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Antioxidant Biomarkers and Nutraceutical Therapeutics in Neurodegeneration
and Neurotrauma

Abstract

Mild traumatic brain injury (mTBI), yielding a Glascow Coma Scale of 13-15, is the most commonly
occurring severity of TBI. Pathology from mTBI consists of blood brain barrier disruption,
neuroinflammation, oxidative stress, excitotoxicity, mitochondrial dysfunction, protein aggregation, axonal
degeneration, and resulting neuronal death. These processes deplete the body’s endogenous antioxidant
system. We report a retrospective analysis of antioxidant blood biomarkers in patients with a history of
mTBI from a local sports medicine clinic, Resilience Code. We found persistent sex-specific antioxidant
depletions in mTBI patients associated with worsened symptomology.

Certain populations, such as athletes, are at high risk for repetitive mTBI (rmTBI). There are currently no
FDA approved treatments for rmTBI for high-risk populations. We propose Immunocal®, a glutathione
precursor supplement, as a preventative and restorative treatment for rmTBI. We show that Immunocal®
significantly reduces astrogliosis at 2 weeks and 2 months in mice post-rmTBI and microgliosis at 72
hours following more severe repetitive mild-moderate TBI.

Persistent pathology from rmTBI has been linked to an increased risk for developing neurodegenerative
disease like amyotrophic lateral sclerosis (ALS). This devastating disease is characterized by motor
neuron death and a prognosis of 2-5 years following diagnosis. Pathology mirrors that of mTBI and
consists of oxidative stress, neuroinflammation, mitochondrial dysfunction, excitotoxicity, protein
aggregation, and changes to axonal transport and structure. We explored protocatechuic acid (PCA), a
phenolic anthocyanin metabolite, as a treatment in the hSOD1G93A mouse model of ALS. PCA has been
well studied for its antioxidant properties in other models of neurodegeneration. When administered at
symptom onset, PCA prolonged survival, improved motor function, reduced gliosis, and offered significant
neuroprotection in hSOD1G93A mice.

It is hypothesized that rmTBI results in an increased oxidative stress burden and subsequent antioxidant
depletion. These persist when left untreated and may contribute to the development of neurodegenerative
diseases like ALS. The connection between rmTBI and ALS should be further studied using preclinical
models such as the hSOD1G93A mouse model of ALS. Treatment with nutraceutical therapeutics, such
as glutathione precursors (Immunocal®) or anthocyanin metabolites (PCA), could restore antioxidant
reserves and reduce rmTBI pathology, ultimately reducing the risk for developing neurodegenerative
disease.
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ABSTRACT

Mild traumatic brain injury (mTBI), yielding a Glascow Coma Scale of 13-15, is
the most commonly occurring severity of TBI. Pathology from mTBI consists of blood
brain barrier disruption, neuroinflammation, oxidative stress, excitotoxicity,
mitochondrial dysfunction, protein aggregation, axonal degeneration, and resulting
neuronal death. These processes deplete the body’s endogenous antioxidant system. We
report a retrospective analysis of antioxidant blood biomarkers in patients with a history
of mTBI from a local sports medicine clinic, Resilience Code. We found persistent sex-
specific antioxidant depletions in mTBI patients associated with worsened
symptomology.

Certain populations, such as athletes, are at high risk for repetitive mTBI
(rmTBI). There are currently no FDA approved treatments for rmTBI for high-risk
populations. We propose Immunocal®, a glutathione precursor supplement, as a
preventative and restorative treatment for rmTBI. We show that Immunocal®
significantly reduces astrogliosis at 2 weeks and 2 months in mice post-rmTBI and
microgliosis at 72 hours following more severe repetitive mild-moderate TBI.

Persistent pathology from rmTBI has been linked to an increased risk for
developing neurodegenerative disease like amyotrophic lateral sclerosis (ALS). This

devastating disease is characterized by motor neuron death and a prognosis of 2-5 years

following diagnosis. Pathology mirrors that of mTBI and consists of oxidative stress,



neuroinflammation, mitochondrial dysfunction, excitotoxicity, protein aggregation, and
changes to axonal transport and structure. We explored protocatechuic acid (PCA), a
phenolic anthocyanin metabolite, as a treatment in the hSOD1%%*4 mouse model of ALS.
PCA has been well studied for its antioxidant properties in other models of
neurodegeneration. When administered at symptom onset, PCA prolonged survival,
improved motor function, reduced gliosis, and offered significant neuroprotection in
hSOD1%%A mice.

It is hypothesized that rmTBI results in an increased oxidative stress burden and
subsequent antioxidant depletion. These persist when left untreated and may contribute to
the development of neurodegenerative diseases like ALS. The connection between
rmTBI and ALS should be further studied using preclinical models such as the
hSOD1%%A mouse model of ALS. Treatment with nutraceutical therapeutics, such as
glutathione precursors (Immunocal®) or anthocyanin metabolites (PCA), could restore
antioxidant reserves and reduce rmTBI pathology, ultimately reducing the risk for

developing neurodegenerative disease.
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CHAPTER ONE: INTRODUCTION

1.1 Background and Statement of the Problem

An estimated 64-74 million new cases of traumatic brain injury (TBI) are
predicted to occur globally each year (Dewan et al., 2018). TBI is the leading cause of
death by injury, particularly for children and the elderly, in the United States (US;
Pavlovic et al., 2019; Popescu et al., 2015; Rutland-Brown et al., 2006). Of those who
survive a TBI, an estimated 2.5-6.5 million individuals live with a TBI-related disability
and require long-term aid in the US alone (Popescu et al., 2015). As a result, TBI
represents an estimated annual financial burden of $60 billion (Dixon, 2017).

Traumatic brain injury is defined as an injury resulting from an impact to the head
which can vary in mode and severity. Resulting injury can be characterized as diffuse,
blunt, blast, or focal which can be further characterized as contusion, penetrating injury,
or hematoma (Andriessen et al., 2010; Hill et al., 2016). Severity of injury may range
anywhere from mild (i.e., concussion) to severe. The Glascow Coma scale, along with
information on loss of consciousness and neurological symptoms, are used by clinicians
to assess visual, motor, and verbal responses following a TBI. This information gives
insight into severity and neurological recovery (Pavlovic et al., 2019). However,

individual circumstances resulting from TBI vary widely even within a particular



classified range of severity and mode of injury. Therefore, TBI is difficult to assess, treat,
and predict outcomes for patients.

Traumatic brain injury of mild severity, the primary focus of this dissertation, is
the most common occurring severity of TBI. With an incidence of 600 per 100,000
people, mild TBI accounts for approximately 84% of new cases that occur worldwide
each year with the majority due to falls and motor vehicle accidents (Cassidy, J.D., et al.,
2004; Gardner & Yaffe, 2015; McCrory et al., 2013). The definition of mild TBI varies
widely and current research aims to further define this type of injury. The World Health
Organization Collaborating Center Task Force and the Centers for Disease Control and
Prevention consider a TBI to be of mild severity if an individual has either neurological
symptoms, amnesia for less than 24 hours, or loss of consciousness for less than 30
minutes, and a Glascow Coma Scale of 13-15 (Carroll et al., 2004).

Mild TBI, and especially repetitive mild TBI, has been studied as a risk factor for
neurodegenerative diseases such as chronic traumatic encephalopathy (CTE) and
Alzheimer’s disease (AD; Gavett et al., 2011; Graham & Sharp, 2019; Mortimer et al.,
1991). The pathology resulting from TBI seems to mirror that observed in
neurodegenerative disease. Furthermore, nervous system trauma has been linked to the
neurodegenerative disease, amyotrophic lateral sclerosis (ALS), which is the secondary
focus of this dissertation (Chen, H., et al., 2007; Schmidt et al., 2010).

Amyotrophic lateral sclerosis, also known as Lou Gehrig's disease, is a devasting
progressive neurodegenerative disease that results in the death of motor neurons and

skeletal muscle atrophy. Although ALS is relatively rare, with a global incidence of 0.6-



3.8 per 100,000 person-years, 5,000 new cases arise each year in the US alone
(Longinetti & Fang, 2019; Orsini et al., 2015). Furthermore, the number of patients
diagnosed worldwide continues to increase over time (Longinetti & Fang, 2019). This
may be due to increased longevity in populations as the median age of ALS onset is
between 51-66 years of age (Longinetti & Fang, 2019). Pathology underlying ALS
contributes to the retraction of motor neuron axons from neuromuscular junctions
(NMJs), motor neuron cell death, and muscle atrophy. Patients with ALS become unable
to move their muscles, may suffer cognitive and psychological impairments, and
experience respiratory distress and failure (Chio et al., 2009a). There is a rapid decline
resulting in an average life expectancy of 2-5 years following diagnosis (Chio et al.,
2009a). Therefore, the economic cost to ALS patients is high, an estimated $13,667 per
year, with the annual US economic burden being between $279-472 million (Gladman &
Zinman, 2015). Approximately 10% of ALS cases are familial, with known genetic
causes, such as mutations to genes like Cu, Zn-superoxide dismutase-1 (SOD-1) or TAR
DNA-binding protein-43 (TDP-43), among others. Sporadic ALS accounts for 90% of
cases that have no identified genetic cause (Kumar, V., et al., 2019). Sporadic cases have
been linked to environmental factors such as heavy metals, toxins, pesticides, and
physical activity. Populations that engage in high levels of physical activity, are exposed
to chemicals, or sustain multiple mild TBIs, such as athletes and military personnel, have
a higher risk of developing ALS (Bozzoni et al., 2016).

Shared pathology between mild TBI and ALS includes oxidative stress,

neuroinflammation, mitochondrial dysfunction, excitotoxicity, protein aggregation, and



changes to axonal transport and structure. Neuronal cell death is both a result of, and
contributor to, these processes in mild TBI and ALS. Due to injury and blood brain
barrier (BBB) disruption, as with mild TBI, or to mutations affecting endogenous
antioxidant function, such as in ALS, an increase in reactive oxygen or nitrogen species
(ROS/RNS) occurs. The presence of ROS/RNS can cause neuroinflammation which is
characterized by activation of glial cells, including astrocytes, microglia, and resident
macrophages, along with infiltrating immune cells, in the central nervous system (CNS).
These cells, particularly astrocytes and microglia, release pro-inflammatory cytokines,
chemokines, and oxidative species which further damage neurons and add to the
oxidative burden. As a result, mitochondria experience damage to the electron transport
chain (ETC) and energy metabolism which result in apoptosis. Physical and chemical
damage from increased ROS/RNS generation by these dysfunctional mitochondria and
neuroinflammatory glial cells can further contribute to excitotoxicity in mild TBI and
ALS.

Excitotoxicity is defined as the excessive production and reduced uptake of
excitatory neurotransmitters, mainly glutamate. lonotropic glutamate receptors on post-
synaptic neurons, such as N-methyl-D-aspartic acid (NMDA) and a-amino-3-hydroxy-5-
methyl-4-isoxazole propionic acid (AMPA) receptors become overactive. This is due to
excessive glutamate release from pre-synaptic neurons and reduced uptake from the
synapse by astrocytes. As a result, sodium and calcium ions flood into the neuron, which
in turn, results in depolarization. Due to an imbalance of solutes in the cell, water also

rushes in and the cell swells. Metabotropic glutamate receptors become activated



resulting in increased metabolism, further mitochondrial dysfunction, disrupted ion
homeostasis, and increased generation of action potentials. These processes encourage
the release of pro-apoptotic factors from mitochondria resulting in neuronal cell death
which further increases the amount of glutamate released into the environment (Armada-
Moreira et al., 2020; Van Den Bosch et al., 2006).

These processes, when prolonged, contribute to axonal damage, disrupted axonal
transport, and alterations to the post-synaptic neuron (Baracaldo-Santamaria et al., 2022).
Changes to autophagy, one of two main degradation systems used by the body and brain,
have also been reported in mild TBI and ALS. Protein aggregates and organelles, such as
mitochondria, are targeted for lysosomal degradation through a type of autophagy known
as macroautophagy. Autophagosomes, containing proteins and organelles targeted for
degradation, are transported along the axons via microtubules and allowed to fuse with
lysosomes which degrade content (Lamark & Johansen, 2012). Deficits to this process
can result in the buildup of protein aggregates which are observed in both mild TBI and
ALS. Misfolded proteins have exposed hydrophobic structures which cause the protein to
break into fibrils or oligomers. These constructs are nonfunctional and have the capacity
to adopt toxic functions. The oligomers and fibrils can also aggregate, disrupt cellular
functions, and trap other proteins (Malik & Wiedau, 2020). The accumulation of
misfolded proteins has been observed in mild TBI and ALS and is a major contributing
factor to the pathology described above.

Pathology has been shown to persist for weeks to years following mild TBI and

can be exacerbated by subsequent mild TBIs (Donovan et al., 2014; Fehily & Fitzgerald,



2017; Mouzon et al., 2017; Webster et al., 2015). Certain individuals are at an elevated
risk for sustaining mild TBI such as children, the elderly, contact sport athletes, and
military personnel. These individuals may sustain multiple mild TBIs throughout their
lifetime. In fact, the risk is increased for sustaining a subsequent TBI for individuals who
have already suffered a single TBI (Guskiewicz et al., 2003). Prolonged pathology,
particularly neuroinflammation and oxidative stress, may lead to depletion of the
endogenous antioxidant system. Extended or exacerbated pathology can also present in a
multitude of cognitive, emotional, and motor symptoms which can persist in individuals
following mild TBI (Mott et al., 2012). However, there are currently no US Food and
Drug Administration (FDA) approved treatments for TBI or mild TBI. Some studies have
explored nutraceutical antioxidant compounds as potential treatments for mild TBI;
however, additional rigorous research needs to be done. Therefore, there is a critical
unmet need for both preventative and restorative treatments for mild TBI, particularly for
high-risk populations.

As mentioned above, prior head trauma, particularly in athletes and military
personnel, may be responsible for the increased ALS cases seen in these populations
(Bozzoni et al., 2016). The pathology observed in ALS contributes to antioxidant
depletion which has been measured and is well-studied in ALS patients (Carrera-Julia et
al., 2020). Only two FDA treatments for ALS have been approved. Riluzole, which acts
on glutamate signaling and excitotoxicity, is the most widely administered and first drug
to be approved for ALS in 1995. Edaravone was approved in 2017 and acts as a free

radical scavenger (Mejzini et al., 2019). Unfortunately, these treatments extend life by



only a few months (Kumar, V., et al., 2019). Other antioxidant treatments, like naturally
occurring nutraceutical compounds, such as anthocyanins and other phenolic compounds,
have been explored as treatments for ALS in preclinical studies with promising results
(Carrera-Julia et al., 2020; Winter & Bickford, 2019).

This dissertation reports the pathology observed, to date, in both mild TBI and
ALS. There is a focus on oxidative stress, neuroinflammation, and resulting antioxidant
depletion in these conditions. It is hypothesized that treating this pathology with natural
nutraceutical antioxidant compounds will help mitigate the adverse effects of mild TBI
and ALS. Here, the use of a nutraceutical compound, Immunocal®, designed to increase
brain glutathione (GSH) antioxidant levels, was analyzed for its ability to reduce
neuroinflammation and BBB disruption in mouse models of repetitive mild and mild-
moderate TBI. Antioxidant depletion and emotional, energy/activity, head, and cognitive
symptoms were also analyzed in a patient cohort with a history of mild TBI. Finally,
protocatechuic acid (PCA), a well-studied phenolic acid metabolite of the anthocyanin,
cyanidin-3-O-glucoside, commonly found in berries, was studied for its antioxidant, anti-
inflammatory, and neuroprotective properties in a mouse model ALS (Koza et al., 2020).
This dissertation concludes by exploring the connection between mild TBI and ALS -
mild TBI, especially of repetitive nature, may result in an increased oxidative stress
burden and depletion of endogenous antioxidant reserves in the long-term which may in

turn, increase the risk of developing ALS.



1.2 Secondary Injury Mechanisms and Pathology of Mild TBI

The pathology of TBI can be divided into primary and secondary injuries.
Primary injury results directly from the impact and can cause damage to the skull or
compression, shearing, or contusion forces to the brain. Necrosis of neuronal and glial
cells may occur directly as a result of the physical damage (Ng & Lee, 2019). Although
primary injuries such as compression, shearing, and contusion may occur with mild TBI,
typically, the damage is not very severe and the skull remains intact. Therefore, this
dissertation will focus primarily on secondary injury mechanisms and pathology of mild
TBI. Secondary injury includes neuroinflammation, BBB disruption, oxidative stress,
excitotoxicity, mitochondrial dysfunction, protein aggregation, axonal damage, and
ultimately, neuronal cell death (Figure 1.1; Ng & Lee, 2019; Prins et al., 2013). Although
primary injury may not be severe in the case of mild TBI, secondary injury occurs later,
may persist over time, and can be exacerbated by subsequent TBIs. Symptom severity
and persistence resulting from mild TBI and repetitive mild TBI varies on an individual
basis. Symptoms commonly resulting from mild TBI, termed post-concussion syndrome,
include cognitive, psychological, motor function, and somatic symptoms (Ponsford et al.,
2012). Many patients return to sport or work before symptoms have resolved and, in
cases where symptoms have subsided, secondary injury pathology may continue.
Furthermore, for a small number of patients, symptoms have been reported to persist for
months following even a single mild TBI. Prolonged secondary injury, with the presence
or absence of symptoms, can deplete the endogenous antioxidant system and may lead to

an increased risk of developing neurodegenerative disease.
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Figure 1.1 Secondary Injury Mechanisms in the Pathology of Mild TBI. Secondary
injury from mild TBI includes neuroinflammation, blood brain barrier disruption,
oxidative stress, excitotoxicity, mitochondrial dysfunction, protein aggregation, axonal
damage, and ultimately, neuronal cell death. When the blood brain barrier loses its
integrity, toxins can enter the CNS. Endothelial cells within the blood brain barrier, and
cells from the periphery, release pro-inflammatory cytokines. These processes elicit a
neuro-inflammatory response from resident astrocytes expressing glial fibrillary acidic
protein (GFAP) and S100 calcium-binding protein B (S100B) and microglia expressing
ionized calcium-binding adapter molecule 1 (Iba-1). Both astrocytes and microglia
release pro-inflammatory cytokines (interleukin-1§ (IL-1 B), IL-6, IL-10, tumor necrosis
factor-a (TNF-a)) and reactive oxygen and nitrogen species ((ROS/RNS), nitric oxide
(NO)). Astrocytes, which have homeostatic functions including maintaining neuronal
synapses and clearing extracellular glutamate, contribute to excitotoxity. Following mild
TBI, extracellular glutamate increases and remains in synapses triggering increased
calcium ion (Ca2+) build up in post-synaptic neurons. Excessive depolarization causes
mitochondrial dysfunction and the release pro-apoptotic caspases. When taken together,
these changes increase the oxidative burden in the brain and contribute to DNA damage,
lipid peroxidation, and protein degradation. Diffuse axonal injury from mild TBI can
contribute to aberrant accumulation of proteins, synaptic vesicles, and organelles along
the axon which can result in axonal swelling and transport deficits. Proteins such as
phosphorylated tau (P. Tau) and neurofilament light chain protein (NfL) can aggregate
and further disrupt axonal transport and, along with the processes described previously,
result in altered synaptic transmission. Ultimately, the pathology from mild TBI can
present as somatic, cognitive, psychological, and motor symptoms.

1.2.1 Blood Brain Barrier Disruption and Neuroinflammation

Blood brain barrier disruption is well researched and has been observed in animal
models of mild TBI (Figure 1.2; Sandsmark et al., 2019). Blood brain barrier disruption is
an early event, occurring within hours to days following mild TBI. It can persist long-
term following a TBI, although more research needs to be done in this area (O’Keefe et
al., 2020; Shlosberg et al., 2010). The disruption can be a result of physical trauma and
increased oxidative stress. The BBB maintains homeostasis in the brain and consists of a
barrier of cells such as astrocytes, pericytes, and endothelial cells. When this barrier loses

its integrity, toxins can enter the brain and, on the other hand, toxic protein aggregates are
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unable to be removed. Furthermore, endothelial cells which construct the BBB can
release pro-inflammatory cytokines such as interleukin-1p (IL-1 B) and tumor necrosis
factor-o. (TNF-a; Patterson & Holahan, 2012; Sandsmark et al., 2019). Peripheral
immune cells may also infiltrate the brain and contribute to neuroinflammation. These
processes illicit a neuroinflammatory response from astrocytes and microglia in the brain.

As a result of neuronal cell death and BBB disruption in response to mild TBI, the
brain mounts an inflammatory response. Astrocytes and microglia are recruited to the
BBB. Astrocytes help to maintain synapse function, neurotransmitter homeostasis, and
provide neurotrophic factors (Singh et al., 2011). In mild TBI, astrocytes take on a pro-
inflammatory phenotype which is characterized by a change in physical shape, expression
of glial fibrillary acidic protein (GFAP) and S100 calcium-binding protein 3, and
secretion of pro-inflammatory cytokines such as IL-6, IL-10, and TNF-a (Metting et al.,
2012; Singh et al., 2011). Morphological changes in astrocytes have also been observed
in response to mild TBI which is coupled with a downregulation of homeostatic proteins.
These changes have been observed in astrocytes months following injury (Clément et al.,
2020; George et al., 2022; Shandra et al., 2019). Astrocytes also play roles in glutamate
uptake from synapses and, when they adopt a pro-inflammatory phenotype, they lose this
ability as evidenced by decreased expression of the glutamate transporter, excitatory
amino acid transporter 2 (EAATZ2; Dorsett et al., 2017; Shandra et al., 2019). Reduced
glutamate reuptake contributes to excitotoxicity as further described below.

Blood brain barrier disruption, increased oxidative stress, and cytokine release from

astrocytes can result in microglial activation. Microglia, resident immune cells of the
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brain, also adopt a pro-inflammatory phenotype in response to increased ROS/RNS,
toxins released from dying neurons, or foreign particles from the periphery. In response
to mild TBI, microglia take on morphological changes and can cause damage to
surrounding tissue through the secretion of pro-inflammatory cytokines such as IL-18,
TNFa, IL-6, and nitric oxide (NO; Grovola et al., 2021; Robinson et al., 2017). In the
case of mild TBI, and especially repetitive mild TBI, neuroinflammation has been
observed to persist for months to years following injury (Chaban et al., 2020; Grovola et

al., 2021; Mouzon et al., 2017).
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Figure 1.2 Blood Brain Barrier Disruption in Mild TBI. The blood brain barrier helps
maintain homeostasis in the CNS and consists of a barrier of cells including astrocytes,
pericytes, and tight junctions between endothelial cells. When this barrier loses its
integrity as a result of mild TBI, toxins and peripheral lymphocytes, monocytes, and
neutrophils can enter the brain. Furthermore, endothelial cells which construct the blood
brain barrier can release pro-inflammatory cytokines such as interleukin-1p and tumor
necrosis factor-o. Endothelial cells of the blood brain barrier and peripheral immune cells
contribute to neuroinflammation and elicit a pro-inflammatory response from astrocytes
and microglia recruited to the blood brain barrier. Astrocytes and microglia adopt pro-
inflammatory phenotypes characterized by changes in morphology, production of pro-
inflammatory cytokines, chemokines, and reactive oxygen species (ROS), along with
forgoing their homeostatic processes.

1.2.2 Excessive Glutamate Release and Excitotoxicity

Excessive extracellular glutamate has been reported immediately following TBI of all
severities which seems to be a result of decreased clearance and buffering (Figure 1.3;
Dorsett et al., 2017). Initially following TBI there is an increase in glutamate release and,
when this persists, it can result in prolonged cognitive symptoms following injury
(Guerriero et al., 2015). Furthermore, y-aminobutyric acid (GABA), the brain’s primary
inhibitory neurotransmitter, is decreased following mild TBI, although this is dependent
on location of measurement and time elapsed since the TBI (Yasen et al., 2018). In the
weeks following a mild TBI, some researchers have found that the brain attempts to
maintain homeostasis through a reversal with increased levels of GABA and decreased
levels of glutamate (Friedman et al., 2017). It is unclear whether this persists or if the
balance switches back to a state of increased glutamate and decreased GABA. More
research needs to be done to understand the changes to glutamate and GABA in a time

dependent manner, and long term, in response to mild TBI.
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The NMDA ionotropic glutamate receptor has been shown to respond to primary
injury from mild-moderate TBI through a loss of affinity for the magnesium ion that
blocks the receptor at resting potential. This results in receptor activation and
excitotoxicity acutely following TBI (Zhang, L., et al., 1996). This receptor has also been
shown to be upregulated following mild TBI (Gabrieli et al., 2021). N-methyl-D-aspartic
acid receptor activation allows for calcium and sodium influx into the neuron which can
result in mitochondrial dysfunction, resulting caspase activation, action potential and
neurotransmitter release, and protease production (Baracaldo-Santamaria et al., 2022).
These receptors are also located on astrocytes which may indicate that they also
contribute to excitotoxicity and oxidative stress (Lee, M. C., et al., 2010).

The EAAT glutamate transporters are expressed by both glial cells and neurons. As
mentioned above, astrocytes adopt a pro-inflammatory phenotype and lose their ability to
clear excessive glutamate from the synapse. Astrocytes express EAAT1 and EAAT2,
with EAAT2 (known as GLT-1 in mice) being responsible for more than 90% of
glutamate reuptake in the brain (Danbolt et al., 1992). Therefore, astrocytes are crucial in
preventing excitotoxicity. The downregulation of EAAT2 has been well studied in
various models of TBI; however, only a few studies report this downregulation in
response to mild TBI and more research needs to be done to understand the expression
changes in response to repetitive mild TBI (Goodrich et al., 2013; Shandra et al., 2019;

Yi & Hazell, 2006).
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Figure 1.3 Excitotoxicity in Mild TBI. Excessive extracellular glutamate following mild
TBI results from decreased clearance and buffering by astrocytes. Astrocytes adopt a pro-
inflammatory phenotype and lose their ability to uptake glutamate from synapses due to
downregulation of the excitatory amino acid transporter 2 (EAAT?2) receptor.
Furthermore, production and release of y-aminobutyric acid (GABA), the brain’s primary
inhibitory neurotransmitter, by pre-synaptic neurons is decreased. In response to mild
TBI, there is an upregulation of N-methyl-D-aspartic acid (NMDA) ionotropic glutamate
receptors. These receptors suffer a loss of affinity for the magnesium ion (Mg+) that
blocks the receptor at resting potential. This allows the receptor to activate more
frequently resulting in excessive influx of calcium (Ca2+) and sodium (Na+) ions. As a
result, the post-synaptic neuron loses membrane potential which triggers depolarization
and action potential. Excessive action potential generation can result in increased
neurotransmitter release, protease production, excitotoxicity, oxidative stress, and
ultimately, mitochondrial dysfunction, caspase activation, and neuronal cell death.

1.2.3 Oxidative Stress and Mitochondrial Damage

The previously described pathology, including BBB disruption, neuroinflammation,
and excitotoxicity, can contribute to increased levels of oxidative stress and
mitochondrial dysfunction. Increased levels of oxidative stress markers such as free
radical species and ROS/RNS have been measured following TBI and seem to correlate
with severity of TBI. Although more research into these markers following mild TBI
should be explored, increased levels of NO and hydrogen peroxide have been measured
in animal models and in humans with varying severities of TBI (DeWitt et al., 2009;
Gahm et al., 2006). Levels of 3-nitrotyrosine (3-NT) are elevated following TBI of all
severities, which indicates an increase in nitrosative stress (Abdul-Muneer et al., 2013;
Sorokina et al., 2021). Evidence of oxidative and nitrosative stress, as measured by
damage to lipids, DNA, and proteins are also observed following TBI. Increased levels of
oxidative stress markers are measured along with a decrease in antioxidant markers,

which will be discussed in further detail below. Due to the brain’s high polyunsaturated
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fatty acid (PUFA) content, lipid peroxidation is abundant following TBI. Increases in 4-
hydroxynonenal (4-HNE) and malondialdehyde (MDA) have been observed in response
to TBI of all severities, including mild and mild repetitive TBI (Emmerich et al., 2017;
Vagnozzi et al., 1999; Yates et al., 2017). Damage to DNA and deficits to DNA repair
mechanisms have also been observed following repetitive mild TBI (Fehily & Fitzgerald,
2017; Schwab et al., 2019a; Schwab et al., 2019b).

Along the same lines, mitochondrial DNA also suffers damage in response to the
increased oxidative and nitrosative stress caused by both mild and severe TBI
(Balasubramanian et al., 2020; Bulstrode et al., 2014). This, along with BBB disruption,
neuroinflammation, and excitotoxicity results in mitochondrial dysfunction and neuronal
cell death through apoptosis (Figure 1.4). Furthermore, dysfunctional mitochondria
contribute to the generation of oxidative stress through deficits in the ETC. Altered
energy metabolism is also observed in response to TBI as the brain requires more
glucose. However, adenosine 5'-triphosphate (ATP) production decreases following TBI
which indicates that mitochondria are unable to keep up with the increased energy
demand (Lifshitz et al., 2003). Decreases in enzymatic activity from mitochondria, along
with reduced oxygen usage, are further evidence of this following TBI (Lifshitz et al.,
2003; Mautes et al., 2001). These effects likely contribute to excitotoxicity as
mitochondria are not generating the energy needed for neuronal cells to perform active

transport of ions across membranes to restore resting membrane potential.
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Figure 1.4 Mitochondrial Dysfunction in Mild TBI. Mild TBI pathology, including
neuroinflammation, and excitotoxicity, contributes to increased oxidative stress resulting
in mitochondrial damage and dysfunction. Changes to mitochondrial fission and fusion in
response to oxidative stress damage from mild TBI can cause changes to morphology.
Dysfunctional mitochondria contribute to the generation of reactive oxygen species
(ROS) through deficits in the electron transport chain (ETC) which produces free radical
oxygen (O-). Altered energy metabolism is also observed in response to mild TBI as the
brain requires more glucose. However, decreases in adenosine 5'-triphosphate (ATP)
production and enzymatic activity, along with reduced oxygen (O2) usage, following
mild TBI indicate that mitochondria can’t keep up with increased energy demand. These
effects contribute to excitotoxicity as mitochondria are not generating the energy needed
for neuronal cells to perform active transport of ions across membranes to restore resting
membrane potential. Therefore, calcium ions (Ca2+) buildup in mitochondria following
mild TBI. Ultimately, these processes result in the production of pro-apoptotic factors
and release of cytochrome ¢ by mitochondria into the cytosol, resulting in neuronal
apoptosis.
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1.2.4 Observed Changes to Autophagy and Protein Aggregation Following Mild
TBI

Changes in autophagy have been observed following TBI. It seems that initially,
following TBI of all severities, autophagy is accelerated as the brain attempts to clear
components resulting from neuronal cell death (Au et al., 2017; Zeng, X. J., et al., 2018).
Most studies on autophagy have been done in more severe models of TBI and not much
research exists on changes to autophagy following mild TBI (Zeng, Z., et al., 2020).
Furthermore, it seems that an increase in autophagy following TBI has a dual role, with
more recent research indicating that oxidative stress contributes to the observed increase
of autophagy. Consequently, studies have shown that suppression of autophagy with
antioxidants or inhibitors improves TBI secondary injury pathology (Luo et al., 2011,
Wang, C. Q., etal., 2017).

It is also unclear whether the overactive autophagy observed acutely following TBI
persists long-term or if there is a sharp decrease in autophagy within months following
TBI as the brain attempts to maintain homeostasis. Protein aggregates have also been
observed following TBI of even mild severity and especially following repetitive mild
TBI. This may help explain the increase in autophagy in response to TBI, and support
evidence that suggests a toxic role of increased autophagy, as the brain works to clear
these aggregates (Au et al., 2010). In the process, increased autophagy may also harm by
degrading healthy organelles, such as mitochondria.

Toxic protein aggregates such as amyloid-p (Ap), tau, neurofilament light chain
protein (NfL), and a-synuclein have been observed following TBI of all severities.

Proteins such as tau and NfL maintain neuronal and axonal structure which become
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damaged in TBI. In the case of TBI, neurofibrillary tangles form which consist of
hyperphosphorylated tau protein. Hyperphosphorylated tau has prion-like properties
resulting in protein seeding as the protein moves from axon to soma where it can be
released from neurons (Edwards et al., 2020). Tau hyperphosphorylation and aggregation
have been observed in athletes with mild TBI and levels are positively correlated with
negative patient outcome in those with mild TBI (Hossain et al., 2020). Neurofilament
light chain protein is expressed along myelinated axons and its elevation, indicative of
axonal injury, has been observed in mild TBI cases (McDonald et al., 2021; Shahim et
al., 2017b). Amyloid-B-40 and -42 are derived from amyloid precursor protein (APP)
which has roles in synapse maintenance. Amyloid precursor protein is cleaved by B- and
y-secretases to generate AB-40 and -42 which have the potential to aggregate and form
senile plaques, an artifact commonly seen in AD patients (Bayer et al., 2006). These toxic
aggregates can disrupt axonal transport and synaptic transmission resulting in neuronal
cell death. Patients with repetitive mild TBI develop these senile A plaques (Edwards et
al., 2017). Alpha synuclein is one of the most abundant proteins present at axonal
presynaptic terminals and has roles in synapse health and maintenance. The aggregation
of this protein as a toxic oligomer is observed mainly in Parkinson’s disease (PD) but
also in AD and other dementias (Burré, 2015). Similar to those aggregating proteins
described above, a-synuclein aggregates have also been observed in all severities of TBI
(Impellizzeri et al., 2016). Furthermore, those individuals at high-risk for repetitive mild
TBI have a >50% increased chance of developing PD (Gardner et al., 2018). The

presence of toxic protein aggregates after even mild TBI, which have implications in
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various neurodegenerative diseases, supports the idea that even TBI of mild severity may
be a risk factor for developing these diseases.

1.2.5 Axonal Injury and Pathology Following Mild TBI

Diffuse axonal injury can be a result of primary injury due to the rapid acceleration
and deceleration of the head during a TBI. Initially, diffuse axonal injury was thought to
only occur following more severe forms of TBI. However, many studies have also
observed diffuse axonal injury as evidenced by blood biomarkers and visualized lesions
in mild TBI patients and in animal models of mild TBI (Shahim et al., 2017a; Topal et
al., 2008; Xu et al., 2021). Evidence of accumulated phosphorylated tau and NfL, as
reported above, are indicative of axonal injury following mild TBI. Although this may in
part be due to primary injury sustained during a mild TBI, it is likely that the secondary
injury mechanisms described above such as excitotoxicity, oxidative stress, and abnormal
protein aggregation also contribute to axonal damage.

Axonal injury can cause abnormal axonal transport, loss of ion homeostasis, and
deficits in synaptic transmission. The aberrant accumulation of proteins, synaptic
vesicles, and organelles along the axon can result in axonal swelling. This gives the
appearance of bulbous structures along axons in response to mild TBI (Johnson et al.,
2013Db). These blockages can disrupt ion homeostasis and result in increased calcium
within the cell. To compensate for this, the cell increases levels of calpain, the calcium
activated protease. Calpain is required for the proteolysis of voltage gated sodium
channels and its increasing abundance results in more proteolysis of the channels which,

in turn, results in more influx of calcium in injured neurons (Huh et al., 2006; von Reyn
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et al., 2009). This contributes to excitotoxicity which, as discussed above, can result in
mitochondrial dysfunction and neuronal cell death.

Along the same lines, alterations to synaptic transmission have been observed as a
result of axonal injury including increases in excitatory and decreases in inhibitory
neurotransmission following TBI (Witkowski et al., 2019). Furthermore, axonal injury
visualized using magnetic resonance imaging (MRI) has been linked to cognitive deficits
following mild TBI in patients (Waljas et al., 2014; Zhang, K., et al., 2010). To
summarize, axonal injury can result in a cascade of processes resulting in neuronal cell
death and presenting as symptomology in patients with mild TBI.

1.2.6 Mild TBI Secondary Injury Pathology Symptom Presentation

The secondary injury pathology caused by mild TBI results in an array of cognitive,
psychological, motor, and somatic symptoms typically referred to as post-concussive
syndrome. Emotional symptoms such as anxiety, irritability, and depression have been
reported in patients with mild TBI (Bergersen et al., 2017; Ponsford et al., 2012).
Resulting cognitive symptoms include memory issues, attention deficits, brain fog, and
focusing problems (Konrad et al., 2011; Panayiotou et al., 2010). Patients may also suffer
motor symptoms such as balance and gait deficits which make them prone to a future
mild TBI. Lastly, somatic symptoms can include headache, fatigue, dizziness, and sleep
disturbances (Lee, J. E., et al., 2015; Prince & Bruhns, 2017).

Males and females seem to have differing outcomes following mild TBI. Women
typically experience worsened overall symptomology and outcomes, but males have

reportedly worsened cognitive symptoms specifically (Bazarian et al., 2010; Levin et al.,

23



2021). However, studies exploring symptomology in response to mild TBI in males and
females are often confounded by a wide patient age range, unequal sample sizes in
control and mild TBI groups, and inaccurate patient reporting. Furthermore, sex
hormones, societal interactions, and perceived anxiety sensitivity also play roles in
outcome differences between males and females who suffered mild TBI (Ma et al., 2019).
Symptoms resulting from mild TBI also seem to present on an individual basis,
differing widely in number, type, duration, and severity. Some individuals report only a
few symptoms that last a short time post-mild TBI while others report numerous
symptoms that last for months to years following the injury. Approximately 15% of
adults and 40% of children who sustain even a single mild TBI can have chronically
persistent symptoms (McCrea et al., 2009). It is unclear why a minority of individuals
have persisting symptoms, but it is possible that these individuals have persisting
secondary injury pathology resulting from mild TBI. Over time, these processes deplete
the body’s antioxidant defenses. Deficiencies in many endogenous antioxidant
compounds and associated enzymatic activities have been linked to the presentation of
symptoms (Shafiee et al., 2018). It is hypothesized that patients with persistent symptoms
have lasting secondary injury pathology and chronic antioxidant depletion from mild

TBI.

1.3 Endogenous Antioxidant Depletion Following Mild TBI

An increased oxidative stress burden and overproduction of ROS/RNS from
dysfunctional mitochondria and neuroinflammatory cells play a major role underlying

mild TBI pathology. The brain is highly susceptible to damage induced by free radical
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species and intracellular targets include protein sulfhydryls, lipid membranes, and DNA.
To compensate for an increased oxidative burden, antioxidants are produced through
transcriptional and post-transcriptional cascades (Morris, G., et al., 2019). Mild TBI
disturbs the redox homeostasis resulting in a loss of essential endogenous antioxidants
and a consequent further build-up of free radicals. Loss of redox homeostasis may persist
following mild TBI and can result in worsened symptomology. If left untreated, and if
subsequent mild TBIs are sustained, antioxidant depletion could also contribute to an
increased risk of developing neurodegenerative disease.

1.3.1 Enzymatic Endogenous Antioxidant Depletion Following Mild TBI

Antioxidants are compounds that can prevent the formation of free radicals or
sequester and reduce ROS/RNS through redox reactions, making them a viable
therapeutic option to decrease or prevent oxidative and nitrosative stress after mild TBI
(Khatri et al., 2018). The brain is particularly susceptible to oxidative damage due to its
high lipid content, high oxygen consumption of about 20% of the body’s basal level, and
resulting energy needs to support over 80 billion neurons and greater than 200 billion
glial cells (Cobley et al., 2018).

The brain has two antioxidant defense systems that can be classified as enzymatic or
non-enzymatic (Lee, K. H., et al., 2020). The enzymatic endogenous antioxidant system
consists of GSH/GSH peroxidases (GPx), thioredoxin, SOD, and catalase. Glutathione
and GSH related enzymes will be a focus of this dissertation and will be discussed more
in depth below. The thioredoxin system consists of thioredoxin and thioredoxin

reductase. This system has anti-inflammatory and antioxidant abilities, and its activation
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has been studied to be neuroprotective in response to various models of brain injury,
including in vivo in models of mild TBI and ischemic damage (Baratz-Goldsten et al.,
2018). There are three forms of SOD and they all function as antioxidants by having the
ability to convert superoxide into hydrogen peroxide, although SOD-3 interacts with
cytokines instead of oxidative species. Superoxide dismutase-1 and -2 are reduced
following TBI and overexpression or administration of either seems to have a
neuroprotective effect (Baranova et al., 2008; Zaghloul et al., 2014). Catalase is produced
in response to oxygen and is a tetrameric protein which contains a heme group. Catalase
protects cells from generated hydrogen peroxide through its conversion to water/alcohol
and oxygen (Lee, K. H., et al., 2020). Although less research has been done on catalase
enzymatic activity following mild TBI, a few studies have reported an acute increase in
activity following TBI which may be a compensatory response to the initial oxidative
stress burden (Goss et al., 1997; Kucur et al., 2005).

1.3.2 Nonenzymatic Antioxidant Depletion Following Mild TBI

The nonenzymatic endogenous antioxidant system consists of cofactors for
antioxidant enzymes such as selenium, zinc, and coenzyme-q10. Coenzyme-gl10 is a
ubiquinone that is lipid soluble, is crucial for mitochondrial ETC function, and is
embedded in some organelle membranes such as the Golgi apparatus and lysosomes
(Lee, K. H., et al., 2020). It has been studied for its ability to protect against lipid
peroxidation and cell membrane damage, and its ability to reduce oxidized alpha
tocopherol (i.e., vitamin E; Pisoschi & Pop, 2015). Many studies have also explored

coenzyme-q10 as a therapeutic for mild TBI, as discussed below (Hiebert et al., 2015).
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Selenium is a crucial component of selenoproteins, selenocysteine, and selenoenzymes.
These proteins have biological functions in antioxidant defense through interactions with
GPx, regulating calcium, BBB maintenance, immunity, and mitochondrial biogenesis
(Solovyev et al., 2021). Selenium, like coenzyme-q10, is commonly studied as a
treatment for mild TBI. However, depletions in selenium and coenzyme-q10 following
TBI of any severity are not very well studied. On the other hand, zinc depletion following
TBI has been studied and linked to increases in neuronal cell death and excitotoxicity in
vivo following TBI (Yeiser et al., 2002). Zinc interacts with endogenous antioxidant
enzymes including playing a part in GSH metabolism and inhibiting pro-oxidant enzymes
(Lee, K. H., et al., 2020). Interestingly, the location of zinc in the presynaptic bouton
seems to be crucial in its neuroprotective role. Following TBI, the location of zinc
changes and excessive amounts are released extracellularly which results in toxicity
(Morris, D. R., & Levenson, 2013). These nonenzymatic endogenous antioxidants also
interact with exogenous antioxidants which scavenge ROS/RNS such as vitamin E,
vitamin A, and PUFAs.

1.3.3 Glutathione, GSH Precursor, and GSH Enzymatic Antioxidant Depletion

Following Mild TBI

Glutathione is a tripeptide that functions as an essential endogenous antioxidant,
protects neurons against free radical damage, and is a nonenzymatic antioxidant itself
(Ross et al., 2012). Supporting enzymes such as GPx act as enzymatic antioxidants and
use GSH to detoxify ROS, generating an oxidized form of GSH (GSSG) while reducing

hydrogen peroxide to water. Glutathione reductase (GR) then utilizes NADPH to reduce
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GSSG and replenish the GSH pool. The GSH to GSSG ratio is an important indicator of
how the cell is managing oxidative stress and maintaining its redox balance (Koza et al.,
2019; Ross et al., 2012).

Previous work has shown a reduction in brain GSH following TBI which may
enhance the susceptibility of neurons to damage by free radicals (Koza et al., 2019).
Ansari et al. (2008) measured the GSH/GSSG ratio and the activities of GPx and GR in a
unilateral moderate cortical contusion model of TBI in the hippocampi of young adult
rats. They found that the ratio of GSH/GSSG exhibited a significant time-dependent
decrease post-TBI in the hippocampus ipsilateral to the injury, when compared to sham
controls. The decrease was observed initially at 3 hours post-TBI and dropped to the
lowest values at 24-48 hours post-TBI. The ratio of GSH/GSSG was still significantly
lower than sham controls at 96 hours post-TBI. Furthermore, GPx and GR activities in
the hippocampus also displayed time-dependent declines similar to that observed for the
GSH/GSSG ratio (Ansari et al., 2008). In a clinical study, Bayir et al. (2002) measured
GSH levels in cerebrospinal fluid of infants and children who had suffered severe TBI.
They found that GSH levels were significantly decreased from day 1 post-TBI until day 7
post-TBI, when compared to healthy controls.

Dash et al. (2016) has shown that GSH precursors are also decreased after TBI.
Methionine, when metabolized, generates S-adenosylmethionine (SAM). Homocysteine,
an amino acid homologue of cysteine, is used to synthesize GSH under oxidative stress
and is derived from SAM. The authors examined plasma levels of methionine and its

metabolites in human patients 24 hours following mild and severe TBI. They found that
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methionine and SAM levels were significantly decreased in severe TBI patients when
compared to healthy controls. Furthermore, they also observed a significant decrease in
GSH precursors, cysteine and glycine, in the severe TBI group when compared to
controls. Mild TBI patients also showed a decrease in methionine and glycine levels;
however, this decrease was less than that measured in the severe TBI patients (Dash et
al., 2016).

From the above studies, it is evident that brain GSH is depleted following TBI of
varying severity (Koza et al., 2019). Additional evidence suggests that endogenous GSH
plays a role in protecting neurons from the devastating effects of TBI. For instance,
transgenic mice deficient in GPx displayed increased oxidative stress and mitochondrial
dysfunction following a TBI induced by controlled cortical impact (CCI), when
compared to non-transgenic controls (Xiong et al., 2004). Al Nimer et al. (2013) also
explored a genetic component of the GSH pathway in two strains of mice, dark agouti
and piebald virol glaxo (PVGav1l), in a weight drop model of TBI. These strains exhibit a
difference in the regulation of the GSH pathway specifically at the level of the transcript
for GSH S-transferase-4. The PVGavl mice display increased GSH S-transferase-4
expression compared to dark agouti mice and demonstrated increased survival of neurons
and a decrease in by-products of lipid peroxidation following TBI (Al Nimer et al.,
2013). These studies further support the hypothesis that GSH plays a significant role in
protecting neurons against oxidative and nitrosative stress caused by TBI.

The above studies mostly describe GSH, GPx, and GSH precursor depletion

following more severe models of TBI in vivo (Koza et al., 2019). Less research is done
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on the response of GSH, supporting enzymes, and precursors to mild TBI and repetitive
mild TBI. However, supplementation of GSH and GSH precursors are commonly studied
therapeutics for concussion and mild TBI which will be described below. This
dissertation aims to fill a gap in the research by measuring GSH and GSH precursor
depletion in patients with mild TBI and by also measuring GSH, GSSG, and GSH:GSSG
in mouse models of repetitive mild and mild-moderate TBI. Furthermore,
supplementation with a GSH precursor nutraceutical, Immunocal®, is explored as a
treatment in these animal models.

1.3.4 Evaluation of Antioxidant Biomarker Depletion in a Patient Cohort with a

History of Mild TBI

It is evident that secondary injury pathology of TBI, even of mild severity, places an
increased oxidative burden on the brain. However, as discussed above, few studies to date
report endogenous antioxidant depletion and even fewer studies report significantly
reduced levels of nonenzymatic endogenous and exogenous antioxidants in patients with
mild TBI.

De-identified patient data was obtained from a local specialized sports medicine
clinic located in Englewood, Colorado. Upon presentation to the clinic, patients were
evaluated by a board-certified physician who collected demographic information and a
detailed medical history. A medical symptom questionnaire (MSQ) was completed by the
patients and whole blood was taken for analysis of antioxidant biomarkers located in
plasma, serum, red blood cells, white blood cells, or whole blood prior to the

administration of any treatment or intervention. Eighty-eight (n = 88) patients, including
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sixty-two (n = 62) males and twenty-six (n = 26) females, reported having at least one
TBI in their lifetime and were considered to have a history of TBI. The board-certified
physician confirmed that all these patients sustained TBIs of mild severity. Using
physician intake notes, patients with a history of mild TBI were further categorized by
number of mild TBIs sustained throughout their lifetime. Twenty-seven (n = 27) patients
reported having a single mild TBI and forty (n = 40) sustained multiple mild TBIs.
Patients with a history of mild TBIs were also categorized based on time elapsed since
their most recent mild TBI to the clinic visit. Fourteen (n = 14) patients presented to the
clinic within 1 year of their most recent mild TBI, termed as acute-subchronic mild TBI
patients, and thirty-two (n = 32) patients presented to the clinic greater than 1 year since
their most recent TBI, termed chronic mild TBI patients.

Antioxidant blood biomarker levels were compared between the total, male, and
female populations with versus without a history of mild TBI. Emotional, energy, head,
and cognitive symptoms were also analyzed between these populations to see if increased
antioxidant depletion was associated with worsened symptomology. These symptoms
were also qualitatively analyzed in the mild TBI subpopulations to see if number of mild
TBIs sustained or time since the most recent mild TBI had different symptom severities
or presentations. Lastly, we wanted to understand whether more extensive PUFA
antioxidant depletion resulted in worsened symptoms in the total mild TBI population.
This study is valuable in that it is one of the first to examine antioxidant depletion in
human subjects with mild TBI. Furthermore, it helps to identify sex-specific differences

in antioxidant depletion and symptomology and may further support the use of
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antioxidant supplementation to treat mild TBI. This study is discussed in detail in Chapter

Two.

1.4 Glutathione Precursor Supplementation to Treat Mild TBI

As discussed in depth in the previous sections, antioxidant depletion occurs as a
result of the secondary injury pathology induced by mild TBI. Supplementation with
nutraceutical compounds which act as GSH precursors designed to boost GSH, or with
nutraceutical antioxidant compounds, may help alleviate the increased oxidative burden
following mild TBI (Koza & Linseman, 2019; Figure 1.5). This could, in turn, treat
persisting symptoms and may even reduce the risk of developing neurodegenerative

disease in the future.
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Figure 1.5 Endogenous Antioxidant Depletion from Mild TBI and Treatment with
Nutraceutical Antioxidant Supplementation. To compensate for an increased oxidative
burden following mild TBI, antioxidants are produced through transcriptional and post-
transcriptional cascades and redox homeostasis is disrupted. The brain has two
antioxidant defense systems that can be classified as enzymatic or non-enzymatic. The
enzymatic endogenous antioxidant system consists of glutathione (GSH)/ GSH
peroxidases (GPx), thioredoxin (Txn), superoxide dismutase (SOD), and catalase (Cat).
Glutathione/GPx are a focus of this dissertation. Supporting enzymes such as GPx act as
enzymatic antioxidants and use GSH to detoxify reactive oxygen species, generating an
oxidized form of GSH (GSSG) while reducing hydrogen peroxide to water. Glutathione
reductase (GR) then utilizes NADPH to reduce GSSG and replenish the GSH pool. The
GSH to GSSG ratio is an important indicator of how the cell is maintaining its redox
balance. This ratio and GSH supporting enzymes, along with precursors necessary for the
production of GSH, such as methionine, cysteine, glycine, and S-adenosylmethionine
(SAM) have been shown to be depleted following mild TBI. The nonenzymatic
endogenous antioxidant system consists of cofactors for antioxidant enzymes such as
selenium, zinc, and coenzyme-q10 (Cog10). These cofactors play roles in protecting
against lipid peroxidation, oxidative stress, blood brain barrier disruption, and
excitotoxicity. These nonenzymatic endogenous antioxidants also interact with
exogenous antioxidants such as vitamins, phytochemicals/ polyphenols, and
polyunsaturated fatty acids (PUFAS). Supplementation with compounds designed to
increase the available pool of GSH, such as Immunocal®, N-acetylcysteine (NAC), S-
nitrosoglutathione (GSNO), or y-glutamylcysteine ethyl ester (GCEE), or that support
exogenous antioxidants such as lipid/water soluble vitamins,
phytochemicals/polyphenols, PUFAS, selenium, Coqgl0, or zinc could be beneficial in
treating mild TBI pathology.

1.4.1 Glutathione Precursors as Treatment Options for Mild TBI

A few studies have shown the neuroprotective effects of treatment with GSH
precursors post-TBI (Koza et al., 2019). N-acetylcysteine (NAC) is an antioxidant
precursor to GSH and cysteine analog which can induce GSH synthesis or scavenge ROS
itself. Hicdonmez et al. (2006) explored the beneficial effect of NAC in a closed head
free fall cortical impact TBI model in rats. NAC was given to rats 15 minutes post-TBI
and rats were sacrificed at 2 and 12 hours post-TBI. Administration of a single dose of

NAC post-TBI significantly decreased MDA levels, increased SOD and GPx levels, and
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protected neurons when compared to untreated rats that were subjected to TBI
(Hicdonmez et al., 2006). In a clinical setting, active-duty military personnel that were
exposed to blast mild TBI were given NAC for 1 week. Patients that received NAC had
significantly improved symptoms when referenced to a baseline assessment as compared
to patients that received a placebo. The authors also reported that patients who received
NAC within 24 hours of mild TBI had an 86% chance of symptom resolution (Hoffer et
al., 2013). These findings indicate that NAC can protect neurons from oxidative stress
through the increased activity of antioxidants such as SOD and GPx which may also
improve outcome following mild TBI (Koza & Linseman, 2019).

Another study tested the importance of the excitatory amino acid carrier type 1
(EAAC1), a membrane transporter that participates in the neuronal uptake of cysteine and
maintains the levels of GSH in the brain. In this study, EAACL receptor knock-out mice
were subjected to a CCI TBI. When mouse hippocampi were analyzed 3 and 24 hours
post-TBI, superoxide production was significantly increased, and neuronal death was
doubled in the EAAC1—/— mice, when compared to wild-type mice subjected to TBI.
Inflammation was also significantly increased in the EAACI1—/— mice when compared to
wild-type mice evidenced by an increase in microglial activation at 1-week post-TBI.
Interestingly, pretreatment with NAC significantly reduced neuronal death and
superoxide production in the EAACI—/— mice. These observations designate a crucial
role for the EAACL transporter in GSH production and neuronal protection against the

secondary injury induced by TBI (Choi, B. Y., et al., 2016).
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S-nitrosoglutathione (GSNO) is a metabolite of GSH which can combat oxidative
stress. GSNO has the ability to scavenge RNS and is seven-fold more capable than GSH
to combat against oxidative stress caused by peroxynitrite (Khan et al., 2009). When
GSNO was administered to rats 2 hours after a CCI TBI, the integrity of the BBB was
preserved, apoptosis was reduced, and macrophages showed reduced inducible NO
synthase (iNOS) expression when compared to vehicle-treated TBI animals. TBI animals
treated with GSNO also significantly recovered neurobehavioral functions, such as motor
deficits and cognitive impairment, as evaluated by the rotarod task and sensorimotor
measurements when compared to untreated TBI animals (Khan et al., 2009).

Studies have also explored the neuroprotection exhibited by y-glutamylcysteine ethyl
ester (GCEE), a cell-permeable form of y-glutamylcysteine that up-regulates GSH
production in the brain. Reed et al. (2009) administered GCEE to adult rats
approximately 10 min following a weight drop model of TBI, followed by euthanasia at
24 hours post-TBI. The results showed that GCEE significantly reduced levels of 3-NT
and protein carbonyls to values like those of sham controls. Although many of the above-
described studies explore compounds designed to increase GSH in more moderate-severe
models of TBI, they provide compelling evidence for also using GSH precursors to treat
mild TBI (Koza & Linseman, 2019).

1.4.2 Immunocal® as a Potential GSH Precursor Supplement for Mild TBI

Although the above studies highlight the effects of different GSH precursors against
secondary injury in TBI, many of them lack an assessment of motor and cognitive

function. In addition, most did not directly measure GSH or its oxidized form GSSG.
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Observing the effect of GSH precursors on motor function and cognition would allow for
an evaluation of recovery following TBI and would be more relevant to future clinical
applications in humans. Furthermore, many of the GSH precursors discussed above have
primarily been tested as restorative treatments for a single TBI of more moderate-severe
severity. A preventative treatment would be highly beneficial in protecting high-risk
populations from repetitive mild TBI (Koza & Linseman, 2019).

Our lab has recently studied the effects of a non-denatured whey protein supplement,
Immunocal®, in a mouse model of moderate TBI induced by CCI (Ignowski et al., 2018).
Unlike the above studies, Immunocal® was administered as a preventative treatment and
the ability of Immunocal® to restore motor and cognitive deficits post-TBI was also
measured. Immunocal® is replete with cystine and y-glutamylcysteine and has been
shown to act as a cysteine delivery system that boosts GSH levels in vivo (Ross et al.,
2012). CD1-Elite male mice were pretreated orally with Immunocal® for a period of 28
days prior to a single moderate TBI. Following TBI, the mice were assessed for motor
deficits using the beam walk and rotarod. Mice were also assessed for spatial learning
and memory using Barnes maze testing. TBI mice pretreated with Immunocal®
performed significantly better than untreated TBI mice in all these tests. Immunocal®
pretreated mice also displayed a significantly higher preserved brain GSH/GSSG ratio
measured at 72 hours post-TBI than measured in untreated TBI mice. These data indicate
that Immunocal® provides ample cysteine which is converted into GSH in the brain.
With supplementation of Immunocal®, cells can overcome excess ROS and RNS and

maintain a balance of the GSH redox state. Furthermore, TBI mice pretreated with
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Immunocal® also displayed a two-fold reduction in brain MDA and a preservation of
brain-derived neurotrophic factor (BDNF), when compared to untreated TBI mice at 72
hours post-TBI. Lastly, we found that Immunocal® pretreated mice subjected to TBI
displayed significantly less demyelination of the corpus callosum and decreased numbers
of degenerating neurons when compared to untreated TBI mice (Ignowski et al., 2018;
Koza & Linseman, 2019).

Immunocal® would be particularly beneficial for high-risk populations due to its
preventative effects against secondary injury mechanisms induced by a single moderate
TBI and due to its ability to significantly improve deficits in motor and cognitive
function. Amelioration of secondary injury could be crucial in the long term, especially in
individuals who sustain multiple mild TBIs. Furthermore, Immunocal® is easily
administrable for high-risk populations. Pre-treatment with GSH precursors such as
Immunocal® could lessen the severity of motor and cognitive impairments and
ultimately improve an individual’s quality of life after mild TBI and especially repetitive
mild TBI (Koza & Linseman, 2019). Furthermore, mild and repetitive mild TBI increases
the risk of developing serious neurodegenerative diseases, such as AD. Pre-treatment
with Immunocal® could reduce this risk in the long term. Below, pre- and post-TBI
treatment with Immunocal® is explored as a safe and effective treatment for repetitive

mild and repetitive mild-moderate TBI.

1.5 Preclinical Murine Models of Repetitive Mild and Repetitive Mild-Moderate
TBI Induced by CCI to Assess the Therapeutic Benefit of Immunocal®

Preclinical research has taken a systematic approach to studying TBIs of various

severities and modalities to better understand the pathology associated with TBIs
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sustained by human subjects. Rodent models are most used preclinically due to the small
size of the animal, lower cost, and standardization of functional tests. Models of TBI can
be classified as being induced by CCI, fluid percussion, weight-drop acceleration, blast
injury, or non-impact head acceleration (Xiong et al., 2013). For the purposes of this
dissertation, a focus will be placed on mild TBI models.

Models of mild TBI are typically closed head, although some researchers expose the
skull, and most models used are either weight drop models or piston-driven/CCI (Bodnar
et al., 2019). Earlier research on mild TBI (early 1990°s) principally used the weight drop
model while more recent research commonly uses CCI models (Bodnar et al., 2019).
Publications which report using weight drop models use a falling projectile dropped
through a tube. The animal’s head may be fixed or allowed to rotate, the animal may or
may not have surgery to expose the skull, be wearing an affixed metal disk as a “helmet”,
and the animal is typically on a hard or foam surface. Studies which implement weight
drop models for mild TBI have significant variability concerning the weight and type of
projectile, the surface used, and height from which the projectile was dropped. All of
these parameters affect the injury pathology induced (Bodnar et al., 2019). Controlled
cortical impact models are more standardized in that there are only two types of devices
to induce the impact, two types of impact tips exist (although sizes vary), and impact
depth, dwell time, angle, and velocity are highly controlled (Osier & Dixon, 2016).
Therefore, a CCI model was chosen for increased replication and standardization for the

study of Immunocal® treatment for repetitive mild and mild-moderate TBI.
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1.5.1 Controlled Cortical Impact as a Standardized and Highly Reproducible

Model of TBI

Controlled cortical impact devices allow for control, as the name suggests. This
model is well regarded by many researchers and is considered to be a highly reproducible
model of TBI. Although this model was used to induce mild and mild-moderate TBI as
described below, it can also be used for TBI of all severities. Two main types of CCI
models exist, pneumatic and electromagnetic, which are supplied by various commercial
suppliers. Pneumatic devices are powered by pressurized gas and consist of a cylinder
with a piston mounted to a crossbar while electromagnetic devices are smaller and able to
function without a gas source. Although few studies exist on the differences between the
two devices, Brody et al. (2007) reported that the electromagnetic CCI model allowed for
more consistent head injury (Figure 1.6).

Typically, these devices come with a stereotaxic frame allowing for a fixed head
impact. A different model, a closed-head impact model of engineered rotational
acceleration (CHIMERA), exists which uses a pneumatically driven piston to induce an
impact to a freely moving head allowing for rotational acceleration injury. However, this
model is newer and requires more research into the pathological effects and
standardization of parameters (Namjoshi et al., 2017). For CCl, different piston shapes
and sizes exist which can be chosen to induce specific injuries and resulting pathology. A
limitation of CCl is that it typically induces a focal contusion type of injury. This may be
relevant for only a few types of mild TBIs sustained in the human population as many

sports-related injuries, falls, and those sustained by military personnel are more diffuse
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and include acceleration injury. A metal disc can be affixed to the skull which may help
diffuse the injury, but many studies have not implemented this for milder TBI models. A
CCI model is ideal for modeling repetitive mild TBI due to its high reproducibility and
control over variables such as impact depth, dwell time, angle, and velocity. Below, a
well-researched and replicated model of repetitive mild TBI is described along with the

pathology it induces.
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Figure 1.6 Controlled Cortical Impact Device to Induce Mild TBI. Controlled cortical
impact devices allow for control and are well regarded by many researchers to be a
highly reproducible model of TBI. (A) The model shown here is a controlled cortical
impact electromagnetic device. (B) A stereotaxic frame is used to allow for a fixed head
impact. A controlled cortical impact model is ideal for modeling repetitive mild TBI due
to its high reproducibility and control over variables such as impact depth, dwell time,
angle, and velocity.

1.5.2 Models of Repetitive Mild and Mild-Moderate TBI Induced by CCI Used

to Assess the Therapeutic Benefit of Immunocal®

For the purposes of this dissertation, a replicated model of repetitive mild TBI
induced by CCI was slightly modified and used to study Immunocal® pre- and post-TBI
treatment. This technique is a well characterized model of closed head injury controlled
by an electromagnetic device. In 2012, Dr. Fiona Crawford’s group established a
repetitive mild TBI model using CCI and characterized secondary injury pathology. This
model consisted of 5 mild impacts separated by 48 hours over 10 days with each impact
induced by a 5mm blunt tip. The impacts had a velocity of 5 m/s, depth of Imm, and
dwell time of 200ms. The authors reported this injury to be mild in severity because it did
not cause any skull fracturing (Mouzon et al., 2012). The injury paradigm is relevant as it
mimics multiple mild TBIs that may be sustained by high-risk populations such as
athletes, military personnel, or the elderly who may sustain subsequent mild TBIs before
recovering from an initial mild TBI. Briefly, mice were anesthetized, and the mouse’s
head was shaved. Mice were affixed in a stereotaxic frame so their head could not move
laterally when impacted. These mice experienced anywhere from 3-30 seconds of apnea
and righting reflex times anywhere from 3-6 minutes, however TBI mice righting reflex

times did not differ significantly from sham mice (Mouzon et al., 2012).
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The authors found deficits in motor function as evidenced by rotarod testing and a
failure to return to uninjured baseline performance in repetitive mild TBI mice. Learning
and spatial memory were also assessed using Barnes maze and repetitive mild TBI mice
performed worse than uninjured mice. Hemorrhage (<1Imm?) in the cerebellum was also
observed; however, skull fractures, cerebral hemorrhages, and contusions were not
observed. Axonal damage and APP immunoreactivity were observed 24 hours and 10
days post-TBI. Astrogliosis and microgliosis were also observed in hippocampus and
cortex with microgliosis also being present in the corpus callosum at 24 hours and 10
days post-TBI (Mouzon et al., 2012). The authors followed this original publication with
two more publications looking at more long-term (6, 12, 18, and 24 months post-TBI)
effects of the repetitive mild TBI model. Cognitive deficits, neuroinflammation, and
white matter degeneration were still observed at these time points (Mouzon et al., 2014;
Mouzon et al., 2017). Furthermore, other studies implemented this model and reported
similar pathology (Maigler et al., 2021; Morin et al., 2020; Morin et al., 2021;
Underwood et al., 2022). Researchers are still currently using this model, along with
closely related adapted models, and have described additional pathology. Pathology
including tau hyperphosphorylation, increases in nuclear factor-xB (NFxB) in cortex, and
other behavioral changes such as reduced disinhibition by elevated plus maze have been
reported (Eisenbaum et al., 2021; Morin et al., 2021).

Due to the high replicability of this CCI model, this model was adapted and used to
assess the effects of Immunocal® supplementation pre- and post-repetitive mild TBI, as

well as pre- and post-repetitive mild-moderate TBI of greater severity. Briefly,
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Immunocal® was provided ad libitum in drinking water prior to, during, and following
repetitive mild TBI until analysis at 2 weeks, 2 months, and 6 months following the TBIs.
At each time point, astrogliosis and microgliosis were measured in cortex and MRI was
used to analyze BBB disruption and macrophage activation at 2 months following the
TBIs. We also analyzed astrogliosis and microgliosis in cortex, NfL in serum, and brain
GSH and GSSG in mice dosed with Immunocal® and subjected to repetitive mild-
moderate TBI at 72 hours post-TBIs. Results from this study are described more in depth

in Chapter 3.

1.6 Pathology of ALS Results in Motor Neuron Cell Death, Skeletal Muscle
Denervation, and Muscle Atrophy

The pathology of mild TBI is similar to that observed in neurodegenerative
diseases, such as ALS. Furthermore, research indicates that TBI, especially sustaining
multiple mild TBIs throughout an individual’s lifetime, may increase the risk for
developing neurodegenerative disease like ALS. Other factors, such as exposure to toxins
and chemicals, along with genetic predispositions, have also been linked to the
development of ALS in individuals. Although the pathology of ALS is not fully
understood, key mechanisms such as protein aggregation, altered RNA metabolism,
deficits in DNA damage repair mechanisms, oxidative stress, neuroinflammation,
mitochondrial dysfunction, changes to axonal transport and synaptic vesicle release have
been identified (Mejzini et al., 2019). These pathological changes result in motor neuron
cell death, skeletal muscle denervation, loss of muscle functionality, and muscle atrophy
and paralysis (Figure 1.7). These various pathological mechanisms may be targets for

nutraceutical antioxidant treatments and are further described below.
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Figure 1.7 Pathology of ALS. Pathological mechanisms such as protein aggregation,
altered RNA metabolism, deficits in DNA damage repair mechanisms, oxidative stress/
increased reactive oxygen species (ROS), neuroinflammation, mitochondrial dysfunction,
and changes to axonal transport and synaptic vesicle release have been identified in ALS.
Markers of DNA, lipid, and protein damage resulting from oxidative stress such as
malondialdehyde (MDA), 4-hydroxynonenal (4-HNE), 8-0xo0-2'-deoxyguanosine (8-0xo-
dG), and protein carbonyls in blood, CSF, spinal cord, and/or motor cortex are elevated in
ALS patients. Dysfunctional calcium ion (Ca2+) regulation and mitochondrial electron
transport chain (ETC), along with morphological changes to mitochondria, have also
been observed in ALS. Inflammatory markers and cytokines released from astrocytes and
microglia expressing mutant proteins such as superoxide dismutase-1 (SOD-1) have also
been found to be upregulated in ALS. Astrocytes contribute to excitotoxicity and show
decreased excitatory amino acid transporter 2 (EAAT2) transporter expression resulting
in decreased uptake of glutamate from synapses. Motor neurons respond to glutamate as
their primary excitatory neurotransmitter and are sensitive to excitotoxicity, particularly
by a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) ionotropic
glutamate receptors. Increased and prolonged glutamate in synapses leads to influx of
sodium (Na+) and Ca2+ ions, membrane potential loss, and excessive generation of
action potentials. Cytoplasmic inclusions of mutant proteins such as SOD-1, TAR DNA-
binding protein-43 (TDP-43), and chromosome 9 open reading frame 72 (C9orf72) have
been observed in motor neurons and glial cells located in brain and spinal cord isolated
from ALS patients. Evidence of defective anterograde and retrograde axonal transport
such as hyperphosphorylated neurofilament (NF) heavy polypeptide chain, abnormal
accumulation of mitochondria and lysosomes, and axonal spheroids containing vesicles,
lysosomes, mitochondria, and microtubules, have also been observed in patients with
ALS. Upper motor neurons have cell bodies in the cerebral (motor) cortex and
lower/spinal motor neurons have cell bodies in the ventral horn of the spinal cord. In the
case of lower/spinal motor neurons, the neurotransmitter release of acetylcholine (Ach)
occurs at the neuromuscular junction to allow for movement. In ALS, Ach vesicular
packaging and nicotinic Ach (nAch) receptor expression are reduced. An early event in
ALS pathogenesis appears to be the retraction of motor axons away from neuromuscular
junctions: this in turn, leads to loss of skeletal muscle innervation, muscle atrophy, a
dying back process of motor neuron cell bodies, and resulting loss of movement.

1.6.1 Oxidative Stress and Mitochondrial Dysfunction in ALS

Oxidative stress is the excessive production of ROS/RNS in the form of free radicals.
Oxidative stress markers are elevated in ALS patients (D’Amico et al., 2013). In the case
of sporadic ALS, excessive oxidative stress may be due to environmental factors such as

toxins, pesticides, and heavy metals, along with lifestyle habits (Bozzoni et al., 2016;
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D’Amico et al., 2013). Epidemiological and case control studies have linked pesticides,
agricultural chemicals, and heavy metal exposure to the development of ALS (Bonvicini
et al., 2010; Sutedja et al., 2009; Weisskopf et al., 2009). Lifestyle factors such as
smoking, strenuous physical activity, and stress also may increase oxidative stress and
contribute to the development of ALS (de Jong et al., 2012; Scarmeas et al., 2002;
Schmidt et al., 2010). Lastly, the pathology from single or repeated head trauma, even of
mild severity, results in overt oxidative stress and has been researched as a potential
contributor to ALS in athletes and military personnel (Beghi et al., 2010; Schmidt et al.,
2010).

These factors, along with dysfunction in the mitochondrial ETC that comes with
aging, likely contributes to oxidative stress in sporadic ALS cases (Barber & Shaw,
2010). In fact, mitochondrial function deficits are present prior to symptom onset (Tan,
W., et al., 2014). In the aging individual, mitochondrial function is reduced, and ROS
generation is increased as a byproduct of dysregulated ATP production. Furthermore, the
number of damaged mitochondria with mutated DNA also increases with age and further
contributes to ROS generation (Stefanatos & Sanz, 2018). Dysfunctional calcium
regulation and ETC activity, along with morphological changes to mitochondria, have
been observed in cell and animal models of ALS (Damiano et al., 2006; Kawamata &
Manfredi, 2010; Sasaki & lwata, 2007).

Familial ALS cases have been linked to mutations in chromosome 9 open reading
frame 72 (C9orf72), TDP-43, fused in sarcoma (FUS), and SOD-1. Mutations in C9orf72

and SOD-1 account for the majority of familial ALS cases. Mutations to SOD-1 account
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for 20-25% of all familial cases, making it the second most common ALS mutation
behind mutations to C9orf72 (Ghasemi & Brown, 2018). Furthermore, recent data from
an analysis of 22 countries has reported that, out of 2,876 prevalent mutant SOD-1 cases,
47% were familial and 53% were sporadic cases (Brown et al., 2021). Also, over 100
mutations in SOD-1 have been identified in patients with ALS (Valentine et al., 2005).

Superoxide dismutase-1 is an endogenous antioxidant enzyme with a copper binding
site that can be reduced by superoxide to form dioxygen. An additional molecule of
superoxide oxidizes the reduced copper ion to form hydrogen peroxide (Valentine et al.,
2005). In ALS, further research is needed to understand how mutations in SOD-1 result
in increased oxidative stress. Some studies have reported that SOD-1 loses its function
and is unable to reduce superoxide resulting in increased levels of superoxide and
peroxynitrite. Other studies have reported increased activity of SOD-1 resulting in
increased production of hydrogen peroxide, hydroxyl radicals, and SOD-1 protein
aggregation (Healy et al., 2020; Saccon et al., 2013). Mutated SOD-1 may also render
normal SOD-1 nonfunctional (Barber & Shaw, 2010; Rosen et al., 1993). Mutations in
SOD-1 also contribute to mitochondrial dysfunction as mutant SOD-1 aggregates in the
mitochondrial outer membrane (Pickles et al., 2013).

Oxidative stress can result in DNA, lipid, and protein damage. Patients with ALS
have increased levels of MDA, 4-HNE, 8-0x0-2'-deoxyguanosine, 3-NT, and protein
carbonyls in blood, cerebrospinal fluid, spinal cord, and/or motor cortex (Barber & Shaw,
2010; D’Amico et al., 2013; Wang, Z., et al., 2019). This damage contributes to the

motor neuron death that is characteristic of ALS. Furthermore, there is crosstalk between
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oxidative stress and other pathological mechanisms present in ALS, such as those
described below, which further contribute to motor neuron death.

1.6.2 Neuroinflammation in ALS

Inflammatory markers and cytokines released from glial and immune cells, such as
IL-6, -8, and -1B, TNF-a, c-reactive protein, and interferon-y (IFN- y) have been found to
be upregulated in ALS (Jin et al., 2020; Pronto-Laborinho et al., 2019; Tortelli et al.,
2020). This dissertation will focus on the role of activated astrocytes and microglia in
ALS, termed neuroinflammation, as a potential therapeutic target.

In ALS, astrocytes become toxic, release pro-inflammatory cytokines, and are
typically located near dying neurons (Aebischer et al., 2011; Wang, R., et al., 2011).
Astrocytes express mutated genes that have implications in ALS, including mutant SOD-
1, and have been shown to cause neurotoxicity and increased levels of pro-inflammatory
cytokines in culture which likely contributes to motor neuron death (Di Giorgio et al.,
2007; Diaz-Amarilla et al., 2011; Yamanaka & Komine, 2018). Microglia are resident
immune cells of the brain that sense the environment, exhibit macrophage activity, and
respond to toxins. Like astrocytes, microglia also express ALS mutant genes, such as
mutant SOD-1, and contribute to motor neuron death (Boillée et al., 2006). Both
microglia and astrocytes can adopt anti- and pro-inflammatory phenotypes. Classically,
an M2 phenotype is anti-inflammatory and promotes cell and tissue regeneration while an
M1 phenotype is pro-inflammatory and is characterized by the generation of ROS/RNS
and pro-inflammatory cytokines (Kwon & Kho, 2020). In a healthy individual, these

phenotypes aren’t polarized but astrocytes and microglia express these phenotypes on a
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spectrum. In ALS, it seems that initially, many microglia adopt an anti-inflammatory, M2
phenotype. However, as the disease progresses, microglia take on a pro-inflammatory M1
phenotype (Beers et al., 2011; Clarke & Patani, 2020). Activated M1 microglia have been
found in the motor cortex and spinal cord of ALS patients (Dols-Icardo et al., 2020; Fan
et al., 2016). Lastly, there is crosstalk between astrocytes and microglia. For example, a
reduction in microgliosis has been shown to decrease the activation of astrocytes
(Gowing et al., 2008). Similarly, removal of astrocytes expressing mutant SOD-1 and
replacement with wild-type astrocytes resulted in decreased microglial activation
(YYamanaka et al., 2008). Regardless of the precise hierarchy of glial involvement in ALS
pathogenesis, it is clear that these non-cell autonomous mechanisms play an important
role in disease progression.

Motor neurons also express mutant genes, such as SOD-1, however, this alone does
not seem to cause motor neuron death (llieva et al., 2009; Yamanaka et al., 2008).
Furthermore, wild-type glial cells not expressing mutant ALS genes extend survival of
motor neurons in animal models (Beers et al., 2006; Clement et al., 2003). These data
indicate that glial cells such as astrocytes and microglia contribute to the death of motor
neurons through the loss of necessary functions such as motor neuron support,
homeostasis, and synapse support resulting in excitotoxicity and pro-inflammatory
processes. Astrocytes and microglia also gain a toxic function through expression of
mutant genes, pro-inflammatory activities, and generation of ROS/RNS, which further

contribute to oxidative stress and motor neuron death.
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1.6.3 Excitotoxicity in ALS

As mentioned above, healthy astrocytes have roles in synapse maintenance and
neurotransmitter homeostasis. These processes include a dominant role in glutamate
clearance from the synapse. In ALS, astrocytes have reduced functionality in this role
which leaves excessive glutamate in the synapse and causes ionotropic glutamate
receptor activation on the post-synaptic neuron (llieva et al., 2009; Benkler et al., 2013).
Astrocytes have the EAAT?2 transporter which is responsible for uptake of glutamate
from the synapse, and this transporter displays decreased expression in ALS (Ferrarese et
al., 2001; Foran & Trotti, 2009). Also mentioned prior, oxidative stress and
mitochondrial dysfunction are both consequences and causes of excitotoxicity in ALS, as
mitochondria have calcium buffering functions which become unregulated in ALS.

In general, motor neurons express a high number of AMPA receptors and exhibit an
increased response to calcium influx (Kawahara & Kwak, 2005). Motor neurons respond
to glutamate as their primary excitatory neurotransmitter and are sensitive to
excitotoxicity, particularly by AMPA ionotropic glutamate receptors. In the case of
mutant SOD-1 ALS, aggregation of mutant SOD-1 causes death of motor neurons
specifically. Calcium influx through AMPA receptors can further contribute to mutant
SOD-1 aggregation and the death of motor neurons (Corona & Tapia, 2007; Gregory et
al., 2020; Tateno et al., 2004).

Furthermore, altered glutamate metabolism has been observed in ALS patients
(Tefera et al., 2021). There is sound evidence of excitotoxicity caused by serum, plasma,

and cerebral spinal fluid (CSF) isolated from ALS patients. Plasma, serum, and CSF from
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ALS patients induces cytotoxicity in cultured neurons (Couratier et al., 1993; Sen et al.,
2005). The neurotoxicity of CSF from ALS patients was blocked by an AMPA receptor
antagonist, and an NMDA receptor antagonist showed a milder protection which suggests
excitotoxicity plays a role (Couratier et al., 1993; Sen et al., 2005). Overall, it seems that
glutamate excitotoxicity is an important underlying pathology observed in ALS (King et
al., 2016; Milanese et al., 2011). However, it remains unclear whether this is due to
increased extracellular glutamate or to changes in glutamate transporters, and what effect
it has on disease phenotype. Andreadou et al. (2008) found increased plasma glutamate
levels were correlated with longer disease duration in lower limb onset ALS but were not
observed in bulbar onset ALS. Vesicular glutamate transporters, which package
glutamate into vesicles for synaptic release, when reduced in expression in a mouse
model of ALS, did protect motor neurons from death but ultimately had no effect on
overall survival or disease duration (Wootz et al., 2010).

1.6.4 Observed Protein Aggregation Contributes to ALS Pathology

Protein aggregation has been observed in both sporadic and familial cases of ALS.
Proteins encoded by genes such as SOD-1, TDP-43, FUS, and C90orf72 (e.g., dipeptide
repeat proteins) have been observed to aggregate in ALS patients. Cytoplasmic inclusions
of these proteins, classified as lewy-body like or neurofilamentous, have been observed in
motor neurons and glial cells located in brain and spinal cord isolated from ALS patients
(Blokhuis et al., 2013). RNA binding proteins specifically, such as TDP-43, FUS, and
heterogeneous nuclear ribonucleoproteins A1/A2 (hnRNP A1/2), can become mutated

and/or drawn into RNA foci and/or stress granules, and cause mislocalization of the
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protein and impaired nuclear-cytoplasmic transport. Inclusions of these proteins have
been observed in patients with ALS (Daoud et al., 2009; Kim, H. J., et al., 2013; Shang &
Huang, 2016). Their functions and regulation of mMRNA stability vary depending on the
location, whether nucleus or cytoplasm, which further supports the idea that improper
localization of RNA binding proteins may disrupt the regulation of mMRNA and resulting
in disease pathology (Wolozin & Apicco, 2015).

Aggregation of mutant SOD-1 has been observed in sporadic and familial ALS cases.
Although more research is needed, SOD-1 may have similar roles to RNA binding
proteins and its aggregation could have implications in the processes described above (Da
Ros et al., 2021). Mutant SOD-1 does localize to RNA rich structures, support RNA
metabolism, and SOD-1 inclusions do contain RNA (Butti & Patten, 2019; Da Ros et al.,
2021). Aggregation of SOD-1 has been directly linked to motor neuron and glial cell
death (Thomas et al., 2017; Tiwari & Hayward, 2005).

There are a few hypotheses which help explain why protein aggregation contributes
to ALS disease pathology. Many observed protein aggregates in ALS have functions as
RNA binding proteins or support RNA metabolism and, when these proteins are mutated
and not performing their functions, there is a loss of regulation of RNA metabolism and
disrupted transport of RNA from nucleus/cytoplasm. The improper formation or
disintegration of stress granules also seems to play a role in ALS. Stress granules control
MRNA localization, stability, and translation (Buchan, 2014). In response to stress
signals, granules will sequester mMRNA molecules, translation initiation factors, and RNA

binding proteins such as those mentioned above. During stress, bulk translation is
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inhibited but when the stress signal dissipates, translation can be reinitiated, and the stress
granules disassemble due to their dynamic nature (Wolozin & Ivanov, 2019). Mutated
RNA binding proteins that localize to stress granules can prevent their disassembly or can
lead to aberrant formation causing a disruption in these regulatory processes (Protter &
Parker, 2016). The accumulation of mutant proteins may also act in a prion-like manner,
causing the aggregation of other normal and mutated proteins such as SOD-1 and TDP-
43 and encouraging misfolding of these proteins (Lee, S., & Kim, 2015; Nonaka et al.,
2013). Lastly, protein aggregates may also disrupt axonal transport of proteins, lipids, and
mRNA which will be further described below, although the connection is not fully
understood and conflicting evidence exists (Guo, W., et al., 2020).

1.6.5 Dysfunctional Axonal Transport, Synaptic Failure, Motor Neuron Death,

NMJ Deterioration, and Muscle Atrophy in ALS

Increased oxidative stress, mitochondrial dysfunction, neuroinflammation,
excitotoxicity, and protein aggregation can all contribute to axonal transport deficits.
Mutations to axonal transport machinery such as to dynein or kinesin, or that affect
microtubule stability, have been observed in ALS (Castellanos-Montiel et al., 2020; Soo
etal., 2011). Excitotoxicity, oxidative stress, and mitochondrial damage are the cause and
result of abnormal mitochondrial transport along axons (De Vos & Hafezparast, 2017).

Protein aggregates of TDP-43 and SOD-1 can cause aberrant activation of signaling
pathways, such as activation of p38 mitogen-activated protein kinases or c-Jun kinases,
which play roles in microtubule and kinesin transport (Horiuchi et al., 2013; Morfini et

al., 2013; Suzuki, H., & Matsuoka, 2013). Deficits in anterograde and retrograde axonal
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transport which transport mRNA, proteins, lipids, vesicles, and mitochondria have been
observed in in vivo models of ALS. Hyperphosphorylated neurofilament heavy
polypeptide chain, a marker of axonal loss, abnormal accumulation of mitochondria and
lysosomes, and axonal spheroids containing vesicles, lysosomes, mitochondria, and
microtubules, have all been observed in patients with familial and sporadic forms of ALS
(De Vos & Hafezparast, 2017; Lu et al., 2015; Suzuki, N., et al., 2020).

Upper motor neurons have cell bodies in the cerebral (motor) cortex and lower/spinal
motor neurons have cell bodies in the ventral horn of the spinal cord. Their axons allow
for movement and reflex responses, with spinal motor neuron axons extending for several
meters (Stifani, 2014). The synthesis of proteins and lipids occurs in the cell body;
therefore, the axon is also crucial for the transport of neurotrophic factors, proteins, and
mitochondria (lkenaka et al., 2012). Furthermore, neurotransmitters in vesicles are
transported along the axon for release at axon terminals. In the case of lower/spinal motor
neurons, the neurotransmitter release of acetylcholine occurs at the NMJ, or the synapse
between the motor neuron axon and the muscle it innervates. An early event in ALS
pathogenesis appears to be the retraction of motor axons away from NMJs: this in turn,
leads to loss of skeletal muscle innervation, muscle atrophy, a dying back process of
motor neuron cell bodies, and resulting loss of movement. However, the precise order in
which these events occur is subject to debate (Cappello & Francolini, 2017).

1.6.6 Endogenous Antioxidant Depletion Underlies ALS Pathology

All of the pathological mechanisms described above contribute to the overall

antioxidant depletion observed in ALS patients (Figure 1.8). Much of the pathology
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occurs prior to symptom onset and therefore goes undetected for prolonged periods. Long
term oxidative stress, excitotoxicity, mitochondrial dysfunction, neuroinflammation, and
accumulation of toxic protein aggregates deplete the endogenous antioxidant system.
Depletions in antioxidant defense markers have been observed in ALS patients, although
this is largely dependent on disease stage, progression, and duration of disease since
diagnosis. As described in depth above, GSH is an endogenous antioxidant which has
roles in reducing free radical oxygen. Glutathione levels, along with enzymes involved in
GSH antioxidant activity such as catalase, GR, and glucose-6-phosphate dehydrogenase,
have been shown to decrease with ALS disease progression and these deficiencies have
been observed in both sporadic and familial forms of ALS (Babu et al., 2008; Cova et al.,
2010; Golenia et al., 2014; Weiduschat et al., 2014).

SOD-1 is also a powerful cellular antioxidant. Copper and zinc binding to SOD-1
helps maintain copper homeostasis and facilitates the conversion between copper and
cuperate, respectively. Many mutations to SOD-1 affect copper or zinc binding to SOD-1
rendering these processes dysfunctional in ALS (Boyd et al., 2020; Tokuda et al., 2013).
As described above, mutations to SOD-1 can result in loss of function, cause increased
activity and overproduction of ROS, or may inhibit functional SOD-1 and/or induce its
aggregation.

On a transcriptional level, both SOD-1 and GSH play roles in, and are affected by,
activation of the Nrf2 (nuclear factor erythroid 2 [NF-E2]-related factor 2 [Nrf2])-Keapl
(Kelch-like erythroid cell-derived protein with CNC homology [ECH]-associated protein

1) signaling pathway. This pathway becomes activated in response to oxidative stress.
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When this occurs, cysteine residues on Keapl are modified which results in its
degradation and disassociation from Nrf2, targeting Keapl for degradation and
eliminating the interaction with Nrf2. Once freed from Keapl, Nrf2 forms a complex on
antioxidant response elements in gene promoters and regulates gene expression of
NAD(P)H quinone oxidoreductase 1, GSH S-transferase, and glutamate-cysteine ligase
(Hemerkova & Valis, 2021). Nrf2 levels in SOD-1 mutant ALS have been found to be
reduced in animal models and ALS patients (Kirby et al., 2005; Sarlette et al., 2008).
Reduced response of this signaling pathway to oxidative stress helps explain why GSH
and supporting enzymes are reduced in ALS patients (Harvey et al., 2009; Vargas et al.,
2006). This indicates a loss of the endogenous antioxidant response to oxidative stress in
ALS, although this is likely not the only pathway involved.

The Nrf2-Keap1l signaling pathway would be a viable target for treatment of ALS.
Treatment using antioxidants for ALS has been well researched. Studies on Edaravone, a
current FDA approved treatment for ALS which acts as an antioxidant, and other
nutraceutical compounds which act as antioxidants have been explored as treatments for
ALS. Natural dietary antioxidant compounds such as vitamin E (alpha tocopherol),
resveratrol, epigallocatechin gallate, curcumin, and coenzyme-q10 have been well studied
for ALS in vivo in preclinical mouse models (Carrera-Julia et al., 2020). A large amount
of research also has focused on flavonoids, or natural polyphenolic compounds.
However, these compounds require more research into the feasibility of administration
for patients, bioavailability, and mechanism of action. Furthermore, many published

studies report conflicting data or have very small sample sizes. Below, nutraceutical
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anthocyanin compounds and their phenolic acid metabolites, including cyanidin-3-O-
glucoside and its metabolite protocatechuic acid (PCA), are discussed as possible

therapeutics for ALS.
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Figure 1.8 Antioxidant Depletion and ALS. Long term oxidative stress caused by
increased reactive oxygen and nitrogen species (ROS/RNS) contributes to mitochondrial
dysfunction characterized by electron transport chain (ETC) dysregulation, ATP
production deficits, and calcium ion (Ca2+) dysregulation. These processes elicit
neuroinflammatory responses from astrocytes and microglia. Excitotoxicity also results
from increased expression of a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid
(AMPA) receptors on motor neurons and altered glutamate (Glu) metabolism. These
processes damage axons and, along with accumulation of toxic protein aggregates, cause
loss of axonal transportation. These processes are interrelated and contribute to the
overall antioxidant depletion observed in ALS patients. Much of this pathology occurs

prior to symptom onset and therefore goes undetected for prolonged periods.
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1.7 Berry Anthocyanin Nutraceutical Compounds and Their Phenolic Acid
Metabolites as Potential Treatments for Neurodegenerative Diseases Like ALS

Berries and berry extracts have been previously studied and commonly reported to
have antioxidant and anti-inflammatory properties. Due to this, they have been explored
as treatments for various conditions including cardiovascular disease, cancer, and
neurodegenerative disease (Winter & Bickford, 2019). Many berry extracts contain
compounds known as anthocyanins, among many other compounds, which may be
beneficial to treat disease. Anthocyanins are a water-soluble class of flavonoids,
polyphenolic compounds that are found in both the skin and flesh of berries and fruits.
Anthocyanins have roles in protecting berries from ultraviolet light and cold temperatures
(Mattioli et al., 2020; Zafra-Stone et al., 2007). They are also responsible for the natural
pigmentation of many berries and fruits, expressing as violet, red, and blue colors.
Berries, such as blueberries, bilberries, and blackberries, are rich dietary sources of
anthocyanins. However, concentration varies and is dependent on growing and storing
conditions. On average, a half cup of blueberries or blackberries contains 120.8 mg and
70.4 mg of anthocyanins, respectively (Cassidy, A., 2018). The average human ingests
12.5 mg of anthocyanins daily (Eker et al., 2019). Consuming just a single cup of
blueberries a day has been shown to increase anthocyanin dietary intake levels enough to
prevent against cardiovascular disease (Cassidy, A., 2018).

Extractions of anthocyanins can be done organically, such as with ethanol, or using
acidified water and high temperatures. The crude extraction can be separated, and the
target anthocyanin can be identified through chromatographic techniques. This section

will discuss the antioxidant properties of berry anthocyanins and their phenolic acid
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metabolites. Specifically, cyanidin-3-O-glucoside, an anthocyanin compound found in
blackberries and bilberries, along with its phenolic acid metabolite, PCA, will be
discussed for their antioxidant, anti-inflammatory, and neuroprotective properties. These
properties may be beneficial for treating neurodegenerative diseases such as ALS.

1.7.1 Nutraceutical Berry Anthocyanins and Their Antioxidant Properties

The structures of anthocyanins confer their antioxidant, anti-inflammatory, and
neuroprotective properties. Anthocyanins are glycosides, containing one or more sugar
molecules. They have a basic flavonoid structure but contain a positive charge at the
oxygen of the C-ring and acylation of the sugar with cinnamic acids or aliphatic acids
(Eker et al., 2019; Khoo et al., 2017). Free radical species can be extinguished through
electron transfer and oxidation of the phenolic hydroxy groups and hydrogen atom
removal from para- and ortho- phenolic groups (Mattioli et al., 2020). Common
anthocyanins include pelogonidin, cyanidin, delphinidin, peonidin, petunidin, and
malvidin (Winter & Bickford, 2019). The most common anthocyanin found in berries is
cyanidin, whereas petunidin, peonidin, and malvidin are not as commonly found (Khoo et
al., 2017).

Anthocyanins have been studied for their protection against pathology such as
oxidative stress, neuroinflammation, protein aggregation, and excitotoxicity which is
commonly seen in neurodegenerative disease, including ALS. Treatment with
nutraceutical anthocyanin extracts, isolated compounds, and anthocyanin metabolites
have been reported to be neuroprotective in in vitro and in vivo models of

neurodegeneration. Anthocyanin compounds isolated from tart cherry extract had
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inhibitory activity of cyclooxygenase-1 and -2 (COX-1 and -2), mediators of pro-
inflammatory prostaglandins, comparative to non-steroidal anti-inflammatory
pharmaceuticals in vitro (Seeram et al., 2001b). Shukitt-Hale et al. (2016) also studied
pretreatment with tart cherry anthocyanins in rat microglial cells exposed to
lipopolysaccharide (LPS) and found that levels of NO, TNF-a, and COX-2 were
decreased in a time and dose dependent manner (Shukitt-Hale et al., 2016). Endothelial
cells treated with an elderberry extract resulted in incorporation of anthocyanins into the
cell’s plasma membrane and cytosol and this uptake allowed for significant protection
against hydrogen peroxide, dihydrochloride, and ascorbic acid oxidative stressors
(Youdim et al., 2000). Furthermore, neuronal cultures derived from rats treated with a
blueberry extract were protected from glutamate excitotoxicity (Vyas et al., 2013).

Anthocyanin rich diets and extracts have also been studied in vivo. A diet rich in
blueberries and strawberries fed to aged rats improved cerebellar neuron beta adrenergic
function which has been linked to motor learning (Bickford et al., 2000). Galli et al.
(2006) also showed that hippocampal neurons isolated from rats fed a blueberry rich diet
displayed increased resilience to cell death and inflammation in vitro (Galli et al., 2006).
A strawberry extract rich in anthocyanins administered orally in an ALS mouse model
prior to symptom onset resulted in delayed disease onset, increased survival, preserved
grip strength, reduced astrogliosis, and protection of muscle innervation (Winter et al.,
2018).

Lastly, it seems that anthocyanins also can influence the Nrf2-Keapl signaling

pathway. Although more research needs to be done to understand how anthocyanin
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compounds affect this pathway in models of neurodegenerative disease, these compounds
have been shown to activate this pathway in in vitro and in vivo in models of cancer,
hypoxia, and oxidative stress injury (Aboonabi & Singh, 2015; Cimino et al., 2013;
Kropat et al., 2013).

1.7.2 The Berry Anthocyanin, Cyanidin-3-O-Glucoside, and its Phenolic Acid

Metabolites Including Protocatechuic Acid (PCA)

Cyanidin 3-O-glucoside is a cyanidin which is one of the most abundant and well-
studied type of anthocyanin compounds. A systematic review by Sandoval-Ramirez et al.
(2020) suggested that out of 203 possible phenolic compounds identified in human
plasma and urine following anthocyanin-rich berry intake, cyanidin 3-glucoside would be
best to use as a biomarker for the consumption of anthocyanins due to its frequently
reported abundance (Sandoval-Ramirez et al., 2020). Cyanidin compounds, including
cyanidin 3-O-glucoside, have been well studied for their antioxidant, anti-inflammatory,
and neuroprotective properties. The neuroprotective effects of cyanidin 3-O-
glucopyranoside were measured against hydrogen peroxide induced oxidative stress in
SH-SY5Y human neuronal cells. The compound was able to inhibit ROS production,
preserve mitochondrial function, and inhibit apoptosis (Tarozzi et al., 2007). Cyanidin-3-
O-glucopyranoside treatment in PC12 cells also had a cytoprotective effect in cells
exposed to hydrogen peroxide and oxygen glucose deprivation (Kang et al., 2006). Kim,
S. M., etal. (2012) reported that cyanidin 3-O-glucoside pretreatment reduced hydrogen
peroxide cytotoxicity in human brain neuroblastoma SK-N-SH cells by reducing

intracellular ROS and inactivating apoptosis through Janus kinases (Kim, S. M., et al.,
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2012). In an in vitro model of rheumatoid arthritis using synovial fibroblasts and
mononuclear cells cultured with cluster of differentiation 38 (CD38) positive natural
killer (NK) cells, cyanidin 3-O-glucoside treatment reduced pro-inflammatory cytokine
production including IL-6 and IFN- y (Wang, H., et al., 2019). Liu, F., et al. (2020)
showed that cyanidin 3-O-glucoside was also able to prevent the formation of AB40 beta
sheet structures and reduced ROS production in response to AB40 in vitro which may
indicate that cyanidin 3-O-glucoside has anti-aggregative properties and may be
beneficial to treat neurodegenerative diseases with notable protein aggregation like ALS
(Liu, F., etal., 2020).

In vivo, cyanidin 3-O-glucoside administered immediately after spinal cord injury in
rats allowed for maintenance of BBB integrity and grip strength at 14 days post-injury.
Furthermore, superoxide generation, lesion volume, and neuronal cell death in spinal cord
were also reduced at this time point (Kim, K. T., et al., 2011). Di Giacomo et al. (2012)
also explored cyanidin 3-O-glucoside pretreatment in rats that suffered cerebral ischemia
and found that treatment reduced lipid peroxidation, INOS expression, and increased
levels of y-glutamyl cysteine synthase in brain at 24 hours post-ischemia.

Although further research should be done on the bioavailability of specific
anthocyanin compounds, it seems that, overall, anthocyanins are absorbed relatively
poorly with only 1-2% present in target organs or the blood stream following ingestion
(Lila et al., 2016; Manach et al., 2005). However, their absorption and appearance in
plasma is fast which may be explained by absorption via the gastric mucosa (Passamonti

et al., 2003). Many factors specific to the structure of the individual anthocyanin, along
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with food consumed alongside the anthocyanin, food already present in the digestive
system, cooking methods, pH, temperature, and even the individual’s gut microbiome
contribute to the absorption of anthocyanins from the diet (Eker et al., 2019).
Anthocyanins have the ability to cross the BBB through P-glycoprotein transporters and
have been measured in brain tissues after ingestion or administration (Fornasaro et al.,
2016; Winter & Bickford, 2019). However, radiolabeled cyanidin 3-O-glucoside shows a
peak at 3 hours post ingestion in rats with over 80% of intake observed in the
gastrointestinal tract and only trace (<1%) in other tissues such as the brain (Felgines et
al., 2010). Due to the poor availability of anthocyanins such as cyanidin 3-O-glucoside in
the brain, metabolites of anthocyanins may have higher bioavailability and access to the
brain and may therefore have greater efficacy in treating neurodegenerative diseases such
as ALS.

Cyanidin 3-O-glucoside can be metabolized into more than 20 different metabolites
once in the body (de Ferrars et al., 2014). However, research indicates that the
neuroprotective effects described above are most likely due to bioactive metabolites such
as vanillic acid, ferulic acid, phloroglucinaldehyde, and PCA (Tan, J., et al., 2019).
Protocatechuic acid is one of the major metabolites of cyanidin 3-O-glucoside (Figure
1.9). Animal studies report that PCA is abundant in tissues and plasma following
cyanidin 3-O-glucoside administration (Tsuda et al., 1999). Furthermore, when 1L of
blood orange juice containing 71mg of cyanidin 3-O-glucoside was ingested by healthy
individuals, PCA accounted for 73% of the ingested cyanidin 3-O-glucoside in plasma

(Vitaglione et al., 2007). Studies have also reported that cyanidin 3-O-glucoside can be
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converted to its phenolic acid metabolites, including PCA, at a basic pH in vitro (Fleschut
et al., 2006; Seeram et al., 2001a). As mentioned above, cyanidin 3-O-glucoside
absorption occurs in the stomach and undergoes first-pass metabolism in the small
intestine. In the small intestine, cyanidin 3-O-glucoside is hydrolyzed to aglycones and is
then further degraded into phenolic compounds in the small intestine and large intestine
by gut microflora. Protocatechuic acid is produced this way through cleavage of the C-
ring of cyanidin 3-O-glucoside (Tan, J., et al., 2019). It can be further metabolized into
phase Il metabolites which may be responsible for some of the antioxidant and anti-
inflammatory properties of PCA. Once absorbed, PCA crosses the BBB where it has been
studied for its support of the endogenous antioxidant system (Krzysztoforska et al.,
2019). However, for the purposes of this dissertation, PCA is focused on due to its high
bioavailability in the CNS and because it is well studied in in vitro and in vivo models of

neurodegenerative disease.
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Figure 1.9 Structures of Cyanidin 3-O-glucoside and its Metabolite Protocatechuic
Acid. The bioavailability of the anthocyanin compound, cyanidin 3-O-glucoside, is
relatively poor. Protocatechuic acid is one of the major metabolites of cyanidin 3-O-
glucoside. Protocatechuic acid is abundant in tissues, including brain, and plasma
following cyanidin 3-O-glucoside administration. Cyanidin 3-O-glucoside absorption
occurs in the stomach and undergoes first-pass metabolism in the small intestine. In the
small intestine, cyanidin 3-O-glucoside is hydrolyzed to aglycones and is then further
degraded into phenolic compounds, such as protocatechuic acid in the small and large
intestines by gut microflora. Protocatechuic acid is produced this way through cleavage
of the C-ring of cyanidin 3-O-glucoside and once absorbed, can cross the blood brain
barrier where it has been studied for its support of the endogenous antioxidant system.

68



1.7.2 Evidence of Antioxidant, Anti-Inflammatory, and Neuroprotective

Properties of PCA in Support of Its Use as a Therapeutic Treatment for ALS

Protocatechuic acid has a lot of pharmacological potential including anticancer,
antiulcer, antifibrotic, antiviral, antibacterial, and anti-atherosclerotic properties.
However, for the purposes of this dissertation, a focus will be placed on the antioxidant
and anti-inflammatory properties which may be beneficial in treating ALS (Figure 1.10).
There is a lot of in vitro and in vivo evidence of the antioxidant, anti-inflammatory, and
neuroprotective properties of PCA. More specifically, PCA has been explored in in vivo
models of neurodegenerative disease; however, this dissertation reports the first study of
PCA in a preclinical mouse model of ALS (Koza et al., 2020). Due to its well-researched
neuroprotective properties, PCA was hypothesized to be a beneficial nutraceutical
antioxidant compound to be used in treating ALS.

PCA has exhibited antioxidant activities in vitro. Oxidants such as superoxide,
hydroxyl radicals, and ferric and cupric ions were dose dependently scavenged by PCA
through metal chelation and radical scavenging (Li et al., 2011). Another study showed
the ability of PCA to protect PC12 cells against 1-methyl-4-phenylpyridinium-induced
mitochondrial dysfunction and associated loss of membrane potential, ROS generation,
GSH depletion, and apoptosis (Guan et al., 2006). Winter et al. (2017b) showed that in a
model of cerebellar granule neurons, PCA was able to protect against both nitrosative and
oxidative stress (Winter et al., 2017c).

PCA also has been studied for its anti-inflammatory properties in vitro. Winter et al.

(2017a) also showed that PCA prevented NO secretion in microglial cells exposed to LPS
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(Winter et al., 2017a). PCA may also help to mitigate the production of pro-inflammatory
cytokines and was able to decrease the expression of TNF-a and IL-1p in RAW 264.7
cells. Protocatechuic acid also reduced iNOS and COX-2 expression in this model (Min
et al., 2010). PCA can also inhibit the release of pro-inflammatory cytokines from
microglia stimulated by LPS through activation of the sirtuinl/NFxB pathway
(Kaewmool et al., 2020).

In vivo, the antioxidant and anti-inflammatory effects of PCA have been tested in
numerous models of neurodegenerative disease such as AD and PD. In an AP mouse
model of AD, mice administered 100 and 200mg/kg PCA daily for 2 weeks while
symptomatic had improved learning and memory as evidenced by T-maze test, novel
object recognition, and the Morris water maze. Decreased lipid peroxidation, NO, NO
synthase, and COX-2 were also observed in brain (Choli, J. R., et al., 2020). Furthermore,
in an aged ABPP/PS1 mouse model of AD, daily 100mg/kg PCA treatment improved
cognitive deficits assessed by Morris water maze, reduced AP inclusions in hippocampus
and cortex, decreased the production of pro-inflammatory cytokines TNF-a, IL-1, IL-6,
and also increased BDNF (Song et al., 2014). In a 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine mouse model of induced PD, 50 and 100mg/kg PCA pretreatment
improved rotarod test motor function deficits and preserved dopamine and expression of
tyrosine hydroxylase in the striatum (Zhang, H. N., et al., 2010). Park et al. (2019) also
reported that 50mg/kg PCA administered immediately, at 6 and 12 hours, and daily for 7
days following spinal cord injury prevented blood spinal cord barrier disruption and

suppressed mMRNA expression of TNF-a, IL-1p, iNOS, and COX2 at 7 days post-injury
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(Park et al., 2019). Daily injection of 30mg/kg PCA for 1 week following ischemia in rats
reduced astrogliosis, microgliosis, BBB disruption, oxidative stress, preserved GSH, and
prevented neuronal cell hippocampal death (Kho et al., 2018). Lastly, PCA had
neuroprotective effects in an animal model of TBI which shares pathology with
neurodegenerative disease like ALS. Lee, S. H., et al. (2017) found that PCA injection
once per day for 1-week post-TBI can preserve GSH and reduce neuronal cell death,
oxidative stress, and neuroinflammation in a rat model of mild TBI induced by CCI (Lee,
S. H., etal., 2017). To date, no clinical trials using human subjects have explored the
effects of PCA as a treatment for neurodegenerative disease. However, based on the
promising in vitro and in vivo data reporting PCA’s ability to scavenge ROS/RNS, inhibit
the production of pro-inflammatory cytokines, prevent pro-inflammatory pathways, and
even prevent the aggregation of toxic protein aggregates, PCA should be explored as a

therapeutic for ALS.
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Figure 1.10 Antioxidant and Anti-Inflammatory Properties of Protocatechuic Acid
in Models of Neurodegeneration. This figure summarizes in vitro and in vivo evidence
of the antioxidant, anti-inflammatory, and neuroprotective properties of protocatechuic
acid (PCA; structure shown). In vitro, PCA has been shown to scavenge superoxide,
hydroxyl radicals, and ferric and cupric ions. Protocatechuic acid can also protect against
loss of membrane potential, reactive oxygen species and nitric oxide (NO) generation,
glutathione (GSH) depletion, and apoptosis. In vitro, PCA also has been studied for its
anti-inflammatory properties and has been shown to reduce pro-inflammatory cytokine
production, expression of cyclooxygenase-2 (COX-2), and nuclear factor-xB (NFkB)
activation. In vivo, the antioxidant and anti-inflammatory effects of PCA have been tested
in numerous models of neurotrauma and neurodegenerative disease. Protocatechuic acid
has been shown to improve cognitive deficits, decrease levels of reactive oxygen and
nitrogen species, pro-inflammatory cytokines, and COX-2 expression. Protocatechuic
acid shows neuroprotection in these models through preservation of the blood brain
barrier, GSH, and brain derived neurotrophic factor (BDNF).

72



1.8 The hSOD1%%*A Transgenic Mouse: A Preclinical Model of ALS to Explore the
Potential Treatment Efficacy of PCA

Superoxide dismutase-1 was the first gene identified to be mutated in ALS in 1993.
Today, greater than 170 mutations in SOD-1 have been identified, with the majority
being missense mutations (Ghasemi & Brown, 2018). Mutations to SOD-1 are also
observed in sporadic ALS cases that have no identified inheritance pattern and seem to
contribute to pathology (Miller et al., 2022). As discussed in depth above, SOD-1
mutations may cause it to lose function or gain a toxic function, both of which contribute
to ALS pathology. One of the most studied mutations in preclinical research is human
mutant SOD-1 with a glycine to alanine substitution at position 93 (hSOD1%%4). A
mouse model of this mutation was created in 1994 and has been widely used and well-
studied since (Gurney et al., 1994). Synofzik et al. (2010) analyzed the human phenotype
of this mutation and reported it to be a highly homogenous phenotype that resembles that
of sporadic ALS cases. In humans, this mutation leads to asymmetrical distal limb onset,
upper and motor neuronal cell death, disease duration of 2-4 years following onset, and
death due to respiratory failure (Synofzik et al., 2010). The hSOD1%%** mouse model of
ALS was chosen to study the therapeutic effect of PCA due to the expansive research
done on the model for the past twenty years and due to reports of the mutation in humans
matching the phenotype of the animal model.

1.8.1 Phenotype and Pathology of the hSOD1%%4 Mouse Model of ALS

As mentioned above, the hSOD1%** mouse model of ALS was created in 1994 by
Gurney and colleagues (1994). Mice with abundant mutant hSOD1°%%*A in the CNS

displayed hind limb weakness, an inability to splay their hind legs when lifted by their
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tails, impaired grooming, and thinning in their posterior around 3-4 months of age
(Gurney et al., 1994). Gate abnormalities also began around this time and worsened
rapidly until paralysis of one or both hind limbs around 5 months of age. Soon after, mice
needed to be euthanized as the animal could no longer access food or water (Figure 1.11;
Gurney et al., 1994). Pathological changes were also observed in this animal that
mirrored that of ALS patients. Loss of cholinergic motor neurons, phosphorylated
neurofilament proteins, and swollen axons were observed. Furthermore, researchers
observed denervation of NMJs, aberrant axonal transport, and a severe loss of
myelination, with the most drastic findings present in the spinal cord ventral horn
(Gurney et al., 1994). The pathology observed in this initial model seems to be consistent
across the model that maintains 25 copies of the mutant transgene, although other models
have since been created that have fewer or more transgene copies resulting in a less or
more progressive phenotype, respectively (Alexander et al., 2004; Deitch et al., 2014).
Following the initial report by Gurney et al. (1994) on the model, researchers have
continued to characterize the pathology. As new findings in ALS pathology are observed,
they are explored in this model. Furthermore, researchers have identified additional
pathology not originally sought after in this model. For example, increased autophagy
through mammalian target of rapamycin has been observed (Morimoto et al., 2007).
Longitudinal MRI has been used in this model to identify motor nuclei neurodegeneration
in brainstem, although this was not observed in the motor cortex even in the late stage.
This finding may indicate that muscle damage occurs early in this model which may

contribute to motor neuron death later in the disease (Marcuzzo et al., 2011). Sensory
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neuropathies have also been identified in the dorsal spinal cord of this model (Guo, Y. S.
et al., 2009). Furthermore, protein aggregates of SOD-1 and mislocalization of TDP-43

are observed in spinal cord (Shan et al., 2009; Zeineddine et al., 2017).
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Figure 1.11 The hSOD1%%4 Mouse Model of ALS Disease Phenotype. One of the
most studied mutations in preclinical research is human mutant superoxide dismutase-1
with a glycine to alanine substitution at position 93 (hSOD1%%4). (A) Mice with
abundant mutant hSOD1%%%A in the CNS display hind limb weakness, an inability to
splay their hind legs when lifted by their tails, impaired grooming, and thinning in their
posterior around 90 days of age. Gate abnormalities also begin around this time and
worsen rapidly until (B) paralysis of one or both hind limbs around 125 days of age. Mice
are euthanized shortly after they become unable to access food or water. Pathological
changes observed in this model mirror that of ALS patients and includr loss of
cholinergic motor neurons, phosphorylated neurofilament proteins, and swollen axons.
Furthermore, researchers have reported denervation of neuromuscular junctions, aberrant
axonal transport, and a severe loss of myelination present in the spinal cord ventral horn.
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1.8.2 Neuroinflammation in the hRSOD1%%A Mouse Model of ALS

A lot of research has focused on characterizing neuroinflammation in this model. The
hSOD1%%A model of ALS has a robust pro-inflammatory phenotype with pro-
inflammatory cytokines TNF-a, IL-1a, and IL-1p increasing from 80 days to 120 days
with corresponding increased expression of caspases at 120 days, close to end-stage of
disease (Hensley et al., 2002). It seems that the inflammatory response occurs early prior
to disease onset as Yoshihara et al. (2002) reported upregulation of TNF-o and caspase
activation as early as 77 days of age which is typically a pre-symptomatic age (Yoshihara
et al., 2002). Microgliosis is also observed in this model as microglia express increased
levels of monocyte chemoattractant protein-1 in vivo and also have a heightened response
to LPS when cultured (Sargsyan et al., 2009). Lastly, genetic background and sex-
specific phenotypic differences have been characterized in this model (Heiman-Patterson
et al., 2005).

1.8.3 Preclinical Study of PCA in the hSOD1%A Mouse Model of ALS
Due to the abundant research on the hSOD1%%** mouse model of ALS, this model, bred
on an FVB/NJ background, was chosen to explore the therapeutic benefit of PCA. Mice
bred on this background experience disease onset around 90 days of age and survive an
average of 128.9 days (Winter et al., 2018). We explore two doses of PCA, 50mg/kg/day
and 100mg/kg/day, beginning at disease onset, on survival, motor function, grip strength,
neuroinflammation, neuroprotection, and preservation of NMJs in this mouse model of

ALS. This preclinical study is described in detail in Chapter Four (Koza et al., 2020).
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CHAPTER TWO: SIGNIFICANT AND SEX-SPECIFIC ANTIOXIDANT
BIOMARKER DEPLETION IN HISTORY OF MILD TRAUMATIC BRAIN

INJURY PATIENTS

2.1 Abstract

Individuals with a history of mild traumatic brain injury (mTBI) are at risk for
prolonged neurological effects and brain pathology, suggesting that intrinsic
neuroprotective mechanisms, such as the endogenous antioxidant reservoir, may be
depleted long-term. Here, we retrospectively analyzed symptoms and blood antioxidants
in patients with a history of mTBI who presented to Resilience Code, a sports medicine
clinic in Denver, Colorado. Significant decreases (p<0.05) in alpha-tocopherol, selenium,
linoleic acid, taurine, docosahexaenoic acid, and total omega-3 were measured in the total
mTBI population (n=88) versus controls (n=82). Male mTBI patients (n=62) had
additional significant/trending (p<0.10) antioxidant depletion, whereas only a few
significant/trending reductions were measured in females (n=26), versus sex-matched
controls (n=42, n=40, respectively). Patients with mTBI reported significantly worsened
emotional, energy, head, and cognitive symptoms (with sex-specific differences).
Qualitative analyses suggested that multiple (n=40) and chronic (n=32) mTBI patients
had worsened symptoms versus single (n=27) or acute-subchronic (n=14) mTBI patients,
respectively. These results demonstrate that sex-specific antioxidant depletions persist in

patients with a history of mTBI and these deficits are associated with worsened
78



symptomology. In conclusion, supplementation with specific antioxidants, like
polyunsaturated fatty acids, may diminish symptom severity in patients suffering from

the chronic neurological effects of mTBI.

2.2 Introduction

Mild traumatic brain injury (i.e., concussion; mTBI) is the most commonly occurring
severity of TBI. Of the 69 million TBIs that occur each year worldwide, 80% are mTBIs
(Dewan et al., 2018). Primary injury, such as disruption of cellular integrity, calcium
influx, edema, and diffuse axonal injury, that occur immediately following the impact,
may not be severe with mTBI (Sulhan et al., 2020). However, secondary injury pathology
such as neuroinflammation, oxidative stress, blood-brain barrier (BBB) disruption, and
excitotoxicity can lead to neuronal cell death following mTBI and may persist for weeks
to months following injury (Bramlett & Dietrich, 2015; Ladak et al., 2019; Mckee &
Daneshvar, 2015; Wang, K. K., et al., 2013).

There is an increased risk of sustaining a future mTBI in high-risk individuals, such
as athletes, who already have a history of mTBI (Guskiewicz et al., 2003). Subsequent
mTBIs, termed repetitive mTBI (rmTBI), can exacerbate and prolong secondary injury
(Bailes et al., 2014; Bailes et al., 2013). Behavioral and cognitive symptoms have been
reported in human subjects following mTBI and rmTBI, however, duration of symptoms
vary depending on the individual (Abbas et al., 2015; Levin & Diaz-Arrastia, 2015;
Miller et al., 2013). Furthermore, although symptoms may subside shortly following
injury and the individual has returned to normal routine, underlying secondary injury

pathology can persist.
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Long-term secondary injury pathology from a single mTBI and especially from
rmTBI has been identified as a risk factor for developing neurodegenerative disease later
in life such as Alzheimer’s disease (AD), Parkinson’s disease, and chronic traumatic
encephalopathy (CTE). Retired national football league athletes have a 3-fold increased
risk of dying from AD and amyotrophic lateral sclerosis (ALS) compared to non-athletes
(Lehman et al., 2012). Cerebral atrophy, tau pathology, and proteinopathies, which mirror
pathology present in neurodegenerative disease, have also been observed in retired
athletes with rmTBI (Gavett et al., 2011; Lolekha et al., 2010; McKee et al., 2009). More
research should be done to fully understand the relationship between mTBI and the risk
for developing neurodegenerative disease.

Neuroinflammation and oxidative stress are also observed following mTBI and
especially in those with a history of mTBI. Prolonged and severe neuroinflammation and
excitotoxicity in response to mTBI is well studied and results in the overproduction of
reactive oxygen species (ROS), nitrogen species (RNS), and lipid peroxides (Cornelius et
al., 2013, Abdul-Muneer et al., 2015). This leads to mitochondria dysfunction, DNA
damage, and ultimately neuronal cell death. In response, the endogenous antioxidant
system becomes strained resulting in antioxidant depletion (Morris, G., et al., 2019).
Many studies have explored using antioxidants, such as n-acetylcysteine or alpha-
tocopherol, to treat TBI in animal models and a few in clinical trials (Wu, A., et al., 2010;
Niu et al., 2018; Maynard et al., 2019; Ismail et al., 2020; Kyyridinen et al., 2021).

Resulting antioxidant depletion likely contributes to lasting symptoms observed in
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patients with a history of mTBI, however, the few clinical studies focusing on antioxidant
treatments for mTBI do not measure symptom resolution.

Few studies to date have measured antioxidant depletion in patients with a history of
mTBI. Furthermore, no studies to date explore sex-specific differences in antioxidant
depletion in patients with a history of mTBI. We hypothesized that patients with a history
of mTBI show significant antioxidant depletion and worsened symptoms, with sex-
specific differences, when compared to patients with no history of mTBI. We aimed to
test this hypothesis and fill a gap in the literature by retrospectively studying antioxidant
levels in blood from male and female patients with a history of mTBI that presented to
Resilience Code, a sports medicine clinic in Denver, CO. Antioxidant biomarkers were
measured in serum, plasma, red blood cells (RBCs), white blood cells (WBCs), and
whole blood from total, male, and female patients with a history mTBI and compared to
patients with no history of mTBI. We also analyzed self-reported emotional, energy,
head, and cognitive symptoms in these patients. Furthermore, we performed a qualitative
analysis to see if number of mTBIs sustained or time since most recent mTBI influenced
symptom severity and frequency. Lastly, we compared symptomology in history of mTBI
patients with less versus more severe polyunsaturated fatty acid (PUFA) biomarker
depletion. These data, although preliminary, provide insight into sex-specific differences
in antioxidant biomarker depletion and symptomology associated with a history of mTBI.
These data also tell us how symptom severity and frequency differ based on number of

mTBIs sustained and time since a patient’s last mTBI. Finally, these data support further
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exploration of antioxidant treatments, such as PUFA supplementation, to ameliorate

chronic neurological effects of mTBI.

2.3 Methods
2.3.1 Participant Population

Data from 170 patients, admitted to a sports medicine clinic between 11/2017-9/2020,
(Resilience Code; Englewood, Colorado) were retrospectively analyzed for this study.
Patients were evaluated by a board-certified physician who collected demographic
information and medical history. Patients also completed a medical symptom
questionnaire (MSQ) and provided blood for analysis of biomarkers (detailed below)
prior to the administration of any treatment. Patients with active cancer at the time of visit
were excluded. A total of 88 patients, including 62 males and 26 females, having at least
one TBI in their lifetime, were considered to have a history of TBI based on patient
reporting and medical history. The board-certified physician confirmed all history of TBI
patients as having TBIs of mild severity. The 88 patients with a history of mTBI were
further categorized by number of mTBIs sustained throughout their lifetime and time
elapsed since their most recent mTBI to the clinic visit. A total of 27 patients reported
sustaining a single mTBI, 40 sustained multiple mTBIs, and 21 patients did not report
this information and were not included in analyses of these populations. A patient was
included in the multiple mTBI group if they sustained more than one mTBI throughout
their lifetime, regardless of time elapsed between mTBIs. Of the 88 history of mTBI
patients, 14 patients presented to the clinic within 1 year of their most recent mTBlI,

termed as acute-subchronic mTBI patients, and 32 patients presented to the clinic greater
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than 1 year since their most recent TBI, termed chronic mTBI patients. A total of 42
patients did not report this information and were not included in analyses of these
populations. Of the 170 total patients, 82 patients, consisting of 42 males and 40 females,
never reported having a mTBI in their lifetime and were considered to have no history of
mTBI. Demographic information for these populations is displayed in Tables 2.1 and 2.2.
A flow diagram of patients and analyses performed are displayed in Supplementary
Figure 1.

2.3.3 Blood collection, Processing, and Analysis

Blood samples were obtained from all 170 patients. However, n values for each
biomarker analyzed in blood vary and are reported for each individual biomarker as
blood from each patient was not analyzed for every biomarker. Blood samples were
obtained by a certified phlebotomist at Resilience Code and were processed according to
manufacturer’s protocols to isolate serum, plasma, RBCs, or WBCs. Blood was stored at
Resilience Code at 4°C for no longer than 8 hours prior to being shipped to Vibrant
America Clinical Labs (San Carlos, CA) or Genova Diagnostics (Asheville, North
Carolina) for analysis of biomarkers in serum, plasma, RBC, WBCs, or whole blood.

2.3.4 Medical Symptom Questionnaire

The presence, frequency, and severity of symptoms at the time of the clinic visit were
gathered using a 71-item electronic MSQ that took an average of 15 minutes to complete.
A modified MSQ was used as previously described (Lukaszuk et al., 2018). Of the total
170 patients, 139 patients completed the MSQ. A total of 69 of the 88 patients with a

history of TBI, consisting of 45 males and 24 females, completed the MSQ. A total of 64
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out of 82 patients without a history of TBI, including 32 males and 32 females,
completed the MSQ. Some patients did not complete every question in the MSQ so n
values for individual symptoms vary and are reported. The presence of specific
symptoms and symptom severity were reported on a 4-point Likert scale with 0
indicating never or almost never having the specific symptom, 1 being occasionally
having the symptom but the effect is not severe, and 4 being frequently having the
symptom and the effect is severe. Symptom categories pertain to weight, skin, nose,
mouth, cognition, chest, joints, heart, head, eyes, energy, emotions, ears, digestion, and
other. Each individual symptom falls under one of these 15 categories and a total score
for each symptom category is calculated for each patient by adding up the scores for the
individual symptoms under the category. A total symptom score is also calculated for
each patient by adding up all scores for each symptom category. A higher symptom
category or total symptom score indicates increased symptom severity and frequency of
symptoms. A total symptom score of 0 is the lowest score possible and a score of 284 is
the highest score possible.

2.3.5 Statistics

All data was analyzed using SPSS Statistical Software (IBM Corp., Version 25,
Armonk, NY) and graphs and heatmap visualizations were created in using R Studio (R
Studio Team [2021]. RStudio: Integrated Development for R. RStudio, Inc., Boston, MA)
for Windows. Continuous data in tables and text are reported as mean + standard error of
the mean (SEM), unless stated otherwise. Antioxidant blood biomarker and MSQ data for

total, male, and female patients without versus with a history of mTBI and for total
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history of mTBI patients with levels of high versus low PUFA biomarkers are displayed
graphically as boxplots using R Studio ggplot2 package and geom_boxplot function
(Wickham, 2016). Boxplot components are displayed as follows: lower whisker =
smallest observation greater than or equal to lower hinge-1.5 * interquartile range (IQR),
lower hinge = 25% quantile, middle line = median at 50% quantile, diamond = mean,
upper hinge = 75% quantile, upper whisker = largest observation less than or equal to
upper hinge+1.5 * IQR, outlying points = data beyond end of upper or lower whiskers
(McGill et al., 1978). Due to the clinical nature of the data, which was mostly non-
normally distributed with unequal variances, as analyzed by Shapiro-Wilk and Levene’s
tests, respectively, nonparametric statistical tests were used to analyze all data (detailed
below). Only one value for taurine in plasma was excluded from analysis from a female
patient with a history of mTBI as this value was an extreme outlier. No other values were
excluded. Statistical differences were considered significant if p<0.05 and trending
significant if p<0.10. All de-identified data was compiled and checked by at least two
separate researchers. Data was also analyzed and checked by two separate researchers.

2.3.5.1 Demographic Analysis of Total, Male, and Female Patients Without Versus

with a History of mTBI and in Patients with a History of mTBI

The Mann Whitney U-Test was used to analyze differences in age between total,
male, and female patients without versus with a history of mTBI and in patients. The
association of history of mTBI or reported cause of most recent mTBI and sex was

analyzed using the Pearson Chi Square Test.
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2.3.5.2 Analysis of Antioxidant Blood Biomarker Levels and MSQ Data from Total,

Male, and Female Patients Without Versus with a History of mTBI

Blood biomarker levels and MSQ symptoms pertaining to emotional state, energy,
head, and cognition in total patients without a history of mTBI versus with a history of
mTBI, male patients without a history of mTBI versus with a history of mTBI, female
patients without a history of mTBI versus with a history of mTBI were analyzed using
the nonparametric Mann Whitney U-Test.

2.3.5.3 Heatmap Analysis of MSQ Data from Single, Multiple, Acute, Chronic, and

No History of mTBI Patients.

N values were too low for quantitative analysis of blood biomarkers levels and MSQ
data in patients with a single mTBI versus a history of multiple mTBI or between patients
with acute- subchronic mTBI versus chronic mTBI. Therefore, differences in MSQ
scores between these groups pertaining to emotional state, energy, head, and cognition
were visualized using a heatmap using R Studio ggplot2 package and geom_tile function
(Wickham, 2016). Briefly, MSQ scores were converted to z scores to allow for
normalization of individual symptom scores and symptom category scores, which exhibit
different scoring ranges, for patients with single mTBI, multiple mTBI, and no history of
mTBI. This was also done for patients with acute-subchronic mTBI, chronic mTBI, and
no history of mTBI to allow for symptom severity comparison between these groupings.
The z score average was calculated for each individual symptom/symptom total category
score. An increased z score corresponds to an increased symptom score indicating a

severe and frequent symptom. Each row represents an individual symptom/symptom
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category total, and each column represents the average score for the different populations.
Rows and columns were not clustered. The lightest grey shade corresponds to a z score of
—0.30 and the darkest shade corresponds to 0.40 for single, multiple, no mTBI patients
and to —0.30 and 0.80, respectively, for no, acute, and chronic, mTBI patients.

2.3.5.4 Analysis of MSQ Data from Patients with a History of mTBI with High

Versus Low Levels of PUFA Biomarkers

Blood biomarker levels for alpha-linolenic acid and linoleic acid in plasma and total
omega-6, total omega-3, and docosahexaenoic acid in RBCs, termed a PUFA biomarker
grouping, were divided into quartiles for all history of mTBI patients. A score of 1-4,
corresponding to the quartile the patient’s blood biomarker level was in (1 being the
lowest quartile and 4 being the highest quartile), was given for each biomarker for each
history of mTBI patient who had measurements for all PUFA biomarkers listed above.
Quartile scores for the PUFA biomarkers were added for each patient and the patient was
given a total PUFA score which had a possible range of 5-19. Patients with high versus
low PUFA scores were divided into two groups based on a median split (median=12).
Patients with a score of 11 or less (n=20; range = 5-11) were considered to have a low
PUFA score (l.e., PUFA depletion) and patients with a score of 12 or more (n=23;
range=12-19) were considered to have a high PUFA score. The PUFA biomarker score
for patients with low versus high PUFA scores were significantly different as analyzed
the Mann Whitney U-Test. Medical symptom questionnaire scores in total history of

mTBI patients with high versus PUFAs were analyzed by the Mann Whitney U-Test.
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2.3.6 Study Approval

All patients granted Resilience Code specific, written authorization to disclose their
medical records for research purposes. This study was retrospective and all protected
health information was de-identified prior to compilation of data and analysis. Each
patient was assigned a random global unified identifier which was used on all reports and
forms associated with the study to maintain anonymity. Therefore, this study was

determined to be exempt from The University of Denver’s Institutional Review Board.

2.4 Results
2.4.1 Patient population

Antioxidant biomarker levels measured by either Vibrant America Clinical Labs or
Genova Diagnostics in whole blood, or components such as serum, plasma, RBCs, or
WBCs, along with demographic information and medical history, were compiled from a
total of 170 (n=104 males, n=66 females) patients who presented to Resilience Code, a
specialized sports medicine clinic in Denver, CO. Blood and MSQ responses, which
inquired about a variety of symptoms and their severities and frequencies, were taken at
initial clinic visit prior to treatment. A total of 88 patients reported sustaining at least one
mTBI in their lifetime and were considered to have a history of mTBI whereas 82
patients never reported having a mTBI and had no history of mTBI.

The average age of patients with mTBI was significantly lower ((38.95£1.81) v,
p=0.003) than those without a history of mTBI ((46.16+1.85) y). Male patients with a
history of mTBI were driving this difference as they had a significantly lower average

age ((37.55+2.09) y, n=62, p=0.001) than males without mTBI ((48.62+2.66) y, n=42;
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Table 2.1). Average age was not significantly different between female patients with
((42.31+3.50) y, n=26, p=0.694) versus without a history of mTBI ((43.58+£2.55) y, n=40;
Table 2.1). Research has shown that antioxidant deficiency occurs in individuals aged 65
years and older (Kozakiewicz et al., 2019; Muralidharan et al., 2017). Populations with
and without a history of mTBI have an average age that is well below 65 years.
Furthermore, increased oxidative stress and inflammation, which could result in
antioxidant depletion, occur following TBI (Abdul-Muneer et al., 2015; Cornelius et al.,
2013). Our history of mTBI population is significantly younger than the population
without mTBI and we would expect these younger patients to have more robust
antioxidant systems. Findings of antioxidant depletion in these younger patients in
response to mTBI would be even more convincing. Therefore, age was not considered to
be a confounding factor in the results to follow.

Patients with a history of mTBI were further divided into populations based on
reported number of mTBIs sustained in their lifetime and time elapsed since their most
recent mTBI (Table 2.2). Forty-six (n=46) history of mTBI patients, including 29 males
and 17 females, reported the cause of their most recent mTBI as sport, fall, car accident,
or blunt injury and a significant association was found between sex and the cause of most
recent mTBI (p<0.000; Table 2.2). A flow diagram of patients and analyses performed

are displayed in Supplementary Figure 1.
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Table 2.1 Age and Sex of Patients Without and with a History of mTBI. Age is
displayed for total (n=170), male, and female patients without versus with a history of
mTBI. Age is reported in years as mean = SEM (range). The Mann Whitney U-Test was
used to analyze continuous data and Pearson Chi Square Test was used to analyze
categorical data differences between groups. Significant p values (p<0.05) are displayed
as bolded text.

Patients without history of [Patients with history of value

mTBI (n = 82) mTBI (n = 88) P
Age 46.16 + 1.85 (17 - 83) 38.95 + 1.81 (16 - 80) 0.003
Males n=42 n =62

0.010

Females n=40 n=26
Male age 48.62 + 2.66 (24 - 83) 37.55 + 2.09 (16 - 80) 0.001
Female age 43.58 + 2.55 (17 - 77) 42.31 + 3.50 (19 - 78) 0.694
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Table 2.2 Age, Sex, and Cause of Most Recent mTBI for Patients with a History of
mTBI. Age is displayed for mTBI patient populations. Acute-subchronic mTBI patients
presented to the clinic < 1 year and chronic mTBI patients presented to the clinic > 1 year
since their most recent mTBI. Age is reported in years as mean £ SEM (range). The
Mann Whitney U-Test was used to analyze continuous data and Pearson Chi Square Test
was used to analyze categorical data differences between groups. Significant p values
(p<0.05) are displayed as bolded text.

Patients with history _value
of mTBI (n = 88) P
Male age (n = 62) 37.55 + 2.09 (16 - 80) 0.247
Female age (n = 26) 42.31 + 3.50 (19 - 78) '
Cause of most recent mTBI Spo.rt: rl: 31
o Fall.n=9
(Both sexes; n = 88) . o
(Not reported; n = 42) Car ac_(:l_dent. n=3
' Blunt injury: n =3
Sport: n = 27
Males (n = 62) Fall: n=1
(Not reported; n = 33) Car accident: n =0
Blunt injury: n=1
Sport: n =4 0.000
Females (n = 26) Fall:n=8
(Not reported; n = 9) Car accident: n =3
Blunt injury: n=2
Patients single mTBI n=27
Age (Both sexes) 41.26 £ 3.20 (21 - 72)
Male age (n = 18) 38.94 +3.98 (21 - 72) 0.975
Female age (n = 9) 45.89 + 5.32 (22 - 70) '
Patients with multiple mTBI n =40
Age (Both sexes) 39.78 £ 2.84 (16 - 79)
Male age (n = 25) 38.60 + 3.43 (16 - 79) 0.699
Female age (n = 15) 41.73 £5.06 (19 - 78) '
Patients with acute-subchronic mTBI n=14
Age (Both sexes) 30.21 £ 3.97 (19 - 78)
Male age (n=7) 26.00 £ 1.54 (20 - 31) 0.805
Female age (n =7) 34.43 +7.75 (19 - 78) '
Patients with chronic mTBI n=232
Age (Both sexes) 42.16 + 2.75 (21 - 70)
Male age (n = 18) 36.11 + 3.30 (21 - 67) 0.009
Female age (n = 14) 49.93 + 3.81 (24 - 70) '
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2.4.2 Sex-Specific Antioxidant Depletion in Patients with Versus Without a

History of mTBI.

Animal studies indicate that secondary injury resulting from mTBI may persist for
months or longer following injury (Chaban et al., 2020; Sun et al., 2019). Therefore, we
hypothesized that prolonged oxidative stress and inflammation may result in depletion of
the endogenous antioxidant system. We aimed to fill a gap in the literature and analyzed
differences in antioxidant biomarker levels between total patients with and without a
history of mTBI. Biomarker levels that were not significant or trending significantly
different between these patients are displayed in Supplementary Table 1. All biomarkers
were not measured in every patient, therefore, sample sizes for individual biomarkers
vary and are reported.

Patients with a history of mTBI had significantly lower levels of alpha-tocopherol
((13.30+0.47) mg/L, n=87, p=0.004) and selenium ((137.32+2.80) ng/mL, p=0.033,
n=48) in serum compared to patients without mTBI (alpha-tocopherol; (15.99+0.76)
mg/L, n=80; selenium; (155.98+7.66) ng/mL, n=37; Figure 2.1A, 2.1D). Patients with a
history of mTBI also had significantly lower linoleic acid ((1125.74+26.08) pmol/L,
n=88, p=0.003) and taurine ((43.69+1.72) umol/L, n=86, p<0.000) in plasma when
compared to patients without mTBI (linoleic acid; (1268.834+34.37) umol/L, n=81;
taurine; (52.684+2.47) umol/L, n=77; Figure 2.2B, 2.2C). Lastly, patients with a history of
mTBI had significant decreases in docosahexaenoic acid ((6.47+0.30) %, n=48, p=0.042)

and total omega-3 ((8.13+0.36) %, n=48, p=0.038) in RBCs compared to patients without
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mTBI (docosahexaenoic acid; (7.51+0.33) %, n=37; total omega-3; (9.46+0.44) %, n=37;
Figure 2.3A, 2.3B).

Increased oxidative stress markers are reported in healthy adult males compared to
females (Ide et al., 2002; Kander et al., 2017). Furthermore, females exhibit higher
antioxidant capacity than males which may be due to sex hormones (Borras et al., 2003;
Demirbag et al., 2005; Vina et al., 2011). Males and females may have dissimilar
antioxidant capacities in responses to mTBI secondary pathology. To explore this,
antioxidant biomarkers were compared between males and females with versus without a
history of mTBI.

Males with a history of mTBI displayed significantly or trending significantly
decreased alpha-tocopherol ((12.88+0.54) mg/L, n=61, p=0.002) and selenium
((134.00+2.92) ng/mL, n=30, p=0.072) in serum compared to males without mTBI
(alpha-tocopherol; (16.36+1.05) mg/L, n=41; selenium; (145.42+4.87) ng/mL, n=16;
Figure 2.1A, 2.1D). Males with a history of mTBI also had significant or trending
significant decreases in plasma biomarkers such as linoleic acid ((1114.27+30.91)
umol/L, n=62, p=0.072) and taurine ((43.47+2.24) umol/L, n=62, p=0.005) when
compared to males without a history of mTBI (linoleic acid; (1244.27£53.49) umol/L,
n=41; taurine; (52.73+4.22) umol/L, n=40; Figure 2.2B, 2.2C). Lastly, males with a
history of mTBI had significantly or trending significantly depleted levels of
docosahexaenoic acid ((6.27+0.39) %, n=30, p=0.068) and total omega-3 ((7.83%0.43) %,
n=30, p=0.046) when compared to males without mTBI (docosahexaenoic acid,;

(7.58+0.46) %, n=16; total omega-3; (9.66+0.61) %, n=16; Figure 2.3A and 2.3B). All
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these biomarkers were significantly decreased in total patients with versus without a
history of mTBI. Interestingly, male patients with a history of mTBI also had additional
significant or trending significant decreases in coenzyme-q10 ((1.27+0.07) mg/L, n=61,
p=0.051) and cysteine ((23.25£2.31) nmol/mL, n=30, p=0.094) in serum, alpha-linolenic
acid ((27.56+1.38) umol/L, n=62, p=0.088) in plasma, and total omega-6 ((23.35+1.12)
%, n=30, p=0.035) in RBCs when compared to males without mTBI (coenzyme-q10;
(1.81+0.20) mg/L, n=41; cysteine; (27.56+2.81) nmol/mL, n=16; alpha-linolenic acid,;
(33.07+2.46) pmol/L, n=41; total omega-6; (27.28+1.26) %, n=16; Figures 2.1B, 2.1C,
2.2A, and 2.3C).

Female patients with a history of mTBI only had significant or trending significant
decreases in linoleic acid ((1153.08+49.09) umol/L, n=26, p=0.053) and taurine
((44.25£2.24) umol/L, n=24, p=0.017) in plasma compared to females without mTBI
(linoleic acid; (1294.00+43.21) umol/L, n=40; taurine; (52.62+2.43) pmol/L, n=37;

Figure 2.2B, 2.2C).
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Figure 2.1 Significantly or Trending Significantly Reduced Levels of Serum
Antioxidant Biomarkers in Total, Male, and Female Patients Without Versus with a
History of mTBI. In each graph, the gold plot represents populations without a history of
mTBI and the crimson plot represents populations with a history of mTBI. (A) Alpha-
tocopherol levels in serum for total patients without (n=80) versus with a history of mTBI
(n=87), male patients without (n=41) versus with history of mTBI (n = 61), and female
patients without (n = 39) versus with a history of mTBI (n = 26). (B) Coenzyme-ql10
levels in serum for total patients without (n=80) versus with history of mTBI (n=87),
male patients without (n=41) versus with history of mTBI (n=61), and female patients
without (n=39) versus with history of mTBI (n=26). (C) Cysteine levels in serum for total
patients without (n=37) versus with history of mTBI (n=48), male patients without
(n=16) versus with history of mTBI (n=30), and female patients without (n=21) versus
with history of mTBI (n=18). (D) Selenium levels in serum for total patients without
(n=37) versus with history of mTBI (n=48), male patients without (n=16) versus with
history of mTBI (n=30), and female patients without (n=21) versus with history of mTBI
(n=18). Boxplots represent the minimum, maximum, median, mean (diamond symbol),
first/third quantile, and outlying values (</> lower/upper hinge +1.5* interquartile range).
Statistical differences are analyzed by the Mann Whitney U-Test. # indicates p<0.10, *
indicates p<0.05, and ** indicates p<0.01.
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Figure 2.2 Significantly or Trending Significantly Reduced Levels of

Plasma Antioxidant Biomarkers in Total, Male, and Female Patients Without
Versus with a History of mTBI. In each graph, the gold plot represents populations
without a history of mTBI and the crimson plot represents populations with a history of
mTBI. (A) Alpha-linolenic levels in plasma for total patients without (n=81) versus with
history of mTBI (n=88), male patients without (n=41) versus with history of mTBI
(n=62), and female patients without (n=40) versus with history of mTBI (n=26). (B)
Linoleic acid levels in plasma for total patients without (n=81) versus with history of
mTBI (n=88), male patients without (n=41) versus with history of mTBI (n=62), and
female patients without (n=40) versus with history of mTBI (n=26). (C) Taurine levels in
plasma for total patients without (n=77) versus with history of mTBI (n=86), male
patients without (n=40) versus with history of mTBI (n=62), and female patients without
(n=37) versus with history of mTBI (n=24). Boxplots represent the minimum, maximum,
median, mean (diamond symbol), first/third quantile, and outlying values (</>
lower/upper hinge +1.5* interquartile range). Statistical differences are analyzed by the
Mann Whitney U-Test. # indicates p<0.10, * indicates p<0.05, ** indicates p<0.01, and
*** indicates p<0.001.
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Figure 2.3 Significantly or Trending Significantly Reduced Levels of

RBC Antioxidant Biomarkers in Total, Male, and Female Patients Without Versus
with a History of mTBI. In each graph, the gold plot represents populations without a
history of mTBI and the crimson plot represents populations with a history of mTBI. (A)
Docosahexaenoic acid levels in RBCs for total patients without (n=37) versus with
history of mTBI (n=48), male patients without (n=16) versus with history of mTBI
(n=30), and female patients without (n=21) versus with history of mTBI (n=18). (B)
Total omega-3 levels in RBCs for total patients without (n=37) versus with history of
mTBI (n=48), male patients without (n=16) versus with history of mTBI (n=30), and
female patients without (n=21) versus fwith history of mTBI (n=18). (C) Total omega-6
levels in RBCs for total patients without (n=37) versus with history of mTBI (n=48),
male patients without (n=16) versus with history of mTBI (n=30), and female patients
without (n=21) versus with history of mTBI (n=18). Boxplots represent the minimum,
maximum, median, mean (diamond symbol), first/third quantile, and outlying values (</>
lower/upper hinge +1.5* interquartile range). Statistical differences are analyzed by the
Mann Whitney U-Test. # indicates p<0.10 and * indicates p<0.05.
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2.4.3 Sex-Specific Differences in Emotional, Energy, Head, and Cognitive

Symptom Symptomology in Patients with Versus Without a History of mTBI.

Neuropsychological, emotional, and cognitive symptoms have been shown to persist
for months to years following mTBI for some individuals (Cooksley et al., 2018,
Theadom et al., 2018). The majority of our mTBI patient population presented to the
clinic with persisting symptoms which were self-reported using the MSQ. We analyzed
emotional, energy, head, and cognitive symptoms in patients with versus without a
history of mTBI. Some patients did not complete the MSQ or did not answer every
question so n values for individual questions and scores vary and are reported.

Patients with a history of mTBI had a trending significantly greater total symptom
score (54.81+3.87, n=69, p=0.069) when compared to patients without mTBI
(45.48+3.78, n=64; data not shown). Total patients with a history of mTBI had a
significantly increased emotions total score (5.29+0.49, n=69, p =0.016) when compared
to patients without mTBI (3.58+0.38, n=64; Figure 2.4A). Significantly increased
emotional symptoms included anxiety/fear (1.65+0.17, n=69, p=0.049), depression
(1.30+0.16, n=69, p=0.024), and mood swings (1.20£0.13, n=69, p=0.019) when
compared to patients without mTBI (anxiety/fear; 1.14+0.14, n=64; depression;
0.78+0.12, n=64; mood swings; 0.80+0.10, n=64; Figure 2.4B-D). A significantly greater
energy total symptom score was also observed in patients with a history of mTBI
(5.14+0.51, n=69, p=0.046) versus patients without mTBI (3.44+0.34, n=64, Figure
2.5A). Significantly or trending significantly increased energy symptoms in patients with

a history of mTBI included apathy/lethargy (1.38+0.18, n=69, p=0.026), hyperactivity
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(0.62+0.13, n=68, p=0.060), and restlessness (1.20£0.15, n=69, p=0.006) when compared
to patients with no mTBI (apathy/ lethargy; 0.80+0.15, n=64; hyperactivity; 0.30+0.09,
n=64; restlessness; 0.63+0.10, n=64, Figure 2.5B, D, and E). For head and cognitive
symptoms, history of mTBI patients only had trending significantly increased scores for
faintness (0.59+0.12, n=69, p=0.072) and confusion (0.80+0.14, n=69, p=0.055),
respectively, when compared to patients without mTBI (faintness; 0.31+£0.09, n=64;
confusion; 0.52+0.13, n=64; Figure 2.6B, 7B).

Previous literature has reported differences in male and female patient outcomes,
which includes symptomology, following mTBI (Styrke et al., 2013; Mikoli¢ et al.,
2021). Therefore, symptom severity and frequency for emotion, energy, head, and
cognitive symptoms were also analyzed for male and female patients with and without a
history of mTBI to see if sex-specific differences existed. For all symptom data, an
increased score indicates more severe and frequent affective symptomology.

Parallel to the total mTBI patients, males with a history of mTBI had a significantly
increased emotions total score (4.89+0.63, n=45, p=0.024) when compared to males
without mTBI (2.66+0.47, n=32; Figure 2.4A). Significantly or trending significantly
increased emotional symptoms in males with a history of mTBI included anxiety/fear
(1.47£0.20, n=45, p=0.016), depression (1.18+0.20, n=45, p=0.089), and mood swings
(1.20£0.16, n=45, p=0.007) when compared to males without mTBI (anxiety/fear;
0.78+0.19, n=32; depression; 0.66+0.19, n=32; mood swings; 0.56+0.12, n=32; Figure
2.4B - D). For emotional symptoms, in contrast to the total history of mTBI patients,

males with a history of mTBI only had significantly or trending significantly increased
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scores for hyperactivity (0.5+0.16, n=44, p=0.073) and restlessness (1.04+0.16, n=45,
p=0.014) when compared to males without mTBI (hyperactivity; 0.16+0.07, n=32;
restlessness; 0.47+0.10, n=32; Figure 2.5D and 5E). Male patients with a history of mTBI
had a significantly increased head symptom total score (3.07+£0.46, n=45, p=0.029)
including significantly or trending significantly increased faintness (0.42+0.11, n=45,
p=0.012), headaches (0.91+0.20, n=45, p=0.060), and insomnia (1.38+0.23, n=45,
p=0.035) when compared to males without mTBI, of which faintness was only significant
in the total mTBI population (total head score; 1.44+0.27, n=32; faintness; 0.06+0.04,
n=32; headaches; 0.38+0.13, n=32; insomnia; 0.65+0.18, n=31; Figure 2.6A - 6D).
Similar to the total history of mTBI population, males with history of mTBI did not have
a significantly increased or trending increased total cognitive score (4.16+0.73, n=45,
p=0.199) but did have a trending significantly increased symptom score for confusion
(0.64+0.16, n=45, p=0.077) compared to males without mTBI (total cognitive score;
2.84+0.71, n=32; confusion; 0.38+0.18, n=32; Figure 2.7A and 7B). History of mTBI
males had additional significant or trending significant increases in cognitive symptom
scores for difficulty deciding (0.73£0.16, n=45, p=0.065), slurred speech (0.13+0.08,
n=45, p=0.085), and stuttering (0.20£0.06, n=45, p=0.091) versus males without mTBI
(difficulty deciding; 0.41+0.18,n = 32; slurred speech; 0.00+£0.00, n=32; stuttering;
0.06+0.04, n=32; Figure 2.7C, 7E, and 7F).

Females with history of mTBI only had significantly increased scores for depression
(1.54+0.26, n=24, p=0.039) when compared to females without mTBI (0.91+0.16, n=32;

Figure 2.4C). While mTBI males only had significantly or trending significantly
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increased scores for hyperactivity and restlessness, female mTBI patients showed a
significant increase in total energy score (7.13+0.89, n=24, p=0.016) which included
significant or trending significant increases for apathy/lethargy (2.17+£0.33, n=24,
p=0.005), fatigue (2.79+0.29, n=24, p=0.085), and restlessness (1.50+0.30, n=24,
p=0.081) versus females without mTBI (total energy score; 4.34+0.55, n=32; apathy/
lethargy; 1.00£0.23, n=32; fatigue; 2.13£0.26, n=32; restlessness; 0.78+0.17, n=32;
Figure 2.5A - 5E). In contrast to males with mTBI, females with a history of mTBI had
no head symptoms that were significantly or trending significantly increased compared to
females without mTBI (Figure 2.6). Furthermore, females with a history of mTBI only
had a trending significantly increased score for poor concentration (1.96+0.32, n=24,
p=0.061) for cognitive symptoms when compared to females without mTBI (1.22+0.23,
n=32; Figure 2.7D). These data indicate that males exhibit increased symptom severity
and frequency for more symptoms but that female patients show increased symptom

severity and frequency for energy symptoms in response to mTBI.
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Figure 2.4 Significantly or Trending Significantly Worsened Symptoms Pertaining
to Emotional State in Total, Male, and Female Patients with Versus Without a
History of mTBI. In each graph, the gold plot represents populations without a history of
mTBI and the crimson plot represents populations with a history of mTBI. (A) Emotion
symptom category total score for total patients without (n=64) versus with history of
mTBI (n=69), male patients without (n=32) versus with history of mTBI (n=45), and
female patients without (n=32) versus with history of mTBI (n=24). (B) Anxiety/fear
symptom score for total patients without (n=64) versus with history of mTBI (n=69),
male patients without (n=32) versus with history of mTBI (n=45), and female patients
without (n=32) versus with history of mTBI (n=24). (C) Depression symptom score for
total patients without (n=64) versus with history of mTBI (n=69), male patients without
(n=32) versus with history of mTBI (n=45), and female patients without (n=32) versus
with history of mTBI (h=24). (D) Mood swing symptom score for total patients without
(n=64) versus with history of mTBI (n=69), male patients without (n=32) versus with
history of mTBI (n=45), and female patients without (n=32) versus with history of mTBI
(n=24). Boxplots represent the minimum, maximum, median, mean (diamond symbol),
first/third quantile, and outlying values (</> lower/upper hinge +1.5* interquartile range).
Statistical differences are analyzed by the Mann Whitney U-Test. # indicates p<0.10, *
indicates p<0.05, and ** indicates p<0.01.
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Figure 2.5 Significantly or Trending Significantly Worsened Symptoms Pertaining
to Energy in Total, Male, and Female Patients with VVersus Without a History of
mTBI. In each graph, the gold plot represents populations without a history of mTBI and
the crimson plot represents populations with a history of mTBI. (A) Energy symptom
category total score for total patients without (n=64) versus with history of mTBI (n=69),
male patients without (n=32) versus with history of mTBI (n=45), and female patients
without (n=32) versus with history of mTBI (n=24). (B) Apathy/lethargy symptom score
for total patients without (n=64) versus with history of mTBI (n=69), male patients
without (n=32) versus with history of mTBI (n=45), and female patients without (n=32)
versus with history of mTBI (n=24). (C) Fatigue symptom score for total patients without
(n=64) versus with history of mTBI (n=68), male patients without (n=32) versus with
history of mTBI (n=44), and female patients without (n=32) versus with history of mTBI
(n=24). (D) Hyperactivity symptom score for total patients without (n=64) versus with
history of mTBI (n=68), male patients without (n=32) versus with history of mTBI
(n=44), and female patients without (n=32) versus with history of mTBI (n=24).

(E) Restlessness symptom score for total patients without (n=64) versus with history of
mTBI (n=69), male patients without (n=32) versus with history of mTBI (n=45), and
female patients without (n=32) versus with history of mTBI (n=24). Boxplots represent
the minimum, maximum, median, mean (diamond symbol), first/third quantile, and
outlying values (</> lower/upper hinge +1.5* interquartile range). Statistical differences
are analyzed by the Mann Whitney U-Test. # indicates p<0.10, * indicates p<0.05, and **
indicates p<0.01.
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Figure 2.6 Significantly or Trending Significantly Worsened Head Symptoms in
Total, Male, and Female Patients with Versus Without a History of mTBI. In each
graph, the gold plot represents populations without a history of mTBI and the crimson
plot represents populations with a history of mTBI. (A) Head symptom total score for
total patients without (n=64) versus with history of mTBI (n=69), male patients without
(n=32) versus with history of mTBI (n=45), and female patients without (n=32) versus
with history of mTBI (n=24). (B) Faintness symptom score for total patients without
(n=64) versus with history of mTBI (n=69), male patients without (n=32) versus with
history of mTBI (n=45), and female patients without (n=32) versus female patients with
history of mTBI (n=24). (C) Headache symptom score for total patients without (n=64)
versus with history of mTBI (n=69), male patients without (n=32) versus with history of
mTBI (n=45), and female patients without (n=32) versus with a history of mTBI (n=24).
(D) Insomnia symptom score for total patients without (n=63) versus with history of
mTBI (n=69), male patients without (n=31) versus with a history of mTBI (n=45), and
female patients without (n=32) versus with a history of mTBI (n=24). Boxplots represent
the minimum, maximum, median, mean (diamond symbol), first/third quantile, and
outlying values (</> lower/upper hinge +1.5* interquartile range). Statistical differences
are analyzed by the Mann Whitney U-Test. # indicates p<0.10 and * indicates p<0.05.
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Figure 2.7 Trending Significantly Worsened Symptoms Pertaining to Cognition in
Total, Male, and Female Patients with Versus Without a History of mTBI. In each
graph, the gold plot represents populations without a history of mTBI and the crimson
plot represents populations with a history of mTBI. (A) Cognitive symptom total score
for total patients without (n=64) versus with history of mTBI (n=69), male patients
without (n=32) versus with history of mTBI (n=45), and female patients without (n=32)
versus female patients with history of mTBI (n=24). (B) Confusion symptom score for
total patients without (n=64) versus with history of mTBI (n=69), male patients without
(n=32) versus with history of mTBI (n=45), and female patients without (n=32) versus
with history of mTBI (n=24). (C) Difficulty deciding symptom score for total patients
without (n=64) versus with history of mTBI (n=69), male patients without (n=32) versus
with history of mTBI (n=45), and female patients without (n=32) versus with history of
mTBI (n=24). (D) Poor concentration symptom score for total patients without (n=64)
versus with history of mTBI (n=69), male patients without (n=32) versus with history of
mTBI (n=45), and female patients without (n=32) versus with history of mTBI (n=24).
(E) Slurred speech symptom score for total patients without (n=64) versus with history of
mTBI (n=69), male patients without (n=32) versus with history of mTBI (n=45), and
female patients without (n=32) versus with history of mTBI (n=24). (F) Stuttering
symptom score for total patients without (n=64) versus with history of mTBI (n=69),
male patients without (n=32) versus with history of mTBI (n=45), and female patients
without (n=32) versus with history of mTBI (n=24). Boxplots represent the minimum,
maximum, median, mean (diamond symbol), first/third quantile, and outlying values (</>
lower/upper hinge +1.5* interquartile range). Statistical differences are analyzed by the
Mann Whitney U-Test. # indicates p<0.10.

2.4.4 Multiple mTBI Patients Seemed to Have Worsened and More Frequent

Symptomology Compared to Patients Who Sustained a Single mTBI.

Sixty-seven (n=67) of the 88 history of mTBI patients reported either sustaining a
past single mTBI (n=27) or multiple mTBIs (n=40). A patient was included in the
multiple mTBI group if they sustained more than one mTBI throughout their lifetime,
regardless of time elapsed between mTBIs. Previous data indicates that patients who
suffer multiple mTBIs may have exacerbated secondary pathology which could lead to
worsened symptoms (Bailes et al., 2014, Miller et al., 2013). Therefore, a qualitative

heatmap visualization was created to allow for a comparison of increased symptom
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severity and frequency for the previously mentioned emotional, energy, head, and
cognitive symptoms in patients with multiple mTBI when compared to patients with a
past single mTBI and no mTBI (Figure 2.8A). Patients with multiple mTBI seem to have
worsened symptom severity and frequency, as indicated by the darker shade of grey for
symptom scores, when compared to patients with a past single or no history of mTBI.

2.4.5 Chronic mTBI Patients Seemed to Have Worsened and More Frequent

Emotional, Energy, and Cognitive, but Not Head Symptoms, When Compared

to Acute-Subchronic mTBI Patients.

We also wanted to know whether symptom severity and frequency improved with
increased time elapsed since the mTBI. History of mTBI patients were divided into
groups based on the amount of time that has passed since their most recent mTBI to the
clinic visit. Of the 88 history of mTBI patients, 46 reported the date of their most recent
mTBI. Fourteen (n=14) patients suffered acute-chronic mTBI and presented to the clinic
within 1 year of their most recent mTBI. Thirty-two (n=32) patients suffered chronic
mTBI with their most recent mTBI > 1 year since presenting to the clinic. Emotional,
energy, head, and cognitive symptom scores between no, acute-subchronic, and chronic
mTBI patients were also qualitatively analyzed using a heatmap visualization (Figure
2.8B). As indicated by a darker grey shade, it appears that patients with chronic mTBI
have worsened and more frequent symptoms in all categories aside for hyperactivity and

most head symptoms when compared to acute-subchronic and no mTBI patients.
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Figure 2.8 Qualitative Differences in Emotional, Energy, Head, and Cognitive
Symptom Severity and Frequency Between Patients with No History of mTBI
Versus Patients with a Past Single mTBI or with a History of Multiple mTBI and
Between Patients with No History of mTBI Versus Patients with Acute-Subchronic
mTBI or Chronic mTBI. Total/individual symptom scores between (A) patients with no
history of mTBI (No; n=82), single mTBI (Single; n=27), and multiple mTBI (Multiple;
n=40) or between (B) patients with no history of mTBI (No; n=82), acute-subchronic
mTBI (Acute; n=14), and chronic mTBI (Chronic; n=32) are displayed in a heatmap for
qualitative comparison of symptom severity between these groups. Acute-subchronic
mTBI patients presented to the clinic < 1 year and chronic mTBI patients presented > 1
year since their most recent mTBI. A lighter shade indicates a lower symptom score/
lessened severity/ less frequent, and a darker shade indicates a higher score/ worsened
severity/ increased frequency.

2.4.6 History of mTBI Patients with Lower Levels of PUFA Biomarkers Have

Significantly Worsened and Increased Frequency of Symptoms When

Compared to mTBI Patients with Higher Levels of PUFA Biomarkers.

Supplementation with PUFAs prior to and following TBI have been shown to reduce
neuronal cell death, inflammation, and oxidative stress and improve cognitive function
following TBI (Bailes & Mills, 2010; Mills et al., 2011; Pu et al., 2013; Pu et al., 2017).
It can be hypothesized that higher PUFA levels could result in improved outcome and
less severe symptomology in humans following TBI. Our data indicate that PUFASs such
as total omega-3, total omega-6, linoleic acid, alpha-linolenic acid, and docosahexaenoic
acid are depleted with mTBI. Therefore, we suspected that greater depletion in these
antioxidants may be responsible for worsened symptomology in patients with a history of
mTBl.

Patients with a history of mTBI that had biomarker data for all PUFAs analyzed
(linoleic acid and alpha-linolenic acid in plasma and total omega-3, total omega-6, and

docosahexaenoic acid in RBCs) and MSQ responses (n=43) were divided into patients
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with a low (n=20) and high level of PUFAs (n=23). History of mTBI patients with a low
level of PUFASs had a significantly lower level of PUFASs (9.15+0.47, p<0.000) when
compared to mTBI patients with a high level (13.96+0.42, Figure 2.9A). Overall, history
of mTBI patients with a low PUFA score had a significantly higher total symptom score
(65.15+6.46), indicating worsened symptom severity and increased frequency, when
compared to patients with a higher PUFA score (47.39+6.34, p=0.028, data not shown).
Emotional, energy, head, and cognitive total symptom scores were analyzed between
these patients. Of these, the energy total symptom score was significantly increased in
history of mTBI patients with low levels of PUFAs (6.65+0.86) versus those with higher
levels (3.96+0.81, p=0.022, Figure 2.9B).

History of mTBI patients with low PUFA levels had significantly increased scores for
energy symptoms for fatigue (2.60+£0.31, p=0.038), apathy/lethargy (1.80+0.31,
p=0.035), and restlessness (1.60+£0.27, p=0.023) when compared to patients with high
levels (fatigue; 1.70+0.29; apathy/lethargy; 1.09+0.33; restlessness; 0.91+0.26; Figure
2.9C). Patients with a history of mTBI with low levels of PUFAs also had significantly
increased symptom scores for anger/irritability (1.75+0.28, p=0.018) for emotional
symptoms and confusion (1.50£0.34, p=0.023) for cognitive symptoms when compared
to patients with high levels (anger/irritability; 0.87+0.16; confusion; 0.48+0.17; Figure
2.9C). These data indicate that mTBI patients with lower levels of PUFA biomarkers

have worsened symptomology when compared to patients with higher levels.
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Figure 2.9 Significantly Worsened Symptoms Pertaining to Emotional State,
Energy, Head Symptoms, or Cognition in Total History of mTBI Patients with
PUFA Biomarker Depletion When Compared to History of mTBI Patients with
Higher Levels of PUFA Biomarkers. In each graph, the gold plot represents history of
mTBI populations with a high PUFA biomarker score (n=23) and the crimson bar
represents populations with a low PUFA biomarker score (n=20). (A) Polyunsaturated
fatty acid biomarker scores were significantly different for total history of mTBI patients
with a high versus low PUFA biomarker score. (B) MSQ symptom total scores analyzed
in history of mTBI patients with a high versus low PUFA score. (C) Significantly
worsened symptoms analyzed in history of mTBI patients with a high versus low PUFA
biomarker score. Boxplots represent the minimum, maximum, median, mean (diamond
symbol), first/third quantile, and outlying values (</> lower/upper hinge +1.5*
interquartile range). The Mann Whitney U-Test was used to analyze statistical differences
in PUFA scores and symptom scores. * indicates p<0.05 and *** indicates p<0.001.

2.5 Discussion

We retrospectively analyzed antioxidant biomarkers and symptomology in patient
cohorts with and without a history of mTBI from a local sports medicine clinic in Denver,
CO. We found that the total population with a history of mTBI had significantly depleted
levels of biomarker antioxidants including alpha-tocopherol and selenium in serum,
linoleic acid and taurine in plasma, and docosahexaenoic acid and total omega-3 in RBCs
when compared to patients without mTBI. Male patients with a history of mTBlI,
compared to males without mTBI, showed significant or trending significant depletions
in all antioxidant biomarkers that were depleted in the total mTBI population.
Furthermore, male patients with a history of mTBI had additional significant or trending
significant decreases in coenzyme-g10 and cysteine in serum, alpha-linolenic acid in
plasma, and total omega-6 in RBCs when compared to males without mTBI. On the other
hand, female mTBI patients only showed significantly or trending significantly decreased

linoleic acid and taurine in plasma, which were depleted in the total population with a
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history of mTBI, when compared to female without mTBI. Overall, patients with a
history of mTBI have significant antioxidant biomarker depletion and male patients seem
to show more extensive antioxidant depletion than female patients in response to mTBI.

The secondary injury pathology response to TBI, even of mild severity, can include
neuroinflammation, oxidative stress, BBB disruption, mitochondrial dysfunction, and
excitotoxicity. Previous research has shown that this pathology can persist for weeks to
months following a mTBI (Bramlett & Dietrich, 2015; Ladak et al., 2019; Mckee &
Daneshvar, 2015; Wang, K. K., et al., 2013). Neuroinflammation consists of infiltrating
macrophages as a result of BBB disruption and activated resident microglia and
astrocytes which generate ROS/RNS and contribute to the oxidative burden (Abdul-
Muneer et al., 2015). Excessive glutamate release and subsequent calcium overload
results in excitotoxicity. Excitotoxicity, along with increased oxidative stress, can initiate
apoptotic signaling pathways within mitochondria leading to neuronal cell death
(Cornelius et al., 2013). When these processes persist, the endogenous antioxidant system
becomes depleted as brain endogenous antioxidants like superoxide dismutase (SOD) or
glutathione (GSH) work to remove and neutralize ROS/RNS. Only a few in vivo studies
report antioxidant depletion following more severe TBI (Bayir et al., 2002; Tyurin et al.,
2000). However, no studies, to date, report extensive antioxidant depletion in human
subjects in response to mTBI. The data presented here are novel in that they confirm
significant antioxidant depletion in patients with a history of mTBI.

Our data also suggests that there are sex-specific differences in antioxidant depletion

in response to a history of mTBI. Previous studies have shown that male subjects have
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increased ROS/RNS species, increased markers of oxidative damage such as
thiobarbituric reactive substances, and reduced antioxidants such as SOD, GSH
peroxidase, and catalase, when compared to females (Ide et al., 2002; Kander et al., 2017;
Ruszkiewicz et al., 2019). Total antioxidant capacity is also higher in females (Borras et
al., 2003; Demirbag et al., 2005; Vina et al., 2011). Female sex hormones such as 173-
estradiol and progesterone, are neuroprotective and play a role in increasing activity of
the endogenous antioxidant system (Ruszkiewicz et al., 2019). Furthermore, studies have
shown that female sex hormones are neuroprotective against TBI (Pooley et al., 2018;
Shahrokhi et al., 2012). In response to TBI of greater severity and in animal studies of
TBI, oxidative stress as evidenced by lipid peroxidation and protein carbonylation was
increased in males with TBI (Bayir et al., 2004; Lazarus et al., 2015; Wagner et al.,
2004). Since healthy males already have increased oxidative burden and reduced
antioxidant potential, our findings support that, in response to the overt and prolonged
oxidative stress caused by a history of mTBI, males have more extensive antioxidant
depletion.

Severity and frequency of emotional, energy, head, and cognitive symptoms were
also analyzed in total, male, and female populations with a history of mTBI. Total
patients with mTBI had significant or trending significant increases in the total emotion
symptom score which included anxiety/fear, depression, and mood swings, the total
energy symptom score which included apathy/lethargy, hyperactivity, and restlessness,
only faintness for head symptoms, and no significant increase in cognitive symptom

scores. Males and females exhibited sex-specific differences in trending or significantly

120



increased symptom scores. It seems that male patients with a history of mTBI had
worsened symptom severity and frequency for most symptoms, particularly for head and
cognitive symptoms, whereas females exhibited less overall symptomology but more
severe symptom severity and frequency for energy symptoms. Sustained increased
oxidative burden leading to extensive antioxidant depletion can present in physical
symptoms. Many of the antioxidants observed to be depleted in our history of mTBI
patients have implications in reducing oxidative stress, act as neuroprotective agents, and
have anti-inflammatory properties. When depleted long-term, physical symptoms may
manifest and antioxidant depletion may contribute to the development of
neurodegenerative disease.

Patients with a history of mTBI were further divided based on number of TBIs
sustained and time since their last mTBI. Qualitative analysis indicated that multiple
mTBI patients had worsened symptom scores for all categories when compared to single
mTBI and patients without mTBI. Multiple mTBIs can exacerbate secondary injury and
healthy adults who have rmTBIs report worse cognitive and emotional symptoms (Bailes
et al., 2014; Bailes et al., 2013). Chronic mTBI patients also showed worsened symptom
scores for emotional, energy, and cognitive symptoms when compared to acute-
subchronic mTBI and no mTBI patients. Interestingly, acute-subchronic mTBI patients
had worsened symptoms for hyperactivity and most head symptoms. Persisting
symptoms from mTBI occur in 10-15% of patients which typically include headache,

sleep disturbances, and fatigue (Marshall et al., 2012). This minority of patients with
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persisting symptoms likely represent our chronic mTBI patients as they presented to the
clinic with continuing symptoms greater than 1 year since their mTBI.

Alpha-tocopherol has implications in nerve protection and cognitive function,
resulting in neurological symptoms when depleted (Traber, 2014). Selenium is a trace
mineral that plays roles in the formation of selenoproteins, including GSH peroxidase,
which performs antioxidant activities, and its depletion has been linked to immune
dysfunction, decreased neurotransmitter production, and depressed mood states
(Shreenath et al., 2021). Both alpha-tocopherol and selenium were significantly or
trending significantly depleted in total and male patients with a history of mTBI which
may explain the worsened head and cognitive symptoms reported particularly by male
patients with mTBI.

Taurine, which was depleted in all history of mTBI populations, is a sulfur-containing
amino acid that has anti-inflammatory roles, can reduce superoxide generation, prevents
apoptosis, supports energy metabolism, and protects against excitotoxicity (Jong et al.,
2012; Schaffer & Kim, 2018). Depletion of taurine can result in depression and anxiety,
symptoms that were significantly or trending significantly worsened in all history of
mTBI populations.

Taurine is synthesized from cysteine. Although taurine was found to be depleted in all
mTBI populations, cysteine was only found to be trending significantly depleted in males
with a history of mTBI. Cysteine is an amino acid necessary for protein synthesis, a
precursor to many sulfur containing molecules, and is necessary for GSH synthesis.

Cysteine plays roles in redox homeostasis and has implications for numerous
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neurodegenerative diseases (Paul et al., 2018). Cysteine depletion in males with mTBI
may explain the worsened head and cognitive symptoms. GSH was measured in WBCs
but was not significantly depleted. Findings of cysteine depletion, but not GSH, could be
due to the difference in location of measurement.

Coenzyme-q10 was trending significantly depleted in males with mTBI and is a
component of the mitochondrial electron transport chain. It has roles in energy
metabolism and mitochondrial function, with implications in neurodegenerative disease
(Paul et al., 2018). Males had deficiencies in many of the antioxidant biomarkers with
implications in neurodegenerative disease and also had increased symptomology for head
and cognitive symptoms. The connection between antioxidant depletion in response to
mTBI and neurodegenerative disease should be further explored.

Polyunsaturated fatty acids found to be depleted in mTBI populations in this study
include linoleic acid, alpha-linolenic acid, total omega-3, total omega-6, and
docosahexaenoic acid. Polyunsaturated fatty acids provide structure and support to both
neurons and glia (Bazinet & Layé, 2014). The brain is particularly enriched in
arachidonic acid and docosahexaenoic acid, which were measured in this study.
Depletions in PUFAs, particularly docosahexaenoic acid, have been associated with
mood changes including depression and bipolar disorder (McNamara et al., 2013). Male
MTBI patients had significantly or trending significantly decreased levels of linoleic acid,
alpha-linolenic acid, total omega-3, total omega-6, and docosahexaenoic acid when
compared to male patients without mTBI. which may explain their reported worsened

emotional, head, and cognitive symptoms.
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Polyunsaturated fatty acid biomarkers have been well studied in in vivo models as
treatments for TBI. Supplementation with PUFA biomarkers, such as docosahexaenoic
acid and omega-3, result in neuroprotection and decreased inflammation and oxidative
stress following TBI (Bailes & Mills, 2010; Mills et al., 2011; Pu et al., 2013; Pu et al.,
2017). Furthermore, PUFA supplementation can preserve BBB integrity, reduce
neurological impairment, and preserve brain derived neurotrophic factor levels (Bailes et
al., 2020; Kumar, P. R., et al., 2014; Zhang, E., et al., 2020). We found that mTBI
patients with lower levels of PUFAs had significantly worsened anger/irritability for
emotional symptoms, confusion for cognitive symptoms, and energy total score which
included significantly worsened fatigue, apathy/lethargy, and restlessness. These data
support the use of antioxidant treatments, such as supplementation with PUFAs, to treat
mTBI.

There are several limitations to the present study. Due to the retrospective nature of
this study, we could not collect additional information for participants who were missing
information resulting in varying n values for biomarker levels and symptom scores.
Furthermore, patients presented to the clinic within a wide range of time elapsed since
their most recent mTBI or didn’t report the date of their last mTBI. We also recognize
that there may not be a direct correlation between antioxidant depletion and the
presentation of certain symptoms and that environmental and social factors may
contribute to the reported symptoms and antioxidant depletion observed. Future studies
should include larger sample sizes, complete medical history and lifestyle information,

and thorough information pertaining to the nature of the mTBI. Biomarker measurements
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and symptom responses should be obtained ideally at regular intervals from the first
mTBI. However, this study is valuable in that it is the first of its kind to analyze
numerous antioxidant biomarkers and a comprehensive list of symptoms in male and
female patients with a history of mTBI.

The data presented here show that overall, patients with a history of mTBI have
significant antioxidant biomarker depletion and worsened symptomology than patients
without a history of mTBI. Furthermore, sex-specific differences exist in antioxidant
biomarker depletion and symptom response to history of mTBI. The data support the use
of sex-specific antioxidant supplementation following mTBI particularly in patients with
chronic symptoms and those who have suffered from multiple mTBIs as they may be

beneficial for improved symptomology caused by mTBlI.
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CHAPTER THREE: IMMUNOCAL® LIMITS GLIOSIS IN MOUSE MODELS

OF REPETITIVE MILD-MODERATE TRAUMATIC BRAIN INJURY

3.1 Abstract
3.1.1 Objective

Successive traumatic brain injuries (TBIs) exacerbate neuroinflammation and
oxidative stress. No therapeutics exist for populations at high risk of repetitive mild TBIs
(rmTBIs). We explored the preventative therapeutic effects of Immunocal®, a cysteine-
rich whey protein supplement and glutathione (GSH) precursor, for rmTBI and repetitive
mild-moderate TBI (rmmTBI).

3.1.2 Methods

Mice were treated with Immunocal® prior to, during, and following rmTBI induced
by controlled cortical impact until analysis at 2 weeks, 2 months, and 6 months following
the last rmTBI. Astrogliosis and microgliosis were measured in cortex at each time point
and edema and macrophage inflitration by MRI was analyzed at 2 months post-
rmTBI. The dosing regimen was repeated in mice subjected to rmmTBI. Astrogliosis,
microgliosis, neurofilament light (NfL) in serum, and GSH and glutathione disulfide
(GSSG) were measured 72 hours post-rmmTBI.

3.1.3 Results

Immunocal® significantly reduced astrogliosis at 2 weeks and 2 months post-

rmTBI. Macrophage activation was observed at 2 months post-rmTBI but Immunocal®
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had no significant effect on this endpoint. We did not observe significant microgliosis or
edema after rmTBI. Increases in astrogliosis, microgliosis, serum NfL, and reductions in
the GSH:GSSG ratio, were observed 72 hours post-rmmTBI. Immunocal® only
significantly reduced microgliosis after rmmTBI.

3.1.4 Interpretation

Astrogliosis persists for 2 months post-rmTBI. Inflammation, neuronal damage, and
altered redox homeostasis present acutely following rmmTBI. Immunocal® significantly
limited gliosis in these models; however, its neuroprotection was, to some extent,
overwhelmed by repetitive injury. Treatments that modulate distinct aspects of TBI

pathophysiology, used with Immunocal®, may show more protection in rmTBI models.

3.2 Introduction

Each year, approximately 69 million individuals worldwide sustain a traumatic brain
injury (TBI), defined as an injury resulting from an impact to the head (Dewan et al.,
2018). In the United States, 1.5 million individuals suffer a TBI of which 80,000
experience long-term disability (Flanagan, 2015). In 2010, the lifetime economic burden
of TBI for the United States was estimated to be $76.5 billion (Seifert, 2007). Clearly,
TBI has severe emotional, physical, and economic consequences.

Primary injury from TBI occurs immediately and results from mechanical forces from
the impact (Harish et al., 2015). Secondary injury is progressive and includes
neuroinflammation, blood brain barrier (BBB) disruption, oxidative stress, excitotoxicity,
and cell death (Hiebert et al., 2015; Jassam et al., 2017; Pearn et al., 2017). These

processes contribute to symptoms and cognitive and motor deficits following TBI
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(Decker et al., 2018; Honan et al., 2015; Voormolen et al., 2019; Wang, G., et al., 2018;
Yin et al., 2016). Approximately 80% of TBIs sustained worldwide are mild in severity
(McCrory et al., 2013). Repetitive TBIs (rTBIs), even of mild severity, can prolong and
worsen TBI secondary injury (Bailes et al., 2013; Dhillon et al., 2020; Fehily &
Fitzgerald, 2017; Fujita et al., 2012; Mouzon et al., 2017). Cognitive and motor deficits
may or may not result from rmTBI, however, pathology can persist. Continual treatment
of secondary injury is necessary for patients that suffer rmTBI as they may have an
increased risk for neurodegeneration (Edwards et al., 2017; Faden & Loane, 2015; Gao et
al., 2017).

Currently, there are no FDA approved preventative treatments for individuals, such as
athletes and military personnel, who sustain rmTBI. The current study investigated
Immunocal® as a preventative and restorative treatment for rmTBI and repetitive mild-
moderate TBI (rmmTBI). Immunocal® is a non-denatured whey protein supplement that
contains a large amount of cystine and glutamylcysteine, which can be converted to
cysteine after crossing the BBB (Baruchel & Viau, 1996; Ross et al., 2012; Shih et al.,
2006). Cysteine is the limiting substrate in the production of glutathione (GSH), a key
endogenous antioxidant which has been shown to play significant roles in mitigating
oxidative stress from neurodegeneration and neurotrauma (Bannai & Tateishi, 1986;
Koza & Linseman, 2019; Mazzetti et al., 2015). We have previously shown that
Immunocal® enhances the synthesis of GSH in neurons and provides neuroprotection in

vitro and in vivo (Ross et al., 2012; Ross et al., 2014; Winter et al., 2017b).
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Here, we analyzed the effect of Immunocal® treatment in mouse models of rmTBI or
rmmTBI induced by controlled cortical impact (CCI), adapted from a well-established
model (Mouzon et al., 2014; Mouzon et al., 2017; Mouzon et al., 2012). We have
previously studied Immunocal® in a mouse model of single moderate TBI induced by
CCl and found that supplementation with Immunocal® for 28 days prior to TBI
preserved the ratio of GSH:glutathione disulfide (GSSG). Immunocal® also significantly
reduced inflammation, axonal demyelination, and lipid peroxidation, ultimately offering
neuroprotection (Ignowski et al., 2018). In this study, we explored the potential
therapeutic effects of Immunocal® treatment in models of repetitive TBI. Mice were
treated with Immunocal® 28 days prior to, during, and following 5 rmTBIs or 3
rmmTBls induced by CCI and the effects of Immunocal® treatment were assessed on
recovery, edema, macrophage infiltration, astrogliosis, microgliosis, serum neurofilament
light (NfL), and brain GSH:GSSG, using ex vivo and in vivo (magnetic resonance
imaging, MRI) techniques

3.3 Methods

3.3.1 Animal Care and Treatment

Animal work was performed under approved protocols to study rmTBI (#1011533;
approved: 2/7/2017; expired: 2/6/2020) or rmmTBI (#1638687; approved: 8/27/2020;
expires: 8/26/2023) by the Institutional Animal Care and Use Committee (IACUC) at the
University of Denver. Male CD1-Elite mice (aged 35 days) were purchased from Charles

River Laboratories (Hollister, CA) and maintained at the University of Denver animal
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facility on a 12h light/dark cycle with food and water provided ad libitum. Mice
acclimated for two weeks prior to the study.

3.3.2 Mice Subjected to rmTBI for Analysis at 2 Weeks, 2 Months, and 6 Months

Post-TBI

Mice were divided into three groups with 23 mice in each group: Sham, untreated
rmTBI, or Immunocal®-treated rmTBI. Immunocal®-treated rmTBI mice were dosed
with a 3% w/v solution in sterile drinking water provided ad libitum for 5 days/week over
28 days prior to, during the rmTBIs, and until euthanasia. A similar dosing regimen
yielded therapeutic effects in mice subjected to single moderate TBI (Ignowski et al.,
2018). Body weights were obtained weekly. A magnetic resonance imaging (MRI)
session was performed on 11 (n=3-4 per group) of the mice analyzed at 2 months post-
rmTBI. Immunohistochemical staining of cortex with glial fibrillary acidic protein
(GFAP) and ionized calcium-binding adaptor molecule 1 (Iba-1) to measure astrogliosis
and microgliosis, respectively, from mice analyzed at 2 weeks, (n=9 per group), 2 months
(n=9 per group), and 6 months (n=5 per group) post-rmTBI. N values vary due to
unviable tissue or high/low outliers resulting in exclusion.

3.3.3 Repetitive mTBI Procedure

Five rmTBIs were performed with an inter-concussion interval of 48 hours over 10
consecutive days. Following the 28-day Immunocal® dosing, the first mTBI was induced
by CCI using the Leica Impact One system (Leica Biosystems, Buffalo Grove, IL).
Briefly, mice were anesthetized using an isoflurane vaporizer (VetEquip, Inc., Livermore,

CA), their head was shaved, and they were placed into a stereotaxic frame (Braintree
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Scientific Inc., Braintree, MA) to prevent movement during impact. The impactor probe
(5mm diameter) was directly centered along the midline at bregma. A mTBI was
administered with an impact depth of 1mm at a velocity of 5m/s (dwell time 200msec) as
previously described (Mouzon et al., 2017; Mouzon et al., 2014; Mouzon et al., 2012).
Untreated and Immunocal®-treated rmTBI mice were subjected to rmTBI
(Supplementary Table 2). Apnea times greater than 5s were not observed or recorded.
Sham were not subjected to impact but were otherwise treated identically to rmTBI mice.
Mice recovered from anesthesia on a thermal pad and their righting reflex times were
measured. Righting reflex was the point at which the animal was able to maintain a
sternal position. Mice returned to their home cage once ambulatory.

3.3.4 Mice Subjected to rmmTBI and Analysis at 72 Hours Post-TBI

Mice were divided into three groups with 7 mice in each group: Sham, untreated
rmmTBI, or Immunocal®-treated rmmTBI. Two Immunocal®-treated rmmTBI and 1
untreated rmmTBI mouse were euthanized prior to study conclusion due to adverse
effects from the rmmTBI (e.qg., difficulties with ambulation, seizure activity). The dosing
regimen and body weight assessment was performed as described above. During and
following the rmmTBIs until euthanasia, mice were monitored for distress. Mice were
euthanized at 72 hours post-rmmTBI. Immunohistochemical staining of cortex for GFAP
to measure astrogliosis and Iba-1 to measure microgliosis, brain GSH and GSSG, and
serum NfL were performed for all mice subjected to rmmTBI. However, n values vary

slightly due to unviable tissue or high/low outliers resulting in exclusion.
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3.3.5 Repetitive mmTBI Procedure

Three mmTBIs were performed with an inter-concussion interval of 48 hours over 5
consecutive days. Repetitive mmTBIs were performed as described above with the
following modifications. A concave 3mm metallic disk was affixed to the shaved head
along the midline at bregma using tissue adhesive. Mice were in a stereotaxic frame and
the impactor probe administered an impact depth of 2mm at a velocity of 5.5m/s (dwell
time 200msec) to induce mmTBI (Supplementary Table 2). Untreated and Immunocal®-
treated rmmTBI mice underwent mmTBI and were monitored for TBI-induced apnea
(discontinuation of normal respiration). Sham animals were not subjected to impact but
were otherwise treated identically to rmmTBI mice. Mice recovered from anesthesia on a
thermal pad, their righting reflex times were measured, and returned to their home cage
once ambulatory.

3.3.6 MRI Analysis of BBB Disruption/Edema and Activated Macrophages

3.3.6.1 Magnetic Resonance Imaging

All mouse brain MRI acquisitions were performed in the Colorado Animal Imaging
Shared Resource (University of Colorado Anschutz Medical Campus) under an approved
animal IACUC protocol #00596 (expires 11/7/2022). Briefly, the animals were
anesthetized with 1.5-2% Isoflurane, positioned inside a warmed animal holder and
inserted into the Bruker 9.4 Tesla/ 20 cm BioSpec MRI scanner with a mouse head
phase-array RF coil. A multi-parametric high-resolution MR protocol was applied (Dahl
et al., 2020; Frey et al., 2014; Pierce A. M., et al., 2019; Serkova et al., 2010): “T2w-

turboRARE MRI” (structural MRI, 48 microns in-plane resolution)— “T2wMRI-MSME

132



mapping with 16 echoes” (with/ without iron oxide nanoparticles Ferumoxytol for
macrophage imaging)— “TIwMRI-MSME” (with/ without gadolinium contrast
MultiHance for BBB breakdown)— EPS DWI with 6-gradients (for restricted diffusion/
brain edema).

3.3.6.2 Quantitative Image Analysis

All injured areas were assessed by placing region of interest (ROIs) on T2wMRI axial
and sagittal slices. The changes in T2-relaxation times were assessed in the injured and
control cortex from the T2w-maps in pre- and post-ferumxytol scans (24 hrs apart) to
assess iron accumulation if macrophages. Increased T1-signal intensities in TIW post-
gadolinium MRI scans were used to assess the areas of BBB leakage. Increased pparent
diffusion coefficient (ADC) values from DWI for the left and right hemisphere were
taken in two brain slices, anterior and posterior to bregma, were used to characterize
brain edema. Change in T2-weighted values for the left and right hemisphere were also
averaged for each mouse. All analysis was performed using Bruker ParaVision NEO360
v2.0 software

3.3.7 Euthanasia and Sample Collection

Mice were euthanized with an overdose of isoflurane and decapitated at respective
study endpoints. For rmmTBI mice, trunk blood was collected. Whole brain was
removed, washed in 1X phosphate buffered saline (PBS, pH==7.4) and placed into a
1mm cut stainless steel brain matrix (Plastics One, Roanoke, VA) submerged in ice cold
Gey’s balanced salt solution (Sigma Aldrich, St. Louis, MO). Using a razor blade, each

brain was sectioned and used as shown in Supplementary Figure 2.
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3.3.8 Immunohistochemical Staining of GFAP and Iba-1 in Cortex

3.3.8.1 Tissue Processing

The brain section was washed with ice cold Grey’s solution and placed in 4%
paraformaldehyde at 4°C overnight. Each section was washed with cold 1X PBS and
placed in 30% sucrose in 1X PBS for cryopreservation. Sections were frozen in optimal
cutting temperature (OCT) compound with liquid nitrogen and stored at -80°C. Prior to
sectioning, tissue was allowed to acclimate in the microtome cryostat for 30 minutes.
Brain was cut in 20pum sections, collecting every viable tissue section onto the surface of
Fisherbrand Superfrost Colorfrost Plus coated slides (Fisher Scientific, Pittsburgh, PA)
and stored at -20°C.

3.3.8.2 Immunohistochemical Staining

Slides equilibrated at room temperature for 30 minutes. Sections were outlined with
Liquid Blocker Super PAP Pen (Daido Sangyo Co., Tokyo, Japan) and washed twice
with 1X PBS to remove residual OCT. Tissue underwent a standard staining protocol
using primary antibodies against GFAP and Iba-1, Cy3- or Alexa Fluor 488-conjugated
secondary antibodies, and Hoechst nuclear stain, as previously described (Ignowski et al.,
2018). Two slides with 6 sections of cortex per mouse were stained for Iba-1 and GFAP.

3.3.9 Immunofluorescence Microscopy of GFAP and Iba-1-Stained Cortex

Three 20X images per section were captured by a blinded researcher using a Zeiss
Axio Observer epi fluorescence microscope (locations shown in Supplementary Figure
3). Iba-1 and GFAP images were captured on the Alexa Fluor 488 and Cy3 channel,

respectively.
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3.3.10 Quantification of Astrocyte and Microglia Number in Cortex

Iba-1 and GFAP images were quantified by two blinded researchers. Using Adobe
Photoshop CC 19.1.7 (Adobe Inc., San Jose, CA), background staining was removed by
setting a black point for the image in an area of high background staining. The count tool
was then used to label positively stained GFAP and Hoechst cells, counted as astrocytes,
or positively stained Iba-1 and Hoechst cells, counted as microglia. An average of the
total number of astrocytes or microglia counted for each mouse was obtained from 18-36
images per mouse.

3.3.11 Measurement of Serum NfL by Enzyme-Linked Immunosorbent Assay

(ELISA)

3.3.11.1 Blood Processing

Trunk blood was collected into 200 puL serum capillary top sample tubes (SAI
Infusion Technologies, Lake Villa, IL) and clotted for 1 hour at room temperature prior to
centrifugation at 4000rpm for 10 minutes at 4°C. Supernatant was collected and serum
was isolated and stored at -80°C.

3.3.11.2 ELISA

Manufacturer’s protocols were followed for mouse Neurofilament Light ELISA assay
kit (Aviva Systems Biology, San Diego, CA). Samples were diluted 1:2 with provided
standard diluent and run in duplicate. Optical density (O.D.) absorbance was read at
450nm using a spectrophotometer and relative O.D. with corrected absorbance was
calculated for standard and sample. Values for NfL concentration were interpolated from

the standard curve and an average NfL concentration was calculated for each mouse.

135



3.3.12 Colorimetric Detection of Brain GSH and GSSG

3.3.12.1 Tissue Processing

Brain sections (Supplementary Figure 2) were frozen in liquid nitrogen and stored at -
80°C. Brain sections were homogenized in 250uL of ice cold 100mM phosphate buffer
(pH=7) using a dounce homogenizer. The homogenate was centrifuged at 14,000rpm for
10 minutes at 4°C and supernatant was removed. An aliquot was taken for protein assay
determination. One volume of cold 5% 5-sulfo-salicylic acid (Sigma-Aldrich, St/ Louis,
MO) was added to remaining samples which were incubated for 10 minutes at 4°C.
Samples were centrifuged at 14,000rpm for 10 minutes at 4°C and supernatant was
analyzed.

3.3.12.2 Colorimetric Detection Assay

Manufacturer’s protocols were followed for the Glutathione Colorimetric Detection
Kit (Invitrogen, Waltham, MA). Samples were diluted by adding 1.5 volumes of provided
1X assay buffer and run in duplicate. O.D. absorbance was read at 405nm using a
spectrophotometer and the relative O.D. with corrected absorbance was calculated for
standards and samples. Values for GSH and GSSG were interpolated from standard
curves and normalized based on protein concentration. Average values for GSH and
GSSG were calculated for each mouse and the GSH:GSSG ratio was calculated.

3.3.13 Statistical analysis

Data were statistically analyzed and graphs (showing mean + standard error of the
mean (SEM)) were created using GraphPad Prism 5.01 for Windows (GraphPad

Software, San Diego, CA). Statistical differences between groups were evaluated using a
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one-way ANOVA with post-hoc Tukey’s test at each time point for body weight, righting
reflex, ADC and T-2 weighted values, quantification of astrocytes and microglia, NfL
levels, and GSH, GSSG, and GSH:GSSG measurements. A post-hoc Dunnett’s Multiple
Comparison test was also used for GSH. Statistical differences in righting reflex between
and within groups were analyzed by a paired t-test. Statistical differences between groups
were analyzed by an unpaired t-test for apnea values. Differences were statistically

significant when p<0.05 for all analyses.

3.4 Results
3.4.1 Immunocal®-Treatment Effects on Body Weight and Righting Reflex

Times After rmTBI

Sham, untreated rmTBI, and Immunocal®-treated rmTBI mice were analyzed at 2
weeks (n=9 per group), 2 months (n=9 per group), and 6 months (n=5 per group) post-
rmTBI. Body weights were monitored weekly (Figure 3.1A-C). There were no
significantly sustained changes in percentage of peak body weight between groups.
Righting reflex times, indicative of TBI and impairment, were measured immediately
following each rmTBI or sham surgery and combined for mice analyzed at all time points
post-rmTBI (Grin’kina et al., 2016). Righting reflex times for untreated and
Immunocal®-treated rmTBI mice did not significantly differ but were significantly

increased versus sham mice (Figure 3.1D).
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Figure 3.1 Percent of Peak Body Weight and Righting Reflex Times of Mice
Subjected to Sham Surgery (Sham) or Untreated (TBI) and Immunocal®-Treated
(TBI + ICAL) Mice Subjected to Repetitive Mild TBI (rmTBI). Body weight of
untreated TBI, TBI + ICAL, and sham mice was assessed once per week beginning with
Immunocal® treatment at 4 weeks (28 days) prior to the first mTBI, during the mTBI’s,
and continuing until euthanasia for analysis at (A) 2 weeks (n=9 mice per group), (B) 2
months (n=9 mice per group), and (C) 6 months (n=5 mice per group) post-last rmTBI or
sham surgery. Body weight is expressed as the percentage of peak body weight at each
time point. No significant differences in percent of peak body weight were observed at
any time points for mice analyzed at (A) 2 weeks post-rmTBI. For mice analyzed at (B) 2
months post-rmTBI, untreated TBI mice had significantly lower percent of peak body
weight only at 1-week post-last mTBI when compared to sham mice (p=0.031). No
significant differences in percent of peak body weight were observed between TBI +
ICAL mice and sham or untreated TBI mice at any time points for mice analyzed at 2
months post-last TBI. For mice analyzed at (C) 6 months post-rmTBI, untreated TBI
mice had a significantly lower percent of peak body weight compared to sham mice only
at 3 weeks post-rmTBI (p=0.017). TBI + ICAL mice had a significantly lower percent of
peak body weight compared to TBI mice only at 21 weeks post-rmTBI (p=0.019). No
significant differences in percent of peak body weight were observed between TBI +
ICAL and sham mice at any time points. All data in (A) - (C) are displayed as the mean +
SEM and a one-way ANOVA with post-hoc Tukey’s test was used to analyze data at
each time point (* indicates p<0.05 for untreated TBI versus sham mice and # indicates
p<0.05 for TBI + ICAL versus TBI mice). Righting reflex times for sham, TBI, and TBI
+ ICAL mice analyzed at (D) all time points (2 weeks, 2 months, and 6 months post- last
rmTBI; n=23 per group) were measured immediately following each mTBI or sham
surgery after anesthesia was discontinued. Untreated TBI mice had significantly
increased righting reflex times compared to sham mice following all mTBIs, however,
TBI + ICAL mice only exhibited significantly increased righting reflex times compared
to sham mice following the first three TBI’s. All data in (D) are displayed as the mean +
SEM and righting reflex times between groups are analyzed by a one-way ANOVA with
post-hoc Tukey’s test for each TBI day number (* indicates p<0.05, ** indicates p<0.01,
*** indicates p<0.001, and NS indicates p>0.05 or nonsignificant).

3.4.2 MRI Analysis of Immunocal®-Treatment Effects on Macrophage

Activation After rmTBI

Groups were analyzed by MRI at 2 months post-rmTBI. Gadolinium contrast was
used to determine edema. Since the mTBIs were performed at midline at bregma, the

ADC values for the left and right hemispheres at bregma were averaged. No significant
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differences were observed between sham, untreated rmTBI, and Immunocal®-treated
rmTBI mice (p=0.742; Figure 3.2A). It seems that rmTBI did not induce significant
edema 2 months post-rmTBI.

Iron-oxide T2-weighted contrast was used to measure macrophage activation in mice.
This contrast consists of nanoparticles which accumulate in activated macrophages after
circulation and is indicative of increased brain inflammation. Change in T2 values were
averaged for the left and right hemisphere. Untreated rmTBI mice had significantly
increased average T2 values versus sham mice, indicating accumulation of iron-oxide
nanoparticles in macrophages (p=0.025). Immunocal® treatment did not protect against
this as Immunocal®-treated rmTBI mice did not have significantly values versus

untreated rmTBI mice (Figure 3.2B).
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Figure 3.2 Repetitive Mild Traumatic Brain Injury (rmTBI) Did Not Result in
Edema but Did Cause an Increase in Inflammation as Analyzed by Magnetic
Resonance Imaging (MRI). Iron oxide T2-weighted brain MRI analysis was performed
on untreated (TBI) and Immunocal® pre- and post-treated (TBI + ICAL) mice subjected
to rmTBI, or mice subjected to sham surgery (Sham) at 2 months post-last mTBI or sham
surgery (n=3-4 per group). Averaged apparent diffusion coefficient (ADC) values for the
left and right hemisphere (A), which indicate edema when increased, were not
significantly different between groups (p=0.742). The average combined left and right
hemisphere change (A) in T2-weighted values (B) are significantly decreased in untreated
TBI mice when compared to sham mice which is indicative of the accumulation of the
iron nanoparticle contrast in activated macrophages (p=0.025). No significant differences
in the average change in T2-weighted values were observed between TBI + ICAL and
sham mice or untreated TBI mice. All MRI data are displayed as the mean £ SEM and
are analyzed by a one-way ANOVA with post-hoc Tukey’s test (* indicates p<0.05 and
NS indicates p>0.05 or non-significant).
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3.4.3 Immunocal®-Treatment Significantly Reduces Astrogliosis at 2 Weeks and

2 Months After rmTBI

Neuroinflammation has been reported in vivo in response to closed skull rmTBI
(Hoogenboom et al., 2019). The rmTBI model used to model our rmTBI model showed
significant GFAP and Iba-1 immunoreactivity in brain at 24 hours and 6 months post-
rmTBI versus sham mice (Mouzon et al., 2014; Mouzon et al., 2012). We anticipated
astrogliosis and microgliosis around the injury site out to 6 months post-rmTBI. Cortices
of mice were stained for GFAP, Iba-1, and Hoechst to analyze astrogliosis, microgliosis,
and nuclei, respectively. Astrocytes or microglia, counted as GFAP or Iba-1 (and
Hoechst) positive cells, respectively, were quantified and averaged for groups analyzed at
2 weeks, 2 months, and 6 months post-TBI (Figure 3.3 and 3.4).

Untreated rmTBI mice had significantly increased average number of astrocytes in
cortex versus sham mice when analyzed at 2 weeks (p=0.011) and 2 months (p=0.002)
post-rmTBI (Figure 3.3B). Immunocal®-treatment essentially prevented astrogliosis
evidenced by significantly decreased average number of astrocytes in cortex versus
untreated rmTBI mice and no significant differences versus sham mice at 2 weeks
(p=0.011) and 2 months post-rmTBI (p=0.002). No significant differences were observed
between groups 6 months post-rmTBI (p=0.216; Figure 3.3B).

No significant differences in the number of microglia were observed between groups
at 2 weeks (p=0.229), 2 months (p=0.450), or 6 months (p=0.291) post-rmTBI (Figure

3.4B). It seems that rmTBI induced sustained astrogliosis at 2 weeks and 2 months, but
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not 6 months, post-rmTBI. Immunocal® prevented the increase in astrogliosis, however,

microgliosis was not observed in this mouse model of rmTBI.
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Figure 3.3 Immunocal®-Treatment Pre- and Post-Repetitive Mild Traumatic Brain
Injury (rmTBI) Significantly Reduced Astrogliosis in the Cortex of Mice Subjected
to rmTBI When Analyzed at 2 Weeks and 2 Months, but Not at 6 Months Post-Last
rmTBI. Representative images of cortex stained for GFAP (green) and DAPI (blue), to
label astrocytes and nuclei, respectively, from mice subjected to sham surgery (SHAM)
and Immunocal® pre- and post-treated mice (TBI + ICAL) and untreated mice (TBI)
subjected to rmTBI analyzed at (A) 2 months post-rmTBI. White arrows indicate GFAP
and DAPI positive cells, counted as astrocytes. Scale bar =20um. Quantification of the
average number (#) of astrocytes in cortex stained with GFAP and DAPI, as described in
(A) is shown for sham, untreated TBI, and TBI + ICAL mice analyzed at (B) 2 weeks
(n=6-7 mice per group), 2 months (n=7-9 mice per group), and 6 months (4-5 mice per
group) post-rmTBI. The average number of astrocytes in the cortex of untreated TBI
mice was significantly increased at 2 weeks (p=0.011) and 2 months (p=0.002) post-
rmTBI compared to sham mice. Immunocal®-treatment pre- and post-rmTBI
significantly reduced the average number of astrocytes in the cortex in mice subjected to
rmTBI at 2 weeks (p=0.011) and 2 months (p=0.002) post-rmTBI when compared to
untreated TBI mice and showed no significant difference compared to sham mice. No
significant differences in the average number of astrocytes in the cortex were observed
between groups analyzed at 6 months post-rmTBI (p=0.216). All astrocyte quantification
data are displayed as the mean = SEM and are analyzed by a one-way ANOVA with
post-hoc Tukey’s test at each time point (* indicates p<0.05 and ** indicates p<0.01).
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Figure 3.4 Microgliosis Was Not Observed in the Cortex of Mice Subjected to
Repetitive Mild Traumatic Brain Injury (rmTBI) When Analyzed at 2 Weeks, 2
Months, or 6 Months Post-Last mTBI. Representative images of cortex stained for Iba-
1 (green) and DAPI (blue), to label microglia and nuclei, respectively, from mice
subjected to sham surgery (SHAM) and untreated mice (TBI) and Immunocal®-treated
pre- and post-rmTBI mice (TBI + ICAL) subjected to rmTBI analyzed at (A) 2 weeks
post-rmTBI. White arrows indicate Iba-1 and DAPI positive cells, counted as microglia.
Scale bar=20um. Quantification of the average number (#) of microglia in cortex stained
with Iba-1 and DAPI, as described in (A) is shown for sham, untreated TBI, and TBI +
ICAL mice analyzed at (B) 2 weeks (n=7-9 mice per group), 2 months (n=8-9 mice per
group), and 6 months (n=4 mice per group) post-rmTBI. No significant differences of the
average number of microglia in the cortex were observed between sham, TBI, and TBI +
ICAL mice at 2 weeks (p=0.229), 2 months (p=0.450), or 6 months (p=0.291) post-
rmTBI. All microglia quantification data are displayed as the mean £ SEM and are
analyzed by a one-way ANOVA with post-hoc Tukey’s test at each time point.

3.4.4 Immunocal®-Treatment Effects on Body Weight, Apnea, and Righting

Reflex Times After rmmTBI

We next performed an analysis in a mouse model of rmmTBI of increased severity
which we hypothesized would elicit a more robust injury response. Mice were divided
into sham, untreated rmmTBI, and Immunocal®-treated rmmTBI mice. Mice were
analyzed 72 hours post-rmmTBI (n=5-7 per group).

Body weight was assessed weekly. Percentage of peak body weight for Immunocal®-
treated rmmTBI mice was significantly increased day 28 prior to the first TBI versus
sham and untreated rmmTBI mice (p=0.023). There were no significant differences
between untreated rmmTBI and sham mice at any time point. Immunocal®-treated
rmmTBI mice displayed a small but significantly decreased percentage of peak body

weight versus sham and untreated rmmTBI mice 3 days post-rmmTBI (p=0.000; Figure

3.5A).

147



Untreated and Immunocal®-treated rmmTBI mice experienced apnea which suggests
this model is increased in severity. Sham mice did not experience apnea and are not
shown. No significant differences in average apnea times between groups were found
following the mmTBI procedures (Figure 3.5B).

Righting reflex times for all groups were measured immediately following each mmTBI
or sham surgery (Fig 3.5C). Righting reflex times for untreated and Immunocal®-treated
rmTBI mice did not significantly differ but were significantly increased versus sham

mice (Fig 3.5C).
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Figure 3.5 Percent of Peak Bodyweight, Apnea, and Righting Reflex Times of Mice
Subjected to Sham Surgery (Sham) or Untreated (TBI) and Immunocal®-Treated
(TBI + ICAL) Mice Subjected to Repetitive Mild-Moderate Traumatic Brain Injury
(rmmTBI) Analyzed at 72 Hours Post-Last TBI. Bodyweight of sham, untreated TBI,
and TBI + ICAL mice was assessed once per week beginning with Immunocal®
treatment at 4 weeks (28 days) prior to the first mmTBI, during the mmTBI’s, and
continuing until euthanasia for analysis at (A) 72 hours (3 days) post-rmmTBI or sham
surgery (n=5-7 mice per group). Bodyweight is expressed as the percentage of peak body
weight at each time point. Data are displayed as the mean = SEM. Bodyweight for TBI +
ICAL mice was significantly increased at day 28 pre-TBI (p=0.023) and significantly
decreased at 72 hours post-TBI (p=0.000) when compared to both sham and untreated
TBI mice. Bodyweight data are displayed as the mean £ SEM and are analyzed by a one-
way ANOVA with post-hoc Tukey’s test at each time point (* indicates p<0.05 and **
indicates p<0.01 for TBI + ICAL versus untreated TBI mice. # indicates p<0.05 and ###
indicates p<0.001 for TBI + ICAL versus sham mice). Apnea times were recorded
immediately after each TBI impact or sham surgery for mice analyzed at (B) 72 hours
post-rmmTBI or sham surgery (n=5-7 mice per group). Mice subjected to sham surgery
did not display apnea and are not shown. Both untreated TBI and TBI + ICAL mice
experienced apnea but no significant differences were observed between these groups
following TBI 1 (p=0.383), TBI 2 (p=0.822), or TBI 3 (p=0.261). Data are displayed as
the mean + SEM and are analyzed by an unpaired t-test for each TBI number. Righting
reflex times for mice analyzed at (C) 72 hours post-rmmTBI were measured immediately
following each mmTBI or sham surgery after anesthesia was discontinued (n=5-7 mice
per group). Untreated TBI and TBI + ICAL mice had significantly increased righting
reflex times compared to sham mice following TBI 1 (p<0.000), TBI 2 (p<0.000), and
TBI 3 (p=0.001). No significant differences in righting reflex times were observed
between untreated TBI and TBI + ICAL following any TBI. All righting reflex data are
displayed as the mean £ SEM and are analyzed one-way ANOVA with post-hoc Tukey’s
test for each TBI number (** indicates p<0.01, *** indicates p<0.001, and NS indicates
p>0.05 or nonsignificant).

3.4.5 Analysis of Immunocal®-Treatment Effects on Increases in Serum NfL

Induced by rmmTBI

Neurofilament light chain is a subunit of neurofilament proteins, scaffolding proteins
that are highly expressed in myelinated axons. Increased NfL in serum are indicators of
neuroaxonal injury resulting from neurodegeneration and rmTBI (Khalil et al., 2018; Ojo

et al., 2015; Pham et al., 2021).
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We evaluated if rmmTBI induced increased levels of serum NfL and if Immunocal®-
treatment would prevent this. Serum was analyzed for NfL by ELISA all groups 72 hours
post-rmmTBI. Untreated rmmTBI mice exhibited a significant increase of NfL versus
sham mice (p=0.035). Immunocal®-treated rmmTBI mice did not significantly differ
from untreated rmmTBI or sham mice (Figure 3.6). These data indicate that rmmTBI
induced neuronal damage, however, Immunocal®-treatment did not significantly

decrease this.
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Figure 3.6 Repetitive Mild-Moderate Traumatic Brain Injury (rmmTBI) Results in
Acute Neuronal Damage in Mice Analyzed at 72 Hours Post-Last mmTBI.
Quantification of neurofilament light (NfL) levels, an indication of acute neuronal
damage, in serum detected by enzyme-linked immunosorbent assay from mice subjected
to sham surgery (SHAM) and untreated mice (TBI) and Immunocal®-treated pre- and
post-rmmTBI mice (TBI + ICAL) subjected to rmmTBI analyzed at 72 hours post-
rmmTBI or sham surgery (n=4-5 mice per group). NfL levels were significantly elevated
in untreated TBI mice when compared to sham mice (p=0.035), however, no differences
were observed between untreated TBI and TBI + ICAL mice or TBI + ICAL and sham
mice. Neurofilament light data are displayed as the mean £ SEM and are analyzed by a
one-way ANOVA with post-hoc Tukey’s test (* indicates p<0.05 and NS indicates
p>0.05 or nonsignificant).

3.4.6 Analysis of Immunocal®-Treatment Effects on Changes in Brain GSH and

GSSG Induced by rmmTBI

Glutathione, an endogenous antioxidant, can protect against reactive oxygen (ROS)
and nitrogen species (RNS) and maintain redox homeostasis. Upon reacting with
ROS/RNS, GSH oxidizes to GSSG. The ratio of GSH:GSSG is indicative of redox status
(Dwivedi et al., 2020). Immunocal® contains cystine which can be converted to cysteine,
the limiting substrate in GSH synthesis (Bannai & Tateishi, 1986; Ross et al., 2012) We

have previously shown that Immunocal® enhances GSH synthesis in neurons and that a
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similar dosing regimen preserves GSH:GSSG in a mouse model of single moderate TBI
(Ignowski et al., 2018; Ross et al., 2012; Ross et al., 2014; Winter et al., 2017b).
Therefore, GSH and GSSG were measured in brain from all groups analyzed 72 hours
post-rmmTBI. A significant difference was found in GSH levels between all groups and,
although a Tukey’s post-hoc analysis did not identify differences, a Dunnett’s Multiple
Comparison test identified a significant GSH decrease in untreated rmmTBI versus sham
mice (p=0.046; Figure 3.7A). Brain GSSG was significantly increased in untreated
rmmTBI mice versus sham mice (p=0.022; Figure 3.7B). Immunocal®-treated rmmTBI
mice showed no significant differences in GSH or GSSG versus untreated rmmTBI or
sham mice. No significant in differences in GSH:GSSG were observed between untreated
and Immunocal®-treated rmmTBI mice although both groups showed a significant
decrease versus sham mice (p=0.003; Figure 3.7C). It seems that rmmTBI decreases GSH
and significantly increases GSSG, resulting in a decreased brain GSH:GSSG ratio, that

Immunocal®-treatment did not alter.
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Figure 3.7 Repetitive Mild-Moderate Traumatic Brain Injury (rmmTBI) Reduced
Glutathione (GSH) and Significantly Increased Glutathione Disulfide (GSSG) in
Brain of Mice Analyzed at 72 hours Post-Last mmTBI. Quantification of GSH
measured in brain homogenate isolated from mice subjected to sham surgery (SHAM)
and untreated mice (TBI) and Immunocal®-treated pre- and post-rmmTBI mice (TBI +
ICAL) exposed to rmmTBI analyzed at (A) 72 hours post-rmmTBI or sham surgery
(n=5-6 mice per group). Glutathione (GSH) levels were significantly different between
groups (p=0.046). A post-hoc Tukey’s test was unable to identify which groups were
significantly different but a post-hoc Dunnett’s Multiple Comparison test identified a
significant difference between untreated TBI and sham mice. All GSH data are displayed
as mean £ SEM. Quantification of glutathione disulfide (GSSG) as measured in brain
homogenate of sham, untreated TBI, and TBI + ICAL analyzed at (B) 72 hours post-
rmmTBI or sham surgery (n=5-6 mice per group). Untreated TBI mice had significantly
elevated levels of GSSG when compared to sham mice (p=0.022). No significant
differences in GSSG levels were observed in TBI + ICAL mice when compared to
untreated TBI mice or sham mice. All GSSG data are displayed as mean + SEM and
analyzed by a one-way ANOVA with post-hoc Tukey’s test (* indicates p<0.05 and NS
indicates p >0.05 or nonsignificant). The ratio of GSH:GSSG as measured in brain
homogenate of sham, untreated TBI, and TBI + ICAL analyzed at (C) 72 hours post-TBI
or sham surgery (n=5-6 mice per group). Both untreated TBI and TBI + ICAL mice had a
significantly reduced ratio of GSH: GSSG when compared to sham mice (p=0.003). No
significant differences were observed between untreated TBI mice and TBI + ICAL mice.
GSH: GSSG data are displayed as the mean + SEM and are analyzed by a one-way
ANOVA with post-hoc Tukey’s test (* indicates p<0.05, ** indicates p<0.01, and NS
indicates p>0.05 or nonsignificant).

3.4.7 Immunocal®-Treatment Significantly Reduces Microgliosis at 72 Hours

After rmmTBlI

Astrogliosis, and prevention of astrogliosis with Immunocal® treatment were
observed at 2 weeks and 2 months following rmTBI. We hypothesized that we would
observe astrogliosis at a much earlier time point, 72 hours post-rmmTBI and evaluated if
Immunocal®-treatment would attenuate this effect. Although microgliosis was not
observed in the rmTBI model, we analyzed microgliosis to see if it was induced by a
more severe rmmTBI model and if Immunocal®-treatment would mitigate this effect.

Cortices from all groups were stained for GFAP, Iba-1, and Hoechst to analyze
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astrogliosis, microgliosis, and nuclei, respectively 72 hours post-rmmTBI (Figure 3.8A
and 3.9A). Astrocytes or microglia, counted as GFAP or Iba-1 (and Hoechst) positive
cells, respectively, were quantified and averaged for all groups (Figure 3.8B and 3.9B).

A significant increase in the average number of astrocytes in cortex of untreated
rmmTBI mice was observed versus sham mice at 72 hours post-rmmTBI (p=0.033,
Figure 3.8B). However, Immunocal®-treatment did not significantly reduce the average
number of astrocytes versus untreated rmmTBI mice at this time point.

Interestingly, a significant increase in the average number of microglia in the cortex
of untreated rmmTBI mice was observed versus sham mice at 72 hours post-rmmTBI
(p=0.021; Figure 3.9B). Immunocal®-treated rmmTBI mice showed a significantly
decreased average number of microglia versus untreated rmmTBI mice and no difference
from sham mice (p=0.021). Both astrogliosis and microgliosis are present in the cortex of
mice 72 hours post-rmmTBI, however, Immunocal® only prevents microgliosis at this

early time point.
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Figure 3.8 Significant Astrogliosis Present in the Cortex of Mice Subjected to
Repetitive Mild-Moderate-Traumatic Brain Injury (rmmTBI) When Analyzed at 72
Hours Post-ast mmTBI. Representative images of cortex stained for glial fibrillary
acidic protein (GFAP; green) and DAPI (blue), to label astrocytes and nuclei,
respectively, from mice subjected to sham surgery (SHAM) and untreated mice (TBI)
and Immunocal®-treated pre- and post-rmmTBI mice (TBI + ICAL) exposed to rmmTBI
analyzed at (A) 72 hours post-rmmTBI. White arrows indicate GFAP and DAPI positive
cells, counted as astrocytes. Scale bar=20pum. Quantification of the average number of
astrocytes in cortex stained with GFAP and DAPI, as described in (A) is shown for sham,
TBI + ICAL, and untreated TBI mice analyzed at (B) 72 hours post-rmmTBI (5-7 mice
per group). The average number of astrocytes in the cortex of untreated TBI mice was
significantly increased compared to sham mice (p=0.033). No significant differences
were observed between TBI + ICAL mice versus sham or untreated TBI mice. Astrocyte
quantification data are displayed as the mean = SEM and are analyzed by a one-way
ANOVA with post-hoc Tukey’s test (* indicates p<0.05 and NS indicates p>0.05 or
nonsignificant).
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Figure 3.9 Immunocal®-Treatment Pre- and Post-Repetitive Mild-Moderate TBI
(rmmTRBI) Significantly Reduced Microgliosis in the Cortex of Mice When Analyzed
at 72 Hours Post-Last mmTBI. Representative images of cortex stained for ionized
calcium-binding adapter molecule 1 (Iba-1; green) and DAPI (blue), to label microglia
and nuclei, respectively, from mice subjected to sham surgery (SHAM) and untreated
mice (TBI) and Immunocal®-treated pre- and post-rmmTBI mice (TBI + ICAL) exposed
to rmmTBI analyzed at (A) 72 hours post-rmmTBI. White arrows indicate Iba-1 and
DAPI positive cells, counted as microglia. Scale bar=20um. Quantification of the average
number of microglia in cortex stained with Iba-1 and DAPI, as described in (A) is shown
for sham, TBI, and TBI + ICAL mice analyzed at (B) 72 hours post-rmmTBI (n=3 mice
per group). The average number of microglia in cortex of untreated TBI mice was
significantly increased compared to sham mice (p=0.021). Immunocal®-treatment pre-
and post-rmmTBI significantly reduced the average number of microglia in the cortex at
this time point when compared to untreated TBI mice (p=0.021). No significant
differences in the average number of microglia were observed between TBI + ICAL mice
versus sham mice. Microglia quantification data are displayed as the mean + SEM and
are analyzed as a one-way ANOVA with post-hoc Tukey’s test (* indicates p<0.05).

3.5 Discussion

There is a need for preventative and restorative treatments for individuals at high-risk
for rTBI. Although symptoms may not arise or subside following rTBI, pathology may
persist (Dhillon et al., 2020; Bramlett & Dietrich, 2015; Mouzon et al., 2017). Repetitive
mTBI can cause cumulative injury to the brain, resulting in an enhanced susceptibility to
neurodegeneration (Edwards et al., 2017; Faden & Loane, 2015; Gao et al., 2017). We
investigated Immunocal®, a whey protein supplement shown to preserve brain GSH and
provide neuroprotection in a mouse model of single moderate TBI, as a preventative and
restorative treatment in models of rTBI (Ignowski et al., 2018; Ross et al., 2012; Winter
et al., 2017b). First, mice were administered Immunocal® for 28 days prior to, during,
and following CCI rmTBI. Brain was analyzed for BBB disruption/edema and
macrophage activation by MRI at 2 months post-rmTBI and cortex for astrogliosis and

microgliosis by immunohistochemistry at 2 weeks, 2 months, and 6 months post-rmTBI.
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We repeated the study design using a more severe rmmTBI model and analyzed cortex
again for microgliosis and astrogliosis, serum for NfL, and brain GSH and GSGG to
measure more extensive damage and potential neuroprotection with Immunocal®
treatment earlier at 72 hours post-rmmTBlI.

We observed significant astrogliosis, but not microgliosis, in cortex around the injury
site at 2 weeks and 2 months post-rmTBI which Immunocal® significantly reduced.
Mouzon et al. (2014) also did not report microgliosis in the cortex at 6 and 12 months
post-rmTBI, however, microgliosis in corpus callosum was observed at these timepoints
(Mouzon et al., 2014). Microgliosis in cortex in rmTBI mouse models is not observed
chronically (Fidan et al., 2016; Hoogenboom et al., 2019). The rmTBI model may not be
severe enough to elicit prolonged microgliosis in cortex. Microglia display heterogeneity
in brain and increased numbers are observed in the substantia nigra, dentate gyrus, basil
ganglia, and olfactory bulb in mice (Lawson et al., 1992; Tan, Y. L., et al., 2020).
Microgliosis could have been present in sensitive areas or may subside before 2 weeks
following rmTBlI.

Macrophage infiltration was observed 2 months post-rmTBI by MRI. However, no
significant edema was observed. Furthermore, we quantified Iba-1 positive cells as
microglia, so the observed macrophage activation could be due to supraependymal,
epiplexus, or pericyte cells, which reside near the injury (Jordan & Thomas, 1988).

We observed a more robust injury response to rmmTBI. Clinically, NfL in serum is
elevated following rTBI (Al Nimer et al., 2015; Hossain et al., 2019; Shahim et al.,

2017b; Shahim et al., 2020). We’ve shown that rmmTBI increases NfL in serum from
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mice 72 hours post-rmmTBlI, although Immunocal®-treatment had no effect. We also
observed increased astrogliosis and microgliosis in cortex in response to rmmTBI.
Similarly, astrogliosis and microgliosis in cortex 1-7 days post-TBI is reported following
more severe rTBI (Chen, H., et al., 2017; Petraglia et al., 2014). Interestingly,
Immunocal®-treatment only prevented microgliosis in this model.

Lastly, we measured a decreased GSH:GSSG ratio at 72 hours post-rmmTBI.
Increased oxidative stress in brain results from TBI and leads to antioxidant depletion and
cell death (Cornelius et al., 2013; Morris, G., et al., 2019). Glutathione is an endogenous
antioxidant that maintains redox homeostasis in brain. We did not observe GSH
preservation or an increased GSH:GSSG ratio in Immunocal®-treated rmmTBI mice. We
have previously shown that Immunocal® pre-treatment prevented an approximately 25%
reduction in brain GSH:GSSG in a single moderate TBI mouse model (Ignowski et al.,
2018). The repetitive nature of the model used here may cause sustained oxidative stress.
Therefore, Immunocal® was unable to keep up with the increased oxidative burden and
sustain brain GSH.

We observed that Immunocal®-treatment significantly limited astrogliosis in the
rmTBI model and microgliosis in the rmmTBI model. Immunocal® offers its therapeutic
effects through enhancing GSH synthesis, however, astrocytes and microglia synthesize
GSH differently. Lindenau et al. (1998) reported increased GSH peroxidase (GPx)
localization and activity was only measured in activated astrocytes following
excitotoxicity but not in resting astrocytes (Lindenau et al., 1998). However, GPx

localizes to resting microglia and more activity was observed in activated microglia
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versus astrocytes. Higher GPx activity is beneficial in protecting microglia from ROS
produced intrinsically or by nearby microglia (Lindenau et al., 1998). Astrocytes produce
GSH to support neurons and increase GSH in neurons when cultured together (Dringen et
al., 1999). Microglia synthesis of GSH is coupled to glutamate uptake which may be
abundant following injury. Persson et al. (2006) reported that, in response to toxins, GSH
synthesis and release was protective to microglia (Persson et al., 2006). Microglia may
become resilient through GSH synthesis whereas astrocytes synthesize GSH to protect
neurons. Furthermore, microglia have a higher cytosolic concentration of GSH in culture
than either astrocytes or neurons (Chatterjee et al., 1999; Hirrlinger et al., 2000). In the
more severe model of rmmTBI, a decrease in microgliosis and not astrogliosis may result
from Immunocal® supplementation because microglia synthesize GSH for their own
protection.

Although this study is beneficial in that it further characterizes pathology induced by
rmTBI and rmmTBI and highlights the ability of Immunocal® supplementation to reduce
gliosis in these models, there are limitations. The present study only used male mice,
however, further preclinical study should use both sexes. Furthermore, this study should
be followed up with a more thorough analysis of oxidative stress and inflammatory
biomarkers in brain taken at regular intervals from both the rmTBIs and rmmTBIs to see
what effect Immunocal® supplementation has on reducing lipid peroxidation, DNA
damage, and pro-inflammatory cytokine production.

In summary, rmTBI can induce lasting gliosis out to 2 months post-rmTBlI.

Furthermore, inflammation, neuronal damage, and altered redox homeostasis present
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acutely following rmmTBI. These findings support the use of easily administered
preventative and restorative treatments, such as Immunocal®, for patients at high-risk for
rTBI. Preventative and restorative Immunocal® supplementation for rmTBI and rmmTBI
significantly limited gliosis. However, we believe that the repetitive nature of these
models induces pathology that cannot be ameliorated by a single agent. Additional
treatments (e.g., anti-glutamatergic compounds, lipid-based free radical scavengers like
vitamin E or omega-3 fatty acids, and mitochondrial protective agents), used with a GSH
precursor such as Immunocal®, may produce a synergistic therapeutic effect in more
severe models of rTBI. The data presented here are important in that they show the limits
of GSH-based neuroprotection in repetitive models of TBI. As shown previously,
Immunocal® supplementation offers significant neuroprotection and brain GSH
preservation in single moderate TBI and for rmTBI%2. However, pathology induced by
repetitive TBI of increased severity exceeds the treatment capacity of a single-agent like

Immunocal®
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CHAPTER FOUR: PROTOCATECHUIC ACID EXTENDS SURVIVAL,
IMPROVES MOTOR FUNCTION, DIMINISHES GLIOSIS, AND SUSTAINS
NEUROMUSCULAR JUNCTIONS IN THE hSOD1%%A MOUSE MODEL OF

AMYOTROPHIC LATERAL SCLEROSIS

4.1 Abstract

Amyotrophic lateral sclerosis (ALS) is a devastating disorder characterized by
motor neuron apoptosis and subsequent skeletal muscle atrophy caused by oxidative and
nitrosative stress, mitochondrial dysfunction, and neuroinflammation. Anthocyanins are
polyphenolic compounds found in berries that possess neuroprotective and anti-
inflammatory properties. Protocatechuic acid (PCA) is a phenolic acid metabolite of the
parent anthocyanin, kuromanin, found in blackberries and bilberries. We explored the
therapeutic effects of PCA in a transgenic mouse model of ALS that expresses mutant
human Cu, Zn-superoxide dismutase-1 with a glycine to alanine substitution at position
93. These mice display skeletal muscle atrophy, hindlimb weakness, and weight loss.
Disease onset occurs at approximately 90 days old and end stage is reached at
approximately 120 days old. Daily treatment with PCA (100mg/kg) by oral gavage
beginning at disease onset significantly extended survival (121 days old in untreated vs.
133 days old in PCA-treated) and preserved skeletal muscle strength and endurance as
assessed by grip strength testing and rotarod performance. Furthermore, PCA reduced

astrogliosis and microgliosis in spinal cord, protected spinal motor neurons from
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apoptosis, and maintained neuromuscular junction integrity in transgenic mice. PCA
lengthens survival, lessens the severity of pathological symptoms, and slows disease
progression in this mouse model of ALS. Given its significant preclinical therapeutic

effects, PCA should be further investigated as a treatment option for patients with ALS.

4.2 Introduction

Amyotrophic lateral sclerosis (ALS), also known as Lou Gehrig’s disease, is a
devastating, progressive, and fatal neurodegenerative disease that affects motor neurons
of the central nervous system. ALS patients exhibit a median survival of only 2-3 years
following diagnosis, with death typically caused by respiratory failure (Oskarsson et al.,
2018). ALS presents as either a sporadic or familial disease. Sporadic ALS cases account
for approximately 90% of all patients and do not have an obvious genetic cause. Familial
ALS accounts for the remaining 10% of patients and has been linked to mutations in
genes such as Cu, Zn-superoxide dismutase-1 (SOD-1), chromosome 9 open reading
frame 72 (C9orf72), fused in sarcoma, and TAR DNA-binding protein-43 (TDP-43)
(Kumar, V., etal., 2019). Although ALS is classified as a rare disease, with a prevalence
of 5 in 100,000 people living in the United States, the effects of the disease are
calamitous for those who are afflicted (Oskarsson et al., 2018).

ALS is characterized pathologically by the death of motor neurons, axonal retraction
away from the neuromuscular junctions (NMJs), skeletal muscle atrophy, and ultimately,
death. The pathogenesis underlying both familial and sporadic forms of ALS has been
extensively studied but is still not completely understood. Protein aggregation, disrupted

axonal transport, perturbed RNA metabolism, excitotoxicity, neuroinflammation,
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mitochondrial dysfunction, and oxidative stress have all been identified as underlying
mechanisms and contributing factors in ALS. In the context of motor neuron
degeneration, neuroinflammation and oxidative stress appear to be major pathogenic
mechanisms. Both astrocytes and microglia can adopt distinct anti- or pro-inflammatory
phenotypes, depending on signals from the surrounding environment. These anti- or pro-
inflammatory phenotypes are neuroprotective or neurotoxic to motor neurons,
respectively. Astrocytes, although beneficial to neurons in their resting state, become
reactive and contribute to motor neuron death in various models of ALS (Diaz-Amarilla
et al., 2011; Haidet-Phillips et al., 2011; Ramirez-Jarquin et al., 2017; Tyzack et al.,
2017). Reactive astrocytes have also been shown to impair the process of autophagy in
motor neurons, resulting in increased protein aggregation and reduced motor neuron
health in in vivo and in vitro models of ALS (Madill et al., 2017; Rudnick et al., 2017;
Tripathi et al., 2017). Microglia also contribute significantly to the neuroinflammation in
ALS. Microglia have been shown to induce astrocyte reactivity by releasing pro-
inflammatory cytokines, resulting in an inability of astrocytes to protect motor neurons
(Liddelow et al., 2017; Meissner et al., 2010). Microglia also become pro-inflammatory
and have been found to display an ALS-specific phenotype that contributes to rapid
disease progression and increased motor neuron loss (Brettschneider et al., 2012; Chiu et
al., 2013; Graber et al., 2010; Xiao et al., 2007).

Oxidative stress is another mechanism that has been identified as a causative factor in
ALS. Increased oxidative stress burden correlates positively with disease severity

(D’Amico et al., 2013; Ikawa et al., 2015). Superoxide and nitric oxide have been found
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to be elevated in ALS (Almer et al., 1999; Lee, J., et al., 2009). Oxidative stress markers
such as glutathione peroxidase, malondialdehyde, glutathione status, and 8-
oxodeoxyguanosine demonstrate significant alterations in ALS patients (Mitsumoto et al.,
2008; Blasco et al., 2017). Furthermore, mitochondrial dysfunction and mutations in
genes that affect mitochondrial processes have been linked to ALS (Carri et al., 2017;
Lopez-Gonzalez et al., 2016; Palomo & Manfredi, 2015; Pickles et al., 2016; Walczak et
al., 2019). Specifically, in the case of ALS caused by mutations in SOD-1, the mutant
SOD-1 protein has been shown to aggregate within mitochondria, resulting in
mitochondrial dysfunction and mitochondrial oxidative stress (Abu-Hamad et al., 2017;
Pickles et al., 2016). Given the above findings, a beneficial therapeutic approach for ALS
may be to reduce both neuroinflammation and oxidative stress.

Currently, only two drugs, Riluzole and Edaravone, have been approved by the U.S.
Food and Drug Administration (FDA) to treat ALS. Riluzole is administered orally, only
has a modest effect on slowing disease progression, and shows an extension of life of
only a few months (Kumar, V., et al., 2019). Edaravone has been shown to delay disease
progression by only 33% when compared to a placebo, is costly, and must be
administered intravenously (Bhandari et al., 2018). Unfortunately, both Riluzole and
Edaravone have only modest effects on disease progression and survival. Furthermore,
both drugs are expensive and display substantial side effects. Many other therapeutics
have failed in the clinic or are still undergoing clinical trials. However, no new

pharmacological therapies are immediately on the horizon for ALS patients.
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Nutraceuticals, natural bioactive compounds found in foods, may be safe, easy to
administer, and cost-effective therapeutic treatments for ALS. More specifically,
anthocyanins, a type of flavonoid, may be beneficial to ALS patients due to their
substantial antioxidant and anti-inflammatory properties (Kelsey et al., 2011).
Anthocyanins vary in color from red to blue and are responsible for the vibrant coloring
of many fruits and vegetables (Murukan & Murugan, 2018). We have previously
demonstrated a therapeutic effect of an anthocyanin-enriched strawberry extract in a
transgenic mouse model of ALS that expresses mutant human SOD-1 with a glycine to
alanine substitution at position 93 (h\SOD1%**; Winter et al., 2018). This strawberry
extract is enriched in callistephin, an anthocyanin derived from pomegranates and
strawberries (Kelsey et al., 2011; Winter et al., 2017¢). We have also shown that
callistephin suppresses apoptosis induced by mitochondrial oxidative stress and protects
neurons from glutamate excitotoxicity in vitro (Kelsey et al., 2011; Winter et al., 2017c).
In vivo, we found that hSOD1%%** mice treated with strawberry anthocyanin extract
beginning at 60 days old showed delayed disease onset, improved grip strength
throughout the disease, and significantly extended survival when compared to untreated
hSOD1C%A littermate mice. Furthermore, treated mice displayed significantly decreased
astrogliosis in the spinal cord and preserved NMJs in gastrocnemius muscle when
compared to untreated littermate mice (Winter et al., 2018). These findings indicate that
anthocyanin compounds may have therapeutic potential in ALS. However, despite their

potential benefits, parent anthocyanins suffer from poor bioavailability. In contrast, their
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phenolic acid metabolites typically display much higher bioavailability and most can
readily cross the blood brain barrier (Losada-Barreiro et al., 2017).

Here, we examined the therapeutic potential of protocatechuic acid (PCA) in the
hSOD1%%4 preclinical mouse model of ALS. PCA is a phenolic acid metabolite of
kuromanin, the parent anthocyanin found in blackberries, bilberries, and black rice. We
have previously shown that kuromanin protects neurons from oxidative stress induced by
glutamate excitotoxicity, nitrosative stress induced by nitric oxide, and it also suppresses
mitochondrial oxidative stress and the consequent apoptosis by preserving mitochondrial
glutathione (Kelsey et al., 2011; Winter et al., 2017c). In a similar manner, PCA protects
neurons against nitrosative and oxidative stress and reduces nitric oxide production in
microglial cells treated with lipopolysaccharide, demonstrating both antioxidant and anti-
inflammatory activities (Winter et al., 2017a). Based on our previous findings, we tested

the therapeutic effects of PCA in the hSOD1%A mouse model of ALS.

4.3 Materials and Methods
4.3.1 The hSOD1%%A Mouse Model of ALS

FVB/NJ mice harboring a human transgene coding for a mutated form of SOD-1 with
a glycine to alanine substitution at position 93 were obtained from The Jackson
Laboratory (Bar Harbor, ME, USA). Mice were bred and maintained at the University of
Denver animal facility under a standard 12h light/dark cycle with food and water
provided ad libitum. Genotyping to identify transgenic mice was carried out by a third-
party company, Transnetyx Inc. (Cordova, TN, USA). All procedures were performed in

accordance with two protocols approved by the institutional animal care and use
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committee at the University of Denver. The initial protocol (927091) was approved on 21
July 2016 and the second protocol (1454889) was approved on 12 July 2019.

4.3.2 Survival Data

For the survival study, mice were divided into four groups consisting of 15 mice each.
The first group consisted of non-transgenic wild-type (WT) age- and sex-matched
littermate controls. The other three groups consisted of age- and sex-matched transgenic
hSOD1%% littermate mice, either untreated or treated with either 50 or 100mg/kg PCA.
PCA was dissolved in sterile deionized water and was administered once per day as a
0.25mL dose by oral gavage 5 days/week. Oral gavage treatment of PCA began at disease
onset (90 days of age) and continued until mice reached end stage, defined as the point at
which a mouse no longer had the ability to right itself within 15s after being placed on its
side. PCA-treated and untreated hSOD1%% littermate mice were euthanized at end stage
by an overdose of inhaled isoflurane (Vet One, Boise, ID, USA). The WT littermate
control mouse was euthanized at end stage of whichever hSOD1%%4 littermate mouse
lived the longest, regardless of treatment.

4.3.3 Paw Grip Endurance and Rotarod Testing

Hind limb strength was assessed by paw grip endurance (PaGE) testing twice per
week beginning at disease onset. Briefly, mice were placed on top of a standard wire cage
lid which was suspended a few inches above the bench top. Mice were briefly allowed to
acclimate before the cage lid was smoothly inverted to prompt the mouse to grip the wire
with both its fore and hind limbs. A stopwatch was started as soon as the cage lid was

inverted and the time was measured to determine how long the mouse could hold on
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before its hind legs released their grip from the cage lid, expressed as latency to fall. Care
was taken not to jostle the lid during this time. The stopwatch was stopped at a maximum
of 30s. Mice were given five scored attempts and the highest and lowest scores were
excluded from the final score. Final scores are reported as an average of the three
remaining scored attempts + standard error of the mean (SEM) for each time point. Time
points correspond to the age of the animal at the time that testing was performed and are
reported as a range of several days since multiple sets of animals having slightly different
ages were tested concomitantly.

Motor function and endurance were assessed by accelerating rotarod testing once per
week beginning at disease onset. Mice were placed on a rod, 30mm in diameter, rotating
at 4rpm. Each animal was placed in one lane and subjected to three trials. The lane was
cleaned before the next mouse was tested to prevent interference. Once the mice were
acclimated to the initial speed of 4rpm, the rod was accelerated from 4 to 40rpm over the
course of 5min. The time was stopped when the mouse fell off the rotating rod, expressed
as latency to fall. Mice were given three scored attempts reported as an average = SEM
for each time point. Time points correspond to the age of the animal at the time that
testing was performed and are reported as a range of several days since multiple sets of
animals having slightly different ages were tested concomitantly.

4.3.4 Analysis of Mice at End Stage of the Untreated hSOD1%%A Littermate

Mouse
For assessment of Nissl-stained motor neuron counts, glial fibrillary acidic protein

(GFAP) and ionized calcium-binding adapter molecule 1 (Iba-1) staining, NMJ area,
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perimeter, and Sholl analysis, mice were divided into three groups consisting of
approximately 10 mice per group. The first group consisted of non-transgenic WT age-
and sex-matched littermate controls. The other two groups consisted of age- and sex-
matched transgenic hSOD1%%%* [ittermate mice, either untreated or treated with
100mg/kg PCA orally as described above. PCA treatment continued until the untreated
hSOD16% littermate mouse reached end stage. At that point, mice from all 3 groups
were euthanized and spinal cord and gastrocnemius muscles were collected.

4.3.5 Analysis of Mice at 105 Days of Age

We observed the greatest improvements in motor function as assessed by rotarod and
PaGE testing between 97 and 114 days of age in PCA-treated hSOD1%%4 mice.
Therefore, we analyzed the gastrocnemius muscle wet weight, vesicular acetylcholine
transporter (VAChT) and alpha-bungarotoxin (BTx) co-stained gastrocnemius muscle,
and 4-hydroxynonenal (4-HNE)-stained spinal cord ventral horn from a separate cohort
of mice at 105 days of age. This cohort consisted of both WT and hSOD1%%* mice with
or without PCA treatment, with each treatment group containing approximately 10 mice.
Mice receiving PCA were given a daily dose of 100mg/kg beginning at 90 days of age
and continuing until the mice reached 105 days of age. At 105 days of age, mice from all
3 groups were euthanized and gastrocnemius muscles and lumbar spinal cord were
collected.

4.3.6 Tissue Preparation and Cryosectioning

Following euthanasia, the thoracolumbar portion of the spinal column, containing the

lumbar spinal cord, and gastrocnemius muscle were removed. Each specimen was

173



washed with 1X phosphate-buffered saline (PBS, pH 7.4), and placed in 4%
paraformaldehyde at 4°C overnight. Each specimen was then washed again and allowed
to sit in 1X PBS for 20min. Gastrocnemius muscle was placed in 30% sucrose in 1X PBS
and allowed to sink for cryoprotection. The lumbar spinal cord was placed in 6%
trichloroacetic acid (Sigma-Aldrich, St. Louis, MO, USA) in deionized water for 6 days
for decalcification. Following decalcification, the lumbar spinal cord was placed in 30%
sucrose until saturated. Both gastrocnemius muscle and spinal cord were frozen rapidly in
optimal cutting temperature (OCT) compound with liquid nitrogen and stored at —80°C
until sectioning took place. Prior to sectioning, tissue was allowed to acclimate in the
microtome cryostat for at least 20min. For gastrocnemius muscle and spinal cords,
sections of 30um in length were cut and every viable tissue section was collected onto the
surface of Fisherbrand Superfrost Colorfrost Plus coated slides (Fisher Scientific,
Pittsburgh, PA, USA). Slides were stored at —20°C until subjected to
immunohistochemistry.

4.3.7 Immunohistochemistry of Spinal Cord Sections

Prior to staining, slides were allowed to equilibrate at room temperature for at least
30min. Tissue sections on the slides were then outlined with a hydrophobic pen (Liquid
Blocker Super PAP Pen; Daido Sangyo Co., Tokyo, Japan) and washed twice with 1X
PBS to remove any residual OCT. Tissue was then incubated at room temperature in
blocking buffer, containing 5% (w/v) bovine serum albumin (BSA) and 1X PBS
containing 0.2% triton-X 100 for 90min. For astrocyte staining, primary antibody to

GFAP (Abcam, Cambridge, MA, USA) was then prepared as a 1:500 dilution in 1X PBS
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containing 0.2% triton-X 100 and 2% BSA (w/v). For microglial staining, primary
antibody to Iba-1 (Abcam, Cambridge, MA, USA) was prepared as a 1:167 dilution in
PBS containing 0.2% triton-X 100 and 2% BSA (w/v). For 4-HNE staining, primary
antibody to 4-HNE (Alpha Diagnostic Intl. Inc., San Antonio, TX, USA) was prepared as
a 1:500 dilution in PBS containing 0.2% triton-X 100 and 2% BSA (w/v). Tissue was
incubated in primary antibody overnight at 4°C. Tissue was washed 3—4 times with 1X
PBS to remove any unbound primary antibody. FITC-conjugated donkey anti-rabbit
antibody (Jackson Immunoresearch Laboratories, West Grove, PA, USA) or Alexa Fluor
488-conjugated donkey anti-goat antibody (Jackson Immunoresearch Laboratories, West
Grove, PA, USA) were then prepared at 1:500 dilutions (v/v) in 1X PBS containing 0.2%
triton-X100 and 2% BSA (w/v) and Hoechst nuclear stain (Sigma-Aldrich, St. Louis,
MO, USA) at a 1:500 dilution to detect GFAP and Iba-1, and to label nuclei, respectively.
For 4-HNE staining, FITC-conjugated donkey anti-rabbit antibody (Jackson
Immunoresearch Laboratories, West Grove, PA, USA) was prepared at 1:500 dilution
(v/v) in 1X PBS containing 0.2% triton-X100 and 2% BSA (w/v) and Hoechst nuclear
stain (Sigma-Aldrich, St. Louis, MO, USA) at a 1:500 dilution to detect 4-HNE and to
label nuclei, respectively. Sections were incubated with secondary antibodies at room
temperature for 90min, then washed 3—4 times with 1X PBS. ProLong Gold anti-fade
reagent (Thermo Fisher Scientific, Eugene, OR, USA) was used as mounting medium
and slides were sealed with coverslips. Stained slides were stored in the dark at —20°C
until imaging took place. Twelve sections of spinal cord were stained for Iba-1, GFAP,

and 4-HNE per mouse.
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4.3.8 Imaging and Quantification of Spinal Cord Sections Stained for Iba-1 and

GFAP at End Stage of the Untreated hSOD1%%A Littermate Mouse

Tissue was imaged using a Zeiss Axio Observer epifluorescence microscope to
capture a single image of each ventral horn on the 20X objective. Imaging was performed
by blinded researchers. For Iba-1 and GFAP, images were captured on the Alexa Fluor
488 channel and the exposure time was set appropriately for the untreated hSOD1%%A
littermate and kept constant when imaging the PCA-treated hSOD1%*4 and WT
littermate mice. At least 6 ventral horns per animal were imaged and analyzed for
fluorescence intensity using Adobe Photoshop CC software for both Iba-1 and GFAP
staining. For both Iba-1 and GFAP quantification, the ventral horn image of the untreated
hSOD1C%A littermate control mouse with the most background was chosen, and the
green channel input level was adjusted so that background staining was best eliminated.
This value was recorded and used for each subsequent image, including those taken from
the WT control littermate and the PCA-treated hSOD1%%A littermate mice such that all
images were adjusted by an equivalent amount. After the channel levels were adjusted,
the ventral horn was outlined using the lasso tool and green channel values for mean
pixel intensity and pixel area were recorded for each ventral horn image. Total pixel
intensity of the green channel was obtained by multiplying the pixel intensity and pixel
area. An average of the total pixel intensity was taken for each mouse. Quantification was
performed twice by two different and blinded researchers. An average of the pixel
intensities for each mouse was obtained. For analysis, the average total pixel intensity for

the WT littermate control mouse for each group was set at 100% and the average total
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pixel intensities for the untreated hSOD1%%* littermate control and PCA-treated
hSOD1C% littermate mice were calculated as percentages relative to the WT littermate
control mouse. Mean raw GFAP and Iba-1 fluorescence intensity in the lumbar spinal
cord ventral horn in the untreated hSOD1%%* littermate mice and WT littermate mice
were also counted and statistically compared to verify a significant disease effect.

4.3.9 Nissl Staining of Spinal Cord Sections

Prior to staining, slides were allowed to equilibrate at room temperature for at least
30min. Slides were then washed twice with 1X PBS to remove any residual OCT. Tissue
was then incubated in 70% ethanol and then 95% ethanol for 3 min each. Slides were
then incubated in 100% ethanol for 3min and then5 min, changing the ethanol between
each incubation. Slides were then washed in deionized water 3—4 times. A Cresyl Violet
Counterstain Solution (Bioenno Tech, Santa Anna, CA, USA) was applied to each slide
for 3min. De-staining was then performed by washing briefly in 70mM acetic acid
solution. Slides were rinsed in deionized water 3 times. Lastly, slides were incubated
sequentially in solutions of 70%, 95%, and 100% ethanol as described above. Slides were
mounted with ProLong Gold anti-fade reagent and were sealed with coverslips. Stained
slides were stored in the dark at —20°C until imaging took place. Two slides from each
mouse spinal cord were stained for Nissl with 6 sections per slide.

4.3.10 Imaging and Quantification of Nissl-Stained Spinal Cord Sections at End

Stage of the Untreated hSOD1%%A Littermate

A single image of each ventral horn was captured on the 20X objective using bright

field by blinded researchers. At least six ventral horns for each mouse were imaged. Any
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neuron greater than 20pum in length along its longest axis was considered to be a viable
alpha motor neuron. Using Adobe Photoshop CC, the contrast was set to the WT
littermate and kept the same within the group to ensure consistency in staining. Next, the
ruler tool was used to measure all motor neurons greater than 20um. For each mouse, the
average number of alpha motor neurons was taken. Quantification was performed twice
by two different and blinded researchers. Each average of the untreated hSOD1¢%#
littermate and 100mg/kg PCA-treated hSOD1%%A littermate mouse were calculated as a
percent of the average of the WT littermate control mouse (set at 100%). The mean
numbers of alpha motor neurons in the lumbar spinal cord ventral horn in the untreated
hSOD16% littermate mice and WT littermate mice were also statistically compared to
verify a significant disease effect.

4.3.11 Alpha-Bungarotoxin and VAChT Staining of Gastrocnemius Sections

Prior to staining, slides were allowed to equilibrate at room temperature for at least
30min. Tissue sections on the slides were then outlined with a hydrophobic pen and
washed twice with 1X PBS to remove any OCT. Tissue was then incubated at room
temperature in blocking buffer, containing 5% (w/v) BSA and 0.2% triton-X 100 in 1X
PBS for 90min. For analysis of NMJ area, perimeter, and complexity, the slides were
then incubated for 90min with alpha-BTx conjugated to Alexa Fluor® 594
(ThermoFisher Scientific Inc., Rockford, IL, USA) at a 1:200 dilution in blocking buffer
containing Hoechst nuclear stain at a dilution of 1:500. For analysis of NMJ innervation,
slides were stained with primary antibody to VAChT (C-terminal) (Sigma-Aldrich, St.

Louis, MO, USA) which was prepared as a 1:500 dilution in PBS containing 0.2% triton-
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X 100 and 2% BSA (w/v). Tissue was incubated in primary antibody overnight at 4°C.
FITC-conjugated donkey anti-rabbit antibody (Jackson Immunoresearch Laboratories,
West Grove, PA, USA) was then prepared at a 1:500 dilution (v/v) and alpha-BTx
conjugated to Alexa Fluor® 594 (ThermoFisher Scientific Inc., Rockford, IL, USA) was
prepared at a 1:200 dilution in 1X PBS containing 0.2% triton-X100 and 2% BSA (w/v)
and Hoechst nuclear stain (Sigma-Aldrich, St. Louis, MO, USA) at a 1:500 dilution to
detect VACHT on the presynaptic axon terminal, NMJs, and to label nuclei, respectively.
Slides were washed with 1X PBS 3—4 times and then mounted using ProLong Gold anti-
fade reagent and sealed with coverslips. Stained slides were stored in the dark at —20°C
until imaging took place.

4.3.12 Imaging and Area, Perimeter, and Sholl Analysis Quantification of

Gastrocnemius Sections Stained with Alpha-Bungarotoxin at End Stage of the

Untreated hSOD1%%%A Littermate Mouse

Neuromuscular junctions (20-25) were imaged for each mouse by blinded researchers
on the 40X objective for all mice that were euthanized at end stage of the untreated
hSOD16% littermate control mice. Using the magic wand tool in Adobe Photoshop CC,
the area was measured, in pixels, for each NMJ. This was achieved by outlining the
outside of each NMJ, pressing “Record Measurements”, and taking the provided “Area”
value. The perimeter, in pixels, of each NMJ was also measured by tracing the NMJ
inside and outside, pressing “Record Measurements”, and taking the provided
“Perimeter” value. An average perimeter and arca were calculated for each mouse from

all the values recorded for the mouse. Quantification was performed twice by two
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different and blinded researchers. The untreated hSOD1¢%4 and 100mg/kg PCA-treated
hSOD1C% littermate mice averages were calculated as a percent of the WT littermate
mouse, which was set at 100%. Mean NMJ pixel area and perimeter in the untreated
hSOD16% littermate mice and WT littermate mice were also statistically compared to
verify a significant disease effect. The Sholl analysis was also performed on the same
NMJ images that were used to analyze area and perimeter. Briefly, using ImageJ, the red
(BTx) channel was separated from all channels and the NMJ was isolated using the
plugins “Despeckle” and “Find Edges”. The edges of the NMJ were traced with “Simple
Neurite Tracer” and “Analyze Skeleton” plugins. Each NMJ was circled by hand and
pasted into a new image. The plugin “Skeletonize” was run to draw a line around the
border of the NMJ. The “Sholl Analysis” plugin was run to decide a point in the center of
the NMJ and to draw concentric circles around that point at a radius increasing by 10
pixels. Mean Sholl analysis values of NMJ complexity, or the number of intersections
formed between the concentric circles and the skeleton of the NMJ, were reported for
each untreated hSOD1%%** and 100mg/kg PCA-treated hSOD1%% littermate mouse to be
taken as a percent of the WT littermate control mouse (set at 100%). Mean Sholl analysis
values from untreated hSOD1%%* [ittermate mice and WT littermate mice were also
statistically compared to verify a significant disease effect.

4.3.13 Analysis of Gastrocnemius Muscle Wet Weight at 105 Days of Age

Gastrocnemius muscle from all 105-day-old mice were placed into a tared weigh boat
on a standard analytical balance to obtain muscle wet weight. Weights of gastrocnemius

muscle were taken from WT, 100mg/kg PCA-treated hSOD1%%*A, and untreated
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hSOD16% littermate mice. Each gastrocnemius muscle wet weight from the untreated
hSOD16% littermate mouse and 100mg/kg PCA-treated hSOD1C%A littermate mouse
was calculated as a percent of the average of the WT littermate control mouse (set at
100%).

4.3.14 Imaging of Gastrocnemius Sections Stained with Alpha-BTx and VACht

at 105 Days of Age

Neuromuscular junctions (20—25) were captured on the Rhodamine channel for each
mouse by blinded researchers on the 20X objective for all mice that were euthanized at
105 days of age. VACht was captured on the Alexa Fluor 488 channel for each NMJ.
Representative images are shown from a WT, untreated hSOD1%%4 mouse, and a
100mg/kg PCA-treated hSOD1%4 mouse.

4.3.15 Imaging of Quantification of 4-HNE-Stained Spinal Cord Sections at 105

Days of Age

A single image of each ventral horn on the 20X objective was captured for each
mouse. Imaging was performed by blinded researchers. Images were captured on the
Alexa Fluor 488 channel (pseudo-colored red) and the exposure time was set
appropriately for the untreated hSOD1%%* [ittermate and kept constant when imaging the
PCA-treated hSOD1%%* and WT littermate mice. Two littermate groups were analyzed
and 6 ventral horns per animal were imaged and analyzed for fluorescence intensity using
Adobe Photoshop CC software. The ventral horn image of the untreated hSOD1¢%%
littermate control mouse with the most background was chosen, and the red channel input

level was adjusted so that background staining was best eliminated. This value was
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recorded and used for each subsequent image, including those taken from the WT control
littermate and the PCA-treated hSOD1%% littermate mice such that all images were
adjusted by an equivalent amount. After the channel levels were adjusted, the ventral
horn was outlined using the lasso tool and red channel values for mean pixel intensity and
pixel area were recorded for each ventral horn image. Total pixel intensity of the red
channel was obtained by multiplying the pixel intensity and pixel area. An average of the
total pixel intensity was taken for each mouse. Quantification was performed once by a
blinded researcher. An average of the pixel intensities for each mouse was obtained. For
analysis, the average total pixel intensity for the WT littermate control mouse for each
group was set at 100% and each individual total pixel intensity for each ventral horn for
the untreated hSOD1%%% littermate control and PCA-treated hSOD1%%4 [ittermate mice
were calculated as percentages relative to the average total pixel intensity of the WT
littermate control mouse. Mean raw 4-HNE fluorescence intensity in the lumbar spinal
cord ventral horn in the untreated hSOD1¢%* littermate mice and WT littermate mice
were also counted and statistically compared to verify a significant disease effect.

4.3.16 Statistical Analysis

Histological analyses were performed on at least 6 mice per treatment group.
Differences between untreated and PCA-treated hSOD1%%*A [ittermate mice for Iba-1,
GFAP, and 4-HNE intensity, NMJ area and perimeter, Nissl-stained counts, and
gastrocnemius muscle wet weight were analyzed using a paired t-test. PaGE and rotarod
were analyzed using an unpaired t-test at each time point. Correlation analysis of PaGE

data and survival were analyzed using a Pearson correlation. Mean NMJ Sholl analysis
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values were analyzed using a one-way analysis of variance (ANOVA) with post-hoc
Tukey’s test. Survival Kaplan—Meier curves and body weight data were analyzed using a

log-rank test. For all analyses, differences were statistically significant when p<0.05.

4.4 Results
4.4.1 PCA Orally Administered Beginning at Disease Onset Results in a

Significant Extension of Survival but Does Not Preserve Body Weight in the

hSOD1%%A Mouse Model of ALS

In order to determine the therapeutic benefit of PCA in an ALS mouse model, we first
evaluated the ability of PCA to extend the lifespan of hSOD1%%A mice. Mice were dosed
by oral gavage with either 50 or 100mg/kg PCA beginning at 90 days of age. This time
point corresponds with average disease onset. At this age, mice typically display gait
disturbances, decreased weight, and lower limb tremors (Mancuso et al., 2011). Mice
were dosed by oral gavage with PCA until end stage, assessed by the ability of the mouse
to right itself to sternum when placed on its side. Administration of both 50 and
100mg/kg PCA significantly extended median survival in hSOD1%%A mice to 129 and
133 days, respectively, when compared to untreated hSOD1%** mice, which exhibited a
median survival of 121 days (p=0.0025; Figure 4.1A). This impressive extension of
survival indicates that PCA is slowing the disease progression in hSOD1%%A ALS mice.
Body weight of the hSOD1%%*A mice was assessed twice per week and is expressed as a
percentage of peak body weight at each time point. Despite significantly extended
survival, administration of PCA had no significant effect on the decline in body weight in

the hSOD1%%** mouse model of ALS (Figure 4.1B).
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Figure 4.1 PCA Treatment Extends Survival in the hSOD1%%A Mouse Model of
ALS. (A) Survival of hSOD1%*4 mice (untreated or treated with 50 or 100mg/kg PCA)
and wild-type mice (WT). Oral administration of either 50 or 100mg/kg PCA beginning
at disease onset (90 days of age) significantly extended median survival in

hSOD1%% mice to 129 and 133 days, respectively, when compared to untreated
hSOD1%%A mice, which exhibited a median survival of 121 days. Curves are
significantly different as determined by log-rank (Mantel-Cox) test (p=0.0025; n=15
mice per group). (B) Body weight of hSOD1°%*A mice (untreated or treated with
100mg/kg PCA) and WT mice. Body weight was assessed twice per week and is
expressed as the percent of peak body weight at each time point. Data are displayed as
the mean + SEM with n=15 mice for each group.

4.4.2 PCA Treatment Improves Grip Strength and Motor Performance in the

hSOD1%%A Mouse Model of ALS

Since the dose of 100mg/kg PCA had a more pronounced effect on survival than the
50mg/kg PCA dose, grip strength and motor function were assessed in mice dosed with
100mg/kg PCA. hSOD1%%A mice treated with 100mg/kg PCA were further evaluated
using PaGE testing and rotarod testing in order to assess motor function (Weydt et al.,
2003). PaGE testing was performed twice a week beginning at disease onset until end
stage of disease to assess grip strength. Administration of 100mg/kg PCA beginning at
disease onset significantly increased the latency to fall as assessed by PaGE testing at 100
to 114 days of age when compared to the untreated hSOD1%%%A littermate controls
(p<0.05, Figure 4.2A). PaGE data were also analyzed for differences between male and
female mice. PCA-treated male hSOD1%%%** mice did not show a significantly increased
latency to fall at any time points when compared to the untreated male hSOD16%3A
littermate controls (Figure 4.2B). However, PCA-treated male hSOD1%%%** mice did trend
towards a significant increase in latency to fall at 95-99 (p=0.118, Figure 4.2B) and 100-

104 days of age (p=0.115). PCA-treated female hSOD1%%4 mice displayed a
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significantly increased latency to fall as assessed by PaGE testing at 105-109 (p<0.001,
Figure 4.2C) and 110-119 (p<0.05, Figure 2C) days of age when compared to untreated
female hSOD1%%4 littermate controls. Lastly, we sought to understand the relationship
between PaGE testing and survival in PCA-treated hSOD1%%4 mice. We averaged
latency to fall as assessed by PaGE testing at 100—114 days of age from male and female
hSOD1C%A mice treated with 100mg/kg PCA beginning at disease onset. The latency to
fall at these time points was chosen to be averaged because PCA-treated hSOD1%%A
displayed an increased latency to fall as assessed by PaGE testing at these time points
when compared to untreated hSOD1%%% littermate mice. The average latency to fall over
these time points was correlated with the days lived for each mouse. Average latency to
fall at 100-114 days and days lived was positively and significantly correlated in PCA-

treated hSOD1%%A mice (r=0.558, p<0.05, Figure 4.2D).

186



>
or)

= G93A

. . ) i - Male G93A
18 : GIon+PCA _ - Male G93A + PCA
= )
= * =
£ 12 = 12
° i}
> )
(7} v
5 6 g 6
5 3
0
& P D & P TP
N N A AR MR N F fF & & NG
A AT RY AV AR A
Age (d) Age (d)

0
w)

= Female G93A 504

~ 361 = Female G93A + PCA
\"3 EE 2 e
= 30 Z 40
o 2% ¥ B =
2 = 30f
) -
Z 18
£ )
= 12 £ 20
— "

61 =~ 101

GoP’ M &S N phe it BE R

N & N@'NN@”Q@&'*QQ 0 120 135 150 165

Age (d) Days Lived

Figure 4.2 PCA Treatment Improves Grip Strength as Assessed by PaGE in the
hSOD16%A Mouse Model of ALS. (A) PaGE testing of hSOD1%%A mice (untreated or
treated with 100mg/kg PCA) beginning at disease onset. PaGE testing was performed
twice a week beginning at 90 days of age and is expressed as latency to fall. PaGE data
are expressed as the mean + SEM for each time point; n=15 mice per group. *

indicates p<0.05 in comparison to untreated hSOD1C%A littermate controls. All data were
analyzed using an unpaired t-test at each time point. (B) PaGE testing of male
hSOD1%% mice (untreated or treated with 100mg/kg PCA) beginning at disease onset.
PaGE data are expressed as the mean + SEM for each time point; n=9 mice per group. All
data were analyzed using an unpaired t-test at each time point. (C) PaGE testing of
female hSOD1%%A mice (untreated or treated with 100mg/kg PCA) beginning at disease
onset. PaGE data are expressed as the mean £ SEM for each time point; n=6 mice per
group. All data were analyzed using an unpaired t-test at each time point. *

indicates p<0.05 in comparison to untreated hSOD1C%A littermate controls. ***

indicates p<0.001 in comparison to untreated hSOD1C%A littermate controls. (D)
Increased average PaGE latency to fall between 100 and 114 days of age is significantly
correlated with longer survival of 100mg/kg PCA-treated hSOD1%%A mice. PaGE data
from 100-114 days of age are expressed as the mean for each mouse; n=14 mice. All data
were analyzed using a Pearson correlation (r=0.558, p<0.05).
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For further motor function analysis, rotarod testing was performed once a week
beginning at disease onset until end stage of disease. This behavioral assay also showed
an impressive enhancement in the motor function of PCA-treated hSOD1%%4 mice when
compared to untreated hSOD1%%4 [ittermates. Administration of 100mg/kg PCA
beginning at disease onset significantly but transiently increased the latency to fall as
measured by rotarod testing at 97 and 104 days of age when compared to the untreated
hSOD16% littermate control mice (p<0.001, Figure 4.3A). The results of these
behavioral tests indicate that oral administration of PCA beginning at disease onset
significantly improves balance, grip strength, and motor coordination in the hSOD1%%A

mouse model of ALS.
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Figure 4.3 PCA Treatment Improves Motor Function as Assessed by Rotarod and
Also Preserves Gastrocnemius Muscle Weight and Neuromuscular Junction (NMJ)
Innervation at 105 Days of Age in the hSOD1%%4 Mouse Model of ALS. (A) Rotarod
testing of hSOD1%%%** mice (untreated or treated with 100mg/kg PCA beginning at
disease onset). Rotarod testing was performed beginning at 90 days of age and extending
through end stage and is expressed as latency to fall. Rotarod data are represented as the
mean + SEM for each time point; n=10 mice per group. *** indicates p<0.001 in
comparison to untreated hSOD1%%*A [ittermate controls. All data were analyzed using an
unpaired t-test at each time point. (B) Quantification of gastrocnemius muscle weights.
Data are expressed as a percent of the wild-type (WT) littermate mouse muscle weight
and are shown as the mean £ SEM; n=7 mice per group. * indicates p<0.05 compared to
untreated hSOD1%%*A control mice (paired t-test). Mean gastrocnemius wet weight for the
untreated hSOD1%%** mouse (0.0912+0.0070) is significantly decreased when compared
to the WT littermate control mouse (0.1433+0.0055) (p=0.0002; n=7 mice per group).
(C) Representative images of gastrocnemius muscle from wild-type control mice (WT),
untreated hSOD1C%*A mice (G93A), and hSOD1%%*A mice treated orally with 100mg/kg
PCA beginning at disease onset (G93A+PCA). Mice were euthanized at 105 days of age
and gastrocnemius muscles were stained with alpha-BTx (red) and VAChT (green) to
label NMJs and innervation of NMJs, respectively. Scale bar=20 pm. Arrowheads point
to NMJs stained positively with alpha-BTx and VAChT.

4.4.3 PCA Treatment Preserves Gastrocnemius Muscle Wet Weight, Protects

NMJ Innervation, and Reduces Oxidative Stress in the hSOD1%%4 Mouse Model

of ALS at 105 Days of Age

We observed the greatest improvements in motor function as assessed by rotarod and
PaGE testing between 97 and 114 days of age in PCA-treated hSOD1%%A mice.
Therefore, we next analyzed gastrocnemius muscle weight at 105 days of age, the time
point at which we saw the greatest behavioral therapeutic effect of PCA. Wet muscle
weight isolated from untreated hSOD1%% mice (0.091g+0.007) was significantly
decreased when compared to WT littermate mice (0.143g+0.006) (p<0.01, Figure 4.3B).
PCA-treated mice exhibited a significant preservation of gastrocnemius muscle wet

weight when compared to untreated hSOD1%%% littermate mice. PCA-treated hSOD1%%%4
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mice had a mean muscle wet weight of 80% of the WT littermate mice, while untreated
hSOD1%% mice had a mean muscle weight of only 63% of WT littermate mice (p<0.05,
Figure 4.3B). These results show that PCA treatment significantly delayed atrophy of the
gastrocnemius muscle in the hSOD1%%A mouse model of ALS. To support these
findings, we stained gastrocnemius muscle isolated at 105 days of age with alpha-BTx
and VACht in order to visualize innervated NMJs. Although these findings are
preliminary, they indicate that PCA-treated mice exhibit a protection of NMJ innervation
when compared to untreated hSOD1%%A littermate mice, as evidenced by retention of the
overlapping staining of alpha-BTx and VACht in the treated mouse NMJs (Figure 4.3C).
Oxidative stress is an underlying pathology of ALS and contributes to motor neuron
death and subsequent skeletal muscle atrophy and deficits in motor function (D’ Amico et
al., 2013; Ikawa et al., 2015). Therefore, we also analyzed the effect of PCA on the
production of 4-HNE in the lumbar spinal cord ventral horn of the hSOD1%%** mouse
model of ALS. Lumbar spinal cord isolated at 105 days of age from two littermate groups
was stained with antibodies against 4-HNE to measure lipid peroxidation. Untreated
hSOD1%%A mice in both groups exhibit significantly higher raw 4-HNE fluorescence
units (((11.70+0.78)x10°) and ((6.56+0.88)x10°))) when compared to their WT littermate
control mice (((7.83+0.16)x10°) and ((4.17+0.24)x10°%))), respectively. These data
indicate profound lipid peroxidation in the ventral horn (p<0.01 and p<0.05, Figure 4.4A
and 4.4C, respectively). Administration of 200mg/kg PCA beginning at disease onset

significantly reduced lipid peroxidation in the ventral horn of the lumbar spinal cord in
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the hSOD1%%** mouse model of ALS relative to the untreated littermate control (p<0.01

and p<0.05, Figure 4.4B and 4.4D, respectively).
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Figure 4.4 PCA Treatment Significantly Reduces Lipid Peroxidation in the Ventral
Horn of the Spinal Cord in the hSOD1%%*4 Mouse Model of ALS. (A,C)
Representative images of lumbar spinal cord ventral horns stained for 4-HNE from two
littermate groups of wild-type control mice (WT), untreated hSOD1%%%** mice (G93A),
and hSOD1%%** mice treated orally with 100mg/kg PCA beginning at disease onset
(G93A+PCA). Mice were euthanized at 105 days of age and ventral horns were stained
with an antibody to 4-HNE to measure lipid peroxidation. Scale bar=70um. (B)
Quantification of spinal cord ventral horns stained with 4-HNE as described and shown
in A. The 4-HNE fluorescence intensity of untreated and PCA-treated

hSOD1C%A littermate mice were normalized and expressed as a percentage of mean 4-
HNE fluorescence measured in the WT littermate control mouse. Data are expressed as
the mean + SEM; 6 ventral horns were imaged per mouse. ** indicates p<0.01 compared
to the untreated hSOD1C%A control littermate (paired t-test). Raw mean 4-HNE
fluorescence units for the untreated hSOD1%%A mouse (11.70+0.78)x10°) are
significantly higher than the WT littermate mouse (7.83+0.16)x10°) (p<0.01) (D)
Quantification of spinal cord ventral horns stained with 4-HNE as described and shown
in C. The 4-HNE fluorescence intensity of untreated and PCA-treated

hSOD1C%A littermate mice were normalized and expressed as a percentage of mean 4-
HNE fluorescence measured in the WT littermate control mouse. Data are expressed as
the mean + SEM; 6 ventral horns were imaged per mouse. * indicates p<0.05 compared
to the untreated hSOD1C%A control littermate (paired t-test). Raw mean 4-HNE
fluorescence units for the untreated hSOD1%%A mouse (6.56+0.88)x10°) are significantly
higher than the WT (4.17+0.24)x10°%) (p<0.05).

4.4.4 PCA Treatment Significantly Preserves Motor Neurons in the Ventral

Horn of the Spinal Cord in the hSOD1%%4 Mouse Model of ALS

It was evident that PCA had a beneficial therapeutic effect, as evidenced by the
extension of survival and motor function improvements in the hNSOD1%%A mouse model
of ALS. However, the effects of PCA on inflammation, motor neuron preservation, and
neuromuscular junction integrity needed to be studied in order to support the survival and
behavioral assay results. Lumbar spinal cord was isolated at end stage of the untreated
hSOD1C% littermate control mouse and Nissl staining was performed so that neuronal
cell bodies could be identified. The number of alpha motor neurons, with somas typically

greater than 20um along the longest axis, were counted in the ventral horn of the lumbar
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spinal cord of untreated and PCA-treated hSOD1%* littermate mice. These values were
normalized and expressed as a percentage of the number of alpha motor neurons counted
in the WT littermate control mouse. The cell bodies of alpha motor neurons are located in
the ventral horn of the lumbar spinal cord and their axons project to innervate skeletal
muscle fibers of the leg muscles including the gastrocnemius muscle. The hSOD16%4A
mouse model of ALS exhibits a rapidly progressive lower limb muscular atrophy and
subsequent paralysis as a result of alpha motor neuron death in the ventral horn of the
spinal cord and retraction of motor axons away from the NMJs (Mancuso et al., 2011).
As anticipated, untreated hSOD1%%4 mice exhibited nearly 60% fewer alpha motor
neurons in the lumbar spinal cord ventral horn than their healthy WT littermates (Figure
4.5A). However, when 100mg/kg PCA was administered beginning at disease onset, the
average alpha motor neuron count in the ventral horn of the lumbar spinal cord was
significantly increased in comparison to the untreated hSOD1%%** littermate mouse
(p<0.05, Figure 4.5B). These findings may contribute to the observed improvements in

motor function as assessed by rotarod and PaGE testing.
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Figure 4.5 PCA Treatment Significantly Preserves Motor Neurons in the Ventral
Horn of the Spinal Cord in the hSOD1%%4 Mouse Model of ALS. (A) Representative
images of lumbar spinal cord ventral horns from wild-type control mice (WT), untreated
hSOD1C%A control mice (G93A) and hSOD1%%*A mice treated orally with 100mg/kg
PCA beginning at disease onset (G93A+PCA). Mice were euthanized at end stage of the
untreated hSOD1%%% littermate control mouse and ventral horns were Nissl stained to
label neuronal cell bodies. Stained soma were measured along the longest axis and cells
were considered alpha motor neurons if the length was greater than 20pum. Scale
bar=20um. (B) Quantification of Nissl-stained alpha motor neurons as described in A.
The number of alpha motor neurons in the ventral horns of lumbar spinal cord of
untreated and PCA-treated hSOD1%% littermate mice were normalized and expressed as
a percentage of the number of alpha motor neurons measured in the WT littermate control
mouse. Data are expressed as the mean £ SEM; n=7 mice per group; 4-6 ventral horns
were imaged per mouse. * indicates p<0.05 compared to untreated hSOD1%%A [ittermate
controls (paired t-test). Mean number of alpha motor neurons present in the ventral horn
lumbar spinal cord for the untreated hSOD1%%A littermate mouse (1.92+0.47) is
significantly less than that of the WT (5.55+0.57) (p=0.004; n=7 mice per group).
Abbreviations used: MNs = motor neurons.

4.4.5 PCA Treatment Significantly Reduces Astrogliosis and Microgliosis in the
Ventral Horn of the Spinal Cord in the hSOD1%%A Mouse Model of ALS

A robust neuroinflammatory response in the central nervous system of the
hSOD1%%4 mouse model contributes to the motor neuron death and muscle atrophy
producing the ALS-like phenotype (Mancuso et al., 2011). Therefore, we next
analyzed the effect of PCA on astrogliosis and microgliosis in the lumbar spinal cord
ventral horn of the hSOD1%A mouse model of ALS. Lumbar spinal cord isolated at
end stage of the untreated hSOD1%%* littermate mouse was stained with antibodies
against GFAP and Iba-1 to identify astrocytes and microglia, respectively. Untreated
hSOD1%%A mice exhibit significantly higher raw mean GFAP fluorescence units
((3.21+0.46)x10°%) when compared to WT littermate control mice ((0.97+0.16)x10°)

indicating profound astrogliosis in the ventral horn (p=0.001, Figure 4.6A).
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Microgliosis is also present in the lumbar spinal cord ventral horn of untreated
hSOD1%% mice, as these mice exhibited significantly higher raw mean Iba-1
fluorescence units ((3.41+0.52)x10°) when compared to healthy WT littermate
control mice ((1.56+0.29)x10°) (p<0.05, Figure 4.7A).

Administration of 100mg/kg PCA beginning at disease onset significantly
reduced astrogliosis in the ventral horn of the lumbar spinal cord in the hSOD1%%4
mouse model of ALS from a mean 394% increase to a mean 258% increase in GFAP
fluorescence units relative to the WT littermate control (p<0.05, Figure 4.6B).
Administration of PCA also significantly reduced microgliosis in the ventral horn
lumbar spinal cord in the hSOD1°%A mouse model of ALS from a mean 248%
increase to a mean 156% increase in Iba-1 fluorescence units relative to the WT
littermate control (p<0.05, Figure 4.7B). From these data, we conclude that PCA
significantly reduces gliosis which may ultimately protect alpha motor neurons in the

ventral horn of the lumbar spinal cord in the hSOD1%%*# mouse model of ALS.
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Figure 4.6 PCA Treatment Significantly Reduces Astrogliosis in the Ventral Horn of
the Spinal Cord in the hSOD1%%A Mouse Model of ALS. (A) Representative images
of lumbar spinal cord ventral horns stained for GFAP from wild-type control mice (WT),
untreated hSOD1C%*A mice (G93A), and hSOD1%%*A mice treated orally with 100mg/kg
PCA beginning at disease onset (G93A+PCA). Mice were euthanized at end stage of the
untreated hSOD1%%% littermate control mouse and ventral horns were stained with an
antibody to GFAP to label astrocytes. Scale bar=20 um. (B) Quantification of spinal cord
ventral horns stained with GFAP as described in A. GFAP fluorescence intensity of
untreated and PCA-treated hSOD1%% littermate mice were normalized and expressed as
a percentage of GFAP fluorescence measured in the WT littermate control mouse. Data
are expressed as the mean £ SEM; n=10 mice per group; 4—6 ventral horns were imaged
per mouse. * indicates p<0.05 compared to untreated hSOD1%* controls (paired t-test).
Raw mean GFAP fluorescence units for the untreated hSOD1%%* mice
((3.21+0.46)x10°) are significantly higher than the WT ((0.97+0.16)x10°)

(p=0.001; n=10 mice per group).
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Figure 4.7 PCA Treatment Significantly Reduces Microgliosis in the Ventral Horn
of the Spinal Cord in the hSOD1%%A Mouse Model of ALS. (A) Representative
images of lumbar spinal cord ventral horns stained for Iba-1 from wild-type control mice
(WT), untreated hSOD1%%%** mice (G93A), and hSOD1%%A mice treated orally with
100mg/kg PCA beginning at disease onset (G93A+PCA). Mice were euthanized at end
stage of the untreated hSOD1%% littermate mouse and ventral horns were stained with
an antibody to Iba-1 to label microglia. Scale bar=20um. (B) Quantification of spinal
cord ventral horns stained with Iba-1 as described in A. Iba-1 fluorescence intensity of
untreated and PCA-treated hSOD1%% littermate mice were normalized and expressed as
a percentage of Iba-1 fluorescence measured in the WT littermate control mouse. Data
are expressed as the mean £ SEM; n=6 mice per group; 4-6 ventral horns were imaged
per mouse. * indicates p=0.05 compared to untreated hSOD1%* controls (paired t-test).
Raw mean lba-1 fluorescence units for the untreated hSOD1%* mouse
((3.41+0.52)x10°) are significantly higher than the WT ((1.56+0.29)x10°) (p<0.05; n=6
mice per group).

4.4.6 PCA Treatment Significantly Preserves Neuromuscular Junctions of the

Gastrocnemius Muscle in the hSOD1%%4 Mouse Model of ALS

After determining that PCA has neuroprotective and anti-inflammatory effects in the
ventral horn of the lumbar spinal cord isolated from hSOD1%%** mice, we sought to
analyze NMJs in gastrocnemius muscle in order to further elucidate how administration
of PCA improved motor deficits. Neuromuscular junctions represent the synapse between
the alpha motor neuron axon terminal and the gastrocnemius muscle fiber. In the
hSOD1%%A mouse model of ALS, NMJs become weakened and break down as the alpha
motor neuron cell body dies and the axon retracts away from the muscle. This results in
skeletal muscle atrophy and paralysis characteristically seen in this mouse model
(Mancuso et al., 2011).

To analyze the NMJs, gastrocnemius muscle was isolated at end stage of the
untreated hSOD1%%* littermate mouse and stained with alpha-bungarotoxin. Alpha-

bungarotoxin binds to nicotinic acetylcholine receptors found on the gastrocnemius
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muscle. Mean NMJ area, perimeter, and Sholl analysis values of untreated and PCA-
treated hSOD1%%A littermate mice were normalized and expressed as a percentage of the
corresponding NMJ values measured in the WT littermate control mouse. Untreated
hSOD1%% mice exhibited an overall decreased NMJ pixel area (11,842+1204) when
compared to WT littermate control mice (17,966+818) (p=0.01, Figure 4.8A).
Furthermore, untreated hSOD1%%* mice also exhibited an overall decreased NMJ
pixel perimeter (731+40) when compared to the healthy WT littermate control mice
(1141+95) (p=0.0007, Figure 4.8A). Administration of 100 mg/kg PCA beginning at
disease onset significantly preserved NMJ area yielding an average NMJ pixel area of
79% of the WT littermate mice compared to the untreated hSOD1C% littermate mice,
which had an average area of 61% of the WT littermate mice (p<0.05, Figure 4.8B).
Furthermore, PCA significantly preserved NMJ perimeter in the hSOD1%%A mouse
model of ALS. PCA-treated hSOD1%%** mice exhibited a mean NMJ pixel perimeter of
81% of WT littermate mice versus untreated hSOD1C%* littermate mice, which exhibited
a mean of 64% of WT littermate mice (p<0.05, Figure 4.8C). Untreated hSOD1%%* mice
also exhibited an overall decreased NMJ mean Sholl analysis value (62+1.6) when
compared to WT littermate mice (97+4.3) (p<0.001, Figure 4.8D). More importantly,
PCA-treated hSOD1%% littermates exhibited a significantly greater mean Sholl analysis
value (79+6.8) when compared to untreated hSOD1C%A littermate mice (p<0.05, Figure
4.8D). These findings indicate that PCA protects the synapse between the alpha motor
neuron axon and the gastrocnemius muscle, ultimately allowing for improved motor

function and mobility.
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Figure 4.8 PCA Treatment Significantly Preserves Neuromuscular Junctions (NMJ)
in the Gastrocnemius Muscle in the hSOD1%%4 Mouse Model of ALS. (A)
Representative images of gastrocnemius muscle from wild-type control mice (WT),
untreated hSOD1C%*A mice (G93A), and hSOD1%%*A mice treated orally with 100mg/kg
PCA beginning at disease onset (G93A+PCA). Mice were euthanized at end stage of the
untreated hSOD1C%*A littermate mouse and gastrocnemius muscles were stained with
alpha-BTx (red) and Hoechst (blue) to label NMJs and nuclei, respectively. Scale bar=40
um. (B) Quantification of gastrocnemius NMJ area stained with alpha bungarotoxin as
described in A. The NMJ area, measured in pixels by tracing the outside of the
neuromuscular junction, of untreated and PCA-treated hSOD1C%*A littermate mice were
normalized and expressed as a percentage of NMJ area measured in the WT littermate
control mouse. Data are expressed as the mean £ SEM; n=8 mice per group; 20-25 NMJs
were imaged per mouse. * indicates p<0.05 compared to untreated hSOD1%%% control
mice (paired t-test). Mean NMJ pixel area for the untreated hSOD1%%A littermate mouse
(11,842+1204) is significantly less than the WT littermate control mouse (17,966+818)
(p=0.01; n=8 mice per group). (C) Quantification of gastrocnemius NMJ perimeter
stained with alpha bungarotoxin as described in A. The NMJ perimeter, measured in
pixels by tracing the inside and outside of the NMJ, of untreated and PCA-treated
hSOD16%A littermate mice were normalized and expressed as a percentage of NMJ
perimeter measured in the WT littermate control mouse. Data are expressed as the mean
+ SEM; n=9 mice per group; 20—25 neuromuscular junctions were imaged per mouse. **
indicates p<0.01 compared to untreated hSOD1%%%*A controls (paired t-test). Mean NMJ
pixel perimeter for the untreated hSOD1C%* littermate mouse (730.9+39.37) is
significantly less than the WT littermate control mouse (1141+94.52) (p=0.0007; n=9
mice per group). (D) Quantification of gastrocnemius NMJ Sholl analysis stained with
alpha bungarotoxin as described in A. WT, untreated, and PCA-treated

hSOD1C% littermate mice were given a mean Sholl analysis value, which represents the
number of intersections that the NMJ makes with concentric circles every 10 pixels from
a center point. Data are expressed as the mean = SEM; n=8 mice per group; 20-25
neuromuscular junctions were imaged per mouse. * indicates p<0.05 and ***

indicates p<0.001 compared to WT littermate control mice (one-way ANOVA with post-
hoc Tukey’s test).

4.5 Discussion

Plant-derived polyphenolic compounds exhibit anti-inflammatory, antioxidant,
and neuroprotective capabilities; therefore, they have the potential to be safe, cost-
effective, and successful agents in treating neurodegenerative diseases such as ALS. The

catechol, protocatechuic acid (PCA), is a phenolic acid metabolite of kuromanin, an
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anthocyanin found in foods such as blackberries, bilberries, and black rice. Here, we
demonstrate that PCA extends survival, improves motor function, reduces gliosis,
protects motor neurons, and preserves NMJs in the hSOD1%%* mouse model of ALS.
To ensure that PCA was non-toxic and had therapeutic potential, we first studied the
effects of PCA on survival. We found that daily administration of 100 mg/kg PCA by
oral gavage beginning at disease onset significantly extended survival of hSOD16%4
mice when compared to untreated hSOD1%%% littermate control mice. PCA-treated
hSOD1%% mice also exhibited significantly improved motor function as assessed by
rotarod and PaGE testing when compared to untreated hSOD1%%% [ittermate control
mice. To supplement these findings, we also analyzed gastrocnemius muscle weight at
105 days of age, a time point at which we observed significant peak motor performance
in PCA-treated hSOD1%%* mice. We found a preservation of muscle wet weight in PCA-
treated hSOD1%%A littermate mice when compared to untreated littermate controls at 105
days of age. At this time point, we also observed that PCA-treated hSOD1%%A mice
seemed to display a preservation of NMJ innervation in gastrocnemius muscle when
compared to untreated hSOD1°%A mice. Indeed, PCA administration preserved motor
function and muscle weight well into the disease course, indicating that this compound
was able to slow the progression of motor symptoms, which could indicate improved
quality of life.

We next sought to determine how PCA was able to elicit a significant
improvement in survival and motor function. We analyzed the ventral horn of the lumbar

spinal cord at end stage of untreated hSOD1°%* littermate mice and found that PCA-
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treated hSOD1%%A mice had significantly reduced astrogliosis, microgliosis, and
increased motor neuron count when compared to untreated hSOD1%%4 littermate control
mice. Furthermore, we analyzed NMJs within the gastrocnemius muscle isolated from
PCA-treated hSOD1¢%A mice at end stage of the untreated hSOD1%3 littermate control
mice and measured them in terms of overall area, perimeter, and complexity (via Sholl
analysis). We found that oral treatment with PCA significantly preserved NMJ area,
perimeter, and complexity when compared to untreated hSOD1%% littermate control
mice. Furthermore, at 105 days of age, we analyzed gastrocnemius muscle stained with
alpha-BTx along with antibodies against VAChT. We wanted to visualize the NMJs and
their innervation by presynaptic cholinergic neurons. Representative images indicate that
administration of PCA was able to protect the innervation of the NMJ at this time point.
Although we did not quantitatively assess NMJ innervation, the combined results of
preserved NMJ size and complexity at end stage of the untreated hSOD1¢%* littermate
control mice, along with a preservation of gastrocnemius muscle wet weight and
improved motor performance at 105 days of age, indicate that PCA has a beneficial effect
on preserving skeletal muscle performance. Taken together, these findings indicate that
PCA exhibits neuroprotective properties while also reducing gliosis in vivo and therefore,
should be further explored as a therapeutic for ALS.

In future studies, we plan to further examine the mechanism of action of PCA in
mitigating the deleterious effects of ALS. We have previously shown that PCA exhibits
antioxidant activity due to its catechol structure. PCA has the ability to chelate metal

ions, act as a reducing agent, and scavenge free radical species including nitric oxide
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(Kelsey et al., 2011; Winter et al., 2017a). In the current study, we performed a
preliminary analysis and explored the effect of PCA on lipid peroxidation in the ventral
horn of lumbar spinal cord isolated at 105 days of age from two groups of WT, untreated
hSOD16%A, and PCA-treated hSOD1%%% [ittermate mice. Ventral horn was stained with
4-HNE, a byproduct of lipid peroxidation, and fluorescence intensity was measured.
These data show that untreated hSOD1%** mice had significantly higher levels of 4-
HNE fluorescence intensity in the ventral horn when compared to their WT littermates, a
result that has previously been shown by others (Seo et al., 2011). Furthermore, PCA-
treated hSOD1%%A mice exhibited significantly lower levels of 4-HNE fluorescence
intensity when compared to their untreated hSOD1°% littermate controls. These data are
further supported by previous research indicating that PCA has the ability to protect cells
from mitochondrial dysfunction and apoptosis in vitro and in vivo (Liu, Y.M., et al.,
2008; Semaming et al., 2015). Furthermore, PCA is able to increase glutathione and
superoxide dismutase activity and decrease lipid peroxidation in vitro (Lende et al., 2011;
Nakamura et al., 2001). An increase in free radical species, release of pro-inflammatory
cytokines by microglia and astrocytes, and mitochondrial dysfunction all contribute to the
oxidative stress burden seen in ALS patients (Almer et al., 1999; Lopez-Gonzalez et al.,
2016; McGeer et al., 2002; Pickles et al., 2016). Consequently, markers such as
glutathione peroxidase and malondialdehyde have been found to be elevated in the
serum, plasma, and urine of ALS patients (Mitsumoto et al., 2008; Blasco et al., 2017).
Research has demonstrated that oxidative stress heavily contributes to motor neuron

death in ALS and PCA has been studied for its antioxidant properties. Therefore, it is
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possible that PCA is aiding in the preservation of motor neuron viability by reducing the
oxidative stress burden through free radical scavenging or by an upregulation of
endogenous antioxidant activity. Each of these potential mechanisms should be evaluated
in future studies.

Acting in parallel with oxidative stress in the pathogenesis of ALS is
neuroinflammation. For example, mutant SOD-1 contributes to the death of motor
neurons and promotes microgliosis and astrogliosis in the spinal cord. In the hNSOD1%%%4
mouse model of ALS, glial cells, such as astrocytes and microglia, overexpress mutant
SOD-1. This is toxic to motor neurons and causes an accelerated disease progression. It is
theorized that ALS disease onset induced by expression of mutant SOD-1 is non-cell
autonomous and that glial cells play a central role in motor neuron death (Di Giorgio et
al., 2007; Yamanaka et al., 2008). Microglial cells expressing mutant SOD-1 become
activated and release pro-inflammatory cytokines and free radical species (Meissner et
al., 2010; Zhao et al., 2010). Furthermore, mutant SOD1-expressing microglia release
increased nitric oxide, superoxide, and decreased insulin-like growth factor-1 when
compared to WT microglia in the presence of lipopolysaccharide (Xiao et al., 2007).
Neuroinflammatory microglia also contribute to the activation of astrocytes. Activated
astrocytes lose the ability to promote motor neuron survival, phagocytosis, and
synaptogenesis (Liddelow et al., 2017). Furthermore, activated astrocytes expressing
mutant SOD-1 contribute to the death of primary spinal motor neurons (Nagai et al.,
2007). In vitro, PCA has the ability to reduce pro-inflammatory cytokines and nitric

oxide production in lipopolysaccharide treated microglial cultures (Min et al., 2010;
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Winter et al., 2017c). In vivo, PCA treatment reduces cyclooxygenase-2, interleukin-1p,
interleukin-6, tumor necrosis factor-a, and prostaglandin E2 expression in inflammatory
models in rats and mice (Min et al., 2010; Nakamura et al., 2001; Tsai et al., 2012). In the
hSOD1%%** mouse model of ALS, we have found that PCA significantly reduces both
astrogliosis and microgliosis in the ventral horn of the lumbar spinal cord. While further
study is required to determine whether reducing the presence of these cells also reduces
the release of pro-inflammatory factors, our data suggest that the reduction in the
presence of reactive astrocytes and microglia could be a principal mechanism by which
PCA preserves motor neuron survival and overall motor function in hSOD1%%%** mice.

In the hSOD1%%A mouse model of ALS, NMJs become weakened and break
down as the alpha motor neuron cell body dies and the axon retracts away from the
muscle. This results in skeletal muscle atrophy and paralysis characteristically seen in
this mouse model. Since PCA-treated hSOD1%%** mice exhibited neuroprotection in the
ventral horn of the lumbar spinal cord, we aimed to explore the preservation of the NMJ
which represents the synapse between the alpha motor neuron axon terminal and the
gastrocnemius muscle fiber. In the hSOD1%%A mouse model of ALS, detachment of
nerve terminals from the neuromuscular junction can be seen as early as 10 weeks of age
(Narai et al., 2009). Although no previous research has explored the effect of PCA
treatment on NMJs in mice, we found that PCA was able to preserve the size and
complexity of NMJs in hSOD1%A mice. These findings help further explain the

improved motor function measured by rotarod and PaGE testing in PCA-treated
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hSOD1%%A mice. However, the precise mechanism by which PCA protects the NMJs is
currently unknown.

This study is valuable in that it highlights the ability of PCA to significantly
reduce neuronal death and gliosis in a mouse model of ALS. However, the therapeutic
benefits of PCA are not limited to ALS. Oxidative stress and neuroinflammation
contribute to the pathology and subsequent neuronal death observed in many
neurodegenerative diseases such as Alzheimer’s disease (AD) and Parkinson’s disease
(PD). PCA has been previously studied in mouse models of AD and was able to improve
spatial learning, decrease inflammatory cytokine expression, and increase expression of
brain-derived neurotrophic factor in the APP/PS1 mouse model of familial AD (Song et
al., 2014). Furthermore, a diet high in date palm fruits, which contain high amounts of
phenolic compounds, including PCA, improved spatial learning deficits, and resulted in a
reduction in lipid peroxidation and restoration of antioxidant enzymes in the
[APPsw]/Tg2576 mouse model of AD (Subash et al., 2015a; Subash et al., 2015b). In cell
models of PD, PCA treatment resulted in a significant upregulation of antioxidant
enzymes and inhibited the activation of nuclear factor-«B and expression of inducible
nitric oxide synthase (Zhang, Z., et al., 2015). PCA was also able to prevent apoptosis,
reduce reactive oxygen species (ROS) production, decrease activation of caspase-3, and
enhance SOD activity in in vitro models of PD (An et al., 2006; Guan et al., 2006). In
vivo, PCA was able to improve motor function and ameliorate PD pathology in the
substantia nigra in both MPTP and 6-hydroxydopamine mouse models of PD (Zhang,

H.N, et al., 2010; Zhang, Z., et al., 2015). Interestingly, PCA has been shown in vitro to
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inhibit aggregation of pathogenic proteins including amyloid beta peptide and alpha-
synuclein (Hornedo-Ortega et al., 2016). Therefore, it will be of interest in future studies
to determine whether PCA attenuates aggregation of mutant SOD-1 or TDP-43 in models

of ALS.

4.6 Conclusion

This preclinical study is the first to explore the therapeutic benefits of PCA in a
mouse model of ALS. Our findings of the neuroprotective and anti-inflammatory effects
of PCA in the hSOD1%%4 mouse model of ALS are supported by previous studies
showing similar effects of PCA in other models of neurodegeneration. Although PCA has
been well studied in other disease models (e.g., AD and PD), it should be further studied
in additional models of ALS, such as C9orf72 and TDP-43 ALS, to further elucidate its
benefit for treating ALS in a diverse patient population. A thorough analysis of the effect
of PCA treatment on levels of biomarkers relating to oxidative stress and
neuroinflammation should also be performed. It would be important to measure the effect
of PCA treatment on levels of pro-inflammatory cytokines and intracellular levels of
ROS (superoxide anion, nitric oxide) in lumbar spinal cord and gastrocnemius muscle in
the hSOD1%%** model and other mouse models of ALS, and to analyze these levels over
the time course of the disease. Such an analysis would allow for identification of
predictive biomarkers for the efficacy of PCA treatment and ALS disease progression.
Furthermore, other phenolic acid metabolites of anthocyanin compounds (e.g., 4-
hydroxybenzoic acid, gallic acid, and syringic acid) should be studied for similar benefits

in ALS and other neurodegenerative diseases. Our findings indicate that nutraceutical
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phenolic compounds, such as PCA, have the potential to help treat patients with ALS and

should be investigated as possible therapeutics for this devastating disorder.
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CHAPTER FIVE: CONCLUSIONS AND FUTURE DIRECTIONS

5.1 Summary of Major Findings

As described in Chapter Two, patients with a history of mild TBI, when compared to
patients who have never sustained a TBI in their lifetime, have significantly depleted
antioxidant biomarkers. Despite many studies exploring antioxidant treatments for TBI of
all severities, this is the first study, to date, which reports extensive antioxidant depletion
in humans with a history of mild TBI (Mozaffari et al., 2021). In our mild TBI patient
cohort, we also found that patients had significantly worsened emotional, energy, head,
and cognitive symptoms when compared to patients without TBI. The number of mild
TBIs sustained, and time since the patient's most recent mild TBI, also seemed to
influence symptom presence, frequency, and severity. We also identified sex-specific
differences in antioxidant depletion and symptomology. Finally, we found that mild TBI
patients with more severe PUFA depletion had worsened energy and cognitive symptoms
when compared to patients with less severe PUFA depletion. Antioxidant depletion
results from mild TBI pathogenesis, especially neuroinflammation and oxidative stress.
Prolonged neuroinflammation and oxidative stress deplete the endogenous antioxidant
reserves which may, in turn, result in the expression of symptoms and prolongation of
secondary injury pathology.

Nutraceutical supplementation with exogenous antioxidants, or with supplements that

increase levels of endogenous antioxidants, may help treat mild TBI secondary injury
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pathology and, in turn, ameliorate symptomology. Secondary injury pathology from a
single mild TBI can be exacerbated and further prolonged if subsequent mild TBIs are
sustained. In Chapter Three, the therapeutic benefit of Immunocal®, a whey protein
supplement previously studied to increase levels of GSH in vivo, was tested in mouse
models of repetitive mild and mild-moderate TBI (Ross et al., 2012). We found that
Immunocal® treatment significantly reduced astrogliosis present in the cortex of mice at
2 weeks and 2 months following repetitive mild TBI. In the model of repetitive mild-
moderate TBI, we found that Immunocal® treatment significantly reduced microgliosis
in cortex.

Persistent TBI secondary injury, when left untreated, could contribute to
neurodegenerative disease like ALS. ALS pathology shares similarities with that of TBI
and repetitive mild TBI. Furthermore, nutraceutical treatments that have antioxidant
and/or anti-inflammatory properties can also be used to treat ALS pathology. Chapter
Four reports the anti-neuroinflammatory and neuroprotective effects of PCA in the
hSOD1%%A mouse model of ALS (Koza et al., 2020). PCA is a phenolic anthocyanin
metabolite which has been well studied for its ROS/RNS scavenging abilities resulting in
reduction of oxidative stress and neuroprotection. In the hSOD1%%** mouse model of
ALS, we found that PCA administration beginning at disease onset significantly extended
survival and improved motor function. On a cellular level, PCA reduced astrogliosis and
microgliosis, protected motor neurons in spinal cord and preserved neuromuscular

junctions in gastrocnemius muscle (Koza et al., 2020). These findings support the use of
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PCA to treat ALS and align with previous research which shows PCA confers
neuroprotection in other models of neurodegeneration.

There are several important considerations when using nutraceutical treatments to
treat mild TBI and ALS which are further discussed below. Furthermore, the relationship
between prolonged secondary injury pathology and antioxidant depletion resulting from

repetitive mild TBI and the development of ALS is discussed below.

5.2 Evidence for, Potential Benefits, and Limitations of Supplementing the
Endogenous Antioxidant System with Exogenous Nutraceutical Antioxidants to
Treat Mild Single and Repetitive TBI

In the mild TBI patient cohort described in Chapter Two, we found that patients had
significantly decreased levels of antioxidants including alpha-tocopherol and selenium in
serum, linoleic acid and taurine in plasma, and docosahexaenoic acid and total omega-3
in RBCs. Males with a history of mild TBI showed additional significant or trending
significant decreases in coenzyme-g10 and cysteine in serum, alpha-linolenic acid in
plasma, and total omega-6 in RBCs. On the other hand, female patients with a history of
mild TBI only showed significantly or trending significantly decreased linoleic acid and
taurine in plasma. Sex-specific treatment with these antioxidant compounds may be
beneficial in treating mild TBI. Moreover, Immunocal®, a supplement which increases
levels of the endogenous antioxidant, GSH, could be used in conjunction with these

treatments.
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5.2.1. Evidence for Antioxidant Nutraceutical Compound Supplementation to

Treat Antioxidant Depletion Resulting from Mild Single and Repetitive TBI

The antioxidant biomarkers found to be depleted in our mild TBI cohort fall into
categories of amino acids, vitamins, nonenzymatic endogenous antioxidants, and PUFAs.
Previous research supporting supplementation of these compounds for mild TBI is
discussed in this section.

Taurine, an essential amino sulfonic acid, is well-studied for its importance in brain
health and as a treatment for TBI. Supporting our findings of taurine depletion in
response to TBI, Seki et al. (2005) found that taurine in CSF showed a significant
decrease at 67 hours post-TBI in patients and remained lower until the last measurement
at 5 days post-TBI (Seki et al., 2005). Taurine plays roles in regeneration of the CNS,
neurotransmission, calcium homeostasis/excitotoxicity, and redox reactions (Niu et al.,
2018). Su et al. (2014) supplemented rats subjected to moderate fluid percussion injury
with 200 mg/kg intravenous taurine once daily for 1 or 7 days post-TBI. They found that
taurine supplementation improved functional recovery, and reduced GFAP, edema and
cytokine expression at 7 days post-TBI (Su et al., 2014). The same dosing regimen also
allowed for improved reaction time, neuroprotection, improved cerebral blood flow, and
greater mitochondrial ETC activity in another study in rats subjected to fluid percussion
injury (Wang, Q., et al., 2016). Clinically, supplementation of 30 mg/kg/day of taurine for
14 days following TBI in patients reduced levels of IL-6 in serum at 14 days post-TBI

and improved clinical outcome at 30 days post-TBI (Vahdat et al., 2021).
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Vitamin E is a fat-soluble vitamin which is administered in the form of alpha
tocopherol, the form of vitamin E used by the body. Alpha tocopherol interacts with free
radical oxygen and lipid peroxyl radicals to prevent lipid peroxidation (Morris, D. R., &
Levenson, 2013). Alpha-tocopherol has been studied for its ability to reduce oxidative
stress through reduction of superoxide, preserve BDNF, support synaptic plasticity, and
improve spatial learning memory in animal models of mild TBI (Aiguo et al., 2010;
Dobrovolny et al., 2018). Conte et al. (2004) subjected Tg2576 AD mice to repetitive
mild TBI and supplemented mice with vitamin E. Vitamin E supplementation reduced
lipid peroxidation and prevented A aggregation when compared to TBI AD mice fed a
normal diet (Conte et al., 2004). These findings support the idea that a decrease in
vitamin E and subsequent increase in lipid peroxidation may contribute to the
development of neurodegenerative disease, such as AD, in patients who sustain multiple
mild TBIs. Although supplementation with a high dose regimen of intravenous vitamin E
for one-week post-TBI has been explored in a human clinical trial and shown to reduce
mortality following severe TBI, no human studies to date have looked at vitamin E as a
treatment for mild TBI (Institute of Medicine, 2011; Razmkon et al., 2011).

Nonenzymatic endogenous antioxidants such as coenzyme-g10 and selenium, both
depleted in the mild TBI patients in our study, have been explored as potential treatments
for TBI. Coenzyme-q10 is produced by mitochondria and is present in an oxidized form
known as ubiquinone, and a reduced form, ubiquinol. Increased ubiquinone as a result of
mitochondrial damage induced by TBI can contribute to oxidative stress and reduced

energy production (Allan et al., 2019). A few studies have tested coenzyme-q10
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supplementation as a treatment for TBI in vivo, however, no human studies exist. In a
weight drop moderate TBI model in rats, supplementation with coenzyme-q10
immediately and at 24 hours post-TBI resulted in reduced lipid peroxidation, neuronal
loss, and edema in brain when compared to untreated controls at 48 hours post-TBI
(Kalayci et al., 2011). Another study explored coenzyme-q10 supplementation 30
minutes prior to TBI in a CCI rat model of TBI and found that expression of molecular
pathways pertaining to free radical production and metabolism differed between treated
and untreated rats (Pierce, J. D., et al., 2017).

Selenium is essential to the activity of GPx with its deficiency directly related to a
decrease in GPx activity (Wilke et al., 1992). Selenium treatment has been studied in
humans with TBI. In one study, treatment with intravenous selenium for 10 days
following TBI improved functional and neurological outcome in patients even out to 6
months following severe blunt injury TBI (Khalili et al., 2017). On the other hand, in
another clinical trial, intravenous selenium administration within 8 hours of a moderate-
severe TBI did not show any improved outcome in patients 2 months post-TBI as
measured by unresponsiveness, organ failure, and length of hospital stay (Moghaddam et
al., 2017).

Polyunsaturated fatty acid compounds are responsible for maintaining membrane
fluidity and neurotransmission in the brain where they are enriched (Kumar, P. R., et al.,
2014). We found PUFA depletion in our mild TBI cohort. Deficiencies in PUFAS,
particularly omega-3 fatty acids, have been linked to cognitive deficits in humans (Cook

et al., 2019; Danthiir et al., 2011). Supplementation with fish oil supplements enriched in
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omega-3 fatty acids or intraperitoneal injection of omega-3 fatty acids beginning at 2
hours post-TBI and continuing for 2 weeks resulted in the initiation of angiogenesis,
reduced necrosis of striatal and cortical neurons, and improvement in spatial and learning
deficits at 35 days following CCI TBI in mice (Pu et al., 2017). In contrast to many
antioxidants described above, signaling pathways altered by PUFA administration have
been explored in response to TBI. Signaling pathways such as those responsible for glial
waste clearance and increased autophagy have been shown to be regulated by PUFA
supplementation following TBI in vivo. These findings may explain the beneficial effects
these compounds have on restoring cognition in models of TBI (Chen X., et al., 2018;
Zhang, E., et al., 2020).

Although many studies have explored the use of nutraceutical antioxidant compounds
to treat TBI preclinically, more rigorous testing should be conducted. There is a need for
replicating study results, increasing the number of animals tested, and enriching our
understanding of the mechanism of action and signaling pathways affected by these
antioxidants. Deepening our understanding of how these compounds treat TBI would
help encourage clinical testing of these nutraceutical antioxidants. Furthermore, many of
the above studies focus on more severe models of TBI. More research into these
compounds as treatments for single and repetitive mild or mild-to-moderate TBI should
be performed.

5.2.2 Benefits and Limitations to Immunocal® Supplementation for Mild TBI

Immunocal® is a whey protein supplement that is replete with cystine which can

cross the blood brain barrier where it is converted to cysteine, the limiting precursor for
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GSH synthesis (Dringen et al., 1999). Immunocal® has been shown to increase GSH
levels in vivo (Ross et al., 2012). Our lab has previously studied Immunocal® in an
animal model of single moderate TBI induced by CCI (Ignowski et al., 2018). In this
model, Immunocal® offered neuroprotection, protected against demyelination in the
corpus callosum, prevented lipid peroxidation, and preserved BDNF and the ratio of
GSH:GSSG. As shown in Chapter Three, Immunocal® can reduce astrogliosis observed
at 2 weeks and 2 months following repetitive mild TBI and microgliosis at 72 hours
following repetitive mild-moderate TBI. It is clear that Immunocal® has a therapeutic
benefit in both single moderate and repetitive mild models of TBI induced by CCI.
Although we did observe increased astrogliosis, microgliosis, reduced GSH, and an
increase in serum NfL in the repetitive mild-moderate TBI model, we only found that
Immunocal® reduced microgliosis. This model was considered mild-moderate and
consisted of 3 repetitive TBIs. Mice were analyzed at 72 hours post-TBI. This is soon
after the TBIs and GSH turnover time in brain is slow. Chang et al. (1997) supplemented
2-month-old mice with cysteine and analyzed GSH and GSSG activity from 20 minutes
to 108 hours after administration. They found that brain GSH had a half-life of 59.5 hours
and turnover time of 85.7 hours (rate = 0.012 h!; Chang et al., 1997). For comparison,
the liver and kidneys of rats have rapid GSH turnover rates with half-lives of 1-5 hours,
for comparison (Potter & Tran, 1993). Since we did observe a reduction of microgliosis
in cortex with Immunocal® treatment, we hypothesized that microglia were able to
synthesize GSH resulting in a reduction in localized ROS/RNS and consequent reduction

of additional microglia activation/recruitment, but that whole cortex GSH levels were not
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replenished within 72 hours. If we had analyzed GSH:GSSG levels at a later time point
following the repetitive mild-moderate TBIs, we may have observed a preservation of
GSH. Microglia also more efficiently synthesize GSH than astrocytes which may explain
why we saw a reduction in microgliosis but not astrogliosis. Glutathione peroxidase and
GR activity have been shown to be higher in cultured microglia under oxidative stress
when compared to astrocytes which indicates microglia can more efficiently reduce
oxidative stress through GSH synthesis resulting in less activation of nearby microglia
(Hirrlinger et al., 2000). Overall, the repetitive mild-moderate injury paradigm may be
too severe for a single agent like Immunocal®. Immunocal® could be used in
conjunction with the above discussed exogenous antioxidant nutraceuticals to allow for

greater neuroprotection.

5.3 Prolonged Antioxidant Depletion in Mild TBI May Contribute to the
Development of Neurodegenerative Diseases such as ALS

Following even mild TBI, but especially in response to repetitive mild TBI,
secondary injury processes have been shown to continue long term, for months to years.
Neuroinflammation has been found to continue for greater than a year in animal models
of mild repetitive TBI and for up to 18 years in humans in response to more severe TBI
(Johnson et al., 2013a; Mouzon et al., 2014; Ramlackhansingh et al., 2011). Axonal
degeneration, particularly in corpus callosum, has also been observed years following
TBI and especially following repetitive TBI (Johnson et al., 2013a; Mouzon et al., 2014).
Although not as well researched long-term following mild TBI, a few studies have
reported that protein aggregates of tau and A persist out to a year in human and animal

models of TBI (lwata et al., 2002; Marklund et al., 2021).
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There is less research on oxidative stress long-term in response to mild TBI; however,
oxidative stress markers have been shown to persist for years following more severe TBI
(Mackay et al., 2006). On the same note, no research to date, besides that described in
Chapter Two, has measured antioxidant biomarker levels following mild TBI long-term
in humans. However, many preclinical studies have shown that treatments which reduce
oxidative stress, such as those described previously, also decrease secondary injury
pathology (Ignowski et al., 2018; Khalili et al., 2017; Lee, S. H., et al., 2017; Pu et al.,
2017; Sharma et al., 2020). Further research needs to be done to fully understand the time
course of oxidative stress and antioxidant imbalance following mild TBI and repetitive
mild TBI.

Pathology resulting from mild single and repetitive TBI is similar to that observed in
neurodegenerative disease. Furthermore, long-term deficits in cognition, symptoms
which mirror that of neurodegenerative disease, have been reported following TBI
(Xiong et al., 2018). Recent research suggests that mild TBI is a risk factor for
developing neurodegenerative disease and suggests that prolonged neuroinflammation
and oxidative stress are driving factors. It is hypothesized that depletion of the body’s
antioxidant defenses is consequent of, and a contributor to, pathology following mild TBI
and that antioxidant nutraceutical supplements administered for mild TBI, especially of
repetitive nature, which aim to reduce oxidative stress and neuroinflammation, could

decrease the risk for developing neurodegenerative diseases such as ALS.
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5.4 Future Directions to Explore the Connection Between Repetitive Mild TBI and
ALS

Recent research has suggested that mild TBI, especially repetitive mild TBI, increases
an individual’s risk for developing neurodegenerative disease. Pathology such as
neuroinflammation, oxidative stress, and excitotoxicity are observed in both TBI and
neurodegenerative disease. Researchers believe that this pathology, namely oxidative
stress and neuroinflammation, are key mechanisms responsible for the increased risk of
developing neurodegenerative disease (Cruz-Haces et al., 2017). As previously described,
these pathological conditions are hallmarks of ALS. In fact, TBI pathology mirrors that
of motor neuron disease such as motor cortex atrophy, progressive neuronal cell death in
brain and spinal cord, increased levels and aggregation of TDP-43, and muscle atrophy
(Wright et al., 2017).

A few meta-analysis and epidemiological studies have found a correlation between
individuals at high-risk for repetitive mild TBI and ALS. An analysis of 7,325 male
professional soccer players between the years of 1970-2001 showed a very significant
dose-dependent relationship between duration of involvement in professional soccer and
the risk for ALS (Chio et al., 2005). A second study by Chio et al. (2009b) compared
professional soccer players to professional athletes with low risk for repetitive mild TBI
such as cyclists and basketball players. Again, a highly significant risk of ALS was
identified for soccer players, but none was identified for the other athletes (Chio et al.,
2009b). Chen, H., et al. (2007) found that, although sustaining a single head injury
throughout an individual’s lifetime did not significantly increase the risk for ALS

compared to individuals without head injury, individuals with more than one head injury
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or a head injury within 10 years, had a significantly increased risk of developing ALS
when compared to individuals with no injuries. Furthermore, sustaining multiple head
injuries within the past 10 years resulted in a 10-fold greater risk of developing ALS
(Chen, H., et al., 2007).

Although these studies indicate that high-risk populations for repetitive mild TBI may
be at a greater risk for developing ALS, there may be other genetic, environmental, and
lifestyle factors not considered which could be contributing to this increased risk. For
example, an initial study found that Gulf War veterans had an increased incidence of
developing ALS with a peak of 3.19 times the expected incidence rate (Haley, 2003). A
follow up study by Horner et al. (2008) indicated that the increased ALS incidence in this
population was time-limited and therefore could be due to environmental factors (Horner
et al., 2008). Subsets of patients that sustain repetitive mild TBI may be more susceptible
to developing ALS due to a variety of factors. A review of the literature by Franz et al.
(2019) reports that factors like genetic predisposition, such as carrying the apolipoprotein
E type 4 allele, sustaining TBIs during the ages of 35-54 years, or maintaining high levels
of physical activity, although alone do not increase the risk of developing ALS, could
contribute to an increased risk in patients that sustain repetitive mild TBI (Franz et al.,
2019; Scarmeas et al., 2002; Schmidt et al., 2010). Preclinical studies which allow for
greater control of these factors are necessary to increase our understanding of the
potential contributions of repetitive TBI to the development of ALS.

A study by Evans et al. (2015) was one of two studies to explore the potential

connection between mild TBI and ALS in preclinical animal models. The authors
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examined the effect of a single mild TBI on lifespan, disease progression, motor function,
muscle electrical activity, inflammation, and isoprostane levels in brain and spinal cord of
hSOD1C% mice. Interestingly, they found that a single mild TBI at 84 days of age (prior
to disease onset at 125 days of age in this low transgene copy model) did not have any
effect on disease onset or survival (Evans et al., 2015). However, they did measure
greater impairment in motor function, muscle activity abnormalities, and increased
inflammation, isoprostanes, and edema in brain and spinal cord in hSOD1%%** mice
subjected to mild TBI (Evans et al., 2015). Although a single mild TBI worsened
pathology in the hSOD1%%A mouse model of ALS, it did not have any effect on disease
onset, progression or survival.

Previous research suggests that specifically repetitive mild TBI may increase the risk
of developing ALS. The second preclinical study to explore the connection between mild
TBI and ALS was performed by Alkaslasi et al. (2021). Researchers subjected wild-type
and hSOD1%%* Sprague-Dawley rats to bilateral mild TBI induced by CCI beginning at
60 days of age and continuing once per week for 5 weeks. They found that hSOD1%%A
rats subjected to repetitive mild TBI showed earlier disease onset and shortened survival
time when compared to sham surgery hSOD1%%A rats. Interestingly, repetitive mild TBI
hSOD16%A rats that experienced worsened acute symptoms, such as significantly
worsened motor performance on rotarod and locomotor testing, exhibited significantly
increased corticospinal motor neuron death and worsened outcomes later in life when
compared to repetitive mild TBI hSOD1%%% rats that didn’t experience as severe

symptoms acutely following the TBIs (Alkaslasi et al., 2021).
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A future direction would be to induce repetitive mild TBI at 50 days of age, which is
prior to disease onset at 90 days of age, in the hSOD1%%*4 mouse model of ALS
described in Chapter Four (Koza et al., 2020). It would be interesting to see if repetitive,
instead of a single mild TBI, has any effect on disease onset and survival in this mouse
model. Motor function could be measured prior to disease onset (50 days of age) and bi-
weekly until end-stage of disease. Pathology including neuroinflammation, motor neuron
survival, oxidative stress markers, antioxidants/ antioxidant enzyme expression in brain,
spinal cord, and gastrocnemius muscle, along with neuromuscular junction innervation
and complexity in gastrocnemius muscle, should be examined at disease onset (90 days
of age), 105 days of age, and end-stage (approximately 125 days of age) of disease.
Furthermore, this study design could be implemented in other mouse models of ALS such
as the TDP-43 and C9orf72 genetic mouse models to see if repetitive mild TBI has the
same effect regardless of the underlying genetic cause of ALS.

If survival is reduced, disease onset is earlier, and pathology is worsened in these
models with repetitive mild TBI, it would be interesting to implement interventions using
antioxidant nutraceuticals such as those found to be depleted in our mild TBI cohort from
Chapter Two, Immunocal®, or PCA. Informed decisions would need to be made as to
when to deliver these agents (preventative or restorative), ideal concentrations,
combinations, and continuation of administration. However, if administration of these
antioxidant nutraceuticals delayed disease onset, prolonged survival, and reduced
pathology in hSOD1C%*A, TDP-43, or C9orf72 mutant mice subjected to repetitive mild

TBI, this could support the hypothesis that secondary injury pathology is playing a major
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role in the development of ALS. Furthermore, inducing repetitive mild TBI early in low
transgene copy number versions of these genetic models, which may develop ALS
phenotypes after an extended period of time, could allow one to study more prolonged
secondary injury and resulting antioxidant depletion with an opportunity to implement
antioxidant nutraceutical treatments beginning at various time points following the TBIs.
Unfortunately, there are no sporadic ALS animal models or sporadic models of
neurodegeneration currently available. The above models are familial models with known
disease courses. Clinical longitudinal studies would ultimately need to be performed in
high-risk populations, such as professional athletes or military personnel. Antioxidant
nutraceutical interventions could also be implemented. However, these studies would be

lengthy, costly, and require high patient compliance which present as challenges.

5.5 Timing, Bioavailability, and Impact of External Factors with PCA Treatment

In Chapter Four, data from PCA administration beginning at disease onset in the
hSOD1%%A mouse model of ALS was reported. Oral administration of PCA extended
survival and improved motor function in the hSOD1%%A mouse. PCA was also able to
reduce astrogliosis and microgliosis, protect motor neurons in spinal cord, and preserve
NMJs in gastrocnemius muscle (Koza et al., 2020).

As described previously, PCA is a phenolic anthocyanin metabolite of cyanidin 3-O-
glucoside and is well studied for its antioxidant, anti-inflammatory, and neuroprotective
properties. Although the mechanism of action of PCA was not explored in Chapter Four,
based on previous in vitro and in vivo data, it is hypothesized that PCA acts as an

antioxidant and reduces the oxidative stress burden present in ALS. This results in a
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reduction of other pathology, including neuroinflammation, and ultimately,
neuroprotection. In vitro, PCA has been shown to significantly reduce ROS generation
and pro-inflammatory cytokine production and preserve endogenous antioxidant levels
such as GSH (Guan et al., 2006; Kaewmool et al., 2020; Li et al., 2011; Min et al., 2010;
Winter et al., 2017a). In vivo, PCA has been studied in other models of
neurodegeneration, such as AD and PD, and has been shown to improve cognitive
function, decrease levels of oxidative stress markers, offer neuroprotection, and preserve
GSH (Choi, J. R, et al., 2020; Kho et al., 2018; Lee, S. H., etal., 2017; Park et al., 2019;
Song et al., 2014; Zhang, H. N., et al., 2010). Our study was the first to explore the
therapeutic benefit of PCA for ALS; however, more research needs to be done in other
models of ALS such as in TDP-43 or C9orf72 mutant models (Koza et al., 2020).
Furthermore, a thorough analysis of the mechanism of action of PCA in ALS should be
studied. Future studies should measure levels of ROS/RNS markers (hydrogen peroxide,
superoxide, NOS, iNOS), production of pro-inflammatory cytokines, Nrf2 and JNK
expression, and p53-dependent apoptotic factors. The mechanism of action of PCA which
allows for the therapeutic benefit described in Chapter Four should ideally be identified
prior to clinical studies with PCA.

Clinical studies should also take into consideration timing and bioavailability of PCA.
As stated in Chapter Four, we began PCA treatment at disease onset (Koza et al., 2020).
This administration timepoint was chosen because, unfortunately, many ALS patients are
not diagnosed until after symptoms have begun and pathology is long underway. In fact,

a review of the literature by Richards et al. (2020) found that patients are typically
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diagnosed 10-16 months following disease onset (Richards et al., 2020). Therefore, there
is a need for therapeutics that reduce pathology, slow disease progression, and extend
survival at or following disease onset. Further study should be done to understand how
late in disease progression PCA loses its beneficial effects against ALS pathology.

As previously described, PCA is readily bioavailable when cyanidin 3-O-glucoside is
ingested through diet and metabolized into PCA. As of now, PCA as a commercial
supplement in pure form is not available. Therefore, patients must obtain PCA through
diet. Being one of the major metabolites of cyanidin 3-O glucoside, PCA accounts for
73% of ingested cyanidin 3-O-glucoside and has been measured in brain, plasma, and
serum, peaking 1 hour after ingestion, at nmol concentrations (Vitaglione et al., 2007;
Zhang, Y. J., etal., 2011; Zheng et al., 2019). However, PCA has a short half-life of 2.9
minutes in plasma when 50 mg/kg PCA was administered to mice (Chen, W., et al.,
2012). These pharmacokinetics should be considered when determining optimal dosage
and administration for humans.

Finally, PCA could have improved antioxidant and anti-inflammatory effects when
combined with other phenolic compounds or flavonoids. A few studies have shown
increased beneficial neuroprotective effects of PCA when combined with other
nutraceutical antioxidant compounds. For example, PCA, when combined with
ginkgolide B, a ginkgolide terpenoid lactone well studied for its antioxidant effects,
showed improved neuroprotection and reduction of ROS in an in vitro model of PD.
Furthermore, in an in vivo model of PD, the combination improved motor function,

protected neurons, and increased antioxidant enzymatic activity in brain when compared
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to PCA administration alone (Wu, T., et al., 2020). Another study by Zhang, Z., et al.
(2015) explored the synergistic effect of chrysin, a polyphenolic compound, and PCA.
Chrysin was able to enhance the effects of PCA allowing for greater protection against 6-
hydroxydopamine in PC12 cells and neuroprotection in zebrafish and mouse models of
PD marked by a reduction in ROS/RNS, increase in antioxidant enzymes, reduction of
lipid peroxidation, and inhibition of NFkB (Zhang, Z., et al., 2015). Although more
research needs to be done to fully understand the synergism between PCA and other
antioxidant nutraceuticals, especially in models of ALS, a future direction could be
formulating a supplement with a variety of nutraceutical antioxidant compounds,
including PCA, which synergize to yield enhanced antioxidant and anti-inflammatory

activities.

5.6 Conclusion

In conclusion, secondary injury pathology from mild single and repetitive TBI,
namely oxidative stress and neuroinflammation, can persist long-term. As a result, the
endogenous antioxidant system becomes depleted and further contributes to pathological
changes following single and repetitive mild TBI. Data in Chapter Two supports this and
describes sex-specific antioxidant depletion in a cohort of patients with a history of mild
TBI. These findings present a potential for treatment using nutraceutical compounds
which have antioxidant and anti-neuroinflammatory properties and that help to increase
endogenous antioxidant activity. An example of this would be Immunocal®, a whey

protein supplement designed to increase levels of GSH in brain, which was shown in
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Chapter Three to reduce gliosis in mouse models of repetitive mild and mild-moderate
TBI.

Furthermore, pathology present following mild TBI mirrors that of neurodegenerative
disease. Oxidative stress and neuroinflammation resulting from TBI have been shown
previously to be driving factors in increasing the risk for developing neurodegenerative
disease. More specifically, research has shown that repetitive TBI, even of mild severity,
may increase the risk for developing ALS. A future direction would be to explore this
connection and test the repetitive TBI models described in Chapter Three in the
hSOD1%%A ALS mouse model used in Chapter Four to see if repetitive TBI prior to
disease onset has any effect on disease onset, progression, survival, and pathology. Future
research should also explore the potential benefits of antioxidant nutraceutical
supplementation in hSOD1C%A ALS mice, and other preclinical mouse models of ALS,
subjected to repetitive mild TBI.

Finally, Chapter Four described the therapeutic, neuroprotective, and anti-
inflammatory effects of PCA in the hSOD1%%A ALS mouse model (Koza et al., 2020).
Phenolic acid metabolites, such as PCA, have antioxidant and anti-inflammatory
properties that would be beneficial in treating neurodegenerative diseases like ALS.
Although the mechanism of action of PCA alone should be further investigated, a
combination of PCA with other nutraceutical antioxidant compounds may act
synergistically to treat oxidative stress, neuroinflammation, and other pathology observed

in neurodegenerative disease.
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APPENDICES

Appendix A: Abbreviations
A: change

#: number

3-NT: 3-nitrotyrosine

4-HNE: 4-hydroxynonenal

8-0x0-dG: 8-0x0-2'-deoxyguanosine

AB: amyloid-p

Ach: acetylcholine

AD: Alzheimer’s disease

ADC: apparent diffusion coefficient

ALS: amyotrophic lateral sclerosis

AMPA: a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid
APP: amyloid precursor protein

ATP: adenosine 5'-triphosphate

BBB: blood brain barrier

BDNF: brain-derived neurotrophic factor

BTx: alpha-bungarotoxin

C9orf72: chromosome 9 open reading frame 72
Ca2+: calcium ion

CAT: catalase

CCI: controlled cortical impact
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CD38: cluster of differentiation 38
CHIMERA: closed-head impact model of engineered rotational acceleration
CNS: central nervous system

Coq10: coenzyme-q10

CTE: chronic traumatic encephalopathy
COX-1: cyclooxygenase-1

COX-2: cyclooxygenase-2

EAACLI: excitatory amino acid carrier type 1
EAAT: excitatory amino acid transporter
ELISA: enzyme-linked immunosorbent assay
ETC: electron transport chain

FDA: Food and Drug Administration

FUS: fused in sarcoma

G93A: untreated hSOD1%%* control mice
G93A + PCA: 100mg/kg PCA treated hSOD1%%*A mice
GABA: y-aminobutyric acid

GCEE: y-glutamylcysteine ethyl ester

GFAP: glial fibrillary acidic protein

Glu: glutamate

GPx: glutathione peroxidase

GR: glutathione reductase

GSH: glutathione
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GSNO: S-nitrosoglutathione

GSSG: oxidized glutathione/ glutathione disulfide

hnRNP A1/2 heterogeneous nuclear ribonucleoproteins A1/A2

hSOD16%A human mutant SOD-1 with a glycine to alanine substitution at position 93
IACUC: Institutional Animal Care and Use Committee

Iba-1: ionized calcium-binding adapter molecule 1

ICAL: Immunocal®

IFN-y: interferon-y
IHC: immunohistochemical

IL: interleukin

INOS: inducible NO synthase
IQR: interquartile range

LPS: lipopolysaccharide

MDA: malondialdehyde

Mg+: magnesium ion

MRI: magnetic resonance imaging
MSQ: medical symptom questionnaire
mTBI: mild traumatic brain injury
Na+: sodium ion

NAC: N-acetylcysteine

NAch: nicotinic acetylcholine

NF: neurofilament

NF«B: nuclear factor-xB
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NfL: neurofilament light chain protein

NK: natural killer

NMDA: N-methyl-D-aspartic acid

NMJ: neuromuscular junction

NO: nitric oxide

Nrf2-Keapl: nuclear factor erythroid 2-related factor 2—Kelch-like erythroid cell-derived
protein with CNC homology [ECH]-associated protein 1
O-: free radical oxygen

02: oxygen

OCT: optimal cutting temperature

O.D.: optical density

PaGE: paw grip endurance

PBS: phosphate buffered saline

PCA: protocatechuic acid

PD: Parkinson’s disease

P. Tau: phosphorylated tau

PUFA: polyunsaturated fatty acid

PVGavl: piebald virol glaxo

rmTBI: repetitive mild traumatic brain injury

rmmTBI: repetitive mild-moderate traumatic brain injury
rTBI: repetitive traumatic brain injury

S100B: S100 calcium-binding protein 3
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SAM: S-adenosylmethionine

SHAM: sham surgery

SOD: superoxide dismutase

SOD-1: Cu, Zn-superoxide dismutase-1
RBCs: red blood cells

ROS: reactive oxygen species

ROS/RNS: reactive oxygen species/ reactive nitrogen species
RNS: reactive nitrogen species

TBI: traumatic brain injury

TDP-43: TAR DNA-binding protein-43
TNF-a: tumor necrosis factor-a

Txn: thioredoxin

US: United States

VAChT: vesicular acetylcholine transporter
WBCs: white blood cells

WT: wild-type
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Appendix B: Supplementary Figures

Patients with no
history of mTBI

Patients with
history of mTBI

Totaln = 82 Total n = 88
Males n = 42 Males n = 62
Females n = 40 Females n = 26

Statistical analysis of
antioxidant
blood biomarkers
and M3Q symptom
scores between total,
male, female groups

Patients with

Patients with Patients with data
information on information on time for PUFA biomarkers
number of mTBIls since most recent mTBI and MSQ
Total n = 67 Total n =48 Totaln =43
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analysis Patients with| || Patients with Patients with | | | patients with Patients with | | | Patients with
of MSQ single multiple acute- chronic low PUFA high PUFA
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[Qualitive analysis of MSQ | Statistical analysis of
| symptom scores
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Supplemental Figure 1 Retrospective Study Analyses and Patient Flow Diagram
from Chapter Two. Demographic, antioxidant blood biomarker, and medical symptom
questionnaire (MSQ) data collected from 170 patients admitted to a sports medicine
clinic between 11/2017 - 9/2020 prior to treatment were retrospectively analyzed.
Patients with active cancer at the time of visit were excluded. A total of 88 patients,
including 62 males and 26 females, had at least one mild traumatic brain injury (mTBI) in
their lifetime and were considered to have a history of TBI. The remaining 82 patients,
consisting of 42 males and 40 females, had no history of mTBI. Blood biomarkers and
MSQ emotional, energy, head, and cognitive symptoms were statistically analyzed
between total, male, and female patients with versus without history of mTBI. Patients
with a history of mTBI were further categorized. A total of 27 patients reported
sustaining a single mTBI, 40 sustained multiple mTBIs, and 21 patients did not report
this information and were not included in analyses. Of the 88 history of mTBI patients,
14 patients presented to the clinic within 1 year of their most recent mTBI, termed as
acute-subchronic mTBI patients, and 32 patients presented to the clinic greater than 1
year since their most recent TBI, termed chronic mTBI patients. A total of 42 patients did
not report this information and were not included in analyses of these populations. A
qualitative heatmap analysis of the significant or trending significantly different MSQ
symptoms between total, male, and female patients with versus without history of mTBI
was performed between no history of mTBI patients, single, and multiple mTBI patients
and also between no history of mTBI patients, acute, and chronic mTBI patients. Finally,
43 history of mTBI patients with complete polyunsaturated fatty acid biomarker data
(PUFA,; linoleic acid and alpha-linolenic acid in plasma and total omega-3, total omega-
6, and docosahexaenoic acid in red blood cells) and MSQ data were divided according to
high versus low PUFA levels and MSQ emotional, energy, head, and cognitive symptoms
were statistically analyzed between these groups.
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Supplemental Figure 2 Representative Brain Sectioning for Analysis from Mice
Subjected to Repetitive Mild-Traumatic Brain Injury (rmTBI) and Repetitive Mild-
Moderate TBI (rmmTBI) Performed in Chapter Three. Representative drawings of
brain in Imm cut stainless steel matrices are displayed with sectioning shown using red
lines and annotations denoting brain section sizes in mm used for analyses. For all sham,
untreated TBI, and Immunocal®-treated TBI mice subjected to rmTBI at 2 weeks (n=9
mice per group), 2 months (n=9 mice per group), and 6 months (n=5 mice per

group) following the last mTBI (A), bregma was determined (shown by red and black
dotted line) and a 6mm section was taken, which was 3mm posterior and anterior to
bregma, and subjected to immunohistochemical (IHC) staining for GFAP and IBA-1

for analysis of astrocytes and microglia in cortex, respectively. For all sham, untreated
TBI, and Immunocal®-treated TBI mice subjected to rmmTBI at 72 hours (n =5-7 mice
per group) following the last mmTBI (B), bregma was determined (shown by red and
black dotted line) and a 4mm section was taken, which was 2mm posterior and anterior to
bregma, and subjected to IHC staining for GFAP and IBA-1 for analysis of astrocytes and
microglia in cortex, respectively. Another 2mm section was taken, posterior to the section
taken for [HC staining, and used for determination of brain GSH and GSSG. All analyses
are described in the methods section.
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Supplemental Figure 3 Representative Fluorescent Imaging Locations of Cortex
Stained for Either Iba-1 or GFAP from Mice Subjected to Repetitive Mild-
Traumatic Brain Injury (rmTBI) and Repetitive Mild-Moderate TBI (rmmTBI)
Performed in Chapter Three. A 20X image of cortex was taken by a blinded researcher
in both the left and right hemisphere approximately 0.5mm out from midline (the injury
site) but avoiding the longitudinal fissure. An additional third image was taken
approximately 1.5mm from the midline in either the left or right hemisphere for a total of

3 images per section.
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Appendix C: Supplementary Tables

Supplemental Table 1. Biomarkers That Were Not Significantly or Trending

Significantly Different Between Total Patients Without Versus with a History of
mTBI From Chapter Two. Biomarkers that were not significantly or trending
significantly different (p > 0.10) between groups are displayed as mean = SEM and
analyzed using the Mann Whitney U-Test. Abbreviations: WBC, white blood cell; RBC,

red blood cell.

Patients without history |Patients with history of|
Biomarker of mTBI mTBI ) |

(n = 82) (n = 88) vaiue
Arachidonic acid n =65 n = 64 0.550
Serum (%) 13.65 +0.55 13.17 £ 0.48 '
p-Carotene n = 80 n =87 0.520
Serum (mg/L) 0.37 +0.03 0.34 +0.03 '
Coenzyme-ql10 n = 80 n =87 0.247
Serum (mg/mL) 1.51+0.12 1.24 +£0.06 '
Cysteine n=37 n =48 0.642
Serum (nmol/mL) 22.25+2.13 20.64 + 1.64 '
Docosahexaenoic acid n =65 n = 64 0,884
Serum (%) 6.23 + (.32 6.19+0.28 ‘
Eicosapentaenoic acid n =65 n =64 .00
Serum (%) 0.59 +0.06 0.62+0.07 ‘
Linoleic acid n =65 n = 64 0.268
Serum (%) 6.18 +£0.30 5.83 +£0.35 '
Lipid peroxides n =81 n = 88 0.834
Serum (nmol/mL) 1.47 +0.06 1.47 + 0.06 ‘
Total omega-3 n =65 n =64 0.756
Serum (%) 7.85 +0.39 7.97 +0.38 ‘
Total omega-6 n =65 n = 64 0.408
Serum (%) 24.27 £ 0.89 23.05 + 0.83 '
Vitamin B12 n =69 n = 64 0.173
Serum (pg/mL) 828.41 £ 59.10 068.22 + 70.88 '
\VVitamin C n =37 n = 48 0.660
Serum (mg/dL) 0.49 + 0.04 0.51 +0.04 )
25-Hydroxyvitamin D n =69 n = 64 0.896
Serum (ng/mL) 38.77 +2.17 38.34 + 1.95 '
Alpha-linolenic n = 81 n = 88 0.134
Plasma (pumol/L) 31.53 +£1.62 27.55+1.15 '
Arachidonic acid n = 81 n = 88 0.182
Plasma (umol/L) 307.90 +11.06 285.14 +9.50 )
Cystine n="76 n =85 0.262
Plasma (umol/L) 9.61 +0.78 8.71 +£0.86 )
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Docosahexaenoic acid n =81 n = 88 0.240
Plasma (umol/L) 92.93 +4.26 85.99 + 3.88 )
Eicosapentaenoic acid n =81 n = 88 0.791
Plasma (umol/L) 44.27 +£4.28 43.43 +£3.91 )
Methionine n="77 n =87 0.603
Plasma (umol/L) 25.29 +0.73 25.54 +0.62 )
8-Hydroxy-2-
deoilyguazosine n=78 n =85 0.254
. 3.71 £0.25 3.47+0.24
Plasma (ng/mg creatine)
Eicosapentaenoic acid n=37 n =48 0231
RBC (%) 0.59 = 0.06 0.51 £0.05 '
Total omega-6 n=37 n =48 0.117
RBC (%) 26.31 £0.83 23.99 £ 0.86 '
Alpha tocopherol n=37 n =48 0.506
WBC (pg/MM) 173.44 +20.62 156.84 +18.01 '
Coenzyme-ql10 n =237 n =48 0.951
WBC (pg/MM) 80.20 + 5.79 82.46 + 6.39 '
Cysteine n=37 n =48 0.929
WBC (pg/MM) 166.87 + 24.09 152.00 = 17.02 '
\Vitamin C n=37 n =48 0,737
WBC (pg/MM) 1.78 +0.26 1.74+0.18 ‘
Selenium n =81 n =86 0.477
'Whole Blood (ppm) 0.21 +0.01 0.20 = 0.00 )
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Supplementary Table 2 Impact Parameters and Procedural Details for Repetitive
Mild-Traumatic Brain Injury (rmTBI) and Repetitive Mild-Moderate TBI
(rmmTBI) From Chapter Three.

rmTBI

rmmTBI

Site of Impact

Midline at bregma

Midline at bregma

Pre-Injury Procedure
Following Anesthesia
Induction

1. Head shaved
2. Site of impact
indicated with
sharpie

1. Head shaved
2. Site of impact
indicated with
sharpie

3. Concave 3 mm
metallic disk
affixed at the
reference point
using a small drop
of tissue adhesive

Number of Impacts 5 3
Time Between Impacts |48 48
(hours)

Impact Probe Diameter [5 5
(mm)

\Velocity of Impact (m/s) |5 5.5
Depth of Impact (mm) [1 2
Dwell Time (ms) 200 200
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Appendix D: List of Published Manuscripts and Abstracts

Manuscripts
Content from Chapter One sections 1.3.3, 1.4.1, and 1.4.2 titled “Glutathione, GSH
Precursor, and GSH Enzymatic Antioxidant Depletion Following Mild TBI”,
“Glutathione Precursors as Treatment Options for Mild TBI”, and “Immunocal® as a
Potential GSH Precursor Supplement for Mild TBI”, respectively, is published in
Neural Regeneration Research.
Koza, L. and Linseman, DA (2019). Glutathione precursors shield the brain
from trauma. Neural Regen Res, 14 (10)1701-1702. doi:10.4103/1673-

5374.257520.

Chapter Two titled “Significant and Sex-Specific Antioxidant Biomarker Depletion in
Patients with Mild Traumatic Brain Injury” is in preparation for submission to Annals
of Clinical and Translational Neurology (Koza, L. A., Bishop, M., Grossberg, A. N.,

Prusmack, C., & Linseman, D. A.).

Chapter Three titled “Immunocal® Prevents Gliosis in Mouse Models of Repetitive
Mild-Moderate Traumatic Brain Injury” is in preparation for submission to Journal of
Clinical Investigation (Koza, L. A., Pena, C., Russell, M., Smith, A. C., Molnar, J.,

Devine, M., Serkova, N. J., & Linseman, D. A.).
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Chapter Four titled “Protocatechuic Acid Extends Survival, Improves Motor
Function, Diminishes Gliosis, and Sustains Neuromuscular Junctions in the
hSOD1G93A Mouse Model of Amyotrophic Lateral Sclerosis” is published in
Nutrients.
Koza, L. A., Winter, A. N., Holsopple, J., Baybayon-Grandgeorge, A. N.,
Pena, C., Olson, J. R., Mazzarino, R. C., Patterson, D., & Linseman, D. A.
(2020). Protocatechuic Acid Extends Survival, Improves Motor Function,
Diminishes Gliosis, and Sustains Neuromuscular Junctions in the
hSOD1G93A Mouse Model of Amyotrophic Lateral Sclerosis. Nutrients,

12(6), 1824. d0i:10.3390/nu12061824.

Abstracts

Koza, L. A., Bishop, M., Grossberg, A. N., Prusmack, C., Linseman, D. A.
Significant and sex-specific antioxidant biomarker depletion in patients with
mild traumatic brain injury. Society for Free Radical Biology and Medicine.

Virtual, November 16, 2021.

Koza, L. A., Pena, C., Russell, M., Smith, A. C., Molnar, J., Devine, M., Serkova, N.
J., & Linseman, D. A. Immunocal® prevents gliosis in mouse models of
repetitive mild-moderate traumatic brain injury. The 10th Annual Traumatic

Brain Injury Conference. Virtual, November 2, 2020.

334



Koza, L. A., Winter, A. N., Holsopple, J., Pena, C., Aviso, A., Linseman, D. A.
Protocatechuic acid significantly extends survival, improves motor function,
and displays neuroprotective and anti-inflammatory therapeutic benefits in the
G93A mutant hSOD1 mouse model of amyotrophic lateral sclerosis.
Northeast Amyotrophic Lateral Sclerosis Consortium®. Clearwater, FL.

October 1, 2019.

Koza, L. A., Winter, A. N., Holsopple, J., Pena, C., Aviso, A., Linseman, D. A.
Protocatechuic acid preserves neuromuscular junctions, diminishes gliosis,
and extends survival in the G93A mutant hSOD1 mouse model of
amyotrophic lateral sclerosis. Neurodegenerative Diseases: New Insights and

Therapeutic Opportunities. Keystone, CO. June 18, 2019.

335



	Antioxidant Biomarkers and Nutraceutical Therapeutics in Neurodegeneration and Neurotrauma
	Recommended Citation

	Antioxidant Biomarkers and Nutraceutical Therapeutics in Neurodegeneration and Neurotrauma
	Abstract
	Document Type
	Degree Name
	Department
	First Advisor
	Second Advisor
	Third Advisor
	Keywords
	Subject Categories
	Publication Statement

	tmp.1677025479.pdf.UwFO5

