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ABSTRACT

Parkinson's disease (PD) remains a major challenge in the field of neurodegenerative diseases and
requires innovative therapeutic approaches. In this study, we investigated the therapeutic potential
of chenodeoxycholic acid (CDCA) in PD using a 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP)-induced mouse model. CDCA, a naturally occurring bile acid, has previously shown
promise in various neurological disorders by reducing neuronal degeneration and promoting
neuronal health, however its utility in PD has not been studied. Mice were divided into a control
group, an MPTP-induced PD model (20 mg/kg, intraperitoneally) and a treatment group injected
intraperitoneally with CDCA (90 mg/kg). CDCA reduced motor impairment and ameliorated
anxiety-like behavior as assessed by the pole test and open field test, demonstrated antidepressant
effects in the forced swim test and tail suspension test, and results of the Y-maze test showed
improved cognitive performance. Furthermore, the effective defense against MPTP-induced
dopaminergic degeneration was provided by CDCA through improving the morphological and
histological features of neurons in the midbrain, hippocampus, cortex and cerebellum.
Additionally, the biomarkers used in this study are brain-derived neurotrophic factor (BDNF) and
a-synuclein. Hence, treatment with CDCA significantly mitigated MPTP-induced elevations in a-
synuclein levels, indicating that it may have potential to preserve and recover neuronal function.
Moreover, the neurotrophic role of CDCA was demonstrated by improving the low levels of BDNF
in the presence of MPTP. The results of this study promise valuable insights into the potential
therapeutic properties of CDCA in reducing the effects of PD and provide a basis for further

research into bile acid-based treatments in neurodegenerative diseases.

Keywords: Chenodeoxycholic acid, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine, Brain derived

neurotrophic factor, a-synuclein, Parkinson’s disease.
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CHAPTER 1: INTRODUCTION

1.1 Bile acids

Bile acids are cholesterol-derived acidic steroids, manufactured within the liver and then housed
in the gall bladder and released into the Gastrointestinal Tract to aid in postprandial nutrient
absorption. Through enterohepatic circulation, they are reabsorbed from the intestines back to the
liver, playing a crucial role in maintaining homeostasis. Additionally, Bile acids, acting as steroid
hormones, impact glucose, lipid, and energy metabolism through the activation of nuclear
receptors like the Takeda G Protein Coupled Bile Acid Receptor 5 and Farsenoid X Receptor
(FXR) [1]. In peripheral tissues such as the liver, skeletal muscle, pancreas, and brown and white
adipose tissue, these receptors are activated by bile acids to regulate glucose and lipid metabolism.
Recent research indicates that the central nervous system contains 20 different types of BAs.
Specifically, the brain's essential requirement includes the presence of two primary bile acids,
CDCA and cholic acid (CA) [2]. In the adult liver, cholesterol is converted to bile acids every day
by about 500 mg. The classic or neutral bile acid pathway, which occurs in the liver, and the
alternate or acidic bile acid pathway, which occurs in peripheral tissues and in the liver, are two
major bile acid synthetic pathways [3]. This classic pathway is the main route for bile acid
production, mainly involving the enzyme cholesterol 7a-hydroxylase (CYP7A1) and accounts for
approximately 90% in humans and around 75% in mice. This pathway initiates cholesterol
conversion into 7a-hydroxycholesterol by the enzyme CYP7A1, a microsomal cytochrome P450

enzyme found exclusively in the liver [4].
1.2 Bile acids in neurodegenerative diseases

Neurodegenerative diseases, impacting millions globally, result from a range of factors. Although
the specific causes differ, a common issue is the buildup of misfolded or mutated proteins. These
factors lead to greater dysfunction, significant loss of neurons, and brain shrinkage [5]. Bile acids
have been implicated in the advancement or initial phases of Alzheimer's disease (AD). A recent
study has pinpointed glycoursodeoxycholic acid (GUDCA) as a blood-based biomarker capable
of accurately predicting the onset of AD and mild cognitive impairment. GUDCA exhibits notable
neuroprotective effects by effectively suppressing glutamate release and reducing glutamate
excitotoxicity in neuronal cells [6]. In both experimental animal models and clinical studies of PD

and AD, tauroursodeoxycholic acid (TUDCA) and ursodeoxycholic acid (UDCA) have shown



promise in protecting nerve cells. These acids have been shown to protect neurons from
degeneration and enhance cognitive function in PD and AD. Their neuroprotective effects are

thought to occur through mechanisms such as reducing oxidative stress, preventing apoptosis, and

regulating inflammation [5].
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Figure 1.1. Role of bile acids in neurodegenerative diseases. The diagram demonstrates the
role of bile acids in five primary neurodegenerative conditions: AD, PD, Huntington's disease,
Amyotrophic Lateral Sclerosis (ALS), and Multiple Sclerosis (MS). It emphasizes the
biochemical mechanisms by which bile acids impact the advancement of these diseases,
including their influence on neuroinflammation, oxidative stress, mitochondrial dysfunction, and
the survival of neurons.

Tauroursodeoxycholic acid (TUDCA) extends its effects beyond PD and AD to also
influence ALS. It achieves this by reducing oxidative stress, inhibiting the apoptotic cascade,
protecting mitochondria, and exerting an anti-neuroinflammatory action. A study that administered
varying doses of ursodeoxycholic acid (UDCA, a form of TUDCA) to ALS patients yielded

notable findings on the drug's pharmacokinetic profile and its ability to penetrate the central



nervous system. The study demonstrated the dose-dependent crossing of UDCA through the blood-
brain barrier [7]. TUDCA and ursodeoxycholic acid UDCA exhibit therapeutic promise in prion
disease by reducing PrP conversion, neuronal loss, and astrocytosis. They accomplish this by
diminishing PrP conversion in cell-free assays and infected cell cultures, as well as reducing the
seeding ability of PrP Sc. Both TUDCA and UDCA also effectively reduce neuronal loss in prion-
infected cerebellar slices and astrocytosis in prion-infected mice, particularly in males, suggesting
gender-specific differences in drug metabolism. These compounds are FDA-approved for human
use, making them promising treatments for prion diseases [8].

The impact of microbiota-modified bile acids on neurodegenerative diseases has been
evaluated previously. Deoxycholic acid (DCA) and lithocholic acid (LCA), derived from CA and
CDCA, have been found to influence intracellular organelles and play a role in these diseases.
Specifically, DCA and LCA activate mitofusin 2 facilitating mitochondria and endoplasmic
reticulum fusion, thereby enhancing ATP synthesis. At normal concentrations, these bile acids
promote mitochondrial fusion, a critical process for ATP generation. Additionally, DCA and UDCA
stimulate autophagy, whereas primary bile acids such as CA, CDCA, and taurocholic acid inhibit
this process [9]. In ALS patients TUDCA demonstrated good tolerability without significant
adverse effects. TUDCA exhibits cytoprotective and anti-apoptotic properties suggesting potential
neuroprotective effects. Its neuroprotective mechanisms likely involve inhibiting mitochondrial-
associated apoptosis and modulating specific targets related to apoptosis. TUDCA's role in ALS
may revolve around its ability to shield cells from apoptosis and regulate mitochondrial function,

contributing to its neuroprotective capabilities [10].
1.3 CDCA and neurodegenerative diseases

CDCA, a primary bile acid synthesized in the liver, originates from a precursor, cholesterol. The
conversion of cholesterol to primary bile acids depends on a specific group of cytochrome P450
enzymes found in various cellular compartments. The classical pathway for bile acid synthesis
begins with 7a-hydroxylase (CYP7A1), which transforms cholesterol into 7a-hydroxycholesterol.
Then, sterol 27-hydroxylase (CYP27A1) is responsible for converting these intermediates into
primary bile acids like CDCA [11].
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Figure 1.2. Classical pathway of synthesis of CDCA. The diagram illustrates the

transformation of cholesterol into CDCA via a series of three enzymatic steps, which includes
the involvement of CYP7AT1 (cholesterol 7a-hydroxylase), CYP7B1 (oxysterol 7a-hydroxylase),
and CYP8BI1 (sterol 120-hydroxylase).

CDCA has gained significant attention for its potential therapeutic effects in
neurodegenerative diseases. CDCA exhibits multifaceted pharmacological properties, including
anti-inflammatory, antioxidant, and neuroprotective actions [12]. It exhibits neuroprotective
effects attributed to its ability to enhance insulin signaling, regulate amyloid-beta metabolism, and
promote neurotrophic signaling pathways. By improving insulin sensitivity in the hippocampi of
AD rats through mechanisms such as reducing pSer307-IRS1 phosphorylation and increasing Akt
activation, CDCA shows promise as a therapeutic agent for AD management [13]. It is also used
for treating cerebrotendinous xanthomatosis (CTX), an uncommon condition characterized by
lipid accumulation due to mutations in the CYP27A1 gene. a rare lipid storage disorder caused by
mutations in the CYP27A1 gene. These mutations disrupt synthesis of bile acids, leading to

decreased production of CDCA [14].

Moreover, CDCA has been found to effectively prevent axonal degeneration in CTX and
Early initiation of CDCA treatment has shown significant benefits in improving the morbidity and

prognosis of CTX patients [15]. As a result, CDCA replacement therapy has been approved to



treat CTX. However, the effectiveness of CDCA treatment diminishes once severe
neuropsychiatric symptoms develop. Therefore, early diagnosis and starting CDCA therapy as
soon as possible are vital for improving outcomes in patients with CTX [14]. The exploration of
bile acid in the context of cognitive impairment in PD is an understudied area, and uncertainties
persist regarding its specificity and sensitivity as a biomarker for early diagnosis. Addressing this
gap, the researchers conducted a metabolomics analysis of plasma bile acids in patients with PD-
MCI (PD with Mild Cognitive Impairment) and PD-NC (PD with Normal Cognition). The results
of the study revealed significant decreases in CA, CDCA, and UDCA in patients with PD-MCI
compared to those with normal cognition [16]. This groundbreaking research sheds light on
potential alterations in the bile acid profile associated with cognitive changes in PD, emphasizing

the need for further exploration in this realm for potential diagnostic implications.
1.4 Parkinson’s disease

PD is a long-term, progressive neurodegenerative condition. The signs and symptoms are believed
to become prominent when the nerve cells belonging to an area of the brain become impaired or
die. The brain region called the basal ganglia, produces the chemical dopamine. When dopamine
production is compromised, the patients experience movement problems which can take the form
of tremors, muscle stiffness, slowness of movements, and impaired balance and coordination [17].
In addition to these, the non-motor symptoms, such as problems with memory, feelings of sadness,
seeing things that aren't real, difficulties with body functions like heart rate, and trouble sleeping,

there exists a significant burden of symptomatic complications [18].

The main clinical symptoms of PD arise from the loss of dopaminergic neurons in the
substantia nigra of the midbrain [19]. Dopamine neurons are particularly vulnerable to oxidative
stress, which is caused by increased reactive oxygen species and a weakened antioxidant defense
system [20]. This link between oxidative stress and PD is further supported by animal models
using neurotoxins such as MPTP, rotenone, and 6-hydroxydopamine (6-OHDA). These models
generate reactive oxygen species, which contributes to the gradual loss of dopaminergic neurons
[21].

1.4.1 Etiology and pathogenesis of PD

The exact cause of PD is not completely clear. However, autopsies often reveal Lewy bodies,

which are aggregates of a-synuclein proteins, play a role in the damage to neurons in the substantia



nigra. Because of this, PD is classified under neurodegenerative diseases known as
synucleinopathies [22]. The cause is not entirely known, but both genetic and environmental
factors are important. Gene mutations in proteins related to protein handling, oxidative stress, and
mitochondrial function have been identified in familial PD. Environmental toxins used in PD
animal models also affect mitochondrial function and increase free radicals, contributing to protein

aggregation [23].

While numerous factors associated with PD causation have raised interest in its
environmental component, the discovery of the neurotoxic effects of MPTP was a pivotal moment
in PD research. This finding not only spurred studies to unravel its mechanism of action and its
relevance to PD pathogenesis but also provided a valuable model for studying motor deficits in
primates and testing drug efficacy in humans. It's important to note, however, that MPTP-induced
parkinsonism, while a useful model, differs from PD in humans because it is not progressive and
does not lead to Lewy body formation [24]. Hence, PD remains a complex interplay of genetic and

environmental factors, with ongoing research into its mechanisms and potential treatments.
1.4.2 Epidemiology of PD

PD is a condition associated with age that is becoming more prevalent globally as populations age.
Its recognition as a distinct clinical entity date back to the 19th century, with its pathology
elucidated in the first half of the 20th century. PD became a significant medical challenge during
and following the mid-20th century [25]. PD demonstrates a higher prevalence in males
worldwide, with its occurrence increasing with age. This pattern is more pronounced in western
countries than in Asian nations. These variations in prevalence are influenced by a combination of
genetic and environmental factors. Within a single country, different ethnic populations may
exhibit varying rates of PD incidence, indicating a genetic component to the disease's risk.
Moreover, the elevated incidence of PD among Japanese and African populations in the Americas

compared to their home countries suggests an environmental impact on PD development [26].

In terms of cognitive functions in PD, cognitive changes are increasingly recognized even
appearing in its early stages. PD-MCI affects 20% to 40% of patients, while the incidence of PD-
related dementia rises with disease duration, reaching over 80% after 20 years. Factors linked to

cognitive decline in PD include older age, the progression of the disease, difficulties with walking,



autonomic dysfunction, and experiencing hallucinations, REM behavior disorder, and

neuropsychological test results indicating posterior predominant dysfunction [27].
1.4.3 Clinical characteristics of PD

PD often manifests with a loss of dexterity or, less frequently, a subtle dragging of one foot. Its
onset is typically gradual, and the initial symptoms may go unnoticed or be misinterpreted for an
extended period [28]. Initial symptoms of PD encompass a range of manifestations, with
constipation being the most prevalent. Other indicative signs include experiencing vivid dreams
and acting them out during the rapid eye movement phase of sleep, which may suggest the presence
of REM sleep behavior disorder. Additionally, individuals may notice a decreased sense of smell

(hyposmia), asymmetric vague shoulder pain, or symptoms of depression [29].

The primary characteristics of PD are bradykinesia, rigidity, rest tremor and gait
impairment, while bradykinesia is often the most debilitating symptom in the early stages [30].
The motor features in PD can vary widely, leading to efforts to categorize subtypes. Two main
subtypes are commonly observed: tremor-dominant Parkinson's and non-tremor-dominant
Parkinson's. These subtypes may have different causes and development pathways, though a clear

classification consensus is still lacking [31].
1.4.4 Modelling PD in animals

Over the last few decades, researchers have utilized various types of animal models to study PD.
These models generally fall into two categories: those induced by environmental or synthetic
neurotoxins and those created by introducing PD-related genetic mutations in vivo [32]. Current
animal models of PD are not able to completely replicate PD and its full range of pathology and
symptoms. The main reason for this limitation is that each model is designed to induce only a
limited set of pathological processes seen in PD. These processes are often either artificially
induced in a manner that does not fully reflect the disease, as in toxin models, or they may be

relevant to PD but represent only a fraction of the overall pathology [33].

Many of the PD models involve inducing degeneration of dopaminergic neurons using
neurotoxins. The first neurotoxin used was 6-OHDA, initially intended for degenerating
sympathetic nerves and later adapted for modeling PD in the brain. Another neurotoxin, MPTP,

was discovered when cases of chemically induced parkinsonism emerged after a failed attempt to



synthesize the opioid drug MPPP [34]. The discovery of MPTP, a synthetic compound with heroin-
like properties that is toxic to dopamine neurons, made it one of the most commonly used toxins
in modeling the characteristics of PD [35]. The timing of MPTP administration in mice greatly
affects the results. MPTP is usually given through repeated intraperitoneal or subcutaneous
injections, as intravenous injections are no longer used. If injections are given closely together
within a single day, the impact on dopamine-producing neurons can increase [36]. Studies show
that giving multiple injections in a single day is known as an acute administration regimen. In
contrast, administering one injection per day over several days or weeks is referred to as a subacute
or chronic administration regimen. The comparison between both regimens shown in table 1.1
[37].

Table 1.1. The comparison between the two most common and widely used regimens of MPTP.

MPTP model type | Injection route | Duration of protocol Loss of dopaminergic
neurons
Acute (14-20mg/kg) | Intraperitoneal | Four doses in a single day | 40-90% striatal

with interval of two hours dopamine depletion

Subacute (30mg/kg) | Intraperitoneal | Single dose for five | 40-50% striatal

consecutive days dopamine depletion

1.4.5 Diagnosis of PD

The current diagnosis of PD relies on clinical features gathered from medical history and
examination, as well as the patient's response to dopamine medications and the emergence of motor
fluctuations over time [38]. PD should be considered if an individual display one or more of its
cardinal features, which include bradykinesia, resting tremor, rigidity, and in later stages, postural
instability. The presence of a characteristic resting tremor significantly raises the suspicion for PD,

although around 20% of patients do not develop this tremor [39].
A concise set of research criteria for diagnosis of PD includes [40].
1. Evidence of disease progression.

2. Two of the three cardinal features (tremor, rigidity, bradykinesia).

3. Two of the following:



a. Significant response to L-dopa
b. Signs of asymmetry
c. Asymmetrical onset
4. No clinical signs pointing to an alternative diagnosis.

5. No known cause for similar features

Additionally, diagnostic tools like brain imaging (e.g., MRI, CT) and dopamine transporter
imaging (e.g., DaTscan) can aid in confirming the clinical diagnosis of PD and ruling out
conditions with similar symptoms. Genetic testing may also be considered in select cases, as
advancements in PD genetics have identified specific mutations associated with the disease. A
comprehensive assessment that includes clinical evaluation, imaging modalities, and genetic

testing contributes to a more precise diagnosis of PD [41].
1.4.6 Treatment of PD

There is currently no cure for PD, as existing therapies are unable to stop or reverse its progression.
However, various medications are available to manage its symptoms. These drugs work by either
increasing dopamine levels in the brain or replicating the effects of dopamine [42]. As we know
the key pathological feature of PD is the accumulation of abnormal a-synuclein aggregates. One
potential approach to halt the spread of a-synuclein is the use of antibodies that target and degrade
extracellular a-synuclein, preventing its transmission to nearby cells. An example is prasinezumab
(PRX002, Prothena), a humanized monoclonal antibody which has demonstrated a reduction of
approximately 97% in free serum a-synuclein levels and has shown good tolerance in phase |

clinical trials [43].

Current approved treatments for PD focus on elevating dopamine levels in the striatum to
alleviate motor symptoms [44]. The primary strategy in treating PD is to address the dopamine
deficiency by supplying levodopa, the natural precursor of dopamine. Additionally, other oral
medications can be utilized either alone or in combination [45]. Another promising frontier in PD
research is gene therapy which has potential for both neuroprotection and neurorestoration in PD.
Innovative approaches include gene therapy targeting subthalamic glutamic acid decarboxylase
and the application of glial cell line-derived neurotrophic factor (GDNF) [46]. Direct delivery of
GDNF has demonstrated symptom reduction in PD patients, facilitated by a tetracycline-controlled

transactivator. Other gene therapy strategies, not aimed at altering disease progression, involve a



tricistronic system incorporating aromatic L-amino acid decarboxylase, tyrosine hydroxylase, and
GTP cyclohydrolase 1 to collectively enhance dopaminergic enzyme expression [47]. Numerous
medications are currently in various stages of clinical trials, and with the continued advancement
of new therapies, significant progress in the treatment of PD is expected to progress significantly

in the near future [48].
1.4.7 Bile acids in treatment of PD

In the context of managing neurodegenerative disorders like AD and PD, bile acids have been
explored as potential remedies. As discussed in a patent, promisingly, 2-fluorinated bile acid
compounds show potential by reducing inflammation, boosting mitochondrial function, and aiding
in the clearance of toxic proteins associated with these diseases. This avenue holds significant
promise as a therapeutic approach for neurodegenerative disorders [49]. UDCA and TUDCA are
hydrophilic bile acids that demonstrate potential as antiapoptotic agents, making them subjects of
research for treating neurodegenerative disorders like PD. Presently, two small clinical trials are

underway to evaluate the potential of UDCA in slowing the progression of PD [50].

In the extensive examination conducted by Ackerman and Gerhard, the authors systematically
reviewed outcomes from diverse studies involving cell lines, animal models, and human subjects.
These results emphasize the significant potential of bile acids in addressing various
neurodegenerative disorders. Interestingly, among the investigated bile acids, CDCA has not yet
been explored as a potential candidate for PD [6]. This notable gap in the current research
landscape highlights the need for further investigations into the specific role of CDCA in the

context of PD treatment.
1.5 Aims and Objectives

The precise mechanisms underlying CDCA's neuroprotective effects in PD, as well as its long-
term safety and efficacy in clinical settings, have yet to be fully investigated. With its
neuroprotective properties, CDCA is a good option for treatment of PD especially in MPTP-
induced mouse models. Research aims to determine whether CDCA can successfully improve
cognition, increase synaptic plasticity and neurogenesis, decrease neurodegeneration, and can
improve neurotrophic factors related to PD. Preclinical research on the application of CDCA in

the treatment of PD may result in clinical trials that allow for the investigation of the best possible
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dosage, timing, and combination strategies, thereby improving the management and rehabilitation

of PD. The research's goals and objectives are as follows:

1. Development of PD model using MPTP and to investigate the therapeutic potential of
CDCA in PD models.

2. Evaluation of effects of CDCA by conducting behavioral tests.

3. Assessment of histological and morphological changes in the brain regions of mice through
H&E staining.

4. Determining whether CDCA affects the biochemical markers linked to PD and has

neuroprotective benefits.
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CHAPTER 2: MATERIALS AND METHODOLOGY

2.1 Experimental timeline and overview

In this study, we employed a comprehensive experimental approach to study the effects of CDCA
on PD in animal models. The experimental schedule shown in Figure 2.1 outlines the sequential
steps of this study. First, the animals were divided into groups. Once grouping was completed, we
started to develop an animal model mimicking PD. After the model was created, the animals
received the intended treatment according to the experimental protocol. After the treatment phase,
we performed behavioral tests to evaluate the functional outcome and potential treatment effects.
Finally, animals were humanely sacrificed and dissected so that tissue samples could be collected

for further analysis using polymerase chain reaction (PCR) and histopathology.

Mice grouping & Behavioral Behavioral Histopathological
Acclimatization assessment assessment analysis and PCR
? Day 1516 Day 32-35 Day 38-52

\gr
%

2

¥V
Day 8-14 Day 17-31 Day 36-37 Day 53-55
Development of ! CDCA administration Dissection of animals Statistical
PD model for treatment and sample collection analysis

Figure 2.1. Experimental design. The figure illustrates the experimental process starting with
the acclimatization of mice, induction of disease, administration of treatment, behavioral
analysis, sacrifice of animals, histopathological examination, PCR analysis, and statistical

evaluation. Each stage is portrayed in sequence to demonstrate the thorough methodology used

in the research.

2.2 Ethics statement

All experimental procedures followed the National Institutes of Health guidelines for the care and

use of animals and were approved by the NUST Institutional Review Board (IRB No. 2024-IRB-
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A-01/01). Male BALB/c adult mice (7-8 weeks old) were purchased from the National Institute of

Health Sciences, Islamabad, Pakistan.
2.3 Drugs and materials

All the chemicals and material used in the study are listed here, along with their sources, to ensure

transparency and provide important reference information for repeatability.

Table 2.1. List of drugs, chemicals and other material along with their sources.

Name Source Identifier
1. CDCA Macklin, China CAS: 474-25-9
2. MPTP Macklin, China CAS: 23007-85-4
3. Sodium Bicarbonate Sigma Aldrich, USA CAS: 144-55-8
4. TRIzol isolation reagent | Fine Biotech Life Sciences, UK Cat. No. FTR-100

5. Reverse Transcriptase Thermo Fisher Scientific, Lithuania | Cat. No. EP0441

6. 2% Agarose Gel Sigma Aldrich, USA CAS: 39346-81-1
7. 10X TBE buffer Solarbio, China Cat. No. T1050

8. PCR master mix Wizbio Solutions, South Korea Cat. No. W1401-2
9. SYBR green master mix | Wizbio Solutions, South Korea Cat. No. W1711

2.4 In silico analysis

In silico analysis was performed before starting the experimental work in the lab and animal house.
The 3D structures of a-synuclein (UniProt ID: 10133) and BDNF (UniProt ID: P21237) were
obtained from AlphaFold, while the chemical structure of CDCA (PubChem CID: 10133) was
retrieved from the PubChem database. These structures were cleaned using Discovery Studio
Visualizer 3.0. Docking was conducted using PyRx 0.8 to understand the structural interactions
between BDNF, a-synuclein, and CDCA, and to calculate their binding affinities. The interactions
between BDNF-CDCA and a-synuclein-CDCA were visualized using Discovery Studio
Visualizer 3.0, highlighting key interaction patterns.
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2.5 Animal grouping and treatment

The mice were housed at the NUST Animal House under standardized condition, 12 hours of dark
and 12 hours of light. They were kept in cages equipped with a water bottle and a petri dish for

food. The mice were randomly divided into three groups, with six mice in each group.

1. Healthy group: Mice received the drug vehicle.
ii.  Diseased group: Mice treated with MPTP to induce a PD animal model.
iii.  Treatment group: Mice treated with MPTP followed by administration of CDCA.

2.6 Dosing protocol of MPTP

The mice were acclimated for a week before starting MPTP induction. They were weighed and
sorted a day before the induction began. We followed the standard regimen, administering one
injection of MPTP every 2 hours, totaling four doses over an 8-hour period in one day. An acute
dose of 20 mg/kg MPTP was injected intraperitoneally into eight-week-old male mice. Behavioral

tests were conducted on day 15 and 16.
2.7 Dosing protocol of CDCA

A dose of 90 mg/kg/day of CDCA was used. A CDCA suspension was prepared with 8.4% (1
mmol/mL) NaHCO3 [13]. The injection volumes were adjusted according to the body weight of
the mice. After MPTP induction, behavioral tests were conducted and then the administration of
CDCA began, with intraperitoneal injections given daily for 14 days. Behavioral tests were

conducted on the day after the final dose of CDCA.
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Figure 2.2. Intraperitoneal injection Procedure in Mice. The figure illustrates a method to
administer intraperitoneal injection in a mouse. It depicts the position of the needle and the

injection site in the abdominal cavity.
2.8 Behavioral analysis

Behavioral tests were conducted after both MPTP and CDCA administration. Following MPTP
induction, initial behavioral assessments were performed to evaluate the baseline effects of MPTP
on the mice. These tests included the tail suspension test and open field test to monitor any MPTP-
induced motor and behavioral impairments. After completing the initial assessments, CDCA
treatment began and continued daily for 14 days. Upon completing the CDCA treatment regimen,
another set of behavioral tests was conducted to evaluate any improvements or changes in motor
function and overall behavior due to CDCA. The same tests (tail suspension and open field) were
repeated to maintain consistency and comparability between the pre- and post-CDCA
administration phases. Additionally, three more tests were added after CDCA treatment: the forced

swim test, the pole test and the Y-maze test.
2.8.1 Tail suspension test

The tail-suspension test is a behavioral experiment conducted on mice. It helps screen potential
antidepressant drugs and assesses other interventions that may influence behaviors associated with
depression [51]. For this test, each mouse from each group was individually suspended by its tail
from a horizontal bar using adhesive tape for a secure hold. The test was conducted for a duration
of 6 minutes per mouse. During this time, we observed and recorded the duration of immobility
(Immobility time is defined as the period when the animal hangs quietly and without movement)

[52] using a stopwatch and a video camera.
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Figure 2.3. Tail Suspension Test setup with Mouse. The figure shows the tail suspension test
where a mouse is hung by tail to a horizontal stand bar using adhesive tape, to access depressive-

like behavior.
2.8.2 Open field test

Open field test is widely recognized as one of the most frequently used behavioral tests in animal
psychology. It is used to evaluate general locomotor activity and anxiety-related behavior in mice.
[53]. The apparatus was built with a 60 x 60 cm white wooden cage, 60 cm tall walls and 16 equal-
sized squares of 15 x 15 cm each. Each mouse was placed in the center of an open field apparatus.
Upon release, the timer was started, and the mouse was allowed to explore for five minutes. The
session was recorded on video and later analyzed manually. We documented the total the time
spent in the center versus the periphery, and the number of entries into central and peripheral areas.

After each mouse, the apparatus was cleaned with 70% ethanol.

Figure 2.4. Open Field Test setup with Mouse. The figure shows a mouse in an open field

apparatus to access locomotion and anxiety-like behavior.

2.8.3 Pole test

Pole test is an indicator of bradykinesia [54]. So, to assess motor coordination and balance in mice,
we conducted this test. The mice underwent a training period of three days before the
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commencement of the formal experiment. We placed each mouse at the top of the pole facing
upwards and started the timer as soon as the mouse was released. We measured the time it took
for the mouse to turn 180° on the pole. The session was videotaped, and it was then manually
analyzed.

Figure 2.5. Mouse on pole for pole test. The figure shows a mouse positioned on a vertical pole

in upward direction to evaluate turn time.
2.8.4 Forced swim test

The forced swim test, also known as the ‘behavioral despair’ test, serves as a rodent model to predict
the effectiveness of antidepressant drugs [55]. Both the forced swim test and the tail suspension
test are used as models for rodent depression. These tests primarily measure a decrease in
locomotor activity along with other mobility-related behaviors [56]. Transparent cylinders, about
25-30 cm tall to keep mice from touching the bottom, were used in this study. The water
temperature was kept steady at around 25 £ 1°C. Each mouse was gently placed by its tail into the
water-filled cylinder for a 6-minute test where escape wasn't possible. The first 2 minutes weren't
counted because most mice swam continuously. We only looked at the last 4 minutes to see how
long the mice stayed still or floated, not counting any time they spent swimming or trying to climb
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out. Afterward, the mice were dried off with a towel and returned to their cage for a 10-minute

observation period.

Figure 2.6. Mouse in cylinder for Forced Swim Test. The figure shows a mouse placed in a

water-filled cylinder to access depressive-like behavior and immobility in forced swim test.
2.8.5 Y maze test

The Y-maze test evaluates spatial memory by having mice explore a maze with three arms shaped
like a "Y" [57]. In this test, a Y-shaped apparatus was used constructed of a wooden box wrapped
in a black sheet. The apparatus is comprised of two arms labeled as familiar and one arm labeled
as novel. The three arms that make up this apparatus measure 30 cm in length, 8 cm in width, and
15 cm in height and they are inclined at a 120-degree angle. During the training phase, which
lasted 10 minutes, mice were placed in the familiar arms, and the novel arm was blocked. After a
one-hour break, the testing phase began, lasting 5 minutes, during which the novel arm was
accessible [58]. We analyzed video recordings to analyze the percentage of alternations. The
formula used to calculate the percentage of spontaneous alternation was [(number of
alternations)/(total number of arm entries — 2)] x 100 [59]. This procedure was carried out across
all mice of all groups.
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Figure 2.7. Mouse in Y maze apparatus for memory testing. The figure shows a mouse in a
Y-maze device, which is used to measure cognitive ability and spatial memory by observing how

the mouse moves around the maze.
2.9 Histopathological analysis

Histopathological analysis was carried out to observe the morphological changes and histological
patterns in the cellular structures of the brain, which involves studying tissues at a microscopic

level.
2.9.1 Tissue preparation

The day after conducting behavioral experiments, tissue dissection and fixation were performed.
For histological analysis, mice were anesthetized intraperitoneally with ketamine at a dose of 100
mg/kg [60]. Following anesthesia, an incision was made in the abdominal cavity to expose the
heart. A needle was inserted into the right ventricle while simultaneously making an incision in
the right atrium. This allowed for the infusion of 80 ml of 0.9% saline, followed by 100 ml of a
fixative solution containing 4% paraformaldehyde in 0.1 M phosphate-buffered saline at pH 7.4
[61]. After perfusion, the brain was carefully removed and rinsed with PBS to eliminate excess
fixative and blood. Subsequently, the brain tissue was immersed in a 4% paraformaldehyde

fixative solution.
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Figure 2.8. Mouse positioning and needle insertion for transcardiac perfusion. Figure A
shows how the pinned mouse on a dissecting stage. Figure B shows the insertion of needle in the

heart for transcardiac perfusion.
2.9.2 Hematoxylin & Eosin staining and Slides preparation

We further processed the tissue fixed earlier with 4% paraformaldehyde to prepare slides. The first
step was dehydration, which involved immersing the tissue in increasing concentrations of ethanol
(70%, 95%, 100%) to remove water. After dehydration, we used xylene (CAS No: 1330-20-70,
Sigma Aldrich USA), a clearing agent, to remove the alcohol and make the tissue transparent.
Next, we cut thin slices of the tissue (3-5um) using a microtome and rehydrated them by immersing
them in decreasing concentrations of ethanol (100%, 95%, 70%). We then stained the rehydrated

tissue slices by immersing them in hematoxylin solution for a few minutes.

After staining, we rinsed the slides to remove the excess stain. Bluing was performed by placing
the slides in a weak alkaline solution, i.e ammonium water, to stabilize the hematoxylin stain,
followed by another rinse. The slides were then immersed in eosin solution for a few minutes to
counterstain the tissue and rinsed again. Bluing was performed by simple tap water to stabilize the
hematoxylin stain, followed by another rinse. The slides were then immersed in eosin solution for
a few minutes to counterstain the tissue and rinsed again. After staining, we dehydrated the tissue
again using increasing concentrations of ethanol (70%, 95%, 100%) and cleared it with xylene.
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Finally, we applied a mounting medium and placed a cover slip over the tissue sections to preserve

them and facilitate microscopic examination.
2.9.3 Microscopic tissue analysis

The slides were observed under a light microscope (Optika B-150, Italy) at magnifications of 10X
and 40X to evaluate tissue structure, cell numbers, and cellular patterns. Photomicrographs were
taken of the cerebellum, hippocampus, cortex, and midbrain to compare the changes among the
three groups. The purpose of the microscopy was to examine the alterations in cell chemistry

caused by MPTP induction.
2.10 Gene expression analysis
2.10.1 Fresh tissue dissection

First, mice were anesthetized with injections of ketamine to collect tissue samples for PCR. Once
fully anesthetized, the mice were carefully dissected. A cut was made along the skull's length, and
the skin was peeled back to each side. The top of the skull was then removed to expose the brain.

Using a spatula, the brain was gently lifted out of the skull.

Figure 2.9. Mouse brain post-dissection. The figure shows the brain which was removed from

the skull of mouse after dissection.
2.10.2 RNA extraction

Total RNA was extracted from the tissues using the TRIzol isolation reagent. In the first step, 1000

ul of TRIzol was added to sample (80mg), followed by sonication to homogenize it. The mixture
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was left at room temperature for 5 minutes. Next, it was centrifuged at 12,000 rpm for 10 minutes
at 4°C. The supernatant was then transferred to a new tube, and 200 ul of chloroform was added.
After shaking for 30 seconds, the mixture was centrifuged again at 12,000 rpm for 10 minutes at
4°C. The aqueous phase was transferred to a new tube, and 500 pl of isopropanol was added. This
was incubated at room temperature for 10 minutes. Following another centrifugation at the same
speed and temperature, the supernatant was removed. The remaining pellet was washed with 75%
ethanol, vortexed, and centrifuged for 2 minutes. After discarding the wash buffer, the pellet was
air-dried for 10 minutes. Finally, the pellet was resuspended in 50 pl of RNase-free water and

stored at -80°C until further use.
2.10.3 Evaluating RNA Concentration and Quality

The concentration and quality of the extracted RNA were assessed using a Colibri NanoDrop
(TitertekBerthold, Germany). Both the concentration and purity were within acceptable ranges. The
absorbance at 260 nm indicated that the RNA concentration was appropriate for our samples.
Additionally, the 260/280 nm ratio, which checks for protein contamination, was between 1.8 and
2.0, and the 260/230 nm ratio, which indicates the presence of other contaminants, was between

2.0 and 2.2.
2.10.4 cDNA synthesis

For cDNA synthesis, 2 pl of RNA sample was taken and 6 pl of DNTPs and 1.5 pl of oligo(dT)s
was added into it, incubating the mixture at 55°C for 5 minutes. After this, 4 ul of RT buffer, 2 ul
of DTT, 1 ul of reverse transcriptase, and 3.5 pl of nuclease-free water were added. The reaction
mix was then incubated in a thermal cycler at 42°C for 60 minutes. Once completed, the cDNA

was formed and stored at 4°C for later use in gradient and RT-PCR.
2.11 Polymerase Chain Reaction (PCR)
First, the primers were designed for performing gradient and RT-PCR.

2.11.1 Primer designing
The primers chosen, brain BDNF and a-synuclein, were based on information from published
sources and they were ordered from Bionics, Islamabad, Pakistan. Next, we used Primer BLAST

on the NCBI website to verify if these primers accurately and specifically matched the targets
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indicated in figures 2.10, 2.11, 2.12and 2.13. This step ensured that the primers were suitable for
use in the PCR.

Mus musculus synuclein, alpha (Snca), transcript variant 1, mRNA
Sequence ID: NM_001042451.2 Length: 1304 Number of Matches: 1

Range 1: 580 to 602 GenBank Graphic

(]

Score Expect Identities Gaps Strand
46.1 bits(23) 7e-06 23/23(100%) 0/23(0%) Plus/Plus

Query 1 CACTGGCTTTGTCAAGAAGGACC 23

]
Sbjct 588 CACTGGCTTTGTCAAGAAGGACC 682

Figure 2.10. BLAST analysis of forward primer of a-synuclein. The figure shows the result of

nucleotide blast of forward primer of a-synuclein to check its specificity in Mus Musculus.

Mus musculus synuclein, alpha (Snca), transcript variant 1, mMRNA
Sequence ID: NM_001042451.2 Length: 1304 Number of Matches: 1

Range 1: 662 to 683 GenBank Graphic

(]

Score Expect Identities Gaps Strand
44,1 bits(22) 3e-05 22/22(1009%) 0/22(0%) Plus/Minus

Query 1 CATAAGCCTCACTGCCAGGATC 22

I
Sbjct 683 CATAAGCCTCACTGCCAGGATC 662

Figure 2.11. BLAST analysis of reverse primer of a-synuclein. The figure shows the result of

nucleotide blast of reverse primer of a-synuclein to check its specificity in Mus Musculus.

Mus musculus brain derived neurotrophic factor (Bdnf), transcript variant 4, mRNA
Sequence ID: NM_001048142.1 Length: 4009 Number of Matches: 1

Range 1: 551 to 572 GenBank Graphics

Score Expect Identities Gaps Strand
44,1 bits{22) 3e-05 22/22(100%) 0/22(0%) Plus/Plus

Query 1 GGCTGACACTTTTGAGCACGTC 22

LLLLLLLEELELELL LT
Sbjct 551 GGCTGACACTTTTGAGCACGTC 572

Figure 2.12. BLAST analysis of forward primer of BDNF. The figure shows the result of

nucleotide blast of forward primer of BDNF to check its specificity in Mus Musculus.
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Mus musculus brain derived neurotrophic factor (Bdnf), transcript variant 4, mRNA
Sequence ID: NM_001048142.1 Length: 4009 Number of Matches: 1

Range 1: 662 to 683 GenBank Graphics

Strand
(09%) Plus/Minus

Score Expect Identities G
44,1 bits(22) 3e-05 22/22(100%) 0/

]

[ =]
[

Query 1 CTCCAAAGGCACTTGACTGCTG 22

LEECEEREELTETEELTLTTL
Sbjct 683 CTCCAAAGGCACTTGACTGCTG 662

Figure 2.13. BLAST analysis of reverse primer of BDNF. The figure shows the result of

nucleotide blast of reverse primer of BDNF to check its specificity in Mus Musculus.

Table 2.2. List of all primers used in this study. This table provides the list of primers along
with their sequences, length, GC content and temperatures. It contains comprehensive details to

help with understanding and reproducibility of the experimental design.

Name Primer Sequence Length | GC% | Optimized
annealing
temperature °C

BDNF forward GGCTGACACTTTTGAGCACGTC 22 54.55 64.8
BDNF reverse CTCCAAAGGCACTTGACTGCTG 22 54.55 64.8
a-synuclein forward | CACTGGCTTTGTCAAGAAGGACC 23 52.17 64.8
a-synuclein reverse | CATAAGCCTCACTGCCAGGATC 22 54.55 64.8
B-actin forward GCCTTCCTTCTTGGGTATGG 20 55.00 61.5
B-actin reverse CAGCTCAGTAACAGTCCGC 19 57.89 61.5

2.11.1.5 Amplicon size of BDNF primers

The target genes' known sequences were used to calculate the amplicon size for each set of primers.
The forward and reverse primer locations and distances were determined using a reference
genomic sequence to determine the anticipated sizes of the PCR products. Comparing the observed

band widths with a molecular weight ladder after running the PCR results on an agarose gel
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allowed us to validate these calculations. For the PCR amplification process to be accurate and the
specificity of the primers to be confirmed, the predicted amplicon sizes are essential.

Range of forward primer = 551 to 572
Range of reverse primer = 662 to 683
Amplicon Size =683 — 551 + 1

Amplicon Size: 133bp
2.11.1.6 Amplicon size of a-synuclein primers

To guarantee precision and specificity of the PCR results, the process used for BDNF primers

was repeated to determine the amplicon size for primers of a-synuclein.

Range of forward primer = 580 to 602
Range of reverse primer = 662 to 683
Amplicon Size = 683 — 580 + 1
Amplicon Size: 104bp

2.11.2 Gradient PCR

The annealing temperature for the chosen primers was optimized by using gradient PCR
(Multigene Optimax). We prepared the cDNA and added the components listed in table 2.2. The
annealing temperatures were set to 60°C, 62°C, 63.2°C, 64.8°C, 66.4°C and 68°C for the six blocks
of the gradient PCR. The PCR protocol included an initial denaturation step at 94°C for 3 minutes,
followed by 35 cycles of 94°C for 30 seconds. The annealing temperatures were tested across 40
cycles for each temperature. After PCR, the resulting products were analyzed using gel

electrophoresis to check for the presence of bands.

Table 2.3. List of ingredients used in gradient PCR. This table provides a list of all components

utilized in gradient PCR along with their quantities.
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Components Quantity (ul)
1. cDNA template 2.0
2. Forward primer 1.0
3. Reverse primer 1.0
4. PCR master mix 12.5
5. Nuclease free water 8.5

2.11.3 Gel electrophoresis

To confirm whether annealing occurred at the correct temperatures, we performed gel
electrophoresis using 2% agarose and 10X TBE buffer. We compared the band positions to a DNA
ladder ranging from 100 to 1500 bp to determine if annealing was successful. The gels were then

analyzed using a Benchtop 2UV transilluminator (LM-20 | P/N 95044902, UVP Co., USA).
2.11.4 Real-Time PCR

Real-Time PCR was used to measure BDNF and a-synuclein expression levels in brain tissues
using a Bio-Rad real-time PCR detection system. Mouse 3-actin was used as a control with its own
primers for qPCR. The reaction mixture was prepared with WizPure™ qPCR Master (SYBR) and
included the components listed in table 2.3. The thermocycling settings were as follows: initial
denaturation at 94°C for 3 minutes, followed by a second denaturation at 94°C for 30 seconds,
then 35 cycles of 30 seconds at 64.8°C, 45 seconds at 72°C, and a final extension at 72°C for 7
minutes. The quality of the PCR product was assessed using amplification curves and agarose gel
electrophoresis. The ACt values were used to analyze gene expression, normalized against the -

actin values.

2.12 Statistical analysis

Statistical analysis was used to compare the control, MPTP-treated, and CDCA-treated groups to

determine if there were significant differences between them. Data were evaluated using one-way
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ANOVA followed by Tukey’s post hoc test (GraphPad Prism 5.0). Results are presented as mean
+ SEM, with a significance level set at p < 0.05.

94°C 94°C SOR 72°C
3 min 30 sec 45 sec
64.8°C
30 sec
Initial . . .
. Denaturation Annealing Extension
Denaturation

Figure 2.14. Cycling parameters for RT-PCR. The figure shows the thermal cycling profile for
both BDNF and a-synuclein.

Table 2.4. List of ingredients used in qPCR. This table provides the list of components of

qPCR master mix along with their quantities.

Components Quantity (nl)
1. cDNA template 1.0
2. Forward primer 1.0
3. Reverse primer 1.0
4. SYBR green master mix 4.0
5. Nuclease free water 13.0
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CHAPTER 3: RESULTS

3.1 Results of in silico analysis
3.1.1 Structures of Proteins and Ligand

The protein structures of BDNF and a-synuclein, downloaded in PDB format from Alphafold,
displaying their 3D shapes. The chemical structure of the ligand, CDCA, is obtained from
PubChem in SDF format, providing details about its composition and confirmation. The structures
of both the proteins and ligands, shown below in figure 3.1, were then refined and set to publication
quality in Discovery Studio Visualizer. These structures are used for further analysis such as

molecular docking.

Figure 3.1. 3D structures. The figure presents the three-dimensional (3D) structure of proteins,
a-synuclein (A), BDNF (B), and ligand, CDCA (C).
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3.1.2 Molecular docking analysis

BDNF and a-synuclein (targets) with CDCA (ligand) were analyzed individually using a ligand-
target docking technique. The results show key details about how BDNF and a-synuclein bind
with CDCA. This helps understand CDCA's interaction with a-synuclein and BDNF, its role in

neuroprotection, and suggests future research directions.

Figure 3.2 Visuals of docking interactions of CDCA, a-synuclein and BDNF. This is a
computational representation of the interactions between CDCA and a-synuclein (A) and CDCA

and BDNF (B). The representation was derived using a docking analysis performed using PyRx.
3.1.3 Binding affinity

The graphs in Figures 3.3 display the minimal binding energy, showing that CDCA interacted
successfully with the target proteins BDNF and a-synuclein. The vertical axis shows the binding
affinities between CDCA and the proteins, which are given in energy units (e.g., kcal/mol). Every

point on both graphs represents a different computer simulation of docking or binding. Stronger
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binding affinities of CDCA to the target proteins are indicated by lower values on the y-axis,
indicating a positive interaction. Conversely, lower binding affinity is indicated by higher values.
This information contributes to a better understanding of CDCA's potential as a ligand for BDNF
and a-synuclein, as well as the stability of the ligand-protein complex and its potential biological

implications on neuroprotection.
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Figure 3.3. Binding energies from docking simulations. /n silico analysis shows the
interaction of CDCA with BDNF, with binding energies that range between — 5.7 to — 6.9
kcal/mol and the average binding energy is -6.1 kcal/mol (A). The interaction of CDCA with a-
synuclein, with binding energies that range between — 4.6 to — 5.3 kcal/mol and the average

binding energy is -4.8 kcal/mol (B).
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Figure 3.4: The possible locations where a-synuclein and BDNF can bind. Figure A shows
the amino acid residues VAL 77, VAL 70, and GLY 73 of a-synuclein engage in Van Der Waals
interactions, while VAL 74 forms an alkyl bond. In Figure B the amino acid VAL 217 of BDNF

makes an alkyl bond, TYR 216, TYR 184, ARG 234, PHE 183, SER 147, CYS 239, ILE 146,

SER 145, ASP 144, ASN 189 play roles in creation of Vander Waals Interactions and THR 21

makes conventional hydrogen bond.
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3.2 Behavioral assessment results after disease induction with MPTP
3.2.1 Open field test

Figure 3.5 illustrates how behavior affected the open field test. There were six mice in each group.
The test examined the number of entries in the peripheral and central region. Using the T-test, the
results demonstrated a significant difference between groups I (Control) and Il (MPTP), indicating
that the diseased animals had less entries in the central region, however, the animals in the control

group were more likely to spend time in the central region and had more entries to it.
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Figure 3.5 Open Field Test after the administration of MPTP. Graph A and B show the no
entries of control and MPTP group in central and peripheral area. Comparison between control

and MPTP group was done by using T test. Data is presented as mean + SEM. *p<0.05,
**%p<0.001.

3.2.2 Tail suspension test

Figure 3.6 illustrates how MPTP affects the tail suspension test. There were six mice in each group.

The parameter we evaluated in the test was the immobility time. Using the T-test, it was discovered
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that control group and MPTP-treated group differed significantly from one another and it showed

that group 1l receiving MPTP experienced longer periods of immobility.
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Figure 3.6 Tail suspension test after the administration of MPTP. The graph shows the
immobility time of control and MPTP group. Comparison between control and MPTP group was

done by using T test. Data is presented as mean + SEM. **p<0.01.

3.3 Behavioral assessment results after treatment with CDCA
3.3.1 CDCA ameliorates anxiety like and exploratory behavior in PD mouse model

One popular method for evaluating behavioral changes after MPTP treatment is the open-field test.
Typically, diseased mice spend more time near the periphery of the field and make fewer entries
into the center compared to healthy ones. The results show the effect of MPTP and CDCA
administration on the anxiety like and exploratory behavior of mice. Mice in the MPTP group had
an increased anxiety level and less exploratory activity in the central region, while those treated
with CDCA showed a significant decrease in anxiety level (figure 3.7). Overall, the open field test
demonstrates that CDCA can reduce the behavioral deficits caused by MPTP and help restore

normal behavior in treated mice.
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Figure 3.7 Open filed test after the administration of CDCA. Graph A and B show the no
entries of control, MPTP and CDCA+MPTP group in central and peripheral region whereas the
graphs C and D show the time spent in central and peripheral region. Comparison between
control, MPTP and CDCA+MPTP group was done by using one-way ANOVA followed by
Tukey’s post-hoc test. Data is presented as mean + SEM. ns=non-significant, *p<0.05, **p<0.01,
*HAX*p<0.0001.
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3.3.2 CDCA demonstrates antidepressant properties in PD mouse models

The tail suspension test and forced swim test were used to assess the antidepressant effects of
CDCA on mice. Figure 3.8A illustrates that the mice in the control group were much better at
swimming than the group that received MPTP treatment. Conversely, the CDCA treated group
displayed less floating time than the MPTP treated group. In contrast to control mice, in tail
suspension test, MPTP-treated mice's immobility duration was considerably longer (figure 3.8B),
and the CDCA group's mice were more frequently mobilized than the mice of MPTP treated group.
The collective outcomes of the two experiments indicate that CDCA can help treated mice return

to their normal behavior by suppressing MPTP-induced depression-like behavior.
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Figure 3.8 Forced swim and tail suspension test after the administration of CDCA. Graph A
shows the floating time of control, MPTP-treated and CDCA-treated groups. While graph B
shows the immobility time of control, MPTP-treated and CDCA-treated groups. Comparison
among these three groups was done by using one-way ANOVA followed by Tukey’s post-hoc
test. Data is presented as mean £ SEM. ns=non-significant, *p<0.05, **p<0.01, ***p<0.001,

*HEX*p<0.0001.
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3.3.3 CDCA reduces motor impairment and enhances spatial working memory in PD mouse

models

Using the Pole test, the motor abilities of mice in the control, MPTP-treated, and CDCA-treated
groups were compared. Turn time was the feature that we measured in the pole test. According to
the pole test results, as shown in figure 3.9A, the control group turned faster than the MPTP-treated
group, and when the CDCA-treated group was compared to the MPTP-treated group, the CDCA-
treated group turned faster. The Y maze test was to assess how CDCA therapy affected the
impaired spatial working memory caused by MPTP. Figure 3.9B demonstrates that the MPTP-
treated group had a decrease in the percentage of spontaneous alternations, whereas the control
group displayed a much larger percentage of alternations than the other two groups. However,
compared to the MPTP-treated group, the CDCA-treated group displayed a noticeably higher
percentage of alternation. These results suggest that CDCA improves motor performance as well

as cognitive function.
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Figure 3.9 Pole and Y maze Test after the administration of CDCA. Graph A shows the turn
time of control, MPTP-treated and CDCA-treated groups. While graph B shows the percentage

of alternations of control, MPTP-treated and CDCA-treated groups. Comparison among these
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three groups was done by using one-way ANOVA followed by Tukey’s post-hoc test. Data is

presented as mean = SEM. ns=non-significant, *p<0.05, **p<0.01, ****p<0.0001.

3.4 Histopathological results
3.4.1 CDCA's neuroprotective properties against MPTP-induced neurodegeneration

The midbrain, cerebellum, cortex and hippocampal histological structures are all normal in the
control group, nevertheless, exposure to MPTP caused substantial neuronal degeneration in each
of these brain regions. However, the histological traits improved in the group that received CDCA
treatment. The cells in the MPTP-treated areas of the midbrain, cortex, cerebellum, and
hippocampus are shrunken, have formed clusters in certain locations, and have an irregular,
elongated shape; in contrast, the cells in the control group are spherical and regular in shape. By
CDCA, the damage was prevented. As far as the cell count is concerned, the number of cells
showed a marked decrease in the MPTP-treated group. However, treatment with CDCA prevented

degeneration, indicating its potential neuroprotective effect.
3.4.1.1 Midbrain

Through histological staining with H&E and subsequent analysis, the effect of CDCA on the
midbrain of mice treated with MPTP was evaluated. Figure 3.10 (A, B, C) provides a visual
illustration of coronal sections of midbrain. Normal neuronal cells with a noticeable nucleus were
visible in the control midbrain. Observations from the MPTP-treated group’s midbrain revealed
higher indications of irregularly shaped and shrunken cells as well as neuronal degeneration with
a reduction in the number of neurons. On the other hand, there were less deteriorated neurons and
more normal neurons in the CDCA-treated group. Additionally, cell counting was carried out on
digital photomicrographs using Image J software and the results in Figure 3.10D show that the
MPTP administration caused significant loss of dopaminergic neurons while the group treated with

CDCA has a greater number of neurons as compared to MPTP- treated group.
3.4.1.2 Cerebellum

Sections of the control mouse's cerebellum stained with H&E revealed the normal histological
structure of the cerebellum. The MPTP-treated group's cerebellar Purkinje cell is not in uniform
shape than those of the control group's. On the other hand, Purkinje cell size and shape improved

in the CDCA-treated group (Figure 3.11). Additionally, the cell count demonstrates that the
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MPTP-treated group had significantly less cells in the section of cerebellum, whereas the CDCA-

treated group had more cells
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Figure 3.10 The section of the coronal midbrain stained with H&E (40X) and the
histological scoring. The figure shows the photomicrographs in which the arrows in the control
group show intact, uniform and round shaped cells (A). The black arrows in MPTP-treated group

show elongated and irregular shaped cells, yellow arrow shows shrunken cells while the arrow
heads show the cluster of cells (B). The histological features of CDCA-treated group are better
and there are significantly a smaller number of irregular shaped cells, and the arrows indicate the
presence of the round shaped cells (C). On the other hand, the graph in this figure shows cell

count of three groups (D). Comparison among these three groups was done by using one-way
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ANOVA followed by Tukey’s post-hoc test. Data is presented as mean £ SEM. ns=non-
significant, *p<0.05, **p<0.01.
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Figure 3.11 The section of the Cerebellum stained with H&E (10X) and the histological
scoring. The figure shows the photomicrographs of cerebellum in which the arrows in the control
group show intact, uniform and round Purkinje cells (A). The arrows in MPTP-treated group show
elongated and shrunken Purkinje cells (B). The histological features of Purkinje cells of CDCA-
treated group are better as shown by arrows and there are significantly a smaller number of
irregular shaped cells and more well-defined cells (C). On the other hand, the graph in this figure

shows cell count of three groups (D). Comparison among these three groups was done by using

39



one-way ANOVA followed by Tukey’s post-hoc test. Data is presented as mean + SEM. ns=non-
significant, *p<0.05, **p<0.01.

3.4.1.3 Cortex

The cortex (Figure 3.12) in the brain of control mice showed normal histological architecture and
undamaged neurons under a microscope. Conversely, the MPTP-treated group's cells exhibited
enlarged intracellular gaps, irregular shapes, and disorganized structures, all of which point to cell
tissue deterioration. Moreover, we observe blood vessel congestion and cell shrinkage because of
MPTP. In the meanwhile, animals given CDCA showed typical histological characteristics in their
cortex, with a greater number of round cells and very few degenerated cells. Furthermore, the
histological scoring carried out using Graph Pad prism demonstrates that the MPTP-treated group
had fewer cells overall because of decreased cell density and greater intercellular spacing and when
we compare this group to the CDCA-treated group, we can observe that the CDCA has a higher

cell density and therefore more cells.
3.4.1.4 Hippocampus

A section of the brain stained with H&E is shown in Figure 3.13, which highlights the histological
features of the hippocampal tissue. The control group's tissue structure was healthy and well-
preserved, and no histological alterations were seen. The cells also showed normal morphology.
Conversely, the MPTP-treated group's hippocampus showed shrunken pyramidal cells and upon
examination of the hippocampal pyramidal layer of the CDCA-treated group, normal neurons were
seen. Furthermore, the number of pyramidal cells in the hippocampal section shows that the

MPTP-treated group had substantially fewer pyramidal cells than the CDCA-treated group.
3.5 Results of PCR
3.5.1 Gradient PCR results

The results of the gel electrophoresis show that gene-specific primers were used to amplify the
MRNA for BDNF and a-synuclein (figure 3.14). With incremental temperature adjustments of
2°C, the bands were detected over a gradient of 60°C to 68°C. After gel electrophoresis, many
bands were visible, matching the predicted sizes of BDNF at 133 base pairs and a-synuclein at 104
base pairs as shown in figure 3.14. Nevertheless, certain bands were poorly defined and showed

signs of primer-dimers or non-specific amplification. We chose a temperature that resulted in a
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Figure 3.12 The section of the cortex stained with H&E (40X) and the histological scoring.
The figure shows the photomicrographs in which the cortex in the control group shows no
histopathological changes (A). The black arrows in the MPTP-treated group show degenerated
and irregular shaped cells, while the yellow arrows show shrunken neurons, and the blue arrow
shows mild congestion of blood vessels (B). Sections from the group treated with CDCA show
normal neurons and less degeneration(C). On the other hand, the graph in this figure shows cell
count of three groups (D). Comparison among these three groups was done by using one-way
ANOVA followed by Tukey’s post-hoc test. Data is presented as mean = SEM. ns=non-
significant, *p<0.05, **p<0.01.
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Figure 3.13 The section of the hippocampus stained with H&E (40X) and the histological
scoring. In the hippocampal layer of the control group, normal neurons were visible (A).
Numerous degenerating neurons were visible in the pyramidal layer of the MPTP-treated group,
as indicated by the arrows (B). The arrows in section from CDCA-treated group showed normal
pyramidal neurons (C). On the other hand, the graph in this figure shows cell count of three
groups (D). Comparison among these three groups was done by using one-way ANOVA
followed by Tukey’s post-hoc test. Data is presented as mean + SEM. ns=non-significant,

*p<0.05, **p<0.01.
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distinct band devoid of any dimers or non-specific bands. For both primers, the ideal temperature
was 64.8°C since at this temperature, each of them produced unique bands. Crucially, this
temperature choice fulfils two functions by matching the overlapping temperature ranges for both
a-synuclein and BDNF. This optimization provides valuable information on the brain-related
expression patterns of these genes and makes the PCR amplification more precise and sets the

basis for further molecular analysis by guaranteeing the specificity of the PCR amplification.

DNA Ladder a-synuclein BDNF

104bp 133bp
64.8°C 64.8°C

Figure 3.14. Gel electrophoresis results of gradient PCR for primer optimization. o-
synuclein and BDNF were the two specific genes whose expression was to be evaluated by
gradient PCR study on the mouse brain. There are clearly visible bands in the resulting gel

electrophoresis that match the predicted sizes of the amplified DNA fragments. Interestingly, a
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strong band appears at roughly 104 base pairs, indicating the effective amplification of a-
synuclein, at an optimized temperature of 64.8°C. At the same temperature, bands at 133 base

pairs simultaneously appear, suggesting that BDNF was successfully amplified.

3.5.2 Real-Time PCR result
3.5.2.1 CDCA reverses the increase o-synuclein level in PD mouse model

The relative expression level of a-synuclein is shown in figure 3.15. As a housekeeping gene for
internal control, 3-actin was used to measure and normalize the expression of a-synuclein during
the assessment process. The findings point to a noticeable alteration in the patterns of gene
expression. It was discovered that the mice given MPTP exhibited up-regulation of a-synuclein
MRNA expression, which is suggestive of the pathophysiology of PD and could also lead to
neurodegeneration and Lewy body formation due to a-synuclein buildup. Conversely, a-synuclein
was down-regulated after receiving CDCA medication, indicating that CDCA may have a

protective effect against the elevated a-synuclein expression linked to PD.
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Figure 3.15. The relative expression of a-synuclein mRNA (normalized to p-actin). a-
synuclein mRNA expression was shown to be up-regulated in the mice treated with MPTP, but

down-regulation was observed in the mice treated with CDCA. Comparison among these three
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groups was done by using one-way ANOVA followed by Tukey’s post-hoc test. Data is presented

as mean + SEM. ns=non-significant, **p<0.01.

3.5.2.2 CDCA enhances BDNF expression in PD mouse model

The down-regulation of BDNF mRNA expression was seen in the group of mice treated with
MPTP, suggesting a reduced level of neuroprotection and neuroplasticity and perhaps increasing
neurodegeneration. Interestingly, CDCA treatment caused BDNF mRNA expression to increase
as shown in figure 3.16. These results suggest that CDCA may have a regulatory role in
counteracting the down-regulation observed in the MPTP-treated group. Regarding the molecular
processes associated with PD and the potential modulatory effects of CDCA on BDNF expression,

these findings offer significant new insights.
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Figure 3.16. The relative expression of BDNF mRNA (normalized to g-actin). In the mice
treated with MPTP, BDNF mRNA expression was shown to be down-regulated, whereas the
mice treated with CDCA showed up-regulation. Comparison among the three groups was done
by using one-way ANOVA followed by Tukey’s post-hoc test. Data is presented as mean + SEM.

ns=non-significant, *p<0.05.
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CHAPTER 4: DISCUSSION

Worldwide, neurological disorders pose a serious threat to healthcare systems. These diseases are
regrettably becoming more common and hurting a lot of individuals because of how stressful life
is in the present period. Furthermore, there are little or no therapy options available for many such
disorders. Most prescription medications only treat the symptoms of the disease [62]. One of those
disorders is PD which is characterized by slow and progressive loss of dopaminergic neurons in
the substantia nigra. Loss of dopamine terminals occurs because of this neuronal degeneration not
just in the striatum but also in other basal ganglia and cortical brain areas [63]. Recent years have
seen significant progress in the treatment of PD, partly due to new understandings of its
pathogenesis obtained via the development of animal models of parkinsonism. MPTP exposure
has the potential to cause Parkinsonism in humans, nonhuman primates, and some other animals
[64]. Numerous research has revealed that using different compounds in rodent models may protect
against Parkinsonism. Strategies include: raising neurotrophic factors to promote neuronal survival
and inhibit apoptosis and neurodegeneration; blocking the generation of reactive oxygen species;
and utilizing chemical chaperones that activate HSP and lessen the ER stress response to increase
protein stability within the cell [65]. One of such compounds which enhance neurotrophic factors,
reduce neurodegeneration and apoptosis is CDCA, a primary bile acid. BDNF and a-synuclein,
two biomarkers that are important in the pathophysiology of PD, were chosen for our study. The
results of molecular docking show that CDCA interacts successfully with BDNF and a-synuclein.
This suggests that CDCA may have therapeutic implications in PD models. Strong interactions are
indicated by the binding affinities, which shed light on the underlying molecular mechanisms.

It has been found by using molecular docking simulations that CDCA binds to BDNF and
a-synuclein in a variety of ways, each with a distinct binding affinity. Different conformations and
orientations of CDCA inside the binding pocket of both proteins may be the cause of the
differences in binding affinities. It is believed that there is a significant connection between CDCA
and BDNF as well as between CDCA and a -synuclein by the most favorable binding location,
which is evidenced by high negative binding affinities. The binding energies for the interaction
between CDCA and BDNF range from -5.7 to -6.9 kcal/mol, with an average of -6.1 kcal. These
results point to a strong binding affinity, suggesting that CDCA and BDNF can interact with each

other efficiently at the molecular level. Reduced expression of BDNF 1is linked to
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neurodegenerative diseases like PD. BDNF is a crucial neurotrophin involved in neuronal survival,
development, and plasticity. The strong binding affinity noted in this interaction suggests that
CDCA may regulate BDNF activation, hence amplifying its neuroprotective benefits. This
interaction has the potential to boost neuronal survival and improve neuroplasticity, both of which
are required to battle the neurodegenerative processes in PD.

The interaction between a-synuclein and CDCA has binding energies that range from -4.6
to -5.3 kcal/mol, with an average of -4.8 kcal/mol. These results show a significant binding affinity
even if they are marginally lower than those found for the CDCA-BDNF interaction. a-synuclein
is a protein that contributes to PD by aggregating and forming Lewy bodies. Given that CDCA can
bind to a-synuclein, it is possible that it will affect how a-synuclein aggregates, which could lessen
its toxicity. This might be helpful in reducing the development of Lewy bodies and delaying the
onset of PD. These two functions demonstrate CDCA's potential as a PD treatment drug, providing
neuroprotective advantages and maybe delaying the progression of the disease.

For the first time, the neuroprotective effects of CDCA in the MPTP/MPP+ models of PD
were examined in this study. MPTP is a drug that is frequently used to evaluate new compounds
for their neuroprotective qualities and to generate a Parkinson-like state in animals [66]. Being a
highly lipophilic molecule, MPTP can successfully cross the BBB and auto-oxidize to MPP+.
Within 12 to 72 hours, MPP+ can lower striatal dopamine levels and cause single nucleotide
polymorphisms dopamine neurons to die. As a result, it is possible to develop both a chronic PD
model with a continuous low-dose injection and an acute PD model with a single high-dose
injection. To create an animal model, we employed an acute model of MPTP, which suppresses the
mitochondrial complex that includes most of the clinical hallmarks of PD and amplifies oxidative
stress and neuroinflammation [67].

To better understand the connection between neuronal degradation, recovery mechanisms,
and the accompanying behavioral abnormalities, it is especially interesting to examine the
behavioral deficits in MPTP model of PD [68]. According to a study, numerous tests, including
locomotor activity, pole, cylinder, Y-maze, forced swim and open-field tests can be used to evaluate
key symptoms of PD [69]. In our study, the motor function test revealed that, in comparison to the
mice in the control and CDCA-treated groups, the MPTP-treated animals required longer to turn
down on a pole. Another study has demonstrated that abnormalities in working memory are caused

by MPTP lesioning [70]. To investigate altered behavior and spatial working memory, a non-motor
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behavioral test called the Y-maze test was used. The findings demonstrate that the MPTP-treated
mice's percentage of alternations, a measure of working memory, was considerably lower than that
of the control and CDCA-treated groups. This lower alternation rate indicates that MPTP treatment
impacted the memory of mice, reflecting the cognitive deficits associated with PD. On the other
hand, a greater percentage of alternations was seen in the CDCA-treated group, suggesting an
improvement in memory function.

PD shows a variety of locomotor dysfunction symptoms, such as rigidity, tremors, and
bradykinesia [71]. Behavioral analysis reveals that CDCA enhanced locomotion and anxiety-like
behavior as the results demonstrates that the diseased mice in this study spent more time in the
peripheral and less time in the central region, suggesting increased anxiety and decreased
exploratory behavior due to MPTP exposure. On the other hand, the CDCA-treated group behaved
more like the control group, indicating that the treatment was successful in lowering anxiety and
enhancing motor performance. One of the most common psychological symptoms is depression,
which has been shown to begin before the onset of motor symptoms in PD [72]. Through the forced
swim test and tail suspension, we were able to identify the antidepressant effects of CDCA as it
decreased the immobility time and hence alleviated the depressive behavior in mice treated with
MPTP. This behavioral data provides compelling evidence that CDCA improves motor impairment
in PD mice, suggesting that it has beneficial impacts on neurological functions and improvement.
It also successfully mitigated memory impairment and effectively alleviated depressive and
anxiety like behavior, emphasizing its potential therapeutic benefits for cognitive function and
depressive symptoms.

One of PD’s neuropathological characteristics is the degeneration of dopamine neurons in
the substantia nigra of the midbrain. As soon as clinical motor symptoms arise, 50—-70% of
dopamine neurons in the substantia nigra die and 70% of dopamine responsiveness disappears. It
has been shown that systemic treatment of MPTP causes long-term cell death of nigrostriatal
dopamine neurons and short-term dopamine depletion, resulting in selective neurodegeneration
[73]. In our investigation, we discovered that when midbrain was exposed to MPTP, the cells
suffered damage, changed shape, and decreased in number. On the other hand, by clearly
increasing the number of neurons, CDCA therapy mitigated neurodegeneration in response to
MPTP stimulation. A study has revealed that MPTP causes significant neuronal damage in

hippocampus [74]. The reduction of neurons in the hippocampal region caused by MPTP was
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considerably reduced by CDCA administration and this result is consistent with previous study
[13]. Moreover, it has been proven that MPTP causes neurotoxicity to Purkinje cells in cerebellum
of mice [75] which was also seen in our study and that neurotoxicity was reversed by CDCA by
restoring the morphology of Purkinje cells.

Dopaminergic neuron loss in the nigro-striatal axis is the main focus of PD research [76].
However, the disorder also affects other parts of the brain, and relatively few studies have
investigated the evolution of PD damage in areas like the cerebral cortex which is crucial to address
the development of new and more effective therapeutic options [77]. Accordingly, a study that
examined the neurotoxic effects of MPTP and neuroprotective effects of TUDCA in the cerebral
cortex discovered that this PD model also affects the cerebral cortex [78]. Building on this
discovery, we conducted more research on the cortex and found that MPTP intoxication caused a
considerable loss of neurons as well as morphological degeneration. On the other hand, treatment
with CDCA improved quantity and morphology of cortical neurons, indicating possible
neuroprotective benefits and cortical function restoration. All of these findings revealed that
CDCA efficiently improved neurodegeneration while also exhibiting positive neuroprotective
effects in the brain.

It is commonly known that neurotrophic support is necessary for the development and
survival of neurons, and that several variables are altered in PD, ultimately leading to excessive
damage to dopaminergic neurons. The decrease of neurotrophic factors such as BDNF is one of
the significant alterations. Dopaminergic neurons depend on neurotrophic factors to survive and
operate properly. Since BDNF is highly expressed in dopaminergic neurons and is crucial to their
survival, a decrease in it may result in both poor function and even the death of the cells [79].
Studies have confirmed that mice treated with MPTP had a significant drop in BDNF levels [80].
Another research has revealed that bile acids have the ability to operate as neurotrophic agents
since they can activate nuclear receptors like the FXR as well as certain receptors like TGRS. The
regulation of inflammation and apoptosis can be done by these receptors and hence they can
indirectly increase the production and activity of BDNF [6]. In light of these investigations, we
also looked at BDNF expression in our study and found that CDCA increased BDNF levels, which
were considerably lower in the MPTP-treated mice. This implies that the use of CDCA may have

encouraged neuronal regeneration in addition to protecting the dopaminergic neurons. These
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results highlight the neuroprotective and neurogenic potential of CDCA, which may facilitate
enhanced neuronal plasticity and functional recovery in PD.

It is widely recognized that Lewy bodies, a hallmark of PD, are created when a-synuclein
misfolds and aggregates. Neurodegeneration and motor dysfunctions are linked to a-synuclein
phosphorylation and accumulation in MPTP-treated mice [81, 82]. The expression of a-synuclein
has been demonstrated to rise in MPTP intoxication [83]. Nevertheless, thioredoxin-1
overexpression inhibited rise in a-syn expression, whereas Trx-1 knockdown exacerbates it [84].
Furthermore, in MPTP-treated mice, lithium therapy was able to reduce the rise in a-synuclein
expression in the substantia nigra region [85]. Our findings, which are in line with earlier
investigations, demonstrated that MPTP-treated animals had significantly higher a -synuclein
levels, indicating neurotoxicity. Interestingly, a-synuclein expression was markedly increased by
CDCA therapy, indicating a possible neuroprotective impact. This improvement might be
explained by CDCA's capacity to promote neuronal survival and regulate neuroinflammatory
pathways, offering a potentially effective treatment for PD. Hence, the results strongly suggest that
CDCA has a direct neuroprotective impact as the dopaminergic neurons were protected and motor
impairments were lessened. Furthermore, decreased a-synuclein mRNA levels and notable rise in

BDNF levels in PD model confirmed its neuroprotective and neurotrophic potential.

Limitations

1. There are several restrictions on our investigation. First, in PD models generated by
MPTP, neuronal death is mediated by various pathways. Thus, additional signaling
pathways may be involved in the neuroprotection mediated by CDCA. So, the molecular
processes underlying CDCA's capacity for neuroprotection require more investigation.

2. Secondly, it is also essential to look at how CDCA affects neuroinflammatory processes
as these mechanisms are acknowledged as important aspects of the pathology of PD.

3. Furthermore, none of the PD models can accurately replicate the pathophysiology and
symptoms as seen in PD patients. The rapid degeneration of dopaminergic and other
neurons in PD patients is probably not the same as the acute cell death progression shown
in the MPTP-induced PD model. It is yet unknown what impact CDCA will have on PD

clinically.
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CHAPTER 5: SUMMARY OF RESEARCH WORK

In this work, we used an MPTP-induced mouse model of PD to examine the neuroprotective
properties of CDCA. a--synuclein aggregation and the gradual degradation of dopaminergic
neurons are the hallmarks of PD. In order to tackle these pathogenic characteristics, we used
molecular docking studies to investigate CDCA's interactions with a-synuclein and BDNF. With
binding energies ranging from -5.7 to -6.9 kcal/mol for BDNF and -4.6 to -5.3 kcal/mol for a-
synuclein, the data showed that CDCA had substantial binding affinities with both substances,
indicating possible neuroprotective processes. Behavioral evaluations, such as the pole test,
demonstrated that in MPTP-treated mice, CDCA therapy markedly enhanced motor coordination
and decreased bradykinesia. In addition, mice in the CDCA-treated group significantly improved
on a number of behavioral tests, such as the forced swim test, open field test, Y-maze, and tail
suspension test. These enhancements show that CDCA is an effective treatment for the behavioral

abnormalities linked to PD.

In comparison to controls, histological examination with H&E staining revealed less neuronal loss
in important brain regions of CDCA-treated animals. According to these results, CDCA interacts
with BDNF to increase its neuroprotective effects, and it may block aggregation to lessen
neurodegeneration when it interacts with a-synuclein. Moreover, the RT-PCR data show that the
PD model has a significant increase in BDNF levels and a drop in a-synuclein mRNA levels,
confirming the protein's neurotrophic and neuroprotective properties. Overall, this work sheds
fresh light on the mechanisms of action and preclinical model efficacy of CDCA, highlighting its
potential as a treatment agent for PD. To confirm these results and investigate the long-term

impacts and safety profile of CDCA in clinical settings, more investigation is required.
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CHAPTER 6: CONCLUSION AND FUTURE RECOMMENDATIONS

Effective anti-Parkinson's treatment may rely on both lowering neuronal degeneration and
improving neuronal dysfunction, and our research targets both elements. Our research shows that
MPTP-induced toxicity dramatically raises a-synuclein levels and damages mice's neuronal
function, specifically impacting the cerebellum, hippocampus, cortex, and midbrain However,
CDCA treatment effectively mitigates these effects, improving both a-synuclein and BDNF
expression, as well as reducing neurodegeneration and restoring behavioral functions. Therefore,
CDCA may have neurotrophic potential in addition to neuroprotective effects. Nonetheless, this
research offers fresh insights into the possible therapeutic application of CDCA in the management
of PD.

Future Recommendations

1. More research might examine the mechanisms by which CDCA affects the levels of BDNF
and a-synuclein, offering more understanding of the pathophysiology and management of
disease.

2. Future studies' primary objective might be to identify additional biomarkers associated
with CDCA-induced neuroprotection. These biomarkers may aid in the early detection and
monitoring of PD and other neurodegenerative diseases.

3. The non-motor symptoms that are commonly experienced by PD patients have a significant
effect on their quality of life. Future research might investigate how CDCA-based
neuroprotection affects these non-motor symptoms.

4. Using the results of our investigation to other neurodegenerative conditions including
Lewy body dementia and Huntington's disease where BDNF and a-synuclein are involved.

5. Employing cutting-edge cellular models to investigate the effects of CDCA at the cellular
and molecular levels, such as pluripotent stem cells obtained from individuals suffering
from PD.

6. Using modern tools, including gene editing with CRISPR-Cas9 or modern imaging
methods, to follow changes in neurons in vivo and explore the molecular impacts of
CDCA.

7. Investigating the potential effects of lifestyle, nutrition, and environmental factors on the

efficacy of CDCA treatment, ultimately leading to better management strategies of PD.
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