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ABSTRACT

The correlation between lifestyle choices, dietary habits, and the onset of chronic
illnesses has been well-established. With the increasing population and life expectancy in the
United States, there's a heightened susceptibility to age-related neurodegenerative conditions.
Parkinson’s disease (PD) is one such condition, characterized by factors including dopaminergic
neuron degeneration, increased inflammation, and abnormal a-synuclein protein accumulation.
While the exact causes of PD remain elusive, both environmental and genetic susceptibility
factors are believed to play a role. Emerging evidence suggests that disturbances in the gut
microbiome and resulting metabolites may contribute to PD pathology, prompting intensified
research into the mechanisms of gut-related inflammation and a-synuclein protein aggregation.
Plant polyphenols, found abundantly in various medicinal plants, have shown promise in
laboratory studies by disrupting aberrant protein aggregation, influencing cellular signaling, and
regulating gut microbiome imbalances. Epidemiological evidence suggests that regular intake of
plant polyphenols, namely tea catechins, could reduce the risk of PD by shielding neurons,

although clinical trials are still limited. The biological effects of tea catechins can vary, prompting



interest in assessing their dietary significance. We hypothesized that tea catechin intake would
modify the composition of the gut microbiota and gut-microbiota dependent metabolic pathways.
Resulting microbes and the specific metabolites would then lead to the enhancement of the
neuroprotective effects of tea catechins by attenuating a-synuclein aggregation and circulation. As
such, we aimed to investigate the molecular mechanisms of tea catechins in a transgenic PD
mouse model that overexpresses mutant human A53T a-synuclein protein; investigate whether tea
catechin altered gut microbiome could contribute to lowering a-synuclein aggregation in vivo
following a 90-day tea catechin treatment; and to combine metagenomics with metabolomics to
investigate the impact of tea catechins on the composition and function of the gut microbiota in a

transgenic PD mouse model.
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CHAPTER 1

INTRODUCTION

1. Background

Parkinson’s Disease (PD) is a neurodegenerative disorder characterized by the progressive loss of
dopaminergic neurons in the substantia nigra portion of the midbrain. As the second most
common progressive neurodegenerative disease, PD affects over 8.5 million individuals globally
[1] and that number is expected to increase for the foreseeable future. The primary motor
symptoms of PD include muscular rigidity, resting tremors, bradykinesia, and impaired postural
reflexes [2]. PD is not limited to motor symptoms; antecedent non-motor symptoms such as mood
and cognitive disorders, sleep disturbances, autonomic dysfunction, and constipation can
significantly impact the overall well-being of individuals years before the onset of motor
symptoms [3]. What sets PD apart from other forms of parkinsonism is the presence of Lewy
bodies (LBs) and Lewy neurites (LNs), which are ubiquitinated protein aggregates predominantly
composed of the misfolded form of the presynaptic protein a-synuclein. a-synuclein’s normal
function remains enigmatic due to the challenges of assessing normal functions of the protein.
However, a-synuclein’s presynaptic localization and affinity for interaction with highly curved
membranes and other synaptic proteins suggests that a-synuclein may play a role in regulatory
function associated with synaptic activity, plasticity, vesicle trafficking, neurotransmitter release,
dopamine metabolism, and/or synaptic vesicle pool maintenance [4]. Misfolded a-synuclein,
primarily in the form of oligomers and aggregates, is thought to be toxic, with recent evidence
showing the protein’s propagation between neurons. However, many aspects remain uncertain,

such as the reasons for the selective vulnerability of dopaminergic neurons in PD, the factors that



trigger a-synuclein aggregation and pathology, and the influence of aging in the development of
PD. Although the complexities behind the misfolding of a-synuclein are not fully understood,
several factors are thought to contribute to this phenomenon in the context of PD, including
genetic mutations in the SNCA gene, environmental factors, protein interactions, and post-
translational modifications [5,6]. The majority of PD cases are idiopathic; therefore, it is believed
that a combination of complex genetic and environmental factors contributes to the onset and
progression of PD. Without a clearly defined disease mechanism, a cure for PD has proven
difficult to develop. Available treatment strategies for PD aim at increasing or substituting
dopamine or reducing PD symptoms via surgical procedures, gene and immunotherapy, and cell
transplantation [7]. Both medications and surgical procedures have moderate side effects that can
often produce lackluster results. Preventive measures that slow or halt neurodegeneration have

been long sought after, especially given the absence of a cure for PD.

Celebrated for its myriad health benefits, green tea holds promise as a potential therapeutic
approach for preventing PD. Leaves from the evergreen shrub Camellia sinesis contain a variety
of compounds including polyphenols, purine alkaloids, caffeine, theaflavins, and a mixture of
natural flavonoids called tea catechins (TCs). Emerging research indicates a potential link
between green tea consumption and a reduced risk of developing PD [8-11]. TCs are the most
common plant-derived bioactive components, which have been recognized as health-promoting
natural compounds for decades [12]. Owing to their multiple biological properties, TCs have been
used as a dietary supplement for a variety of health benefit purposes [13]. Growing evidence has
demonstrated that TCs can exert neuroprotective effects against neurodegenerative disorders,
such as PD [14,15]. While the mechanisms underlying the beneficial potential of green tea are not
yet clearly defined, several have been proposed, including (i) antioxidant properties that combat

oxidative stress and alleviate mitochondrial dysfunction, (ii) anti-inflammatory effects that may



inhibit brain inflammation, and (iii) the inhibition of amyloid-beta protein aggregation, all of

which may play a protective role against PD.

More than a trillion microbes inhabit the human GI tract. Collectively the hundreds to thousands
of bacterial taxa are called the gut microbiome. The gut microbiome encodes more than 3 million
genes, covering many metabolic functional genes, which impact host health status [16,17]. Recent
studies have emphasized the critical impact of gut microbiota on progression of PD, and the
alterations in gut microbiome composition and resulting metabolites may be related to the
initiation or prevention of PD [18-20]. Recent studies of PD patients matched with healthy
controls found that bacteria more commonly associated with anti-inflammatory properties, such
as the genera Blautia [21-23,25], Coprococcus [21,22,24], Roseburia [21-28], and
Faecalibacterium [23,24,26-28] are significantly reduced in fecal samples of PD patients. These
studies indicated gut microbial dysbiosis and microbial metabolite alterations in PD pathogenesis
and progression, however, clear roles and mechanisms have yet to be explored thoroughly,
especially for understanding of the early interaction between the gut microbiota and the

occurrence of PD.

A multitude of studies have demonstrated that TCs can affect the biodiversity of human gut
microbiota which improves host health [29,30]. Our lab’s previous studies found that long-term
supplement of TCs significantly affected the composition and functions of gut microbiota and
modified gut-microbiota- dependent metabolisms in time- and dose-dependent patterns in SD rats
[31]. The beneficial microbe families Bacteroidetes and Oscillospira were significantly enriched
whereas the Peptostreptococcaceae family was almost depleted in the gut. Research has
demonstrated where the gut microbiome plays a critical role in regulating the formation of
various colonic microbial ring-fission metabolites of TCs [32]. These TC metabolites are more
easily absorbed into circulation and are attributed to the mode of action of TCs bioactivity

[33,34]. However, little is known about these two-way interactions between TCs and gut



microbes. Based on our previous study results [31,35], we hypothesize that TCs intake will
modify the composition of gut microbiota and gut-microbiota-dependent metabolic pathways, and
consequently, the alternative microbes and their specific metabolites may lead to enhancement of
neuroprotective effect of TCs via attenuating a-synuclein aggregation and pro-inflammatory

response in PD pathogenesis and progression.

2. Purpose of This Study

In this dissertation, we combine metagenomics with metabolomics to investigate the effect of TCs
on behavioral characteristics and the composition and function of the gut microbiota in the A53T

transgenic PD mouse model that overexpresses human a-synuclein.

The animal model we have selected, hemizygous B6.Cg-2310039L 15RikT9(Pmp-SNCA*AS3T)23MKle/ 3
(Strain #006823, common name: Hualpha-Syn (A53T transgenic line G2-G3)), express an A53T
missense mutant form of human a-synuclein under the control of the murine prion promoter.
These A53T mice express the familial PD associated A53T missense mutant form of human a-
synuclein at approximately six times the level of endogenous a-synuclein. Hemizygous mice
spontaneously develop neurodegenerative disease between 9-16 months of age, with a
progressive motor dysfunction leading to death within 2-3 weeks of onset. Affected mice exhibit
neuronal abnormalities, including pathological accumulation of a-synuclein and ubiquitin.
Hemizygous mice also have adult-onset hyperactivity that is associated with D1 receptor and
dopamine-transporter-mediated alterations. The A53T mutant a-synuclein mice display
significantly greater in vivo neurotoxic effects compared to the A30P or wildtype a-synuclein
expressing mice on the same genetic background. The simplest interpretation of the pathology in
this a-synuclein transgenic model is that a-synuclein overexpression is generally toxic regardless
of its location and is associated with a-synuclein self-assembly that is accelerated by PD-linked
mutations [36]. Over-expression of a-synuclein, a hallmark of PD pathogenesis, also results in

mitochondrial dysfunction, oxidative stress, and activation of cell death pathways, all of which



are consistent with the genetic linkage of human familial PD to duplications and triplications of
SNCA gene that leads to elevated a-synuclein expression [37]. The AS53T transgenic mice, with
rapid onset of pathology, are well positioned as platforms to test therapeutic strategies aimed at

limiting a-synuclein aggregation.

While we seek to explore the impact of TCs on the gut microbiome and behavioral characteristics
in this transgenic PD mouse model, identifying specific microbes and metabolites that contribute
to the neuroprotective effect of TCs is critical for determining which therapeutic mechanisms are
at play. We will compare TC-treated mice with control mice to observe potential effects on
behavioral characteristics, gut microbiome compositions, and pathological features through the
analysis of neurobehavioral data, urine and fecal samples, blood plasma samples, and organs
collected from necropsy. Understanding how the gut microbiome interacts with food bioactive
components and identifying specific microbes, and their metabolic pathways involved with the
efficacy of TC metabolization will lead to more accurate prediction of TCs’ therapeutic and
preventive functions. Further, identification of the specific bacterial genes that aid the efficacy of
TCs could be useful for many applications, such as bioengineering of commensal probiotics to

resolve the long-standing issue of the low bioavailability of food bioactive compounds.

3. Expected Results

The overall objective of this dissertation is to evaluate how TCs interact with the gut microbiota
and a-synuclein protein by examining behavioral changes, biochemical and physiological
implications, and functional and structural modification of the gut microbiota of a mouse model.

The expected results are:

1. Aggregation of A53T a-synuclein will be observed in transgenic A53T PD control mouse

alongside behavioral deficits;



2. In comparison to control transgenic A53T mice, TC treatment groups will demonstrate (i)
improved neurobehavioral outcomes; (ii) reduced aggregation of AS3T a-synuclein; and
(iii) increased circulation of TC and TC metabolites;

3. More neurodegenerative-induced dysbiosis of the gut microbiome in control transgenic
AS53T mice compared to TC treatment groups;

4. TC induced alterations of gut microbiota and genes which reduce a-synuclein
aggregation in the transgenic PD mouse model will be identified;

5. Key microbial TC derived metabolites will be identified and characterized;

6. Information about how TCs alter the gut microbiome and gut-microbiota-dependent

metabolome that will benefit neuroprotection will be obtained.

We hypothesize that TC intake will modify the composition of gut microbiota and gut-
microbiota-dependent metabolic pathways, and consequently, the alternative microbes and their
specific metabolites may lead to enhancement of neuroprotective effect of TCs via attenuating o-

synuclein aggregation and pro-inflammatory response in PD pathogenesis and progression.

4. Conclusion

This dissertation investigates the impact of TCs on the gut microbiome and metabolome and the
potential neuroprotective effects in a transgenic PD mouse model that over-expresses human a-
synuclein. Our findings are expected to highlight the intricate interactions between TCs, the
metabolome, and the gut microbiome, providing insights into how these natural compounds might
mitigate or alleviate neurodegenerative pathways in PD. The anticipated outcomes include the
identification of specific gut microbes and their metabolites that are modulated by TCs, leading to
reduced a-synuclein protein aggregation and/or circulation and improved neurobehavioral
outcomes. By elucidating the role of gut microbiota in enhancing the bioactivity of TCs, this

study could add to the foundation for novel therapeutic strategies targeting the gut-brain axis in



PD. Ultimately, this research underscores the potential of dietary interventions to influence
neurodegenerative disease progression, offering a promising avenue for future PD management

and treatment.
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Abstract

With the recognition of the importance of the gut—brain axis in Parkinson’s disease (PD) etiology,
there is increased interest in developing therapeutic strategies that target a-synuclein, the
hallmark abhorrent protein of PD pathogenesis, which may originate in the gut. Research has
demonstrated that inhibiting the aggregation, oligomerization, and fibrillation of a-synuclein are
key strategies for disease modification. Polyphenols, which are rich in fruits and vegetables, are
drawing attention for their potential role in this context. In this paper, we reviewed how
polyphenols influence the composition and functional capabilities of the gut microbiota and how
the resulting microbial metabolites of polyphenols may potentially enhance the modulation of a-
synuclein aggregation. Understanding the interaction between polyphenols and gut microbiota
and identifying which specific microbes may enhance the efficacy of polyphenols is crucial for

developing therapeutic strategies and precision nutrition based on the microbiome.
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1. Introduction

Parkinson’s disease (PD) is the second most common neurodegenerative disease, after
Alzheimer’s, affecting approximately 2—3% of the population more than 60 years of age and up to
5% of the population over 85 years of age [1,2]. It is estimated that there are 1.5 million people in
the United States living with PD, and 60,000 Americans are diagnosed with this disease annually
[3]. PD is a progressive neurological disorder that primarily affects motor function, leading to
symptoms such as tremors, stiffness, slowness of movement, and impaired balance and
coordination [4,5]. One of the hallmark pathologies of PD is the accumulation of alpha-synuclein
(a-synuclein), a presynaptic neuronal protein that aggregates into insoluble fibrils, forming Lewy
bodies (LBs) and Lewy neurites in the brain [6]. Although the exact function of a-synuclein
remains partially understood, it has been linked to a range of neuronal functions, including
neurotransmitter release, the modulation of a variety of enzymes and transporters, the dynamics
of presynaptic vesicles, and the support of neuronal plasticity [7]. Its abnormal accumulation

contributes to neuronal death and the subsequent manifestation of PD symptoms [8].

The pathogenesis of PD has not yet been fully elucidated. While the majority of earlier PD
studies focused solely on brain pathologies, the gastrointestinal (GI) system is now recognized as
a pivotal participant in the pathogenesis of PD [9—13]. Recent research has increasingly focused
on the gut—brain axis, a complex bidirectional communication system that links the enteric
nervous system (ENS) of the GI tract with the central nervous system (CNS). This axis not only
plays a critical role in maintaining GI homeostasis but also appears to be involved in the
pathogenesis of several neurological disorders, including PD. The emerging evidence suggests
that a-synuclein pathology may originate in the gut and then spread to the brain via the vagus
nerve, a concept supported by observations of GI abnormalities in PD patients years before the
onset of motor symptoms. Moreover, alterations in the gut microbiota composition have been

observed in PD patients, indicating a potential role of gut dysbiosis in the disease’s progression.
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Currently, there is no existing cure for PD, and drugs that are presently used in clinics only
provide symptomatic treatment rather than preventing or slowing the pathogenic progression of
neurodegeneration [14]. In addition, some of these drugs present many side effects in patients
[15]. Therefore, there is an urgent need to develop novel therapeutic agents with lower side
effects and a broader spectrum of targets to not only treat the symptoms but also potentially
prevent or slow the pathogenic progression of PD. Given the interaction between the gut
microbiota and the CNS, dietary interventions that modulate the gut microbiome have garnered
interest as a potential therapeutic strategy for PD. Polyphenols, a diverse group of phytochemicals
found in fruits, vegetables, tea, wine, and certain herbs, have garnered attention in this context.
These compounds are known for their antioxidant and anti-inflammatory properties and have
been shown to influence the composition and function of the gut microbiota. Importantly,
polyphenols may also inhibit the aggregation of a-synuclein, offering a dual mechanism by which
they could mitigate PD pathology. By modulating the gut microbial community, dietary
polyphenols may reduce intestinal inflammation, enhance gut barrier function, and produce
metabolites that could potentially inhibit the aggregation of a-synuclein. Therefore, understanding
the mechanisms underlying the interactions between dietary polyphenols, the gut—brain axis, and
a-synuclein pathology could open new avenues for preventing or slowing the progression of PD,
highlighting the significance of diet and gut microbiota in the pathogenesis of neurodegenerative
diseases. This review aims to integrate the current knowledge and recent discoveries to shed light
on the complex interactions between dietary polyphenols, gut microbiota, and a-synuclein
aggregation, offering insights into potential novel therapeutic strategies for PD that leverage the

gut-brain axis.

2. a-Synuclein: A Key Player in Parkinson’s Disease Pathology

a-synuclein is a protein comprising 140 amino acids encoded by the SNCA gene, which normally

exists in naturally occurring monomers. Under pathological conditions, natively unfolded
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monomers can undergo self-aggregation, forming pathological oligomers that further mature into
fibrils [16]. The accumulation of a-synuclein aggregates (particularly into oligomers and fibrils)
disrupts normal cellular processes, causes mitochondrial dysfunction, triggers inflammation, and
leads to neuronal death. Therefore, treatments that target a-synuclein oligomers and/or fibrils may

reduce neurodegeneration, which is a promising therapeutic strategy for PD [17].

2.1. a-Synuclein Structure and Physiological Function

a-synuclein is a relatively small protein within the synuclein family, which also includes f3-
synuclein and y-synuclein. With a molecular weight of approximately 14 kDa, a-synuclein is
predominantly located at the presynaptic terminals in the CNS and accounts for about 1% of all

cytosolic proteins in the brain [7,18].

A schematic figure about the structure of a-synuclein is shown in Figure 1. The protein can be
divided into three distinct domains: The N-terminal amphipathic domain, which contains the
evolutionary conserved KTEGV motifs and the main mutations associated with familial PD, such
as A53T and A30p [19]. This region is responsible for membrane binding as well. Additionally,
there is a central hydrophobic segment known as the non-amyloid component (NAC), which
confers the potential for a B-pleated sheet, and a highly negatively charged carboxyl tail at the C-
terminal end, which contains a Ca 2 +-binding site and the main phosphorylation site at Ser129,
modulating a-synuclein aggregation. The hydrophobic NAC region, in particular, is critical for
the protein’s propensity to adopt -sheet configurations that can self-assemble into fibrillar
aggregates, forming the core of LBs, a pathological hallmark found in PD brains [20]. Once o-
synuclein fibrils are established in a neuron, they can act as a guide for the aggregation of

endogenous a-synuclein protein [21], further initiating PD progression.
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Figure 2.1 Scheme of a-synuclein regions with the number of corresponding residues.
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Although the main function of a-synuclein in both the central and peripheral nervous systems
remains unclear, it has been linked to a range of neuronal functions, including neurotransmitter
release, the modulation of a variety of enzymes and transporters, the dynamics of presynaptic
vesicles, and the support of neuronal plasticity [7]. Additionally, a-synuclein is involved in the
formation of the soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE)
complex at presynaptic nerve terminals. This latter function is thought to be mediated by a
chaperone activity that has not yet been identified, highlighting a-synuclein’s potential role in

ensuring efficient neurotransmission and synaptic function [20,22].

2.2. Role of a-Synuclein in PD

a-synuclein plays a significant role in the pathogenesis of both familial and sporadic forms of PD
[23], as well as in other synucleinopathies [24]. Under normal conditions, native a-synuclein
exists in a dynamic equilibrium between unfolded monomers and a-helically folded tetramers
with a low propensity for aggregation [25]. The aggregation process of a-synuclein involves a
conformational change whereby it adopts a -sheet-rich structure that facilitates its aggregation
into oligomers, protofibrils, and insoluble fibrils that finally accumulate in Lewy bodies within
neurons [26]. Almost all pathologically aggregated a-synuclein is phosphorylated at the Ser129
site [27]. These aggregates disrupt various cellular processes, leading to neuronal dysfunction

and, ultimately, cell death [28,29] (Figure 2).
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Figure 2.2. The role of a-synuclein in the pathogenesis of PD. DA: dopaminergic.
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One of the critical ways that misfolded a-synuclein contributes to neuronal dysfunction is through
the disruption of mitochondrial function [30-32]. Mitochondria are essential for energy
production, and their dysfunction leads to reduced cellular energy levels, increased oxidative
stress, and the activation of apoptotic pathways [33,34]. Misfolded a-synuclein aggregates can
impair mitochondrial dynamics, including fission and fusion processes, and interfere with

mitochondrial transport along axons, further exacerbating neuronal dysfunction [35].

Another significant impact of misfolded a-synuclein is on synaptic function [36]. Synapses are
critical for neuronal communication; therefore, any disruption in their function can lead to
significant impairments in neuronal signaling [37]. Misfolded a-synuclein can impair synaptic
vesicle release and reuptake, leading to reduced neurotransmitter availability and synaptic
transmission efficiency. This disruption contributes to the motor and cognitive symptoms

observed in PD and related disorders [38,39].

2.3. a-Synuclein Propagation

Studies have suggested that a-synuclein can be transmitted between neurons [40] and can seed
the formation of toxic aggregates in recipient neurons in a prion-like manner [41]. a-synuclein
demonstrates several prion-like characteristics, notably the capacity of its aggregated forms to
self-propagate by promoting the aggregation of normal a-synuclein, a process known as
‘seeding’. This mechanism can increase the aggregate burden within a cell. Similar to prions,
misfolded a-synuclein can act as a template, inducing the misfolding of native a-synuclein in
neighboring neurons. This templated misfolding can lead to the cell-to-cell transmission of
pathological a-synuclein aggregates, contributing to the progressive nature of PD. For example,
fetal dopamine cells transplanted into the striatum of patients with PD were found to develop
Lewy pathology when examined neuropathologically 1-2 decades later [42]. Similar to the
human transplants, a-synuclein has been observed in cell culture and rodent transplantation

experiments, where it was transferred from one cell to another [40,43,44].
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3. Gut—Brain Axis: A New Frontier in Parkinson’s Disease Research

The gut-brain axis represents a complex communication network linking the GI tract and the
CNS, fundamentally impacting health and disease [45]. Research has highlighted that gut
microbiota might play a significant role in the onset and progression of PD [46]. Various studies
indicate that alterations in the gut microbiome have been observed in PD patients, with changes in
the abundance of certain bacterial species compared to healthy controls. Additionally, a-synuclein
also accumulates in the ENS [47—49]. This accumulation can occur years before the typical motor
symptoms of PD appear, suggesting that the gut might be an early site of disease pathology.
Understanding the gut-brain axis in PD could open new avenues for early diagnosis and targeted
treatments that modulate the gut microbiota or its metabolic outputs, potentially slowing disease

progression or alleviating symptoms.

3.1. Gut—Brain Axis

The concept of the gut-brain axis describes bidirectional communication between the CNS and
ENS of the GI tract, which is linked by neurons of the sympathetic and para-sympathetic nervous
system [50,51]. Through this bidirectional communication network, signals from the brain can
influence the motor, sensory, and secretory modalities of the GI tract and, conversely, visceral
messages from the GI tract can influence brain function [52]. At present, it is suggested that gut
microbes may serve as significant contributors to the bidirectional communication that takes
place along the gut—brain axis. The microbiome community carries out important metabolic and
physiological functions for the host and contributes to overall health and homeostasis [53-55].
Consequently, the gut microbiota has emerged as a potential diagnostic and therapeutic target in

disorders as diverse as PD [56-59].



22

3.2. Dysbiosis of Microbiome in PD

Dysbiosis of the gut microbiome in PD patients is currently being investigated to determine
which microbiota actively produce metabolites that are implemented in microglia activation, o-
synuclein aggregation, and inflammation in the gut. Gut microbes play a crucial role in the gut—
brain axis, which interacts with the ENS, enterocytes, and immune system to influence host
health [60]. Evidence suggests that PD pathogenesis may be influenced by the interplay between
the imbalance of gut microbes and altered bacterial metabolites [61-63]. Numerous findings in
both observational PD patient studies and experimental animal studies have revealed that gut
bacteria aid in the regulation of anti-inflammatory and pro-inflammatory profiles, suggesting that
alterations within an individual’s gut microbiome can influence the risk of developing PD
[46,59,64-72]. Newly diagnosed PD patients often exhibit intestinal hyperpermeability,
endotoxemia, and microbial dysbiosis, which bolsters the hypothesis that gut-derived
inflammation promotes neuroinflammation and neurodegenerative changes in PD pathogenesis
[67,70,72,73]. Clinical studies have shown an increase in intestinal permeability in PD, where
bacterial endotoxins in the form of lipopolysaccharides are associated with increased a-synuclein
accumulation within the GI tract [74,75]. Some PD patients have shown elevated
lipopolysaccharide serum levels, which could correlate to increased intestinal permeability [76—
78]. Further, the guts of PD patients are often colonized by lipopolysaccharide-producing bacteria
such as Helicobacter pylori, which induces chronic inflammation and degradation of the gut

mucosal lining [77,79-81].

Individuals with high-risk factors for PD or the diagnosis of PD have been documented to have
significantly different compositions of gut microbes compared to those of healthy controls
[13,82—-84]. The relative abundances of anti-inflammatory bacteria such as Blautia, Coprococcus,
Roseburia, Fusicatenibacter, Faecalibacterium, and Lachnospira are reduced in PD patients,

while, in contrast, Lactobacillus, Bifidobacterium, and Akkermansia phyla are higher in PD
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patients [67,78,85—-89]. Numerous studies have documented the alterations in the composition of

the gut microbiome in PD, as seen in Table 1 [46,70,85,86,90—109].



Table 2.1 Altered gut microbes in patients with PD compared to healthy controls.
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Phyla Class Order Family Genus Species Increased Decreased
Phylum Bacteroidetes 87, 11%%’ and
Bacteroides 87 and 104
Bacteroidaceae Bacteroides fragilis 88
Bacteroides coprocola 93 and 106
Barnesiellaceae 98
. Butyricimonas 97
Odoribacteraceae Odoribacter 97
Bacteroidetes Porphyromonadace 100
(Bacteroidota) Bacteroidia Bacteroidales ae Porphyromonas 89 and 97
44, 87, 94,
Prevotellaceae 100, and 103
Prevotella 89and 90 82 and 97
Prevotella copri 91
. Alistipes 106
Rikenellaceae jictines shahii 01
Tannerellaceae 83 and 97
Parabacteroides 83 and 97
Phylum Firmicutes 91 and 103 %% 11%24' and
Coprobavillaceae Coprobacillus 83 and 97
biforme 91
o Erysipelotrichia Erysipelotrichales Erysipelotrichaceae Eubacterium hallii 91
Firmicutes rectale 91
(Bacillota) eligens 91
Butyricicoccus 89
saccharolyti 91
Clostridia Eubacteriales Clostridiaceae Clostridium cum
coccoides 88
Hungatella 83
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. Christensenella 92,93, 95,
Christensenellaceae and 96
Christensenella minuta 93
Catabacter 83 and 93
Carabacteraceae Catabacter ?Songkongens 93
68, 83, 89,
92, 95, 96,
101, and 102
Agathobacter 89
Blautia 68, %% and
Lachnospiraceae Coprococcus 68 and 83
Fusicatenibacter 89
Lachnospira 89
68, 83, 89,
Roseburia 92, 95, and
96
100
. . 83, 89, 92,
Faecalibacterium 95 and 96
Faecalibacterium prausnitzii 87
Hydrogenoanaerobacterium 83 and 100
Oscillopiraceae Oscillospira 68, 93, 95, 89
(Ruminococcaceae) P 96, and 103
Ruminiclostridium 83
Ruminococcus 95 and 100
Ruminococcus  bromii 93
Papillibacter f];””am"’ora 93
Bacilli Lactobacillales Lactobacillaceae 44, 83, 95, 87

98, and 101
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Lactobacillus

88, 89, 93,
96, 97, and
104

Lactobacillus mucosae

93

98 and 101

87

Enterococcaceae
Enterococcus

97 and 99

Streptococcaceae  Streptococcus

99

Negativicutes

Veillonellales Veillonellaceae Veillonella

97

Proteobacteria
(Pseudomonadota)

Deltaproteobacteria

Desulfovibrionales eDesulfowbrlonacea Bilophilia

83, 92, 97,
and 103

Bilophila wadsworthia

92 and 105

Gammaproteobacteria

Enterobacterales  Enterobacteriaceae

44, 87, 94,
95, and 101

100

83

Pasteurellales Pasteurellaceae -
Haemophilus

83

Actinobacteria
(Actinomycetota)

Actinomycetia

Bifidobacteriales  Bifidobacteriaceae Bifidobacterium

82, 87, 89,
92, 93, 95,
96, and 102

104

95

Corynebacteriales Corynebacteriaceae Corynebacterium

89

Coriobacteriia

Coriobacteriales  Coriobacteriaceae Collinsella

92, 95, and
103

Eggerthellales Eggerthellaceae

83 and 103

Verrucomicrobia

Phylum Verrucomicrobia

97, 100, 103,
and 105

Verrucomicrobiae

Akkermansia
Verrucomicrobiales Akkermansiaceae

68, 90, 92,

95, 96, 97,
100, 103,
and 106

Akkermansia muciniphila

87, 91, 105,
and 106

Synergistetes

Synergistia

Synergistales Synergistaceae

83

Deferribacteres

Deferribacteres

Deferribacterales  Mucispirillaceae  Mucispirillum

97
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Lower levels of fecal SCFAs have been observed in PD patients compared to healthy controls
[85,90,110,111], and the evidence suggests that SCFA-producing bacteria may modify the
microbiome’s genetic potential to produce the enzymes need-ed for SCFA formation. A recent
meta-analysis determined that PD patients had reduced levels of bacteria in the Lachnospiraceae
and Ruminococcaceae families [67]. Similarly, another meta-analysis reported that PD patients
had decreased levels of the genera Roseburia and Faecalibacterium, both belonging to the
Firmicutes Phyla [86]. These bacteria are known SCFA producers, and reductions in their levels
have been documented in other diseases with an inflammatory component. It is important to note,
however, that not all studies have obtained the same results. Although it is not clear whether
alterations in the microbiome are the origin of PD pathogenesis, it is evident that disease

pathology influences the microbiota over time and vice versa.

3.3. Gut—Brain Axis and o-Synuclein

a-synuclein is a protein primarily found in the brain; however, recent evidence suggests that it
also occurs in other peripheral tissues such as the GI tract [112—114]. Biopsies of GI tissues from
PD patients have shown a-synuclein accumulation in the lower parts of the esophagus, stomach,
duodenum, colon, and rectum [115-117]. Finding a-synuclein outside the CNS supports the
hypothesis that the presence of a-synuclein in both the brain and the gut may result from a
common pathological aggregation pathway involving the vagus nerve. This evidence indicates
that the initial process of a-synuclein misfolding and pathology might start in the GI tract before
spreading to the brain [118,119]. This observation supports Braak’s hypothesis, which proposes
that a-synuclein aggregates originate in the gut and then propagate through the gut—brain axis,
triggering the onset of PD [120,121]. Further, the retrograde spread of a-synuclein towards the
brain suggests that GI-derived a-synuclein could ascend the ENS and propagate through

interconnected neurons toward the midbrain of the CNS via the vagus nerve, ultimately reaching
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the substantia nigra pars compacta (SNpc) and forming fibril structures that cause motor

dysfunction [49,119,120,122,123].

Research suggests that certain microbes may influence the misfolding and abnormal formation of
a-synuclein through extracellular mechanisms [124—128]; an example of this may be
Helicobacter pylori, a gram-negative spiral bacterium known as the causative agent of gastric
ulcers, present in 50% of the world population [129]. H. pylori contains cholesterol-a-
glucosyltransferase, which catalyzes the conversion of membrane cholesterol to cholesteryl
glucosides. The glycosylated derivatives can exert a neurotoxic effect on dopamine neurons and
promote the aggregation of a-synuclein in the vagus nerve from the level of the stomach
[130,131]. Another gram-negative bacteria species, i.e., Escherichia coli, has been documented to
be implicated in a-synuclein misfolding [132]. E. coli produces an amyloid fiber protein called
curli, whose purpose is to promote cell community behavior through the formation of biofilms in
the extracellular matrix. The administration of E. coli in animal models has demonstrated an
increase in a-synuclein fibril reactivity and accumulation of insoluble a-synuclein in the
substantia nigra portion of the midbrain compared to controls, indicating that exposure to
microbial amyloids in the GI may accelerate a-synuclein aggregation in the gut and brain

[133,134].

3.3.1. Braak’s Hypothesis

Braak’s hypothesis is a significant theory in the field of neurology, particularly concerning the
pathology of PD. Proposed by Braak and his colleagues in the early 2000s, this hypothesis
suggests that PD may start outside the brain, specifically in the gut or the nasal cavity, and then
spread to the brain via the nervous system. According to Braak’s hypothesis, an unknown
pathogen (either a virus or bacterium) in the gut could trigger the onset of sporadic PD [135].
Along with this hypothesis, they presented a staging system for PD that is based on a specific

pattern of the spread of a-synuclein [136]. Subsequent to these publications, the broader dual-hit
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hypothesis was proposed, which posits that sporadic PD begins simultaneously in two locations:
the neurons of the nasal cavity and the neurons in the gut [137,138]. From these places, the
pathology is hypothesized to spread according to a specific pattern, i.e., via the olfactory tract and
the vagus nerve, respectively, toward and within the CNS. There is experimental and clinical
evidence supporting Braak’s hypothesis [139-147]. Additionally, a-synuclein aggregations have

been found in the GI tract of animal models of early and advanced PD [148—151].

Braak’s hypothesis has had a substantial impact on research directions, focusing attention on the
potential role of the gut—brain axis and the olfactory system in the early detection and
understanding of PD [152—-154]. It also supports the observation that non-motor symptoms, such

as the loss of smell or GI issues, can precede the motor symptoms by several years.

3.3.2. o-Synuclein from the Gut to the Brain

The transmission of a-synuclein from the ENS to the CNS is a critical research area for
understanding the pathogenesis of neurodegenerative diseases, particularly PD. This area has
gained significant attention as it may explain the initiation and progression of PD [12,155,156].
Direct evidence of gut-brain a-synuclein transmission in rodents was provided by Holmqvist et
al. [157] who demonstrated that a-synuclein fibrils derived from PD patients could migrate from
the GI tract to the brain via the vagus nerve in rats. Challis et al. [158] complemented these
findings by inoculating the duodenal walls of aged mice with a-synuclein pre-formed fibrils
(PFFs) and observed the progression of a-synuclein pathology to the brain. Similarly, Kim et al.
provided additional evidence by injecting mouse a-synuclein PFFs into the pylorus and
duodenum, noting the subsequent detection of phosphorylated a-synuclein in the CNS, beginning
in the dorsal motor nucleus of the vagus nerve and progressing to regions like the locus
coeruleus, amygdala, substantia nigra, and prefrontal cortex [159]. This progression closely
reflects the Braak staging scheme for PD. Crucially, the study showed that these effects were

negated if a-synuclein PFFs were injected into the intestinal wall following truncal vagotomy,
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which involves the severing of the vagus nerve. In this experimental setup, phosphorylated a-
synuclein was still detectable in the upper duodenum 7 months after injection, but there was no
spread to the substantia nigra [159]. These findings robustly support the notion that gut-derived
a-synuclein is capable of propagating through the vagus nerve in a prion-like manner to induce

CNS disease.

4. Polyphenols: Beyond Antioxidants

4.1. Types and Dietary Sources

Polyphenols are highly specific secondary metabolites of plants that have a variety of biological
roles, from resistance to infection by pathogenic microorganisms to defense against ultraviolet
radiation [160]. Generally speaking, “polyphenol” refers to compounds derived entirely from the
shikimate/phenylpropanoid pathway and/or the polyketide pathway, characterized by the presence
of more than one phenolic unit and devoid of nitrogen-based functions [161]. To date, thousands
of polyphenols have been identified from natural dietary plants. In general, polyphenols are
mainly classified as phenolic acids, flavonoids, lignans, coumarins, and stilbenes, as outlined in
Figure 3 [162]. The presence of polyphenol compounds in food greatly depends on environmental

factors and food processing, production, and storage [160].
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4.1.1. Phenolic Acids

Phenolic acids are phytochemicals found in the majority of plant tissues and comprise a phenolic
ring with an attached organic carboxylic acid. The secondary plant metabolites are aromatic acids
that can be further classified into two broad groups, including hydroxycinnamic acids (HCAs)
and hydroxybenzoic acids (HBAs), the latter of which are less common. HCAs are most
concentrated in the outer ripened parts of fruits and are present in a variety of fruits, vegetables,
and seeds [163,164]. The most abundant HCAs include the free forms of para-coumaric acid,
caffeine, ferulic acid, and sinapic acid, whereas the bound forms include glycosylated derivatives
of quinic acid, shikimic acid, and tartaric acid [165]. The most common HBAs include gallic
acid, ellagic acid, syringic acid, and salicylic acid [166]. A wide variety of fruits and vegetables
contain phenolic acids, including apples that contain chlorogenic acid and blueberries that contain
para-coumaric, caffeic, and ferulic acids [167]. Phenolic acids are potent antioxidants due to their
high potential to serve as hydrogen donors and oxygen quenchers and reduce metal-chelating
agents [164,168,169]. Furthermore, HCAs and HBAs have been found to exhibit protective
effects on neural, cardiac, and hepatic tissues, making this group of polyphenols an interesting

target for research in the field of therapeutic medicine.

4.1.2. Coumarins

Coumarins belong to the benzopyrone family and comprise a six-membered benzene ring
attached to an a-pyrone ring [170]. Coumarins are present in several plants but are highest in
concentration in the tonka bean, vanilla grass, sweet clover, and cinnamon [171]. These small
molecule candidates have been considered for drug development due to their high solubility, low
molecular weight, low toxicity, and high bioavailability [171,172]. Coumarins act as secondary
plant metabolites to protect against herbivores and microorganisms through interactions with
plant growth hormones and respiration; how-ever, regarding biochemistry and physiology,

coumarins are known to exhibit antioxidant effects and act as enzyme inhibitors [173]. Coumarins
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can be further classified into four groups: simple coumarins, furanocoumarins, pyranocoumarins,
and pyrone-substituted coumarins, whereas both the free and glycosidic forms of coumarin can be
found in plants [174]. While coumarins pose as promising therapeutic agents for human health,
there are certain derivatives of coumarins, such as coumarin chromen-2-one, which are
potentially poisonous for human consumption [175]. Still, the majority of coumarins have been
recognized as harmless compounds and are considered to be candidates for medicinal drugs with

diverse pharmacological activities, high bioavailability, and generally low toxicity [173].

4.1.3. Stilbenes

Stilbenes accumulate in the vine tissues of plants under stressful biotic and abiotic conditions
[176]. Over 400 natural stilbenes have been described [177], and their potential as antioxidants
and chemopreventive agents is of interest to the scientific community. A major stilbene of
interest, namely, resveratrol, has been researched for its potential cardio-protective effects.
Resveratrol has been identified in at least 185 different plant species and is associated with
antioxidant activity and its positive effect on lifespan and age-related diseases [178,179]. The
regular consumption of stilbenes has been demonstrated to alleviate intracellular oxidative stress,

reduce chronic inflammation, and suppress adipogenesis and lipogenesis [180].

4.1.4. Lignans

Lignans consist of two phenylpropanoid units coupled by a B-’-bond and are found in various
seeds, grains, vegetables, and fruits [181]. Lignan bioavailability depends heavily on the diet due
to its relatively low concentrations [182]. As a polyphenol class, lignans have received growing
attention given their potentially beneficial bioactive properties due to their steroid-analogous
chemical structure. Technically considered phytoestrogens, lignans have been documented to
exhibit anti-estrogenic, antioxidant, and anti-carcinogenic effects. The lignans most common in

the human diet include lariciresinol, matairesinol, pinoresinol, and secoisolariciresional which are
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most concentrated in sesame and flax seeds [181,183,184]. While the database on the content of
lignans in foods is growing, more evidence needs to be added on the number of lignan dietary

sources and the physiological role that the diverse compounds play in vivo.

4.1.5. Flavonoids

Flavonoids are the largest class of dietary polyphenols and, hence, contribute greatly to our
understanding of the broad spectrum of their health-promoting effects. There are over 6,000
flavonoids that contribute to the pigments and protection of different fruits, vegetables, and
medicinal plants [160]. All flavonoids contain at least 15 carbons with two benzene A and B rings
and are further classified based on variations within the heterocyclic C ring [166]. The main
groups of flavonoids are flavones, flavonols, catechins, isoflavones, flavanones, and
anthocyanins. A broad spectrum of health-promoting effects has been attributed to the flavonoid
group largely due to their ability to modulate key cellular enzyme functions and act as
antioxidant, anti-inflammatory, anti-mutagenic, and anti-carcinogenic compounds [185].
Research has shown that flavones and catechins have the highest biological significance as
antioxidants for protection against reactive oxygen species (ROS). Further, flavonoids are capable
of inhibiting enzymes such as phosphodiesterase, lipoxygenase, Ca2+ ATPase, and COX, which
are implicated in neurodegenerative diseases [185]. Researchers have also recognized flavonoids

for their antimicrobial [186,187], antifungal [188], and antiviral [189,190] activities in vivo.

4.2. Gut Microbiota and Polyphenols

Dietary polyphenols can interfere directly with the enhancement or impairment of nutrient
absorption. Given the antioxidant capabilities of many polyphenols, macro- and micronutrient
oxidation may be prevented during metabolism, which could protect the quality of the nutrients.
Carbohydrate absorption and glycemia may be decreased by polyphenols through their amylase-

antagonizing activities [191,192], providing carbohydrates for bacteria such as Bacteroides,
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Bifidobacterium, Clostridium, Eubacterium, Lactobacillus, and Ruminococcus [193]. In this
sense, polyphenols can influence bacterial diversity, gut peptide synthesis, energy and nutrient
absorption, and insulin sensitivity [ 166]. However, polyphenol’s antioxidant capabilities may be a
double-edged sword as polyphenols can interfere with mineral absorption. Gallic acid,
chlorogenic acid, and poly-phenolic polymerization products have been demonstrated to inhibit
iron absorption [194—197]. Tannins and gallic acid have been documented to have an affinity for
binding to zinc, further impairing zinc absorption [198,199]. Regardless of the caveats that ac-
company dietary polyphenols, research has elucidated the beneficial potentials and relationships

between the gut microbiome and commonly consumed polyphenol substances.

4.2.1. Curcumin

Curcumin, commonly known as turmeric, is a popular HCA that is known for its variety of
pharmacological and restorative effects, including therapeutic approaches for chronic diseases,
cardiovascular disease, depression, skin diseases, obesity, diabetes, and multiple types of cancer
[200-203]. Studies that have observed the pharmacokinetics and bioavailability of curcumin have
documented how poorly absorbed and rapidly metabolized the compound is, resulting in
speculation about its clinical use [204]. Nevertheless, peripheral influences of curcumin may play
a more important role in the CNS [205]. Curcumin may prevent the formation of ROS and glial
cell activation, further hindering a-synuclein aggregation and neuronal cell apoptosis [205-208].
It has been proposed that curcumin can modulate gut signaling pathways and potentially exert
effects on the microbiome gut—brain axis. Oral administration of curcumin has been demonstrated
to promote beneficial gut bacteria growth, including Bifidobacteria and Lactobacilli strains, while
reducing the abundance of pathogenic bacteria strains, including Prevotellaceae, Coriobacterales,
Enterobacteria, and Rikenellaceae [209-211]. The primary metabolite of curcumin, i.e.,
tetrahydrocurcumin, has been documented to restore gut microbiome dysbiosis by lowering the

relative abundance of Actinobacteria and Proteobacteria and by modifying the ratio of
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Firmicutes to Bacteroidetes [212]. An in vivo study showed that curcumin intervention improved
motor deficits, glial cell activation, and the aggregation of a-synuclein in a 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) PD mouse model. The microbiome data showed elevated
levels of Lactobacillaceae, Lachnospiraceae, Muribaculaceae, and Eggerthellaceae in the
treatment groups compared to controls [205]. These studies suggest that oral administration of

curcumin may promote the growth and proliferation of beneficial gut microbes.

4.2.2. Anthocyanins

Anthocyanins are water-soluble pigments in the polyphenol family, found in flowers and fruits
that have red, blue, or purple hues as well as in nuts and certain vegetables. Anthocyanins are a
group of flavonoids with a wide range of uses, such as medicinal herbs, including antidiabetic,
anticancer, anti-inflammatory, antimicrobial, and anti-obesity effects [213]. The most common
types of anthocyanins include cyanidin, delphinidin, pelargonidin, peonidin, petunidin, and
malvidin, which are all potent nutraceutical or pharmaceutical components. These compounds
have low bioavailability due to their rapid absorption in the stomach and small intestine, causing
low absorption into the blood and circulatory system and high excretion rates and reducing the
efficiency of anthocyanins as free-radical scavengers. An in vitro incubation study in 2012
assessed anthocyanins’ effects on the growth of Bifidobacterium spp., Lactobacillus spp., and
Bateroides spp. and found that the mixture of malvidin-3-glucoside, delphinidin-3-glucoside,
peonidin-3-glucoside, petunidin-3-glucoside, and cyanidin-3-glucoside had a synergistic effect on
the growth of beneficial bacteria [214]. One of the microbiota metabolites of anthocyanin,
namely, gallic acid, was observed to have an inhibitory effect on a group of potentially harmful
bacteria, including Clostridium histolyticum, without affecting the beneficial bacteria.
Furthermore, gallic acid produced from the administration of the anthocyanin mixture
significantly reduced the Bacteroides spp. group [214]. A 2012 intervention study aimed to

evaluate the effect of the moderate intake of anthocyanins in red wine on certain gut microbial
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groups on host health benefits and found that red wine polyphenols could have a significant effect
on the growth of select gut microbes, including Proteobacteria, Fusobacteria, Firmicutes, and

Bacteroidetes [215].

4.2.3. Tea Polyphenols

The evergreen shrub Camellia sinesis can be consumed as unfermented green tea, semi fermented
oolong tea, and fermented (oxidized) black tea [216,217]. Tea leaves contain a variety of
components, including polyphenols, terpenoids, purine alkaloids, the amino acid L-theanine,
carbohydrates, caffeine, theaflavins, and a mixture of natural flavonoids called tea catechins
(TCs). The health benefits of tea have been attributed in part to their antioxidant and anti-
inflammatory properties; however, some benefits have been linked to the relationship between tea
bioactive compounds and the gut microbiota [218]. Tea polyphenols have a low bioavailability;
additionally, it has been estimated that 90-95% of the dietary polyphenol compounds travel to the
large intestine where they are in direct contact with the gut microbiota [219]. Both green and

black teas are rich in flavonoids, comprising up to 30% of their dried volume [220].

Theaflavins

Theaflavin (3,4,5-trihydroxybenzocyclohepten-6-one) is a polyphenol and biflavonoid
responsible for the red pigment in black and oolong tea formed by oxidation during fermentation
[221,222]. Theaflavins (TFs) are further divided into theaflavin (TF1), theaflavin-3-gallated
(TF2A), theaflavin-3’-gallate (TF2B), and theaflavin-3,3’-digallate (TF3) [223]. TFs consist of a
benzotropolone skeleton that is formed by the oxidation of epicatechin (EC) and epigallocatechin-
3-gallate (EGCQ) in the presence of polyphenol oxidase and peroxidase enzymes [224]. TFs
contribute to the health-promoting effects of the gut microbiota due to the bacteria-mediated
metabolism that occurs in the lower GI tract. TFs that reach the large intestine are modified by

ring-cleavage, reduction, hydrolysis, de-carboxylation, and dihydroxylation reactions [225,226].
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An in vitro fecal fermentation study demonstrated that TF administration promoted the growth of
Bacteroides, Lachnoclostridium, Faecalibacterium, Parabacteroides, and Bifidobacterium,
whereas Prevotella and Fusobacterium growth was inhibited [227]. TF3 was shown to inhibit the
growth of gram-negative bacteria, including Klebsiella aerogenes, Escherichia coli,
Pseudomonas aeruginosa, and Proteus mirabilis, and gram-positive bacteria, including

Staphylococcus aureus, Streptococcus pyogenes, and Mycobacterium smegmatis [228].

The exerted health benefits may be due to the regulation of various cellular signaling pathways,
including signaling to mitigate cellular inflammatory responses and blocking of the mitogen-
activated protein kinase [229]. TFs have several therapeutic properties, including a protective
effect on neuronal cell damage, promotion of immune response, and protection against certain
disease initiation via the induction of apoptosis, cell cycle arrest, and suppression of inflammation
[230,231]. TFs have been documented to act as strong free-radical scavengers, inhibit oxygen
radical-mediated lipid peroxidation, and induce activation in different antioxidant enzymes
[223,232]. TFs have been demonstrated in vivo to have the ability to penetrate the blood—brain
barrier (BBB) and offer neuroprotection via radical scavenging, antioxidative, antiapoptotic, and
cell-regulating pathways [230,233,234]. When TFs are hydrolyzed by Bifidobacteria and
Lactobacilli species, the corresponding metabolites TF1, TF2A, TF2B, gallic acid, and pyrogallol
become available metabolites in circulation [226,235]. Additionally, two microbial metabolites of
TFs, i.e., 3-4’-hydroxyphenylpropionic acid and gallic acid, can increase tyrosine hydroxylase
(TH) and dopamine transporter (DAT) immune responses. TFs should be considered promising
prebiotic components due to their capacity to increase the abundance of beneficial bacteria and

decrease the abundance of potentially harmful bacteria.

Green Tea Catechins

There are four major TC compounds found in green tea leaves, identified as (-)-epicatechin (EC),

(-)-epigallocatechin (EGC), (-)-epicatechin gallate (ECG), and (-)-epigallocatechin gallate
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(EGCG) [236], whereas EGCG is the most abundant and the most active component among
catechins. TCs offer a spectrum of health benefits to animals and humans, including protection
from cardiovascular diseases [237], cancers [238], and neurodegenerative diseases [239,240].
Several cell-based and animal experiments have provided evidence demonstrating that tea
polyphenols and TCs have beneficial effects against PD [68,217,241-243]. The mode of action of
TCs is mainly through the prevention of aggregate formation and dopamine loss, alleviating
mitochondrial dysfunction, antioxidative stress, and anti-neuroinflammation, as well as the
activation of neurotrophic factor and signaling pathways [244]. Metabolites of TCs are readily
absorbed into circulation and may lead to the enhanced bioavailability and bioactivity of TCs
[245-247]. TCs have been documented to modify gut-microbiota-dependent metabolisms of bile
constituents and micronutrients [248], including the TCA cycle, bile acid metabolism, and
metabolism of purine, pyrimidine, and amino acids [249]. EGCG has been reported to cross the
BBB after ingestion, leading to increased activity of antioxidants, iron chelation, and
antimutagenic effects [240]. Additionally, aromatic rings and hydroxyl groups produced by TC
metabolism may provide neuroprotection by reducing lipid peroxidation and antioxidant activity

[250].

Overall, the evidence has demonstrated that TCs can significantly impact the biodiversity of host
gut microbiota and overall health by stimulating or hindering the growth of certain microbial
species [218,251]. Previous studies [242] have shown that long-term supplementation with TCs
significantly affected the compositions of the gut microbiome in time-dependent and dose-
dependent patterns in Sprague—Dawley (SD) rats. Bacteroidetes and Oscillospira, both beneficial
microbial families, were significantly enriched, while Peptostreptococcaceae, a gram-positive
bacterium that is overrepresented in the gut of colon cancer patients, was significantly
diminished. TCs have shown inhibitory effects on certain bacteria, such as Bacillus cereus,

Campylobacter jejuni, Clostridium perfringens, E. coli, H. pylori, Legionella pneumophila, and
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Mycobacterium species [252]. Gram-negative bacteria are surrounded by a negatively charged
lipopolysaccharide membrane that repels catechins [253]; however, some evidence shows that TC
supplementation can inhibit the growth of harmful gram-negative bacteria. A 2013 study [254]
found that in vitro EGCG, gallocatechin gallate (GCG), and EGCG 3”-methyl could significantly
increase the abundance of beneficial bacteria, including Bifidobacterium spp., Lactobacillus, and
Enterococcus, successively increasing the production of SCFAs. It was also observed that
catechins were able to reduce the growth of Bacteroides, Prevotella, Clostridium hystoliticum,

Eubacterium, and Clostridium species [254].

4.3. Polyphenols and a-Synuclein

Research has demonstrated that a-synuclein is a crucial therapeutic target for PD, and inhibiting
its aggregation, oligomerization, and fibrillation are key strategies for dis-ease modification
[255,256]. Numerous studies have identified a variety of polyphenolic compounds capable of
inhibiting fibrils and oligomer formation, as well as stabilizing or disaggregating the a-synuclein
oligomers [257-260]. This makes them promising therapeutic candidates for PD and related
synucleinopathies. EGCG, quercetin, polyphenolic acids, curcumin, and their derivatives are

some of the most well-known and effective polyphenolic inhibitors of a-synuclein.

4.3.1. EGCG

EGCQG is a well-studied inhibitor of a-synuclein fibrillization, with a notable inhibition
concentration (IC50) of 9.8 puM [261-264]. First reported by Ehrnhoefer in 2008 [261], EGCG
inhibits a-synuclein by redirecting its aggregation into stable, spherical, and off-pathway
oligomers and transforming pre-formed fibrils into unstructured aggregates. Apart from
redirecting the aggregated a-synuclein to off-pathway oligomers, EGCG was reported to be able
to transform already-formed fibrils into unstructured aggregates without releasing monomers

[265]. The binding of EGCG with a-synuclein is non-specific, and it exhibits anti-amyloidogenic
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properties against multiple proteins, including AB and huntingtin [266—268]. Further studies
suggest that EGCG crosslinks a-synuclein into compact structures that cannot bind to the normal
fibrils [269]. Importantly, EGCG was reported to bind to the same binding sites on a-synuclein
fibrils as Thioflavin T(ThT) and substitute it, leading to misinterpretation of the aggregation
readout [270]. Its efficacy, including in cells overexpressing a-synuclein or its AS3T mutant
[264], suggests that EGCG-induced aggregates are less likely to damage cell membranes
compared to aggregates formed in its absence [271]. However, the full scope of EGCG’s activity

remains under investigation and is not yet fully understood [272].

4.3.2. Curcumin

Curcumin has been recognized for its potential to slow the progression of neuro-degenerative
diseases such as PD [273]. Over the past few decades, the effects of curcumin on a-synuclein
aggregation have been widely studied [274-281]. It has been reported that curcumin can inhibit
a-synuclein fibrillization in vitro and disassemble already-formed fibrils [274,275,278].
Additionally, several modified analogs of curcumin with improved stability have also been
proven effective in inhibiting a-synuclein amyloid aggregation and depolymerizing a-synuclein
fibrils [277,282]. Interestingly, some studies suggested that curcumin may bind to oligomers and
fibrils, thereby accelerating a-synuclein fibrillation, while producing less toxic a-synuclein
aggregates [274,283]. Curcumin has also been shown to prevent hexokinase I (HKI) release and
reactive oxygen species (ROS) enhancement triggered by a-synuclein fibrils in mitochondria
[284,285]. Animal testing in an a-synuclein transgenic PD mouse model has demonstrated that
the curcumin-rich diet showed improvements in mice motor behavior, although no changes in

aggregate levels were detected [286].

Although in vitro data have shown that many polyphenols successfully modify a-synuclein, they
still require systematic pharmacokinetic evaluations through in vivo studies. Additionally, many

polyphenolic compounds face challenges in crossing the BBB due to their non-lipophilic nature,
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potentially preventing them from reaching the concentrations necessary to exert effects in the
brain [287,288]. Several factors, such as stability, solubility in an acidic environment at a gastric
pH, absorption pattern, gut microbiota, enterohepatic circulation, first-pass metabolism, and
metabolic fate concerning phase I or phase I metabolism, play a key role in achieving the ideal

bioavailability of the phytochemicals in the brain [289,290].

5. Interplay between Polyphenols, Gut Microbiota, and a-Synuclein

With increasing recognition of the importance of the gut—brain axis in PD etiology, there is
increasing interest in developing interventional strategies that target and attenuate a-synuclein
aggregation and dispersion. As discussed in the above section, polyphenols are capable of
regulating the gut microbiome composition and the metabolic pathways, mostly through the
inhibition of pathogenic bacteria and the stimulation of beneficial bacteria [291-293]; in turn,
polyphenols are extensively metabolized by the gut bacteria, resulting in the generation of
bioactive secondary metabolites, which enhance bioavailability [294]. These gut bacterial
metabolites inhibit fibrils and oligomer formation and stabilize or disaggregate the a-synuclein
oligomers. More recent research suggested that the microbial metabolites of polyphenols can
inhibit the spread of a-synuclein in a cell-based system [257,295] (Figure 4). However, the
mechanisms of such an interaction between polyphenols, gut microbiota, and a-synuclein are

largely unknown.
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5.1. Bioactivity and Efficacy of Polyphenols Are Affected by Gut Microbiota

Polyphenols that are most commonly found in dietary components are glycosides [296], which
are not completely absorbed in the upper GI tract; only aglycones and some glucosides can be
absorbed in the intestinal mucosa [297]. Recent evidence shows that the bioactivity and efficacy
of polyphenols are significantly influenced by the gut microbiota [294,298—-300]. The microbes in
the gut can transform polyphenols into various metabolites that may have different bioactive
properties from the original compounds [301,302]. Additionally, the composition of an
individual’s gut microbiota, which varies greatly among individuals, can determine the degree to
which polyphenols are metabolized and utilized [303]. For example, interpersonal heterogeneity
in gut microbiota may lead to interpersonal variabilities for their efficacy in metabolizing dietary
flavanols into certain biologically available phenolic acid metabolites that interfere with a-
synuclein misfolding [304]. Preclinical investigations have demonstrated that dietary
supplementation with select bioactive polyphenol-rich dietary preparations, such as a grape seed
polyphenol ex-tract (GSPE) and a standardized Bioactive Dietary Polyphenol Preparation (BDPP,
comprised of a select Concord grape juice, GSPE, and resveratrol) is mechanistically effective in
modulating diverse neuropathologic phenotypes [305]. Furthermore, treatment with a flavanol-
rich preparation (FRP) in gnotobiotic mice yielded brain-bioavailable polyphenol metabolites
[306]. A recent review highlighted that polyphenols’ neuroprotective effects can be direct, after
the metabolites of polyphenols cross the BBB, or indirect, with influences on gut microbial
communities [307]. Clinical trials have demonstrated that polyphenol metabolites are positively
associated with cerebral blood flow and oxygenation, resulting in direct neuroprotective effects
[308,309]. Meanwhile, the gut microbiome can produce active metabolites of polyphenols, which
indirectly enhance their neuroprotective capacity, an example of which is curcumin being
transformed into demethylcurcumin and bisdemethoxycurcumin [307,310]. Therefore,

understanding the interaction between polyphenols and gut microbiota, and identifying the
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specific microbes that enhance the efficacy of polyphenols is crucial for developing therapeutic

strategies and precision nutrition based on the microbiome.

5.2. Anti-a-Synuclein Microbial Polyphenol Metabolites

As a-synuclein is a crucial therapeutic target for PD, inhibiting its aggregation, oligomerization,
and fibrillation are key strategies for disease modification [311]. Polyphenols are among the
emerging therapeutic options for combatting abhorrent a-synuclein as they exist in a wide variety
of chemical compounds and have the ability to produce secondary metabolites after undergoing
microbial transformation by gut microbiota. These metabolites are known for their varied
pharmacological properties, which have been extensively documented in scientific reviews

[302,303,312,313].

Ono and colleagues [304] established two experimental groups of humanized gnotobiotic mice
with diverse gut bacteria compositions and administered a polyphenol-rich preparation orally.
They detected 15 polyphenol-derived microbial metabolites, which are generated by the gut
microbiota fermentation of grape seed polyphenol extract, in the cecal compartment, including
caffeic acid, ferulic acid (FA), gallic acid (GA), and vanillic acid at pM to sub-uM concentrations.
Notably, three metabolites—3,4-dihydroxybenzoic acid (3,4-diHBA), 3-hydroxybenzoic acid (3-
HBA), and 3-(3'-hydroxyphenyl) propionic acid (3-HPPA)—were found to accumulate in the
brain. The in vitro study confirmed that 3-HBA, 3,4-diHBA, and 3-HPPA inhibit a-synuclein
aggregation, including the formation of low-order oligomers such as dimers and trimers. The
findings align with reports from another study that showed that 3-HBA and 3-HPPA prevent the
misfolding and assembly of A peptides into neurotoxic aggregates, such as AP oligomers [314].
Furthermore, using the A53T mutant Drosophila model of PD, these metabolites effectively
improved motor dysfunction, indicating a mitigating effect on mutant a-synuclein-mediated
neurotoxicity [315]. Very recently, 3-HPPA, 3,4-diHBA, 3-HBA, and 4-HBA were found to

significantly attenuate intracellular a-synuclein seeding aggregation in a cell-based system, and
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the findings were confirmed using insoluble a-synuclein aggregates extracted from post-mortem

Multiple System Atrophy (MSA) and PD brain specimens [257].

6. Conclusion

Dietary polyphenols are promising protective agents for PD prevention because of their
abundance and relatively low toxicity [316]. Previous studies have shown that polyphenols can
combat PD through multiple mechanisms, including reducing neuronal apoptosis, attenuating
oxidative stress, and downregulating neuroinflammation. Recent evidence has also demonstrated
that polyphenols inhibit the formation and spread of a-synuclein aggregates, a hallmark of PD
pathology, which may originate from the gut. Furthermore, polyphenols are capable of regulating
the gut microbiota composition and its metabolic pathways, mostly through the inhibition of
pathogenic bacteria and the stimulation of beneficial bacteria [291]; in turn, polyphenols are
extensively metabolized by gut bacteria, resulting in the generation of bioactive secondary

metabolites that enhance their bioavailability.

While polyphenols showed benefits in animal models of PD, evidence from epidemiological
studies primarily demonstrated the association between the dietary intake of polyphenols and a
reduced risk of developing PD. However, data from prospective randomized controlled trials in
patients with pre-existing PD are limited. Therefore, future clinical studies are necessary to
evaluate the effectiveness of dietary polyphenols in slowing the progression of PD. Although the
existing evidence points to the potential of polyphenols to favorably modulate the gut—brain axis,
it is evident that more focused research is needed to fully understand the mechanisms between
polyphenols, the gut microbiota, and a-synuclein in order to establish the therapeutic viability of

polyphenols in clinical settings.
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Abstract

Objectives: This study aimed to evaluate the effects of green tea catechins on the prevention of
Parkinson’s disease neurobehavioral symptoms and a-synuclein blood plasma concentration in a

hemizygous transgenic A53T mouse model.

Methods: Thirty 6-month-old male mice were randomly assigned to three groups (n=10/group):
control, low-dose, and high-dose, receiving green tea polyphenol (GTP) treatment in their
drinking water at 0%, 0.5%, and 1.5%, respectively, over a 90-day period. The efficacy of ad
libitum dosing was assessed by analyzing the bioaccumulation of tea catechins in urine samples
collected from metabolic cages on days 0, 30, 60, and 90, using LC/Q-TOF analysis. PD-related
behavioral impairments were measured with open field and rotarod performance tests on days 0,
45, and 90. On day 90, plasma asynuclein levels were analyzed via enzyme-linked

immunosorbent assay (ELISA) to assess treatment effects.

Results: Circulating tea catechin metabolites were detected in treated groups by day 30, with
levels progressively increasing through day 90. By day 90, control mice exhibited significant
deficits in rotarod performance, while both low- and high-dose groups maintained or improved
their maximum time on the rotarod. Open field testing indicated reduced anxiety-related behavior
in control mice compared to treated groups. ELISA analysis revealed significantly lower

circulating a-synuclein levels in high-dose mice compared to controls.

Conclusion: Our findings indicate that sustained administration of tea catechins significantly
reduces circulating a-synuclein levels in blood plasma, improves motor coordination in a dose

dependent manner, and modulates anxiety-related behaviors in a PD mouse model.
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1. Introduction

Green tea, the dried unfermented leaves of the plant Camellia sinensis, has been consumed for
millennia and is believed to possess numerous advantageous biochemical properties for human
health. Camellia sinensis leaves contain over 2000 chemical classes, while the flavonols, a
subclass of flavonoids that belong to the plant polyphenol group, represent approximately 30 —
40% of the solid mass of dried tea leaves [1]. Green tea polyphenols (GTP) are the primary focus
of research on the advantages of green tea consumption due to their potential health-enhancing
properties. The mixture of natural flavonols in green tea, also called tea catechins (TCs), is
comprised of four main compounds including epicatechin (EC), epigallocatechin (EGC),
epicatechin-3-gallate (ECG), and epigallocatechin-3-gallate (EGCQ), the latter of which is the
most potent and bioactive (Figure 3.1) [1]. TCs are characterized by their benzopyran structure
bearing at least one aromatic ring with a varying number and position of hydroxyl groups, which
determine the ability of each compound to interact via hydrogen bonding or electron and
hydrogen transfer [2]. As such, green tea has garnered global attention for its potential to combat
various health ailments with inflammatory components, including the prevention of
cardiovascular diseases [3,4], improvement in bone density [5,6], prevention of multiple types of
cancers [7-11], and the prevention of neurodegenerative diseases such as Parkinson’s disease

(PD) [12-14].
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PD is recognized as the second most common neurodegenerative disease behind Alzheimer’s
disease, and is the fastest-growing of all the neurological disorders included in the Global Burden
of Disease Database [15]. PD is a complex neurological disorder characterized by the gradual
deterioration of dopamine-producing neurons in the substantia nigra portion of the midbrain [16].
This neuronal loss, coupled with the accumulation of abnormal a-synuclein protein aggregates,
disrupts normal neuron function which then manifests in a spectrum of motor and non-motor
symptoms [17]. Although the precise physiological role of a-synuclein remains unclear, this
protein is abundantly present in presynaptic regions, where it interacts with vesicles and
membranes. At the synapse, pathological a-synuclein initiates its harmful effects by disrupting
vesicle clustering and altering postsynaptic responses to neurotransmitters [ 18]. These disruptions
contribute to impaired synaptic plasticity, which may underlie the early network dysfunctions

responsible for motor impairment before significant neurodegeneration occurs [19].

In recent decades, over 20 genes, including SNCA, have been identified in association with PD,
with implicated genes indicating multiple potential mechanisms by which genetic variation may
increase disease risk [20,21]. However, the majority of PD cases are idiopathic in nature [16,22],
suggesting a multifaceted etiology involving genetic susceptibility and environmental factors that
influence mitochondrial dysfunction, inflammation, and aberrant a-synuclein aggregation [23].
The intricate interplay between genetic predispositions, as evidenced by genome-wide association
studies [24], and environmental factors, such as exposure to pesticides [25,26], heavy metals
[27,28], and diet [29,30] have been shown to play a pivotal role in both the manifestation and
progression of PD. Inflammation is largely implicated in PD pathogenesis, with microglia
becoming activated in response to diverse triggers, and then releasing pro-inflammatory
molecules that contribute to neuroinflammation and neuronal damage [31]. However, the

complete understanding of how these pathogenesis factors interact remains elusive.
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An inverse correlation has emerged in research, suggesting that higher levels of tea consumption
are linked to a reduced likelihood of developing PD [32-37], providing a compelling foundation
for conducting experiments aimed at elucidating the mechanisms of action of TCs. Various
potential mechanisms are proposed to understand the neuroprotective properties of TCs, one of
which is TCs’ rich antioxidant profile, which could enable it to counteract oxidative stress and
mitigate mitochondrial dysfunction [32,38]. Evidence has shown where TCs may play a role in
modulating the aggregation of a-synuclein protein and could reduce the formation of toxic
aggregates through the disruption of a-synuclein protofibrils [39], oxidizing the N-terminal
region and reducing a-synuclein affinity to permeabilize cell membranes [40], and inhibiting the
conformational transition of a-synuclein to B-sheet and disaggregating amyloid fibrils of a-
synuclein in a dose-dependent manner [41,42]. These findings collectively highlight the potential
of TCs as a promising therapeutic strategy for mitigating the progression of PD by targeting

multiple aspects of a-synuclein pathology.

Many in vivo studies have utilized the N-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
mouse model to evaluate the impacts of TC on neurodegeneration and inflammation [43-46].
While the MPTP mouse model remains an effective tool for PD research, the difficulty of
mimicking behavioral abnormalities expressed in human PD and the reduced likelihood of Lewy
body formation [47] could limit its translational relevance and efficacy in fully capturing the
complexity of the disease phenotype. For this study, the transgenic AS3T model was chosen for
its potential to investigate both the mechanisms of motor neuron degeneration and the role of a-
synuclein in PD. Before cognitive and gross motor dysfunction sets in, hemizygous A53T mice
exhibit notable abnormalities in fine motor skills, sensorimotor functions, and hippocampal
synaptic activity. By employing the hemizygous A53T model, we aimed to assess the safety and
efficacy of GTP administration in the prevention of PD pathology and symptoms, as AS3T mice

often display motor deficits and behavioral abnormalities reminiscent of PD in humans [48].
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2. Materials and Methods

2.1. Chemicals and Reagents

Decaffeinated GTP (Lot # 2597074) was purchased from LKT Laboratories, Inc. (St. Paul, MN).
Reference TC standards, including EC, ECG, EGC, and EGCG in dry powder form were
purchased from Thomas Scientific (Chadds Ford Township, PA). High-performance liquid
chromatography (HPLC) grade methanol and water were purchased from Thermo Fisher
Scientific, while all other reagents were analytical grade. After analysis via LC/QTOF, the GTP
extract consisted of 99.61% TCs, 70.12% of which were EGCG. The GTP extract was also
analyzed by batch at LKT Laboratories for heavy metals and arsenic, both of which were under
federal compliance levels (<10 ppm and <3 ppm, respectively) [49]. Sulfatase and -
glucuronidase were purchased from Sigma-Aldrich. Albumin standard (Pointe Scientific, Inc.),
albumin reagent (Thermo Scientific), protein standard (Sigma), and protein assay dye reagent
concentrate (Bio-RAD) were used for the analysis of total protein (TTP) and albumin in plasma.
Mouse SNCA/Alpha-Synuclein ELISA Kit (Catalog no. LS-F23116) was purchased from
Lifespan Biosciences (Lynnwood, WA). GTP powder was stored at 4°C during the study period

while all other standards were stored at -20°C.

2.2 Animal Study Experimental Design

Six-month-old, male B6.Cg-2310039L15Rik8Pmp-SNCAASIT23MKle/J mjce (Strain #006823,
Hualpha-Syn (A53T), Hemizygous transgenic line G2-3) (Jackson Laboratories), were utilized in
this study. All mice were housed individually under a 12-12h light-dark cycle with free access to
pelleted PicoLab Rodent Diet 5053 (LabDiet, Fort Worth, TX) and distilled drinking water during
the study period. Two weeks before the start of the study, mice were acclimated to the single-
house environment and daily handling procedures. All experiments were reviewed, approved, and

carried out under the University of Georgia Animal Use and Care Committee. Mice (n=30) were
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randomly assigned to one of three groups (n=10/group): control, low-dose (0.5% weight/volume
GTP), or high-dose (1.5% weight/volume GTP). Distilled and GTP extract water was prepared
fresh daily while the amount of water drank (mL) and the animal’s body weight (g) were
recorded. For the duration of the study, each animal was monitored once daily for any clinical
indications of mortality and morbidity. At the conclusion of the study, animals were humanely
euthanized and then subjected to a gross necropsy. The following organs, including the heart,
lungs, spleen, liver, stomach, intestines, testes, preputial gland, brain, and thymus were dissected
and trimmed carefully to remove fat or other contiguous tissues, then weighed immediately to
minimize the effects of dry organ weight. The stomach and intestines were then promptly stored
in appropriate containers at -80°C while the remaining organs were fixed in 10% formalin

solution and stored at 4°C until future analyses.

2.2.1 Biological Sample Collection

The design of the sample collection is summarized in Figure 3.2. Mice were transferred to
Nalgene metabolic cage systems (Rochester, NY, USA) on days 0, 30, 60, and 90. Urine was
collected at two-time points over 24 hours into sterilized tubes, which were then promptly stored
at -80°C until analysis. On day 90, mice were anesthetized via isoflurane inhalation and then
euthanized via cardiac puncture followed by CO; inhalation. Blood from the cardiac puncture
procedure was collected in EDTA-treated tubes and then centrifuged for 10 minutes at 2,000 g in
a refrigerated centrifuge. The blood plasma supernatant was separated and then immediately
stored at -20°C until analysis of TTP, albumin levels, and evaluation of a-synuclein concentration

via ELISA.
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Figure 3.2. Graphical summary of experimental timeline.

6-month-old male A53T Transgenic mice were randomly assigned into the control, low-dose, or
high-dose treatment groups and dosed over a 90-day period. Urine and fecal samples were
collected via metabolic cages on days 0, 30, 60, and 90 in tandem with behavioral data collected
from open field and rotarod performance tests on days 0, 45, and 90. At the conclusion of the
study, mice were euthanized humanely through cardiac puncture followed by CO?2 inhalation.
Subsequently, necropsies were conducted to collect organs. (Created with BioRender.com,).
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2.3 Behavioral Experiments

Identical neurobehavioral assessments, including the open field and rotarod performance tests,
were conducted on days 0, 45, and 90 of the 90-day treatment period. Testing was conducted in a
quiet (50-60 dB ambient noise), temperature-controlled (70°F), and light-controlled (~300-400
lux) dedicated room. Before the start of each experiment, mice were acclimated to the testing

room for 30 minutes.

2.3.1 Open field test

To examine spontaneous exploratory locomotor behavior, the open field test was employed. This
test evaluates the exploration tendencies of mice and gauges their emotional responses when
introduced to a substantially larger, brightly illuminated, and unfamiliar environment compared to
their home cage [50]. Each mouse was placed in the center of a square (40 cm % 40 cm) arena and
allowed to explore the arena for 5 minutes. ANY-maze tracking software (Version 7.35, Stoelting
Co.) was employed to measure average speed, total distance traveled, time spent in the center
region vs. outer region, grooming duration, and rearing activity. A 50% ethanol solution was used

to cleanse the arena between each animal to mitigate odor.

2.3.2 Rotarod test

The rotarod test (Rotarod LE8500, Harvard Apparatus) is a commonly employed method for
assessing the motor coordination of rodents, demonstrating particular effectiveness in detecting
dysfunction within the cerebellum [51]. The acceleration protocol, adapted from Campos ef al.
[52], was comprised of a starting speed of 4 rpm increasing to 40 rpm over a span of 5 minutes, at
which the length of time that each animal stayed on the rod was recorded as the test duration.
Each animal underwent pre-training on the rotarod to achieve consistent performance levels and

acclimate to the apparatus. Training consisted of three sessions over three consecutive days,
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where the final test was performed in triplicate under the same accelerating protocol on the fourth

day.

2.4 Biochemical Analyses

2.4.1 Measurement of total protein and albumin in blood plasma

For the measurement of total plasma proteins, the Bradford Assay was employed. Briefly, 5 uL of
blood plasma was diluted with 95 puL of HPLC-grade water. Following vortexing, 4 pL of this
solution, prepared at a 20-fold dilution, was introduced into a glass tube containing 796 pL of
HPLC-grade water. 200 uL of a specialized protein assay dye reagent concentrate was added to
the solution, followed by another round of vortexing to ensure homogeneity. The resultant
mixture was subjected to spectrophotometric analysis at a A of 595 nm. The determination of
albumin concentration in plasma followed a parallel procedure. 10 pL of plasma was combined
with 10 pL of HPLC-grade water within a glass tube. 980 pL of albumin reagent was added into
the tube, followed by vortexing. The resulting solution was then subjected to spectrophotometric
analysis at A of 630 nm. Final concentrations of both TTP and albumin were calculated through

the analysis of absorbance readings obtained from the spectrophotometric measurements.

2.4.2 Measurement of a-synuclein concentration in blood plasma

To evaluate the quantity of endogenous a-synuclein circulating in the blood, a sandwich ELISA
protocol was employed. 100 pL. of room temperature standard, blank, or sample was added to a
pre-coated 96-well plate, covered, and incubated for 90 minutes at 37 °C. The liquid was then
aspirated followed by the addition of 100 pL of biotinylated detection antibody, covered, gently
mixed, then incubated for 60 minutes at 37 °C. The liquid was aspirated from the well, then
washed three times with 350 pL of wash buffer. After three washes, the plate was tapped clean
before adding 100 pL of horseradish peroxidase (HRP) conjugate working solution, covered, then

incubated for 30 minutes at 37 °C. The liquid was then aspirated and washed five times with 350



99

uL of wash buffer. Then, 90 pL of 3,3',5,5'-tetramethylbenzidine (TMB) substrate solution was
added to each well, covered, then incubated for 15 minutes at 37 °C. Lastly, 50 pL of stop
solution was added to each well, the plate gently mixed, then placed in a plate reader to determine
the optical density of each well at 450 nm. All samples and standards were run in duplicate. Final
concentrations were calculated through the analysis of averaged absorbance readings and

subtracting the zero-standard reading.

2.5 Measurement of urinary TC metabolites

The procedure for analyzing the concentration of urinary TCs and the daughter metabolites, as
shown in Figure 3.3, was determined following a method described in Wang et al. [53]. Thawed
urine samples (50 puL) were centrifuged, then combined with 150 pL of 0.1 M NaH,PO4, 50 U of
B-glucuronidase, 1 U of Sulfatase, and 20 pL of 20% Vit-C EDTA solution for a 1-hour
incubation at 37°C to release conjugated polyphenols. Urine samples were quenched with ethyl
acetate to stop the reaction, vortexed, and then centrifuged. The organic phase was extracted with
ethyl acetate for a total of three washes. The pooled organic phases were dried in vacuo with a
Labconco Centrivap concentrator (Marshall Scientific) and then reconstituted with 25% methanol

for LC/Q-TOF injection.
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Figure 3.3. Workflow of liquid-phase extraction of urinary TCs.
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2.5.1 LC/Q-TOF Targeted Analysis

Targeted metabolomics analysis of TC and daughter metabolites was performed on an Agilent
6546 LCMS in tandem with a quadrupole time of flight (Q-TOF) system (Agilent Technologies,
Santa Clara, CA). Each sample was run in duplicate, employing a standard curve for the
beginning and end of each run, and interspersing blanks after every 9 samples. Separation was
performed on an Agilent Eclipse Plus C18 (4.6 mm x 150 mm, 5 pm) column. The binary solvent
system was composed of 0.1% formic acid in HPLC-grade water (v/v, A) and 100% methanol
(B). The gradient elution was 0.0 — 1.25 min: 10% B, 1.25 — 2.5 min: 15% B, 2.5 — 7.0 min: 27%
B, 7.0 — 9.0 min: 40% B, 9.0 — 13.0 min: 95% B, 13.0 min: 25% B. Injection volume was set to
15uL, flow rate was 0.40 mL/min, and column temperature was controlled at 40°C. During the
analysis, instrument parameters were set accordingly: capillary voltage 3500 V for the negative
ion polarity mode, gas temperature 250°C, sheath gas temperature 300°C, sheath gas flow 12
1/min, gas flow 11 I/min, and nebulizer 35 psi. The mass scan range was 100 — 1500 m/z in
negative ionization mode. LCMS/Q-TOF-MS/MS mode was employed to detect the daughter
compounds, as described in Table 3.1. Collision energy (CE) was set to 25 mV. LC/Q-TOF data
processing was performed with Agilent MassHunter “Quant-My-Way” Quantitative Analysis
(version 10.2) and Qualitative analysis software (version 10.0). Targeted data processing was

performed using the “Find Compounds by Formula” feature.



Table 3.1. Mass parameters for the analyzed GTP metabolites.
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Compound [M-H] Quant Qual Rt Peak #

(m/z) Ion Ion(s) (min)
Gallate 212 123 0.691 1
EGC | (-)-Epigallocatechin 305 261 | 221,219 | 2.023 2
EGCG | (-)-Epigallocatechin-3-O-gallate 457 305 | 331,169 2.788 3
EC (-)-Epicatechin 289 245 205 3.06 4
ECG | (-)-Epicatechin-3-O-gallate 441 289 | 331,169 3.714 5
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2.6 Statistical Analysis

Statistical analyses were performed using GraphPad Prism® v.10.0.2. Statistical comparisons for
changes in body weight, water consumption, food consumption, TC metabolites, and a-synuclein
concentrations were analyzed using a one-way ANOVA test. A two-tailed T-test was used to
determine significant differences between groups TTP and albumin levels. The effects of GTP
treatment on rotarod performance and open-field maze performance data were analyzed using a
two-way ANOVA, followed by post-hoc pairwise comparisons carried out using the Bonferroni
method. All data are presented as mean £ SEM, and significance levels denoted as *p < 0.05,

*kp < 0.01, **%p <0.001.

3. Results

On day 76, one animal in the control group was found deceased with no clinical history. Necropsy
showed that the cause of mortality was likely a urinary obstruction. No other adverse findings

were observed during daily clinical observations.

3.1 Body weight, water consumption, and food intake

The body weight of experimental mice from all three groups increased steadily during the 90-day
study period. Figure 3.4 presents the body weight (BW) for the different treatments over the study
period. At the baseline, there was no significant difference in BW amongst the treatment groups.
By day 90, BW increased significantly in all groups compared to the baseline measurements
(control p = 0.0488, low-dose p = 0.0058, high-dose p = 0.0433). Water intake increased over the
study period compared to the baseline for all experimental groups. Figure 3.5 shows data on the

weekly average water consumption for each treatment group.
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Figure 3.4. Average body weight of mice over 90-day study period. All groups had significantly
greater body weight by the end of the study period compared to day 0. There was no significant
difference in body weights between the treatment groups at the beginning or end of the study
(ANOVA F: (38, 323) = 3.225). Data are presented as mean = SEM.
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Figure 3.5. Average water consumption over 90-day study period. The amount of TC-treated
water consumption was lower in the high-dose group compared to the control and low-dose
groups. By week 7, there was no significant difference in average measured water consumption in
the high-dose group (ANOVA F: (38, 231) = 12.07). Data are presented as mean + SEM.



106

There was no significant difference in the amount of water consumed between the control and
low-dose groups, while, in contrast, the high-dose group drank significantly less water over
weeks 1-6 compared to the control and low-dose groups. By week 7, there was not a significant
difference of water intake between treatment groups. Figure 3.6 presents the average food intake
between treatment groups on days 0, 30, 60, and 90. There was no significant difference in the
amount of food consumed between treatment groups. The control group had a relatively
consistent average intake of food while the low-dose group showed a positive trend in food
consumption and the high-dose group had a reduced trend in food consumption. The final organ
weights, as shown in Table 3.2, did not exhibit any significant differences between treatment
groups. The comparative analysis of TTP and albumin concentrations in blood plasma relative to
body weight is summarized in Table 3.3. Our analysis demonstrated no statistically significant

disparities among the control, low-dose, and high-dose groups.
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Figure 3.6. Average food consumption measured from metabolic cages on days 0, 30, 60, and 90.
No significant differences were observed between treatment groups and control group over the

study period (ANOVA F: (11, 104) = 2.632). Data are presented as mean + SEM.



Table 3.2. Final organ weight. Data are represented as mean + SEM.
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Control (n=9) | Low dose (n=10) | High dose (n=10) | p-value
Heart 0.244 +0.021 0.226 £0.010 0.209+0.012 | 0.2541
Lungs 0.362 +0.028 0.331 +£0.046 0.319+£0.024 | 0.6683
Spleen 0.132 +0.009 0.118 £0.012 0.12+£0.006 | 0.5275
Liver 1.896 +0.071 1.874 £ 0.044 1.809 £0.057 | 0.5497
Stomach 0.59 +0.031 0.589 +0.336 0.663 £0.055 | 0.3687
Intestines 3.69+0.118 3.94+0.128 3.88+0.054 | 0.8219
Testes 0.411+0.032 0.39£0.022 0.349+£0.028 | 0.2822
Preputial gland 0.546 £ 0.035 0.548 £0.014 0.528 £0.015 | 0.7875
Brain 0.606 + 0.025 0.579 £ 0.025 0.61£0.016 | 0.5710
Thymus 0.093 +£0.008 0.109 + 0.006 0.092 +0.009 | 0.2311




Table 3.3. Levels of total protein and albumin in blood plasma on day 90.
Data are represented as mean + SEM.
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Body Weight (g) Total Protein (g/L) | Albumin (g/L)
Day 0 Day 90 Day 90 Day 90
Control 30.94 +£0.278 33.05+£0.445 4472 £ 3.487 29.92 +1.134
(n=9)
Low Dose 30.29 £ 0.366 32.71+0.394 43.89 +5.658 30.51 £0.766
(n=10)
High Dose 30.43 £0.535 32.02+£0.615 43.51 +£4.233 30.37 +£0.532

(n=10)
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3.2 Biochemical Analyses

3.2.1 Urine TC concentration

The analysis of TC metabolites in urine involved assessing individual TC standard retention times
(Figure 3.7), setting up calibration curves, and then measuring the concentration of TCs in urine
in nanograms per mL (Figure 3.8). Metabolite concentrations were adjusted by nanograms per
milligram of urinary creatinine (Figure 3.9). The major forms of TC ingredients in urine were
Gallate, EC, ECG, EGCG. On day 30, the low-dose group had higher average concentrations of
all 4 TCs compared to high-dose mice, likely due to the higher sustained consumption of TC
water. At day 60 the high-dose group had higher average concentrations for all 4 TCs compared
to control and low-dose groups (Figure 8) and by day 90, the high-dose group had sustained
higher averages of EC, ECG, EGC, and EGCG (0.49 ug/mL, 0.89 ug/mL, 1.9 ug/mL, and 4.72
ug/mL, respectively). For EGCG specifically, we observed a 0.288% increase from day 30 to day
90 in the high-dose group, while the low-dose group demonstrated a 0.156% increase in EGCG
metabolites over the same period. After adjusting for urinary creatinine, the high dose group
showed significant increases of urinary concentration of EC from day 30 to day 90 (p = 0.0058),
EGCG from day 30 to 60 (p = 0.237) and 30 to 90 (p = 0.0137), and EGC from day 30 to 90 (p =
0.0129) and 60 to 90 (p = 0.0002) (Figure 9). These results indicate a sustained presence and
accumulation of TC metabolites in urine over the course of the study period, suggesting effective

absorption and metabolism of TC following administration.
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Figure 3.7. Overlapping of the extracted ion chromatograms of [M-H] ion signals of tea catechin
standards identified in LC/Q-TOF targeted analysis.
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Figure 3.8. Urinary concentrations of four main TCs on day 30, 60, and 90 (ng/mL). Urine was
collected via metabolic cages over a 24-hour period. Data are plotted as mean = SEM.
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Figure 3.9. Adjusted urinary TC concentrations (ng/mg creatinine). Urine was collected via
metabolic cages over a 24-hour period. (EC: ANOVA F: (8, 81) = 13.51), (ECG: ANOVA F:
(4,45) = 8.622), (EGC: ANOVA F: (8, 81) = 37.06) , (EGCG: ANOVA F: (8, 81) = 17.21). Data

are represented as mean and 5-95% confidence interval.
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3.2.2 Concentration of a-synuclein in blood plasma

Elevated levels of a-synuclein in the plasma have been proposed as a potential biomarker for PD
pathology [54,55]. As such, we employed a sandwich ELISA for the measurement of recombinant
full-length mouse SNCa protein in blood plasma. The levels of a-synuclein in blood plasma of
the control, low-dose, and high-dose groups were 189.9 + 20.05 pg/mL (coefficient of variance
(CV): 31.67%), 154.9 £ 9.376 pg/mL (CV: 19.14%), and 123.0 + 7.090 pg/mL (CV: 18.22%),
respectively. Brown-Forsythe ANOVA test (F: ( 2.000, 13.98) = 6.245) demonstrated where there
was a significant difference among means (p = 0.0115). Dunnett’s post hoc analysis demonstrated
where the high-dose group had significantly less circulating a-synuclein in the blood plasma
compared to controls and the low-dose group on day 90 (p = 0.0293, p = 0.0421, respectively)

(Figure 3.10).
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Figure 3.10. Scatter bar chart of plasma a-synuclein levels between the control, low-dose, and
high-dose groups on day 90. Significant differences between the control and high dose (p =
0.0293) and low-dose and high-dose (p = 0.0421) were detected.
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3.3 Behavioral Analyses

3.3.1 Open field

Given that animal models of PD usually exhibit diminished locomotor activity, especially as they
age, we aimed to assess whether mice displayed altered movement in the context of GTP
treatment. To determine changes in locomotor activity over the course of the study period, we
utilized the open field test. By day 90, significant changes emerged regarding spatial positioning
and behavior. High-dose mice spent significantly more time in the peripheral zone compared to
control mice (control = 271.9 +5.23/s; low-dose = 276.40 + 4.49/s; high-dose = 287 + 1.49/s) (p =
0.0393) (Figure 3.11A). Consequently, control mice spent significantly more time in the center
region compared to the high-dose mice (control =26.78 & 5.1/s; low-dose = 22.53 + 4.49/s; high-
dose =11.97 £ 1.42/s) (p = 0.0316) and demonstrated a significant increase in active time in the
center region compared to the high-dose mice (p = 0.0009). These observations are consistent
with previous reports of hyperactivity in A53T mutant a-synuclein mice [56,57], which suggest a
potential connection between the expression of the A53T mutation and decreased anxiety-like
behaviors. Additionally, high-dose mice exhibited significantly increased grooming behavior
events compared to controls (control = 2.56 £ 0.69; low-dose = 3.80 = 0.55; high-dose = 6.0 +
0.72) (p = 0.0248), which may indicate alterations in stress response or anxiety-related behaviors
as a result of GTP administration (Figure 3.11B). The grooming behavior of the low-dose mice
showed a trend towards significance but fell short of the threshold when compared to the control
groups (p = 0.0507). This trend suggests a potential dose-dependent effect of GTP treatment on

anxiety related grooming behavior in an otherwise hyperactive and anti-anxiolytic mouse model.

3.3.2 Rotarod

As PD progresses, patients often experience difficulties with balance and coordination, which can

significantly impact their daily activities. To evaluate these aspects, the rotarod test, a widely used
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method for assessing motor coordination and balance in rodents, was employed. At the baseline,
no significant differences were observed between the treatment groups (control = 130.9 + 15.7/s;
low-dose = 128.7 = 14.61/s; high-dose = 109.5 + 8.49/s), indicating similar motor performance
prior to treatment initiation. All groups demonstrated a decrease in the maximum duration
achieved on the rotarod at day 45 compared to the baseline (control = 77.53 + 10.79/s; low-dose =
89.94 £ 16.92/s; high-dose = 81.21 + 8.65/s). The control group exhibited significant reductions
in maximum duration on the rotarod at day 45 (p = 0.0199) and day 90 (p < 0.0001), indicating
deteriorating motor coordination and balance over time in control mice (Figure 3.11C). In
contrast, both the low-dose and high-dose treatment groups showed longer maximum durations
on the rotarod at day 90 compared to the control group (control = 54.05 + 6.73/s; low-dose =
86.64 + 6.97/s; high-dose = 96.55 =+ 7.9/s). This suggests that the therapeutic intervention with
GTP may have mitigated the decline in motor coordination and balance observed in control mice,
with the improvement in rotarod performance in the treated groups implying a potential

protective effect of the treatment on motor function.
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Figure 3.11. Behavioral activity recorded on the baseline, day 45, and day 90 of the experimental timeline. Data are plotted as mean = SEM.

(A) Cumulative time (seconds) spent in the inner region of the maze over a 5-minute period, automated video tracking using ANY-maze software.
On day 90, the high-dose group spent significantly less time in the center of the maze (p = 0.0316) and demonstrated significantly increased
thigmotaxis (p = 0.0393) compared to the control group (ANOVA F: (8, 69) = 2.200).

(B) Grooming events measured over a 5-minute period, reported as grooming frequency. Mice in the high-dose group spent significantly more time
grooming compared to controls (p = 0.0248). The grooming behavior of the low-dose mice exhibited a notable trend when compared with the
control groups (p = 0.0507), narrowly missing the threshold for statistical significance (ANOVA F: (8, 69) = 1.851).

(C)Longest duration (seconds) recorded for the rotarod performance test. Motor coordination and balance was examined by rotarod performance
testing the baseline, day 45, and day 90 of dosing. The control group had a significant decrease in maximum duration from day 0 to day 45 (p =
0.0199) and day 0 to day 90 (p < 0.0001) (ANOVA F: (8, 69) = 5.679)
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4. Discussion

As global population aging escalates, there is a corresponding rise in the incidence of PD. PD not
only profoundly impacts the health of older individuals, but also imposes a major economic and
social burden on families and society [58]. Over time, the accumulation of a-synuclein in the
substantia nigra exacerbates, leading to the progressive degeneration of dopaminergic neurons.
Unfortunately, effective therapeutic options for PD patients remain limited. Conventional
treatments, such as levodopa replacement therapy, merely offer symptomatic relief [59].
Consequently, there is a growing emphasis on researching early intervention and therapeutic
strategies to prevent the onset and progression of PD. Nutritional factors seem to have a
significant association with PD onset, prompting thorough investigation into the interplay
between dietary habits and the risk of developing PD [60-63]. A Mendelian randomization study
revealed that the consumption of green tea diminishes the likelihood of developing PD, indicating
that a higher intake of green tea correlates with a slower progression of the disease [32]. The
natural derivation of TCs and their capacity to traverse the digestive tract and penetrate the blood-
brain barrier have garnered significant attention as a potential therapeutic for PD in recent years
[64]. For this reason, assessment of the neuroprotective effects of TCs on PD progression with a
hemizygous A53T mouse model that intrinsically overexpresses mutant human a-synuclein is

significant.

Importantly, no abnormal treatment-related findings were observed, corroborating the overall
safety and tolerability of the selected experimental dosages that have been reported in the
literature [65,66]. Administration of 0.5% and 1.5% GTP did not have a significant impact on
levels of TTP or albumin in blood plasma between controls and treatment groups. The TTP levels
remained consistent across all groups and were parallel to the recorded levels observed in

C57BL/6J mice [67]. There was a marginal increase noted in albumin concentrations of A53T



120

mice compared to C57BL/6J mice, suggesting a potential genotypic increase in endogenous

albumin concentration.

Throughout the study duration, we noted a consistent increase in BW among mice in all three
groups, with this increase becoming statistically significant by day 90 when compared to baseline
measurements. The observed BW gain suggests that the experimental treatments did not
adversely affect the overall health or nutritional status of the mice. Additionally, water intake
increased over the study period in all experimental groups compared to baseline measurements.
Interestingly, while there was no significant difference in water consumption between the control
and low-dose groups, the high-dose group exhibited significantly lower water intake through
weeks 1-6 of the study period. This could largely be due to the bitter taste of the TCs, as similar
findings have been reported with TC administration via drinking water [68]. Daily intake of GTP
water increased over the study period, as reflected in urine concentrations. Regarding food intake,
no significant differences were observed between treatment groups in terms of the amount of food
consumed. However, distinct trends were observed over time. The control group maintained
relatively consistent food intake levels throughout the study period while the low-dose group
showed a positive trend in food consumption by day 90, suggesting a potential increase in
appetite or food preference with prolonged treatment. Conversely, the high-dose group exhibited
a reduced trend in food consumption by day 90, which may indicate a decrease in appetite or
alterations in feeding behavior associated with the high-dose treatment. EGCG has been
documented to decrease weight gain and adipose tissue weight [69] through the induced secretion
of anorexigenic gut hormones [70] or modulation of bile acid metabolism and gut microbiome
composition [71,72]. These findings align with previous research indicating that EGCG may

influence weight gain and metabolism through various mechanisms [73].

Despite the differences in amount of water consumption, a significant increase in TC

concentrations in urine was observed in groups receiving GTP doses. Notably, levels of EC and
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ECG were not detected in the control group’s urine, but trace levels of EGCG (< 100 ng/ml) and
EGC (<25 ng/mL) were detected, largely due to exogenous substances in the diet that may have
similar metabolic properties. The low-dose group had a slightly higher average concentration of
TC metabolites on day 30, credible due to the difference in GTP drinking water volume
consumed. By day 60, the high-dose group exhibited higher average concentrations of EC, ECG,
and EGCG compared to the low-dose group, and by day 90 this trend extended to all of the
targeted TC metabolites, with the high-dose group showing elevated levels for all measured TCs.
Similar to Lambert et al. [74], urinary levels of conjugated EGCG were measured, primarily in
the EGCG 3”Me ((—)-epigallocatechin-3-O-(3-O-methyl)-gallate) and EGCG 4"Me ((—)-
epigallocatechin-3-0-(4-O-methyl)-gallate) forms. Liu et al reported similar urinary
concentrations of EGCG on day 87 of their long-term oral administration study [75], however
EGC was reported to be their highest metabolite in urine. Our results indicate where EGCG was
the highest metabolite in urine, which could be due to the differences in prepared TC mixture or
analytical parameters. The results suggest that frequent consumption of GTP enables the body to
maintain a high level of circulating tea polyphenols, and the persistent increase in TC metabolite
levels over the duration of the study suggests effective absorption and metabolism of TCs that

likely contribute to in vivo biological effects.

Although there have been numerous biomarker-based studies conducted using peripheral tissues
and body fluids to detect and quantify a-synuclein levels, there is still no consensus on which
form serves as a reliable biomarker for early diagnosis or monitoring disease progression [76].
Because plasma a-synuclein levels have been documented to exhibit moderate sensitivity and
high specificity in PD patients compared to healthy controls [77], an ELISA assay specific to
mouse SNCA/ a-synuclein was employed for the quantification of circulating a-synuclein in
blood plasma. We found that the high-dose group had significantly lower levels of circulating a-

synuclein compared to the low-dose and control groups on day 90 of the study. This reduction in
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a-synuclein suggests evidence of protective effects of high-dose GTP treatment, of which there
are several potential mechanisms, including TC’s antioxidant activity, anti-inflammatory
properties, and inhibition of amyloid-beta aggregation, which may contribute to the observed
reduction in circulating a-synuclein levels. Intestinal microbial ring-fission metabolites of EGCG
are found in both free and conjugated forms in blood plasma, and in vitro data suggests that these
metabolites can cross the blood brain barrier where they are in contact with potential neurotoxic
oligomers [78,79]. A previous study demonstrated that EGCG strongly inhibited a-synuclein
aggregation and prevented toxicity in PC12 cells [80]. Additionally, EGCG was found to bind to
the native, unfolded a-synuclein polypeptide chains, preventing the formation of toxic f3
structures by promoting the formation of unstructured oligomers. This suggests a potential
mechanism by which TC metabolites could exert neuroprotective effects, offering a link between
their presence in plasma and their ability to impact brain function through the mitigation of

circulating a-synuclein.

Hemizygous AS3T display typical age-related behavior at 5 months, however between 7 and 9
months the mice display mild hyperactivity that progresses to wobbling movement and decreased
activity. Severe motor impairment can be seen anywhere from 9 — 16 months of age [56,81], and
these mice age, there is a noticeable decrease in anxiety levels, possibly attributed to alterations in
neurotransmitter systems, particularly dopamine and gamma-aminobutyric acid (GABA) [56,82].
These changes are likely impacted by the advancement of disease pathology, involving
modifications in neuronal circuits and neurotransmitter concentrations. In the open field test,
which assesses locomotor activity and spatial behavior, no significant differences were observed
in distance traveled or average speed between treatment groups at any time points. By day 90,
mice in the high-dose group displayed a preference for the periphery of the open field, spending
significantly more time in this zone compared to controls, which spent more time in the center of

the open field. This behavioral shift in the high-dose group suggests heightened anxiety levels, a



123

factor that could be further supported by examining aberrant grooming behaviors, known to be
influenced by stress and anxiety in rodents [83]. A53T mice have been reported to display
impaired grooming observed as early as two months old [48,83]. High-dose mice exhibited
increased grooming behavior compared to controls which implies alterations in stress response or
anxiety-related behaviors. The trend towards significance in grooming behavior observed in low-
dose mice also suggests a dose-dependent effect of GTP treatment on anxiety-related behaviors
that are downregulated in A53T phenotypes. These findings underscore the need for further
investigation into the potential anxiolytic effects of long-term TC treatment in PD. The rotarod
test revealed where, while all groups demonstrated a decrease in maximum duration achieved on
the rotarod by day 45 compared to baseline, control mice exhibited significant reductions in
duration on the rod at both day 45 and day 90. This decline in motor coordination and balance
over time in control mice highlights the progressive nature motor impairments in PD. This
progressive decline in motor performance observed in control mice underscores the importance of
therapeutic interventions, as evidenced by a 2017 study where MPTP mice treated with EGCG
had a significantly improved duration on the rotarod compared to the MPTP controls [84].
Additionally, a related study examining the neuroprotective potential of EGCG in a chronic PD
mouse model induced by a-synuclein preformed fibrils reported EGCG's capacity to ameliorate
the motor impairment symptoms of a-synuclein on the rotarod performance test [85]. A 2015
study provided evidence that tea polyphenols were effective in mitigating motor impairments,
reducing dopaminergic neuronal injury, and inhibiting a-synuclein aggregation in monkeys with
MPTP induced PD [81]. Taken together, this data suggests that GTP may have therapeutic
potential in addressing key aspects of PD pathology, including motor dysfunction and the
abnormal accumulation of a-synuclein. Our observations indicate a potential association between
the AS3T a-synuclein mutation and behavioral deficits in the hemizygous AS3T PD mouse

model, suggesting a comorbidity between these behaviors and the disease.
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5. Conclusion

This study demonstrates that sustained administration of TCs significantly reduces circulating o-
synuclein levels and improves motor coordination in a dose-dependent manner in a hemizygous
transgenic A53T mouse model of PD. The safety outcomes from the present animal study lay the
groundwork for determining a safe maximum daily dosage for prolonged consumption of TC
supplements for the prevention of PD symptoms. Additionally, investigations into the relationship
between urinary TC levels and clinical endpoints may provide valuable insights into the potential
therapeutic efficacy of TC interventions. The observed improvement in motor function, as
evidenced by enhanced performance in rotarod tests and changes in anxiety-related behavior,
underscores the potential of TCs as a therapeutic agent for PD symptoms. Our results add
evidence to the claim that TC treatment may have protective effects on locomotor activity, motor
coordination, and a-synuclein levels in the A53T mouse model of PD. These findings highlight
the promise of TCs in mitigating key aspects of PD pathology and warrant further research to
clarify their underlying mechanisms of action and assess their potential therapeutic utility in
preventing PD-related symptoms and pathology. Further comprehensive studies are needed to
investigate the in vivo dynamics of TC metabolites, their metabolism, and the interactions with -

synuclein species.
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Abstract

Green tea polyphenols (GTPs) have been demonstrated to provide a range of health benefits in
both animals and humans, likely stemming from their interaction with the gut microbiota. As only
about 5-10% of GTPs are metabolized by the human body, the rest are in direct contact with the
gut microbes present in the large intestine, where they can be biotransformed into potent
antioxidant and anti-inflammatory metabolites. In the past decade, numerous studies have
illuminated the intricate relationship between microbial dysbiosis and Parkinson’s disease (PD),
paving the way for new biomarkers and therapeutic approaches. With advances in high-
throughput sequencing, the role of the gut microbiome has gained significant attention in the
context of PD prevention. GTPs and their interaction with gut microbes could offer promising
therapeutic potential for microbial dysbiosis. This study investigated the effects of 90-day
supplementation with green tea catechins (TC) via drinking water in 6-month-old male A53T
transgenic mice, focusing on compositional shifts and functional outcomes of the gut
microbiome. Our findings revealed significant changes in microbial a-diversity, with TC-treated
groups exhibiting higher diversity compared to control mice. In addition to changes in microbial
composition, we observed alterations in key metabolic pathways, including enhanced cAMP
signaling and a reduction in nicotinamide metabolism, lipopolysaccharide biosynthesis, and
biofilm formation in TC-treated groups. These results support the hypothesis that TCs may
mitigate gut microbiome dysbiosis and promote neuroprotection through modulation of the
microbial metabolome. Our study highlights the therapeutic potential of TCs in influencing gut

microbiota and their metabolic pathways.
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1. Introduction

Parkinson’s disease (PD) is the second most common neurodegenerative disorder, following
Alzheimer's disease, and is pathologically characterized by the progressive degeneration of
dopaminergic neurons in substantia nigra pars compacta and accumulation of misfolded a-
synuclein protein [1]. The prevalence of PD has more than doubled over the last 25 years [2],
highlighting not only the impact of an aging global population but also potential environmental
and genetic factors that have contributed to the rise in cases. About 10% of PD cases can be
linked to inherited genetic mutations, however most cases are idiopathic in origin [3], pointing to
a complex interplay between age, the environment, and genetic factors as disease promoters.
Advances in genomic sequencing have revolutionized our understanding of PD, uncovering the
crucial role of the gut microbiome in PD development and progression, particularly through its
ability to modulate inflammatory signals and interact with other organs [4]. Age-related
alterations in the gut microbiota can be linked to aging-related changes in gut physiology, such as
mucosal thinning, barrier disruption, reduced gut motility, and immune senescence [5].
Additionally, changes in lifestyle factors, including diet, environmental/living conditions, and

physical activity, as well as changes in health status contribute to gut perturbation.

Since the publication of the first study on gut dysbiosis in PD patients in 2015 [6], a myriad of
studies have demonstrated where patients with PD have a significantly altered gut microbial
composition compared to age-matched healthy controls [7-20], which has led to an increased
interest in uncovering the alterations in gut-derived microbial products and immune pathways
promoting PD pathology. The most consistent findings across gut microbiome studies in the
context of PD have described an increased abundance of bacteria in the Akkermansia genus in the
Verrucomicrobiaceae family, along with increased abundance of Bifidobacterium and
Lactobacillus genera and reduced abundance of Roseburia, Faecalibacterium, and Blautia genera

[5]. Bifidobacterium and Lactobacillus, commonly regarded as beneficial bacteria and frequently
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found in probiotic supplements [21], may exhibit increased abundance in PD due to their
adaptability to the altered gut environment. However, the underlying reasons for this shift remain
unclear. Decreased levels of the fecal short-chain fatty acids (SCFAs) butyrate, acetate, and
propionate have been consistently observed in PD [11,22,23]. SCFAs play a crucial role in
microbiota-gut-brain communication, partly by regulating the integrity of the gut and blood-brain
barriers (BBB), modulating inflammatory responses, influencing endocrine signaling, and
promoting neuronal survival [24,25]. Colonic biopsies from PD patients have revealed an
accumulation of a-synuclein in the GI tract before onset of motor symptoms [7,26]. This finding
suggests that a-synuclein may begin to aggregate in the enteric nervous system (ENS) in the early
stages of PD, potentially spreading to the brain in later stages. Additionally, increased gut
permeability has been documented in early stages of PD, which is a significant trigger for
inflammation and may contribute to the heightened aggregation of a-synuclein and increased
oxidative stress [27]. From a systemic perspective, increased intestinal inflammation and
permeability can lead to systemic inflammation, which in turn may heighten the permeability of
the BBB, ultimately activating microglia in the brain. Microglial activation can result in increased
systemic oxidative stress, further exacerbating neuroinflammation and potential aggregation of a-

synuclein, resulting in the progression of PD.

Green tea polyphenols (GTP) are a mixture of natural flavonoids that offer a spectrum of health
benefits largely due to their anti-oxidative and anti-inflammatory properties [28,29]. The oral
bioavailability of major green tea constituents, namely tea catechins (TC), is generally low [30].
Of the four main TCs found in green tea, epicatechin (EC), epicatechin-gallate (ECG),
epigallocatechin (EGC), and epigallocatechin-gallate (EGCG), EGCG is the most abundant and
most studied. EGCG has garnered attention due to its beneficial health effects, including, but not
limited to, antioxidant properties [31,32], anti-inflammatory properties [33,34], anti-carcinogenic

[32,35] and anti-protein aggregation [36,37] properties, and the regulation in the production of
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SCFAs [38,39]. It is known that EGCG has potential benefits for PD patients, but whether this
protection involves remodeling gut microbiota remains unclear despite proposed mechanisms.
Certain studies have suggested where green tea administration can influence the gut microbiome
by either stimulating the growth of beneficial bacteria species or inhibiting the growth of adverse
species [40-42]. Further, EGCG has been proposed as a therapeutic for diseases with an
inflammatory component through the modulation of local intestinal inflammation and the
improvement of intestinal barrier integrity. As such, the goal of this study was to assess whether
90 days of TC administration altered the microbial composition and resulting microbial functional

pathways in transgenic A53T mouse model of PD.

2. Experimental

2.1 Animals, Chemicals, and Experimental Design

This study was conducted alongside a recently published article that evaluated the therapeutic
potential of TCs in alleviating symptoms in an AS3T transgenic PD mouse model. Figure 1

illustrates the study design and sample collection.

As described previously, six-month-old, male B6.Cg-2310039L15Rik ePrmp-SNCATASID23MUKe/ ' yjce
(Strain #006823, Hualpha-Syn(A53T), Hemizygous transgenic line G2-3) (Jackson Laboratories),
were housed under a 12-12h light-dark cycle with free access to pelleted PicoLab Rodent Diet
5053 (LabDiet, Fort Worth, TX) and distilled drinking water during the study period. Mice (n=30)
were randomly assigned to one of three groups (n=10/group): control, low-dose supplementation
(0.5% wt/vol GTP), or high-dose supplementation (1.5% wt/vol GTP). Decaffeinated GTP (Lot #
2597074) was purchased from LKT Laboratories, Inc. (St. Paul, MN). Distilled and GTP extract
water was prepared fresh daily while the amount of water drank (mL) and the animal’s body
weight (g) were recorded. Mice were transferred to Nalgene metabolic cage systems (Rochester,

NY, USA) on days 0, 30, 60, and 90. Feces were collected at two-time points over 24 hours into
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sterilized tubes, which were then stored at -80°C until further analysis. At the conclusion of the
study, animals were humanely euthanized and then subjected to a gross necropsy. All experiments
were reviewed, approved, and carried out under the University of Georgia Animal Use and Care

Committee.
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2.2 DNA Extraction

Total DNA was isolated using ZymoBiomics DNA Fecal Microbiome extraction mini kit (Zymo
Research, USA). Frozen fecal samples were thawed at room temperature and an aliquot of fecal
materials (150mg) was lysed and homogenized in a bead beating tube containing lysis buffer and
0.1 mm and 0.5 mm beads using Omni’s Bead Ruptor 96 (Perkin Elmer, USA) following
manufacturer instruction, then centrifuged at >10,000 x g for 1 minute. Up to 400 pl of the
supernatant was transferred to a Zymo-Spin™ III-F Filter in a collection tube and centrifuged at
8,000 x g for 1 minute. The filtrate was combined with 1,200 pl of Genomic Lysis Buffer, mixed,
and 800 pl of the mixture was transferred to a Zymo-Spin™ IICR Column. After centrifugation at
10,000 x g for 1 minute, the flow-through was discarded, and the step was repeated. The column
was washed with 200 pl of DNA Pre-Wash Buffer and 500 pl of g-DNA Wash Buffer,
centrifuging after each step. DNA was eluted with 100 ul of DNA Elution Buffer by
centrifugation at 10,000 x g for 30 seconds. The eluted DNA was further purified using a Zymo-
Spin™ III-HRC Filter, prepped with 600 pl of Prep Solution, and centrifuged at 16,000 x g for 3
minutes. Double stranded DNA (dsDNA). dsDNA was measured using Qubit® dsDNA High
Sensitivity Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA) on an Invitrogen Qubit®

4.0 Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA).

2.3 Sequencing Data Preparation

The profiling process started by surveying the potential presence of bacterial species for each raw
metagenomic sample read by using Kraken2 and a pre-built core gene database containing k-mers
(k=35) of reference genomes obtained from the EzBioCloud database (Version 2023.08.23). After
acquiring a list of candidate species, a custom bowtie2 database [43] was built utilizing the core
genes and genomes from the species found during the first step. The raw sample was then
mapped against the bowtie2 database using the -very-sensitive option and a phredd33 quality

score of 30. Samtools was used to cover and sort the output bam file. Coverage of the mapped
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reads against the bam file was obtained using Bedtools (Version 2.31.0) [44]. To avoid false
positives, we used an in-house script to quantify all the reads that mapped to a given species only
if the total coverage of their core genes was > 25%. Finally, species abundance was calculated
using the total number of reads counted and normalized species abundance was calculated by

using their total length of their reference.

2.4 Statistical Analysis

Data is presented as mean = SEM. Statistical analyses were conducted within the GraphPad Prism
Software environment (Version 10.2.3) and EZBioCloud interface (Version 2023.08.23). To
understand the impact on gut microbiota composition, a-diversity, f-diversity, and Linear
discriminant analysis Effect Size (LEfSe) were conducted. The Bray—Curtis distance, which
assesses the shared microbial communities in each sample, was used to create the distance matrix,
followed by subsequently conducted Principal Coordinate Analysis (PCoA) to determine
clustering patterns based on the Bray—Curtis distance matrix. Normality was assessed using the
Shapiro-Wilk test while homogeneity was evaluated using Levene’s test. Data that was
homogeneous and normally distributed was evaluated through a one-way ANOVA, while data
that did not meet normality and homogeneity assumptions was evaluated through Kruskal-Wallis
parameters. Post hoc analysis in multi-group tests was performed using Tukey’s test in ANOVA
and Games-Howell test in the Kruskal-Wallis test. A significance threshold of 0.05 was set for the
test among groups, and the threshold for discriminative features was set at a logarithmic LDA

score of 3.0.

3. Results

3.1 Relative abundance

Following bacterial taxonomy annotation using the EZBioCloud gene database, Table 1

demonstrates the phyla composition between the three groups on day 90. The control and
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supplemented groups exhibited a consistent pattern in phylum-level composition, with
Bacteroidetes and Firmicutes remaining the two most abundant phyla throughout the study. There
was a dose-dependent shift characterized by an increase in the relative abundance of
Bacteroidetes and a corresponding decrease in Firmicutes. Table 2 lists the relative abundance of
the top 12 genera on day 90. The genera Duncaniella and Fusimonas had dose-depended
decreases over the 90-day period, while RIAY g had a dose-depended increase over 90-day

period.

When considering genera implicated in PD, we observed that control mice had a significantly
increased abundance of Lactobacillus (p = 0.0074) (F: 25.41 (2.000, 3.614)), and Akkermansia (p
=0.0347) (F: 7.093 (2.000, 4.995)) compared to the supplemented groups (Figure 2). The genera
Bacteroides, Clostridium, and Pseudoflavonifactor decreased slightly with dosing, while
Bifidobacterium increased slightly with dosing. These findings highlight notable dose-dependent
shifts with potential implications for the modulation of microbial communities through TC

supplementation.



Table 4.1. Relative abundance of top 8 phyla measured on day 90.
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Day 90
Phyla Control (100%) | Low Dose (100%) | High Dose (100%) p-value
Bacteroidetes 48.19 50.28 51.59 0.7624
_— 48.35 44.84 4451 0.7272
Firmicutes
. 0.92 1.18 0.84 0.8389
Tenericutes
. . 0.61 1.09 0.92 0.4969
Verrucomicrobia
Actinobacteria 1.06 1.59 1.31 0.4510
Proteobacteria 0.77 0.38 0.63 0.0608
Desulfobacterota 0.02 0.45 0.08 0.0693
0.10 0.18 0.12 0.9493

Saccharibacteria




Table 4.2. Relative abundance of top 12 genera measured on day 90.
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Day 90

Genus Control (100%) | Low Dose (100%) | High Dose (100%) | p-value
Duncaniella 33.43 31.74 29.49 0.7224
Fusimonas 11.13 6.18 5.80 0.3427
Paramuribaculum 5.04 5.65 5.30 0.8248
RIAY g 1.72 4.43 7.67 0.3406
g CAG-873 3.75 3.94 3.03 0.6484
KEI159571 g 3.49 2.44 3.51 0.6620
g Coproplasma 0.69 2.74 0.94 0.7224
Akkermansia 1.49 0.31 0.41 0.4969
Ligilactobacillus 4.32 341 3.37 0.8195
Bacteroides 1.04 1.31 1.31 0.7224
Oscillibacter 1.08 1.81 1.30 0.1333
PAC001524 g 1.219 2.09 1.42 0.8860
Other 31.60 33.95 36.45 -
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Figure 4.2. (A) Genus level heatmap showing z-score relative abundance of genera in treatment groups genera measured on day 90 (relative
abundance >0.5% among three treatment groups).

(B) Log transformation of the relative abundance of specific genera implicated in gut microbiome of human patients with PD. Data are shown as
min-max.
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3.2 a-diversity

a-diversity analysis includes multiple aspects of microbial composition, such as richness,
evenness, dominance, rare or low abundance species, and coverage. In our study, we evaluated
several indices to capture these characteristics. We used two indices highlighting species richness
and evenness, including Shannon index (Figure 3A) and Fisher index (Figure 3B), as well as the
Chaol index (Figure 3C) for observing community richness. The control group exhibited minimal
changes in average a-diversity from baseline to day 90, whereas the low-dose group showed an
increase in average a-diversity. All three of the measured indices showed a significant increase in
a-diversity in the high-dose group compared to the control, with the Shannon index also
indicating a significant increase from the baseline to day 90 in the high-dose group. The increase
in a-diversity from TC administration indicates a more balanced and robust microbial community

which may contribute to improved gut health and functionality.
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Figure 4.3. Shannon index, Fisher index, and Chaol index as measures of a-diversity.

(A) Shannon index measures species evenness in a community F = 3.302 (6.000, 13.24) (p = 0.0304, p = 0.0275).

(B) Fisher index quantifies the species diversity within a community based on the richness and evenness of their distribution F = 1.425 (6.000,

10.58) (p = 0.0079).

(C) Chaol index estimates species richness by taking both the number of observed species and the number of rare taxa into account FF' = 1.531

(6.000, 10.31) (p = 0.0433).
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3.3 B-diversity

B-diversity, in contrast to a-diversity, focuses on the specific composition of the microbial
community rather than its quantity. This distinction allows for differentiation between subjects
that share identical a-diversity scores, as their B-diversity scores can vary widely. A common
method for analyzing -diversity involves creating a distance matrix for Principal Coordinate
Analysis (PCoA). The Bray—Curtis distance, which ranges from 0 to 1, reflects the degree of
shared species between two samples, with values closer to 1 indicating greater compositional
dissimilarity. As illustrated in Figure 4, following the 90-day intervention, PERMANOVA
indicated a small dissimilarity between the groups (F: 1.366, 12 =0.12, p = 0.129). which can be
visualized from where the low-dose and high-dose treatment groups ellipses intersect. The control
group showed relatively increased similarity compared to the dissimilarity observed in the low-

dose and high-dose groups.
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Figure 4.4. Linear discriminant analysis Effect Size (LEfSe) Principal Coordinate Analysis
(PCoA) of p-diversity. Each dot represents one subject in its respective group, and the three
colors represent the treatment groups. The elliptical area around the dots in the same color
represents the uncertainty inside the group. PC1 and PC3 are two mathematical dimensions
which explain most of the variation without biological characteristics, and the percentage shown
in parenthesis is the percent of total variation explained by that axis. PERMANOVA was used to
examine the dissimilarity between the groups (F = 1.366, r2 = 0.12, p = 0.129).
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3.4 LEfSe analysis of biomarker bacteria

LEfSe, an algorithm tailored for high-dimensional data, was used to identify and interpret
biomarker taxa by detecting genomic features, such as genes, pathways, or taxa, that distinguish
between various biological conditions. In our study, we utilized LEfSe to investigate microbial
differences between the control and treatment groups on day 90. As depicted in Figure 5, the
control group exhibited significantly higher compositions of Lactobacillus, Limosilactobacillus,
and Parasutterella. In contrast, the low-dose group showed an increased presence of
Acutalibacter, Adlercreutzia, and KE159628 g, while the high-dose group was characterized by
elevated levels of Hominiventricola, Eubacterium, and Butyribacter. These findings suggest
distinct microbial shifts corresponding to the dosage, with specific taxa enriched in both low- and
high-dose groups, highlighting the potential for dose-dependent modulation of the gut

microbiome in response to treatment.
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Figure 4.5. (A) Linear discriminant analysis Effect Size (LefSe )(log10) Genus level LEfSe showing the biomarker taxa with an LDA score >2 and
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154

3.5 Analysis of KEGG Pathways

Results from Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis are
summarized, revealing that many constituents of the gut microbiome have been identified through
metagenomics but remain uncharacterized, particularly in murine mammals. Therefore, the
conclusions drawn here can be considered carefully due to the current knowledge and available
resources. 2681 KEGG ortholog groups and 526 metabolic pathways were identified in the study
group. While most of the altered pathways between control and treatment mice likely indicate
dysbiosis, several features within the AS3T metagenome correspond with inflammatory
pathological markers of PD. Figure 6(A) illustrates KEGG data with functional relevance to PD,
while Figure 6(B) illustrates MiniPath (Minimal set of Pathways) data for relevant PD mouse

model inflammatory pathways.
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Figure 4.6. () Alterations cellular processes and metabolism KEGG pathways measured after 90 days intervention with tea catechins. The
control group had significantly upregulated pathways on day 90, including Ko00250 (p = 0.0032, p = 0.0010), Ko00760 (p = 0.0462, p = 0.0232),
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high-dose and low-dose groups compared to the control group (p = 0.0055, p = 0.0399)
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Pathway analysis revealed significant differences between the control, low-dose, and high-dose
treatment groups. The control group exhibited a significant up-regulation of alanine, aspartate,
and glutamate metabolism compared to both low-dose and high-dose groups (p = 0.0032, p =
0.0010). Additionally, nicotinamide metabolism was significantly up regulated in the control
group relative to the treated groups (p = 0.0462, p = 0.0232). A notable increase in the regulation
of glycolysis/gluconeogenesis pathways was also observed in the control group (p = 0.0347). A
dose-dependent decrease in lipopolysaccharide biosynthesis was detected across treatment
groups. In terms of microbial metabolism, the control group showed increased activity in P.
aeruginosa and E. coli biofilm formation metabolism compared to the low- and high-dose groups.
MiniPath analysis revealed where pathways for PD were significantly lower in the high-dose and
low-dose groups compared to the control group (p = 0.0055, p = 0.0399). MiniPath also described
elevated counts of glutamatergic synapse and cytokine receptor interaction pathways with
increasing TC doses. Notably, the cAMP signaling pathway was elevated across all treatment
groups, however the low-dose group showed higher counts of this pathway compared to the high-

dose group.

4. Discussion

Growing evidence suggests that the gut microbiome plays a significant role in neurodegenerative
diseases, with increasing links between gut microbes and the development and symptoms of PD.
This study, focusing on the gut microbiome’s compositional shifts and functions, evaluated the
effects of 90-day TC supplementation via drinking water in 6-month-old male A53T transgenic
mice. Green tea has been evidenced by epidemiological studies to reduce risk of developing PD
and potentially alleviate PD progression [45,46], though clinical trial data is insufficient. We
found that 90 days of repeated dosing with 1.5% TC in drinking water induced significant
changes in the a-diversity of gut microbiota but not B-diversity. In many human studies, a-

diversity has been reported as unchanged in PD patients or decreased in PD patients [47,48]. In
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the transgenic A53T control group, we saw significantly lower a-diversity compared to the high-
dose TC group. In a human intervention study where volunteers were given green tea, a-diversity
was increased and associated with 2 weeks of green tea drinking [49]. However, this study also
found a significant increase in B-diversity of tea-drinking volunteers, while our study did not
report a significant shift. The consistent administration of TCs may act as an external input,
promoting the growth of beneficial species and enhancing microbial functions. At the same time,
it may reduce the abundance of potentially pathogenic species, thereby compensating for any

negative effects associated with reduced biodiversity.

Several microbial species and functional gene pathways were altered in accordance with TC
dosing. In the control group, there was an increase in the genera Alistipes within the
Rickenellaceae family, Lactobacillus, Ligilactobacillus, and Limosilactobacillus in the
Lactobacillaceae family, and Pseudoflavonifractor in the Ruminococcaceae family. Members of
the Lactobacillaceae family are commonly regarded as beneficial probiotics that contribute to gut
homeostasis by fermenting carbohydrates into lactic acid, lowering gut pH, and inhibiting the
growth of pathogenic bacteria. Interestingly, while Lactobacillus species are generally seen as
favorable, their enrichment has also been reported in studies of PD patient microbiomes [20].
This dual role suggests that while they may offer protective effects in a healthy gut, their
overrepresentation or altered functionality in PD could be symptomatic of gut dysbiosis,
potentially contributing to disease progression through undenounced mechanisms. In the low-
dose mice, we observed an increase in the genera Acutalibacter, Adlercreutzia, Flintibacter, and
KE159628 g, indicating a shift in microbial composition at this dosage level. In the high-dose
group, there was an increase in Hominiventricola, Sporofaciens, and PAC001043 within the
Lachnospiraceae family, as well as RIAY g in the Muribaculaceae family. The observed increase
in Lachnospiraceae-related genera in the high-dose group could suggest a compensatory response

aimed at restoring butyrate production. Similarly, the rise in RIAY g from the Muribaculaceae
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family, which is involved in polysaccharide breakdown and SCFA production, might reflect
alterations in microbial metabolism. The genera Bifidobacterium showed increased enrichment as
TC doses were elevated. Effects of green tea consumption in humans have demonstrated the
tendency for increase of Bifidobacterium species [50,51]. The genera Bacteroides, Clostridium,
and Pseudoflavonifractor showed a slight decline with increasing TC doses, suggesting that TC
administration may exert an inhibitory effect on these bacteria. EGCG has been reported to have
an inhibitory effect on the growth of Bacteroides and Clostridium groups [52]. While moderate
doses of TCs are known to promote the growth of Akkermansia and Lactobacillus due to their
prebiotic properties and ability to enhance gut mucin production [53,54], higher doses might
create a different microbial environment, especially in the context of PD. Excessive catechins
may inhibit certain microbial pathways or shift the gut ecosystem in favor of other beneficial
species. Consequently, the shifts in microbial community structure observed between the low-
and high-dose groups may underscore the intricate balance of microbial interactions, where
excessive TC levels could favor the dominance of certain species over others. These differences
in microbial community structure between low- and high-dose groups may reflect dose-dependent
effects on gut microbiota, potentially influencing the metabolic and functional outcomes

associated with each dosage.

We observed that the metagenome of control A53T mice more closely reflected that of the PD
dysbiosis metagenome, with an enrichment of immunogenic components, dysregulated
neuroactive signaling, and an overproduction of cellular-derived toxicants. Specifically, control
mice exhibited markedly higher alanine, aspartate, and glutamate metabolism compared to both
the low-dose and high-dose groups. These amino acids are key neurotransmitters, and their
dysregulated metabolism is linked to excitotoxicity and neurodegeneration in PD [55]. Decreased
glutamatergic synapses in the striatum occurs in early-stage PD [56], and we saw where control

mice had lower counts of glutamatergic synapse compared to treatment groups. There could be
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many reasons for these interrelated findings, including heightened metabolic activity as a result of
the brain compensating for the disruption of balance in synaptic activity, the loss of glutamatergic
neurons or changes in synaptic plasticity, or overstimulation from excess glutamate leading to
excitotoxicity [57]. Conversely, we saw increases in cCAMP signaling pathways in our TC treated
groups. Previous studies have established the role of the cAMP/PKA signaling pathway in
controlling lipid metabolism, specifically by regulating lipid accumulation and breakdown. This
pathway is also crucial in the regulation of mitochondrial functions. Given these roles, it is
plausible that TCs may promote fat decomposition through modulation of the cAMP/PKA
pathway [58]. By activating adenylate cyclase, TCs could elevate intracellular cAMP levels,
which in turn may enhance cAMP signaling. Given the protective role of cAMP in
neurodegenerative conditions, cCAMP signaling presents itself as a promising therapeutic target for

PD.

While cAMP signaling may offer therapeutic potential through lipid metabolism and
mitochondrial regulation, our analysis also revealed another important pathway involved in PD:
nicotinamide metabolism, a pathway involved in NAD+ production, which is critical for cellular
energy homeostasis and mitochondrial function—processes that are often impaired in PD [59]. A
recent clinical trial on PD using nicotinamide supplementation demonstrated a significant
improvement in pathological markers, including reduced inflammation [60]. In our study, we
observed an increase in nicotinamidase degradation with control mice, suggesting that the gut
microbiome may be breaking down this neuroprotective compound. The control group also had
increased glycolysis/gluconeogenesis, indicative of heightened glucose metabolism, which can
reflect shifts in microbial energy utilization that may influence neurodegenerative processes. PD
patients typically exhibit glucose hypometabolism in the posterior temporoparietal, occipital, and
occasionally frontal regions, along with glucose hypermetabolism in the putamen, sensorimotor

cortex, and cerebellum [61]. Though the exact mechanisms remain unclear, the impact of elevated
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glucose levels on lipid metabolism in PD and how this may contribute to disease progression
warrants further investigation. There was also a decrease in lipopolysaccharide (LPS)
biosynthesis in our TC treatment groups, which is notable given that LPS can trigger systemic
inflammation and has been associated with gut dysbiosis and PD pathogenesis through the gut-
brain axis. Lastly, the TC treated groups showed down regulation of biofilm formation, which
could reflect microbial community changes that affect gut permeability and inflammation, both of

which are critical factors in the progression of PD.

5. Conclusion

This study provides insights into the effects of TC supplementation on gut microbiome
composition and function in a transgenic A53T mouse model of PD. Notably, we observed
significant increases in a-diversity in TC-treated groups, contrasting with the lower a-diversity
seen in control mice. The higher a-diversity in the TC groups suggests that repeated TC dosing
may promote a more resilient and balanced gut microbiome, potentially enhancing microbial
functions linked to neuroprotection. TC supplementation led to notable shifts in microbial
composition. Furthermore, we observed dose-dependent effects on microbial species, with low-
dose and high-dose groups showing distinct compositional profiles, underscoring the complex
interaction between catechin levels and microbial ecosystems. Our findings also highlight key
metabolic pathways influenced by TC supplementation, particularly cAMP signaling and
nicotinamide metabolism, which may play pivotal roles in mitochondrial regulation, fat
metabolism, and inflammation reduction. Additionally, the reduction in LPS biosynthesis and
biofilm formation in the TC-treated groups suggests potential anti-inflammatory and gut-
protective effects. Collectively, these results indicate that TCs, through modulating gut microbial
diversity, composition, and metabolic pathways, should garner more attention in the context of

therapeutic strategy for the prevention of PD. However, further research, including extensive
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clinical trials with robust populations, is needed to fully understand these mechanisms and their

clinical relevance.
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CHAPTER 5

INTEGRATIVE INSIGHTS OF BEHAVIORAL SYMPTOMS AND MICROBIOME
ALTERATIONS ASSOCIATED WITH TEA CATECHIN ADMINISTRATION IN THE A53T

MOUSE MODEL

1. Introduction to the Integrative Approach

1.1 Overview of Tea Catechins and Parkinson’s Disease

Polyphenols are secondary metabolites of plants that have an array of highly specific biological
roles for plant protection. Thousands of polyphenols have been identified to date, the majority of
which belong to the flavonoids classification. All flavonoids contain two benzene A and B rings
and are classified further based on heterocyclic C ring variations. Within the flavonoid class,
there is a subclass of flavanols referred to as tea catechins (TC). TCs are derived from the tea
plant, Camellia sinesis, and can be consumed as fermented black tea, semifermented oolong tea,
and unfermented (dried) green tea. There are four major TC compounds found in tea leaves, (-)-
epicatechin (EC), (-)-epigallocatechin (EGC), (-)-epicatechin gallate (ECG), and (-)-
epigallocatechin gallate (EGCG), where EGCG is the most abundant and the most bioactive. TCs
are metabolized in the intestine via glucuronidation and sulfation, followed by metabolism in the
liver via glucuronidation, sulfation, and methylation metabolism, which improves TC elimination
through urine [1]. TCs have low oral bioavailability, therefore it has been estimated that up to 90-
95% of TCs travel to the large intestine and come in direct contact with gut microbes. There are a
variety of TC metabolites that depend largely on the diversity of gut microbial populations [2].

Metabolites of TCs have been identified in their ability to cross the blood brain barrier (BBB)
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after ingestion, resulting in an increased activity of antioxidants, iron chelation, anti-

inflammatory, and antimutagenic effects [3].

Accumulating evidence has demonstrated that the gut-brain axis has an important role in
Parkinson’s disease (PD) pathogenesis, including key events such as microbial dysbiosis,
increased gut inflammation and permeability, and seeding of a-synuclein in the enteric nervous
system (ENS) [4]. a-synuclein is theorized to propagate from the gut to the brain through multiple
pathways. One theory suggests a-synuclein may travel bound to plasma proteins, facilitating its
movement in the bloodstream [5]. Another potential route involves erythrocytic extracellular
vesicles, which could carry a-synuclein across the BBB through membrane fusion, allowing
direct transmission to the brain [6]. Additionally, a-synuclein could move from the gut to the
brain through retrograde transport along the vagus nerve, connecting peripheral sites directly to
central nervous tissue [7]. The brain's lymphatic system may also play a role, as it can transport
cellular waste, including proteins, through drainage pathways that could potentially introduce a-
synuclein into neural tissues [8]. Data also suggests that circulating a-synuclein may influence
levels of conglomerated protein levels in the brain [9]. Extracellular forms of a-synuclein are
thought to facilitate the prion-like cell-to-cell transmission of a-synuclein pathology within the
brain. Emerging evidence suggests that average levels of "total a-synuclein” are lower in
cerebrospinal fluid (CSF) samples from PD patients compared to those from healthy control
groups. Some research has examined a-synuclein as a potential biomarker in the more accessible
peripheral blood, with early findings indicating increased a-synuclein levels in plasma from PD
patients relative to healthy controls [10]. Together, these mechanisms underscore the complex
ways in which a-synuclein might propagate through the body to the brain, contributing to

neurodegenerative processes.

While a-synuclein plays a central role in PD pathology, its use as a clinical biomarker remains

limited. Meanwhile, a range of gut disorders, including microbial dysbiosis and dietary factors,
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have been associated with an increased risk of developing PD [4]. Within the last 15 years,
clinical and preclinical evaluations have provided evidence of increased intestinal permeability
and gut dysbiosis in PD patients. Though studies have demonstrated such evidence, the
alterations within PD patient gut microbiomes are often only evident in a subset of patients and

have high heterogeneity [11].

While these studies highlight gut microbiome alterations in PD patients, this variability suggests
that additional factors may influence disease progression and response to therapeutic
interventions. Among these factors, diet plays a pivotal role in shaping microbial composition,
potentially modulating the microbiome’s influence on disease progression and therapeutic
outcomes. In PD, protective actions of TCs include preventing toxic protein aggregate formation,
alleviation of mitochondrial dysfunction, reduction of antioxidative stress and neuro-
inflammation, and the activation of neurotrophic factor and signaling pathways. Although clinical
trials on the health effects of dietary tea consumption remain limited, existing evidence suggests
that tea drinking can positively alter gut microbiome composition and may reduce the risk of PD

outcomes [12-14].

1.2 Methodology

As stated previously, six-month-old male B6.Cg-2310039L 15RikT9(mp-SNCA*ASIT)23MKle/ J mjjce
(Strain #006823, Hualpha-Syn (A53T), Hemizygous transgenic line G2-3) from Jackson
Laboratories were used in this study. Mice were housed individually under a 12-hour light/dark
cycle with unrestricted access to PicoLab Rodent Diet 5053 and distilled water. Mice (n=30) were
randomly assigned to three groups (n=10/group): control, low-dose (0.5% weight/volume GTP),
or high-dose (1.5% weight/volume GTP). Distilled water and GTP solutions were freshly
prepared each day, and water intake (mL) and body weight (g) were recorded. Animals were

monitored daily for clinical signs of mortality or morbidity.
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Behavioral Analyses

As detailed in Chapter 3, the open field maze and rotarod behavioral analyses were conducted on
days 0, 45, and 90. ANY-maze video tracking software (Version 7.35, Stoelting Co.) was
employed to analyze and quantify behavioral occurrences in the open field maze. Data
exploration and statistical analyses were conducted using the GraphPad Prism software (Version

10.2.3).

Biological Sample Collection

As detailed in Chapters 3 and 4, biological sample collection involved transferring mice to
Nalgene metabolic cage systems on days 0, 30, 60, and 90, where urine and feces were collected
twice over a 24-hour period, then stored at -20°C and - 80°C until further analyses. On day 90,
mice were anesthetized with isoflurane and euthanized via cardiac puncture and CO: inhalation.
Major organs were dissected, trimmed, weighed, and stored in 4% formalin solution at 4°C.
Blood collected through cardiac puncture was placed in EDTA-treated tubes, centrifuged at 2,000
g for 10 minutes in a refrigerated centrifuge, and the plasma supernatant was stored at -20°C for
later analyses. Total DNA was extracted from fecal pellets using the ZymoBiomics DNA Fecal
Microbiome Extraction Mini Kit, then sequenced via Illumina NextSeq for metagenomic
analysis. Metagenomic data exploration was conducted in the EZBioCloud Pro interface [15] and

GraphPad Prism.

1.3 Importance of an Integrative Analysis

An integrative approach that combines metagenomic and behavioral data is essential for a more
robust understanding of the gut-brain axis in PD because it allows researchers to connect
microbial changes with functional outcomes. Metagenomic data provides a detailed view of gut
microbial composition and gene functions, potentially identifying bacteria that may produce

metabolites impacting neurological health. Behavioral data helps to reveal the observable
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symptoms and neurological changes associated with PD progression. In order to analyze the
association between behavioral outcomes and TC administration, we must investigate the
simultaneous effects of several variables, in this case bacterial compositions on the resulting
phenotypic expression. By linking shifts in the gut microbiome to behavioral manifestations, an
integrative approach can help clarify causal relationships, illuminate pathways by which gut

health impacts brain function, and identify potential therapeutic targets to mitigate PD symptoms.

2. Effects of 90-Day TC Treatment on Microbiome and Metabolome Profiles

2.1 Key Findings in from Metagenomic Analysis

We observed dose-dependent changes in microbial composition at the genus level after 90 days of
TC supplementation. Both control and supplemented groups maintained a consistent dominance
of the Bacteroidetes and Firmicutes phyla, with supplementation driving an increase in
Bacteroidetes and a reduction in Firmicutes. Genus level analysis revealed dose-dependent
declines in Duncaniella and Fusimonas and an increase in RIAY_g. In PD-associated genera,
Lactobacillus and Akkermansia were significantly higher in control mice than in the
supplemented groups, whereas Bacteroides, Clostridium, and Pseudoflavonifactor slightly
decreased, and Bifidobacterium showed a mild increase with dosing. For a-diversity, metrics
including the Shannon, Fisher, and Chaol indices demonstrated that the diversity of the control
group remained stable and both low- and high-dose groups showed increased diversity over time.
The high-dose group, in particular, exhibited a significant rise across all indices, indicating a
more enriched microbial community. B-diversity analysis, based on the Bray—Curtis distance
Principal Coordinate Analysis (PCoA), showed that control samples were relatively similar,
whereas the low- and high-dose groups had greater compositional dissimilarity, especially notable
in the high-dose group. LEfSe analysis on day 90 identified specific taxa enriched by treatment
dosage. The control group had higher levels of Lactobacillus, Limosilactobacillus, and

Parasutterella. The low-dose group showed increased Acutalibacter, Adlercreutzia, and
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KE159628_g, whereas the high-dose group had higher Hominiventricola, Eubacterium, and
Butyribacter levels. These shifts suggest that treatment modulates the gut microbiome in a dose-

responsive manner, with distinct taxa enriched at different dosage levels.

2.2 Functional Metagenomic Insights

KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway analysis highlighted both
characterized and uncharacterized microbial constituents in the murine gut microbiome, revealing
potential limitations in current knowledge. Within the study group, 2,681 KEGG orthologs and
526 metabolic pathways were identified. Pathway shifts between control and treatment groups
generally indicated dysbiosis, with several pathways in the A53T metagenome associated with
pathways linked to PD. The treatment groups showed regulated metabolic pathways in alanine,
aspartate, and glutamate metabolism, nicotinamide metabolism, and glycolysis/gluconeogenesis,
whereas the control group displayed heightened expression of these pathways. Further,
lipopolysaccharide (LPS) biosynthesis decreased with increasing treatment doses, while biofilm
formation linked to P. aeruginosa and E. coli was higher in control mice. MiniPath analysis
indicated lower PD-related pathway activity in both treatment groups versus controls, alongside
dose-dependent increases in glutamatergic synapse and cytokine receptor interaction pathways.
The cAMP signaling pathway was elevated across all groups, notably highest in the low-dose

group.

These findings suggest potential mechanisms by which the gut microbiome and its metabolic
pathways could influence a-synuclein pathology in PD pathogenesis. The key pathways altered in
the control versus treatment groups highlight several connections. Upregulation of amino acid
pathways like alanine, aspartate, and glutamate metabolism in the control group may influence
excitotoxicity and oxidative stress, both implicated in a-synuclein misfolding and aggregation.
Dysregulated glutamate levels can lead to excitotoxicity, potentially triggering a-synuclein

aggregation. Increased biofilm formation activity in the control group may indicate a higher
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prevalence of potentially pathogenic bacteria that can produce neurotoxic compounds or
endotoxins, promoting an environment conducive to a-synuclein pathology. The elevated cAMP
signaling observed across treatment groups, especially in the low-dose group, may have
neuroprotective effects by modulating inflammation and cellular stress responses, potentially
mitigating a-Synuclein accumulation. However, precise effects would depend on pathway
regulation and crosstalk with other signaling cascades. A dose-dependent decrease in LPS
biosynthesis may lower LPS-induced inflammation, which is known to exacerbate a-synuclein

pathology through heightened immune responses in the brain-gut axis.

3. Impact of TCs on PD Behavioral Symptoms and a-synuclein

Hemizygous A53T mice displayed an age-dependent progression of motor and anxiety-related
behaviors. While typical behaviors were noted at 5 months, mild hyperactivity developed
between 7-9 months, followed by wobbling movements and reduced activity. Severe motor
impairments generally emerge between 9-16 months, alongside reduced anxiety levels, possibly
due to neurotransmitter system changes, particularly in dopamine and Gamma-aminobutyric acid
(GABA). In the open field test, no significant differences in locomotion were observed across
treatment groups. However, by day 90, high-dose mice spent more time in the field's periphery
(thigmotaxic behavior) than controls, indicating possible heightened anxiety. Increased grooming
in high-dose mice and a trend in low-dose mice suggest a dose-dependent impact of TC treatment
on anxiety-like behaviors, potentially attenuating anxiety levels typical of A53T phenotypes. The
rotarod test revealed progressive motor decline in all groups, particularly in controls, which
showed marked decreases in performance by day 45 and 90. These results align with previous
studies showing that TCs, such as EGCG, improve motor function in PD models by reducing a-

synuclein aggregation and dopaminergic neuronal injury [16-18].

Increased levels of a-synuclein in the bloodstream are commonly associated with PD, reflecting

the pathological accumulation of the protein and contributing to neurodegenerative processes
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characteristic of the disease. Using the sandwich ELISA, we quantified recombinant full-length
mouse SNCa protein in the blood plasma across three groups: control, low-dose, and high-dose.
The a-synuclein concentrations were measured at 189.9 + 20.05 pg/mL for controls, 154.9 +
9.376 pg/mL for the low-dose group, and 123.0 + 7.090 pg/mL for the high-dose group. Analysis
with the Brown-Forsythe ANOVA revealed significant differences between groups. Subsequent
Dunnett’s post hoc test indicated that the high-dose group had significantly lower levels of
circulating a-synuclein than both the control and low-dose groups on day 90. Collectively, these
findings suggest that TCs may hold therapeutic promise for alleviating key PD pathologies,
including motor dysfunction and a-synuclein accumulation, emphasizing the mutation’s

association with behavioral deficits in the A53T model.

4. Integrative Analysis

4.1 Linear Regression for Genera Implications in Integrative Analysis

A linear regression analysis was conducted to investigate the relationship between gut microbial
genera and rotarod motor performance in the transgenic PD model. This analysis aimed to
determine which genera among those present could be linked with the primary experimental
variables, namely genera relative abundance, treatment dose, animal weight, and performance on
the rotarod. By estimating the strength of these associations, linear regression helped to clarify
how each factor may interactively or independently contribute to variations in rotarod
performance. Further, the regression provides a quantitative means to assess the significance of
each genus, highlighting those with potential relevance to neurobehavioral outcomes (Figure 5.1).
Ten genera were identified as candidates for further integrative metagenomic and behavioral
analyses, given their statistical association within the respective treatment groups. The results
indicated that six genera—Acutalibacter, Bacteroides, Clostridium, Fusimonas, Lactobacillus,
and Ligilactobacillus—had significance (p < 0.05), suggesting meaningful associations with the

variables of the model. This insight suggests potential involvement in gut-brain interactions that
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could impact neurobehavioral health. Conversely, other genera, such as Akkermansia,
Butyribacter, RIAY_G, and Schaedlerella, did not meet the threshold for statistical significance.
Although these genera were not significantly associated in this specific analysis, they may still
warrant consideration in future studies or in exploratory models given their established roles in

gut microbiota function.
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4.2 Linking Behavioral Outcomes with Microbiome Changes and a-synuclein Concentrations

We aimed to evaluate the relationship between abundant microbial genera and behavioral
outcomes in the A53T model after 90 days of TC supplementation by using a Spearman
correlation matrix to assess the strength and direction of associations between these ranked
variables. Spearman’s rank correlation does not assume a linear relationship or normally
distributed data, making it ideal for exploring complex, potentially non-linear interactions within
biological data. By computing a correlation coefficient for each pair of variables, the correlation
matrix provides insight into the degree to which changes in microbial genera abundance may be
associated with shifts in behavioral outcomes. Microbiota composition showed distinct
correlations with behavioral performance metrics in rotarod and open field maze tests (Figure
5.2). Specifically, higher levels of Acutalibacter, Bacteroides, and RIAY g were positively
associated with increased rotarod times, suggesting a potential link between these genera and
improved motor coordination. The genera Butyribacter and Schaedlerella also exhibited a slight
positive correlation with rotarod time. In contrast, Clostridium, Fusimonas, Lactobacillus, and
Ligilactobacillus were negatively correlated with rotarod performance, while Akkermansia
demonstrated a slight negative association. Behavioral correlations extended to grooming
behavior in the open field maze, where Lactobacillus, Clostridium, Fusimonas, and
Ligilactobacillus demonstrated negative correlations with grooming frequency, indicating a
potential link between these microbes and decreased grooming activity. Additionally, both
Bacteroides and Butyribacter negatively correlated with average speed in the open field maze,
whereas Fusimonas and Lactobacillus were positively correlated with average speed, though

average speed was not a statistically significant metric between control and treatment groups.

The positive correlations between Acutalibacter, Bacteroides, RIAY_g, Butyribacter, and
Schaedlerella with rotarod performance suggest that these bacterial genera might promote an

anti-inflammatory environment, potentially enhancing neuromuscular coordination. Butyrate-
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producing bacteria, such as Butyribacter, could support gut barrier integrity and reduce systemic
inflammation, which could positively impact motor performance and resilience [19]. On the
contrary, the negative correlation of Clostridium, Fusimonas, Lactobacillus, and Ligilactobacillus
with rotarod time might indicate that these bacteria contribute to pro-inflammatory pathways that
impede motor coordination. Similarly, Lactobacillus, Clostridium, Fusimonas, and
Ligilactobacillus were associated with reduced grooming in the open field maze, which could
reflect increased anxiety-like behavior or a dysregulated stress response, possibly driven by
microbial metabolites affecting the hypothalamic-pituitary-adrenal (HPA) axis. The negative
correlation of Bacteroides and Butyribacter with average speed in the open field maze suggests
that, while some bacteria may support coordination, they may also modulate energy metabolism
or stress response in ways that reduce exploratory behavior. Shifts in these microbial populations
could influence behavioral outcomes by modulating systemic inflammation, neuroinflammatory
signaling, or even neurotransmitter synthesis, further highlighting the complexity of gut-brain

interactions in behavioral regulation.

Plasma a-synuclein concentrations were negatively correlated with Acutalibacter, Bacteroides,
RIAY_g, and Schaedlerella, suggesting that these microbes may play a protective role in
regulating a-synuclein levels (Figure 5.3). Lower a-synuclein levels could reduce neurotoxicity
and improve behavioral performance. Conversely, higher levels of Akkermansia, Butyribacter,
Clostridium, Fusimonas, Lactobacillus, and Ligilactobacillus were positively correlated with a-
synuclein concentration, possibly indicating that these microbes are linked to pathways that
elevate a-synuclein expression or aggregation. The increase in circulating a-synuclein likely
contributes to processes that impair motor coordination and exploratory behaviors, highlighting
the potential of microbiome-targeted interventions to modify disease-related biomarkers and

behavioral outcomes.
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Figure 5.2 Spearman Correlation Matrix of microbial genera and behavioral outcomes measured on day 90. Statistically relevant bacterial
genera were analyzed in correlation to dose and behavioral outcomes. The scale ranges from 1.0 to -1.0, where 1.0 (blue) indicates a positive
correlation and -1.0 (red) indicates a negative correlation. Each value within the respective box indicates the level of correlation between the

horizontal and vertical columns.



181

Bacterial Genera

Bacteroides
Butyribacter
Clostridium
Fusimonas
Lactobacillus
Schaedlerella
a-synuclein
Concentration

Akkermansia

o |Acutalibacter

Lactobacillus
Ligilactobacillus
RIAY g

Schaedlerellal

o-synuclein
Concentration
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indicates a correlation with increased a-synuclein and -1.0 (burgundy) indicates a correlation
with decreased a-synuclein. Each value within the respective box indicates the level of
correlation between the horizontal and vertical columns.
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4.3 Linking KEGG Pathways with Microbiome Changes

As depicted in Figure 5.4, certain microbial families exhibited distinct correlations with key
metabolic pathways, highlighting how microbiome composition may influence metabolic
functions. The families Erysipelotrichaceae, Lachnospiraceae, Clostridiaceae, Eggerthellaceae,
Bacteroidaceae, Lactobacillaceae, and Christenellaceae showed positive correlations with
metabolic pathways including LPS biosynthesis, glycolysis/gluconeogenesis, nicotinate and
nicotinamide metabolism, alanine, aspartate, and glutamate metabolism. These pathways were
notably upregulated in control mice compared to the TC-treated groups, suggesting that the
presence of these families may support higher metabolic activity in these pathways under control
conditions. In contrast, the families Bifidobacteriaceae, Muribaculaceae, Mogibacterium,
Saccharimondaceae, Peptostreptococcaceae, Coprobacillaceae, and Turicibacteraceae were
negatively correlated with the same metabolic pathways, implying that their abundance may
contribute to a reduction in pathway expression. This opposing trend between bacterial families
underscores the complex role of microbial diversity in modulating host metabolism. For example,
families such as Lachnospiraceae, Bacteroidaceae, and Christenellaceae were positively
correlated with pathways involved in LPS biosynthesis, glycolysis/gluconeogenesis, and amino
acid metabolism, indicating their presence may enhance the expression of these pathways in
control mice. Conversely, families like Bifidobacteriaceae, Muribaculaceae, and Mogibacterium
demonstrated negative correlations with these same metabolic pathways suggesting their presence
could downregulate these same processes in the TC-treated group. This nuanced relationship
demonstrates the importance of microbial diversity in influencing metabolic expression, as certain
bacterial families may create a conducive environment for specific metabolic pathways while
simultaneously inhibiting others, which is demonstrated by the inverse relationship between
Muribaculaceae and Lachnospiraceae families. Such findings emphasize the importance of

microbial diversity and balance in influencing metabolic processes, where specific bacteria not
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only facilitate metabolic activities but may also create an environment that inhibits competing
pathways, ultimately contributing to the metabolic health and resilience of the host to dietary

interventions.
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Figure 5.4 Spearman Correlation Matrix of microbial families and KEGG Pathways implicated in PD measured on day 90. Microbial families
associated with the increased expression of KEGG pathways are on the top half of the figure, while families associated with lower expression are
on the bottom half. The scale ranges from 1.0 to -1.0, where 1.0 (blue) indicates a positive correlation and -1.0 (purple) indicates a negative

correlation. Each value within the respective box indicates the level of correlation between the horizontal and vertical columns.
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5. Implications for Therapeutic Interventions

TCs, particularly EGCG, possess potent antioxidant and anti-inflammatory properties, which are
beneficial in combating oxidative stress and neuroinflammation - two critical factors in PD
progression. Beyond their systemic effects, TCs also demonstrate selective modulation of gut
microbiota composition, suggesting their potential role as prebiotics. By promoting the growth of
beneficial bacterial genera and inhibiting pathogenic strains, TCs could enhance gut health and
support microbiome homeostasis, thus reinforcing gut-brain axis integrity. Recent studies indicate
that gut microbiota dysbiosis in PD patients is associated with increased intestinal permeability
and a pro-inflammatory state, which may exacerbate neurodegenerative processes [20-22]. By
encouraging the proliferation of beneficial microbes that produce neuroprotective metabolites,
TCs may help restore microbial balance, reduce gut inflammation, and improve barrier function.
This effect could mitigate the pro-inflammatory signals traveling along the GBA, potentially
alleviating PD symptoms and slowing disease progression. Moreover, TCs appear to influence
neurochemicals relevant to PD pathology, such as dopamine and glutamate, by impacting both
gut microbial composition and host neurotransmitter levels. TCs may serve as a therapeutic

approach that bridges dietary intervention with direct gut-brain axis modulation.

The rotarod behavioral performance results support these findings by highlighting specific
bacterial genera associated with improved motor coordination and resilience. Positive correlations
were observed between genera such as Acutalibacter, Bacteroides, RIAY _g, Butyribacter, and
Schaedlerella and enhanced rotarod performance, suggesting that these genera may contribute to
an anti-inflammatory environment conducive to neuromuscular function. A 2020 study evaluating
the anti-inflammatory effects of acupuncture on a PD mouse model also documented where
Acutalibacter was positively associated with increased performance on rotarod [23], however, the
other genera mentioned were either absent from our samples or lacked sufficient statistical

significance to warrant inclusion in this analysis. In contrast, the genera Clostridium and
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Fusimonas were negatively correlated with rotarod time, indicating a role in pro-inflammatory
processes [24,25] that may impair motor skills. Interestingly, Lactobacillus and Ligilactobacillus
were also correlated with decreased rotarod time, however both genera are known to be
associated with anti-inflammatory properties and intestinal barrier integrity [26,27]. Both
Lactobacillus and Ligilactobacillus are known to produce a variety of metabolic byproducts,
including lactic acid [28], which can lower gut pH and create an environment that favors their
growth over other microbial species. This dominance, while occasionally beneficial in
maintaining a robust gut barrier under healthy conditions, could reduce microbial diversity and
interfere with the balance of bacteria that produce other beneficial metabolites. Consequently, the
competitive inhibition posed by Lactobacillus and Ligilactobacillus could indirectly increase
inflammation or oxidative stress, both of which are detrimental to neuromuscular coordination

and motor performance.

Assessments made regarding the open field maze reveal additional connections between
microbiome composition and behavioral responses. Negative correlations of Lactobacillus,
Clostridium, Fusimonas, and Ligilactobacillus with grooming behavior may suggest that these
genera, through metabolites influencing the HPA axis, could drive anxiety-like or dysregulated
stress responses. The genera Bacteroides and Butyribacter were negatively correlated with
average speed in the maze, indicating potential influences on energy metabolism or stress
response, which could dampen exploratory behavior. Prior research has indicated that various
species of Bacteroides significantly enhance the risk of depression [29], which is a comorbidity
of PD [30], and evidence suggests that mouse models of secondary depression exhibit decreased
exploratory behavior [31]. These results highlight the potential impact of microbial shifts on
neurobehavioral outcomes, emphasizing the complex and often unknown dynamics between
bacterial gut composition and mechanisms such as systemic inflammation, neuroinflammatory

signaling, and neurotransmitter synthesis.
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Plasma a-synuclein levels were negatively correlated with Acutalibacter, Bacteroides, RIAY_g,
and Schaedlerella, suggesting that these genera may play protective roles by reducing neurotoxic
a-synuclein aggregation. Lower a-synuclein levels could alleviate neurotoxicity and improve
motor and exploratory behaviors. Conversely, elevated levels of Akkermansia, Butyribacter,
Clostridium, Fusimonas, Lactobacillus, and Ligilactobacillus were positively correlated with a-
synuclein concentration, indicating these genera may be associated with pathways that enhance a-
synuclein expression or aggregation. Higher circulating a-synuclein likely contributes to motor
impairment and exploratory behavior deficits, underscoring the potential of microbiome-targeted

therapies, such as TCs, to influence both neurodegenerative biomarkers and behavior.

The current analysis suggests that TCs may act as a prebiotic intervention, promoting beneficial
shifts in the gut microbiome that support neuroprotective pathways. This hypothesis is supported
by the observed microbiome alterations in TC-treated mice, which showed a downregulation of
key metabolic pathways including LPS biosynthesis, glycolysis/gluconeogenesis, nicotinate and
nicotinamide metabolism, alanine, aspartate, and glutamate metabolism compared to control
groups. Families such as Erysipelotrichaceae, Lachnospiraceae, Clostridiaceae, Eggerthellaceae,
Bacteroidaceae, Lactobacillaceae, and Christenellaceae positively correlated with these
pathways in control mice, suggesting that TC intervention reduces the activity of pathways
associated with inflammation and metabolic stress. By contrast, families like Bifidobacteriaceae,
Muribaculaceae, Mogibacterium, Saccharimondaceae, Peptostreptococcaceae,
Coprobacillaceae, and Turicibacteraceae showed negative correlations with these same
pathways, indicating that TCs may help suppress metabolic processes that contribute to an

inflammatory state, thereby offering neuroprotection.

6. Conclusion

These findings suggest that TCs, particularly EGCG, may provide a promising intervention for

mitigating PD progression through multifaceted mechanisms along the gut-brain axis. TCs’
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antioxidant and anti-inflammatory effects address core challenges in PD, namely oxidative stress
and neuroinflammation, while their prebiotic properties appear to selectively modulate gut
microbiota. By promoting beneficial bacterial genera and suppressing potentially pathogenic
strains, TCs could enhance gut health and restore microbial homeostasis, which is crucial for gut-
brain axis integrity. This microbial shift may alleviate neuroinflammatory signaling and reinforce
intestinal barrier function, potentially reducing pro-inflammatory signals that exacerbate PD
pathology. Behavioral correlations further reinforce the impact of microbiome modulation.
Positive associations between beneficial genera (e.g., Acutalibacter, Bacteroides, RIAY g) and
improved motor function in the rotarod test imply a protective role against motor impairment.
Conversely, negative correlations with Clostridium and Fusimonas indicate that specific taxa may
hinder motor abilities through pro-inflammatory mechanisms. Moreover, genera associated with
stress responses (Lactobacillus, Ligilactobacillus) correlated with altered grooming and
exploratory behaviors, highlighting the impact of TCs on behavioral symptoms relevant to PD,
such as anxiety and depression. At the biochemical level, the inverse relationship between
protective genera and plasma a-synuclein levels suggests that TCs may mitigate neurotoxic
aggregation, a hallmark of PD neurodegeneration. By decreasing metabolic pathways linked to
inflammation and oxidative stress, TCs foster a microbiome profile that may protect enteric
tissues and support motor and exploratory behaviors. Together, these findings highlight the
potential of TCs as a holistic dietary approach for PD prevention and potentially management,
targeting both microbiome composition and neuroinflammatory pathways. This study emphasizes
the role of TCs in supporting neuroprotective microbial ecosystems, which could ultimately

contribute to slowing PD progression and alleviating its symptoms.
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CHAPTER 6

CONCLUSION AND FUTURE PERSPECTIVES

This dissertation sheds light on the potential of tea catechins (TCs) as multifaceted
neuroprotective agents against the pathological development of Parkinson’s disease (PD). By
examining the effects of TC administration on gut microbiome composition, metabolomic
function, a-synuclein concentration, and neurobehavioral outcomes, our data reveals how TCs
may contribute towards a healthier gut-brain axis in the context of PD progression. The mode of
action of TC’s effects are likely through the modulation of microbial populations, the
enhancement of metabolic stability, and the modulation of key metabolic markers in PD.
Moreover, by laying a foundation of evidence for the safety and efficacy of TCs in animal
models, this research serves as a pathway for future studies aimed at defining optimal TC dosage
ranges and safety profiles for therapeutic application. Establishing these guidelines will be
essential for translating these findings to human trials, where the role of TC supplementation in
PD prevention and symptom management can be more rigorously evaluated. While existing
epidemiological studies primarily suggest associations between dietary polyphenol intake and
reduced PD risk [1-3], our results add mechanistic evidence, highlighting TCs” ability to foster a
gut microbiome profile that protects against neuroinflammatory pathways and supports motor and

exploratory behaviors relevant to PD.

Given these results and in reflection of the specific aims of this dissertation work, we can

conclude that:

1. We observed sustained TC metabolite circulation in the low-dose and high-dose treatment

groups of the transgenic A53T mouse model;
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Through sustained TC administration, there were significant reductions in circulating o-
synuclein levels and dose-dependent improvements in motor coordination, as evidenced
by enhanced rotarod performance and changes in anxiety-related behaviors evaluated
from the open field maze;

TC supplementation influenced gut microbiome composition, significantly increasing o-
diversity in treated groups compared to control mice, suggesting a more balanced gut
microbial community;

TC treatment led to notable shifts in microbial composition, with dose-dependent
differences in microbial profiles. This modulation of gut microbiota diversity, particularly
through enhanced levels of beneficial genera and the suppression of potentially
pathogenic bacteria, highlights TCs’ potential as prebiotic agents in fostering a
neuroprotective microbial ecosystem;

Behavioral correlations further reinforced these findings, as positive associations between
beneficial taxa and improved motor function in the rotarod test suggested a protective
effect against motor impairment, while negative correlations with inflammatory taxa
indicated potential links to motor challenges;

At the metabolic level, TCs influenced key metabolic pathways such as cAMP signaling
and nicotinamide metabolism, which are known to impact mitochondrial regulation, fat
metabolism, and inflammation. TC treatment was associated with reduced
lipopolysaccharide (LPS) biosynthesis and biofilm formation, supporting potential anti-

inflammatory and gut-protective effects.
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Our findings contribute new insights to TCs as a dietary intervention capable of modulating gut-
brain axis interactions through prebiotic mechanisms. By promoting a balanced microbial
ecosystem that mitigates neuroinflammatory signaling and enhances intestinal barrier function,
TCs may reduce pro-inflammatory stimuli that exacerbate PD pathology. Taken together, this
study underscores the potential of TCs, especially EGCG, as a holistic approach for PD
prevention and management, targeting both microbial composition and neuroinflammatory
metabolic pathways. However, further clinical research is essential to fully understand these
mechanisms and validate TCs' efficacy in human populations. By enhancing neuroprotective
microbial ecosystems and modulating inflammatory processes along the gut-brain axis, TCs hold
substantial potential to slow PD progression, alleviate symptoms, and contribute to future

therapeutic strategies focused on dietary interventions for neurodegenerative diseases.

The data compiled from this study helps to underscore the potential of TCs and other plant
polyphenols in mitigating PD symptoms and may serve as a reference for future therapeutic
strategies aimed at targeting neurodegenerative diseases through dietary intervention. Future
studies that build on these findings should consider several methodological enhancements to
further elucidate the effects of TCs and other plant polyphenols on PD. One recommendation is to
increase the frequency of TC administration via oral gavage to twice daily, which may allow for a
more sustained therapeutic effect and better mimic potential clinical dosing regimens. While the
mice in the high-dose treatment group eventually acclimated to the bitter taste of the dissolved
decaffeinated GTP powder, increasing the frequency of administration may combat palatability
challenges that could have an impact on consistent intake and stress levels. This sentiment further
highlights the need for careful observation and potential adjustments to improve tolerance and

keep animal stress to a minimum.

Also, extending the study duration could offer insights into the long-term impacts of TCs on

disease progression and symptom management. However, > 90 days of social isolation may have
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an impact on behavioral and neurochemical consequences in mice [4]. To improve the welfare of
animal models and reduce stress associated with single-housing, future studies should consider
involving group housing with a suitable marking system to track individual’s dosage, daily
weight, and behavior. It should be considered that there is no clear conclusion for the practice of
housing male laboratory mice as a group [5,6], so the welfare implications of housing protocols
should be considered when determining a study timeline. Expanding the scope of this research to
include other polyphenols, such as curcumin and resveratrol, would allow for comparative
analysis of their unique and combined influences on the gut microbiome and disease symptoms.
Exploring the effects of a mixture of tea catechins with other polyphenols could provide valuable
insights into possible synergistic interactions, potentially amplifying neuroprotective benefits

through multiple pathways.

While this study focused on urinary metabolites of TCs, future investigations could benefit from
analyzing liver metabolites to provide a more comprehensive understanding of their metabolism
and bioavailability. The liver plays a central role in the biotransformation of catechins [7],
influencing their systemic circulation and physiological effects. Measuring liver metabolites
could also facilitate the examination of circulating a-synuclein levels, offering a unique
perspective on how catechin metabolism might modulate processes and protein circulation
associated with PD. This approach may uncover additional bioactive metabolites and elucidate
metabolic pathways that contribute to the observed effects on the gut-brain axis, providing deeper
insights into the therapeutic potential of TCs. Furthermore, future studies could explore the
integrity of the intestinal barrier by evaluating the gut epithelium and measuring a-synuclein
concentrations in the GI tract in order to help clarify the relationship between gut-originating
protein aggregation and systemic neurodegenerative processes. Investigating inflammatory
markers in blood plasma would add further evidence to the systemic inflammatory response,

offering a more holistic understanding of how TCs influence the gut-brain axis.
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This study may serve as a reference point for future research into the neuroprotective potential of
TCs that focuses on the exploration of optimized dosing regimens, mitigation of animal stress,
and investigation of additional polyphenols. By introducing a framework to evaluate further
critical biological parameters—such as gut epithelium integrity, a-synuclein concentrations in gut
contents, and inflammatory markers in blood plasma—this work provides a strong foundation for
advancing the assessment of TCs as dietary interventions. Here, we highlight the complex
interplay between dietary polyphenols, gut health, and neurodegenerative disease processes,
paving the way for future investigations to build on these findings. These findings not only
underscore the promise of TCs as viable neuroprotective agents, but also illuminate pathways for
future studies aimed at developing innovative, non-invasive strategies for preventing and

managing PD and related neurodegenerative disorders.
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