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Abstract

The naturally occurring amino acid, L-Ergothioneine (EGT), has immense potential as a
therapeutic, having shown promise in the treatment of other disease models, including
neurological disorders. EGT is naturally uptaken into cells via its specific receptor, OCTN1,
suggesting that it is highly conserved, to be utilized by cells as an antioxidant and anti-
inflammatory, particularly under stressed conditions. In our current study, EGT was
administered over a period of 6 months to 25-26 month old CBA/Cal mice as a possible
treatment for age-related hearing loss (ARHL), since presbycusis has been linked to higher
levels of cochlear oxidative stress, apoptosis and chronic inflammation. Results from the
current study indicate that EGT can prevent aging declines of some key features of ARHL.
However, we found a distinct sex difference for the response to the treatments, for hearing
measurements — Auditory Brainstem Responses (ABRs) and Distortion Product Otoacoustic
Emissions (DPOAEs). Males exhibited improvements in both low dose (LD) and high dose (HD)
test groups throughout the entire testing period for both DPOAEs and ABRs and did not display
the characteristic aging declines in hearing seen in Control animals. In contrast, female mice
did not show any improvements with either treatment dose. Further confirming this sex
difference, EGT levels in whole blood sampling throughout the testing period showed greater
uptake of EGT in males compared to females. Additionally, RT-PCR results from three tissue
types of the inner ear confirmed EGT activity in the cochlea in both males and females. Here,

both males and females exhibited significant differences in biomarkers related to apoptosis,

Vi



inflammation, oxidative stress, and mitochondrial health: Cas-3, TNF-a, SOD2, and PGClq,
respectively. Taken together, these findings suggest that EGT has a future as a naturally
derived therapeutic for slowing down the progression of ARHL, and possibly other
neurodegenerative diseases. EGT, while seemingly effective in the treatment of presbycusis in
aging males, could also be modified into a general prophylaxis for other age-related disorders
where treatment protocols would include eating a larger proportion of EGT-rich foods or
supplements. Lastly, the sex difference discovered here, needs further investigation [1] to see
if therapeutic conditions can be developed where females show responsiveness to EGT, similar

to the dramatic effects seen here in the aging males.
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Chapter 1: Introduction

Age-Related Hearing Loss (ARHL) or presbycusis is one of the most prevalent age-related
neurodegenerative disorders affecting our older population. It is estimated that over 40% of
the population will experience hearing loss by the age of 65, with that number exceeding 70%
by age 75 [2]-[6]. ARHL is characterized by initial high frequency deficits (> 6 kHz) with a later
progression to the low frequency range (1-4 kHz), when thresholds decline across all
frequencies [7]-[10]. The perceptual aspects of age-linked hearing loss are especially evident in
acoustic environments where background noise is elevated, resulting in perceptual deficits and
inability to understand speech, even for those few older persons with normal audiograms or
good peripheral sensitivity [11].

Aside from affecting communication abilities, ARHL is also highly associated with other
disorders of aging such as loneliness, depression, and the onset of senile dementia [12]-[16]. In
fact, the 2020 Lancet Commission on Dementia named ARHL as the top modifiable risk factor
for dementia [17]. Therefore, it is important to note that ARHL, with its own detrimental
aspects, also has other significant negative cascading downstream effects for our expanding
older population. ARHL contributes to the economic burden through loss of productivity,
reductions in quality of life, as well as additional healthcare costs related to poor health in
those with hearing loss. Cost estimates have put the total bill between 750 to 980 billion
dollars annually, in the US alone [18], [19]. Unfortunately, there are no FDA approved

drugs/treatments that can slowdown or cure ARHL. In the present report, we investigate the



potential role of the novel amino acid L-Ergothioneine (EGT) in preventing some key aspects of
ARHL in aging mammals.

To begin, a brief discussion of the etiologies of ARHL is beneficial. The auditory system
can be broken into main two levels, peripheral and central. The peripheral auditory system
includes the ear canal and drum (outer ear), middle ear bones (ossicles of the middle ear), and
the cochlea (auditory portion of the inner ear), which receives the sound energy from the outer
and middle ears. The inner ear structures housed within the cochlea are then stimulated
through fluidic (endolymph, perilymph) movement delivered by the ossicles through the stapes
footplate. More specifically, this acoustic-mechanical movement results in a traveling wave
along the basilar membrane where specific regions are activated according to the frequency of
the sound being transmitted to the cochlea. The inner hair cells and outer hair cells are then
stimulated in the appropriate frequency region; where outer hair cells provide amplification
gain, according to the intensity of the sound input. Concurrently, the inner hair cells are also
activated by the traveling wave where the amplified signal is processed and transmitted to the
auditory nerve, and then analyzed and interpreted further in the central auditory system.
Lastly, it is important to note that the stria vascularis, a specialized region on the lateral wall of
scala media, maintains a K* gradient in the endolymph that is needed to drive sound
transduction in the hair cells [20]-[22].

Any dysfunction within these cochlear physiological systems can result in reductions in
hearing abilities, which have been the focus of many studies related to ARHL [9], [11]. For
example, in pioneering work, Schuknecht proposed a framework for the progression of

peripheral ARHL which is manifested in three ways: Sensory, characterized by inner (IHC) and



outer hair cell (OHC) degeneration; Neural, characterized by a loss of radial afferent neurons
connected primarily to IHCs; and Strial, seen with thinning and degeneration of the stria
vascularis, including a loss of marginal cells which normally push K+ up a concentration and
voltage gradient into scala media. Schuknecht’s overall theoretical framework was a pioneering
effort to identify clinically relevant mechanisms for hearing loss, which are related to elevated
hearing thresholds and declines in supra-threshold sound perception. However, it is likely that
most clinical cases of ARHL are characterized by a combination of all three of these cochlear
etiological phenomena. [23]-[26]

Regarding Schuknecht’s model, it is often widely accepted that sensory and neural
presbycusis can be related, since loss of IHC can induce auditory nerve fiber degeneration over
time; i.e., loss of synapses and nerve fibers since they are no longer being stimulated. This type
of degeneration may take years to progress due to a redundancy of neurons. [27]—[30] Strial
presbycusis, another proximate cause of ARHL hearing loss, involves reduction of the
endocochlear potential (EP) due to strial impairment. Specifically, since strial marginal cells
help to maintain a K* gradient within the endolymph of scala media, resulting in approximately
an +80 mV charge, they are often referred to as generating the “cochlear battery”. This
cochlear battery provides the driving force for proper acoustic transduction and hair cell
functioning. Reductions in the EP reduce the OHCs mechanical amplification ability, as well as
the stimulus coding properties of the IHCs. [31]-[33]

Central auditory presbycusis is also involved in reduced speech and complex sound
perception in many cases, and this brain degeneration can be a part of age-related declines of

the brain, and/or a secondary response to peripheral cochlear degeneration due to loss of



inputs [34]. In humans, brain structures that carry auditory information are often shown to be
reduced in overall volume with an associated decline in neuronal size and vascular capillary
density. This degeneration corresponds with declines in processing speed and speech
perception [35]. Additionally, age-related changes have also been linked to functional changes
in neurotransmitters, such as the inhibitory neurotransmitters GABA and glycine, and
associated receptors/synapse systems, sin addition to neuronal loss [36]. For example, Frisina’s
group demonstrated some of the functional deficits in human hearing that appear when the
central auditory system is dysfunctional. They performed Speech-in-Noise Testing (SPIN test)
on aged participants with normal audiograms from 0.25 to 4 kHz; i.e., thresholds were within 15
dB HL. The participants were asked to distinguish speech in various levels of background noise,
and older subjects needed a higher signal-to-noise ratio to fully understand speech, even when
their audiograms were within the normal range, indicating deficits in the central auditory
system, likely involving the midbrain and cortical regions.

Contralateral suppression of OHCs is also reduced as aging occurs. Contralateral
suppression is an efferent feedback mechanism whereby the brainstem, in response to a sound
stimulus from one side, will limit the amount of amplification produced by the OHCs, as
measured with distortion-product otoacoustic emissions. This decline in suppression with age
is indicative of a decline in the processing abilities of the medial olivocochlear region of the
brainstem auditory pathway, which can impair speech perception in background noise and
auditory attention capabilities. Additionally, cortical declines have also been observed in older
subjects, where tasks involving temporal processing, like the previously mentioned SPIN test

and gap detection, show significant deficits. [37]-[40] However, it can be difficult to distinguish



peripheral and central auditory processing declines from cognitive declines associated with
aging in some cases. [8], [40]

It is important to mention briefly and non-comprehensively, some of the testing
modalities used to measure health and function of these important peripheral and central
auditory structures. Cochlear health is generally measured using auditory brainstem responses
(ABRs) and distortion product otoacoustic emissions (DPOAEs) clinically, in infants and adults,
and in animal models. To measure DPOAEs, two simultaneous pure tones are presented at set
frequencies, with f2 being greater than f1. Based on basilar membrane mechanics, these pure
tones elicit a nonlinear response or physical vibration of the basilar membrane, a distortion
product. The distortion product is then measured with a microphone placed at the external
auditory meatus (ear canal). DPOAE responses are indicators of the health and functionality of
the OHC system near the tonotopic area of the stimulus tones presented. Reduced amplitudes
and elevated thresholds of DPOAEs indicate the presence of hearing loss and possible loss of
OHCs and/or reduction in their functionality. Declines in DPOAEs are a biological mechanism of
ARHL. Many processes of the peripheral auditory system are OHC driven and thus it is
important to maintain integrity of these structures for normal hearing. This underscores the
importance of DPOAEs as a diagnostic tool in determining onset and severity of presbycusis in
human and animal subjects [41]-[43].

Useful peripheral and central auditory functionality can be determined with ABRs. ABRs
comprise a far field, evoked potential brain recording with sound as the stimulus. The stimulus
is adjusted by frequency and intensity (dB SPL) to obtain threshold and amplitude measures.

The resultant EEG-like scalp-recorded voltage readings show individual waves comprising



waveform features that correspond to different processing stages of the auditory system. So,
each individual wave corresponds to a region within the auditory pathway, where the number
and shape of the waves is species dependent, ranging from five to seven. For most mammals,
the waves from I-V have a rough correspondence to: the auditory nerve, cochlear nucleus,
superior olivary complex, lateral lemniscus, and inferior colliculus, respectively; where more
information is known about ABR generation sites in certain mammals relative to others. Again,
with this test, any reduction in the amplitudes, increasing of latencies and elevation of
thresholds is indicative of damage or degradation of the auditory pathway. This test also gives
a bit of specificity to where in the system the dysfunction may be occurring [44], [45].

While these tests are used clinically, much of what we know about hearing has been
determined through lab animal testing. Animal models have allowed us to understand both the
physiology of hearing as well as the “under-the-hood” structural and molecular underpinnings
which induce some of the previously discussed pathologies. Of particular use are inbred mouse
strains which are genetically identical and bred to be homozygous. Using these strains, genetic
and physiological traits can be selected for, allowing for a reduction in confounding factors as
well as reducing genetic drift. For example, the CBA/Cal mouse strain utilized in our lab, has
been bred to lose hearing slowly with age on an overall time-course analogous to most humans
(after correcting for absolute lifespan differences of humans and mice). This strain also shows
some strial presbycusis, involving characteristic thinning of the stria vascularis, which is related
to EP reductions and elevations in hearing thresholds with age. Mice are extremely useful in

the study of presbycusis as they are both structurally and genetically similar enough to relate



findings to humans, particularly at subcortical and peripheral levels of our hearing system [42],
[46].

The discussed physiological changes have a biological biomarker basis with aging.
Unfortunately, many aspects of aging are still poorly understood, as many theories have been
proposed to explain age-related alterations in the brain and sensory systems. Aging then is not
just simply the occurrence of one event but a confluence of many, for example, telomere
shortening due to a reduction in telomerase activity, increased apoptosis and apoptotic
biomarkers, over-production of reactive oxygen species, declines in antioxidant systems,
“inflammaging”, mitochondrial damage, etc. [7], [8], [16], [47], [48]. For the purposes of this
dissertation however, particular focus will be given to measuring inflammatory biomarkers and
changes in metabolic activity that affect cell genetics and functionality.

Chronic, low grade inflammation, or inflammaging, is a characteristic marker of aged
tissue. With aging, the body exhibits immunosenescence, an inability to manage the
inflammatory response both during and after an immune response. This often resultsin a
sustained increase in pro-inflammatory markers like IL-6, TNF-a, and TGF-B. Inflammation is
inherently not always a negative event, as it is beneficial, mostly in the short run, for tissue
repair through clearance of pathogens and cellular debris. Upregulation of inflammatory
markers recruits various leukocytes and macrophages designed to mitigate acute immune
responses. However, in an acquired chronic inflammatory state, tissues become damaged
through the accumulation of cellular debris and maladaptive cellular responses, which in turn
continues to recruit the innate immune response. Then, instead of, or in addition to, targeting

pathogens as designed, it damages healthy tissue. Chronic inflammation is likely a key player in



some age-related declines observed in hearing loss models [49]—-[51]. Evidence points to
immune responses originating in the organ of Corti, stria vascularis, spiral ligament, and lateral
wall of the cochlea. Specifically, cells within the stria vascularis have been shown to release
pro-inflammatory cytokines that recruit the innate immune response [52]. Interestingly, long-
term age-related inflammation studies within the cochlea are understudied, with more
significant investigations needing to be done. One human epidemiological study, however,
linked increased serum inflammatory markers with ARHL, providing pioneering evidence that
reducing inflammation could be an effective target for future biotherapeutics [53].
Additionally, clues can be taken from studies involving noise-induced hearing loss (NIHL), which
has mechanistically similar inflammatory responses to ARHL. For example, it has been shown
that inhibition of the IL-6 pathway in NIHL, can improve hearing after noise trauma [50], [54],
[55].

A second common aging event implicated in the progression of ARHL is the formation of
reactive oxygen species (ROS) and oxidative stress. ROS are free radicals or molecular species
which exist in an unpaired electron state. Free radicals act as electron donors or acceptors and
can impact cells and tissue negatively through DNA, protein, and lipid degradation. Free
radicals and ROS are produced through normal cellular, metabolic activities as well as exposure
to environmental factors like UV light or pollutants [56], [57]. In aged animals, oxidative stress,
often linked to inflammation, is often poorly controlled and damaging. In normally functioning
systems, such as for most young adults, oxidative stress due to the overproduction of ROS from
environmental insults, is managed through ROS metabolism and free-radical scavenging. These

endogenous antioxidant defense systems utilize enzymes like SOD1 and glutathione peroxidase



in the cochlea, to turn harmful hydrogen peroxide into water. Additionally, ROS are important
cellular signaling molecules needed for maintaining homeostasis [27], [57].

As mentioned, uncontrolled ROS management and oxidative stress produce negative
effects within the body. Oxidative stress contributes to protein degradation, lipid peroxidation,
and DNA mutation, elevating apoptotic biomarkers (e.g., Cas-3, Cas-8, Bcl-2) and leading to
eventual cellular death. Lipid peroxidation leads to the degradation of the lipid bilayer of the
cell, while mutations in DNA coding cause dysfunctional synthesis of proteins [8]. However, of
major interest is the effect that oxidative stress has on the mitochondria of the cell.
Mitochondria are often termed the powerhouse of the cell since they synthesize the ATP
needed to drive many molecular reactions and cell functions. These highly metabolic
organelles produce ROS as a byproduct and are even thought to be the main source of ROS.
Therefore, chronic unmanaged ROS stress interrupts the electron transport chain, possibly
resulting in the release of the mitochondria’s own native apoptotic factors, AIF and cytochrome
¢, ultimately leading to cell death. ROS can also cause mitochondrial DNA (mtDNA) damage
much like that seen for nuclear DNA. However, unlike nuclear DNA, mtDNA does not have as
effective self-repair mechanisms in the event of miscopies/mutations. These mutations can
then be passed on in future cellular replications rendering cells bioenergetically ineffective as
aging occurs and mtDNA mutations accumulate [57]-[61]. These phenomena are hallmarks of
aging as it is seen throughout the body and not solely in the cochlea.

Interestingly, there have been multiple studies utilizing antioxidants as treatments for
ARHL, some of which have had limited success. In a longitudinal study (0-25 months) using

Fischer 344 rats performed by Seidman [62], the following antioxidants: vitamin C, vitamin E,



lazaroid, and melatonin, individually, showed benefits in improving auditory thresholds and
reducing the number of mtDNA deletions. Similarly Seidman’s team also found hearing and
mitochondrial benefits when feeding 18-20 month old Fischer 344 rats with lecithin for a period
of 6 months [63]. Another group took these ideas further and combined antioxidants, where
C57BL/6 mice were fed chow supplemented with L-cysteine-glutathione mixed disulfide, ribose
cysteine, NW-nitro-L-arginine methyl ester, folate, vitamin C, and vitamin B12. Results from the
treatment group again showed significant decreases in threshold shifts from 3-12 months of
age [64]. Someya’s group also found that the mitochondrial antioxidants a-lipoic acid and
coenzyme Qiowere effective in preventing some aspects of ARHL, while also lowering hair cell
and spiral ganglion nerve (SGN) apoptosis through the suppression of Bak-dependent
mitochondrial apoptosis [65]. However, it should be noted that not all antioxidant studies
revealed positive results; as Fischer 344 rats supplemented with L-carnitine did not slow the
progression of ARHL [66]. As well, Sha et al.’s [67] comprehensive study showed negative
results for slowing ARHL and preservation of hair cells and SGNs in 10 month old CBA/J mice
when fed chow combined with vitamins A, C, and E, a-lipoic acid, and L-carnitine. Indeed, all
human FDA clinical trials have failed to show success using antioxidants alone.

L-ergothioneine (EGT), appears well suited to tackle some of the challenges of slowing
the progression of ARHL due to its combination of antioxidant and anti-inflammatory
properties, allowing it to function in multiple positive capacities and affecting several key
cochlear cellular pathways simultaneously [68]-[72] related to ARHL. The focus of the present
study will mainly reside on the structures within the cochlea: the stria vascularis (SV), organ of

Corti (OC), and modiolus (MD) [9], [23], [73]-[77]. So, EGT is unique in that it is able to
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potentially treat multiple pathways and mechanisms which contribute to ARHL. Because of this
unusual ability, many of the previously mentioned aging processes such as chronic low-grade
inflammation (inflammaging), increased oxidative stress and ROS production, increased
apoptosis, and finally DNA and mitochondrial DNA (mtDNA) damage can be addressed with EGT
treatment [77]-[82].

In this study, the overall hypothesis is that EGT’s properties will positively impact key
auditory markers of the aging auditory system. For example, in other models where EGT has
been used as a treatment for inflammation, EGT has shown usefulness in preventing induction
of pro-inflammatory cytokines as well as a depression in the expression of VCAM-1, ICAM-1, E-
selectin in a human aortic endothelial cell model. EGT effectively prevented monocytes from
binding to the endothelium [83]. In another study using mouse myoblasts, EGT prevented the
upregulation of IL-6 when challenged with palmitic acid, which has been correlated to the
modeling of insulin resistance and type 2 diabetes [84]-[86]. EGT works in vivo as well, as
healthy human subjects were administered EGT and checked for oxidative burden biomarkers,
among others. Urine samples showed reduction in the DNA damage product, 80OHdG; protein
carbonyls, which indicate protein damage; F; isoprostanes, indicating non-enzymatic
peroxidation; and the inflammatory marker, C-reactive protein [87].

Therefore, we hypothesize that EGT can aid in reducing some of these individual
damaging events such as inflammaging, increased ROS, and accumulated mitochondrial
damage. Also, it is hypothesized that these events are interconnected, acting in a cyclic nature,
where one mechanism influences another which ultimately leads to more damage. For

example, mitochondrial damage can activate inflammation through pathology-associated
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molecular events that recruit neutrophils and cytokines during cellular trauma [79], [88]—[90].
Again, EGT’s properties align with our overall hypothesis, as EGT has been shown to protect
cells from DNA damage, both nuclear and mitochondrial [91]. This dual protection comes from
the translocation of EGT into both the nucleoplasm as well as into the mitochondria.
Mitochondria then are protected from ROS damage to their electron transport chain as well as
safeguarding its unique mtDNA code [92], [93].

It should be noted that this cyclic nature is yet to be fully established explicitly in the
aging auditory system, where evidence of these mechanisms exists between ROS and
mitochondria, and inflammation in the aging cochlea. In fact, It has recently been shown in our
lab that mitochondrial mutations and inflammation occur in the cochlea of aging CBA/CaJ mice
[94], [95]. Further evidence from Menardo’s group [96] supports this correlation between
oxidative stress, inflammation and mitochondrial damage as being critical mechanisms for
premature ARHL in the SAMP8 mouse model.

EGT’s therapeutic potential lies in its chemical structure as it exists as a thione-thiol
tautomer. At physiological pH, EGT is positively charged with a preference for its thione
conformation. These attributes allow for EGT to be highly stable and resist auto-oxidation
unlike the structurally similar cochlear antioxidant glutathione [97]. However, like glutathione,
its sulfhydryl group supports a role as an antioxidant with higher redox potentials (-0.06 V vs -
0.2 to -0.32 V for other antioxidants thiols like glutathione) [98]. The sulfhydryl group acts by
oxidizing and conjugating reactions of peroxides and other ROS until EGT is rapidly reduced

back to its original tautomeric state. Glutathione, in contrast, is quickly and completely
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depleted under the same circumstances and generates more free radicals in the process [87],
[93], [97], [99].

Interestingly, L-ergothioneine is a dietary amino acid that can only be obtained in food
products since it is unable to be synthesized in the body. The highest concentrations of EGT are
found in specific types of mushrooms like the king bolete or oyster mushroom and is also found
in selected meat products, some vegetables, and various types of grains [100]. Additionally,
EGT is also unique in that it possesses its own highly specific cell transporter, organic cation
transporter novel-1 (OCTN1) [68], [87], [101]-[103]. EGT is impermeable to plasma
membranes, so a transporter is needed for the cellular uptake through the cell membrane, and
utilization of EGT intracellularly [104]. Uptake through OCTN1 is largely dependent on
temperature, sodium concentrations, and pH, but proceeds as expected under normal
physiological conditions. In support of this, studies involving OCTN1 negative cells and
knockout animal models, show little uptake of EGT [68], [105], [106]. OCTN1 is encoded by the
SLC22a4 gene and is found throughout the body. High expression of these transporters is
generally found in areas of the body that have high metabolic activity, as EGT has been shown
to reduce oxidative stress in these regions, as described above [87], [102], [107]. Moreover,
consistent with increased transporter concentration, EGT is also found in areas such as the liver
and blood, and also present in lesser amounts in other areas of the body such as the spleen,
kidney, lungs, heart, eyes, intestines, and brain [71], [87], [101]. It should be noted that EGT is
likely found in high concentrations within whole blood due to its affinity to the divalent ion, Fe?*

[108]-[110], which is found in erythrocytes and bone marrow, implying a possible role in

erythropoiesis [101], [111], [112]. These properties then hint at another one of EGT’s natural
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advantages, namely EGT’s high uptake and low excretion which contributes to a long half-life in
the body of up to 30 days [70], [71]. Even more exciting, EGT has an excellent safety profile as
there has been no reported toxicity for any dosage utilized so far. In fact, EGT has been
assigned a No Observed Adverse Effect Level (NOAEL) = 800mg/kg BW/day [113].

Research within the last several years has shown its effectiveness in chronic
neurodegenerative disorders. For example, EGT declines with age, specifically, beyond 60 years
and lower levels of EGT are associated with greater incidence of mild cognitive impairment
[114]. Beyond cognitive function, low blood levels of EGT are associated with increased
incidence of other aging pathologies such as coronary artery disease, cardiovascular problems,
mortality, prostate cancer, breast cancer and total mortality [115]-[118]. Interestingly, Smith
et al.’s longitudinal study [115] found that EGT was an independent biomarker for a lower risk
of cardiometabolic disease and mortality among 112 plasma metabolites (n = 3236, mean age:
57 years old). As EGT has many benefits and virtually no side effects, the European Food Safety
Authority (EFSA) granted its use as a supplement for pregnant and breast-feeding moms,
children, and infants [119]. There are clinical studies going on to investigate therapeutic effects
of EGT for reducing cognitive decline in Singapore (Phase 3) [120]. A study was registered for
EGT clinical trials in USA in Sept. 2020 to study its effect on cognition, mood and sleep but,
unfortunately, the study was terminated due to recruitment issues amidst the COVID
pandemic. We anticipate an increase in EGT clinical studies in the coming years [121].

EGT has additionally been nicknamed as a “longevity” vitamin, because of the human
body’s specific EGT transporter and its potential physiological and therapeutic roles in many

aging diseases [122], [123]. Given all these promising benefits of EGT, including for age-related
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neurological disorders, EGT is a great candidate for therapeutic interventions in the aging
auditory system. To the best of our knowledge, there is no study of the effects of EGT on
hearing to date, so, this is the first ever report about EGT’s possible therapeutic roles in the
aging auditory system. Here, aged rodent animals were treated with EGT and various hearing

and biomarker measurements were performed in a longitudinal, interventional study design.
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Chapter 2: Materials and Methods

2.1 Subjects

Aging CBA/CaJ mice (aged 25-26 months), bred in-house or delivered from Jackson Labs
as young adults, were divided into three test groups per sex: Control, Low Dose, and High Dose.
Control animals received only saline injections throughout the testing period while Low Dose
and High Dose groups were given L-Ergothioneine (EGT) in differing amounts. Testing
proceeded until about 31 months of age or for approximately 24 weeks; however, a number of
animals died prior to completing the full 6-month study.

It should be noted that only in the Control groups, mice not acquired at baseline ages,
i.e. 25-26 months, but still within the age range of testing, were included in the study. The
results from these animals were only included in aggregate calculations such as thresholds-by-
month, and not included in calculations which required baseline data, like threshold-shifts-
from-baseline. For additional reference, the N of each graph, by group and analysis is included.
So, the Control thresholds-by-month graph will have different N values than the Control
threshold-shifts-from-baseline.
2.2 Dosing Scheme

For the first experimental group (Low Dose), subcutaneous injections (0.1 mL) of L-
Ergothioneine at a dosage of 35 mg/kg were given daily for the first seven days of testing
(dosage volume adjusted according to animal weight). Thereafter, a maintenance dose of 70

mg/kg (approx. 0.1 mL injection) was administered every seventh day until the conclusion of
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the study. The second experimental group (High Dose) followed the same dosing routine but
with increased dosages at every dosing cycle. Here, subcutaneous injections were administered
daily with 70 mg/kg (approx. 0.1 mL) for the first seven days with a maintenance dose of 140
mg/kg every seventh day thereafter (approx. 0.2 mL injection, volume again adjusted according
to body weight). This was continued until the conclusion of the study. Control mice followed
the same dosing time schedule but were given saline. These dosages were chosen by following
the dosage amount outlined in Tang et al., 2018. [124] The dosage scheme was then
determined by utilizing the 30 day half-life of EGT. The first seven days of injection acted as a
loading dose, where the subsequent weekly doses were essentially maintenance doses. [70]
Please refer to Figure 2.1 below. All of the animal protocols were approved by the University of
South Florida Institutional Animal Care and Use Committee (IACUC).

2.3 Hearing Tests

2.3.1 Auditory Brainstem Response (ABR)

Mice were anesthetized using a ketamine/xylazine mixture (120 and 10 kg/mg body
weight) intraperitoneal injection, prior to all experimental sessions. Acoustic stimuli were then
synthesized digitally using the System Il Tucker-Davis Technology (TDT, Alachua FL) signal-
processing platform. The stimuli were then attenuated and filtered (low pass cutoff at 5 kHz).
Stimulus sounds were presented through an electrostatic speaker (TDT EC1) connected to the
external ear canal by 4 cm tubes, so via a calibrated, closed system. A %" B&K microphone
(Type 4938, Bruel & Kjaer, Naerum, Denmark) attached to a 0.1 cm3 coupler was used to
calibrate the TDT system daily. The mice were placed on a heating pad inside a soundproof

booth. Three sub-cutaneous needle electrodes were inserted at the vertex (non-inverted) and
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in the mastoid area muscle of the ipsilateral (testing) side (inverted), with a ground inserted in
the muscle posterior to the contralateral pinna to record the ABR responses of each mouse.
These electrodes were connected to a bioamp headstage (HS4 Fiber Optic, TDT). For ABR
threshold experiments, the subjects were presented with tonal stimuli in the frequency range
of 3 to 48 kHz at various sound levels (starting at 90 dB with 5 dB intensity steps). Each
intensity was duplicated and threshold was determined as the lowest intensity at which a
response is replicated. A wide band noise (WBN) stimulus, having a bandwidth from 0 to 48
kHz, was also used. The duration for each ABR stimulus was 5 msec (0.5 msec. rise and fall
time) with cos? envelope, presented at a repetition rate of 21/s [125].
2.3.2 Data Analysis: Auditory Brainstem Response (ABR) Thresholds

For ABR testing, thresholds were read at all measured frequencies by three independent
experimenters for all animal groups, blinded to the animal's age and treatments. Thresholds
were defined as the lowest sound level at which a distinct ABR wave could be identified. ABR
recordings for all 9 tonal stimuli (3-48 kHz), along with WBN stimuli, were evaluated and
compared for all groups, in both male and female mice. More specifically, age-related declines
were evaluated relative to baseline thresholds. Since these aged mice showed normal
variability of hearing declines characteristic of old human and animal subjects, the best way to
compare mice between groups was to determine threshold shifts from baseline readings. So,
for subsequent testing periods, i.e. 15 month, 2" month, 4™ month, and 6™ month ABR results
are presented as absolute ABR values, as well as ABR baseline-shift values. GraphPad Prism 9

statistical analysis software was used. Dunnett’s multiple comparisons post-hoc tests (MCT)
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were used to assess pairwise comparisons between conditions when the ANOVA main effects
were statistically significant [125].

Data were also evaluated with a Linear Mixed Model since animal numbers in each test
group changed month-to-month, due to attrition of these very old mice, and therefore violated
the rules of a Repeated Measure Model. In essence, a Linear Mixed Model (LMM) allowed for a
more robust study as all data points were able to be analyzed; where in a Repeated Measure
Model, only animals that started and finished the entire testing period (6 months) would have
been able to be included in the analysis, thus limiting the statistical power of the results [126]—
[128]. Due to the advanced age of these animals, resulting in attrition, and inclusion of some
additional Control mice (male and female) not present at baseline, but with ages that matched
various timepoints in the study, the N for some of the animal groups changed from timepoint to
timepoint. Lastly, it should be noted that aggregate ABR thresholds were calculated using all
available data points. However, ABR threshold shift analysis used only data from animals that
were started from the very beginning at baseline.

2.3.3 Data Analysis: Auditory Brainstem Response (ABR) Peak Picking

ABR analysis was not only limited to thresholds, as both amplitudes and latencies for
Peaks 1 and 2 were also analyzed. For amplitudes, the respective peaks were analyzed by
selecting the top of the wave (peak) and the bottom of the wave (trough) as seen in Figure 2.2,
where the white markers denote the areas selected. The trough is then subtracted from the
peak to get the amplitude value (nV/uV) for the respective Peak. Latency is found by selecting
the maximum of each peak and noting the timepoint (ms) relative to stimulus onset, as shown

in Figure 2.2 by the blue arrows and lettering. Lastly, Interpeak Analysis between Peak 1 and
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Peak 2 was performed by subtracting Peak 2 latency from Peak 1 latency. A two-way analysis of
variance (ANOVA) was used to statistically analyze the amplitude levels and latency values for
the older age groups. Dunnett’s multiple comparisons post-hoc tests (MCT) were used to
assess pairwise comparisons between conditions when the ANOVA main effects were
statistically significant [125]. GraphPad Prism 9 statistical analysis software was used.

2.3.4 Distortion Product Otoacoustic Emissions (DPOAE)

Mice were anesthetized with ketamine-xylazine (120 and 10 mg/kg body weight,
respectively) by intraperitoneal injection before experimental sessions. All recording sessions
were completed in a soundproof acoustic chamber (IAC lined with Sonex) with body
temperature maintained with a heating pad. Before recording, the stimulus probe and
microphone coupler were placed in the test ear near the tympanic membrane with the aid of
an operating stereoscope. Ipsilateral acoustic stimulation and simultaneous measurement of
DPOAEs was accomplished with a TDT BioSig System Ill. Stimuli were digitally synthesized at
200 kHz using SigGen software with the ratio of f 2/f 1 constant at 1.25, and L1 =65 dB and L2 =
50 dB SPL, as calibrated in a 0.1 cc coupler simulating the mouse ear canal. Signal duration was
84 msec and repetition rate was 21/sec. After synthesis, f1 and f2 were each passed through
an RP2.1 D/A converter to PA5 programmable attenuators. Following attenuation, the signals
went to ED1 speaker drivers which fed into the EC1 electrostatic loudspeakers coupled to the
ear canal via short flexible tubes with rigid plastic tapering tips. For DPOAE measurements, the
resulting ear canal sound pressure was recorded with an ER10B+ low noise microphone (gain
20x) and probe (Etymotic, Elk Grove Village, IL) housed in the same coupler as the f1 and f2

speakers. The output of the ER10B+ amplifier was input to an MA3 microphone amplifier, the
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output of which went to an RP2.1 A/D converter for sampling at 200 kHz. A fast Fourier
transform (FFT) was performed on the resultant waveform. The magnitude of f1, f 2, the 2f1-
2 distortion product, and the noise floor of the frequency bins surrounding the 2f1-f 2
component were measured from the FFT. The procedure was repeated for geometric mean
frequencies ranging from 5.6 to 44.8 kHz (8 frequencies/octave) to assess adequately the
neuroethologically functional range of mouse hearing. Duration of the testing was
approximately one hour per animal [42]. For scheduling time points of both ABR and DPOAE
tests please refer to Figure 2.1.

2.3.5 Data Analysis: Distortion Product Otoacoustic Emission (DPOAE)

Much like ABR testing, DPOAE amplitudes and thresholds were analyzed for all animal
groups. Amplitudes were defined as the measured response from the OHC system for a set
stimulus at a given frequency. Thresholds were defined as the lowest sound level at a specific
frequency at which a distinct response could be identified. Age-related decline was evaluated
with respect to the baseline testing. Since these aged mice showed various stages of hearing
decline, the best way to compare mice between groups was to determine amplitude and
threshold shifts relative to baseline readings. Subsequent testing periods, i.e. 1t month, 2"
month, 4" month, and 6™ month DPOAE results are represented as absolute DPOAE values as
well as shift values from the baseline. Dunnett’s multiple comparisons post-hoc tests (MCT)
were used to assess pairwise comparisons between conditions when the ANOVA main effects
were statistically significant [125]. GraphPad Prism 9 statistical analysis software was used. It
should be noted that the data from this analysis was also treated like that of ABR thresholds

using the LMM for analysis.

f
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2.4 Blood Sampling

All mice underwent the same blood sampling protocol. No more than 100 pL of whole
blood was collected at each time point. Samples were collected at the beginning of the six-
month testing period (baseline), then also at Day 7, Month 1, Month 2, Month 4, and Month 6.
Blood draws were performed using the facial vein collection method. Blood was collected into
K2EDTA vials and then, stored in a -80 °C freezer until ready for analysis. Please refer to Figure
2.1 which illustrates the timeline of dosing, blood sampling, and hearing measures.
2.5 LC-MS/MS-Blood Preparation

Whole blood samples were taken out of the -80°C freezer, thawed, and vortexed. 10 plL
aliquots were taken from each sample and combined with EGT-d9 and LC-MS/MS quality pure
water to a total volume of 100 uL. Samples were then, heated to 80 °C for 15 min, which
allowed EGT/EGT-d9 to elute out of the mixture into the supernatant. Ice cold acetone was
added to each sample and allowed to sit overnight in a -20 °C freezer. Next day, samples were
vortexed and centrifuged at 17,000g for 10 min to make sure that any debris was at the bottom
of the tube. The supernatant was then placed into a separate tube and evaporated using N2
streaming. Once dry, the samples were reconstituted to 100 pL and centrifuged at 17,000g for
a short time. The supernatant without any debris was finally placed into a silanized glass insert
within its appropriate vial [124].
2.6 LC-MS/MS-EGT Quantification

Chromatographic separation and mass spectroscopy were performed using an Agilent
1260 HPLC connected to an Agilent 6460 Triple Quad mass spectrometer. For proper

separation, 5 pL of sample was passed through a Kinetex 2.6 uM Polar C18 column and used in
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conjunction with two mobile phases, Solvent A (0.1% formic acid in water and Solvent B
(acetonitrile) with a gradient elution. Gradient elution was as follows: 15% of Solvent B (0 min),
15% of Solvent B (0 to 1 min), 15% to 35% Solvent B (1 to 4 min), 35% to 90% of Solvent B (4 to
5 min), 90% of Solvent B (5 to 8.5 min), 90% to 15% of Solvent B (8.5 to 9 min), 15% of Solvent B
(9 to 12 min). Sample separation was performed at a fixed flow rate of 0.5 mL/min with column
temperature set at 30°C. The retention time was 2.15 min for both EGT and its isotope-labeled
IS, EGT-d9.

Mass spectrometry was performed using positive ion, electrospray ionization mode,
with samples quantified using MRM (Multiple Reaction Monitoring) for target ions. Settings for
the related test set up are as follows: Capillary Voltage-3200V, Nitrogen Sheath Gas Pressure-50
psi, gas temperature-350°C, gas flow rate-12 L/min, with Ultra-High purity nitrogen used as
collision gas. Lastly, expected precursor and product ion transitions with the associated
fragmentor voltages (V)/collision energies (eV) for EGT and EGT-d9 are here: EGT; 230.1, 103V
to 127, 9eV. EGT-d9; 239.1, 98V to 195.1, 9eV. [124]

2.7 Gene Expression - RT-PCR

Animals were euthanized and decapitated as per the NIH guide for Care and Use of
Laboratory Animals as well as University of South Florida IACUC protocols. Cochlear Tissue
samples — Stria Vascularis, Modiolus and Organ or Corti were collected. It should be noted that
modiolar dissections do not include vestibular tissue. Real-time quantitative RT-PCR analysis
was performed as previously described (Ding et al., 2013; 2016). In brief, total RNA is extracted
using the RNAeasy Mini Kit (Qiagen, Valencia, CA). Samples were vortexed for 1 min to shear

genomic DNA before loading onto the RNeasy mini columns, and then eluted in a minimum
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volume of 30 pL and a maximum volume of 2 x 50 uL RNAse-free water. RNA obtained with
this procedure was essentially free of genomic DNA. 25 ng of RNA was reverse transcribed with
complementary DNA being subjected to PCR amplification. The reverse transcript (RT) reaction
proceeds at room temperature for 5 min, 46°C for 20 min, and then 90°C for 1 min to complete
the RT. The competition between primer sets was excluded by adjusting the reaction condition.
The gPCR was performed on an Analytik Jena AG qTOWER? Real-Time PCR Thermal Cycler (Jena,
Germany). Each set of reactions always includes a no-sample negative Control. We also
performed a negative Control containing RNA instead of cDNA to rule out genomic DNA
contamination. The quantitative real-time RT-qPCR reaction mixture was prepared using the
EvaGreen PCR Master Mix. Thermal cycling conditions were as follows: Initial heating step at
94°C for 2 min, followed by looped steps at 94°C for 15 seconds, 55°C for 30 seconds, and 68°C
for 1 minute. After the final loop, the cycler was held at 68°C for 5 min. Amplification
specificity was checked using melting curves. Both negative and positive Controls were
included in each PCR reaction. All assays were be carried out in triplicates as independent PCR
runs for each cDNA sample. Gene expression was referenced to the expression of GAPDH as
the housekeeping gene. Each gene expression value was then normalized with respect to
GAPDH mRNA content. Gene expression candidates can be found in Table 2.1. Calculations of
expression were performed using the Relative Standard Curve Method [129].
2.8 Reagents

L-Ergothioneine(EGT) was purchased from Cayman Chemicals. (Ann Arbor, MI). L-
Ergothioneine-d9 (EGT-d9) was obtained from Tetrahedron (Toronto, ON, CA). RNeasy Minikit

was obtained from Qiagen (Valencia, CA). Evagreen cDNA kit and Evagreen Supermix were
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purchased from Bio-Rad (U.S.). All other chemical reagents, unless otherwise noted, were
purchased from Thermo Fisher Scientific (Waltham, MA).
2.9 Survival Analyses

In survival analyses, ‘death’ events were tracked and analyzed using the Kaplan-Meier
Method along the treatment and testing timeline of the present investigation. All mice
included in this analysis were those that started their hearing measures at Baseline (25-26
months). Events were classified as “censored” when the reason for death was user error (e.g.,
ketamine overdoses related to large liver tumors), or if the mice lived long enough to complete
the six month study where they were subsequently euthanized. Events were considered “death
events” when mice were either found dead in their cage or they were ethically euthanized as
recommended by veterinarians under our IACUC protocol guidelines. (Mantel-Cox) Log-rank

tests for trends was then performed on the resulting data.
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Hearing Measures/Blood Collection Timeline (DPOAE, ABR)

A\ 1 v 1 \/
Baseline 15t Month 2" Month 4th Month 6" Month
Start Day 7 End

A A o . Y \
N SQ Injections Once/Week until End Date
|
i .

Daily SQ Injections EGT Treatment Timeline
until Day 7

Control: 0.1mL SQ saline through Day 7, 0.2mL saline SQ once/week until testing end date
Low-Dose: 35mg/kg SQ through Day 7, 70mg/kg SQ once a week until testing end date

High-Dose: 70mg/kg SQ through Day 7, 140mg/kg SQ once/week until testing end date.

Figure 2.1: Hearing Testing, Blood Sampling and EGT
Treatment Timeline. SQ=Subcutaneous Injections.
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Peak 1 Amplitude Peak 2 Amplitude

Figure 2.2: ABR Amplitude and Latency Example Analysis. Amplitudes
calculated as peak-to-trough; latencies calculated by selecting the
maximum of each wave for their respective peaks, and recording the
timepoint relative to stimulus onset.
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Table 2.1: Primer List for Gene Expression Targets.

Forward Primer Sequence Reverse Primer Sequence Accession Number
GAPDH CCTGCGACTTCAACAGCAAC | TTCATTGTCATACCAGGAAATGAGC
OCTN1 GCCCCCTATTTCGTTTACCT TGCATCTGCTCCAAGTTCTC AB016257.1
Cas-3 TGGCTTGCCAGAAGATACCG CCAGGAATAGTAACCAGGTGCT XM_017312543.3
TNF-a TCCCAGGTTCTCTTCAAGGGA GGTGAGGAGCACGTAGTCGG NM_013693.3
PGCla CGGAAATCATATCCAACCAG TGAGGACCGCTAGCAAGTTTG NM_008904.2
SOD2 CCGAGGAGAAGTACCACGAG GCTTGATAGCCTCCAGCAAC NM_013671.3
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Chapter 3: Results

3.1 ABR Threshold Analysis

Male and Female mice were tested at five time points over the course of a 6 months
study — baseline, 1%, 2", 4t and 6™ month as noted in Figure 3.1. Here, data analysis was
divided according to sex; male and female, with each grouped analysis relating to the three
distinct test groups, Control (Fig. 3.1(A&D)), Low Dose EGT (LD) - (Fig. 3.1(B&E)), and High Dose
EGT (HD) - (Fig. 3.1(C&F)). In the left column (Fig. 3.1(A-C)), are the averaged thresholds for
each group by month. Fig. 3.1(D-F), shows all tested months with the Baseline subtracted to
remove its influence on threshold values — yielding baseline shift values. Beginning with male
Control Values in Fig. 3.1A, the general elevation of ABR thresholds can be observed with age.
Baseline values for these CBA/Cal mice, approx. 25-26 months, distinctly show an elevation in
comparison to the Young Adult Control mice, aged 5 months. All subsequent thresholds show
the aging change with threshold elevations; notably significant by the 4" and 6" Month. In Fig.
3.1D, with the Baseline subtracted out (shift values), the differences between the testing time
points are more evident. There is a clear separation between the 1%t and 2" Months as well as
more clearly defined threshold elevations for the 4" and 6" Months. This Control analysis will
serve as the basis for comparison in the next two EGT-treated mouse groups. Excitingly, male
LD mice (Fig. 3.1(B&E)) exhibit completely different aging curves as compared to Control mice
(Fig. 3.1B). Specifically, there was no aging threshold elevation, in contrast to the Control

animals, especially during the 4™ month. The 6" Month has slight threshold elevation and
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breaks away from the main cluster, but the shift was less than the shift for the Control group at
the same time point (6™ Mon).

Also interesting, for the male treated groups, there is no significant differences present
when comparing all subsequent months to baseline. Threshold shift data (Fig. 3.1E) also
exhibits similar characteristics to the monthly threshold data, no significant differences, but
with a little more clear separation seen. The threshold shift data clearly shows the therapeutic
effects of EGT treatment in male animals. Here, one can see that by the 15t Month of
treatment, there were a few frequencies that had a negative shift (below 0), while many had no
shift (0 dB SPL). For example, the frequencies with a negative shift were 3K, 16K, 24K, 36K, and
WBN. Frequencies with no shift were 12K, 20K, and 32K. Negative shifts indicate an
improvement in hearing with time. The 2" and 4™ Month also exhibited lower thresholds,
where both 2" and 4™ Months had negative shifts at 16K. 2" Month threshold shifts still had a
few frequencies near 0 but started to show negative shifts at various frequencies. 4™ Month
thresholds experienced +5 to +10 dB shifts on most frequencies with the exception at 16K. This
shift was significantly less than Control animals (+10 to +20 dB by 4™ month). 6™ Month
threshold shifts were all elevated and visually separated from the majority of the threshold
shifts, but the treated males still showed better hearing than Control animals (+30 dB by 6t
month). It should be noted that the threshold shifts for Controls are quite a bit larger than LD
mice at the 4™ and 6™ Month. Also, notice that by the end of testing, the N for the 4t and 6t
Month were lower due to aging and attrition of mice at these time points. Mice, by these two
time points, are roughly 29-30 months of age by the 4" Month, and 31-32 months by the

6"Month which is roughly the equivalent of over 70-80 human years! [130]
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Male HD mice (Fig. 3.1(C&F)) threshold analysis also showed a different aging pattern
than the Control group. HD mice appear to cluster together until the 2" Month, whereas the
4t™h Month starts to show characteristic threshold elevations. The 6" Month threshold then
completely separates and shows significant differences from Baseline for most frequencies. 1%
Month mice threshold shift data for HD males have no changes for most frequencies (0 dB shift)
or negative shifts (below 0 — hearing improvement of around 5 dB) with 16K, 36K, and WBN.

2"d Month threshold shift data have no elevations across frequencies, with the exception of 16K
(Shift around +2.5 dB). 4™ and 6™ Month threshold shift data showed steady aging declines, as
the 6™ Month threshold shift data exhibited significant differences in comparison to Baseline.
However, when compared to Controls, 4™ Month HD data only showed shifts of about +10 dB,
whereas Control mice shifted up to +20 dB. 6" Month HD data shifts were ~ +20 to +25 dB,
whereas male Control threshold shifts were more than +30 dB.

In the accompanying analysis for females, female Controls had similar ABR thresholds to
male Controls (Fig. 3.2(A&D)). Female Controls had characteristic ARHL threshold elevations
relative to young adult animals (5 Months old) and Baseline Controls (25-26 Months) (Fig. 3.2A).
Threshold shift data (Fig. 3.2D) also show the characteristic threshold elevations which supports
the findings from the monthly threshold data. In the Low Dose EGT group (Fig. 3.2(B&E)), both
graphs show similar trends as the Control group. Like the Control group, LD subjects show
threshold elevations — typical of the aging auditory system, with significant differences by the
4% month at various frequencies (Fig. 3.2B). The threshold shift data also confirm this threshold
elevation each month, as significant differences begin to show by the 4" Month at various

frequencies (Fig. 3.2E). Similar results are also found in the female High Dose EGT group (Fig.
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3.2(C&F)). Threshold shift analysis (Fig. 3.2F) for female HD is consistent with what was seen in
the previous graph, where significance can be seen for most frequencies by the 4" Month.
Interestingly, from this whole analysis, when we compared each treatment group to Control,
we can see that no hearing benefit was acquired from EGT for the females. In fact, it appears
that the Control group had slightly lower thresholds than the two treated groups, suggesting
that for these aged females, EGT could have somewhat of a detrimental effect on hearing.

Looking at the data for ABR thresholds, EGT clearly has more therapeutic effects for
males compared to females. In fact, both LD and HD males performed well according to
threshold elevation and threshold shift analysis, thus indicating better health in the cochlear
nerve and throughout the brainstem central auditory pathway. Treated females in contrast did
not show any benefit from EGT therapies.
3.2 DPOAE Amplitude and Threshold Analysis

Like ABRs, male and female results for DPOAEs are presented. Each column of data
presents two different measurements of DPAOE, amplitude and threshold. The column on the
left (Fig. 3.3(A,C,&E)) presents amplitudes while those on the right present thresholds (Fig.
3.3(B,D,&F)). Both DPOAE amplitudes and thresholds are effective measurements for
determining the health of the cochlear outer hair cell system (OHC), which is responsible for
modulation and amplification of cochlear sound signals [131]-[133]. In general, DPOAE
amplitudes decline with age; while thresholds go up with aging, like ABR thresholds. In Fig.
3.3A, it can be seen that for monthly testing, the Control animals show a notable separation
from month to month. Indeed, the 6" Month amplitudes bottom out near the recording

system noise floor. Significant differences for Control animals at 6 months were present for
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each frequency. Significant differences were also seen by the 4" Month at all frequencies,
except for 40.2 kHz and 44.7 kHz. In Fig. 3.3C, there is a clear difference in the amplitudes as
these LD mice aged. Notably, the amplitudes cluster together until the 6! Month time point,
then a distinct decline in DPOAE amplitudes takes place. However, it should also be noted that
the 4™ Month amplitude improved; as values are lower than the baselines across most
frequencies. In addition, no significant differences were observed for these treatment data
indicating the effectiveness of EGT in maintaining OHC health as compared to Control mice.
Male HD mice also exhibit a similar pattern as the LD test group, where the amplitudes by
month are clustered together until the 6™ Month. Additionally, the male HD treatment group
only has minimal significant differences at the 6" Month at 17.8 and 26.8 kHz. Again,
comparing these findings to Controls, positive effects of EGT therapy can be observed for male
mice. Male DPOAE threshold data essentially follows their amplitude data, as both treatment
groups, LD (Fig. 3.3D) and HD (Fig. 3.3F), exhibit better (lower) thresholds than Controls (Fig.
3.3B). DPOAE Control thresholds show more significant differences at the 4t and 6" months,
relative to LD and HD, at 8.9, 17.8, and 44.7 kHz. LD does not have significant differences, and
HD only shows an effect at 6.7 and 8.9K kHz at the 6™ Month, consistent with therapeutic
effects of slowing down the progression of ARHL.

Female DPOAE results are organized in the same manner as the male data. In Fig. 3.4A,
female Control amplitudes have characteristic declines as expected in aging mice. Significant
differences are also seen by the 4" Month into the 6" Month. Fig. 3.4(C&E) exhibits similar
aging curves for DPOAE amplitudes. Both treated groups, LD and HD, have similar aging curves

as Controls, indicating that EGT treatment is not beneficial to females in comparison to Control.
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In Fig. 3.4(B,D,&F), DPOAE thresholds have characteristic aging threshold elevations throughout
the 6 month testing period. Both Control and LD mice show similar significant differences for
all frequencies by the 6™ Month, and 4" Month at higher frequencies. Interestingly, the female
HD group has steady elevation of thresholds as well as more significant differences at earlier
time points (2" Mon). HD mice have changes at 6" Month for all frequencies, significance at
most frequencies for the 4™ Month, and significance by the 2" Month at 6.7, 8.9, and 44.7 kHz.
Taken together, these results confirm that EGT treatment in comparison to Control does not
positively affect female mice. Both the amplitudes and thresholds of the two treatment groups,
LD and HD, are in agreement with the previous ABR findings as well for aging females. So, it is
clear that EGT-treated males outperform male Controls as well as all female groups. These data
from both ABR and DPOAE functional hearing measures demonstrates that EGT has promise in
delaying certain key aspects of ARHL for males.

3.3 ABR Amplitude and Latency Analysis

The analysis presented in this section pertains to Peak 1 in the ABR recordings for 16
and 24 kHz. These frequencies were selected since they fall within the best range of hearing for
mice. It is important to note that these mice were analyzed according to the Linear Mixed
Model (LMM) as well as Figure 2.2 found in the methods section.

Peak 1 amplitudes and latencies are important for hearing, as they correlate with the
health of the hair cell/auditory nerve synapses, and also are indicators of ribbon synapse loss.
For example, the amplitudes decline with age as well as for cochlear insults, such as noise, that
damage ribbon synapses [134], [135]. In Figure 3.5, it interesting to note the differences

between males and females at 16 kHz. While not statistically significant, these Peak 1 data
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confirm previous statistically significant male/female ABR threshold data differences in this
dissertation, i.e., positive trends are seen here for EGT-treated males. Males (Figure 3.5A) had
slightly lower amplitudes at Baseline for all groups, and they show higher amplitudes in
comparison to females for all subsequent timepoints. In addition, female (Figure 3.5B)
amplitudes declined faster than males; and females also did not show any separation of
treatment groups from Controls. In contrast, LD males showed amplitude increases above
Baseline for all months tested. The 24 kHz amplitude analysis does not show as sizeable
differences between males (Figure 3.5C) and females (Figure 3.5D), however it can still be seen
that males exhibit a slower rate of decline than females; where males only decline ~500 nV for
all three groups during the entirety of the testing period, while females decline (~500 nV to
~1000 nV) for all three groups. Interestingly, in the female group (Figure 3.5D), the Controls
outperform (higher amplitudes) the two EGT-treated female groups.

Peak 1 Latency Analysis (Figure 3.6) follows the same trends of the positive EGT
treatment effects seen in Figure 3.5; where latencies from male treated groups outperform
both the male control and all female groups for both frequencies, 16 and 24 kHz. For instance,
when comparing Figure 3.6A and Figure 3.6B, it is apparent for males at 16 kHz, that both
treated groups are outperforming the Controls, as the Controls’ latency has a steady climb from
~2.68 ms at Baseline to ~2.8 ms at 6! months. Both treated groups show similar changes,
having minimal increases in latency over the 6 month treatment period. In fact, the LD group
actually ends the testing period with a lower latency than at Baseline; and the HD latency only
increases about ~0.05 ms by the 6! month (less change than the male Controls). In Figure 3.6B,

female Controls outperform (shorter latencies) than the treated female groups by the 6t
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month. Both LD and HD groups show longer latencies than Controls throughout the testing
period, and have a greater positive slope for latencies in comparison to males. Analysis at 24
kHz (Figures 3.6C and 3.6D) is much the same as that for 16kHz. LD and HD males are showing
better (shorter) latencies throughout the entire testing period relative to Controls. Females at
24 kHz have almost the same results seen for 16 kHz; steeper slope of month-to-month latency
increases compared to males and to the female Controls. Again, these ABR latency trends
confirm the statistically significant findings for the ABR thresholds, despite a lack of statistical
significance for Peak 1 latencies. Future studies with more animals will test these initial ABR
latency results further.
3.4 EGT Uptake - LC-MS/MS Analysis- Whole Blood Sampling

Whole blood was extracted from the facial vein for each mouse at specified time points
as given in Figure 2.1. Whole blood was then processed for each animal as described above,
and run through an LC-MS/MS to quantify each sample for the total amount of EGT. In Fig. 3.7,
data for all groups are displayed from testing start date to testing end date. On the bottom of
the graph are the functions for the two Controls, male Controls and female Controls as brown
and light blue curves, respectively. These two groups are relatively stable throughout testing as
they have not been treated with EGT, but male Control mice have a slight downslope by the
end of 6™ Month. This can be attributed to general aging as it is known that EGT levels decline
with age [136]. Contrastingly, all treated mice are significantly different from Control mice as
early as day 7. Male mice also show greater uptake in EGT than female mice by the 1%t Month,
which continues throughout to the end of the study — 6™ Mon. In males, EGT levels raise to

over 4000 ng/mL for HD and 5000 ng/mL for LD mice. Interestingly, LD and HD for both male
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and female mice mimic each other. Simply put, LD and HD for males are very similar to each
other as are LD and HD for females. Additionally, it should be noted that both female EGT
groups, seemed to experience a plateau in EGT uptake at a lower concentration than males.
Females plateaued around 3000 ng/mL by the 15t Month with a slight decline by the 61 Month,
where HD settled around 2500 ng/mL and LD stayed around 3000 ng/mL. Lastly, Baseline
Values in Fig. 3.7 for all groups have variations within the sexes, as well as variation between
the sexes. For clarification, these baseline data were plotted into a separate figure to see the
differences at the start of the study (Fig. 3.8). Here, male test groups (Control, LD, HD) in
comparison to all female test groups have concentrations of EGT higher than any female test
groups. Interestingly, Control, LD, and HD male groups span a range of around 500 ng/mL from
Control to HD, respectively. This variability for males did not seem to affect the LD and HD
males, as both groups mimicked each other in EGT uptake. Female test groups had less
variation of mean concentrations between the test groups, which apparently, did not appear to
influence the time course of the longitudinal uptake. Of note, Young Adult Mice (n=3, 5
Months) were also included in this analysis to compare baseline EGT blood levels in Young
Control (YC) animals and Older Control animals. As expected, both male and female YC show
greater Baseline Values than the older Controls used in this study, where male YC mice have a
nearly 1500 ng/mL difference in baseline values, and are significantly different from all male
test groups, Control, LD, and HD. Female YC mice are also significantly different from all female
test groups, Control, LD, and HD, however, female YC mice have lower concentrations of EGT
relative to male YC for baseline values. Female YC are approx. 1000 ng/mL below male YC. This

difference in young adult mice (5 months) holds true even into old age (25-26 Months);
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indicating perhaps male CBA/CaJ mice have preferential uptake through their adult lives. This
needs further investigation, and may be related to sex hormone concentration differences, or
perhaps female/male muscle mass differences.
3.5 EGT Blood Levels and ABR Threshold Correlation Analysis

In this analysis, we were able to utilize our data set to examine correlations between
whole blood EGT concentrations (ng/mL) and ABR thresholds at 16 kHz for the 2" and 4t
Months. 16 kHz was selected as it is one of the best frequencies for hearing in CBA/CaJ mice.
In this instance, we also utilized baseline shift data where the baseline value is subtracted out
from the time point of interest to remove the influence of natural variations in the initial
baseline starting values. It should be noted that each individual data point on these graphs are
from one animal. Any animal that was missing LCMS data or ABR thresholds, was not included
in this particular analysis, which incorporated both 2" Month and 4" Month data. In Fig. 3.9,
panels A and B compare the correlation data from male Controls to the data from all EGT
treated, LD and HD, mice. Panels C and D also compare the female data. Here, in 3.9(A&B),
differences between the correlations for male Control and EGT-treated mice are apparent, as
the Control group has a slight positive correlation while treated males have a slight negative
correlation. Control mice also do not show much variability in their EGT baseline shifts as
expected. However, ABR baseline shifts show elevated thresholds, as also expected; low EGT
change, and higher thresholds over time. In the EGT-treated mice, ABR baseline shifts are not
as drastic as those seen in the Controls, i.e., some are in fact negative, showing improved
hearing performance at 16 kHz. It is clear that by the 2" Month, either dose of EGT

administered to male mice has a positive impact on auditory health.
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Consistent with our previous female data, there were no apparent differences between
the correlations between Control and EGT-treated females (Fig. 3.9(C&D)). Control and EGT-
treated mice both have negative correlations, and do not appear to have any predictive value.
Interestingly, Female Control data (Fig. 3.9C) have the same pattern as the male Control data
(Fig. 3.9A) as there is very little variability in the EGT shift data, e.g., for Controls, ABR shift data
shows a similarity in variability with data points going from -5 and -15 dB, a typical aging
pattern. In Fig. 3.9D, Female EGT-treated mice do not display any data points that have
apparent relations to improvements in ABR thresholds, i.e. no negative threshold shifts are
present. Rather, the data points are distributed evenly from 0 to +15 dB as noted by the weak
correlation value, r=-0.156. Additionally, EGT baseline shift data or changes in EGT uptake did
not have any significant relations to hearing measures. Lastly, when we compared these results
to the male EGT-treated group (Fig. 3.9B), the difference between treated males and females is
especially apparent in the ABR threshold shift values. Treated males have quite a few data
points in the 0 to negative shift range whereas female data points begin only at 0 and continue
up to +15 dB.

In Fig. 3.10, we analyzed similar results as in Fig. 3.9, but instead used 4" Month data.
Initial results for Fig. 3.10, show a large treatment effect for male mice (Fig. 3.10B) when
compared to male Controls (Fig. 3.10A). Male Controls have a slight positive correlation with
the data (r=0.3349) and have expected EGT baseline shift values ~ 500 ng/mL. ABR baseline
shift data are also as expected as all data points have moved into positive shift territory with a
range between +5 and +25 dB. Excitingly, EGT treated males (Fig. 3.10B), have a negative

correlation value (r=-0.726) that is statistically significant (P= 0.041). The data show an even
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higher predictive value than that seen for the EGT treated males at the 2" Month (Fig. 3.9).
Female Control (Fig. 3.10C) data for the 4™ Month are very similar to female Control data for
the 2" Month, i.e., no relation between EGT blood levels and hearing. Lastly, EGT treated
females (Fig. 3.10D) also show a different profile than the 2" Month. The hearing data
correlate a little better with the measured EGT in the whole blood. The calculated r value (r= -
0.486) confirms this better correlation. Outcomes for hearing measures do seem to be slightly
weighted by the amount of EGT in the subject’s system. For example, the two mice with the
highest threshold shifts at +35 dB demonstrate that a lower amount of EGT in whole blood,
even though it’s still relatively high in comparison to Controls, can lead to poorer outcomes.
One can also look to the mouse with the lowest threshold shift at just +5 dB and notice that this
animal has the 2" highest amount of EGT according to LCMS baseline shift measurements.
Overall, this correlation analysis demonstrates the beneficial influence that EGT treatment has
on ABR threshold shifts as mice age. This is especially seen in Fig 3.10B, where the correlation
is high, and the points follow closely the line of best fit.
3.6 Cochlear Tissue Analysis: RT-PCR Results

In this portion of the study, cochleae were harvested from the mice at the conclusion of
the 6-month treatment period; and structures of the cochlea were harvested individually: Stria
Vascularis (SV), organ of Corti (OC), Modiolus (MD). These individual tissues were then
processed and converted to cDNA for use in real-time Reverse Transcription Polymerase Chain
Reaction (RT-PCR). Results were calculated using the Relative Standard Curve Method. Gene
Expression was analyzed for the following genes: GAPDH (loading Control), OCTN1 (EGT

receptor), Cas-3 (apoptosis marker), TNF-a (inflammation), PGCla (mitochondrial biogenesis),
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and SOD2 (antioxidant). It should also be noted that both LD and HD results were combined for
this analysis since LD and HD both showed beneficial effects on hearing tests and LC-MS/MS
experiments of the present investigation, as presented above.

In this first panel, Fig. 3.11, all gene expression graphs are from the SV. Noticeably, all
male gene expression profiles, Tumor Necrosis Factor-Alpha (TNF-a), Superoxide Dismutase 2
(SOD2), and Caspase 3 (Cas-3), show significantly different gene expression levels relative to
Controls. The reduction in TNF-a and Cas-3 are clear indicators that EGT treatment has affected
the SV positively as both inflammation and apoptosis are downregulated [137]. The
upregulation of SOD2 also means that EGT is working as an antioxidant. SOD2 is an antioxidant
enyme that is upregulated under cell stress, more specifically upregulated near the
mitochondria to reduce the concentration of free radicals [138], [139]. Female correlates of
these gene expression profiles were also included in this panel for comparison to males. Figure
3.11(D-F) do not have any significant differences compared to Controls, but do show trends
that were seen more robustly in males; TNF-a and Cas-3 downregulated, and SOD2
upregulated,. These female results are important because even though they do not display
statistically significant differences relative to Controls, it does show that EGT effects are mildy
present in the SV, even if only slightly, consistent with our finding above that the EGT functional
hearing benefits are more striking in the males.

Presented in Fig. 3.12 is RT-PCR data obtained from the OC, where significant
differences were seen. In Fig. 3.12(B&C), females showed significant results for TNF-a and Cas-
3 which were downregulated in the treated mice. Lastly, in Figure 3.12, the males exhibited an

upregulation in gene expression which indicates an increase in mitochondrial biogenesis, as
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PGCla has been shown in previous studies to increase expression in the presence of stressors
or supplements that activate this protein [69], [140].

Lastly, Figure 3.13 shows gene expression changes in MD. Panels A&B, from male mice
for SOD2 and PGCla exhibit significant differences, as they are both upregulated. From
previous investigations, it is known that these two proteins are both antioxidants related to
mitochondrial health and that they work synergistically together [69], [140]. First, in Fig.
3.13(C&F), one can see that the results favor female mice in expression of Cas-3. Females
exhibit a significant reduction in Cas-3 whereas males have no significant change compared to
Controls. This same trend is also found for TNF-a where females show significant reduction in
this inflammatory marker, where the males show no significant change. Males were included
as a comparison to convey that not all changes were positive for the males. Based on these
results it appears that female mice were able to utilize EGT in the modiolar cochlear region for
some regulation of inflammation and apoptosis, whereas male mice appeared to be utilizing
the antioxidant pathway for their benefit. Taken together, it appears that EGT therapy is
targeting multiple cochlear anti-aging mechanisms, though further investigation is needed to
decipher the exact pathway mechanisms involved here in greater numbers of aging males and
females.

3.7 Survival Analyses

In survival analyses, ‘death’ events were tracked and analyzed using the Kaplan-Meier
Method along the treatment and testing timeline of the present investigation. All mice
included in this analysis were those that started their hearing measures at Baseline (25-26

months). Events were classified as “censored” when the reason for death was user error (e.g.,
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ketamine overdoses related to large liver tumors), or if the mice lived long enough to complete
the six month study where they were subsequently euthanized. Events were considered “death
events” when mice were either found dead in their cage or they were ethically euthanized as
recommended by veterinarians under our IACUC protocol guidelines.

Male survival analysis (Fig. 3.14) shows a distinct separation in survival probability
between male HD and Control/male LD; where male HD had a survival probability above 75%
but male Control mice and male LD had probabilities that were just above 50%. Male HD began
with 8 mice and had only 1 death and 1 censored subject, so by the end of testing only 6 mice
were considered ‘at risk’ for a ‘death event’. Male LD began with 6 mice, had 2 deaths, 4
censored subjects and finished testing at 6 months with 2 mice at risk. The Control group
began with 13 mice, had 5 death events, 8 censored subjects, and finished testing with 6 mice
at risk. (Mantel-Cox) Log-rank test for trends were not significant (P=0.543). Female survival
analysis (Fig. 3.15) showed a slight separation in survival probability between female HD and
Control/female LD; female HD survival probabilities were ~75% whereas female LD and Control
were both close in probabilities by the 6" month and were around 60%. Female HD began with
12 mice, had 2 deaths, 10 censored subjects, and 9 mice that finished the testing at risk.
Female Control began with 6 mice, had 2 deaths, 4 censored subjects, and finished testing with
3 mice at risk. Lastly, Female LD started with 7 mice, had 2 deaths, 5 censored subjects, and
finished testing with 4 mice at risk. (Mantel-Cox) Log-rank test for trends were also not
significant P=0.458). It should be noted that for both of these analyses the High Dose had
higher survival probabilities. Although none of these differences were significant, they do show

trends that EGT treatment may be prolonging life in these animals. Since these results are very
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preliminary, as they suffer from low sample sizes and censor bias, further study is needed to

see if the EGT treatments extend lifespan.
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Figure 3.1: Male ABR Results. All plots describe intragroup threshold
changes by month, respectively. Significant differences were
determined using 2-way ANOVA with Dunnett’s multiple comparison
post-hoc corrections. All subsequent months were compared to
Baseline values. Values given as means + SEM. Statistical significance
denoted for testing month by corresponding color where * P<.05, **
P<.01, *** P<.001, **** P<.0001.
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Figure 3.2: Female ABR Results. All plots describe intragroup

threshold changes by month, respectively. Significant differences

were determined using 2-way ANOVA with Dunnett’s multiple
comparison post-hoc corrections. All subsequent months were
compared to Baseline values. Values given as means + SEM.

Statistical significance denoted for testing month by corresponding

color where * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001.
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Figure 3.3: Male DPOAE Results. All plots describe intragroup threshold changes by
month, respectively. Significant differences were determined using 2-way ANOVA with
Dunnett’s multiple comparison post-hoc corrections. All subsequent months were
compared to Baseline values. Values given as means + SEM. Statistical significance
denoted for testing month by corresponding color where * P<0.05, ** P<0.01, ***
P<0.001, **** P<0.0001.
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Figure 3.4: Female DPOAE Results. All plots describe intragroup
threshold changes by month, respectively. Significant differences
were determined using 2-way ANOVA with Dunnett’s multiple
comparison post-hoc corrections. All subsequent months were
compared to Baseline values. Values given as means + SEM.
Statistical significance denoted for testing month by corresponding
color where * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001.
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Figure 3.5: ABR Amplitude Analysis Peak 1. Treated males’ amplitudes
decline less than the other subject groups. Subject #s (n) given for each
experimental group indicate the number of mice enrolled at baseline.
However, it is important to note that the # in some groups changes
month-to-month due to attrition from old age, as well as inclusion of
age-matched Control mice acquired partway through the study. Peak 1
amplitudes were measured from ABR data at 2 specific frequencies, 16
and 24 kHz. Peak-to-trough amplitudes were measured for recordings at
85 dB SPL. Data was analyzed using 2-way ANOVA with Dunnett’s
multiple comparison post-hoc corrections. Each dataset is compared to
every other dataset and analyzed for significance.
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Figure 3.6: ABR Latency Analysis Peak 1. Treated males have shorter
latencies than the other subject groups. Peak 1 latencies were measured
from ABR data at 2 specific frequencies, 16 and 24 kHz. Peaks were
selected using recordings at 85 dB SPL. Subject #s (n) given for each
subject group indicate the #of mice at baseline. However, note that the N#
of each group changes month-to-month due to attrition from old age, as
well as inclusion of mice (age-matched male and female Controls)
acquired partway through the study. Data were analyzed using 2-way
ANOVA with Dunnett’s multiple comparison post-hoc corrections. Each
dataset was compared to every other dataset and analyzed for

significance.
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Figure 3.7: Whole Blood Analysis. LCMS results show the differences
in uptake between male and female, as well as the changes in EGT
uptake over time. All treated groups show significant differences by
Day 7 in comparison to male and female Controls. Significant
differences were determined using 2-way ANOVA with Dunnett’s
multiple comparison post-hoc corrections.
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Figure 3.8: Baseline Values Analysis. LCMS results show the differences
in baseline values for male and female, where male Control, LD, and HD
start with higher baseline EGT than female test groups. Also included
are samples from Young Control mice (n=3, 5 months) from both sexes
to compare young EGT baselines to the older test group. Young adults
have much higher naturally occurring levels of EGT. For both young
adults and old age, males have higher levels than females. There were
no significant differences for the old experimental groups at baseline.
Significant differences were determined using 1-way ANOVA with
Tukey’s multiple comparison post-hoc corrections.
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Figure 3.9: EGT Levels in Blood and ABR Thresholds Correlation-2"d
Month. 2" Month correlations are relative to the start of EGT
treatment. They show slight slopes in lines of best fit. However, Male
EGT-Treated animals show the most beneficial outcome among the
respective groups, showing some negative shifts by the 2" month.
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Figure 3.10: EGT Blood Levels and ABR Thresholds Correlation-4t
Month. These correlations display similar trends for Controls as for
the 2" Month. However, both male and female treated groups have
negative slopes of their lines of best fit. Interestingly, the male
group shows statistically significant correlation between the two
variables, demonstrating that higher levels of EGT in the blood
correlates to lower ABR thresholds.
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Figure 3.11: SV Gene Expression. Tissue harvested from Stria Vascularis
(SV), EGT Therapeutic Effects; TNF-a, Cas-3: Downregulated; SOD2:
Upregulated. Values given as means + SEM. *P>0.05, **P>0.01,
***p>0.001 Unpaired t-test with Welch's correction.
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Figure 3.12: OC Gene Expression. Tissue harvested from Organ of Corti
(OC), EGT Therapeutic Effects; TNF-a, Cas-3: Downregulated; PGCla:
Upregulated. Values given as means + SEM. *P>0.05, **P>0.01,
***P>0.001 Unpaired t-test with Welch's correction.
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Figure 3.13: MD Gene Expression. Tissue harvested from Modiolus
(MD), EGT Therapeutic Effects; TNF-a, Cas-3: Downregulated; PGCla,
SOD2: Upregulated. Values given as means £ SEM. *P>0.05, **P>0.01,
***P>0.001 Unpaired t-test with Welch's correction.
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Survival Analysis: Males
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Figure 3.14: Male Survival Analysis. Male Control (n=13, 6 survived the 6
month test period); Male LD (n=6, 2 survived the test period); Male HD
(n=8, 6 survived the test period). It should be noted that at timepoint 0
(Beginning of EGT Treatment), the age of mice was 25, 26 months. By
the end of the testing period at 6 months from the start of treatment,
the mice were at 31, 32 months of age.
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Survival Analysis: Females

100:

©

=

S

(,3) 75';

© ]

2 50

5 ]

3

g

= 25'5
O:

- =
H
S A
—_—
® °

+ Female Control
= Female LD
+ Female HD

Months

Figure 3.15: Female Survival Analysis. Female Control (n=6, 3 survived the
6 month test period); Female LD (n=7, 4 survived the test period); Female
HD (n=12, 9 survived the test period). It should be noted that at timepoint
0 (Beginning of EGT Treatment), the age of mice was 25, 26 months. By
the end of the testing period at 6 months from the start of treatment, the
mice were at 31, 32 months of age.
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Chapter 4: Discussion

In this study, we demonstrated for the first time, that EGT supplementation in old male
mice had significant positive effects on objective, physiological hearing measures. For both ABR
and DPOAE measurements, EGT-treated male mice showed significantly different aging curves
compared to male Controls and all female groups. Considering these test groups’ ages, and the
fact that they were already experiencing noticeable ARHL, these findings are both novel and
ground breaking. To the best of our knowledge, EGT has never been used as a possible pre-
clinical treatment for any type of hearing loss including ARHL, nor have positive results been
found using other antioxidants such as glutathione, in such advanced aged mouse populations
(25-26 months to 30-31 months) which is the equivalent of over ~80 human years.
Furthermore, results from our study will be possible to translate to humans as well, because
EGT is highly safe and already approved by the FDA as a dietary supplement. So, toxicology
issues will be minor relative to many other newer pharmaceuticals under consideration for
preventing or treating hearing loss. Hence, our findings give novel insights into greater
possibilities for EGT, as these initial results will be a springboard for future work.
4.1 Sex Differences in EGT Treatments and Auditory Measures

Analysis of the hearing measures in this study found significant effects for males but
no/minimal effects for female mice, which raises important questions about the origins behind
this sex selectivity. LC-MS/MS testing of whole blood samples for EGT levels revealed intriguing

results which supported our hearing measure findings, and were consistent with currently
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available scientific literature. LC-MS/MS testing showed baseline values for all groups that
were roughly equivalent, except that male baseline values were slightly higher than the
females, indicating a difference in EGT uptake for these old animals prior to treatments. To
further understand baseline differences in both sexes, young adult mice were tested at the age
of 5 months, again revealing a natural advantage of males for EGT uptake. Specifically, males
showed an uptake nearly 1000 ng/mL greater than females. For the old animals receiving EGT
supplementation, treated males showed an advantage; where the differences in uptake were
apparent by the 2" month of treatment, and continued until the end of the study. There are
multiple possibilities for explaining these sex differences. In Mackenzie and Mackenzie’s early
study into EGT uptake back in 1957 [141], the researchers found that testosterone was a main
facilitator for EGT uptake. They noted that in rats, by the time they reached sexual maturity,
EGT uptake in males was nearly double that of females. Interestingly, females injected with
testosterone showed a similar uptake as males, whereas males injected with testosterone did
not show any appreciable increase in EGT uptake. Lastly, male rats castrated by the age of 5
weeks, did not show any difference in EGT uptake in comparison to non-castrated males. Taken
together, these results certainly support those seen in this current study, however they do not
address how aging plays a role in EGT uptake over a lifespan. In the case of our aging study, it
can safely be assumed that female mice will have undergone mouse menopause, while male
mice will have experienced lowered testosterone levels in comparison to their peak adolescent
and young adult years [142].

We've seen that aging affects EGT uptake, but it should also be noted that these

hormonal changes also contribute to elevated hearing thresholds. In female mice, estrogen
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plays an important role in cell protection in the inner ear as well as the optimal processing of
neural sound information in the central auditory system. In males, much less is known about
the intersection between testosterone, hearing, and aging. However, testosterone has been
implicated in having protective effects against immune-mediated cochlear insults and is also
known to provide neuroprotection and regeneration during development in the central nervous
system [142]-[147]. Therefore, any disturbance in the protective effects or processing activities
of these two sex hormones that happens during aging, will negatively affect hearing capabilities
and also, likely impair EGT uptake in old age. In the case of females, assuming very little
circulating estrogen and no testosterone production, it can be hypothesized that females may
have lower amounts of EGT receptors in comparison to males, which may account for the
inability to fully utilize the circulating EGT. Of course, future studies with younger sample
groups may be able to mitigate some of these aging factors and provide a more direct
understanding of the correlation between sex hormones and EGT effectiveness in protecting or
improving hearing abilities.

Another item to consider is the impact that red blood cell (RBC) characteristics have on
the transport of EGT throughout the body. RBCs are important carriers for oxygen to be
delivered to tissues and organs throughout the body. However, since EGT’s delivery system is
primarily through its high affinity for RBCs, RBC health, variation with age, and sex differences
then would play a major role in EGT distribution; since EGT binds highly with the Fe?*found in
the heme groups of hemoglobin [109]. EGT binds with FeZ*at a rate of 2 EGT molecules to 1 of
Fe?*. In the human study performed by Zauber and Zauber, differences in both sexes were

examined between very old subjects (>84 years old) and younger adult Control groups (30-50
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years old). Interestingly, young female Controls when compared to young male Controls
exhibited lower baseline numbers for RBC count, Hemoglobin, Hematocrit, Serum Iron, and
Erythrocyte sedimentation rate, but roughly equivalent values for mean corpuscular volume,
mean corpuscular hemoglobin, and mean corpuscular hemoglobin concentration. These results
reveal interesting biological sex differences in RBC characteristics. When further comparing the
very old population to the young Control groups for each sex, it is interesting to note that the
old female group is only significantly different in two measures, Serum Iron, and Erythrocyte
sedimentation rate. Males however had many significantly lower blood values, relative to the
initial younger adult results, indicating changes due to aging [148]. Alis et al. confirms these
age-related changes in red blood cells in both males and females. Specifically, increases in red
blood cell distribution width (RDW) were significantly correlated with increasing age from <20
to 80+ years old. Their results additionally showed that the correlation was stronger in women
than in men [149].

RBC mechanical properties also appear to be sex related, as pre-menopausal females
exhibit better rheological properties than age-matched males. Curiously, these properties can
be summarized by the age of RBCs in vivo, where RBCs have a lifespan of approx. 120 days.
Males are found to have twice the amount of “old RBCs” compared to females, while females
contain nearly twice the amount of “young RBCs”. Thus, due to monthly blood loss, pre-
menopausal women contain a larger proportion of young RBCs which, in comparison to males,
show increased deformability, lower mechanical fragility, and decreased aggregability. Thisin
turn leads to a lower blood viscosity, since lower deformability and aggregability of RBCs allow

for greater movement of blood within the vascular system, notably through microvasculature.
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Here, RBCs need to be in balance with fragility and deformability so they do not rupture in small
veins, capillaries, and arterioles before reaching their end targets: mitochondria. However, it
was noted that post-menopausal females lose some of these mechanical advantages over age-
matched males [150].

Further confirming the association of decline in RBC function with age, a mouse study
employing C57BL/6Js from 6 to 32 weeks old as the animal model, observed similar changes in
RBC characteristics such as reduce deformability, a decrease in mean height as measured by
atomic force microscopy (AFM), and decreases in hemoglobin’s ability to carry oxygen. These
changes were found to occur due to changes in the lipid profile of RBCs as well as underlying
changes in the morphology of hemoglobin [151]. In another mouse study using the same
animal model, C57BL/6J, only male mice were used, and analyzed at the ages of 6 and 28
months. It was found that the old mice, while displaying anemia, also displayed key signs of
aged RBCs, lower hemoglobin and erythrocyte counts, lower hematocrit, and lower serum iron
and transferrin saturations. In spite of these changes, compensation factors, including
erythropoietic activity and erythroid progenitors, were turned on but with no impact on
anemia. Strikingly, testosterone supplementation in old mice increased splenic erythropoiesis
while also returning serum iron and transferrin saturations back to baseline values found in
young adult mice. Moreover, these changes allowed for greater iron availability for
erythropoiesis as indicated by an increased reticulocyte hemoglobin ratio [152]. These results
were corroborated in a similar study in older human males (~75 years of age) where
testosterone supplementation increased the utilization of iron in erythropoiesis while also

raising hematocrit and hemoglobin levels. [153]
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Taken together these findings clearly indicate that age and sex are inextricably linked
with RBC health and oxygen delivery. Thus by association, EGT is also inextricably linked to age,
sex, and RBC health. Additionally, with the positive roles that testosterone plays in EGT uptake
and RBC health in males, more investigation is required to find exact explanatory mechanisms
of sex differences relating to the physiological findings in the current study. EGT has gained
increased researchers’ attention in the last decade or so since the discovery of its highly specific
transporter (OCTN1). Additionally, the literature does exist which directly links EGT to RBC
numbers and health. For example, the majority of available reports quantifies the EGT levels in
RBCs and serum, along with antioxidant/anti-inflammatory effects on RBCs, and various cell
types and disease states [69], [154]-[160].

Unfortunately, it appears that in-depth analysis which focuses on the interaction
between RBC characteristics/morphology and EGT are lacking. Research to better understand
EGT delivery by RBCs would be useful in optimizing future treatment paradigms as well as
seeing the effect of EGT on RBC diseases. For example, in the erythrocyte disorder, sickle cell
disease (SCD), hemoglobin (Hb) is replaced by sickle hemoglobin (HbS). A highly oxidative state
is induced as compensatory mechanisms utilizing antioxidants and associated enzymes are
unable to handle these stressors, resulting in inflammation, hemolytic anemia, etc.
Interestingly, implicated in these antioxidant mechanisms are glutathione and EGT, where EGT
is found to be the second most abundant thiol in RBCs [161]. Harnessing EGT’s natural ability to
bind with RBCs while understanding the underlying characteristics of RBCs could certainly prove

to be an overall boon for future innovative treatments in disease models, including ARHL.
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4.2 Underlying Mechanisms

We hypothesized that EGT would target key aging mechanisms such as increased
apoptosis, inflammation, and oxidative stress, and declining mitochondrial health. Accordingly,
biomarkers gene expression levels were measured with RT-PCR experiments: In Figure 4.1, we
postulated that under the influence of EGT, a master regulator, peroxisome proliferator-
activated receptor y coactivator (PGC-1a), would regulate multiple biological/cellular processes
including the hypothesized targeted mechanisms. Therefore an increase in PGC-1a, while being
a useful marker for mitochondrial health and mitochondrial biogenesis, would then also
influence the regulation of SOD2 (mitochondrial oxidative stress marker), TNF-a (inflammation
biomarker), and Cas-3 (apoptotic biomarker) [162, p. 1], [163], [164].

Based on our results, elements of the proposed mechanism in Figure 4.1 were
manifested in each tissue type in the cochlea — stria vascularis (SV), organ of Corti (OC) and
modiolus (MD). In addition, it seems that EGT was not as preferential in its effectiveness at the
mechanism level compared to the hearing measures, between the two sexes, as both male and
female mice experienced some gene expression changes in all three tissues, but the overall
distribution of these changes varied with tissue type. As previously mentioned for these
samples, both LD and HD were combined for this analysis since LD and HD have changes in the
same directions for the hearing tests and LC-MS/MS; these groups were labeled as treated.

In analyzing these results, it can be assumed that EGT is reaching the cochlea as all three
tissues are showing significant changes in various biomarkers. To begin, males showed positive
benefits from EGT treatment in RT-PCR biomarkers for a preferential pathway with a specific

set of biomarkers. Here, males appeared to utilize EGT as mostly an antioxidant through the
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upregulation of either/both SOD2 and PGC-1a. In the SV tissue, SOD?2 is significantly
upregulated and both TNF-a and Cas-3 are significantly downregulated. In OC tissue, the only
biomarker significantly upregulated is PGC-1a, indicating that there is increased mitochondrial
biogenesis occurring along with downstream regulation through PGC-1a. Lastly, the MD tissue
shows both SOD2 and PGC-1a are significantly upregulated, indicating that EGT is targeting the
mitochondria in this tissue type. Of note, male results revealing no changes in the
inflammatory and apoptotic markers (TNF-a, Cas-3) does not support involvement of EGT
treatments in modulating these pathways in MD.

Interestingly, females showed downregulation in TNF-a and Cas-3 in all three tissues,
where SV was the only tissue with non-significant values, but similar downregulation as in other
tissues. The SV tissue is also the only tissue where females showed a positive trend with any of
the other biomarkers. The upregulation of SOD2 indicates that mitochondrial antioxidant
systems have been activated. With that, EGT in females appears to be utilized to lower
apoptosis and inflammation, two noted mechanisms of cochlear ARHL. Reconciling these
results with those seen in the hearing measures (ABR/DPOAE) for females, one can see that
even without positive results for hearing measures, the individual tissues of the cochlea still
experienced some benefit from EGT treatments. This may indicate that in order to fully
maximize the benefits of EGT, there must be a more effective therapeutic dose or timing, and
larger elevations in whole blood EGT concentration needed to realize improvements in hearing.
However, as shown by LC-MS/MS results, the carrying capacity of female whole blood is limited
by the possible mechanisms outlined previously. In short, females did not reach the elevated

whole blood EGT levels of males, whose hearing measures improved during treatment.
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However, our biomarker analysis does provide clues as to some of the mechanisms occurring
within the inner ear following EGT treatment, where further studies are needed to decipher the
detailed molecular mechanisms, and optimize levels and timing of therapeutic doses.

Lastly, it should be noted that these RT-PCR results from the three tissue types are
intimately tied to the density of OCTN1 in that area. For example, OC tissue which had the least
amount of therapeutic effects would also then most likely have the lowest level of OCTN1
expression, the receptor responsible for transporting EGT across the cell’s membrane.
Interestingly, OCTN1 results confirm this type of association as seen in Figure 4.2. Figure 4.2
indicates that expression in old control samples is greatest in the SV of the inner ear, lowest in
the OC, and MD expression levels are intermediate. These findings are consistent with current
literature [165]. In comparing these results to the gene expression levels and metabolic activity
from each tissue: OC tissue has a lower amount of OCTN1, lower metabolic activity overall, and
thus did not utilize EGT in the same way as the other tissues [166]; SV tissue, which is highly
metabolic [167] and thus quite susceptible to oxidative stress and inflammation, which in turn
leads to mitochondrial damage, is likely to need more EGT and thus would benefit from higher
EGT receptor expression levels. MD tissue also displays relatively high metabolic activity and

thus contains more OCTN1 receptors than OC tissue, but less than SV [168].
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n=6; OC, n=5; MD, n=5; Combined Male and Female Data (Old Control
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Chapter 5: Conclusion

Overall, for the first time, we demonstrated the therapeutic potential of EGT in treating
certain key aspects of ARHL, a top communication deficit and neurodegenerative disorder of
our aging population. Treatment has greater benefits for male mice as compared to females,
however, further investigations are required to find out the underlying molecular mechanisms
for this sex difference. Given the exciting results here, EGT’s prior approval by the FDA as a
dietary supplement, and emerging literature describing EGT’s therapeutic roles in other
diseases, including aging disorders such as cognitive deficits and declines, cardiovascular
problems, life span, frailty, neurological disorders, etc.; indicates that EGT could be a potential
ingredient in future drug combinations and hybrid therapies for hearing loss and other

neurological conditions.
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Appendix A: EGT Injection Calculations
EGT injections were based on the weight of each individual mouse and administered
according to Figure 2.1. Here, we calculated the delivered concentration for individual mice at
both dose levels, low and high. Low dose mice were given injections of EGT equivalent to 35
mg/kg for the first 7 days of the study where the dose was then doubled (70 mg/kg) and given
once a week until the test date end. Below, we start with the desired dose and convert into

mol/kg.

mol
229.3g

1. 35 r:—j * l—gg (Convert mg to grams) * (Multiply by MW)

1000m

This number is then multiplied by a conversion factor and 25g (average mouse weight)

to obtain the average amount of moles of EGT delivered in one dose.

1k
x —9

T000g (Convert kg to grams) * 25g (Mulitiply by assumed mouse BW,25g)

= 3.8159 * 10" (—6) moles or 3.8159 umol (convert to umoles)

The amount of moles is then divided by 0.1 mL (desired injection volume) to get the

concentration.

1000mL

3. 3.8159 HleOZ (Divide pymol by desired injection volume) * (convert mL to L)

= 38159.61uM = 38.159mM (convert to mM)

Lastly, in the event that a mouse weighs more than 25 g, the injection volume was

adjusted as below:

0.1mL
259

X AmL
= @(Use 30g as example BW); g *30g = X,X = 0.12mL
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High dose mice then were calculated in much the same way, where 70 mg/kg was
administered for the first 7 days and then once a week until the testing end date where the
dose was doubled (140 mg/kg). Here we see that 70 mg/kg is simply double the amount of EGT

in moles and concentration.

mol
229.3g

5. 707{1—5 x —2 (Convert mg to grams) * (Multiply by MW)

1000mg
1kg

1000g

*

(Convert kg to grams) = 25g (Mulitiply by assumed mouse BW,25g)

= 7.6319 * 10" (—6) moles or 7.6319 umol (convert to umoles)

In the below calculation, the moles will be used to calculate the concentration of EGT

given in a 0.1 mL injection.

1000mL

7. 7.6319 “%:Ll (Divide pymol by desired injection volume) * (convert mL to L)

= 76319.23uM = 76.32mM (convert to mM)

Lastly, in the event that a mouse weighs more than 25 g, the injection volume was

adjusted as below:

0.1mL X (Use 30 le BW)
259 30g se 30g as example ;

AmL 30 X, X =0.12mL
* = = .
25g g ' m
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Appendix B: Compiled Group Results for ABR and DPOAE

Combined Baseline Thresholds
1004

= Female High Dose, n=2 @« Male High Dose, n=8
= Female Low Dose, n=7 <+ Male Low Dose, n=9
| = Female Control, n=8 = Male Control, n=13

ABR Threshold (dBSPL)
w
(=]

ABR Threshold (dBSPL)

100

Combined 1st Month Thresholds

a0

3014 Female High Dose, n=9 o Male High Dose, n=7
201 = Female Low Dose, n=6 « Male Low Dose, n=6
104 * Female Control, n=6 = Male Contrel, n=11

g gh @b g gt ogb
Frequency (kHz)

Combined 2nd Month Thresholds

100+

= Female High Dose, n=9 ® Male High Dose, n=6
|= Female Low Dose, n=6 + Male Low Dose, n=5
=« Female Confrol, n=11 = Male Control, n=10

gk g @b ob b b g @*’q‘q,%
Frequency (kHz)

Combined 6th Month Thresholds

100 h
90
80
70
60
50
40
30

ABR Threshold (dBSPL)
Z
ABR Threshold (dBSPL)

= Female High Dose, n=7® Male High Dose, n=6

201 = Female Low Dose, n=4 + Male Low Dose, n=2

101 « Female Control, n=10 * Male Control, n=10
o

ABR Threshold (dBSPL)

e gt \‘*«&*f\.‘bﬂﬂ* & b'-#‘,‘\q;é
Frequency (kHz)

100

& PG S e &

Frequency (kHz)

& gt

Combined 4th Monghw
Thresholds

T

90
80
70
60
50
40
30
204+ Female High Dose, n=9 e Male High Dose, n=6
10{= Female Low Dose, n=6 = Male Low Dose, n=3
= Female Control, n=13 = Male Control, n=14

b &b gF gb ob b ot gF 5‘8**@*

Frequency (kHz)

Figure B.1: Combined ABR Thresholds for All Test Groups. ABR
Thresholds for all test groups were combined and analyzed at each time-
point. Here we can see that the two male treated groups have slightly
higher thresholds than all other groups at Baseline. However, by the 4t
and 6™ months, both male treated groups show reduced thresholds,
while all other groups experienced elevated thresholds, consistent with
the continued progression of age-related hearing loss. Data analyzed
using 2-way ANOVA with Tukey’s multiple comparison post-hoc
corrections. Each dataset is compared to every other dataset and
analyzed for significance. Significance between two groups is denoted by
the colors of the two starred groups separated with an underscore where
P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001.
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Figure B.2: Combined ABR Threshold Shifts for All Test Groups. ABR
Thresholds Shifts analyses of all groups at each time-point. Even at the first
time-point, it is clear that both male treated groups are outperforming all
other groups. Additionally, female low-dose (LD) mice have already
experienced elevated thresholds at 48 kHz. By the 4™ and 6™ Months from
Baseline, both male treated groups continue to to have lower thresholds
relative to all others, as seen in the 61" Month, where male LD mice show
minimal threshold shifts at various frequencies. Data analyzed using 2-way
ANOVA with Tukey’s multiple comparison post-hoc corrections. Each dataset
is compared to every other dataset and analyzed for significance. Significance
between two groups is denoted by the colors of the two starred groups
separated with an underscore where P<0.05, ** P<0.01, *** P<0.001, ****
P<0.0001.
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Figure B.3: Combined DPOAE Amplitudes for All Test Groups.
DPOAE Amplitudes for all test groups were combined and
analyzed at each time-point. All baseline groups look to have
similar amplitudes where amplitude decline starts in the 1
month. Here female LD and male LD are noticeable in their
decline. By the 2"¥ month, all female groups appear to show no
decline while male LD continues to show amplitude decline. By
the 4 and 6™ months, male LD and HD exhibit amplitudes either
in line or better than all other groups. This can be especially seen
in the 6" month data. Data analyzed using 2-way ANOVA with
Tukey’s multiple comparison post-hoc corrections. Each dataset is
compared to every other dataset and analyzed for significance.
Significance between two groups is denoted by the colors of the
two starred groups separated with an underscore where P<0.05,
** P<0.01, *** P<0.001, **** P<0.0001.
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Figure B.4: Combined DPOAE Amplitude Shifts for All Test Groups. DPOAE
Amplitude Shifts analyzes all groups at each time-point. Baseline to 1%
month shifts show normal amplitude decline for all groups except for
female control and male HD. In the next time-point, male HD and female
control continue to exhibit no decline while male LD declines further. By
the 4t month both male LD and HD exhibit improved amplitudes at 40.2
and 44.7 kHz where female control and LD also show improved amplitudes
compared to previous months. 6" month data then exhibits male LD and
HD separating from the other groups at 40.2-53.6 kHz. Data analyzed using
2-way ANOVA with Tukey’s multiple comparison post-hoc corrections.
Each dataset is compared to every other dataset and analyzed for
significance. Significance between two groups is denoted by the colors of
the two starred groups separated with an underscore where P<0.05, **
P<0.01, *** P<0.001, **** P<0.0001.
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Figure B.5: Combined DPOAE Thresholds for All Test Groups. DPOAE
Thresholds for all test groups were combined and analyzed at each time-
point. All baseline groups look to have similar thresholds, and threshold
elevation starts in the 15t month. Here male control and male LD are
noticeable in their elevations at 44.7 kHz. 2" month analysis then reveals
no significant differences, where 4™ month data reveals significant
differences for female LD due to its threshold elevation. Interestingly,
male LD has switched position in the group, showing noticeably reduced
thresholds. 6" month data continues this trend as male LD and HD have
lower thresholds than all other groups. Data analyzed using 2-way ANOVA
with Tukey’s multiple comparison post-hoc corrections. Each dataset is
compared to every other dataset and analyzed for significance.
Significance between two groups is denoted by the colors of the two
starred groups separated with an underscore where P<0.05, ** P<0.01,

*** P<0.001, **** P<0.0001.
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Figure B.6: Combined DPOAE Threshold Shifts for All Test Groups. DPOAE
Threshold Shifts analyses of all groups at each time-point. Baseline to 1%
month shifts show a negative threshold for male HD and significant elevation
for female LD at 35.7 kHz. In the next time-point, male HD and female control
exhibit no decline while male LD and female LD experience elevated
threshold shifts. By the 4" month both male LD and HD exhibit low threshold
shifts at 40.2 and 44.7 kHz, whereas female control and LD also show reduced
threshold shifts. Here, female HD and male controls are shown to be
experiencing significant age-related hearing loss threshold elevations, i.e.
positive shifts. 6™ month data then shows male LD and HD separating from
the other groups at 35.7-53.6 kHz. Data analyzed using 2-way ANOVA with
Tukey’s multiple comparison post-hoc corrections. Each dataset is compared
to every other dataset and analyzed for significance. Significance between
two groups is denoted by the colors of the two starred groups separated with
an underscore where P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001.
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Figure C.1: ABR Amplitude Shift Analysis Peak 1. Here, Peak 1 shifts
show better amplitudes for treated males relative to male Controls, for
both frequencies. While female shifts for Controls are similar to, or are
greater (better) than both female treated groups. Peak 1 amplitudes for
subsequent months were subtracted from Baseline data to determine
the Baseline shift. Data were analyzed using 2-way ANOVA with
Dunnett’s multiple comparison post-hoc corrections. Each dataset was
compared to every other dataset and analyzed for significance. None of
the Peak 1 amplitude main effects was statistically significant.
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Figure C.2: ABR Latency Shift Analysis Peak 1. Here, Peak 1 Latency shifts
show improvements for treated males, for both frequencies; while female
shifts for Controls are better (shorter latencies) than both female treated
groups. Peak 1 Latencies for subsequent months were subtracted from
Baseline data to determine the Baseline shift. Data were analyzed using 2-
way ANOVA with Dunnett’s multiple comparison post-hoc corrections.
Each dataset is compared to every other dataset and analyzed for
significance. None of the Peak 1 Latency main effects was statistically

significant.
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