoding Nos2
gene. In experiments described earlier in this dissertation, we also observed a partial protection of
respiratory impairment in Nos2 KO HAPI cells relative to WT EV at 12 hours of LPS/IFN-y
treatment (see Figure 4.3), consistent with the rescue of the ETC subunits SDHB and MTCOL.
This evidence indicates that NO is required for the activation-induced loss of SDHB (CII) and
MTCOI1 (CIV), but not that of NDUFBS8 (CI). Another group also showed NO-dependency of
SDHB (CII) degradation in LPS/IFN-y-activated macrophages, but found that the Complex II
subunit SDHA was stable, indicating differential regulation of subunits belonging to the same ETC
complex [86]. The authors showed that SDHB protein decreases in WT but not Nos2 KO primary
macrophages, consistent with our results in HAPI microglia. The authors also reported a MTCO1
(CIV) subunit decrease in activated WT macrophages and a protection in Nos2 KO cells, also
consistent with our HAPI microglial cell results. Finally, also consistent with our HAPI cell
findings, the ATP5A (CV) and UQCRC?2 (CIII) ETC subunits were unaltered in LPS/IFN-y-treated
macrophages. Collectively, these results suggest that there is a common NO-dependent ETC

degradation mechanism employed by these two myeloid cell types.

Among the ETC complexes, it appears that the degradation mechanisms of Complex I, the
largest complex consisting of 45 subunits, may be the most complex. In our study, we observed
that the NDUFBS8 (CI) subunit decrease in LPS/IFN-y-treated HAPI microglial cells was not
rescued by genetic depletion of Nos2. Palmieri et al. reported that a decrease in a different Complex
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I subunit, NDUFSI1, was rescued in LPS/IFN-y-activated macrophages by Nos2 KO. [86]In
addition, they found that the LPS/IFN-g induced loss of NDUFBS8 was rescued in Nos2 KO
macrophages, in contrast to what we observed in activated HAPI cells. These results indicate that
different subunits within the ETC can undergo different mechanisms of degradation and that the

specific degradation mechanisms may be cell-type-dependent.

A limitation of our study is that we only measured one representative subunit of each ETC
complex. This is insufficient to draw conclusions on the overall regulation of the ETC complexes.
For example, although we found that the Complex III subunit UQCRC2 was stable following
LPS/IFN-y stimulation of HAPI cells, it is possible that one or more of the unmeasured Complex

III subunits underwent degradation.

In future studies, the activity of each ETC complex in LPS/IFN-y-activated WT EV and
Nos2 KO HAPI cells should be examined by blue native gel electrophoresis. In addition, the
protein levels of more key subunits of each complex should be measured by western blot or mass
spectrometry for a thorough evaluation of the structural integrity of each complex. It is also
necessary to measure time-dependent changes to the individual Complex I, I, and IV respiratory
capacities for LPS/IFN-y-activated WT EV and Nos2 KO HAPI cells using the newly optimized
CRABS-ROC protocol (described in Chapter 2). With the activity measurements of each complex,
we can associate the onset of functional deficits with structural degradation of the various ETC

complexes at the individual subunit level.
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Chapter 6
Evaluation of idebenone’s ability to reduce two-week post-injury lesion size following adult

mouse TBI

6.1 Introduction

Although idebenone is not yet an FDA-approved drug, it has been approved since 2015 by
the European Medicines Agency (EMA) for the treatment of Leber's hereditary optic neuropathy
(LHON) [28], a mitochondrial disease. Including LHON, idebenone has been preclinically tested
in many neurological diseases, also including testing in Alzheimer's disease and Parkinson’s
disease mouse models. In 5XFAD Alzheimer’s mice, 7-day idebenone treatment rescues impaired
NRF2 expression, improved spatial and recognition memory impairments caused by LPS injection,
and decreased NLRP3 level as well as subsequent neuroinflammation [212]. In the 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) mouse model of Parkinson’s disease, idebenone
protected against the loss of tyrosine hydroxylase-positive dopaminergic neurons in the substantia

nigra and improved motor deficits [213].

Idebenone has also been tested in preclinical rodent studies for protection against acute
brain injuries, however, there is no evidence showing whether idebenone has a protective effect
against long-term secondary injury after TBI. At a 24-hour acute time point after mouse CCI, a
microglial gene signature was increased in response to post-TBI idebenone treatment, suggesting
amplification of the early, adaptive microglial response, while TBI-induced alterations to the
expression of ephrin-A and dopamine signaling pathway genes were attenuated by idebenone [44].
Additionally, a recent study showed that idebenone mitigates oxidative stress and
neuroinflammation in a mouse intracerebral hemorrhage (ICH) model by reducing microglial pro-

inflammatory activation within three days during the acute injury phase [214]. In vitro, idebenone
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reduces pro-inflammatory cytokine secretion in the RAW 264.7 macrophage cell line [215] and
the BV2 microglial cell line [213]. In experiments described in Chapter 4, we observed that
idebenone restores respiration in microglia activated to a pro-inflammatory state and identified a
contribution of the enzyme iNOS to the cytoplasmic-reduction-mediated activation of idebenone
in the HAPI microglial cell model. The significant restoration of microglial mitochondrial
respiratory function by idebenone suggests that the compound has therapeutic potential for

alleviating the microglia-induced secondary injury after TBI.

Based on the existing preclinical literature and our in vifro mechanistic studies described
in Chapter 4, we hypothesized that idebenone alleviates secondary injury following TBI by
restoring microglial respiration and inhibiting the pro-inflammatory activation of microglia. As
neuroinflammation-induced secondary injury enlarges lesion volume following TBI, we selected
histological quantification of lesion volume as an initial straightforward way to evaluate
idebenone’s potential for long-term neuroprotection. In this study, we administered idebenone by
intraperitoneal (i.p.) injection twice daily for two weeks after mouse CCI and performed
hematoxylin and eosin (H&E) staining to determine whether idebenone treatment mitigates the

enlargement of lesion volume caused by secondary injury.

6.2 Materials and methods

6.2.1 Reagents

The following reagents were obtained from Sigma-Aldrich (Saint Louis, MO): 4%
paraformaldehyde (PFA); 30% sucrose; 200 proof ethyl alcohol; Eosin Y Solution, Alcoholic (Cat#
HT110132-1L); Harris Hematoxylin Solution, Modified (Cat# HHS16-500ML); and DPX

Mountant for histology (Cat# 06522).
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6.2.2 Animal husbandry

All procedures were approved by the University of Maryland Institutional Animal Care
and Use Committee (IACUC) and were compliant with the NIH Guide for the Care and Use of

Laboratory Animals. C57BL/6J (B6) mice were maintained under 12-hour light and dark cycles.

6.2.3 Controlled cortical impact (CCI)

8~10-month-old B6 male and female mice were mounted on a stereotaxic frame (Stoelting)
and subjected to CCI or sham. Mice were anesthetized with 5 mg/mL isoflurane for initial
anesthesia until losing reflection to a deep toe pinch. The concentration of isoflurane was then
adjusted to and maintained at 2 mg/mL during the procedure. After multiple scrubs with 70%
ethanol and betadine, a 1-cm-long incision in the midline of the scalp was made from the base of
the skull to above the ears using a sterile surgical blade. A few drops (~100 pL) of bupivacaine
(1.5mg/kg) were applied with a needle to the periosteum/wound edges, followed by waiting for 3-
5 minutes for effective analgesia. The skull was then dried with sterile Q-tips/cotton swabs and the
left temporoparietal bone, between bregma and lambda, was exposed. A 5-mm craniotomy was
made with a small drill with a sterile bit. The injury device consisted of a microprocessor-
controlled pneumatic impactor (Impact One TM Stereotaxic Impactor for CCI, Leica
Microsystems, Buffalo Grove, Illinois) with an interchangeable tip (2.5 mm diameter). Mild-to-
moderate-level TBI was induced by an impactor velocity of 5 m/sec and deformation depths of 1-
2 mm. Immediately following sham or impact injury, the skin was sealed with 5-0 nylon sutures
(AD surgical; Sunnyvale, CA). Skull flaps were not re-sealed with dental acrylics due to the

potential for induction of secondary injury.
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6.2.4 Intraperitoneal (i.p.) injection

Idebenone was freshly reconstituted from a 100 mM DMSO stock solution and further
diluted with corn oil (Sigma-Aldrich). Immediately after vortex for at least 10 seconds, idebenone
or vehicle (DMSO in corn oil) was loaded in a Tuberculin Syringe with Needle (BD Biosciences;
San Diego, CA; Cat # 309626) and injected intraperitoneally at 100 mg/kg. The first injection was
given at one hour post-injury, and the remainder of injections were administered twice daily at an
8-12-hour interval for 14 days. The mice were subjected to vital perfusion on post-TBI day 15, and
the brains were carefully removed for further fixation in 10 mL of 4% PFA at 4 °C, incubated

overnight. Brains were then transferred into 30% sucrose in PBS at 4 °C.
6.2.5 Hematoxylin and eosin (H&E) staining

When the brains in sucrose were well-rehydrated, brains were sectioned at 40 um thickness
using a Leica microtome and the sections were stored in cryoprotectant at -20°C. One in every 12
adjacent sections was attached on to a glass slide (super frosted; VWR; Radnor, PA), stained with

H&E, and mounted with PDX Mountant and coverslip (VWR).
6.2.6 Microscopy imaging and quantification of lesion volumes

H&E-stained brain sections were imaged using an Axio Imager 2 motorized microscope
(Zeiss, Germany) under 10x magnification. A randomly generated and placed 25 micrometers (pum)
x 25 um grid by Stereo Investigator software (MBF Bioscience; Williston, VT) was then used to

estimate the lesion volumes (mm?) based on Cavalieri’s principle.
6.3 Results

6.3.1 CCIwith a 1.5 mm depth is optimal for the induction of moderate TBI

124



Previously, we tested the CCI model set at a 2 mm impact depth, however, the initial
penetration pierced through the corpus callosum and induced severe damage. Therefore, for this
study we tested 1.0 mm and 1.5 mm depths in male and female mice and observed that neither
depth penetrated through the corpus callosum despite the 1.5mm depth causing a relatively large
lesion size (Figure 6.1). We therefore chose 1.5 mm as an appropriate depth setting to deliver

“moderate” TBI.

6.3.2 Idebenone failed to decrease the lesion volume at 14 days post-injury

No significant difference in the estimated CCl-induced lesion volume was observed
between the idebenone-treated group and the vehicle control group in either males or females
(Figure 6.2). There was also no sex difference in lesion volume despite the appearance of a slight

trend toward a smaller legion size in males.
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Figure 6.1 Comparisons of lesion size for CCI impact depths of 1.0 mm and 1.5 mm in male

and female mice. The dotted area is masking the injured area by the Montage software.
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Figure 6.2 Effect of idebenone treatment on lesion size in CCI mice at 14 days post-injury.
Idebenone (100 mg/kg) was administered by intraperitoneal injection twice a day at an 8-12-hour

interval for 14 days. The first injection was delivered one hour after injury. Data is mean +SEM.
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6.4 Discussion

A protective effect of idebenone treatment against lesion size at 14 days after CCI was not
observed. We found that a few sections exhibited very high variability in the apparent injury across
the rostral-caudal axis, showing an obvious inconsistency of lesion size. Extending the stereology
from a twelve-section interval to an eight-section interval may improve the accuracy of
quantification. Otherwise, a parallel 2,3,5-triphenyltetrazolium chloride (TTC) staining could be

used as an alternative method to quantify lesion size.

The axis of improving microglial mitochondrial respiration — alleviating microglial
neurotoxic factors release — mitigating secondary neuronal death — protection against behavioral
impairments is yet to be established. Notably, idebenone has distinct effects on non-microglial cell
types in culture, which may contribute to offsetting effects in vivo: idebenone supports NQO1-
dependent respiration in astrocytes but inhibits Complex I-dependent spare respiratory capacity in

neurons [47].

To further study the protective effect of idebenone in TBI, we plan to immunostain the
harvested brain sections for the microglial marker IBA-1 to evaluate whether idebenone reduces
the number of activated/pro-inflammatory microglial cells persisting at two weeks post-injury.
Microglial and neuronal mitochondrial respiratory function should also be examined in the
idebenone study. Finally, behavioral experiments should be performed to see whether idebenone
improves the performance of TBI mice in cognitive tests. More time points following TBI should

be considered to reveal if prolonged idebenone treatment is neuroprotective.
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Chapter 7

Discussion

The research for the development of TBI therapeutic strategies that target mitochondria
focused on ROS [25], apoptosis signaling such as Bcl-2 and AIF [216, 217], mitochondrial
fission/fusion [218], impaired mitophagy [219] as a reflection of acute response. However, the
long-term management of TBI survivors is undermined and requires advancements to ameliorate
progressive neurological decline[217, 220]. Rescuing mitochondrial dysfunction is increasingly
considered a promising therapeutic strategy for post-TBI treatment[221-223]. This dissertation
focused on strategies for mitigating the mitochondrial respiratory dysfunction in the TBI brain and
for preventing the degradation of ETC complexes in pro-inflammatory microglia. To help achieve
these goals, we established a robust protocol for assessing individual ETC complex-dependent
respiratory capacities and developed an in vitro model for investigating the mechanisms of ETC
complexes degradation in pro-inflammatory microglia. Among key discoveries, we found that not
only is NO required for the loss of specific Complex II and IV subunits in pro-inflammatory
microglia, the relative enzyme iNOS is also one of the main enzymes that catalyzes the reduction

of idebenone, a potential neurotherapeutic which can partially restore respiration in these cells.

In Chapter 2, we described the development of a new Seahorse-based protocol CRABS-
ROC (Complex Respirometry Assay Bypassing Substrate-Restricted Oxygen Consumption),
which can be used to investigate respiratory dysfunction at the level of individual ETC complexes.
The main contribution of this method is that it assesses the total respiratory capacity of each ETC
complex by using saturating levels of complex-specific substrates, overcoming the oxygen
consumption rate restrictions caused by endogenous substrate limitations. The schematic diagrams

in Figure 1.3 showed the evolution of Seahorse protocols assessing respiratory dysfunction. In the
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classical Mito Stress Test protocol, FCCP is added to cells metabolizing glucose (Figure 1.2A).
Glycolysis is a rate-limiting factor for the provision of mitochondrial substrates, and this can be
bypassed by adding a supraphysiological amount of the cell-permeable Complex I-linked substrate
pyruvate in combination with FCCP (Figure 1.2B). Using the CRABS-ROC protocol, the
glycolysis rate limitation and additional rate limitations by NADH-generating dehydrogenase
enzymes such as PDH can be bypassed by directly delivering a saturating amount of NADH, the
immediate substrate of ETC Complex I (Figure 1.2C). Using this method, we revealed the total
Complex I respiratory capacity, with the removal of substrate limitations unmasking a hidden

Complex I deficit in isolated brain mitochondria from harlequin mutant mice.

Similar studies have also shown that the re-supplement of NADH and cytochrome c
restored the lost respiratory activity from frozen tissue samples [224]. However, in their study, they
conducted the Seahorse-based respirometry assay with 10 uM of cytochrome ¢ without a proof of
abundancy. Insufficient cytochrome c re-supplement could become a rate-limiting factor failing to
support the full respiratory capacity, causing unreliable measurements of OCR. In our study, we
titrated the amount of cytochrome ¢ with frozen mouse brain homogenates, revealing that 10uM
isn’t sufficient (Figure 2.5A). We recommend titrating the amount of cytochrome ¢ when different
types of frozen tissue are being measured. We also titrated alamethicin (Figure 2.5B) and NADH

(data not shown) in our study.

The CRABS-ROC protocol allows measurements of the Complex I-, II- and IV-dependent
respiration in one experiment, showing potential of quick evaluation of mitochondrial respiratory
capacity in pathological conditions compared to their physiological controls. Assessing individual
ETC complex-dependent respiratory deficiencies provides clues for a next-level examination of

ETC stability on structural impairments and protein turnovers. Tissue from multiple organs have
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been tested before and after frozen and showed feasibility of assessing mitochondrial respiratory
capacity in frozen tissue [224]. Combined with the quick screening for each representative ETC
complex subunits by western blot, mitochondrial impairments will be quickly located at functional
level and structural level. In the experiments described in Chapter 3, the CRABS-ROC protocol
was employed to reveal male-specific decreases in Complex I[-dependent and Complex V-
dependent respiration in pediatric rat brain homogenates post-TBI. Interestingly, we didn’t observe
significant protein level changes of representative ETC complex subunits, indicating a possibility
that the respiratory deficiency may be caused by perturbations on post-translational level. Notably,
the rodent OXPHOS (Abcam) antibody cocktail we used in western blot experiment only detects
one representative subunit of each ETC complex. We won’t conclude full integrity of the ETC
complexes until more key subunits are tested. However, these findings are sufficient to reinforce
the strength of the CRABS-ROC protocol for resolving functional differences at the level of

individual ETC complexes.

Briefly mentioned in the Introduction Chapter, many mitochondrial impairments in TBI
were measured with respiration States (Table 1.1). To measure the Complex I- and II-dependent
respiratory capacity, the uncoupled respiration is measured when Complex I- and II-specific
substrates are added (Figure 1.2). These uncoupled respirations were also recognized as Complex
I- or II-dependent State V respiration. These outcomes are used as good estimation but not precise
reflection of Complex I- and II-dependent respiration, for the inclusion of extra respiration

supplied by several dehydrogenase enzymes discussed in Chapter 2.

In Chapter 4, we described experiments demonstrating the contribution of iNOS to the
cytoplasmic reduction of the potential neurotherapeutic idebenone in pro-inflammatory microglia.

Former lab member Sausan Jaber reported that the NQO1 inhibitor dicoumarol did not inhibit the
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reduction of idebenone in pro-inflammatory microglia. This finding indicated that there was an
enzyme other than NQOI1, the enzyme responsible for idebenone reduction in astrocytes, that
catalyzes idebenone’s reduction in the cytoplasm of pro-inflammatory microglia. The iNOS
enzyme was identified as a strong candidate by an in-gel activity assay combined with mass-
spectrometry. To investigate whether iNOS contributes to the reduction of idebenone in activated
microglial cells, we generated Nos2 KO HAPI cells, along with an empty vector control cell line.
An indirect idebenone reduction assay based on NADPH oxidation rate demonstrated an ~70%
decrease in Nos2 KO cell extracts compared to EV control extracts, suggesting that iNOS catalyzes
the majority of idebenone reduction in LPS/IFN-y-activated HAPI microglia. Although the
respirometry data showed abolished respiratory stimulation by idebenone in activated Nos2 KO
cells relative to EV controls, we could not distinguish whether this loss of activity was due to
inadequate idebenone reduction when iNOS was absent or because iNOS deficiency prevented the

portion of the LPS/IFN-y-induced respiratory deficit that was rescuable by idebenone.

Within the study, HAPI microglial cell line was established as a model for microglia,
because of the limitation in availability in studying primary microglia. To understand the role of
iNOS in reducing idebenone, we also generated CRISPR knockout cell lines with HAPI cell line.
However, to improve the scientific significance of this study, we plan to test our conclusion with
mouse primary microglia isolated from wild type and Nos2 KO strains. We also plan to test more

candidates that are catalyzing the redox reaction of idebenone.

In the experiments described in Chapter 5, we investigated the stability of representative
ETC complex subunits upon pro-inflammatory activation of EV or Nos2 KO HAPI microglial cells
using an OXPHOS antibody cocktail. First, we saw different patterns of stability across the
different ETC complexes in the LPS/IFN-y-activated EV HAPI cells. The UQCRC2 and ATPSA
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(Complex III and V subunits, respectively) protein levels remained unchanged in activated EV
cells, but the NDUFBS (CI), SDHB (CII) and MTCOI1 (CIV) levels decreased. Then, among the
three altered complexes, we observed that SDHB (CII) and MTCO1 (CIV) degradation was NO-
dependent whereas NDUFBS (CI) was not. Another group conducted a similar study on BMDMs
from wild-type and Nos2 KO mice, showing similar results for CII-CV subunits[86]. However,
they found that the LPS/IFN-y-triggered loss of the Complex I subunit NDUFS1 was prevented in
Nos2 KO BMDMs, while we did not observe a protection of NDUFBS§ degradation in Nos2 KO
HAPI cells. SDHA remained intact in activated wild-type macrophages, while SDHB exhibited
the same pattern of degradation we observed in HAPI cells: it decreased in wild-type BMDMs and
this decrease was prevented by genetic Nos2 depletion. Taken together, the results of our studies
and others indicate that there is differential stability of ETC Complex subunits and that multiple

mechanisms contribute to ETC subunits loss upon pro-inflammatory activation.

While in this dissertation we focused on their bioenergetic roles, it is also possible that
some Complex I and II subunits have other functions under inflammatory conditions. Notably, one
group recently reported that Complex I activity is required to sustain neuroinflammation through
ROS production [199]. Modeling the hypothesized ROS generation mechanism in vitro, the
authors treated LPS/IFN-y-activated primary microglia with oligomycin and succinate to induce
reverse electron transport (RET) and found that ROS production and increased membrane potential
were both prevented by rotenone. Others showed that microglia from Complex I-deficient Ndufs4
KO mice exhibited protection against oxidative stress, pro-inflammatory activation, and secondary
axonal damage in an experimental autoimmune encephalomyelitis (EAE) model of multiple
sclerosis. There is also a cancer study in 2007 which suggested that the Complex II subunits SDHA

and SDHB have distinct effects on ROS production and HIF-a stabilization when inhibited
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pharmacologically or via RNA interference [225]. Inhibiting SDHB resulted in an increase in ROS
and HIF-a, which are also observed during pro-inflammatory microglial activation. These findings
suggest that SDHB’s normal activity may counteract pro-inflammatory activation. Further
research is crucial to understand the individual and combined roles of ETC subunit alterations in

neuroinflammation.

In this project, we also provided novel evidence for a positive feedback loop between the
induction of iNOS expression and the activation of caspase-1 in pro-inflammatory microglia. Our
evidence indicates that inhibition of iNOS-mediated NO production reduces the appearance of the
activated caspase-1 p20 protein during LPS/IFN-y-induced activation. The caspase-1 inhibitor VX-
765, in turn, inhibited the iNOS protein level in activated cells. In contrast to what we observed in
HAPI microglial cells, in LPS/ATP-stimulated murine peritoneal macrophages, both exogenously
added NO donor (SNAP or GSNO) and endogenous NO produced by iNOS inhibited the formation
of the NLRP3 inflammasome and the subsequent activation of caspase-1 [226]. The authors
concluded that caspase-1 is negatively regulated by iNOS. Factors that may explain this apparently
conflicting result include the different cell types, the different activation stimulus, the different

methods of NO delivery, and the different methods of iNOS protein depletion.

Next, to clarify whether caspase-1 is involved during the ETC complexes degradation in
pro-inflammatory stage immune cells, we plan to test the ETC degradation in caspase-1 KO
BMDMs isolated from caspase-1 knockout mice, provided by Dr. Stefanie Vogel. Most of the
traditional caspase-1 mouse line was indeed a capsase-1/-11 double knockout line[227], but the
line we plan to use is pure caspase-1 KO. We hypothesize that the degradation of ETC complex
subunits, such as Complex II subunit SDHB and Complex I'V subunit MTCOL, is still observed in

LPS/IFN-y activated, caspase-1 KO BMDMs, but can be reversed by the addition of 1400W. ETC
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subunit degradation, levels of caspase-1, caspase-11 and iNOS will be detected by western blot.
Griess assay will be performed in parallel in the conditioned culture medium as a hallmark of

successful activation of BMDMSs, and an indicator of NO inhibition efficiency by 1400W.

Collectively, in this dissertation, we introduced a reliable fast-screen pipeline studying
mitochondrial dysfunction including respiratory deficiency and ETC complexes impairments in
rodent neurotrauma models. The CRABS-ROC Seahorse protocol and western blot with OXPHOS
antibody, will guide the direction exploring mitochondrial pathology in neurotrauma. Unmasking
the true respiratory capacity of each ETC complex provides reliable potential for restoring the
impaired respiration. The downstream western blot scan helps to locate the pathological sites

associated with the impaired mitochondrial respiration.

Another key discovery of this dissertation lies on idebenone, a potential solution of
mitochondrial dysfunction in neurotrauma, for its supporting role in re-boosting mitochondrial
respiration and bioenergetics. By understanding the mechanism of cytoplasmic reduction of
idebenone in microglia, we demonstrated a target, iNOS, that may contribute to maximizing the
therapeutic potential of idebenone. Meanwhile, because microglia is such a key immune cell type,
which regulates brain immunity through multiple signaling pathways, ameliorating pro-
inflammatory polarization of microglia by restoring mitochondrial respiratory functions may
become a strategy to mitigate secondary inflammation in the injured brain. We hope these findings

be helpful to future neurotrauma studies.
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