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Abstract

Parkinson’s disease (PD) is an increasingly prevalent neurodegenerative disease in our
society that presents with devastating symptoms that are mainly characterized by progressive
motor deficits. A single cause of PD has not yet been elucidated, but the most supported etiology
is the aggregation of alpha synuclein (aSyn), a protein found throughout the nervous system.
Harmful aggregates form in the substantia nigra (SN), affecting the production of dopamine and
prompting the loss of motor function. Oxidative stress and post-translational modifications of the

protein may promote formation of aSyn aggregates, as well as environmental and genetic factors.

Current therapeutics for PD lack the ability to modify disease progression and are not
ubiquitously effective, so more focus on developing a treatment is required. In the Genter
Laboratory, intranasal (IN) administration of carnosine was shown to decrease aSyn in both the
olfactory epithelium (OE) and the SN in a mouse model of PD. Carnosine is a naturally-
occurring dipeptide that has metal chelating and anti-oxidative stress, as well as improving

clinical outcomes for PD patients prescribed oral carnosine in addition to the standard of care.

To understand the basis for the beneficial effects of carnosine in decreasing aSyn
aggregation in the OFE in mice, reduced representation bisulfite sequencing (RRBS) DNA
methylation analysis was performed to identify potential epigenetic changes resulting from IN
carnosine treatment. We tested the hypothesis that the observed decreased of aSyn in the OE is
due to methylation differences in the promoter of aSyn or other genes related to PD. In the
analysis, differentially methylated genes were evaluated for their relevance to PD, and reverse
transcription-quantitative polymerase chain reactions (RT-qPCR) and immunostaining were used

to further evaluate effects of differential methylation.
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Analysis of differentially methylated genes revealed that the methylation status of the
aSyn promoter was unaffected by carnosine, indicating that decreased accumulation is not a
result of hypermethylation and subsequent silencing of the aSyn gene. Other genes related to PD
with differentially methylated promoters included discoidin domain receptor tyrosine kinase 1
(Ddrl), G-protein coupled receptor 4 (Gpr4), DnaJ homolog C 6 (Dnajc6), and copper
metabolism MURR1 domain protein 1 (Commd1). The Ddrl promoter was hypermethylated,
while the Gpr4, Dnajc6, and Commd]1 promoters were hypomethylated after carnosine treatment.
Further functional enrichment analysis of the RRBS data using ToppGene showed that several
neuro-based biological processes were affected in mice IN carnosine treatment, such as neuron
development and neurogenesis. These results show that IN carnosine treatment does not alter
aSyn aggregation via epigenetic alterations; however, other genes and canonical pathways
related to neurological function are differentially methylated, signifying potential mechanism for

carnosine’s beneficial effect on PD in mice and humans.
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Introduction

Parkinson’s Disease: Background

Parkinson’s disease (PD) afflicts nearly 10 million people across the globe, with about
1% of the population over 60 years of age affected by the condition (Vidovi¢ and Rikalovic
2022; de Lau and Breteler 2006). Despite the pervasiveness of PD in our society, there is still an
absence in understanding the mechanisms or causes of disease development and progression.
Age is the most strongly related factor; as age increases so does the risk of developing the PD.
Prevalence can reach upwards of 4% after the age of 80 (de Lau and Breteler 2006). After that
age, there appears to be a gender bias, with men being 1.5 times more likely to develop PD than

women (Wooten et al. 2004).

In the brains of PD patients, neurodegeneration most prominently affects the substantia
nigra (SN), a region of the midbrain that is part of basal ganglia (Fearnley and Lees 1991; Bolam
et al. 2009). Neurons in the SN pars compacta region produce the neurotransmitter dopamine,
which is used by neurons in the striatum to control motor function (Damier et al 1999; Nicola et
al. 2000). Loss of these neurons is associated with PD and the characteristic motor deficits

observed in patients (Kalia and Lang 2015).

Environmental Factors and PD

In addition to age, environmental and genetic factors may also play a role in PD
development. Throughout life, humans have an intimate relationship with their surroundings,
ingesting, inhaling, and absorbing many substances. Exposure to environmental chemicals, such
as pesticides, has long been associated with increased risk of PD. This association began with the

discovery of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). In 1982, several individuals
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displayed symptoms similar to PD after using a synthetic heroin containing MPTP (Langston et
al. 1983). The pure parkinsonism characteristics of these patients suggested that MPTP, a
lipophilic molecule that can cross the blood brain barrier, was selectively targeting the
dopaminergic neurons of the substantia nigra pars compacta. In the brain, MPTP is converted to
MPP", which is the toxic metabolite that is selectively taken up by dopaminergic neurons of the
SN (Langston et al. 1984; Shen et al. 1985). The toxicity of MPP" stems from its ability to utilize
the dopamine transporter to enter neurons and, subsequently, concentrate in the mitochondria,
where it inhibits complex I of the electron transport chain (Kopin 1987). Paraquat, a structural
analog of MPP", is used as a pesticide, and epidemiological studies have identified occupational

pesticide exposure as a risk factor for neurodegeneration (Islam et al 2021).
Genetic Factors and PD

From a genetic viewpoint, familial PD accounts for approximately 5-10% of all PD cases
(Bostantjopoulou and Fidani 2016). Once thought to be a non-genetic “sporadic” disease, several
genes are now associated to monogenic forms of PD, including alpha synuclein (SNCA), DJ-1,
parkin (PRKN), and leucine-rich repeat kinase 2 (LRRK?2) (Gasser 2009; Lesage and Brice 2008).
Gene-associated risk factors are all linked with mutations within gene loci, such as insertions,
deletions, and point mutations. In the case of SNC4, there are six known point mutations (A53T,
A30P, E46K, H50Q, G51D, and A53E), along with examples of gene duplications and

triplications (Bras and Outeiro 2021).

Epigenetic changes may also impact an individual’s risk of developing PD. The most
common epigenetic change is DNA methylation, where DNA methyltransferases enzymes
covalently add methyl groups to cytosine residues in regions of DNA rich in cytosine and
guanine, also known as CpG islands (Qureshi and Mehler 2011). When highly methylated
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regions of DNA are located in regulatory regions near the transcription start sites, such as
promoters, transcript expression of the respective gene is predicted to be repressed. A gene with
a hypomethylated promoter is expected to have increased expression. In the context of PD, the
SNCA gene region contains two CpG islands: one in the first exon and another in the first intron
(Matsumoto et al. 2010). Methylation of the intronic CpG island repressed SNCA expression.
However, the transcript was overexpressed when the cells were treated with a DNA methylation
inhibitor, signifying the influence of this CpG island on the regulation of SNCA expression. This
finding coincides with the observed methylation status of the intronic CpG island in the SN of

post-mortem PD patients (Matsumoto et al. 2010).

In addition to SNCA, other PD-associated genes have been observed to have altered
methylation of regulatory regions. PRKN, or the PARK? locus, is the most commonly mutated
gene in autosomal recessive juvenile parkinsonism and is also considered a risk factor for early-
onset PD (EOPD) (Liicking et al. 2000). The promoter of PRKN is shown to be hypomethylated

in patients diagnosed with EOPD (Eryilmaz et al. 2017).

While genetic and environmental factors certainly play a role in increasing likelihood of
developing PD, a single mutation or exposure might be necessary, yet it is not likely to be
sufficient (Dardiotis et al. 2013). For example, PTEN-induced kinase 1 (PINK1) is a protein that
localizes to the mitochondria and protects neurons against oxidative stress and mitochondrial
dysfunction. PINK1 gene mutations leading to decreased function are linked to EOPD
development (Valente et al. 2004). An individual with a mutated PINK[ might not develop PD,
but exposure to an environmental insult that specifically attacks mitochondrial function, such as

rotenone, may further increase that risk.



Alpha Synuclein (aSyn) Pathology

aSyn is a small, flexible protein that is commonly found near presynaptic terminals and
the nuclear envelope in neurons (Maroteaux et al. 1988). In both sporadic and familial PD
patients, aSyn aggregates are commonly present and enable the formation of Lewy bodies in
neurons of the SN (Spillatini et al. 1998). Genetic mutations and duplication events can lead to
increased risk of aSyn oligomerization and have been implicated in autosomal dominant forms of

PD (Brés and Outeiro 2021).

With or without mutations, post-translational modifications (PTMs) on aSyn may favor
the aggregated form. When acetylated at the N-terminus, aSyn showed a propensity to remain in
a helical conformation, which is less prone to aggregation when compared to a B-sheet structure
(Bartels et al. 2014; Chen et al. 2015). Also, phosphorylation and dephosphorylation of serine
(Ser) and tyrosine (Tyr) residues, are associated with an increased risk of oligomer formation
(Fujiwara et al. 2002; Chen et al. 2009). Ser129 and Tyr125, two frequently phosphorylated
residues in aSyn, do not appear to be selectively modified by one specific kinase or phosphatase,
but pololike kinase 2 (PLK?2) and the Src protein-tyrosine kinase family play a role in
phosphorylating Ser129 and Tyr125, respectively, promoting conformational changes within the
protein (Inglis et al. 2009; Ellis et al. 2001). Pharmacologically targeting kinase activity that

impacts aSyn conformation could be an avenue to explore for future interventions for PD.

Current Therapeutics to Treat PD

PD is a slowly-progressing disease that develops over time. Prior to the loss of motor
function, which is the most well-known presentation of PD, other symptoms develop that signify

the onset of the disease, such as olfactory dysfunction, cognitive impairment, and sleep disorders



(Khoo et al. 2013). These early symptoms characterize the prodromal stage of PD. As the disease
progresses, dyskinesia and psychosis become more prominent. These physical detriments are
accompanied by autonomic symptoms, such as urinary incontinence and/or constipation (Kalia

and Lang 2015).

To date, pharmacological interventions are limited to treating the clinical symptoms,
rather than trying to slow or stop disease progression (Kalia and Lang 2015). Several strategies
have been used to lessen symptoms and improve quality of life with the disease by targeting the
observed decrease of dopamine and dopaminergic neurons in the SN: replacing dopamine
supply, increasing receptor sensitivity to dopamine, and inhibiting dopamine breakdown (Ellis
and Fell 2017). To increase the amount of dopamine available in the synaptic cleft, a dopamine
precursor, such as Levodopa (L-DOPA), is administered, which undergoes bioactivation to form
dopamine. L-DOPA is currently the standard of care for PD treatment but is known to lose
efficacy as the total time of treatment lengthens. In a cumulative study of dyskinesias in PD
patients, almost 40% of individuals started displaying symptoms after 4-6 years of treatment.

That number increased to 90% in trials lasting at least 9 years (Ahlskog and Muenter 2001).

To counteract the loss of efficacy in L-DOPA treatment, combination therapies have been
trialed with several drugs with various mechanisms. To increase dopamine’s impact on neurons,
dopamine receptor agonists, such as apomorphine, act on one of the five dopamine receptors (D1-
Ds) (Ellis and Fell 2017). Apomorphine, which can be administered through subcutaneous
injection or inhalation, has been shown to significantly improve PD patient motor function in
conjunction with L-DOPA (Deleu et al. 2004; Grosset et al. 2014). To increase dopamine
concentration by inhibiting its breakdown, potent inhibitors of monoamine oxidase B (MAO-B)

are utilized, such as selegiline. MAO-B is responsible for transforming dopamine to 3,4-



dihydroxyphenylacetic acid, which is eventually converted to homovanillic acid by catechol-O-
methyltransferase (COMT), another putative drug target for PD (Ellis and Fell 2017). Selegiline
and a related MAO-B inhibitor, rasagiline, are known to possess neuroprotective properties,

while only rasagiline showed the potential to rescue neurodegeneration (Zhu et al. 2008).

Both dopamine receptor agonists and MAO-B inhibitors can induce more severe adverse
events, so they may not be preferred to L-DOPA, unless the symptom improvement is
significant. In a study comparing L-DOPA versus L-DOPA-sparing drugs (dopamine agonists
and MAO-B inhibitors), patients given the L-DOPA-sparing drugs were more likely to stop
treatment due to adverse events than patients only give L-DOPA, which is generally tolerated
well (PD Med Collaborative Group et al. 2014). The adverse events most reported with
apomorphine and other dopamine agonists include nausea, vomiting, and
confusion/hallucinations (Bhidayasiri et al. 2016; Alonso Céanovas et al. 2014). With MAO-B
inhibitors, such as safinamide, patients experienced headache, hypertension, and vomiting

(Stocchi et al. 2012; Borgohain et al. 2013).

Carnosine

With the lack of disease-modifying therapies for PD patients, current research efforts are
geared towards targeting observed PD pathologies, such as mitochondrial dysfunction and
oxidative stress (Winklhofer and Haass 2010; Dias et al. 2013). Mitochondrial function is
reported to be a determining factor of ROS production within the cell (Murphy 2009).
Generation of ROS, such as superoxide and hydrogen peroxide, occur when ATP production is
interrupted. This matches the mechanism of action in the MPTP model of PD, where complex |

of the electron transport chain is inhibited (Kopin 1987).



The widely accepted aSyn aggregate pathology is supported by the biological effects of
mitochondrial dysfunction and subsequent ROS production. When ROS levels increase within a
cell, oxidative damage affects proteins, including aSyn (Paxinou et al. 2001; Scudamore and
Ciossek 2018). The same effect was observed when rotenone, a complex I inhibitor, was given to
rats subcutaneously (Sherer et al. 2003). Finding a therapeutic candidate that can affect at least

one of these mechanisms could be vital to turning around the outlook of PD treatment.

B-Alanyl-L-histidine, better known as carnosine (CAS no. 305-84-0), was first identified
in muscle at the beginning of the 1900s (Figure 1) (Quinn et al. 1992). Carnosine was also
discovered in specific regions of the brain and olfactory system, such as the SN and olfactory
bulb (Margolis 1974; Kish et al. 1979). Carnosine localizes to the olfactory bulb via axons of
olfactory neurons after intranasal (IN) administration, signifying its potential to be
therapeutically available to deeper brain regions post-treatment (Burd et al. 1982). Peptide
transporter 2 (Pept2) is responsible for transporting carnosine and is expressed throughout the
body, including the olfactory epithelium (OE) (Teuscher et al. 2004; Kamal et al. 2008;

Bermudez et al. 2019).

Figure 1. Carnosine Structure.



For a pharmacological agent to target neurodegenerative disease pathology, the drug
needs to be in an active form in the brain, which is an obstacle in PD therapy development
(Stocchi and Olanow 2013). In the case of carnosine, IN, versus oral, administration can avoid
drug degradation in the liver or hydrolysis in the serum by carnosinases (Jadhav et al. 2007,
Bellia et al. 2014). Interestingly, the expression of cytosolic non-specific dipeptidase 2 (CNDP2),
which hydrolyzes carnosine to alanine and histidine, is upregulated in the SN of PD patients

(Bellia et al. 2014; Licker et al. 2012).

The most supported mechanism for carnosine action in PD therapy is protection against
oxidative stress. Carnosine achieves this in two ways: scavenging ROS and protecting
superoxide dismutase (SOD) (Hartman et al. 1990; Pavlov et al. 1993; Choi et al. 1999).
Superoxide is a negatively charged free radical (O2¢") that is produced when oxidative
phosphorylation in the electron transport chain is interrupted and reducing equivalents, such as
NADH, build up inside the mitochondria (Wallace et al. 2010). The superoxide free radical is
converted to H2O2 by SOD. H>O» can subsequently be reduced to a hydroxyl radical (HO¢). HO*
damages macromolecules within the cell, including SOD, reducing the capacity to control further
ROS production resulting from mitochondrial dysfunction. In vivo, carnosine treatment reduced
SOD degradation and prolonged the average life span of mice with an ROS imbalance

(Stvolinskii et al. 2003).

Mitochondrial function is intertwined with oxidative stress and aSyn in PD etiology, and
a mouse model overexpressing aSyn showed decreased expression of complexes I, III, IV, and V
in the electron transport chain (Bermudez et al. 2018). However, IN carnosine treatment in these
mice increased expression of complexes I, IV, and V, showing a potential transcription-level

effect. Relatedly, the function of complex IV was significantly increased in a mitochondrial



function assay (Bermudez et 2018). To assess carnosine’s effects on the PD phenotype, the same
aSyn-overexpressing mouse model was used and IN carnosine treatment prevented the motor
decline observed in the vehicle-treated mice in a dose-related manner (Bermudez et al. 2019;
Brown et al., 2021). IN carnosine also decreased aSyn levels in the OE and SN (Bermudez et al.

2019; Brown et al. 2021).

Carnosine is well tolerated, based on pharmacological studies in rodents (Horisaka et al.
1974; Bae et al. 2013). The LDso in mice is 9,087 mg/kg for intraperitoneal administration
(Horisaka et al. 1974). In the same study, no effects on the central nervous system were observed
below lethal doses. In rats, doses up to 2000 mg/kg per day were well tolerated; no significant
changes in body weight or food consumption were observed (Bae et al. 2013). Organ-specific
toxicity in rats was evaluated by histopathology, but no effect was observed in the bone marrow,

cerebellum, cerebrum, brain stem, hippocampus, heart, lung, liver, or kidney.

In a human trial, carnosine was given to PD patients orally (1.5 g/day) in combination
with L-DOPA, the standard of care treatment (Boldyrev et al. 2008). When compared to the
standard treatment, the carnosine + L-DOPA group had significantly improved clinical
outcomes: rapid hand movement, leg agility, and daily activities. SOD activity in the red blood
cells of the carnosine-treated patients also showed significant improvement when compared to
the standard treatment, supporting the hypothesis that carnosine acts as an antioxidant (Boldyrev

et al. 2008).

Hypothesis

When carnosine was investigated as a potential disease-modifying therapeutic, it showed

neuroprotective potential across several etiologies: oxidative stress, mitochondrial function, and



aSyn aggregation. Oligomerization of aSyn is strongly associated with PD, and IN carnosine
treatment decreases aSyn levels in the OE and SN in vivo (Bermudez et al. 2019; Brown et al.
2021). This supports the observed improvement in motor function in patients treated with
carnosine (Boldyrev et al. 2008). However, the mechanism for the observed aSyn reduction in

the OE and SN is not known.

Epigenetic changes have been implicated in increased risk for PD, and SNCA has two
known CpG islands that can be variably methylated (Qureshi and Mehler 2011; Matsumoto et al.
2010). This project was designed to evaluate epigenetic differences of the Snca CpG islands and
throughout the whole mouse genome in response to IN carnosine treatment. We hypothesized
that the previously observed decrease in aSyn aggregation in the OE and SN is due to
methylation differences in regulatory regions of Snca or other PD-related genes. To test the
hypothesis, reduced representation bisulfite sequencing (RRBS) was performed to evaluate the
methylation status of restriction fragments throughout the mouse genome. Differentially
methylated genes were evaluated for their relevance to PD. Molecular approaches, such as
reverse transcription-quantitative polymerase chain reactions (RT-qPCR) and immunostaining,

were used to further evaluate effects of differential methylation.

DNA Methylation and Follow-up Analyses

Rationale for DNA Methylation Analysis

IN carnosine administration in mice was shown to decrease aSyn levels in the OE, but the
mechanism behind that decrease was not elucidated (Bermudez et al. 2019). We hypothesized
that epigenetic changes in regulatory regions of the Snca gene or other PD-related genes may be

associated to that previous observation. To test this hypothesis, mice were treated with 2 mg of
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carnosine, intranasally, every day for 8 weeks. Then, reduced representation bisulfite sequencing
was used to portray the methylation profiles of potentially regulatory regions of the mouse
genome. By comparing the methylation status of genes of the carnosine-treated versus the
vehicle-treated mice, we could predict whether a gene’s expression could be upregulated or
downregulated. This process led to identification of other PD-related genes with epigenetic
(DNA methylation) differences after IN carnosine administration. Further analysis of
downstream mRNA expression and protein localization allowed us to compare changes in

methylation to effective regulation of that respective gene.

Methods

Mice and Treatment

Wild type BDF-1 mice were bred for use in experiments (Charles River, strain 099) in the
University of Cincinnati Laboratory Animal Medical Services vivarium under barrier conditions.
At four weeks of age, mice were genotyped, weaned, and randomly assigned to a treatment
group. Mice were weaned to lixit polysulfone shoebox cages with corncob bedding and
enrichment (nestlet and shredded paper). Mice were housed in an inverted 12-hour light-dark
cycle (lights on at 21:00 and out at 09:00). Food and water were provided ad libitum, except
during food restriction. Starting at 4 weeks of age, 2 mg of carnosine was administered
intranasally every day for 8 weeks (Bermudez et al. 2018; Bermudez et al. 2019; Brown et al.
2021). IN dosing was approximately 5 uL per nostril, 10 uL total each day. Control mice
received an equal volume of ultrapure, sterile water. Carnosine (98%) was supplied by Acros
Organics (New Jersey, USA). Carnosine was stored at 4°C and dosing solution was prepared
daily. Carnosine was dissolved in ultrapure sterile water at concentrations of 0.20 mg/uL, for a

total of 2 mg in 10 uL. Animals were monitored for body weight, mortality, and clinical
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symptoms throughout the study. All experiments were conducted under protocols approved by
the University of Cincinnati Institutional Animal Care and Use Committee and in full accordance
with the 8th Guide for the Care and Use of Laboratory Animals. After 8 weeks of carnosine or
vehicle treatment, mice were euthanized with carbon dioxide; the ethmoid turbinates and the
caudal one-third of the nasal septum, which are covered with OE, were harvested as previously
described and frozen at -70°C (Genter et al. 2003). For immunostaining, mice were euthanized,
and nasal cavities were fixed by infiltration with neutral buffered formalin, followed by

decalcification in 10% formic acid. Tissues were embedded in paraffin and sectioned.
Reduced Representation Bisulfite Sequencing and Analysis

Prior to reduced representation bisulfite sequencing (RRBS), DNA was isolated from OE
tissue with Qiagen DNeasy Blood and Tissue kit (Qiagen, cat. 69504). The isolated DNA was
sent to Active Motif® (Carlsbad, CA, USA). Once received, DNA was digested with restriction
enzymes Mspl and Taql to cut C*"CGG and T*CGG sequences, respectively, which ensures
CpG islands at the end of the restriction fragments. A-tail adapters were ligated to the fragments
for compatibility with [llumina 3°-T adapters. Bisulfite conversion deaminated unmethylated
cytosines to form uracil, which were read as thymidine during sequencing. Methylated cytosine
remained unchanged. DNA was PCR-amplified prior to sequencing using the Illumina Next-
Generation Sequencing platform (San Diego, CA, USA). The sequences alignment was
generated by Illumina NextSeq 500, and the information was stored in BAM files. For data
visualization, BAM files were loaded into Integrative Genomics Viewer (IGV, Broad Institute)
to display methylation patterns of restriction fragments. Quantitative differential methylation

data was generated by the DNA methylation analysis package (DMAP), and the fragments were
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annotated by HOMER, which provided details, such as distance to the transcription start site

(TSS) (Stockwell et al. 2014; Heinz et al. 2010).

Differential Methylation Screening

The goal of screening the RRBS data was to observe differences in methylation of
potentially regulatory regions of Snca and other genes related to PD. For a fragment to be
considered, it had to be located within +/- 1000bp of the TSS for the associated gene. When
processing the data, the proportion of a restriction fragment that was methylated for both vehicle-
treated and IN carnosine-treated mice was compared. When an absolute difference of 20%
hypo/hypermethylation was observed for a gene, it was considered a gene of interest (Figure 2).
Previous studies utilized 10-15% differential methylation as a cutoff point when investigating
methylation and mRNA expression (Ng et al. 2012; Blake et al. 2020). Differential methylation
was visualized in IGV using the BAM files provided by Active Motif (Carlsbad, CA).
Subsequently, a literature search was performed for each gene of interest to evaluate previously
described relation to PD. The resulting list of genes was considered for further analysis via

molecular approaches, such as RT-qPCR and immunostaining.
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Figure 2. Diagram of differential methylation calculation and selection of genes of interest.
The percentage methylation of each fragment was provided by the RRBS data. That percentage
was compared between both treatment groups.

Pathway Analysis

Functional enrichment analysis was crucial to elucidating pathways that were collectively
affected by IN carnosine treatment. We excluded fragments outside of the potentially regulatory
range (+/- 1000 bp) and separated them into two categories: hypermethylated vehicle treated
mice and hypermethylated IN carnosine treated mice. From each group, a list of gene identifiers

(e.g. RefSeq) was inserted into ToppFun (https://toppgene.cchme.org/enrichment.jsp, Cincinnati

Children’s Hospital Medical Center), which utilized the list to identify gene ontology (GO)

pathways significantly associated with methylation changes in the respective group.
mRNA Transcript Expression

To evaluate how differential methylation affects downstream expression of Snca and
other genes of interest, we employed reverse transcription-quantitative polymerase chain reaction

(RT-gPCR). RNA was isolated from OE tissue stored in RNAlater " at -20°C using Tri Reagent®
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(Molecular Research Center Inc., cat. TR118). The isolated RNA was reverse transcribed with
the Verso cDNA synthesis kit (ThermoFisher, cat. AB1453A) and stored at -80°C until needed.
Quantitative PCR was performed with the QuantStudio™ 3 Real-Time PCR System
(ThermoFisher, Waltham MA, USA). For PCR, Fast SYBR™ Green Master Mix
(ThermoFisher, cat. 4385612) was used and supplied protocol was followed. Primers for
analyzed genes are found in Table 1 and were produced by Integrated DNA Technologies, Inc.
(IDT, Coralville, IA, USA). Cycle threshold (Ct) values of experimental genes were normalized
to B-actin (Actb) levels to compare expression differences between vehicle and IN carnosine

treated mice.

Table 1. Primers used for real time PCR analysis*

Gene  Gene ID (RefSeq) Forward Primer (5°->3") Reverse Primer (3°->5")
Actb NM_007393.5 AGAGGGAAATCGTGCGTGAC CAATAGTGATGACCTGGCCGT
Snca NM 001042451.2 ACAGTGTGTTTCAAAGTCTTCCAT CTGTAGTGAGAGGGGAGCAC
Ddrl NM_172962.1 CCCTTTGGGCAGCTTACAGA GCCTGGACAAGTAGACCTGC
Gpr4 NM_175668.4 AGTCGGGACCAAGTCAGAGA AGTGGTGGAGCACAGGATTG

*Primers used for real time PCR analysis were designed using NCBI Primer Blast (Bethesda,
MD, USA).

Immunostaining/Confocal Microscopy

Discoidin Domain Receptor Tyrosine Kinase 1 (DDR1):

For staining, sections (5 um) were dewaxed with CitriSolv (Deacon Labs, cat. 1601) and
subsequently hydrated with 95% EtOH, 75% EtOH, and phosphate buffered saline (PBS) plus
Tween (10 mM PB, 0.9% saline, 0.1% Tween-20). Antigen retrieval was performed with
SignalStain® Citrate Unmasking Solution (Cell Signaling Technology, cat. 14746), where the

solution was brought to a boil and kept around 95°C for 10 minutes. The slides in solution were
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then cooled for 30 minutes at RT before washing with dH>O. Endogenous peroxidase was
quenched with 3% hydrogen peroxide, which remained on the slides for 10 minutes at RT.
Sections were washed with dH»O again. Animal-free blocking solution was added to the slides
for 1 hour at RT. Then, sections were incubated with rabbit anti-mouse DDR1 primary antibody
(Cell Signaling Technology, cat. 5583) at 1:1000 in SignalStain® antibody diluent (Cell
Signaling Technology, cat. 8812) overnight at 4°C. After washing with Tris Buffered Saline with
Tween (TBST) (Cell Signaling Technology, cat. 9997), SignalStain® Boost Detection Reagent
(Cell Signaling Technology, cat. 8814), an HRP conjugated anti-rabbit secondary, was added to
the sections. After more washes with TBST, SignalStain® DAB Substrate (Cell Signaling
Technology, cat. 8059) was applied to sections for stain development. Sections were
counterstained with hematoxylin prior to dehydration and mounting with Permount Mounting
Media (Fisher Chemical, cat. SP15). Pictures were taken using a Nikon E400 microscope

equipped with a Moticam 3 camera.

For immunofluorescence staining, Alexa Fluor Plus 555 secondary antibody
(ThermoFisher, cat. A32732) was added for 1 hour at RT to localize DDR1, following the same
protocol as described above. DDR1 was also targeted in a co-localization study to determine its
presence in olfactory dendrites and neurons. To achieve this, olfactory marker protein (OMP)
was targeted with a goat anti-mouse primary overnight at 4°C (gift from Dr. Frank Margolis,
Professor Emeritus, University of Maryland; 1:1500) and, after washing with TBST, sections
were incubated with Alexa Fluor Plus 488 (ThermoFisher, cat. A32814) for 1 hour at RT. DDR1
and OMP primary antibodies were applied to the sections simultaneously, so antibody dilutions
were prepared as double the desired working concentration. The slides were washed with dH,O

after the secondary incubation. For mounting and DAPI staining, Fluoromount Mounting
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Medium with DAPI (ThermoFisher, cat. 00-4959-52) was used. To visualize and capture
pictures of fluorescent staining, a Zeiss laser scanning confocal microscope LSM700 (Zeiss,
Oberkochen, Germany), paired with Zeiss’ ZEN Black software to control exposure, focus, and

intensity across samples was used.

For comparison of DDR1 levels, mean fluorescent intensity (MFI) for both vehicle- (n=4)
and carnosine-treated (n=4) groups was quantified using ImageJ (Shihan et al. 2021). The
average MFI for each group was calculated and plotted for comparison. Standard error of the

mean (SEM) of the MFI readings were used to show variance.
G Protein-Coupled Receptor 4 (GPR4):

Immunofluorescent staining was performed with sections dewaxed and hydrated as
described above. Antigen retrieval was performed with SignalStain® Citrate Unmasking
Solution (Cell Signaling Technology, cat. 14746), where the solution was brought to a boil and
kept around 95°C for 10 minutes. The slides in solution were then cooled for 30 minutes at RT
before washing with dH20. Animal-free blocking solution was added to the slides for 1 hour at
RT. Then, sections were incubated with rabbit anti-mouse GPR4 primary antibody (Novus
Biologicals, cat. NLS145) at 1:90 in SignalStain® antibody diluent (Cell Signaling Technology,
cat. 8812) overnight at 4°C. Co-localization studies were performed with the anti-OMP and a
goat anti-mouse CYP1AT1 (Daiichi Pure Chemicals, 1:250) antibodies, separately. Similar to the
DDRI1 co-localization protocol, antibodies were prepared at double the desired concentration, so
the overnight co-incubation was performed with anti-GPR4 and CYP1A1 antibodies. After
washing with TBST, Alexa Fluor Plus 488 and 555 secondary antibodies were applied to detect

GPR4 and OMP/CYP1AL, respectively. The slides were washed with dH,O after the secondary
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incubation. Fluoromount Mounting Medium, with DAPI (ThermoFisher, cat. 00-4959-52) was
used to seal slides and provide nuclear staining. To visualize and capture pictures of fluorescent
staining, we used the Zeiss laser scanning confocal microscope LSM700 (Zeiss, Oberkochen,
Germany), paired with Zeiss’ ZEN Black software to control exposure, focus, and intensity

across samples.
Copper Metabolism MURR1 Domain Protein 1 (COMMDI):

Staining was performed with sections dewaxed and hydrated as above. Antigen retrieval
was performed with SignalStain® Citrate Unmasking Solution (Cell Signaling Technology, cat.
14746), where the solution was brought to a boil and kept around 95°C for 10 minutes. The
slides in solution were then cooled for 30 minutes at RT before washing with dH>O. Endogenous
peroxidase was quenched with 3% hydrogen peroxide, which remained on the slides for 10
minutes at RT. Sections were washed with dH>O again. Animal-free blocking solution was
added to the slides for 1 hour at RT. Then, sections were incubated with rabbit anti-mouse
COMMDI primary antibody (Proteintech cat. 11938-1-AP) at 1:250 in TBST (Cell Signaling
Technology, cat. 9997) overnight at 4°C. After washing with TBST, SignalStain® Boost
Detection Reagent (Cell Signaling Technology, cat. 8814), an HRP conjugated anti-rabbit
secondary, was added to the sections. After more washes with TBST, SignalStain® DAB
Substrate (Cell Signaling Technology, cat. 8059) was applied to sections for stain development.
Sections were counterstained with hematoxylin prior to dehydration and mounting. Images were

captured with the same system as above.
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DnaJ Homolog C 6 (DNAJC6):

Staining was performed with sections dewaxed and hydrated the same way as above.
Antigen retrieval was performed with SignalStain® Citrate Unmasking Solution (Cell Signaling
Technology, cat. 14746), where the solution was brought to a boil and kept around 95°C for 10
minutes. The slides in solution were then cooled for 30 minutes at RT before washing with
dH»0. Endogenous peroxidase was quenched with 3% hydrogen peroxide, which remained on
the slides for 10 minutes at RT. Sections were washed with dH>O again. Animal-free blocking
solution was added to the slides for 1 hour at RT. Then, sections were incubated with rabbit anti-
mouse DNAJC6 primary antibody (Novus Biologicals cat. NBP1-81507) at 1:500 in
SignalStain® antibody diluent (Cell Signaling Technology, cat. 8812) for 2 hours at RT before
moving to 4°C overnight. After washing with TBST, SignalStain® Boost Detection Reagent
(Cell Signaling Technology, cat. 8814), an HRP conjugated anti-rabbit secondary, was added to
the sections. After more washes with TBST, SignalStain® DAB Substrate (Cell Signaling
Technology, cat. 8059) was applied to sections for stain development. Sections were
counterstained with hematoxylin prior to dehydration and mounting. Images were captured with

the same system as above.
Copper (II) chelation

To evaluate carnosine’s ability to chelate metals, we mixed equal parts of a 0.025M
CuSOs4 (Sigma, cat. C-8027) working solution with carnosine (Acros Organics, New Jersey,
USA) solutions of various concentrations (200 mM, 100 mM, 75 mM, 50 mM, 25 mM, 12.5
mM, 6.25 mM, 3.125 mM, 1.5625 mM, 0.78125 mM). When Cu?" interacts with a molecule’s

amino groups, an increasingly vibrant blue color develops; changes in this color can be measured
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by UV/Vis spectrometry. Absorbance was read at 275 nm wavelength on SpectraMax M2e
(Molecular Devices, San Jose, CA, USA) immediately after mixing, as described previously
(Wen et al. 2017). SoftMax Pro software (Molecular Devices) processed absorbance and

visualized concentration curve.

Results

Methylation Data Analysis of Snca and Other Genes

RRBS was used to evaluate the methylation status of CpG islands throughout the whole
mouse genome from DNA obtained from the OE. A total of 33,844 restriction fragments were
aligned to the genome and identified. Only 5,734 fragments (16.9%) fell within +/- 1000 bp from
the transcription start site, which shows greater potential to regulate gene expression. Out of
these, 127 fragments (2.2%) showed differential methylation of 20% or greater (Table 2). Values
are expressed to indicate % differences in methylation in carnosine-treated tissue compared to

vehicle-treated mouse OE (Figure 2).

The initial focus was to elucidate any difference in methylation of the Snca regulatory
CpG sites following IN carnosine treatment; however, no significant difference was observed in
those regions. Oher Snca-associated fragments showed statistically significant differences in
methylation; however, they fell outside the +/- 1000 bp cutoff and did not show a differential
methylation of at least 20%. Table 2 lists the differentially methylated genes and their distance
from the transcription start site (TSS) and indicates genes (*) that have a relationship to PD or

other neurodegenerative diseases.
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Table 2: Location and methylation status of restriction fragments and their associated genes

Gene Name RefSeq DIStTag ;e to Mzg;e;;gﬁ% %) References
Slc22al3 NM_ 133980 -997 -28.57%
Rab27d" NM._ 023635 -994 20.60% Ginsberg et al. 2011
Zfp109 NM_020262 -99] -29.41%
Mir6418 NR_105846 -968 31.47%
Charp NR_036582 -933 29.46%
Msh3 NM_010829 -925 -21.86%
Ldlrad4 NM_001357444 -908 -21.32%
Gm1647 NR_126533 -887 29.63%
Gplbb NM._010327 -886 22.95%
Ben® NM_007542 -884 32.31% Chen et al. 2020
Tefa NM_ 031199 -834 21.68%
Magohb NM._ 025564 -829 32.24%
Selenow” NM_009156 -807 36.89% Bogi‘lzfla;te;fgozlogl@
Fmo9 NM._001347135 ~790 -25.33%
Anxa¥9 NM_ 023628 782 -22.47%
2610035D17Rik ~ NR_015556 779 -23.34%
Ganab NM_001293621 767 23.17%
Neurlla NM._001163480 754 20.83%
127ra" NM_016671 743 -25.18% Kouchaki et al. 2018
Tysndl NM_001272090 -738 -25.14%
Rmdn2 NM 201361 -704 -38.10%
Snrnp35 NM_029532 676 30.58%
Cds81 NM._ 133655 622 -26.40%
Wdr34 NM_001008498 618 22.53%
Cfap20 NM._008187 -603 -30.56%
Hpca® NM. 001286081 581 24.92% Rudinskiy et al. 2009
Uaplll NM_001033293 -579 -26.84%
Abhds NR_152865 -574 -23.35%
Trim65 NM_178802 571 32.85%
Dgkd NM._ 177646 561 -23.44%
Fbxo2l NM_ 145564 -550 -35.00%
Gprd” NM_ 175668 2509 -26.65% Ig;‘il‘fl‘z eettzll'. 22%22(1;
Spefl NM_027641 -499 -35.00%
Uepl® NM._009463 -480 21.22% Ho et al. 2012
Clecl0a NM_001204252 437 -37.62%
Apobec? NM._ 009694 435 -24.90%
Ppil2 NM._001356386 432 -50.00%
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Dnajc6”
1lirn
Abca2
D130017NOS8Rik
Ankrdl3c
Serpinb6d
DI6Ertd519e
BC051019
Slcball

Nrsn2"

Gm20735
Tmemli73
Tmem128
Lceba
5430419D17Rik
Fbxo27
Eid2b
2410004101 Rik
Synel
Mxra8
Commdl”
Aatk
Mir8111
Mir7230
Bdhli
Olfr29-psl
Lrre52
Ffar3”
Bnip3l
Olfr698
1700066C05Rik
Olfr750
Vmnlr68
Hymai
Tmc4
Impact
Mtnrlb
Lypd4
Gmo6l16
Nanos?2
Griplosl

NM_198412
NM_ 031167
NM_007379
NR_015486
NM_001359909
NM_001076790
NR_040474
NM_001040700
NM_ 172890

NM_001009948

NR 015497
NM_001289592
NM_ 001356960
NM_ 001166172
NM_175166
NM 207238
NM_ 001177427
NR 037963
NM_ 001347711
NM_024263
NM_ 001361661
NM_001198787
NR 106191
NR_106089
NM_175177
NR 033638
NM_001013382
NM 001033316
NM_009761
NM_ 146602
NM 030146
NM_207558
NM 001172072
NR_131912
NM_ 181820
NM_001357396
NM_ 145712
NM_ 182785
NR_045866
NM_ 194064
NR_131760

-428
-410
-407
-377
-366
-362
-356
-344
-315

314

-293
-292
-251
-226
-192
-189
-182
-174
-127
-109
-100

105
107
118
151
158
184
187
196
265
271
284

22

-25.59%
-30.42%
-27.65%
-27.59%
-21.71%
37.14%
23.01%
22.50%
-20.91%

35.46%

-37.50%
30.36%
20.84%
-52.00%
20.55%
21.38%
20.19%
21.94%
21.86%
23.62%
-32.04%
-36.26%
22.73%
-22.72%
22.75%
21.25%
-21.22%
-31.75%
20.68%
-21.79%
22.25%
24.23%
-24.19%
25.80%
33.45%
-22.41%
30.23%
-24.23%
32.41%
-28.58%
22.76%

Roosen et al. 2019

Nakanishi et al. 2006;
Umschweif et al. 2021

Vonk et al. 2014

Hou et al. 2021



Fabp2
Lingo3”

D730005E14Rik
Tkfc
Kifl4
Lrtml

Ddrl”

4930519L02Rik
Mgarp
Nsdl
Zfp872
Rpsl19
Atg9b
Col4a3
Mir6927
Vmn2r29
Foxa3
Rfpl4b
Mak
Handl
Csdc2
Mir7212
Polr2h
Mir3569
Gm44
Nat§
Lipo3
Tnfaip8i2
Gm12992
Sgcd
Histlh4n
Slc38a6

Neatl”

Dysf
Hpcal4
Cisd3
1700012C14Rik
Ocell
Meg3®

NM_ 007980
NM_ 001359746

NR 030675
NM_ 145496
NM_001287179
NM_ 176920

NM_172962

NM_029164
NR 028121
NM_008739
NM_001033813
NM 001360115
NM_001002897
NM_007734
NR_105892
NR_003555
NM_008260
NM_001177783
NM_008547
NM_ 008213
NM_ 145473
NR 106071
NM_001356423
NR 106134
NM_001101450
NM_001362060
NM 001013770
NM_027206
NR 102394
NM_011891
NM 175657
NM_ 001037717

NR 131212

NM_001077694
NM_ 174998
NM_001085500
NR_131049
NM_001293800
NR 027651

304
307

307
322
324
336

338

355
358
371
374
385
388
393
412
425
455
477
484
521
553
581
628
631
632
636
664
665
700
704
714
717

728

740
746
750
759
771
798

23

25.00%
-26.45%

20.77%
-24.68%
-26.22%
-22.44%

21.46%

-58.86%
24.27%

20.01%

-20.41%
-65.95%
23.98%

-20.00%
-22.47%
-34.94%
47.78%

21.66%

-26.67%
-27.27%
-24.24%
24.44%

48.35%

-27.04%
-23.44%
29.55%
28.00%
-31.05%
-26.86%
-20.00%
-26.32%
-20.32%

-31.27%

31.00%
23.84%
-20.83%
25.67%
23.01%
22.04%

Inoue et al. 2007,

Guillemain et al. 2020

Zhu et al. 2015;

Hebron et al. 2017

Liu & Lu 2018; Liu et

al. 2020

Quan et al. 2020



Syapl NM 025932 810 27.06%

Fam7lel NM_028169 816 -29.93%
1110004E09Rik ~ NM._026502 912 31.86%
Yifla NM_026553 912 22.77%
Neatl” NR 131212 925 -28.36% Liu & Lu 2018; Liu et
- al. 2020
Olfi90 NM_ 146477 935 50.79%
Zfpve26 NM_001008550 950 -26.97%
Dnaaf3 NM_001033548 951 -34.38%
, Zhou et al. 2011; Pri
Fr NM_010169 965 -32.52% ou thl‘ 2%20’ ce
Spe2s NM_025565 985 23.61%

List of differentially methylated genes that were investigated for association to neurological
function. Each restriction fragment from RRBS analysis was associated with a gene name. The
listed 127 fragments passed the following criteria: (1) within +/- 1000 bp of TSS of the respective
gene and (2) differential methylation of +/- 20%. *Genes associated with PD or neurological
function

After a literature search of the 127 gene fragments that met criteria, several genes had
previous research showing an association to PD, including discoidin domain receptor 1 (Ddrl),
G protein-coupled receptor 4 (Gpr4), Dnal homolog C 6 (Dnajc6), and copper metabolism
MURRI1 domain protein 1 (Commd]I). From our RRBS analysis, DNA methylation was
increased by 21.5% in a potentially regulatory region of the Ddrl gene after IN carnosine
treatment, signifying a decrease in mRNA and protein level downstream (Table 2). For Gpr4, the
carnosine treated mice had 26.65% less methylation on its potentially regulatory fragment,
signifying an increase in transcript expression and protein level. That trend continued for both

Dnajc6 and Commdl, which had 25.59% and 32.04% less methylation, respectively.

The methylation profile for each fragment varied between treatment and is able to be
visualized with IGV (Figure 3). Increased methylation after carnosine treatment for the DdrI-
associated fragment is represented by an increase in the amount of red on the chart when

compared to the vehicle group (Figure 3A). Conversely, hypomethylation is shown for Gpr4,
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Dnajc6, and Commd 1 by a decrease in red after carnosine treatment (Figure 3B-D). Analyzing
transcript expression and protein localization to the OE via RT-qPCR and immunostaining,
respectively, will provide us with further information on how differential methylation of these

fragments affects them downstream.

A Vehicle Carnosine B Vehicle [ Carnosine

C Vehicle I Carnosine D ‘Vehicle J Carnosine

1 lid

Figure 3. Alignment of Ddrl, Gpr4, Dnajc6, and Commd1 fragments displays
differential methylation profile exhibited by carnosine treatment. The BAM files

produced from RRBS analysis contain genome sequence and methylation information. Files
were uploaded into Integrative Genomics Viewer (IGV) for sequence alignment and
visualization of methylation differences. These diagrams located the Ddrl (A), Gpr4 (B),
Dnajc6 (C), and Commd1 (D) fragments. The red regions are areas of hypermethylation. In
combination with the quantitative data for these fragments, Ddr/ shows hypermethylation,
while Gpr4, Dnajc6, and Commdl show hypomethylation after carnosine treatment.
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RT-gPCR

To evaluate the downstream effects of the methylation changes discussed above, RT-
qPCR was performed with RNA isolated from mouse OE tissue. Snca, Ddr1, and Gpr4 Ct values
were evaluated for vehicle treated (n=2) and IN carnosine treated (n=2) samples, and relative
expression was calculated with Actb and the 222 method (sample size was limited due to RNA
degradation in other stored samples). In mice treated with IN carnosine, there was no difference
in Snca expression, which corresponds to the lack of methylation change observed in the RRBS
analysis (Figure 4A). Ddrl and Gpr4 both showed near-2-fold decreases after IN carnosine
treatment (Figure 4B-C). The Ddr1 result corresponds with the increased methylation reported
from the RRBS analysis. However, Gpr4 expression would have been expected to increase based

on its decreased methylation.

A Sncal/B-actin B Ddr1/B-actin C Gpr4/B-actin

1a 14

1.0

mRNA Relative Expression
06
1
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0.2
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0.0

Figure 4. Gene expression analysis of Snca, Ddrl, and Gpr4 in mice treated with carnosine.
RT-qPCR analysis was performed with olfactory epithelial tissue to verify observed methylation
changes from RRBS analysis for Snca (A), Ddrl (B), and Gpr4 (C). Vehicle treated mice (n=2)
were administered dH>O, while IN Carnosine treated mice (n=2) were given 2 mg/day.
Expression of each gene was calculated relative to S-actin.
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Immunostaining
DDRI:

When considering how the other genes of interest may affect aSyn levels in the OE, a
first step was to elucidate the cellular localization of these proteins. To observe DDR1 in mouse
OE, we used anti-DDR1 antibody and developed the stain with DAB as the chromogen (Figure
5). This experiment showed that DDR1 is present in the OE and nerve bundles of the nasal cavity
in vehicle and carnosine treated mice (Figure SA-B). At higher magnification, staining was

observed in the dendrites of olfactory neurons in the OE (Figure 5C).

Figure 5. Immunohistochemistry staining suggests DDR1 localization to olfactory
neurons and nerve bundles in the olfactory mucosa. DAB development showed DDRI1 in
the olfactory epithelium and nerve bundles of vehicle (A) and carnosine treated (B) mice
(20X). Dendrites of olfactory neurons with DDR1 present are seen at higher magnification
(40X) (C). Sections were counterstained with hematoxylin. OE: Olfactory epithelium; NB:
Nerve bundle; ON: Olfactory neuron.
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To confirm localization of DDR1 to olfactory neurons, a co-localization experiment was
performed with olfactory marker protein (OMP), which is known to localize to mature neurons
of the OE (Johnson et al. 1993) (Figure 6). The yellow fluorescence represents overlap between
DDRI1 and OMP, which can be in olfactory nerve cell bodies and projections toward the surface
of the epithelium. Fluorescent signal from the nerve bundles further supports the presence of
DDRI in neurons throughout olfactory neurons (Figure 6D-E). Signal development settings were

kept constant during image acquisition to ensure reliable fluorescence quantification.

E

Figure 6. Inmunofluorescent co-localization with OMP confirms the presence of
DDRI1 in olfactory neurons and nerve bundles. DDR1 (A) is present throughout the
olfactory epithelium (20X). OMP (B) is present in the epithelium and appears to fluoresce
more intensely in the olfactory neurons (20X). DDR1 and OMP co-localization
confirmed the presence of DDR1 in dendrites of olfactory neurons (C) (20X). Further
study confirmed DDR1 is present in the nerve bundles, signifying its localization to
neurons throughout the olfactory epithelium (red signal D-E). ON: Olfactory neuron; NB:
Nerve bundle.
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To further elucidate potential effects of methylation differences on downstream DDR1
levels, we used ImageJ to quantify the difference in mean fluorescence intensity (MFI) between
vehicle (n=4) and carnosine treated groups (n=4) (Shihan et al. 2021). No significant difference
in MFI was observed between the two treatment groups (-12.2%, p =0.40) (Figure 7). Based on
the differential methylation and mRNA expression results for Ddr 1, the difference in protein

level quantified using MFI would have been expected to decrease in mice treated with carnosine.

DDR1 Fluorescent Intensity

20

15
1

Mean Fluorescent Intensity
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Figure 7. DDR1 protein level did not change in carnosine-treated mice.
Immunofluorescence staining was used to quantify the amount of DDR1 in the OE. Mean
fluorescent intensity (MFI) was calculated with ImagelJ. Vehicle-treated mice OE sections
(n=4) had 12.2% more DDRI1 than carnosine-treated mice (n=4), but this was not
statistically significant (p=0.40). Error bars represent standard error of the mean (SEM).
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GPRA4:

Since the homogenized olfactory mucosa tissue, containing multiple cell types, was
utilized for RRBS analysis, immunolocalization of GPR4 in the OE was evaluated for future
understanding of its potential function. Similar to DDR1, we compared GPR4
immunolocalization to that of OMP to evaluate GPR4’s potential presence in olfactory neurons
(Figure 8). The neurons fluoresced with the green signal of OMP, but GPR4 was not present in
the same cells (8 B-C). However, the GPR4 signal (red) appears to localize in Bowman’s glands
and the ducts of Bowman’s glands leading to the surface of the epithelium (8 A-C). To further
confirm localization to Bowman’s glands and ducts, co-localization of GPR4 and CYP1A1 was
used to identify whether those regions with GPR4 fluorescence are Bowman’s glands or
olfactory ducts. CYP1A1 and other cytochrome P450 enzymes have been immunolocalized to
Bowman’s glands, with some predicted to be secreted by Bowman’s glands (Voight et al. 1993;
Genter et al. 2006). This was an unexpected finding, as an additional role of GPR4 is in pain
perception, so immunolocalization to trigeminal nerve fibers in the epithelium was the expected

outcome (Ru et al. 2015; Miltz et al. 2017; Velcicky et al. 2017).
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Figure 8. Immunofluorescent co-localization shows absence of GPR4 in neurons and
presence in the ducts of Bowman’s glands in the mouse olfactory epithelium. GPR4 (A) is
present throughout the olfactory epithelium (20X). OMP (B) is present in the epithelium, but it
appears the fluorescence is more intense in the olfactory neurons (ON) and subepithelial nerve
bundles (NB) (20X). GPR4 and OMP co-localization showed a lack of GPR4 in olfactory
neurons; however, GPR4 appears to localize to the acinar cells of Bowman’s glands (AC) and
within ducts of Bowman’s glands (C) (20X). Further study confirmed GPR4 is present in the
ducts of Bowman’s glands via co-localization with CYP1A1 (D-E). ON: Olfactory neuron; NB:
Nerve bundle; AC: Acinar cells; BD: Duct of Bowman’s gland.
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DNAJC6:

Previous studies have identified selective expression of DNAJC6 in neurons, so we
would expect to find that DNAJC6 localizes to olfactory neurons and nerve bundles in the
olfactory mucosa (Edvardson et al. 2012). The immunostaining pattern shows signal
development along the apical surface of the epithelium, which could potentially signify the
presence of DNAJC6 in the dendrites of olfactory neurons (Figure 9). Also, staining appears in
the nerve bundles that are found below the basal membrane and near the top of the field of view

(Figure 9).

Figure 9. Inmunohistochemistry staining shows the presence of DNAJC6 in the nerve
bundles and along the surface of the olfactory epithelium. DAB development showed
DNAJCG6 near the apical surface of the epithelium (OE), which may include the dendrites of
olfactory neurons, and nerve bundles (NB) of the olfactory epithelium in mice (40X).
Sections were counterstained with hematoxylin.
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COMMDI:

To localize COMMDI1 in mouse OE, we used anti-COMMD1 antibody and developed
the stain with DAB as the chromogen (Figure 10). This experiment showed that COMMDI1 is

present in the sustentacular cells and Bowman’s glands of the OE (Figure 10).

Figure 10. Immunohistochemistry staining shows the presence of COMMDI1 in the
sustentacular cells and ducts of Bowman’s glands in the olfactory mucosa. DAB
development showed COMMDI in the sustentacular cells (SC) and the ducts of Bowman’s
glands (BG) of the olfactory epithelium in mice (40X). Sections were counterstained with
hematoxylin.

Copper (Cu?**) Chelation

Due to the difference in methylation of Commd1 in our RRBS analysis, its role in copper
homeostasis, and previous reports of carnosine’s metal-chelating activity, we investigated the
potential ability of carnosine to chelate Cu?* (Gromadzka et al. 2020; Boldyrev et al. 2013). The
method used was based on previous observations that showed the amine groups of
polyethyleneimine form a complex with copper, which produces a blue color that shows
maximum absorption at a wavelength of 275 nm (Wen et al. 2017). As shown in Figure 1,
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carnosine has 4 amine groups available to interact with Cu?" ions. In our investigation, copper

sulfate (CuSO4) was briefly incubated with varying concentrations of carnosine to establish the
minimum carnosine concentration required to maximize absorbance at 275 nm. The absorbance
maximum occurs with carnosine concentrations greater than 12.5 mM or a ratio of 0.5 moles of

carnosine per mole of Cu?* (Figure 11).

A B
o 7] o 7]
= .
0 4 0 4
~ N
o | /! o | /i
g 7 /I g «~7 /!
= I = ‘ |
8 v | | 8 v | |
o £ | o = / |
a I 2 [
2 o | | < o ] | |
i = + |
To] ‘ | [T} ‘ |
o |* 1 o |* I
I |
Q [ O |
= T | | | S 7T T 11
0 20 40 60 80 00" 05 10 15 20 25 30
Carnosine Concentration (mM) Moles of carnosine per mole of Cu

Figure 11. Assessment of carnosine-Cu’** complex formation using absorbance
confirms carnosine’s ability to chelate copper. Absorbance measured at 275 nm
determined that 12.5 mM carnosine was the concentration where maximum chelation of
Cu?* occurs (A). For every mole of Cu?*, 0.5 moles of carnosine are required to achieve
maximum complex formation (B).

Pathway Analysis

ToppFun was used for functional enrichment analysis to identify pathways that may be
affected by IN carnosine treatment. Every fragment within 1000 bp of the TSS was split into one
of two groups: increased or decreased methylation after carnosine treatment. Subsequently, the
list of genes from each group was processed in ToppFun, which provided Gene Ontology (GO)
pathways significantly associated with the change in that group. Pathway analysis showed the

relationship between IN carnosine treatment and epigenetic changes of neurological pathways

34



(Figure 12). Hypomethylated pathways, such as neurotransmitter transport and synaptic
signaling, would be expected to have genes with increased expression, potentially improving
activity of those pathways. Conversely, genes in hypermethylated pathways would be predicted
to have decreased expression and lower activity. Affected genes were determined to be involved
with regulation of neurogenesis and nervous system development. There are also three shared

pathways between the two groups: brain development, neuron projection, and neuron projection

morphogenesis.
neurotransmitter transport
regulation of synapse structure or
clivity
synaptic signaling
Hypomethylated regulation of neuratransmitter
; secretiol
brain development
dendrite development
[ regulation of neurotransmitter levels
axon ment | neuron projection development

\ neuron projection morphogenesis
axonogenesis |
1
Hypeérmethylated

neuron projection guidance

ogenesis

regulatio# of neu

regulation of nerveus system
development
neurablast division
axoh guidance

Figure 12. Pathway analysis network map displays trend of neurological pathways affected
by differential methylation in carnosine-treated mice. Based on Gene Ontology output from
ToppFun, an interaction network was constructed using Cytoscape. The hypermethylated group
refers to gene fragments that had increased methylation after carnosine treatment. The
hypomethylated group refers to gene fragments that had decreased methylation after carnosine

treatment.
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Discussion

RRBS and Methylation of PD-related Genes

Global DNA methylation analysis, as we have performed, has not been previously
conducted in the context of PD or carnosine. Studies have used similar methods to analyze
pathways affected by methylation in other neurological diseases, such as Huntington’s disease
and Alzheimer’s disease (Ng et al. 2012; Altuna et al. 2019). Our gene-specific approach
evaluated criteria, such as distance to the TSS and proportional methylation, to identify genes
that could have altered downstream expression as a result of differential methylation between
vehicle and carnosine treated mice. Initially, our study evaluated Snca, which is widely
implicated in development and progression of PD through overexpression or aggregation of aSyn
(Spillatini et al. 1998; Bras and Outeiro 2021). Based on previous findings, IN carnosine
treatment in mice was shown to decrease aSyn aggregation in the OE (Bermudez et al. 2019).
Our RRBS analysis showed that regulatory CpG islands associated with Snca were not
significantly methylated, signifying that decreased aSyn accumulation is not due to differential

methylation.

Following Snca, a literature review was performed on each gene associated to a fragment
that passed our evaluation criteria to see if there has been an established connection to PD or
another neurological disease. From that list, four genes were identified for further analysis: Ddr1,
Gpr4, Dnajc6, and Commd]. In our analysis, increased methylation of a Ddrl promoter was
observed, which corresponds with decreased Ddrl expression. DDR1 is a tyrosine kinase that
plays a role in cell proliferation and differentiation. It is present throughout the CNS and has
been shown to have increased expression in the brains of post-mortem PD patients (Zhu et al.

2015; Hebron et al. 2017). Clearance of neurotoxic proteins, such as aSyn, was increased in mice
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treated with nilotinib, an inhibitor of DDR1 activity (Hebron et al. 2013). Knockdown of DDR 1
levels was also associated with increased clearance of aSyn in mice (Hebron et al. 2017). These
previous results identified DDR1 as a putative drug target for PD. A decrease in DDR1 levels
after carnosine treatment corresponds with the previously observed aSyn decrease resulting from
inhibited/knocked-out DDR1 in vivo. If carnosine affects downstream production of DDR1, that
provides reasoning for the decreased amount of aSyn in the OE of mice treated with carnosine

(Bermudez et al. 2019).

GPR4 is a receptor that is present in vascular endothelial cells and in neurons throughout
the brain, where it plays a role in pro-inflammatory responses and respiration, respectively
(Krewson et al. 2020; Hosford et al. 2018). It has been associated with promotion of
inflammation and cancer cell progression (Wang et al. 2018; Yu et al. 2019). In the context of
PD, GPR4 inhibition/knockout has been shown to decrease the pro-apoptotic effects of MPP*
treatment in vitro (Haque et al. 2020). Further, in vivo inhibition of GPR4 protected mice treated
with MPTP from neuronal loss in the SN, the brain region most associated with PD (Haque et al.
2021). The SN is the brain region most affected in PD patients, and carnosine treatment in
patients has been shown to improve clinical outcomes (Boldyrev et al. 2008). Therefore, the
neuroprotective effect of GPR4 may be realized with increased methylation and, therefore,
decreased expression downstream. However, our RRBS analysis showed decreased methylation

in carnosine-treated mice, contradicting the perceived beneficial effect of GPR4.

The DNAJC protein family plays an important role in vesicular transport with clathrin-
coated vesicles (CCVs) and protection against misfolded/denatured proteins via stimulation of
heat shock proteins (HSPs) (Umeda et al. 2000; Stetler et al. 2010). Auxilin, encoded by Dnajcé,

is primarily responsible for uncoating CCVs and is selectively expressed in neurons (Edvardson
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et al. 2012). Dnajc6 mutations, which affect auxilin function in neurons, have been associated
with juvenile parkinsonism and early-onset PD (Koroglu et al. 2013; Olgiati et al. 2016; Roosen
et al. 2019). Although a mechanism has not been elucidated, endocytosis of clathrin-coated
synaptic vesicles is impaired by auxilin loss of function (Morgan et al. 2001). CCVs are present
in olfactory receptor neurons, where they play a crucial role in endocytosis of odorant receptors,
so we would expect to find auxilin present in olfactory neurons in the epithelium (Mashukova et
al. 2006). After carnosine treatment, a fragment associated with Dnajc6 showed decreased
methylation, potentially increasing expression. If decreased function of auxilin favors
development of PD, then increased expression resulting from carnosine treatment could be
beneficial in protecting against PD by improving synaptic transmission and decreasing misfolded

protein.

COMMDI is a protein that specifically binds to Cu*" and interacts with other proteins,
such as NF-«B, to alter their activity or increase ubiquitination and subsequent proteolysis
(Narindrasorasak et al. 2007; Maine et al. 2007). COMMDI protein-protein interactions play a
role in copper homeostasis and copper transport diseases. Menkes disease results from a
mutation in ATP7A, a copper transporter, which can be bound by COMMDI, restoring its
copper export function (Vonk et al. 2012). In neurodegenerative disorders, such as Alzheimer’s
disease and PD, copper dysregulation has been implicated in various pathologies, including
protein aggregation (Gromadzka et al. 2020). While COMMDI has not been directly associated
with a role in copper toxicity in the brain, it has been shown to improve clearance of aggregated
Parkin, a protein that is implicated in PD progression, so it may also be involved in clearance of
aSyn as well (Vonk et al. 2014). Further, an interaction between copper, COMMD1, and protein

aggregates in the brain could provide a basis for COMMDI1 activity in PD. If COMMDI levels
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increase after treatment, an additive metal-chelating effect could be achieved due to the
individual chelating activities of carnosine and COMMDI1 (Narindrasorasak et al. 2007,
Boldyrev et al. 2013). Between improved protein degradation and copper regulation, increased

levels of COMMD1 show potential for preventing PD or delaying the progression of the disease.

mRNA Expression

After identifying genes of interest from the RRBS analysis, we investigated downstream
effects to evaluate how the epigenetic differences between treatment groups could affect
potential pathologies, starting with RT-qPCR. Using the primers listed in Table 1, we evaluated
mRNA expression of Snca, Ddrl, and Gpr4, which were normalized to B-actin. The relative
expression of each gene was shown and compared to the respective methylation profile;

however, the sample size was not large enough to evaluate statistical significance.

Differential methylation of the Snca promoter was not observed with RRBS, and the
mRNA expression corresponded to that, showing no difference between treatment groups. Ddr!
and Gpr4 portrayed significant differential methylation of regulatory regions in the RRBS
analysis, but both genes showed near-two-fold changes in expression after carnosine treatment.
Ddr1 expression decreased, which corresponds to the observed increased methylation in
carnosine-treated mice. However, the expression difference for Gpr4 did not correspond to its
methylation profile; transcript expression decreased when it would have been expected to
increase based on the decreased methylation in the one CpG site. If there is a more crucial
regulatory CpG site that was unchanged after carnosine treatment, that could explain why
differential methylation on the evaluated fragment may not lead to the difference predicted by

the methylation profile.
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Immunostaining

When evaluating methylation or transcript expression in homogenized mouse OE tissue,
it is impossible to understand where the protein that corresponds to the target gene localizes in
vivo. Elucidating cell-specific expression could be crucial in hypothesizing potential mechanism
of action or role of a protein, which promotes future research. In the context of this study, DDRI1,
GPR4, DNAJC6, and COMMDI1 have all been associated with neurological function, but their
location in the mouse OE had yet to be identified (Hebron et al. 2013; Haque et al. 2021; Roosen

et al. 2019; Vonk et al. 2014).

DDRI1 has been shown to be expressed in the CNS, specifically in neurons (Zhu et al.
2015). In Figures 5 and 6, we show that DDR1 localizes to the nerve bundles and the dendrites of
olfactory neurons throughout the OE. By co-staining with olfactory marker protein (OMP),
which is specifically found in mature olfactory receptor neurons, we were able to demonstrate
the presence of DDR1 in the olfactory neurons (Farbman & Margolis 1980). With its presence in
neurons in the OE and brain, DDR1 could play a role in the observed of decreased aSyn
aggregation in the OE and SN in carnosine-treated mice (Bermudez et al. 2019, Brown et al.
2021). Intranasally-administered carnosine has been shown to penetrate to the olfactory bulb via
the axons of olfactory neurons, showing its potential to reach deeper brain regions (Burd et al.
1982). So, carnosine treatment could potentiate the action of DDR1 in decreasing aSyn in the
midbrain and improving clinical symptoms, as reported (Brown et al. 2021; Boldyrev et al.
2008). Further, we utilized immunofluorescence to quantify a treatment-specific effect on DDR1
levels in the OE, which showed no significant difference between the treatment groups (Figure

7).

40



Previously, GPR4 has been localized to vascular endothelial cells and neurons in various
brain regions, but it has not been identified in mouse OE (Huang et al. 2007; Hosford et al.
2018). Similarly to DDR1, we attempted to co-localize GPR4 with OMP to identify its presence
in olfactory neurons, but no overlap was present. However, GPR4 fluorescence appeared in the
acinar cells and ducts of Bowman’s glands, which has not been previously shown. To confirm
this, co-localization was performed with CYP1A1, an enzyme previously predicted to be present
in and secreted by Bowman’s glands in the olfactory mucosa (Voight et al. 1993; Genter et al.

2006).

DNAJCS6 has previously been reported to be expressed in neurons, but this had not yet
been clarified in the olfactory mucosa (Edvardson et al. 2012). Our studies show DNAJC6
localizes near the apical surface of the OE and in nerve bundles. This signifies that DNAJC6
might be specifically expressed in the dendrites of olfactory receptor neurons. In the cell,
DNAJCG6 is responsible for removing clathrin from CCVs, so its presence near the interface of
the epithelium and the nasal cavity could infer a role in internalization of olfactory receptors that
must undergo endocytosis (Mashukova et al. 2006). Moreover, clathrin is one of the proteins that
helps form synaptic vesicles responsible for neurotransmission, so improving functionality of
endocytosis could prove beneficial in mitigating the characteristic motor deficits observed in PD

(Kononenko et al. 2014).

COMMDI is a ubiquitously expressed protein that has been reported to play a crucial
role in hepatic copper regulation and protein ubiquitination (Burstein et al. 2005; Maine et al.
2007; Vonk et al. 2011). In the olfactory mucosa, COMMDI1 appears to be expressed in the
sustentacular cells and Bowman’s glands, but further co-localization studies need to be

performed to confirm this observation. The presence of COMMDI in the OE portrays its
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potential to be involved in decreasing aSyn aggregation observed after carnosine treatment
(Bermudez et al. 2019). Similar to DDR1, COMMDI is expressed in the brain, so carnosine
localization to deeper brain regions could promote increased COMMDI activity, decreasing

aSyn in the SN and improving clinical outcomes (Boldyrev et al. 2008; Brown et al. 2021).
Carnosine Chelation of Copper (11)

Dysregulation of copper homeostasis has been implicated in several neurological
diseases, including PD (Gromadzka et al 2020). Knowing COMMD1’s role in copper regulation
and carnosine’s metal-chelating properties, we investigated whether carnosine is able to
efficiently chelate Cu?* through an absorbance-based assay (Vonk et al. 2014). Using various
concentrations of carnosine, we generated a concentration curve which showed that a 12.5 mM
carnosine solution is sufficient to maximize absorbance at 275nm wavelength, signifying that
only 0.5 moles of carnosine are required to chelate the Cu** available in solution. The carnosine-
Cu?" complex forms due to interactions between amine groups in carnosine (Figure 1) and Cu®*;
the reactivity between amine groups and Cu®" was previously established with
polyethyleneimine (PEI), which required 4 moles of PEI for each mole of Cu®" (Wen et al.
2017). Based on the association of copper dysregulation and PD, carnosine’s ability to chelate
Cu?" and potentially increase COMMDI activity provides reason for the observed decrease in
aSyn aggregation in mice and improved clinical outcomes in PD patients (Boldyrev et al. 2008;

Bermudez et al. 2019, Brown et al. 2021).
Pathway Analysis
One commonly utilized method to analyze global methylation data is functional

enrichment, which can determine pathways whose genes are most commonly affected by a
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treatment, such as carnosine in this study. We used ToppFun to perform our analysis and found a
trend of affected pathways related to the nervous system and neurogenesis (Chen et al. 2009).
The RRBS data was split into two groups: increased methylation and decreased methylation in
carnosine-treated mice. This style of analysis does not provide insight into how the function of
each pathway may be affected. For example, genes related to synaptic signaling tend to be
hypomethylated after carnosine treatment, which means their expression would be expected to
increase. However, the genes involved in synaptic signaling could be beneficial or detrimental to
the pathway, so it can be difficult to discern whether carnosine is improving or worsening each

pathway.

Interestingly, DDR1, aSyn, and DNAJC6 have each been associated with several of the
affected pathways. DDR1 is associated with cell proliferation, which could play a role in
developmental pathways, such as brain and neuron projection development (Zhu et al. 2015).
These are mostly associated with hypermethylation in our analysis, just as the Ddr/ fragment
was hypermethylated in the carnosine-treated mice in the RRBS analysis. Conversely, the
hypomethylated cluster includes pathways related to signaling, including neurotransmitter
transport and synaptic signaling. This also relates to our genes of interest, Snca and Dnajcé,
which encode proteins involved with the function of vesicles in signaling (Maroteaux et al. 1988;
Umeda et al. 2000). DNAJC6 assists in uncoating CCVs, which are a found in olfactory receptor
neurons in the OE, and aSyn commonly localizes to presynaptic terminals (Mashukova et al.

2006).

Future Directions

To further this line of research and elucidate more of the beneficial mechanism of IN

carnosine, more studies can be performed to investigate other genes and proteins. There are other

43



genes that we were unable to study that we believe warrant further consideration as genes of
interest. These genes still passed all quantitative criteria from the RRBS analysis, such as
distance to TSS and methylation difference, but lacked the strong associations to neurologic
function or ability to measure downstream effects with RT-qPCR and immunostaining. One
example is ribosomal protein S 19 (Rpsi9). Rps19 is one of the constituent proteins of the small
40S subunit of ribosomes (Caterino et al. 2014). In our RRBS analysis, the Rps9-associated
fragment was 65.95% less methylated in carnosine-treated mice. This was the largest absolute
difference out of the 127 fragments that passed the evaluation criteria. However, there is a lack
of literature on how its function may affect aSyn aggregation or PD phenotypes, despite the

potentially large change in expression resulting from the differential methylation.

Two other genes that warrant future investigation are uncoupling protein 1 (Ucp!) and
Nuclear Paraspeckle Assembly Transcript 1 (Neatl). Ucpl encodes UCP1, which is a
mitochondrial protein that endogenously reduces the production of ROS resulting from oxidative
phosphorylation (Ho et al 2012). In our analysis, Ucp! was hypomethylated n carnosine-treated
mice (-21.22%). Mitochondrial function and oxidative stress are thought to promote
development and progression of PD, so a protein that alleviates that risk, such as UCP1, could be
beneficial (Winklhofer and Haass 2010; Dias et al. 2013). NEATI is a long non-coding RNA
that has been associated with PD (Liu & Lu 2018; Liu et al. 2020). In the RRBS results, there
were two fragments associated with Neat!, and they both portrayed substantial changes (-31.27%
and -28.36%). Further research could likely be done with both genes to further the scope of the

methylation data.

To develop the findings on genes we have already analyzed, there are two steps we can

take: increase sample size for gene expression analysis and continue with immunostaining for
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DNAJC6 and COMMDI1. Using immunofluorescent analysis, similar to what was utilized for
DDRI1 and GPR4, we could confirm localization of DNAJC6 and COMMDI to olfactory
neurons and Bowman’s glands, respectively. Further, we can assess how carnosine treatment
affects protein levels, which could then be compared to the RRBS data to evaluate how
differential methylation affects downstream expression. When isolating RNA for reverse
transcription and subsequent qPCR analysis, we lacked a substantial number of viable samples to
develop the desired statistical power. In future studies, harvesting OE tissue from more mice
would provide us with enough data to find potentially significant changes in transcript
expression. As for DNAJC6 and COMMD1 immunostaining, we have been unable to identify a
reliable protocol for localizing the proteins. With more resources, localizing the protein in the
OE and quantifying the difference in protein level between treatment groups could provide
reason to continue research into the relationship between carnosine and DNAJC6. Similarly,
quantifying the difference in COMMDI1 protein level via immunofluorescent staining could
provide insight into how hypomethylation of the Commd1 fragment in carnosine-treated mice

corresponds to downstream effects on protein and activity.

Conclusions

Epigenetic changes are considered a mechanism for regulation of downstream protein
expression and may be an effective target in the development of therapeutics. The present study
shows that IN carnosine treatment affects methylation patterns of regulatory DNA regions of
genes whose proteins are associated with neurological function and disease, such as Ddrl, Gpr4,
Dnajc6, and Commd 1. Further, carnosine treatment promoted methylation changes in several
pathways related to neurogenesis, brain development, and synaptic signaling. Being able to

synthesize gene-specific and global genome analyses could be crucial to understanding how
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carnosine treatment induces observed reduction in aSyn and marked improvement in motor
deficits in mice and humans that are attributed to PD (Boldyrev et al. 2008; Bermudez et al.
2019; Brown et al. 2021). However, the reduction in aSyn aggregation in the OE of mice that has
been previously shown after carnosine treatment did not correspond to differential methylation of
the potential regulatory CpG sites we examined that are associated with Snca. Future studies
should continue to investigate the mechanism by which IN carnosine treatment reduces aSyn in

the OE.

Determining the localization of the proteins encoded by our genes of interest via
immunostaining in the OE may also further the understanding of mechanism by which carnosine
leads to reduction of aSyn. Each protein may play its own role in the cellular biology that leads
to the development and progression of PD, and interpreting differences in a protein’s activity in
various tissues, such as the OE and SN, could prove vital to progressing therapeutic interventions

in the future.
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