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ABSTRACT

Parkinson's disease (PD) is the second most common progressive neurodegenerative infirmity.
The recent pharmacological and innovative surgical approaches are effective but have
multiple side effects. Therefore, it is imperative to introduce new anti-PD agents. In this
regard, the present thesis enlightens the nanotherapeutic applications and underlying
neuroprotective mechanisms by overcoming the existing limitations of promising
neurotherapeutic agents including metformin, Hytrin, and FTY720. The nature-inspired
polydopamine nanoparticles, polydopamine-serotonin nanohybrids, chitosan nanoparticles,
and FTY720 nanoparticles have shown endowment in the therapeutic efficacy of metformin,
Hytrin, and FTY 720 in vitro, ex vivo,and in vivo experimental PD models, respectively. The
presented biocompatible nanostructures exhibited brain retention, anti-inflammatory activity,
and a slower drug release profile leading to neuroprotection against PD deficits. The known
molecular therapeutic target of PD, alpha-synuclein has been focused on the exploration of
epigenetic regulation to understand the neuroprotective mechanisms of presented
nanocomposites. The thesis has predominantly explored epigenetic regulation in the
nanotherapeutic intervention of PD by understanding the camouflaged role of EZH2, the
epigenetic master regulator, and targeting H3K27ac in the reduction of synucleinopathy to
retard PD. Cumulatively, the nanostructures have shown EZH2- mediated endowment in
ubiquitination/proteasomal degradation of phosphorylated alpha-synuclein. The non-
canonical role of PP2A was also revealed in the EZH2-mediated degradation of
phosphorylated alpha-synuclein. The thesis also emphasized and explored the
nanocomposites-mediated deacetylation of H3K27ac to halt synuclein gene (SNCA)
expression in PD retardation. Thus, the thesis divulges nature-inspired nanocomposites-
mediated neuroprotective actions by highlighting epigenetic regulation in PD treatment as an
emerging and promising therapeutic target. The thesis has presented work has the promising
significance due to utilization of widely known biocompatible and utrastable nanocarriers
with already FDA approved drugs. Hence, repurposing of these FDA approved drugs with
presented nanoformulations may lead to provide breakthrough in PD treatment if they will
further investigated in the clinical setup. The major limitation of presented work is that the
long-term toxicity and chronic dose toxicity of nanoformulation has not investigated with

comparison of commercially available PD drugs.







SYNOPSIS

Epigenetic regulation mediated nanotherapy for inhibition

of Parkinson’s disease

Parkinson's disease (PD) is a progressive neurodegenerative disorder, affecting developing
countries including India (1). In the last decades, the progression of medical pharmacologic
therapies and innovative surgical approaches like deep brain stimulation (DBS) seems to be
effective against PD(2). However, definitive disease-controlling therapy is still lacking due to the
multiple side effects of therapeutic agents (3). An understanding of PD etiology is necessary to
solve the puzzle of PD pathology. Several active pathological processes entangled with each
other are implicated in Parkinson’s disease, but the core cause of chronic and progressive
neuronal damage is not well understood (4-7). The PD signature molecule, alpha-synuclein is
encoded by the SNCA gene having an immense physiological role in the neurotransmitter release,
neuronal maintenance, and regulation of neurochemicals. (8, 9) However, the post-translation
modifications and misfolding of alpha-synuclein, defective proteasomal pathway, and
upregulated SNCA gene result in synucleinopathy associated with PD.(5-7) Alpha-
synucleinopathy, neuroinflammation, and mitochondrial dysfunction are the major causative
factors involved in the pathological cycle of Parkinson’s disease. Besides, investigating the post-
translational modification of alpha-synuclein, transcriptional regulation, and epigenetic
modifications are found to be causative factors in PD progression. (4)  Indeed,
epigenetic intervention is an emerging mechanism gaining attention in PD onset management
and progression. The histone hyperacetylation of synuclein is well characterized in the PD
progression having a higher association with H3K27ac. (10-12) Indeed, the master epigenetic
regulator, Enhancer of zeste homolog 2 (EZH2) is required for the maintenance of neuronal
function which reduction leads to a progression of neurogenerative diseases. (13) Hence,
designing the strategy to reduce histone acetylation and restoration of EZH2 paves the way for
the development of PD treatment. Several neurotherapeutic agents have the potency to control
epigenetic events in PD regulation. (2) However, the limitations of lower solubility, blood-brain-

barrier hindrance; poor drug release kinetics hamper the therapeutic efficacy of anti-PD drugs. (3)



Therefore, it is imperative to find a new antiparkinsonian agent. The emerging nano-drug
delivery platform has immense potential to overcome the existing limitations of potent anti-PD
drugs. Hence, the first and second chapter describes and discusses the PD etiology, epigenetic
regulation, and methodology applied to develop and evaluate the neurotherapeutic potential of

presented nanoformulations.

The present thesis focused to explore epigenetic regulation in the nanotherapeutic intervention of
PD by understanding the camouflaged role of EZH2 and targeting H3K27ac in the management
of synucleinopathy. The third chapter started with the demonstration of the neuroprotective
effect of metformin-loaded polydopamine nanoparticles, and the camouflaged role of EZH2, the
modulator of H3K27me3 in the reduction of alpha-synuclein has been revealed. (14) Recently,
metformin emerges as a potential therapeutic agent in various diseases like aging disorders and
reduces the risk of PD in diabetes patients is supported by a clinical trial study in the diabetes
mellitus population of Taiwan. (15) The neuroprotective response of metformin is mediated by
anti-inflammatory action, histone deacetylase SIRT1 activation, and reduction of phosphorylated
proteins involved in Lewy body formation. Despite having prodigious therapeutic potential,
metformin, possess absorption limited kinetics with less bioavailability and a risk of lactic
acidosis. The study evaluates the neurotherapeutic efficacy of nature-inspired polydopamine
nanoparticles in the metformin delivery in vitro, 3D, and in vivo experimental PD models.
The neuroprotective potential was arbitrated by EZH2-mediated ubiquitination and
degradation of phospho-serine 129 (pSer129) a-Syn and histone deacetylation of SNCA. The
study divulges the neuroprotective role of Met-loaded PDANPs by reversing the neurochemical

deficits by confirming an epigenetic-mediated nanotherapeutic approach for PD prevention.

In the fourth chapter, we have elaborated on the promising therapeutic potential of the PP2A
activator, FTY720 to retard PD. However, the less bio-availability and risk of severe infection
limits its therapeutic efficiency. Therefore, we have demonstrated FTY720 loaded
chitosan nanoparticles to improve their bioavailability and release kinetics in the study. Hence,
FTY720 loaded chitosan nanoformulation has been evaluated in vitro, ex vivo, and in
vivo experimental PD models. (16) In the exploration of EZH2-mediated synuclein degradation,
the study uncovered the role of PP2A in the polycomb group of protein Enhancer of zeste

homolog 2 to regulate ubiquitination-mediated degradation of agglomerated pSer129 a-Syn.



Indeed, this study establishes the neuroprotective potential of chitosan-based FTY720
nanoformulations by PP2A-mediated epigenetic regulation for PD prevention. The study also
elaborated on the role of PP2A in the regulation of O-GlcNacyl transferase (OGT) responsible
for O-GlcNacylation of synuclein which reduces during PD conditions. Thus, the study confirms
the FTY720 nanoformulation mediated PP2A activation and its direct physical interaction with

OGT leads to OGT activation and O-GlcNacylation of synuclein to alleviate the synucleinopathy.

In the fifth chapter, Hytrin has been employed to understand its effect on IDH2 expression due to
its consideration as a novel suppressor of alpha-synuclein-mediated toxicity. Therefore, we are
keen to understand IDH2-mediated hytrin's neurotherapeutic effect on the reduction of
synucleinopathy. Despite potential therapeutic effects, the FDA-approved drug, Hytrin has some
limitations like burst drug release kinetic with rapid absorption. Thus, a strategy is warranted to
improve the therapeutic efficiency of Hytrin. Therefore, we aimed to improve Hytrin release
kinetics through nanocarrier-mediated delivery and replenish dopamine and serotonin by
formulating a Hytrin-loaded polydopamine serotonin nanohybrid for PD treatment.
Nanoformulation has shown effective neurotherapeutic potential in the reduction of PD
symptoms in vitro, ex vivo, and in vivo PD models. The study demonstrates that the restorative
effect of our nanoformulation significantly retards the PD deficits by inducing IDH2-mediated
alpha-synuclein ubiquitination and proteasomal degradation pathway. (17) Further investigation
of neurotherapeutic action divulges the reduction of nitrated synuclein through chaperon-

mediated autophagy.

Overall, the presented thesis demonstrates the development of novel nano-drug delivery systems
for PD treatment. Nanotherapeutic intervention by epigenetic regulation showed promising

therapeutic strategies for the treatment of Parkinson’s disease.
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Chapter 1

Introduction



1.1. Neurodegeneration

Neurodegenerative diseases lead to cumulative atrophy of neurons. Mainly ataxia, dementia, and
muscular regression are consequences of neurodegenerative diseases. So many research efforts
have been devoted to curing these fatal diseases. Despite that, there is no prominent strategy to
overcome most of these diseases. The common pathological cause is the protein aggregation due
to several environmental factors. The post-translational modifications of protein like
phosphorylation of synuclein leads to its aggregation results in the Parkinson’s disease (PD)
progression.(1) In fact, the neurodegenerative disease are caused by selective neuronal loss in the
specific area of the brain like in case of PD, there is loss of dopaminergic neurons in the
Substantia Nigra pars compacta (SNpc).(2) There are distinct etiology and pathophysiological
process involved behind the development of various neurodegenerative infirmities. Major
recognized factors are oxidative stress, exposure of pesticides, impaired protein degradation
machinery, impaired mitochondrial homeostasis, ATP depletion, post translational modification

and aggregation of involved key proteins.(2, 3)

1.2. Parkinson’s disease

PD is the second most neurodegenerative disease firstly introduced by Dr. James Parkinson,
before that it is called as shaking palsy. It impacts many of the brain regions due to loss of
dopaminergic neurons.(4) The major characteristic symptoms are rigidity, tremor, abnormal
movements, motor dysfunctions, and muscle stiffness. PD is affecting the major population of
North America and Europe as well as developing regions such as India (5).The recent survey has
shown that from 1999 to 2017, age-adjusted death rates for Parkinson's disease among adults
aged >65 years increased from 41.7 to 65.3 per 100,000 population.(6) Among men, the age-
adjusted death rate increased from 65.2 per 100,000 in 1999 to 97.9 in 2017. Among women, the
rate increased from 28.4 per 100,000 in 1999 to 43.0 in 2017. Throughout 1999-2017, the death
rates for Parkinson's disease for men were higher than those for women at globe.(6) Similarly,
the PD foundation has also shown that nearly 1 million people live with PD in the US only and it
is predicted to be 1.2 million by 2030.(7) PD foundation also noticed that 60,000 Americans are
diagnosed with PD every year and more than 10 million people are suffering from PD at a globe.

In India, according to a survey of 2010 of the Kolkata population, the age-adjusted prevalence
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rate (PR) and average annual incidence rate were 52.85/100,000 and 5.71/100,000 per year,
respectively.(8) The adjusted average annual mortality rate was 2.89/100,000 per year. The
relative risk of death was 8.98. It is predicted that the disease burden might be doubled by 2030.
The major cause of the PD pathogenesis is the degeneration of dopaminergic neurons that resides
in the SNpc, the region controls body movements. PD-associated risk factors include aging,
family history, pesticide exposure, and environmental factors. However, molecular

pathophysiology and signalling is very complex and still not resolved.

The lewy body formation is the major pathological process happens during the PD progression.
The lewy body formation is the accumulation of defective, post-translated protein due to
impaired proteasomal degradation and impaired bioenergetics with dysfunctional mitochondria.
(2, 3) In that, misfolded and post-translated alpha synuclein is the majorly accumulated protein
that leads to form cytoplasmic inclusions called as lewybody or lewy neurites.(9, 10) Besides
the hall mark of PD, alpha synuclein, lewy body contains parkin, lipid content, proteasomal
components, lysosomal components, tubulin, neurofilaments and ubiquitin.(11)A century ago,
Tretiakoff demonstrated neuropathological changes, lewy body formation and loss of the dark
pigmented neuromelanin containing neurons in the SNpc region of PD patient’s brain.(12,
13)That’s how, the dopaminergic neuronal loss in SNpc and lewy body formations (abnormal
cytoplasmic accumulations) considers as pathological hallmark of PD.Major of the PD cases
(~90%) are under the classification of spontaneously occurring PD condition (idiopathic and
sporadic) that makes difficult to understand this multifactorial disease with its complex
pathological events.(10) Hence, the causative factors and regulatory conditions are entangled
with each other due to interplay of environmental (life styles) conditions and genetic or
molecular changes. Among the causative environmental factors, there are the pesticides exposure,
heave metal exposure, rural area life, agriculture occupation, higher dairy product consumption,
type 2 diabetes, brain injury and etc.(14, 15)Thus, the exploration of interplay of environmental
factors and their molecular targets may reveal the new pathological mechanisms that might help
in early PD diagnosis or to improve PD conditions. An understanding of PD etiology is
necessary to solve the puzzle of PD pathology. Several active pathological processes entangled
with each other are implicated in Parkinson’s disease, but the core cause of chronic and
progressive neuronal damage is not well understood (3, 16-18). The PD signature molecule,

alpha-synuclein is encoded by the SNCA gene having an immense physiological role in the
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neurotransmitter release, neuronal maintenance, and regulation of neurochemicals.(19, 20)
However, the post-translation modifications and misfolding of alpha-synuclein, defective
proteasomal pathway, and upregulated SNCA gene result in synucleinopathy associated with
PD.(3, 17, 18) Alpha-synucleinopathy, neuroinflammation, and mitochondrial dysfunction are
the major causative factors involved in the pathological cycle of Parkinson’s disease. Besides,
investigating the post-translational modification of alpha-synuclein, transcriptional regulation,

and epigenetic modifications are found to be causative factors in PD progression.(16)

1.3 Epigenetic regulations in PD

Recent research gain attention to understand the epigenetic regulation in the PD regulation. At
the results of these efforts shed the light on vital role of epigenetic regulators and changes in
gene expression associated with PD pathogenesis. In fact, the epigenetic mechanisms involved in
maintaining the homeostasis of any gene expression by tightly regulating its gene expressing by
turning gene off and on according to the stimuli or condition. Hence, the same DNA sequence
has the differential mRNA and protein expression profiles. Therefore, the understanding of the
epigenetic phenomena is necessary to untangle the environmental factors mediated epigenetic

changes and their possible modulation in the development of PD treatment.

Epigenetic modulation is an emerging mechanism gaining attention in the research of PD onset
and progression. Epigenetic regulation with lower DNA methylation leads to aggregation of a-
Syn in PD progression is widely studied(21). Indeed, the involvement of polycomb groups of
proteins, including polycomb repressor complex 1 and 2 (PRC1/2) is under investigation for
implications in PD. PRC2 member, Enhancer of zeste homolog 2 (EZH2) trimethylates H3K27
for maintenance of neuronal function was reported(22).They have also demonstrated that
transcriptionaldysregulation in PRC2 deficient mice leads to progression of neurogenerative
diseases. Alterations in EZH2 and H3K27 levels have been implicated with Parkinsonism (23).
In a similar way, downregulation of B cell-specific Moloney murine leukemia virus integration
site 1 (BMI1), a PRC1 member is associated with apoptosis of neurons and its overexpression
has immense potentialfor the treatment of neurodegenerative diseases (24). Although, the
underlying mechanism of PRC 1/2 mediated prevention of Parkinson’s disease is not well

understood. A recent study shows acute treatment of rotenone (PD inducing pesticide) declines
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ubiquitinated proteins level and E1A activity that requires in activation of ubiquitin for the
functioning of Ubiquitin proteosomal pathway (25). In the ubiquitin mediated proteasomal
pathway, ubiquitin binds to aggregated proteins and directs them to the proteasomal degradation
machinery. The reports that have shown human polycomb protein 2, a PRC1 member induced
SUMOylation of a-Syn which promotes aggregation of a-Syn and SUMO modification works
antagonistically to ubiquitination (26, 27). Recently, the study has also shown that SUMOylation

and ubiquitination in the regulation of a-Syn are reciprocal events (27).
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Figure.1 Epigenetic regulations in the PD progression.

In other epigenetic regulations, histone modifications and post translational modifications of
synuclein are also considered. Post-translational modification of histone like histone acetylation
and methylation alters the chromatin structures and accessibility of DNA transcript. In general,
Histone acetylation endows transcriptional activation of gene and histone methylation inhibits
the transcription of associated gene. The study has shown that histone acetylation is higher in the

SNpc region of the PD patients compare to healthy controls.(28)Indeed, the histone
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hyperacetylation of synuclein is well characterized in the PD progression having a higher
association of H3K27ac.(29-31)Association of post translational modification of synuclein in PD
etiology has great influence on PD management.(32) In that, the phosphorylation, majorly serine
129 phosphorylated alpha synuclein and nitration of synucleinare major hallmarks that leads to
synuclein aggregation and PD progression, while O-GlcNacylation of synucelin reduces
synucelinopathy that has been well demonstrated. Indeed, the enzyme, O-GlcNacyltransferase
(OGT) responsible for O-GlcNacylation of synuclein is also reported to be reduced during the
PD conditions.(33) The schematic has been illustrated to visualize the epigenetic regulation in
the PD condition (Fig.1). The knowledge of PD pathogenesis leads to pave the way for the
development of PD treatment. The existing treatments are majorly based on replenishing the
dopamine level but are comprising of major limitations. While epigenetic based drug are under
study to explore their preclinical and clinical efficacy overcoming major limitations of existing

therapeutics.

1.4 PD treatments and limitations

Current therapeutic drugs can only able to slow down the PD conditions. Various anti-PD
therapeutic agents are available for the treatment. However, the blood brain barrier (BBB)
restricts them due to their incompetency to cross the BBB. Hence, carrying drug to the brain is
always the problem for the researchers.(34) In the mechanism of anti-PD drug, majorly
dopamine endowment or stimulation of dopamine receptors are involved. However, the death of
the dopaminergic neurons still continues. Levodopa has been considered as the gold standard
treatment for the PD.(35) However, it only provides the temporary relief and long term side
effects of levodopa or unresponsiveness of patient to the drug limits the drug efficacy.(35)In
recent decades, the progression of medical pharmacologic therapies has been done by using
carbidopa-levodopa, a dopamine agonist, monoamine oxidase B inhibitors (MAO-B) inhibitors,
catechol-O-methyltransferase (COMT) inhibitors, anticholinergics, amantadine as a
therapeutic agent, and innovative surgical approach like deep brain stimulation (DBS)(36, 37).
However, definitive disease-controlling therapy is still lacking due to multiple side effects of
therapeutic agents like low blood pressure, vomiting, loss of appetite, etc. (38). Hence the new

therapeutic approach that leads toward PD inhibition will be a breakthrough. Several
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neurotherapeutic agents have the potency to control epigenetic events in PD regulation.(2)
However, the limitations of lower solubility, blood-brain-barrier hindrance; poor drug release
kinetics hamper the therapeutic efficacy of anti-PD drugs.(39) Therefore, it is imperative to find
a new antiparkinsonian agent. The emerging nano-drug delivery platform has immense potential

to overcome the existing limitations of potent anti-PD drugs.

1.5 Nanotechnology in PD management

The researchers are still in progress to find the conclusive treatment for the PD including
exploring the antioxidant agents, vaccines and different surgical approaches.(40) Recently, the
nanotechnology emerged as the one of the promising and potent strategy to endow the
therapeutic efficacy of the potent drugs. Therefore, the applications of nanotechnology may able
to retard the neurodegenerative disease conditions by making potent drug to cross BBB
hindrance. (41-45) The nanoformulation of different drug exhibited advantage over the bare drug
mediated treatments.(46) The nano-drug delivery system provides many advantages besides
making the drug to cross BBB like improving drug solubility, drug release profile, stability,
bioavailability, drug targeting and safety of the drug.(47) There are various nanodrug delivery
systems utilized to carry the drugs to the brain like solid-lipid nanoparticles, polymeric
nanoparticles and nanoliposomes.(48) Hence, nanomedicine is emerging as excellent tools for
the development of the brain related infirmities. The surface modification of the nanoparticles
makes the drug to target disease site for location specific drug release and facilitate the way to
minimize the therapeutic dose of the drug. The variety of drugs like curcumin, quercetin,
resveratrol, catechin and ginsenosides that are incompatible to cross the BBB has been
successfully demonstrated to accumulate inside the brain and improving its solubility and

availability by utilizing nano-drug delivery approaches.(48)

There are various approaches and strategies have been utilized to address limitations of
therapeutic agent by using nanoplatforms. In the recent development about nanodrug delivery
system by considering repositioning strategies, ligand or peptides modified nanocarrier systems
and magnetically assisted nanoparticle accumulation have been applied to improve BBB
penetration in PD management. Various metal based nanoformulations called as nanozymes have

been developed to mimic the anti-oxidative enzymes to alleviate oxidation stress in the PD
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treatment. In that, cerium oxide nanoparticles have been demonstrated to reduce synuclein
toxicity, copper based nanoparticles reported to eliminate ROS generated in MPTP induced PD
model, and PtCu nanozymes having mimicking ability of peroxidise, catalase and SOD shown
prevention to prion like alpha synuclein spreading in PD.(49) The second strategy utilized to
targeting alpha synuclein aggregation with utilization of nanoparticles. In the second strategy,
grapheme quantum dots and cerium oxide nanoparticles shown to inhibit fibrillation of alpha
synuclein and rabies virus glycoprotein peptide modified exosome demonstrated to inhibit
synuclein gene expression by delivering synuclein siRNA.(49) The ligand or peptide
modification to the nanoparticles also utilized to improve BBB permeation. In these aspects,
researchers have developed various docosahexaenoic acid modified plasmid DNA loaded
nanocarriers and shown their BBB crossing ability with improvement in PD condition.(50) In
addition, vascular adhesion cell molecule-1 modified liposomes, angiopep-2 tagged red blood
cell membrane coated nanoparticles and RVG peptide attached exosomes have also been
reported to retard PD by improving BBB penetration.(50) The repositioning of potent drug is
also widely considered pharmaceutical nanotechnology inspired approaches in PD treatment. In
that, Ginkgolide loaded polyetheleneglycol (PEG)—polycaprolactone (PCL) nanoparticles,
dopamine loaded liposome nanoparticles, levo dopamine loaded polylactic-co-glycolic acid
(PLGA) nanoparticles, bromocriptine loaded chitosan nanoparticles, coumarin loaded PLGA-
PEG nanoparticles, nalbuphine loaded solid-lipid nanoparticles, and dopamine loaded exosome
reported in recent time that have shown PD retardation by improving drug efficacy.(50, 51)
Besides that magnetic assisted and photothermal effect driven nanoparticles also reported to
enhance drug or nanoparticles accumulation in brain. In this, iron oxide nanoparticles conjugated
with PEG and polyethylamine has shown enhanced accumulation of nanoforulation in presence
of magnetic field and iron oxide nanoparticle caged transferrin also demonstrated to show
enhanced BBB penetration in PD retardation.(51, 52) Thus, the nanotherapeutic approaches are
the best promising modality for the development of PD treatment by improving therapeutic
efficacy and overcoming its associated limitations.(53) Hence, the present thesis work also aimed
to evaluate the anti-PD therapeutic efficiency of the various nanoformulations that are discussed

in details.
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1.6 Objectives of the thesis

The present thesis focused to explore epigenetic regulation in the nanotherapeutic intervention of
PD by understanding the camouflaged role of EZH2 and targeting H3K27ac in the management
of synucleinopathy. In the last decades, metformin, FTY720 and hytrin emerged as the wonder
therapeutic molecule in the management of several infirmities including neurodegenerative
diseases (54-59). Besides having a potential therapeutic effect, these drugs have limitations like
lower bioavailability due to absorption limited drug kinetics, poor solubility and burst drug
release, respectively (60-63). By considering the emerging advantage of a nano-drug delivery
system in the advancement and improvement of drug efficacy, present work demonstrated
polydopamine, chitosan and polydopamine-serotonin nanoparticles to overcome the limitation of
the metformin, FTY720 and Hytrin drug in vitro and in vivo PD model, respectively (1, 64, 65).
The demonstration of the neuroprotective effect of metformin-loaded polydopamine
nanoparticles, and the camouflaged role of EZH2, PP2A-EZH2 signalling and IDH2 role in the
ubiquitination/proteasomal degradation of alpha-synuclein has been revealedin in vitro PD
model.(1, 64, 65) Indeed, the metformin nanoformulation induced SIRT1 mediated histone
deacetyaltion to inhibit SNCA gene expression, FTY720 nanocomposition induced Glc-N-
acylation of synuclein to restrict the synuclein aggregation and Hytrin nanohybrid assisted
chaperone mediated autophagy in degradation of synuclein are also explored in vivo PD model.

Overall thesis majorly comprises eight objectives as follow:

Objective 1: Review of the literature to find potent drug and nanocarriers by considering the

following criteria:

1) Drug should be FDA approved and it neuroprotective potential should be reported. So,
its long term effect and safety standard should be well understood to repurpose the drug
for PD treatment.

i1) Drug molecule should have potential to target alpha synucleinopathy as direct or indirect
epigenetically driven therapeutic action.

1i1) Nanocarrier should be nature inspired, biocompatible, and biodegradable having the
neuroprotective or anti-oxidative properties. So, the biocompatibility, safety standard

and stability could be better.
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Objective 2: Review of the literature to design the methodology to synthesize, characterize and

evaluate therapeutic efficacy of the nanoformulations.

Objective 3: To evaluate neuroprotective effect and molecular action of metformin loaded

polydopamine nanoformulation in vitro and ex vivo Parkinson’s disease (PD) model.

Objective 4: To investigate neuroprotective potential and molecular pathway of metformin

loaded polydopamine nanoformulation in vivo Parkinson’s disease (PD) model.

Objective 5: To evaluate neuroprotective efficacy of FTY 720 loaded chitosan nanoparticles with

exploring it’s the molecular insight in vitro and ex vivo Parkinson’s disease (PD) model.

Objective 6: To investigate neuroprotective efficacy and molecular pathway of FTY720 loaded

chitosan nanoparticles in vivo Parkinson’s disease (PD) model.

Objective 7: To examine neuroprotective caliber of hytrin loaded polydopamine-serotonin

nanohybrid and exploration of it molecular pathway in vitro and ex vivo PD model.

Objective 8: To study the neuroprotecive efficiency and molecular insight of hytrin loaded

polydopmaine-serotonin nanohybrid in vivo PD model.

Herein, the FDA approved drugs, metformin, FTY720 and hytrin have the limitation of rapid
absorption with off targeting, low solubility with compromised bioavailability, and burst release
kinetics, respectively. Therefore, the promising nanocarriers system should be employed to
overcome the limitations of the drug and improve their therapeutic efficacy. Hence, the nature
inspired nanocarriers polydopamine, chitosan and polydopamine-serotonin nanoparticles
considered to improve delivery and efficacy of metformin, FTY720 and hytrin drug. As
mentioned in the earlier section, epigenetic regulation in the PD is gaining attention to address
the problems related to PD therapy. So, all selected nanoformulation has been tested to explore
role of epigenetic factors in molecular neuroprotective action of nanoformulation. Despite of
having numerous researches on PD, the ideal solution for PD therapy has not been demonstrated.
In other means, there is no curative PD therapy available. The available therapy has ability to
retard the disease progression. Therefore, new dimension of the research and more potent
therapeutic candidates or strategies to improve efficacy of existing PD therapeutic agents are

warranted. Thus, the presented thesis discusses the development, evaluation of therapeutic
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efficacy and neuroprotective mechanisms of novel nano-drug delivery systems for PD treatment.
The results of nanotherapeutic intervention in the epigenetic regulation of the PD divulged the

promising calibre of our nanoformulationsas novel therapeutic candidate for PD.

Finally, the structure and research design of thesis has been represented below by comprising all

objectives and thesis chapters.

e )
Doy [\ e | (a1 )
Stage 1 S —
Onpeiez | Mawidod | (" Gy ]
—[ Objective 3 J'“ 4[ Chapter 3a ]
—{ Objective 4 | —  Chapter3b |
Stag e? —{ Objective 5 ] - D%:;ﬁgfn —[ Chapter 4a ]
——{ Objective 6| ——{ Chapter4b |
——{  Objective 7 | —— Chapter5a |
—{ Objective 8 |- ——{ Chapter5b |

Summary & Conclusion
Potential and future

translational prospect

applications section

Conclusion

f—«

Stage 3

Scheme 1: Research design of the thesis.

1.7 References

1. M. N. Sardoiwala, A. K. Srivastava, B. Kaundal, S. Karmakar, S. R. Choudhury,
Recuperative effect of metformin loaded polydopamine nanoformulation promoting
EZH2 mediated proteasomal degradation of phospho-a-synuclein in Parkinson’s disease

model. Nanomedicine: Nanotechnology, Biology and Medicine 24, 102088 (2020).

19



10.

1.

12.

13.

14.

15.

P. Hickey, M. J. D. d. Stacy, development, therapy, Available and emerging treatments
for Parkinson’s disease: a review. 5, 241 (2011).

B. Thomas, M. F. Beal, Parkinson's disease. Hum Mol Genet 16 Spec No. 2, R183-194
(2007).

B. Newland, S. B. Dunnett, E. Dowd, Targeting delivery in Parkinson's disease. Drug
Discov Today 21, 1313-1320 (2016).

P. Surathi, K. Jhunjhunwala, R. Yadav, P. K. Pal, Research in Parkinson's disease in
India: A review. Annals of Indian Academy of Neurology 19, 9-20 (2016).

Anonymous, QuickStats: Age-Adjusted Death Rates* for Parkinson Disease(dagger)
Among Adults Aged >/=65 Years - National Vital Statistics System, United States, 1999-
2017. MMWR Morb Mortal Wkly Rep 68, 773 (2019).

C. Marras et al, Prevalence of Parkinson’s disease across North America. npj
Parkinson's Disease 4,21 (2018).

S. K. Das et al., Epidemiology of Parkinson disease in the city of Kolkata, India: a
community-based study. Neurology 75, 1362-1369 (2010).

M. Ozansoy, A. N. Basak, The central theme of Parkinson's disease: a-synuclein.
Molecular neurobiology 47, 460-465 (2013).

A. Kouli, K. M. Torsney, W. L. Kuan, "Parkinson’s Disease: Etiology, Neuropathology,
and Pathogenesis" in Parkinson’s Disease: Pathogenesis and Clinical Aspects, T. B.
Stoker, J. C. Greenland, Eds. (Codon Publications Copyright: The Authors., Brisbane
(AU), 2018), 10.15586/codonpublications.parkinsonsdisease.2018.chl.

Q. Xia et al., Proteomic identification of novel proteins associated with Lewy bodies.
Frontiers in bioscience : a journal and virtual library 13, 3850-3856 (2008).

A. J. Lees, M. Selikhova, L. A. Andrade, C. Duyckaerts, The black stuff and Konstantin
Nikolaevich Tretiakoff. Movement disorders : official journal of the Movement Disorder
Society 23, 777-783 (2008).

N. L.-G. Del Rey et al., Advances in Parkinson’s Disease: 200 Years Later. 12 (2018).

D. K. Simon, C. M. Tanner, P. Brundin, Parkinson Disease Epidemiology, Pathology,
Genetics, and Pathophysiology. Clinics in geriatric medicine 36, 1-12 (2020).

A. Ascherio, M. A. Schwarzschild, The epidemiology of Parkinson's disease: risk factors
and prevention. The Lancet. Neurology 15, 1257-1272 (2016).

20



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

C. Labbé, O. Lorenzo-Betancor, O. A. Ross, Epigenetic regulation in Parkinson's disease.
Acta neuropathologica 132, 515-530 (2016).

M. H. Polymeropoulos et al., Mutation in the alpha-synuclein gene identified in families
with Parkinson's disease. Science 276, 2045-2047 (1997).

W. Poewe et al., Parkinson disease. 3, 1-21 (2017).

I. J. Siddiqui, N. Pervaiz, A. A. Abbasi, The Parkinson Disease gene SNCA:
Evolutionary and structural insights with pathological implication. Scientific reports 6,
24475-24475 (2016).

L. Stefanis, a-Synuclein in Parkinson's disease. Cold Spring Harb Perspect Med 2,
a009399-a009399 (2012).

. A. Qureshi, M. F. Mehler, Advances in epigenetics and epigenomics for
neurodegenerative diseases. Curr Neurol Neurosci Rep 11, 464-473 (2011).

M. von Schimmelmann et al., Polycomb repressive complex 2 (PRC2) silences genes
responsible for neurodegeneration. Nature neuroscience 19, 1321-1330 (2016).

E. Sodersten et al., Dopamine signaling leads to loss of Polycomb repression and aberrant
gene activation in experimental parkinsonism. PLoS genetics 10, 1004574 (2014).

M. Abdouh et al., Bmil is down-regulated in the aging brain and displays antioxidant and
protective activities in neurons. PloS one 7, €31870 (2012).

Q. Huang, H. Wang, S. W. Perry, M. E. Figueiredo-Pereira, Negative regulation of 26S
proteasome stability via calpain-mediated cleavage of Rpn10 subunit upon mitochondrial
dysfunction in neurons. J Biol Chem 288, 12161-12174 (2013).

Y. Oh, Y. M. Kim, M. M. Mouradian, K. C. Chung, Human Polycomb protein 2
promotes alpha-synuclein aggregate formation through covalent SUMOylation. Brain
research 1381, 78-89 (2011).

R. Rott et al., SUMOylation and ubiquitination reciprocally regulate alpha-synuclein
degradation and pathological aggregation. Proceedings of the National Academy of
Sciences of the United States of America 114, 13176-13181 (2017).

G. Park et al, Regulation of Histone Acetylation by Autophagy in Parkinson Disease.
The Journal of biological chemistry 291, 3531-3540 (2016).

M. Huang et al., Mitochondrial dysfunction—induced H3K27 hyperacetylation perturbs
enhancers in Parkinson’s disease. JCI Insight 6 (2021).

21



30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

S. Guhathakurta, E. Bok, B. A. Evangelista, Y.-S. Kim, Deregulation of a-synuclein in
Parkinson's disease: Insight from epigenetic structure and transcriptional regulation of
SNCA. Prog Neurobiol 154, 21-36 (2017).

S. Guhathakurta et al., Targeted attenuation of elevated histone marks at SNCA alleviates
a-synuclein in Parkinson's disease. EMBO Mol Med 13, ¢12188-e12188 (2021).

J. Zhang, X. Li, J. D. Li, The Roles of Post-translational Modifications on a-Synuclein in
the Pathogenesis of Parkinson's Diseases. Frontiers in neuroscience 13, 381 (2019).

B. E. Lee et al., O-GlcNAcylation regulates dopamine neuron function, survival and
degeneration in Parkinson disease. Brain 143, 3699-3716 (2020).

K. Pathak, N. Akhtar, Nose to Brain Delivery of Nanoformulations for Neurotherapeutics
in Parkinson's disease: Defining the Preclinical, Clinical and toxicity issues. Current
drug delivery (2016).

L. V. Kalia, A. E. Lang, Parkinson's disease. The Lancet 386, 896-912 (2015).

B. S. Connolly, A. E. Lang, Pharmacological treatment of Parkinson disease: a review.
Jama 311, 1670-1683 (2014).

P. Hickey, M. Stacy, Available and emerging treatments for Parkinson's disease: a review.
Drug design, development and therapy S, 241-254 (2011).

B. D. Li et al, Adverse effects produced by different drugs used in the treatment of
Parkinson's disease: A mixed treatment comparison. CNS neuroscience & therapeutics 23,
827-842 (2017).

B. D. Li et al., Adverse effects produced by different drugs used in the treatment of
Parkinson's disease: a mixed treatment comparison. 23, 827-842 (2017).

N. Singh, V. Pillay, Y. E. Choonara, Advances in the treatment of Parkinson's disease.
Prog Neurobiol 81, 29-44 (2007).

C. Giordano et al., Nanocomposites for neurodegenerative diseases: hydrogel-
nanoparticle combinations for a challenging drug delivery. The International journal of
artificial organs 34, 1115-1127 (2011).

G. Linazasoro, Potential applications of nanotechnologies to Parkinson's disease therapy.
Parkinsonism & Related Disorders 14, 383-392 (2008).

M. Mazza et al., Nanofiber-Based Delivery of Therapeutic Peptides to the Brain. ACS
Nano 7, 1016-1026 (2013).

22



44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

G. Modi et al., Nanotechnological applications for the treatment of neurodegenerative
disorders. Prog Neurobiol 88, 272-285 (2009).

G. Soursou et al., Applications of Nanotechnology in Diagnostics and Therapeutics of
Alzheimer’s and Parkinson’s Disease. Current Drug Metabolism 16, 705-712 (2015).

G. Leyva-Gomez et al., Nanoparticle technology for treatment of Parkinson's disease: the
role of surface phenomena in reaching the brain. Drug Discovery Today 20, 824-837
(2015).

E. Garbayo, E.-H. d. A. Mendoza, J. M. Blanco-Prieto, Diagnostic and Therapeutic Uses
of Nanomaterials in the Brain. Current Medicinal Chemistry 21, 4100-4131 (2014).

P. Ganesan, H. M. Ko, I. S. Kim, D. K. Choi, Recent trends in the development of
nanophytobioactive compounds and delivery systems for their possible role in reducing
oxidative stress in Parkinson's disease models. Int J Nanomedicine 10, 6757-6772 (2015).
A. Li et al., Emerging Nanotechnology for Treatment of Alzheimer’s and Parkinson’s
Disease. 9 (2021).

G. Cheng et al., Anti-Parkinsonian Therapy: Strategies for Crossing the Blood—Brain
Barrier and Nano-Biological Effects of Nanomaterials. Nano-Micro Letters 14, 105
(2022).

H. Herndndez-Parra et al., Repositioning of drugs for Parkinson’s disease and
pharmaceutical  nanotechnology tools for their optimization. Journal of
Nanobiotechnology 20, 413 (2022).

M. N. Sardoiwala, A. Sood, L. Biswal, S. Roy Choudhury, S. Karmakar, Reconstituted
Super Paramagnetic Protein “Magnetotransferrin” for Brain Targeting to Attenuate
Parkinsonism. ACS Applied Materials & Interfaces 15, 12708-12718 (2023).

A. D. Kulkarni et al., Nanotechnology-mediated nose to brain drug delivery for
Parkinson's disease: a mini review. Journal of drug targeting 23, 775-788 (2015).

R. Cai et al., Enhancing glycolysis attenuates Parkinson's disease progression in models
and clinical databases. The Journal of clinical investigation 129, 4539-4549 (2019).

P. Zhao et al., Neuroprotective effects of fingolimod in mouse models of Parkinson’s
disease. 31, 172-179 (2017).

G. Vidal-Martinez et al., FTY720/Fingolimod Reduces Synucleinopathy and Improves
Gut Motility in AS3T Mice: CONTRIBUTIONS OF PRO-BRAIN-DERIVED

23



57.

58.

59.

60.

61.

62.

63.

64.

65.

NEUROTROPHIC FACTOR (PRO-BDNF) AND MATURE BDNF. J Biol Chem 291,
20811-20821 (2016).

P. Joshi et al., Fingolimod Limits Acute AP Neurotoxicity and Promotes Synaptic Versus
Extrasynaptic NMDA Receptor Functionality in Hippocampal Neurons. Scientific
Reports 7,41734 (2017).

M. Foretz, B. J. N. R. E. Viollet, Metformin takes a new route to clinical efficacy. 11,
390-392 (2015).

M. Clyne, Metformin—the new wonder drug? Nature Reviews Urology 11, 366-366
(2014).

T. Takasaki, K. Hagihara, R. Satoh, R. Sugiura, More than Just an Immunosuppressant:
The Emerging Role of FTY720 as a Novel Inducer of ROS and Apoptosis. Oxid Med
Cell Longev 2018, 4397159 (2018).

M. Kinaan, H. Ding, C. R. J. M. p. Triggle, practice, Metformin: an old drug for the
treatment of diabetes but a new drug for the protection of the endothelium. 24, 401-415
(2015).

M. K. Kumar, K. Nagaraju, S. Bhanja, M. J. I. J. o. P. S. Sudhakar, Research,
Formulation and evaluation of sublingual tablets of terazosin hydro-chloride. 5, 417
(2014).

S. Bhattacharjee, Understanding the burst release phenomenon: toward designing
effective nanoparticulate drug-delivery systems. 12, 21-36 (2021).

M. N. Sardoiwala, S. J. Mohanbhai, S. Karmakar, S. R. Choudhury, Hytrin loaded
polydopamine-serotonin nanohybrid induces IDH2 mediated neuroprotective effect to
alleviate  Parkinson’s  disease. = Materials = Science and  Engineering: C
https://doi.org/10.1016/j.msec.2021.112602, 112602 (2021).

M. N. Sardoiwala, S. Karmakar, S. R. Choudhury, Chitosan nanocarrier for FTY720
enhanced delivery retards Parkinson’s disease via PP2A-EzH2 signaling in vitro and ex

vivo. Carbohydrate Polymers 254, 117435 (2021).

24



Chapter 2

Materials and Methods

25



2.1. Reagents

Dopamine hydrochloride, Sodium hydroxide (NaOH), 5-Hydroxytryptamine hydrochloride
(serotonin), rotenone, Terazosin hydrochloride dihydrate (Hytrin), 3-[4,5-dimethylthiazol-2-yl]-
2,5-diphenyltetrazolium bromide (MTT), (IPA),
Hydrochloric acid (HCI), 2',7'-dichlorodihydrofluorescin diacetate (DCFH-DA), DAPI, HEPES,
Rhodamine B, Fingolimod (FTY720) hydrochloride,

paraformaldehyde, isopropanolalcohol
Chitosan, Sodium Tri PolyPhosphate,
Indocyanine green, Tris-base, NaCl, glycine, were acquired from sigma. Anti-a-Syn (p-ser129),
anti-B-actin, anti-DRD3, anti-CASPASE3, anti-EZH2, anti-BMI1, anti-H3K27me3, anti-TH,
anti-PP2A, IDHI1/2 antibody, ubiquitin antibody and secondary antibodies conjugated to
HRP/FITC/TRITC were procured from Santa Cruz Biotechnology (CA, USA). Fetal bovine
serum (FBS), HiGlutaXL™ high glucose Dulbecco’s modified Eagle’s medium (DMEM),
phosphate-buffered saline (PBS), Trypsin-EDTA, antimycotic antibiotic solution, and Hank’s
balanced salt solution (HBSS) were procured from Himedia (USA). Halt protease/phosphatase
inhibitor cocktail (Sigma) and ECL Western blotting substrate purchased from Bio-Rad
(California, USA), and culture consumables from Nunc (Denmark). The rest of the chemicals

used in the study were of Analytical Reagent grade and procured from Indian companies.

The methodological study design presented to understand aim of synthesis, characterization and
therapeutic evaluation of nanoformulation and align the methodology to each chapter for better

understanding of chapter 2 and thesis work.

[ Methodology study design ]
I
[ 1.Synthesis ] — [ 2.Characterization ] [=———1 [ 3.Therapeutic evaluation J
L I | I

* Metformin loaded polydopamine i) Morphological analysis i) Invitro therapeutic i) Invivol ex vivo
nanoparticles through solution * DLS measurement assessment (Chapter 3a, 4a biodistribution study (Ch.3,4
oxidation method (Chapter 3a) « TEM imaging & Sa) &5)

* SEMimaging * Cellular internalization assay
* FTY720 loaded chitosan MTT assay ii) In vivo therapeutic

nanoparticles through ion gelation
method (Chapter 4a)

* Hytrin loaded polydopamine-
serotonin nanohybrid through
solution oxidation method
(Chapter 5a)

ii) Physicochemical characterization
* FTIR analysis
+ XRD analysis

iii) Drug loading and release
estimation

* HPLC analysis

(Metformin —Chapter.3a)

* Uv-Vis spectroscopy (FTY720 -
Chapter. 4a & Hytrin —Chapter.5a)
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ROS generation study
Apoptosis measurement and
mitochondrial membrane
potential analysis

qPCR (gene expression)
study

Immunoblot (protein
expression) study
ChIP-qPCR analysis (Ch.4a)

ii) Ex vivo therapeutic

assessment (Ch.3a,4a & 5a)
Brain slice culture based
immunohistochemistry-
immunofluorescence study

assessment (Ch.3b.4b& 5b)
Experimental design & in
vivo PD model

Behavioral study

Protein expression analysis
ChIP-qPCR analysis (Ch.3b
& 5b)

Immunofluorescence study

ii1) Histopathology study (Ch.3,4
& 5)

iv) Statistical analysis (Ch.3,4 &

5)



Scheme 2: Study design represents methodology and common aims of each chapter of thesis.

2.2. Synthesis of nanoparticles

2.2.1. Synthesis of polydopamine nanoparticles (PDANPs) and Metformin-loaded PDANPS

Met-loaded PDANPs synthesized through the solution oxidation method (1, 2). In a typical
synthesis of PDANPs, 1mg/ml dopamine solution prepared in Milli-Q water and NaOH added in
a molar ratio of dopamine to NaOH (1:0.8). For Met loaded PDANPs, metformin added to the
dopamine solution in a molar ratio of metformin to dopamine (1:5, 1:10 and 1:20). Generally, in
this mild alkaline condition, oxidation leads to self-polymerization of dopamine monomers with
the encapsulation of metformin for 24 hours at 29.5 °C. Centrifugation carried out to remove
NaOH and washing of PDANPs was performed at 16000 rpm for 30 minutes. The smaller size
particles separated through centrifugation of washed PDANPs at 4000 rpm for 10 minutes and
the supernatant further pellet down at 16000 rpm for 30 minutes. Final PDANPs resuspended in
Milli-Q water and lyophilized.

2.2.2. Synthesis of chitosan nanoparticles and FTY720 loaded Chitosan Nanoparticles

CsNPs synthesized through the ion gelation method following previously described protocols (3).
Chitosan (Img/ml) and sodium tripolyphosphate (STPP-1mg/ml) solubilized in 1% acetic acid
and Milli-Q water, respectively. Here, the pH of the solution was 4 during the synthesis. The
stability of FTY720 in the acidic solution studied for four hours due to its little exposure required
to the acidic environment during synthesis. Varying concentrations of FTY720 according to the
w/w ratio of chitosan and FTY720 dissolved in ethanol and added to the chitosan solution. STPP
solution added dropwise at the rate of 0.15 ml/min in chitosan solution under continuous stirring
(700 rpm) with incubation for 1 hour at room temperature (20-25 °C). The ratio of chitosan and
STTP (2:1, 4:1, 6:1, 10:1, and 15:1) utilized against mean particle size, polydispersity index, and
zeta potential to finalize the nanoparticles. Final prepared CsNPs and FCsNPs resuspended in
Milli-Q water and lyophilized. In the process of lyophilization, the samples have been frozen at -
80°C overnight, and the next day, the samples have been kept in a lyophilizer (Lyodry benchtop

freeze dryer, UK). The samples had nanoparticles dispersed in water. Hence, it has required 5-
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pascal Vaccum pressure and -5 °C to sublime. The sublimation process happened to convert ice

crystals into gaseous vapor and dried the samples.

2.2.3. Synthesis of polydopamine-serotonin nanohybrids and Hytrin loaded polydopamine-

serotonin nanoformulations

Hytrin-loaded polydopamine-serotonin nanoparticles (H@PSNPs) synthesized through the
solution oxidation method(1, 2, 4). In a typical synthesis of Polydopamine-serotonin
nanoparticles (PSNPs), 1mg/ml dopamine and serotonin solution prepared in Milli-Q water and
NaOH added in various a molar ratio of dopamine/serotonin to NaOH (1:0.4, 1:0.8, and 1:1.2) to
optimize the molar ratio for the synthesis of H@PSNPs. For that, Hytrin added to the dopamine
solution in a 1:5 molar ratio of Hytrin to dopamine. In this mild alkaline condition, oxidation
leads to self-polymerization of dopamine/serotonin monomers with the encapsulation of Hytrin
for 24 hours at room temperature with stirring at 300 rpm. NaOH removal and washing have
been performed by centrifugation at 16000 rpm for 30 minutes. Then, the smaller-sized
nanoparticles have been separated by centrifugation at 4000 rpm for 10 minutes and the
supernatant pellet down at 16000 rpm for 30 minutes. Final nanoformulations lyophilized for

further use.

2.3.  Morphological and physicochemical characterization of nanoformulations

2.3.1. Dynamic light scattering analysis

Dynamic light scattering (DLS) used to measure the mean hydrodynamic diameter of
nanoparticles. The developed nanoformulations subjected to hydrodynamic size, PDI, and
surface zeta potential measurement by using Malvern Zeta Sizer (Nano ZS, Malvern instrument,
UK). 100-fold diluted samples measured for 120 sec on the base of the electrophoretic mobility

of nanoparticles by considering samples in triplicate.
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2.3.2. Transmission Electron Microscopy (TEM) and Scanning Electron Microscopy (SEM)
analysis

Morphological characterization performed by SEM/TEM analysis. For that, diluted samples and
negative staining dyes (in the case of TEM) dropped cast on a clean silicon wafer/carbon-coated
TEM grid (300 meshes). The excess entities cleared out using filter papers and kept under a
vacuum. TEM imaging performed with JEOL TEM 2100 at 120 kV. SEM images obtained with
JEOL SEM (IT 200).

2.3.3. Physicochemical and spectroscopy analysis

Precursors of nanocarrier and drug compatibility examined by Fourier-transformed infrared
spectroscopy (FTIR System, Cary Agilent 660 IR spectrophotometer), X-ray diffraction pattern
analysis (XRD), and Raman confocal spectrophotometer. The assessment of any
physicochemical interaction measured via scanning in the IR range from 400 to 4000 cm™'. The
physical nature and structural compatibility of samples observed by the XRD pattern obtained
with Bruker/D8 Advanced X-ray Diffractometer. Moreover, Raman spectroscopy also performed
to know the interactions between dopamine and metformin. Raman confocal spectroscopic
analyses performed at room temperature using a WITec Raman spectrometer (Germany, UK)
with an unpolarised Nd-YAG laser. 532 nm Nd-YAG laser with 75 mW power focused on the
samples with 1 mm spot size through 20X magnification. The Raman spectrums acquired at 600

lines/mm grating by the Peltier-cooled (-60 °C) charge-coupled detector.

2.4. Drug loading and encapsulation efficiency measurement

Metformin estimated from Metformin (Met) loaded PDANPs using HPLC analysis at 233nm.
The C-18 column utilized to separate metformin at the isocratic flow of acetonitrile: methanol-
35:65. The HPLC peak area analyzed to estimate metformin.

The presence of FTY720 evaluated from FCsNPs using UV-Vis spectroscopy at 220nm by
following an existing study for estimation of FTY720 drug loading with UV-Vis spectroscopy. (5)
Here, we prepared FCsNPs by adding an optimized concentration of FTY720 (1.7 mg) to 10
mg/ml chitosan solution. After 1 hour, prepared nanoparticles centrifuged at 10,000 rpm for 20
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minutes. The supernatant has been collected and analyzed under the UV-Vis spectrometer to
know the drug concentration in nanoformulation by subtracting the amount of detected drug in
the supernatant from the initially applied drug concentration. A similar process also applied to
placebo nanoparticles without FTY720. The supernatant solution of placebo nanoparticles
without FTY720 has been utilized to create a baseline before measuring for FTY720 to estimate
loading frequency. Hence, it helps to nullify the interferences of solvent and nanoparticles during

estimation.

Hytrin was estimated from H@PSNPs using fluorimetry analysis at 376 nm at an excitation of
330 nm by following the existing study that has shown the sensitive determination of Hytrin by
spectrofluorimetry. (6) The fluorescence intensity analyzed to detect Hytrin. Here, we
synthesized H@PSNPs by adding an optimized concentration of Hytrin (2 mg) to 1mg/ml
dopamine/serotonin solution (10 ml). After 24 hours, prepared nanoformulations centrifuged and
washed. The supernatant has been collected and analyzed under the UV-Vis spectrofluorimeter to
estimate the concentration of Hytrin in H@PSNPs by subtracting the amount of detected Hytrin
in the supernatant from the initially applied drug concentration. A similar process also applied to
blank nanoparticles without Hytrin. The supernatant solution of blank nanoparticles without
Hytrin has also been analyzed to nullify the interferences of solvent and nanoparticles during

estimation before measuring for Hytrin to estimate loading content.

Drug loading content and encapsulation efficiency calculated by the following equations.

Drug loading content =

(Concentration of the drug obtained in nanoformulation + Concentration of

nanoformulation)x100

Drug encapsulation efficiency =

(Concentration of the drug obtained in nanoformulation + Concentration of the drug added)>100
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2.5. In vitro drug release and kinetic analysis from nanoformulation

The dialysis membrane method utilized to estimate the drug release profile (7). Bare drug
(1mg/ml) solution and equalized drug containing nanoformulation solutions prepared in 1 ml
PBS (pH 7.4). 12 kDa molecular weight cutoff dialysis bag filled with solutions and deep in a 40
mL sink of PBS + 0.5% (Sodium dodecyl sulfate) SDS pH 7.4 at 37 £ 0.5 °C. 1 ml of the sample
has been collected for respective time points. Sink volume maintained by adding an equal
volume of PBS + 0.5% SDS that was drawn during sample collection. The released drug
quantified as mentioned in the methodology previous section of drug loading and encapsulation
efficiency. Mathematical modeling performed to wunderstand the release kinetic of
nanoformulations. DDSolver software has been utilized to predict drug release kinetic
mechanisms. DDSolver is a freely available add-in program useful to facilitate the modeling of
dissolution data using nonlinear optimization methods based on a built-in model library. It is
very much helpful software to speed up the calculation and provide a convenient way to report
dissolution data quickly with reduced errors. It is easy to use to select the model and input the

experimental data of time and % release to run the program to show the fitted model for the same.

2.6.  Cell culture and 3D multilayer culture

Undifferentiated SH-SYSY Cells used to access the impact of nanoparticles on cell viability.
Undifferentiated cells were shown as more susceptible to oxidative stress in comparison to
differentiated cells and more preferred in vitro model of PD (8,9). SH-SYS5Y cells were cultured
in HiGlutaXL™ DMEM media comprising 10% FBS and 1% antimycotic antibiotic solution
(100 U penicillin, 100 pg streptomycin, and 250 ng amphoterin) at 37°C in an incubator (Thermo
Fisher, USA) providing 5% CO: and 90% humidity. Cells were grown and sub-cultured after

trypsinization using 0.25% trypsin or seeded for cellular treatments.

3D cell culturing gains interest with time. 3D spheroids and multilayered cell culturing mimic in
vivo conditions and are useful to develop model studies. A recent study has shown that insert-
based rapid in vitro system support 3D cell culturing (10). Following protocol with some
modifications, 10° cells were grown on 12 well plates with 3 um pore size millicell hanging cell
insert, made up of polyethylene terephthalate (Merck Millipore, USA). The insert hung that

created an outer chamber below the insert matrix and an inner chamber upper the insert matrix.
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Cells seeded in the inner chambers with 200 ul 20% FBS enriched growth media/well and further
I ml media/well provided from the outer chamber. Media was replaced every 48 hours. Cells
grown for 12-15 days until they acquired a 3D multilayer structure, morphology called a 3D raft

that used for further experiments.
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Figure 2.1. Fluorescence spectroscopy analysis; (A) Emission spectrum of Rhodamine B
nanoparticles and free rhodamine B after purification (dialysis) represented (Excitation=535nm,
Emission=583nm), (B) in similar way emission spectra for ICG tagged nanoparticles and free
ICG shown (Excitation=760nm, Emission=810nm). This has shown a negligible amount of

released dye after 24 hours period.

2.6.1. Cellular internalization of nanoformulations

Cells differentiated with the treatment of 10 pM retinoic acid for 6 days before performing a
cellular uptake study(11). Retinoic acid activates PI3K/Akt signaling pathways in the
differentiation of SH-SYS5Y cells (12). Cells grown on the coverslip inside 6 well plates with
cell densities of 10,000 cells/well in 1 ml growth media. On the next day, cells incubated with
Rhodamine B (50 nM / Img NPs) tagged nanoformulations for 6 hours. In preparation of
Rhodamine B tagged nanoparticles by the following method with some modification (13),
Rhodamine B interacted with nanoformulations on a rotary shaker for one day. To remove excess
or unbound Rhodamine B, the solution has been washed out with repeated centrifugation at

15,000 rpm for 10 minutes until the supernatant gets cleared. Further, nanoparticles dialyzed
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with a 10kDa filter (Amicon, Millipore) five times to get tagged nanoparticles. Incubated cells
with Rhodamine B tagged nanoformulations washed with 1X PBS and fixed with chilled 4%
paraformaldehyde for 30 minutes and further washed with 1X PBS. Fixed cells incubated with
10ul of 100nM DAPI to stain nuclei for 10 minutes and mounted with 80% glycerol. Confocal
Laser Scanning Microscopy performed with ZEISS 880, Germany. Imaging performed under
60X magnification with a dye-specific excitation laser line, 405 nm for DAPI (blue channel) and
565 nm for Rhodamine B (red channel). Excitation and emission Am of Rhodamine tagged
nanoparticles are 535nm and 583nm, respectively. The spectrum of nanoparticles and their purity
after extensive dialysis evaluated (Fig.2.1) To mimic the tissue condition and monitor the
internalization of nanoparticles at the tissue level, the rhodamine B tagged H@PSNPs has been
incubated with a 3D raft for 12 hours, and 3D raft washed thrice before staining with DAPI. The
mounting media has been used to prepare a permanent slide that has been imaged under a Zeiss

confocal microscope (ZEISS 880, Germany).

2.6.2. Cellular viability (MTT) assay, in vitro PD model, and neuroprotection assay

To determine the effect of rotenone and nanoformulations, 10,000/well SH-SYS5Y cells seeded in
96 well plates. To determine the IC50 dose of rotenone, cells treated with rotenone (0.01 to 10
uM ) for 24 and 48 hours. For neuroprotection evaluation of nanoformulations, cells exposed to
metformin (25 to 250 nM) and an equivalent concentration of metformin bearing PDANPs,
FTY720 (0.1 to 2uM), equal 0.1 to 2uM FTY720 carrying FCsNPs concentration, Hytrin (0.1 to
100 uM), equal Hytrin carrying H@PSNPs (0.1 to 100 uM) and rotenone (500-750 nM)
concentration was given for 24-48 hours. This co-treatment method of rotenone and the proposed
neuroprotectant was followed for further experiments also. On completion of treatment, cell
viability analyzed by MTT reduction assay. Estimation of Cell viability was based on the
cleavage of MTT tetrazolium salt and the formation of formazan crystal on exposure to
mitochondrial dehydrogenase of live cells. In this assay, 10ul/well of MTT (5mg/ml) added to
the media and incubated for 4 hours at 37°C in aCO; incubator. Formozan crystals solubilized in
slight acidic isopropanol and quantified absorbance at 595 nm in a microplate reader(14)
(SYNERGY HI, Bio-Tek Instrument, USA). The results have been analyzed concerning
untreated control SH-SYSY cells.
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Effective doses of AG-221, EPZ011989 selected as per the recommendation of the manufacturer
(Adooq bioscience, USA) and the MG132 dose has been opted by following existing reports. (4,
15, 16) (4)

2.6.3. Reactive oxygen species (ROS) generation assay

DCFH-DA dye employed to estimate the ROS generation by following the reported method (17).
Fluorescently inactive DCFH-DA dye transforms into fluorescent 2, 7’-dichlorofluorescein on
the exposure of cellular ROS. In brief, 103 cells/well seeded in 96 wells plate for overnight. On
the next day, cells incubated with 10 uM DCFH-DA dye for 45 min in a CO; incubator. Cells
washed with PBS to remove excess dye and treated as previously described for this study. Then,
ROS generation measured with a microplate reader (infinite 200 PRO, Tecan Group Ltd,
Switzerland) at 485 nm/ 527 nm (excitation/emission).

2.6.4. Apoptosis measurement and mitochondrial membrane potential study

PE/Annexin V apoptosis kit I (BD bioscience, USA) used to quantitatively evaluate apoptotic
cells. 10° Cells seeded in a 6-well plate and treated similarly as mentioned earlier, excluding
stained and unstained controls. On completion of treatment, cells collected and washed twice
with cold 1X PBS and resuspended in 1X Annexin-binding buffer. Syl PE/Annexin and 7AAD
added to a 100ul suspension of cells and incubated for 15 minutes in the dark. Finally, cells
resuspended in 1X Annexin-binding buffer and analyzed under a flow cytometer (Aria system,

BD Bioscience). Results were analyzed with flow jo software.

10° cells seeded in 70mm plates and treated as mentioned in the earlier methodology section. On
completion of treatment, cells washed with 1X phosphate buffer saline (PBS) and harvested.
Cells incubated with Jc1 dye (1:500 dilutions of 1mg/ml stock solution) at RT for 30 minutes.
Cells washed with 1X PBS to remove excess Jcl dye. The Jcl-based mitochondrial analysis has
been performed by using a flow cytometer (BDFACSAria™, BD, USA) at the green (FITC) and red

emission (PE) laser lines.

3D rafts of SH-SYS5Y grown and treatment of metformin, Met loaded PDANPs, and rotenone

given for 96 hours excluding untreated control as mentioned earlier. On completion of treatment,
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matrix-adhered 3D rafts of SH-SY5Y removed and placed on a clear slide. 3D rafts washed with
Ix PBS and incubated with Jcl (1:500 dilutions) at room temperature (RT) for 30 minutes.
Washed again with 1x PBS before fixation in 1ml of 4% paraformaldehyde at RT for 30 minutes.
3D rafts washed thrice and made permeable with methanol for 30 minutes at 0°C. Then, 3D rafts
again washed and incubated with 2% BSA incubation buffer for 2 hours at RT. Further, incubated
with mouse-raised anti-CASPASE3 antibody (1:500 dilutions) for 1 hour at RT and washed twice
with incubation buffer. The incubation buffer used to block the non-specific binding sites of the
antibody. Finally, 3D rafts incubated with FITC conjugated anti-mouse secondary antibody
(1:1000 dilutions) for 1 hour at RT and washed with incubation buffer before staining with DAPI
(20ul of 100nM). 80% glycerol used as mounting media and prepared slides imaged under a
Zeiss confocal microscope (ZEISS 880, Germany). The results analyzed in comparison to

untreated control 3D rafts and quantified through Fiji software.

2.6.5. Real-time quantitative polymerase chain reaction (qPCR) study

106 cells seeded in 6 well plates and treated excluding the control group as mentioned in the
earlier protocol. On completion of treatment, cells washed with 1X PBS, and mRNAs isolated
using an mRNA isolation kit (PureLink RNA Mini Kit, life technologies) as per the
manufacturer’s instructions. Quantification of mRNA performed by NanoDrop (2000/2000c,
Thermo Fisher Scientific, USA) to normalize mRNA concentration. Reverse transcription from
1 pg of total RNA /groups, including the control group executed by using the High-Capacity
cDNA Archive Kit (Applied Biosystems) as per the manufacturer’s protocol. Diluted cDNA with
15 pl of ultrapure water (Applied Biosystems) used for gene expression analysis. Quantitative
real-time PCR (qRT-PCR) executed on the Quantstudio 3 RT-PCR system (Thermo Fisher
Scientific, USA) using Power SYBR Green PCR master mix (Applied Biosystems, Thermo
Fisher, USA) according to manufacturer recommended procedure. Primers were procured from
Integrated DNA Technologies, USA. An experiment performed with triplets of samples. For
verification of amplified PCR products, melting curves checked. GAPDH gene expression used
to normalize presented relative gene expressions. Fold change of expression was calculated and

analyzed using the comparative CT method (2724¢T) with Quant studio 3 software.
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2.6.6. Immunoblot analysis and immunoprecipitation study

1 x 106 cells seeded in 100mm culture Petri plates and treated as already described in the above
section. 2.5 uM neurotherapeutic doses of Hytrin and H@PSNPs have been utilized. In the
protein isolation, cell lysis has been performed by Radioimmunoprecipitation assay (RIPA)
buffer for 20 minutes at 4°C. The cell scraper has been utilized to collect cell lysate and probe
sonicated at 5% amplitude with 5 sec on/off impulse for 60 seconds. The processed cell lysates
centrifuged at 13,500 rcf for 5 minutes at 4°C. Supernatants had been collected and estimated for
protein concentration using Bradford reagent (Sigma, USA). An equal amount of protein samples
run on Tris-Glycine gel electrophoresis. The protein has been transferred to the Immuno-
Blot®polyvinylidene fluoride (PVDF)membrane (Bio-Rad, USA) by using the Trans-
Blot®Turbo™ transfer system (Bio-Rad, USA) as per the manufacturer’s instructions. Then, the
blocking of protein membranes performed by incubating it with 3% BSA buffer for 2 hours at RT.
After that, blots incubated with primary antibodies at 4 °C. These immunoblots washed and
further horse redox peroxidase (HRP) conjugated 2°antibody incubation performed for 2 hours at
RT. After washing, Clarity™ Western electrochemiluminescent (ECL) substrate (Bio-Rad, USA)
was utilized to develop immunoblots, and imaging carried out by the Gel Doc system (LAS 500,

GE Healthcare, USA). Results analyzed with Quantity One software (Bio-Rad, USA).

100-pg protein samples prepared in lysis buffer and incubated for 1 hour at 4°C on the rocker
after the addition of 2 pl primary antibody of 1mg/ml solution. After incubation added 20 pl of
A/G plus agarose beads and further incubated overnight at 4°C on the rocker. Then,
Immunoprecipitates collected by centrifugation at 3000 pm for 6 minutes at 4°C. Pellets washed
three times with 1X PBS. Finally, supernatants aspirated and resuspended pellets to 40 pl of 1X
SDS gel-loading buffer to perform a western blot. Here, IgG controls for each sample also

prepared separately by adding IgG to each sample.

2.6.7. Chromatin Immunoprecipitation (ChIP)- qPCR analysis

ChIP gqPCR assay executed on a quant studio 3 qPCR system with three primer sets of EZH2
promoter-specific regions. Here, sample groups of control, rotenone, FCsNPs, and FCsNPs with
OKA examined in triplicates. 2ul ChIP DNA per sample was considered as input. Three primer
sets for the EZH2 promoter region were (forward:5’GACACGTGCTTAGAACTACGAACAG 3',

36



reverse: 5" AAGCTCGGCCAGCCAAA 3’ for region 1, from —1107 to -1002), (forward: 5’
AGACCAGCCTGACCAAGACC 3, reverse: 5" GGACAACCAGAGCGAAACT 3', for region
2, from —862 to -678) and (forward: 5 GAACTGGTTCAAACTTGGCTTC 3', reverse: 5'
ATAAAAGCGATGGCGATTGG 3', for region 2, from —436 to + 48). Primer sequences
obtained by following the published reports (18-20). RT-PCR study conducted and data analyzed
by following the percentage input method(21). Percentage input normalized to the input DNA

samples (1%) for each region.

2.7. Ex vivo PD model (Brain Slice culture)

Brain slice culture executed as per earlier published reports with some modifications (22, 23).
Brains from mice bisected to two hemi-brains. Basal ganglia collected by chopping with a
Mcllwain tissue chopper (Stoelting Europe, Ireland). Washed with saline, 1X PBS, and readily
transferred to Millicell culture inserts (Merck Millipore, USA). 1 ml of growth media/insert
(50% HiGlutaXL™ DMEM/HEPES, 25% heat-inactivated FBS, 1% antimycotic antibiotic
solution having 100 U penicillin, 100 pg streptomycin and 250 ng amphoterin, 25% HBSS with
maintained pH 7.2) used. The media replaced after 3 hours and incubated at 37°C in a CO:
incubator. Growth media changed after every 48 hours and cultured for 14 days to be ready for

treatment and further experiment.

2.8. Immunohistochemistry-immunofluorescence study

IHC expression study of pSer129 o-Syn, CASPASE3, TH, DRD3, BMIIl, and EZH2 for
Metformin nanoformulations, pSer129 a-Syn, PP2A, and EzH2 for FTY720 nanoformulations
and pSer129 alpha-synuclein, IDH2 for Hytrin nanoformulations performed in cultured brain
slices by following published protocol(24) with modification. Rotenone-induced brain slice PD
model adopted from an earlier report(25) that used 10 pM rotenone in the induction of PD. 1 uM
metformin, equivalent metformin carrying PDANPs, and equivalent PDANPs, 1 uM FTY720,
equivalent 1 pM FTY720 carrying FCsNPs and equivalent CsNPs, 25 pM Hytrin, equivalent
Hytrin carrying H@PSNPs, and equivalent H@PSNPs employed in the treatment of rotenone-
induced brain slice ex vivo PD model. In the brief of the IHC procedure, on completion of

treatment, slices washed with cold 1X PBS and fixed in cold 4% paraformaldehyde for 45
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minutes at RT. Washed thrice with cold 1X PBS and each group of brain slices sectioned (20 pm
thickness) with HMS525 NX Cryostat (Thermo Fisher Scientific, USA) by following
manufacturer instructions. Brain slice sections collected on gelatin plus poly L-lysin coated
slides. 1X PBS washed each slice section incubated with 20% methyl alcohol prepared in 1X
PBS for initial permeabilization for 5 minutes and again washed with cold 1X PBS. For complete
permeabilization, they incubated with a permeabilization solution (0.5% Triton X-100 in PBS)
for at least 12 hours at 4°C. After 12 hours, the permeabilization solution replaced with a
blocking solution (20% BSA in PBS) and kept overnight at 4°C. Primary antibody solutions of
rabbit raised anti-o-Syn (p-ser129) + mouse-raised anti-CASPASE3, rabbit-raised anti-DRD3 +
mouse-raised anti-EZH2 and rabbit-raised anti-TH + mouse-raised anti-BMI1 were prepared
with 1:1 ratio in 5% BSA/PBS solution for dual staining purpose. Each section incubated with 50
ul of primary antibody overnight at 4°C. Washed them thrice with 5% BSA/PBS solution and
incubated with 50ul FITC conjugated anti-rabbit + TRITC conjugated anti-mouse secondary
antibodies for 4 hours at RT. 1:500 dilutions of primary antibodies and 1:1000 dilutions of
secondary antibodies were used. After incubation, each section washed with 5% BSA/PBS
solution followed by 1X PBS. 20ul of 100nM DAPI solution used to stain nuclei. Further, they
washed with 1X PBS and mounted with 90% glycerol mounting media. CLSM imaging
conducted with a Zeiss confocal microscope (ZEISS 880, Germany) and analyzed by Fiji

software. 3D surface plot analysis performed for a better representation of protein expression.

2.9. Animals

Experiments involving the animals performed following the standard institutional animal ethical
committee. The BALB/c mice (n=3 per group) housed under pathogen-free conditions, cared and
used according to laboratory protocols. The animals housed and cared and the biodistribution
experiment. All animal work also conducted by following the guidelines of the Committee for
Control and Supervision of Experiments on Animals (CPCSEA) and approved by the
Institutional Animal Ethical Committee (IAEC). Sprague-Dawley (SD) rats (200-250gm, N=8)
have been employed for the animal study for PD model and therapy. All animals utilized for the

behavioral study allowed for acclimatizing before experimenting.
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2.9.1. In vivo and ex vivo bio-distribution study of nanoformulations

BALB/c mice used to perform in vivo bio-distribution study. Mice anesthetized with isoflurane
and ICG-tagged nanoformulation was injected through the intravenous route, intraperitoneal and
oral route as per the requirement of the study. ICG-tagged nanoparticles prepared by following
the earlier discussed method for the preparation of Rhodamine B-tagged nanoparticles(13). ICG
amount analyzed in the sink of the dialysis system with time to ensure the purity of ICG tagged
nanoparticles (Fig.5B). Bio-distribution of nanoformulation observed at 0, 1/2, 1, 2, 6, and 24
hours then mice have been sacrificed. In vivo and ex vivo imaging performed with TVIS®

Spectrum /n Vivo Imaging System (PerkinElmer, USA).

In detail, three groups of mice (n=4) allowed to acclimatize. The animals given intravenous
injections of 1 mg/ml ICG as a reference control and Smg/ml ICG-tagged nanoparticles. PBS
injected into the control group. ICG alone considered to analyze tagging effect on bio-
distribution. Animals shaved and anesthetized in a vaporizer chamber with the provision of 1.5 %
isoflurane and oxygen. Then, animals translocated to the chamber of IVIS Spectrum 200. 1.5%
isoflurane also supplied to this chamber. The whole body of the animal imaged at 0, 1/2, 1, 2, 6,
and 24 h after I.V. injection. The illumination parameters were auto exposure time, high lamp
voltage, f/stop = 2; field of view = B and 800nm emission filter, 745nm excitation filter, and 8
binning. Living Image software v4.0 used to acquire images. Excitation of ICG-tagged
nanoparticles was at 750nm and emission was at 830nm. Further, the ex-vivo imaging of the
organs obtained by imaging the ICG-tagged nanoparticles treated mice tissues (kidney, liver,

lung, spleen, and brain) including the same tissues from PBS-injected mice as control.

2.9.2. Experimental design and /n vivo PD model

The SD rats (250-300 g) randomized to perform grouping. The PD model established by
following administration of intraperitoneal injection of rotenone 0.5 mg/kg/day in a divided
manner (0.25 mg/kg in morning and 0.25 mg/kg in evening) in the equal ratio of PEG400:PBS
for 35 days (n=8).(26)The grouping performed as following: Control (100 ul PBS, i.p.),
Rotenone (0.5mg/kg/day, i.p.), Rotenone + Metformin (0.5mg/kg/day, i.p. + 50 mg/kg/day, p.o.),
Rotenone + Polydopamine nanoparticles (0.5mg/kg/day, i.p. + 100mg/kg/day, i.p.), Rotenone +
Metformin loaded Polydopamine nanoparticles (0.5mg/kg/day, i.p. + 100mg/kg/day, i.p.),
Rotenone + FTY720 (0.5 mg/kg/day rotenone, i.p + 1 mg/kg/day FTY720), Rotenone + FCsnps
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(0.5 mg/kg/day rotenone, i.p. + 5.7 mg/kg/day FCsnps), Rotenone + Csnps (0.5 mg/kg/day
rotenone, i.p. + 5.7 mg/kg/day Csnps), Rotenone + Hytrin (0.5 mg/kg/day, + 10 pg/kg/day),
Rotenone + HPSnps (0.5 mg/kg/day, i.p. + 5.7 mg/kg/day equivalent hytrin by considering 15%
drug loading of nanoparticle from our previous study(27), and Rotenone + PSnps (0.5 mg/kg/day,
i.p. + 5.7 mg/kg/day equivalent dose to HPSnps). The behavioral study performed after 28 days
and the necropsy conducted for 35 days. Five brain samples from each group fixed with 4%
formaldehyde and processed for immunohistochemistry. The rest of the brain samples stored at -
80°C and processed for immunoblot study. Herein, the metformin-loaded polydopamine
nanoformulation (MPdanps) and polydopamine nanoparticles (Pdanps) adopted from the
previous study and are well-characterized nanoformulation (4). The 1 mg/kg/day dose of
FTY720 has been selected by following the previous study for the neuroprotective dose of
FTY720. (28) The dose of FCsnps (5.7mg) has been considered by equalized loaded drug
concentration of FTY720 (1mg) according to the reported loading percentage (17.52%) of our
previous study for FTY720 loaded chitosan nanoparticles. (29) The 10 pg/kg/day dose of Hytrin
has been considered by following the reported neurotherapeutic dose of Hytrin. (30)

2.9.3. Behavioural studies
Rotarod test for the evaluation of locomotory activity

All animals have been acclimatized before the experiment. Rotarod study performed by using
apparatus having a 3 cm radius and rough surface. The rod height was 25 cm from the base and 5
disks used to divide them into the four chambers. Each animal trained at 15 rotations per minute
(rpm) for 60 sec for constitutive three days before final testing. In the final trial, the fall latency
measured as a function of time, rotational speed and distance traveled after exposure of animals
to a ramp of 4 rpm to 40 rpm for 300 seconds. The distance traveled, and fall latency analyzed to

analyze the impairment of locomotor activity. (31)
Open field test for locomotor activity assessment

An open-field test performed to analyze gross locomotor activity and anxiety. All animals
acclimatized before the start of the experiment with assuring light conditions. The camera and

apparatus setup performed to track the movement of the animals with the help of ANY-maze
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software. The peripheral zone and central zone assigned by following software instructions.
Animals allowed to move in the apparatus freely after keeping them in the central zone at the
start of the experiment. The apparatus cleaned with 70% ethanol after the completion of the
testing of each animal. Herein, more time spent or movement in the central zone defines anxiety-

free behavior. (32)

Y-maze test — spontaneous alternation for observation of cognitive impairment

In the behavioral study, the Y-maze alternative spontaneous alteration test conducted to analyze
cognitive and motor neuron impairment. In that, a Y-shaped apparatus having three arms at a
120-degree angle to each other utilized by marking the zone, central zone, A-zone, B-zone, and
C-zone. All animals allowed to move freely in the apparatus for 5 minutes after completion of
the experimental set-up. The apparatus was continuously wiped with 70% ethanol after every test.

The percentage of spontaneous alteration calculated with the following reported formula (33)

(no. of alterations)/ (total no. of arm entries — 2)*100

Passive avoidance task for evaluation of memory function

The two compartments instruments containing a dark and light-emitting chamber with a
guillotine door and grid floor utilized to deliver foot shock to the animal. Three trials performed;
habituation, acquisition, and retention. In the habituation trial, animals kept in a light-emitting
chamber. The animals allowed to go into the dark chamber after 15 sec while opening the door
and it closed after the entry of the animals into the dark chamber. The acquisition trial performed
after 1 hour of habituation task. In that, the animal kept in the illuminated chamber and allowed
to go into the dark chamber, where 0.6 mA current foot shock given to them. Finally, the
retention trial performed 24 hours after the acquisition trial to measure the transfer latency from

the illuminated to the dark chamber by following the existing report (33).

Catalepsy

The grid and bar tests carried out to examine the neuromuscular and motor dysfunction. To
observe the grip strength, each animal hung in the middle of the vertical grid. The score provided

by examining the listed parameters: 0 — fall; 1- hangs by two forepaws; 2 - climb attempt by two
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forepaws; 3- hangs by two forepaws and one of the hind paws; 4- hangs by two forepaws, two
hind paws and warped tail and 5 — escape from the apparatus. The stopwatch utilized to note
descent latency. Similarly, a bar test also performed and the animal’s forepaws have been fixed
on the bar by keeping the half-rearing posture. The decent latency examined by observing the
removal of one forepaw on the bar with time. The three trials performed for a 180-sec cut-off

time and both experiments conducted by following the reported procedure of behavior assay. (34,

35)
2.9.4. Protein expression analysis

The frozen substantia nigra (50 mg) homogenized in the 1 ml radioimmunoprecipitation assay
(RIPA) lysis buffer at 4°C. The solution probe sonicated for 1 minute at 10 Hz amplitude before
centrifuging at 13600 rcf for 25 minutes at 4°C. The protein sample estimated and normalized by
the Bradford protein estimation method. SDS-PAGE performed and transferred the protein to
the Immuno-Blot® PVDF membrane by following the instruction of the manufacturer using the
Trans-Blot® Turbo™ transfer system (Bio-Rad, USA). Immunoblot blocked for 1 hour
incubating in 5% BSA solution. The immunoblot incubated with the primary antibody overnight
at 4°C and washed with TBST three times before incubating with the secondary antibody at RT
for 1 and half hours. The blot developed with ECL chemiluminescence substrate and imaged
under the Gel Doc system (LAS 500, GE Healthcare, USA). The quantification performed by

Image J software.

100ug protein has been collected for all samples and the protein samples incubated with IgG
antibody for 1 hour at 4°C. Then, the samples allowed to interact with A/G beads (SCBT, USA)
which leads to the end with IgG clear protein samples (pre-clear samples). The pre-clear protein
samples allowed interaction with 2 ul primary antibody at 4°C for 1 hour and then 20 ul A/G
beads added to the immunocomplex to incubate them overnight at 4°C. Immunoprecipitate
collected after centrifuge samples at 2500 rpm for 5 minutes at 4°C. The immunoprecipitate
resuspended in 2X sample loading buffer and run the SDS-PAGE to perform western blot study
obtained after centrifuging at 2500 rpm for 5 minutes and run the SDS PAGE to perform a
western blot study for the desired protein marker. IgG controls for each sample also considered

during the study.

42



2.9.5. Chromatin Immunoprecipitation (ChIP)- qPCR analysis

The ChIP assay performed by following the reported protocols of the DNA-protein binding study.
(36)The protein lysate processed with a probe sonicator by applying 15 pulsed of 20 amplitude
power for 30 seconds. 40 ul A/G beads incubated with samples to clear the chromatin. Then, the
chromatin samples incubated with primary antibody at 4°C for 1 hour and immunocomplex
further incubated with 40ul A/G beads overnight at 4°C. Antibody-negative control (without
antibody) and anti-mouse IgG control were also considered. On the next day, the
immunocomplex has been thoroughly washed with low salt, high salt, and LiCl, buffer by
following our previous report. (37) Then, the sample has been eluted and DNA was isolated by

using the phenol: chloroform extraction method and stored at -80°C.

the qPCR study performed with isolated ChIP samples using quant studio 3 (Applied biosystem,
Thermo). The two different primer sets utilized for the synuclein promoter-specific region.
Herein, samples of control, rotenone, and MPdanps were investigated. Control input for each

sample also considered during the experiment. The synuclein promoter primer set is as follows:
primer set-1 (forward: STCCCCGGGAAACGCGAGGAT3’,

reverse: S’"CCCCGCGCCAGCACTTGTTAZ' for region 1, from +668 to +846).

Primer set-2 (forward: 5’ TGCCTTTGCATCAGATAATGGC3’,

reverse: 5" ATGATGAGCAGGCAGTCCG3', for region 2, from +79746 to +79860).

Three different primer sets of the LAMP2a promoter utilized to evaluate the hsc70 binding to
LAMP2a. Input and treated samples for control, rotenone, and HPSnps employed in the study.
Quantstudio3 system (Applied biosystem, Thermo) utilized for the analysis and performance of

the qPCR study. The % input method followed to analyze the expression.(21, 29, 37)

2.9.6. Immunofluorescence study

The fixed brain utilized for coronal sectioning using the cryostat (HM525, Thermo). In that, the
tissue incubated in a gradient sucrose solution until it sinks. Then, an optimal cutting temperature
(OCT) solution applied to freeze the tissue. The cryostat set to -30 degree temperature and the
soft tissue cutter blade adjusted. The 30-micron sections have been obtained and kept in TBST

solution by following the tissue processing. (38)
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The immunofluorescence study performed by following the existing reported method with slight
modifications. (39) In that, Heat-induced antigen retrieval performed by incubating sections in
the antigen retrieval solution (citric acid, pH 6 in TBST) for 30 minutes at 95°C in water bath
steam. After that, the solution kept at room temperature (RT) for 30 minutes and processed for
the blocking with 2.5 % horse serum albumin for 2 hours at RT. The sections washed with TBST
for 10 minutes and incubated with primary antibody solution prepared in TBST overnight at 4°C.
Washing with TBST performed thrice for 10 minutes before incubating with fluorescence-
conjugated secondary antibody at RT for 2 hours. Again, sections washed thrice with TBST and
mounted on the slide. The mounted sections processed for permanent slide preparation with an
anti-fed solution and air sealed. The sections tile imaged to confirm the in vivo PD model by
observing Tyrosine Hydroxylase expression at 10X resolution (Fig.2.2). After that, the
degenerating region of Substantial Nigra imaged with the fluorescence microscope at 20X

resolution.

2.9.7. Histopathology study

Haematoxylin and Eosin (H&E) staining utilized to observe the morphological changes. The
brain sectioned utilizing a microtome (RM2235, Leica) and obtained tissue sections of thickness
10um. Poly-l-lysine coated slides used to mount sections on the slide and stained using a
standard protocol of Haematoxylin and Eosin (H&E). Sections were stained with Haematoxylin
solution for 10 minutes after washing with distilled water. Then, the sections stained with Eosin
solution for 30 seconds. The sections were dehydrated using gradient alcohol and xylene. The
slides mounted with DPX mounting media, air-dried, and observed under a microscope for any

pathological demarcation.

2.10. Statistical analysis

Statistical analysis performed by using OriginLab software (Washington, MA, USA). One-way
and two-way variance analysis (ANOVA) was calculated following the Bonferroni and Tukey

comparison test. A p-Values < 0.05 has been considered statistically significant.
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Control Rotenone

Fig.2.2. The in vivo PD model was confirmed by evaluating TH expression analysis in SNpc and

VTA area.
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nanoparticles in PD retardation
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3a.1. Introduction

Parkinson's disease (PD) is a progressive neurodegenerative disorder, affecting developing
countries including India(1). It develops by degeneration of dopaminergic neurons with depletion
of dopamine levels in the substantia nigra, a midbrain region that controls body movement(2).
The major causative factors behind the loss of dopaminergic neurons are still unexplored.
Formation of Lewy bodies in the substantial innominate by the aggregation of phosphorylated
(ser 129) a-Syn results in synucleinopathy and pathogenesis of PD(3). Mitochondrial oxidative
stress augments synuclein aggregation resulting in aggressive PD phenotype rendering
phosphorylated a-Syn as a major therapeutic target (4). Epigenetic modulation is an emerging
mechanism affecting PD onset and progression. Epigenetic regulation with lower DNA
methylation leads to aggregation of a-Syn in PD progression is widely studied(5). Indeed, the
involvement of polycomb groups of proteins, including polycomb repressor complexes 1 and 2
(PRC1/2) is under investigation for implications in PD. PRC2 member, Enhancer of zeste
homolog 2 (EZH2) trimethylates H3K27 for maintenance of neuronal function was reported(6).
They have also demonstrated that transcriptional dysregulation in PRC2-deficient mice leads to a
progression of neurogenerative diseases. Alterations in EZH2 and H3K27 levels have been
implicated with Parkinsonism (7). Similarly, downregulation of B cell-specific Moloney murine
leukemia virus integration site 1 (BMI1), a PRC1 member is associated with apoptosis of
neurons, and its overexpression has immense potential for the treatment of neurodegenerative
diseases (8). Although, the underlying mechanism of PRC 1/2 mediated prevention of
Parkinson’s disease is not well understood. However, a recent report has shown that human
polycomb protein 2, a PRC1 member-induced SUMOylation of a-Syn promotes aggregation of
a-Syn(9). A recent report also shows SUMOylation and ubiquitination in the regulation of a-Syn
are reciprocal events (10). But, there is no current knowledge about the role of EZH2, a PRC2

member in the regulation of a-synucleinopathy.

In the last decades, the progression of medical pharmacologic therapies and innovative surgical
approaches like deep brain stimulation (DBS) seems to be effective against PD(11). However,
definitive disease-controlling therapy is still lacking due to the multiple side effects of

therapeutic agents (12). Recently, metformin emerges as a potential therapeutic agent in various
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diseases like aging disorders, periodontitis, and tuberculosis including Central Nervous System
(CNS)disorders (13-17). Metformin reduces the risk of PD in diabetes patients is supported by a
clinical trial study in the diabetes mellitus population of Taiwan (18). Labuzek et al. (2010)
studied oral administration of metformin readily passes the Blood Brain Barrier (BBB) in the rat
(19). The neuroprotective response of metformin is mediated by anti-inflammatory action (20),
induction of autophagy (21), and reduction of phosphorylated proteins involved in Lewy body
formation (22). However, the detailed mechanism of metformin-based neuroprotection is still not
well understood. Despite having prodigious therapeutic potential, metformin, possess absorption
limited kinetics with less bioavailability and a risk of lactic acidosis (23). An emerging
application of nanocarriers as a better drug delivery system is taken into account to overcome
metformin limitations(24). For the present study, polydopamine nanoparticle (PDANP) was
considered as a metformin-delivering system to replenish dopamine loss which is associated with
PD pathology. Few reports have shown polydopamine as a free radical scavenger and its coating

for mitigating the cytotoxicity of various nanomaterials(25, 26).

In the present study, a potent nanoformulation of Met-loaded PDANPs was assessed for its novel
therapeutic application against PD. The crucial preliminary examinations of enhanced drug
loading and a controlled release give superior anti-oxidant and neuroprotective efficacy. The
effective encapsulation of metformin in biocompatible polydopamine enhances the availability of
the drug at the site of action. The neuroprotection mechanism induced by nanoformulation
attributes to upregulated epigenetic marker EZH2 expression. For the first time, the link between
the role of EZH2 in the regulation of a-Syn degradation and PD pathogenesis was investigated
which could be a regulatory target for the therapeutic intervention of PD. We demonstrated that
our nanoformulation regulates a-Syn degradation by the ubiquitin/proteasome pathway, which is
crucial for neuronal survival. The project design of the chapter 3a represented hypothesis and
rationale of chapter to understand the potential significance of the presented study. The
justification of the selected compound and aligned expected outcomes of the aims are also as

described in project design below.
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[ Chapter 3a ]

|

( Hypothesis : Metformin loaded polydopamine nanoparticles exert neuroprotective effect by endowing EZH2 mediated }

ubiquitination/degradation of phosphorylated alpha synuclein to attenuate PD

Rationale : 1) Chapter 3a: It provides molecular nsight into epigenetic regulation of PD.
it) Metformin drug : 1) It reduces ser129 phosphorylated alpha synuclein.
2) FDA approved commercial drug for diabetes. Hence, selected to repurpose it for PD.
iii) Polydopamine nanocarrier : 1) To replenish dopamine level in PD.
2) Nature inspired nanocarrier with biocompatible and antioxidative property.

Aims
Aim 1: Synthesis and N Aim 2: Evaluation of Aim 3: Exploration of epigenetically k4 Aim 4: In vivo R
characterization of neuroprotective efficacy of regulated mechanistic action behind biodistribution and
metformin metfromin nanoformulation in neuroprotective effect of metfromin histopathological analysis of
nanoformulation ) vitro and ex vivo PD model nanoformulation in vitro PD model metformin nanoformulation /
Expected outcomes
. . 1 1 2 @ 5 g s 4
il agneeed Bgtter drug relgase prc.iﬁle. Neuroprotecltlve meleculg.r action of « Good biodistribution profile
F « Efficient cellular internalization nanoformulation by revealing role of < -
and spherical shape of . o : . *Brain accumulation
. * Endowment in anti-inflammatory EZH2, a master epigenetic regulator . .
the nanoformulation : A : A * Biocompatible nature
\_and neuroprotective efficacy of dru, diminishes during PD condition )

Scheme 3: The project design represents hypothesis, rationale, aims and it’s aligned expected

outcomes.
3a.2. Results and discussion

New neuroprotective drugs are urgently warranted to prevent and overcome the limitation of
present therapy for Parkinsonism. Beyond canonical function, metformin is emerging as a potent
neuroprotective agent in PD treatment (22). Rather, metformin possesses crucial limitations of
low bio-availability at the disease site and elevates the risk of lactic acidosis (23). Therefore, we
prepared Met-loaded PDANPs to enhance bioavailability along with a controlled drug release
profile. Earlier, Polydopamine coated nanoparticle systems were also reported for targeting brain
glioma in rats (27). Recently, PDANPs was revealed as a potent therapeutic agent for
inflammation-induced injuries(28). In our approach, Polydopamine as a nanocarrier was selected
to enhance metformin bio-availability, and replenish depleted dopamine levels with enhanced
neuroprotective efficiency of both drugs in a single platform. Met-loaded PDANPs exhibited
excellent neuroprotection against rotenone-induced oxidative stress, neurotoxicity, and cellular
damage in SH-SY5Y monolayer; 3D culture and a mouse brain slice of experimental PD models

by effectively crossing the blood-brain barrier (BBB).
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Figure 3.1.Morphological characterization of PDA nanoparticles. The DLS measurement of
Placebo and Metformin (Met) loaded PDANPs showing the mean hydrodynamic size (A); and
surface zeta potential (B); the transmission electron micrograph (C) showing spherical

morphology of placebo PDA nanoformulations and Metformin loaded PDANPs with a ratio of
Met: Dopa-1:5.

3a.2.1. Morphological analysis of nanoformulations

PDANPs and Met-loaded PDANPs were synthesized by using the solution oxidation method. (26,
29)Desirably, water-soluble nanoformulations with a ratio of metformin to dopamine 1:5, 1:10,
and 1:20 were formed. Morphological and functional characterization of particle size, zeta
potential, and shape was determined to validate synthesized Met-loaded PDANPs. The Mean
hydrodynamic particle size by Dynamic Light Scattering (DLS) was 73+4 nm for placebo
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PDANPs with a polydispersity index (PDI) of 0.079+0.002 and 80+5 nm for Met loaded
PDANPs (Met: Dopa-1:5) with PDI 0.205+0.03, respectively (Fig.3.1A). These monodisperse
nanoformulation have shown considerable surface zeta potential of -20 mV+1.3 and -22 mV=+0.6
for placebo and Met loaded PDANPs, respectively (Fig.3.1B). TEM micrographs of placebo and
Met loaded PDANPs (Met: Dopa-1:5) were represented in Fig.1C. TEM imaging represented a
particle size range of 65+6 nm for placebo PDANPs and 70+10 nm of Met loaded PDANPs (Met:
Dopa-1:5). Results of morphological characterizations for Met loaded PDANPs with a ratio of
metformin to dopamine (Met: Dopa) (1:10) and (1:20) have shown in Fig.3.2. In the
morphological evaluation, the particle size analysis by DLS and TEM were comparable and
confirmed nano range size, uniformity, and spherical shape of our nanoformulations with

moderate colloidal stability.

From these, Met-loaded PDANPs (Met: Dopa-1:5) have been considered throughout the study
due to the smallest size and the possibility of crossing the BBB efficiently. Drug-nanocarrier
compatibility analysis has confirmed the amorphous nature of nanoparticles and the major

involvement of the N-H and O-H functional groups in the interaction of dopamine and

metformin.
A B
30
e M et loaded PDANPs (1:10)
-Met loaded PDANPs (1:20)
S 204
2
g
)
Z
= 104
g
=
0 - T Met loaded PDANPs Met loaded PDANPs
0 100 200 300 400 500 (Met:DOPA-1:10) (Met:DOPA-1:20)

Hydrodynamic size (nm)

Figure 3.2. (A) The mean hydrodynamic diameter of Metformin-loaded PDANPs showed the
size of 123nm (Met: Dopa-1:10) and 210nm (Met: Dopa-1:20), respectively. (B) TEM analysis

showing spherical morphology of metformin-loaded PDA nanoformulations.
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3a.2.2. Physicochemical analysis of nanoformulations

Drug and nanocarrier compatibility were accessed by the functional characterizations (XRD,
FTIR, and RAMAN spectroscopy) of nanoformulation that has been described in Fig.3.3. In a
further study, drug loading and encapsulation efficiency of nanoformulation were estimated.
Metformin and dopamine both precursors are water soluble and as the outcome of non-covalent
polymerization, Met loaded PDANPs are also water-soluble. These conditions indicate higher
drug loading and encapsulation capacity of PDANPs. In agreement with the report that PDA
serves as a multivalent matrix for higher drug loading(30), we achieved higher drug loading and
encapsulation efficiency were 45.2 + 5% and 90 + 3%. Placebo PDANPs and Met loaded
PDANPs nanoformulation showed a broad XRD (X-Ray Diffraction) peak at 23.3°. Here, the
disappearance of pristine metformin XRD diffraction peaks could be due to drug solvation to the
amorphous carrier or overlapped of amorphous carrier XRD peaks with the limited crystalline
size of the drug. Hence, XRD results show the dispersal of metformin into the PDANPs matrix.
PDANPs synthesized after oxidation and self-polymerization of dopamine molecules may be
attributed due to the formation of hydrogen bonding. FTIR spectrum of metformin and the
PDANPs physical mixture obtained more or less similar to metformin due to the presence of free

metformin molecules in the mixture. These reveal the interaction of the drug and nanocarrier.
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Figure 3.3. Physiochemical characterizations of nanoparticles. The X-Ray Diffraction pattern

shows the amorphous nature of nanoparticles (A); the Fourier Transformed Infra-Red
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spectroscopy analysis (B); and Raman spectral analysis (C) reveals the interaction of metformin

and dopamine to form metformin-loaded PDANPs.

3a.2.3. In vitro drug release analysis

In vitro drug release study was carried out to determine the stability of the drug and its release by
mimicking in-vivo conditions. In vitro drug release profile was acquired for a triplicate of
samples by the equilibrium dialysis membrane technique at physiological conditions (Fig.3.4A).
The release kinetics of metformin from suspension solution and Met loaded PDANPs were
analyzed throughout 96 hours. From the cumulative drug release graph, a burst release of
metformin was observed during the initial hours. Metformin suspension has shown consistent
burst release after the initial hours and it has achieved saturation after 6 hours. In contrast, the
controlled metformin release kinetics of our Met loaded nanoformulation was observed with 70
+ 2% drug release till 96 hours. Further, a significant advantage provided by Met-loaded
PDANPs is an enhanced and controlled drug release profile. It is biphasic, initial burst release
due to dissolution and diffusion of surface deposited molecules and then controlled drug release
with time-dependent degradation of nanocarriers. This release kinetic pattern fulfills our
requirement as an initial release for enhanced drug availability at the disease site and later
controlled release with time for exhibiting therapeutic efficiency. The biphasic release pattern of
drug-encapsulated nanoparticles is reported as beneficiary(31) and a recent study regarding the
potential of PDANPs in the enhancement of bio-availability of the drug is also supportive(32). It
is believed that the controlled release of any drug might decrease cytotoxicity by controlling

premature drug release and eventually ameliorating the drug release profile(33).

3a.2.4. In vitro therapeutic efficiency evaluation of nanoformulation

To evaluate in vitro therapeutic efficiency, cell viability assays were performed. We have
processed MTT [3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide] assay to verify
the effect of our nanomaterials on SH-SYSY cells. It has shown negligible cytotoxicity of
metformin, PDANPs, Met loaded PDANPs, and dopamine with a lower dose (0.01 to 10 uM)
than described in Fig.3.5. Significant toxicity has been observed with high doses of dopamine

(100 uM and 1000 pM). In contrast, 100 uM dose of PDANPs were founded nontoxic and bio-
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compatible. Based on these results the neuroprotective efficiency was evaluated against
rotenone-induced neurotoxicity in SH-SYSY cells. The 2 uM dose of rotenone was significantly
determined as IC50 dose (Fig.3.4B). Here, a 500 nM acute dose of rotenone was selected to
induce a PD effect at the cellular level by following the previous report (34). The acute exposure
of 500 nM rotenone-induced aggregation of a-Syn which is a hallmark of PD pathogenesis. In
the evaluation of neuroprotective efficiency, Met loaded PDANPs and metformin with a dose
range (25 to 250 nM) against 500 nM rotenone were exposed to SH-SYSY for 48 hours. In the
results, a 100 nM dose of Met-loaded PDANPs has shown a significantly higher recuperative
effect than bare equivalent metformin (Fig.3.4C). Interesting dose-independent response
phenomena of metformin effects were also observed in agreement with the previous report (22).
Extracellular dopamine was reported cytotoxic due to oxidization and ROS generation (35) and
metformin also induces cytotoxicity at higher concentrations (36). In contrast, several studies are
reported in the agreement with bio-compatibility and radical scavenging potential of PDANPs
(25, 26). Neuroprotection efficiency and anti-inflammatory actions of metformin are also
reported (20, 22, 37). In our study, we found excellent bio-compatibility of PDANPs, metformin,
and Met loaded PDANPs.
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Figure 3.4. In vitro therapeutic efficiency of Met loaded PDANP. Drug release profile showing
controlled drug release profile of nanoformulation (A); evaluation of cytotoxicity of rotenone (B)
has determined 2 pM as IC 50 dose with significance (**p<0.01, one way ANOVA; Turkey and
Bonferroni test). The neuroprotective efficacy of Met loaded PDANPs was evaluated to

rotenone-induced Parkinson’s pathogenic effect (**p<0.01, one way ANOVA; Turkey and
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Bonferroni test) (C) Nanoformulations uptake in SH-SYSY cells were examined by confocal
laser scanning microscopy and represented 3D surface plot reflects maximum cytoplasmic

uptake (D). The scale bar: 20um.
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Figure 3.5. Cytotoxicity assessment of metformin and metformin-loaded PDANPs (A), placebo
PDANPs (B), and dopamine (C) were presented. Bare PDANPs, Metformin, and Metformin-
loaded PDANPs have shown bio-compatible behavior and dopamine has shown toxicity at

higher concentrations (**p<0.01, one-way ANOVA; Turkey and Bonferroni test).

The potential of nanocarrier to release the drug into target cells is important for the therapeutic
efficiency of nanoformulations. Hence, we investigated the uptake of Met-loaded PDANPs to
SH-SYS5Y neuronal cells, a model of dopaminergic neurons (38). Here, Rhodamine B tagged Met
loaded PDANPs were imaged after 6 hours of exposure to SH-SYSY cells with confocal laser
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scanning microscopy. Image shows major uptake of Met loaded PDANPs to the cytoplasm of
SH-SYSY. Confocal imaging confirmed the uptake of our nanoformulation inside the cells
(Fig.3.4D). In the brain, dopamine secretion and utilization are a continuous process.
Internalization of dopamine to storage vesicles and release from dopaminergic neurons both are
transporter-mediated events. Organic cation transporters like plasma monoamine transporters are
expressed in the brain and are involved in the transport of dopamine and metformin (39, 40). In
the context of this, our nanoformulations easily uptake in SH-SYS5Y cells and mouse brains
without any deterioration. Uptake of nanoformulation could follow either electrostatic
interaction-based cellular internalization or transporter-mediated endocytosis. Both mechanisms
are facile to follow for our nanoformulations according to the knowledge of cellular uptake of

nanoparticles (25, 40).

Annexin-PE-based anti-apoptosis analysis was performed to authenticate the neuroprotective
effect (Fig.3.6A). From the rotenone-treated group, 32.6% of cells underwent late apoptosis,
10.9% in early apoptosis, and only 56.2% of cell populations were remaining viable which is in
the agreement with MTT results. In contrast, Met loaded PDANPs have shown significantly
higher neuroprotective efficiency with 93.7% cell viability in comparison to metformin (77.6%)
and PDANPs (77.3%). These results are also following the cytotoxicity assay. Quantitative

estimation of live cells and apoptotic cells by flowjo software were represented in Fig.3.6B.

Growing cells in a multilayer manner are a promising way to study in vitro effect of a drug on
proliferating cells, mimicking the in-vivo tissue model (41). Hence, we have examined the
neuroprotective efficacy of our nanoformulation in the 3D culture of SH-SYSY cells (3D raft) by
following the hanging cell insert method(42). In the assessment, Jcl fluorescence and
CASPASE3 expression analysis were performed in the 3D raft PD model. In Fig.3.6C, confocal
microscopy images of the 3D raft for untreated control, rotenone treated, metformin, and Met
loaded PDANPs supplemented groups with rotenone treatment were shown. Jcl dye is a probe to
analyze the membrane potential of mitochondria. Jc1 molecules agglomerate and give red
fluorescence at the hyperpolarized mitochondrial membrane and turn monomer with green
fluorescence at depolarization. We further observed, mitochondrial membranes were depolarized
on exposure to rotenone and mitochondrial membranes were hyperpolarized by the restorative
effect of our nanoformulation. Moreover, immunofluorescence of CASPASE3 was estimated for

the expression of CASPASE3, an apoptotic cell death marker. Image J analysis was performed to
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significantly quantify the level of Jc1 and CASPASE3 with different formulations mentioned in
Fig.3.6D. A higher agglomeration of Jcl and a lower level of CASPASE3 were found in the
control cell raft. Rotenone-treated cell raft has shown lower agglomeration of Jcl and
upregulation of CASPASE3 expression. In comparison to the bare metformin-supplemented
group, Met-loaded PDANP has shown significant agglomeration of Jcl and inhibition of
CASPASE3 in the 3D raft PD model. Hence, Met loaded PDANPs have shown better

mitochondrial protection and restoration of cell viability.

A Control Rotenone Met@Rotenone i MPDANP@Rotenone  PDANP@Rotenone
HQ Q, -}Ql Q, v, Q,
1114 1.56 s 10.0 0.012| 15.7
& o & £ £« B
s | £ £ £ £
<] 5 = z LI 2
‘1Q4 . Q; iQ4 ’ Q; 1 Q;
196.9 0.39 1493.7 6.33 4773 0.23
7-AAD 7-AAD ' 7-AAD
160 I Control
I Rotenone
140+ NS B Met@Rotenone £
S 1204 = Bl MPDANP@Rotenone| 2
—an | 1 B PDANPs@Rotenone
= 100
=
|
=
=
= g
=
-]
=

Live cells Total apoptotic cells

=

I Control | Met@Rotenone
I Rotenone[lll MPDANP@Rotenone

Xk

1401

% %%

1201

£100

Met@Rotenone

[ . (=) =]
] = = ]
1 1 1 1

Flouroscence Intensity (AU)

@
=
(=]
=
2
S
&
®
(-9
Z,
<
a
B
=

JC1Red  CASPASE3 +JC1 Green ~

Figure 3.6.Anti-apoptosis analysis in monolayer and 3-D culture of SH-SY5Y. (A) Met-loaded
PDANPs show the antiapoptotic effect and protect SH-SYSY cells from rotenone-induced
neuropathy analyzed with flow cytometry. (B) Quantitative data of cell number (%) of live and
apoptotic cells by flowjo (**p<0.01,*p<0.05; one-way ANOVA; Turkey and Bonferroni test). (C)
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Met-loaded PDANPs show anti-apoptosis effects against rotenone-induced neurotoxicity in Z-
stack images of 3D multilayered SH-SYSY rafts. The scale bar-15um (D) Expression level of
Jel red and CASPASE3 + Jcl green were shown (***p<0.001; one way ANOVA; Turkey and

Bonferroni test).

SH-SYSY cells are used to study the neurotoxicity of rotenone in the experimental PD model in
vitro. Rotenone, a complex I inhibitor of the electron transport chain inhibits the proteasomal
degradation pathway that leads to the aggregation of a-Syn and the progression of PD(43).
Herein, we simulated PD in SH-SY5Y monolayer cells, 3D culture, and mouse brain slice by
rotenone. The eminent neuroprotection potential of Met-loaded PDANPs against rotenone-
induced effects has been confirmed in our study. Results of cell viability assay, PE-Annexin V
apoptosis, and Jc1, CASPASE3 based mitochondrial functional analysis are in agreement with
each other and confirm higher neuroprotective efficiency of Met loaded PDANPs in comparison

to bare drugs.
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Figure 3.7. Molecular insight into the neuroprotective action of Met loaded PDANPs. (A) Gene
expression of CASPASE3, IL1B, NFkB, and PP2A are shown in corresponds to Met loaded
PDANPs. Met-loaded PDANPs have shown significant upregulation of PP2A and
downregulation of CASPASE3, 3PK, IL1p and NFkB that shows the anti-inflammatory effect
(**p<0.01,*p<0.05; one way ANOVA; Turkey and Bonferroni test). (B) Immunoblot is
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represented and (E) quantitative analysis of protein expression is shown (*p<0.05; one-way
ANOVA; Turkey and Bonferroni test). Significant upregulation of BMI1, EZH2, UbH2A,
H3K27me3, and inhibition of CASPASE3 and pSer129 a-Syn reveals a neuroprotective effect.
(C, D) EZH2-mediated proteasomal degradation of a-Syn is shown. (F) The anti-inflammatory
response of Met-loaded PDANPs has been observed with ROS quenching. (G) Physical
interaction of EZH2 and a-Syn has shown epigenetic regulation of a-Syn degradation by

ubiquitin proteasomal pathway.

3a.2.5. Molecular insights of neuroprotective mechanism of nanoformulation

Q-PCR analysis was performed to analyze gene expressions of CASPASE3, Mitogen-Activated
Protein Kinase-Activated Protein Kinase 3 (MAPKAPK3/3PK), Protein Phosphatase 2 (PP2A),
Nuclear Factor kappa-light-chain-enhancer of activated B cells (NFkB) and Interleukin 1 Beta
(IL1B) (Fig.3.7A). The analysis indicated significant upregulation of 3PK, CASPASE3, NFkB
and IL1pB genes expression and downregulation of PP2A in rotenone treated group. The effect of
rotenone on neuroinflammation-associated gene expression has been significantly reversed by
Met-loaded PDANPs. In the overall gene expression analysis, Met loaded PDANPs show better
neuroprotection as compared to bare metformin which has been analyzed statistically. Hence, the
downregulation of these potential regulatory targets is achieved with our nanoformulation.
PDANPs and metformin both are modulators of inflammatory mechanisms (20, 28). Generally,
neuroinflammation is associated with PD progression (44, 45). Hence, we analyze
neuroinflammation and PD-associated gene expression. In analysis, upregulated 3PK in
rotenone-treated group is due to its stress-mediated p38 signaling (44). Significant
downregulation of 3PK was observed in the case of metformin and Met loaded PDANPs indicate
a neuroprotective response. 3PK is a protein kinase that is upregulated during a-synucleinopathy
to elevate NFkB-mediated death of dopaminergic neurons (45, 46). So by inhibiting 3PK our
nanoformulation supports the prevention of neurodegeneration with concomitant downregulation
of NFkB signifies anti-inflammatory activities. Further, our formulation has triggered PP2A
expression against rotenone insult. This finding is in the agreement with reports that show PP2A
upregulation and is indicative of a-Syn dephosphorylation in PD (22, 37). CASPASE3, IL1p, and
NFkB were also determined as they have regulatory roles in neuroinflammation-associated PD

pathogenesis. Downregulation of CASPASE3, IL-1p, and NFkB with metformin and Met loaded
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PDANPs group reflect the neuroprotective effect of nanoformulations against rotenone-induced

PD effect.

Epigenetic regulation is emerging as a promising therapeutic approach in the prevention of
neurodegenerative diseases. In the present study, protein expression has been studied to confirm
the epigenetically regulated recuperative effect of Met-loaded PDANPs. Expression study of
CASPASE3, pSerl129 a-Syn, EZH2, H3K27me3, BMI1 and Ubiquitylated H24 (UbH2A) were
performed (Fig.3.7B). In our study, we have observed a significant reduction in the expression
level of CASPASE3 and pSer129 a-Syn with Met-loaded PDANPs in contrast to rotenone-
induced upregulation of these targets. Further, the PD association of potential epigenetic targets
has been assessed. We found significant downregulation of BMI1 and EZH2 with the treatment
of rotenone and upregulation with Met-loaded PDANPs. These results gain our interest to know
about the downstream targets of both epigenetic markers. In an exploration, Met-loaded
PDANPs showed significant upregulation of UbH2A and H3K27me3 by reversing the rotenone
effect, confirming the association of epigenetic regulation with PD. The quantification of protein
expression has been performed with image J analysis represented in Fig.3.7E. EZH2 is the major
player of the PRC2 complex that has been proposed regulatory target in a-synucleinopathy(47).
We, therefore, inhibited EZH2 expression by the reported potent EZH2 inhibitor, EPZ011989
(48). We also observed EZH2 inhibitor dose-dependent enhancement in the aggregation of a-Syn
(Fig.3.7D).MG132, an inhibitor of the proteasomal pathway was employed to understand the
neuroprotective mechanism of our nanoformulation. We found that our formulation follows
EZH2-mediated proteasomal degradation of a-Syn (Fig.3.7C). In confirmation of these findings,
we have observed novel physical interaction of EZH2 and pSer129 a-Syn proteins (Fig.3.7G).
An immunoprecipitation result has confirmed that Met-loaded PDANPs regulate proteasomal
degradation and ubiquitination of a-Syn. In PD pathogenesis, the death of dopaminergic neurons
is associated with CASPASE3-mediated apoptosis and Lewy body formation with
overexpression of pSerl129 a-Syn(37). Herein, Met-loaded PDANPs have inhibited CASPASE3
and pSer129 a-Syn protein expression and reversed the neurodegenerative effect of rotenone. To
further elucidate the mechanism of pSer129 a-Syn degradation by our nanoformulation it was
observed that epigenetic regulation by a polycomb group of proteins plays a crucial role in
pSer129 a-Syn’s degradation. Reported literature shows PRC1 member, BMI1 is also reported as

a potential therapeutic target for neurodegenerative diseases (8). Dysfunction of BMI1 might be
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due to impaired DNA damage response pathway with depletion of UbH2A (49). Hence, Met-
loaded PDANPs triggered upregulation of BMI1 and UbH2A agreeing with earlier studies that
have proposed BMI1 as a potent therapeutic target in the treatment of neurodegenerative
infirmities(8). Human polycomb protein 2 is also reported as an inducer of SUMOylation of a-
Syn that results in the progression of PD(9). Indeed, repression of PRC2 activity is associated
with the progression of PD (6) and deficiency of EZH2 leads to neurodegeneration by an
alteration in gene expression is also reported (7). Therefore, we are interested to know the novel
interaction of PRC proteins and a-Syn to understand its role in PD. Herein, upregulated EZH2
and H3K27me3 as the neuroprotective effect of Met-loaded PDANPs has shown the
camouflaged role of EZH2 in PD prevention. There is no direct correlation of H3K27me3 with
PD progression. But, H3K27me3 alteration has been implicated in the study of experimental
Parkinsonism (7). In our observation, the direct interaction of EZH2 with Phospho-a-Syn
(Ser129) indicates the regulatory role of EZH2 in neuroprotection. A recent study shows acute
treatment of rotenone declines ubiquitinated proteins level and E1A activity that requires
activation of ubiquitin for the functioning of the Ubiquitin proteasomal pathway (50). In the
ubiquitin proteasomal pathway, ubiquitin binds to aggregated proteins and directs them to the
proteasomal degradation machinery. Hence, we found that our nanoformulation has the potential
to attenuate the effect of rotenone by ubiquitination of aggregated a-Syn and restoration of
proteasomal degradation pathways. There are earlier reports that have shown human polycomb
protein 2, a PRC1 member induced SUMOylation of a-Syn which promotes aggregation of a-
Syn, and SUMO modification works antagonistically to ubiquitination(9, 10). However, there is
no such report that showed EZH2-mediated regulation of a-Syn degradation. This is the first
report that has shown EZH2, a PRC2 member-induced proteasomal degradation of aggregated a-
Syn in PD prevention.

Generally, neurodegeneration has an association with neuroinflammation based on
comprehensive studies (44, 45). Therefore, reactive oxygen species (ROS) detection analysis was
also performed to analyze the anti-inflammatory response of our nanoformulation. Fig.3.7F is
showing a lower level of ROS generation with Met-loaded PDANPs due to the ROS scavenging
property of PDANPs(28). Further, the ROS scavenging property of Met-loaded PDANPs reflects
excellent neuroprotective potential. Bare metformin is not able to quench ROS against rotenone

treatment. This supports an earlier report that has shown metformin-mediated ROS
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generation(51). In the present study, our finding is in line with a study that showed PDANPs as

potent ROS scavengers (28).

CASPASE3 pSer129a-SYN EZH2

Met(M) MPDANP Rotenone Control

PDANP

Figure 3.8.Immunohistochemical analysis in brain slice culture. Confocal laser scanning
microscopy images as part of IHC analysis of protein expression shows upregulation of TH,
DRD3, EZH2, and BMII. Inhibition of CASPASE3, pSer129 a-Syn as neuroprotective action of
Met loaded PDANPs against rotenone-induced neurodegeneration confirming therapeutic
intervention of PD pathogenesis. Confocal images are represented as a 3D surface plot. Scale

bar-20um.

3a.2.6. Evaluation of the neuroprotective potential of nanoformulation in ex vivo PD model

Nanoformulations have shown potent neuroprotection in vitro PD models. To check its response

at the tissue level, we have performed an immunohistochemistry (IHC) analysis of potential
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therapeutic targets in mice brain slice culture. Tyrosine Hydroxylase (TH), Dopamine Receptor
D3 (DRD3), EZH2, BMI1, CASPASE3, and pSer129 a-Syn expressions were analyzed (Fig.3.8).
Selection of TH in the study is due to its downregulation leads to depletion of dopamine in case
of PD(52). In our observation, TH expression has been upregulated with Met-loaded PDANPs
that show dopamine synthesis restoration. DRD3 is also studied as a potential target that reduces
a-Syn accumulation in PD ¢, In agreement with these, we also found upregulation of DRD3
with our nanoformulation in contrast to the rotenone effect. Herein, the emerging role of
epigenetics in the regulation of neuroprotection has been explored. Upregulated EZH2 and BMI1
have confirmed their unexplored role in neuroprotective action (6, 8). Inhibitions of potential
therapeutic targets, pSerl29 a-Syn and CASPASE3 have also been determined. The o-syn
aggregation reduces TH activity with the reduction of dopamine in vitro models was also evident
(54). The neuroprotective role of DRD3 in MPTP (1-methyl-4-phenyl-1, 2, 3, 6-
tetrahydropyridine) induced PD pathogenesis is also reported (55). Herein, our formulation has
reversed the rotenone effect in mouse brain slices by upregulating EZH2, BMI1, TH, and DRD3
and inhibiting CASPASE3 and pSer129 a-Syn. Comprehensive IHC analysis has shown a better
recuperative effect of nanoformulation against rotenone-induced neurotoxicity in comparison to

metformin and PDANPs. [HC results are also in agreement with our immunoblot analysis.
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study displays a readily higher intake of nanoformulation to the brain, then it distributes to the
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heart, spleen, liver, and kidney (A). Ex vivo organ reflectance imaging is showing a higher
percentage in the liver, kidney, and brain 2 hours of post-injection (B). Histopathology analysis
has shown the bio-compatibility of Met-loaded PDANPs with no adverse pathological

demarcation. Scale bar-10 um (C).

3a.2.7. In vivo/ ex vivo bio-distribution and histopathological analysis of nanoformulation

In vivo bio-distribution of ICG (Indocyanine Green) tagged nanoformulation was performed to
evaluate the bio-distribution profile of Met-loaded PDANPs. Post-injection, bio-distribution
analysis was performed until 24 hours. In the initial 6 hours, nanoformulations have shown major
distribution to the brain and liver. Besides that, it is also distributed to the spleen, heart, and
kidney (Fig.3.9A). Further, in confirmation of the existence of nanoformulation, Ex vivo imaging
of organs was performed 24 hours after post-injection. Results have shown a good distribution of
nanoformulations with retention in the brain (Fig.3.9B). In observation of fluorescence intensity,
a high accumulation of nanoparticles in the kidney and liver indicate a clearance path of
nanoformulations(40). Plasma membrane monoamine transporter highly expressed in the brain
may involve in the transportation of dopamine and metformin (39, 40). These results show the
efficiency of nanoformulation to cross the BBB. Considering these facts, Met-loaded PDANPs
has believed to execute well bio-distribution profile. It has the potential to be a new suitable
vector system for metformin in the treatment of PD as well as other neurodegenerative and anti-
aging diseases. We have performed histopathological analysis to ensure its bio-compatibility (Fig.
3.9C). In a histopathological analysis to control mice tissues, we found that our nanoformulation

is safe having no pathological signature.

Finally, In vivo/ex vivo bio-distribution and histopathological analysis have confirmed the
internalization and retention of nanoparticles in the brain without any deterioration. This
indicates the bio-compatibility of our nanoformulations and reflects its immense therapeutic

potential in preclinical PD models.
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Figure 3.10. The schematic diagram represents a neuroprotective mechanism of nanoformulation.
Metformin nanoformulation (Met loaded PDANPSs) inhibiting rotenone-induced neurotoxicity by
promoting EZH2 mediated a-Synuclein ubiquitination and degradation to prevent PD

pathogenesis.

3a.3 Conclusion

In the overall finding, we reported the neuroprotective potential and anti-Parkinsonism effect of
Met-loaded PDANPs. The major key findings are the nanosized, unnimodal and spherical
nanoparticles that exhibited improved metformin release profile. In addition, our present findings
show the cumulative therapeutic efficiency of metformin and polydopamine at the single
platform by reversing rotenone-induced oxidative stress, mitochondrial damage, and cytotoxicity
with the reduction of a-Syn agglomeration. The novel points of presented work are first time
metformin conjugated within polydopamine nanoparticles and exploration of epigenetic

regulation in PD treatment. In that, the mechanism of neuroprotection highlighted EZH2
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mediated phosphor-a-Syn (Ser129) ubiquitination and proteasomal degradation that is illustrated
in Fig.3.10. Our finding demonstrates that Met-loaded PDANPs enhance the neuroprotective
potential of drugs in rescuing cells from rotenone-induced neurodegenerative effects by inducing
EZH2-regulated a-Syn ubiquitination/proteasomal degradation. Thus, the present study suggests
the neuroprotective potentiality of our nanoformulation in PD prevention. The major
breakthrough and benefit of the present study is to reveal the camouflaged role of EZH2 in the
removal of neurodegenerative effect could be considered as a therapeutic target in PD treatment.
However, a detailed investigation of the EZH2-mediated prevention of a-Synucleionopathy is
warranted in the clinical setup to translate its potential application in therapy. The limitations of
the present work are that the commercial drug has not been tested as the positive control and
work has shown majorly in vitro neuroprotection efficacy. However, Met-loaded PDANPs have
considerably shown ex vivo neuroprotective efficiency by reversing the neurotoxic effect of
rotenone in the mouse brain slice culture. In significance of the presented metformin
nanoformulation in comparison to other reported triphenylphosphonium functionalized mito-
metformin encapsulated polyanhydride nanoparticle in PD treatment divulges the superior drug
release profile and therapeutic efficacy of our metformin nanoformulation. (56) Thus, the
metformin nanoformulation has the potential to be new PD therapeutic agent if it will be tested in
clinical setup with comparison to commercialized drug like levodopamine in further

investigation.
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Chapter 3b

Metformin-loaded polydopamine nanoparticles inhibit

rotenone-induced PD deficits in the rat model
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3b.1. Introduction

Parkinson’s disease (PD) is the second most neurodegenerative disease with a developing
burden in the Asian populations (1). There are enormous causative factors involved in PD
progression and considerable studies are underway to understand poor PD etiology. However,
the accumulation of synuclein called synucleinopathy is one of the major causes that lead to the
death of the dopaminergic neuron resulting in involuntary body movement (2). The PD signature
molecule, alpha-synuclein is encoded by the SNCA gene having an immense physiological role
in the neurotransmitter release, neuronal maintenance, and regulation of neurochemicals (3, 4).
However, the post-translation modifications and misfolding of alpha-synuclein, defective
proteasomal pathway, and mutation of the SNCA gene result in synucleinopathy associated with
PD(5, 6). Besides, investigating the post-translational modification of alpha-synuclein,
transcriptional regulation, and epigenetic modifications are found to be causative factors in PD
progression (7). Indeed, the histone hyperacetylation of synuclein is well characterized in the PD
progression having a higher association of H3K27ac (8-10). Hence, designing the strategy to
reduce histone acetylation paves the way for the development of PD treatment. In the epigenetic
regulation of PD, a reduced level of H3K27me3 and downregulated master epigenetic regulator
polycomb repressor complex 2 protein, EZH2 has been demonstrated in PD progression (11).
The restoration of EZH2 and H3K27me3 has been reported as one of the potential therapeutic
targets for PD treatment (12, 13). In our previous study with the demonstration of the
neuroprotective effect of metformin-loaded polydopamine nanoparticles, the camouflaged role of
EZH2, the modulator of H3K27me3 in the reduction of alpha-synuclein has been revealed (14).
Thus, we hypothesize that the reduction of hyperacetylated H3K27ac of SNCA reduces the
synuclein expression and aggregation by considering the evidence of SNCA repression with
H3K27me3 restoration in the development of PD therapy.

In the era of PD investigation, pharmacological neuroprotective agents and deep brain
stimulation (DBS) have been recognized as effective therapy (15). However, existing therapy is
still not preventing PD, and has major limitations with immense side effects (16). Therefore,
definitive PD-controlling treatment is warranted. In the last decades, metformin emerged as the
wonder therapeutic molecule in the management of several infirmities including
neurodegenerative diseases (17, 18). The clinical survey of the Taiwanese population on diabetic

medication has divulged that metformin reduces PD risk (19). There are growing shreds of
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evidence highlighting the neuroprotective effect of metformin that can pass the blood-brain
barrier (20, 21). Metformin's therapeutic actions have been reported as an anti-inflammatory,
autophagy inducer, epigenetic regulator, and reducing agent of synucleinopathy(14, 22).
However, the detailed mechanistic approach of metformin in the transcriptional regulation of
SNCA has been not explored. Besides having a potential therapeutic effect, metformin has
limitations like lower bioavailability due to absorption limited drug kinetics, and lactic acidosis
(23). By considering the emerging advantage of a nano-drug delivery system in the
advancement and improvement of drug efficacy, we have previously reported metformin-loaded
polydopamine nanoparticles to overcome the limitation of the metformin in vitro PD model (14).
Herein, we have investigated the neurotherapeutic effect of our developed nanoformulation in
vivo PD model. The project design of the chapter 3b represented for better understanding of

hypothesis, rationale of chapter with justification of the selected compound aligned to expected

outcomes of the aims as below.

[ Chapter 3b ]

|

Hypothesis : Metformin loaded polydopamine nanoparticles induce SIRT1 mediated epigenetic controlling of H3K27 histone
deacetylation of SNCA in PD treatment

Rationale : i) Chapter 3b: It furnishes molecular insight into epigenetic regulation of SNCA gene in PD.
11) Metformin drug : 1) It activates SIRT1, histone deacetylase that can reduce histone acetylation of SNCA.
2) FDA approved commercial drug for diabetes. Hence, selected to test it in vivo PD model.
iti) Polydopamine nanocarrier : 1) To replenish dopamine level in PD.
2) Nature inspired nanocarrier with biocompatible and biodegradable property.

Aims

Aim 1: Randomization
and Experimental

Aim 2: Behavioral study and
Evaluation of neuroprotective
efficacy of metfromin

Aim 3: Exploration of epigenetically A

regulated mechanistic action behind
neuroprotective effect of metfromin

Aim 4: In vivo
biodistribution of metformin

receiving treatment
with comparable
intervention groups

cognitive function
*» Enhancement in neuroprotective
efficacy of drug

of SNCA gene leads to retard
synucleinopathy as neuroprotective
mechanism of nanoformulation

design nanoformulation in vivo PD model nanoformulation in vitro PD model nanoformulation (oral dose) Y,
Expected outcomes
. = - ” . - . ~
Equal chances of Improvement in motor and SIRT1 mediated histone deaceylation [ , Good Gidistibution pratile

* Clearance from the body
shows biodegradable nature y

Scheme 4: The project design represents hypothesis, rationale, aims and it’s aligned expected

outcomes.

In the exploration of the neurotherapeutic action of our reported nanoformulation, we aimed to
understand the efficiency of our metformin nanoformulation to control the epigenetic regulator
and histone acetylation of SNCA. Metformin is widely reported to induce SIRT1, the histone

deacetylase and it is also well documented that reduction of SIRTI is one of the key factors in
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the PD progression. (24-31) However, there is not much evidence that how SIRT1 can modulate
the SNCA expression. Therefore, we have for the first time explored the
neurotherapeuticefficacy of our developed nanoformulation in vivo. In that, we have first time
revealed the metformin nanoformulation induced SIRT1 mediated epigenetic controlling of
H3K27 histone deacetylation of SNCA in PD treatment. Thus, the metformin nanoformulation-
induced SIRT1-mediated SNCA transcription repression leads to a reduction of synucleinopathy

and retardation of PD.

3b.2. Results and discussion
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Fig.3.11 Experimental design of the in vivo study has shown (a), the rotarod test parameters
latency of fall-rpm (b), the latency of fall-sec, and traveled distance (c) reflect the protective

effect of our nanoformulation.
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3b.2.1. Motor performance signifies the protective effect of Metformin-loaded polydopamine

nanoparticles

In the rotarod test, the rats walking on a rotating rod were utilized to examine the motor status in
the laboratory setup. All animals were trained before the test and allowed to learn to walk on the
rotating rod. Control reached Tmax 300 sec (40rpm) within 2 or 3 trials, whereas the rotenone-
treated group has been trained for 7-8 trials to achieve the Tmax 200430 sec (25+5rpm) during
the training. The rats of other treatment groups including MPdanps were also able to learn the
walking without any support after 2 or 3 trials with Tmax 280+20 sec (36+4rpm). After making
them learn for constitutive four days with at least 4 trials per animal, the test has been performed
on the fifth day. The latency to fall has been measured by considering three different parameters
to confirm motor dysfunction and recovery. In figure.3.11b, the rotenone-treated group has

shown a significant reduction in the motor ability of the animal with latency to fall at 15.5+2.7

rpm.

In contrast, the polydopamine nanoparticles (Pdanps), Metformin (Met), and metformin-loaded
polydopamine nanoparticles have exhibited recovery by restoring locomotor activity with latency
to fall at 25+1 rpm, 30£3 rpm, and 36+1 rpm, respectively. In support of it, the results of time
duration (sec) and traveled distance (cm) with rotation remained by animals on the rotating rod
have also suggested a protective effect of our MPdanps. (Fig.3.11c,d) The rotenone effect has
diminished the motor activity that has been observed at 85+6 sec and 273+32 cm. In contrast, a
significant recovery has been observed with MPdanps treated group that has reverted the
rotenone effect by exhibiting 249+6 sec and 1536+35 cm. The result of the rotarod test also
divulges that MPdanps has recovered locomotor activity of animals against the rotenone effect in
comparison to bare metformin drug and Pdanps. Herein, the rotarod test behavioral test has been
performed to indicate the dopaminergic loss and motor neuron dysfunction and the results are in
line with the reports that have shown rotenone-induced loss of motor activity and recovery by
neuroprotective agents. (32, 33) The results of the rotarod test have shown better
neuroprotection efficiency by endowing permanence time (fall of animal) by ~ 3 folds against
rotenone-induced damage. The MPdanps exhibited superior protection efficacy in comparison to
existing reports of the metformin formulations with ~ 2 folds restoration of locomotory activity

in PD treatment. (34, 35)

81



—_
&
~
e
>
1]
1
~
=
~—

: *% I % _ 304 » "
0.04 1 I g 2] ! I \
@ = I
o003 ! g 20 l
g ¢ % 15 I
2 0.02+ I =
g = 104 I
< 0.01- g &l
. A :
0.00 T T T T T 0 T T T v v
Control Rot  Met MPdanps Pdanps Control Rot  Met MPdanps Pdanps
(C) o o (d) After foot shock
7009 | I 772 Control yﬁ y*—*(
wol o | — -
2 Me . y
Z 500 2501 22 MPdanps % %
i Q 72, Pdanps %ﬁ %//%
= 300 g 150 n
Z: 200+ I I a 1004 Before foot shock Z? %%%
" ; o
- 50' Vi 5 7
Con.trol R.ot M'et MPd;mps Pd;mps Ist 2nd

Fig.3.12. Open field test results have been represented with mean speed (a), distance traveled (b),
and freezing time (c) showing the recuperative effect of MPdanps against rotenone-induced
insults. The cognitive impairment has also been improved with the treatment of nanoformulation

that has been tested through passive avoidance test (d).

3b.2.2. Exploratory activity and locomotory activity exhibit neuroprotective effects of

nanoformulation

The open field test was also performed to understand the exploratory and locomotor activity. The
exploratory activity has been assessed by the distance traveled by the animals which shows how
it has been explored. It also indicates its locomotory activity by examining its mean speed of
travel. The freeing or immobilized time indicates signs of depression. The rotenone has imposed
fatigue and unhealthy situation therefore the locomotory action and exploratory activity have
been hampered compared to controlling healthy animal activity. In fig.3.12a, the mean speed of
rotenone-treated animals has been obtained at 0.003 m/s, in contrast, recovery against the

rotenone effect has been analyzed as a mean speed of 0.025 m/s, 0.038 m/s, and 0.018 m/s for
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Met, MPdanps and Pdanps groups, respectively. Similarly, significant restored exploratory
activity has been observed with traveled distances of 16 cm, 22 cm, and 10 cm against the
rotenone effect showing only 3 cm locomotor activity. (Fig.3.12b) The depression-like behavior
has been analyzed by assessing the freezing or immobilized time. The rotenone has shown more
immobilized episodes with 573 sec and the reversal action has been noted by the treatment of
Met, Pdanps, and MPdanps with lesser freezing times of 375 sec, 283 sec, and 421 sec,
respectively. (Fig.3.12c) The representative tracking plot for all treated groups has been also
shown in fig.3.13. Herein, the open field test has been employed to reveal the neuroprotective
effect of our MPdanps that signifies improved locomotor activity of animals against the
rotenone-induced effect. The results have been in line with the existing literature that has
demonstrated rotenone-induced damage in the PD condition by behavioral open field test study.
Herein, the MPdanps have exhibited better neuroprotective potential by showing similar fold (~2
folds) recovery in mobility with a minimized therapeutic dose of metformin (100mg/kg) in
comparison to the existing reported metformin formulations (500 mg/kg). (34, 36) The results of
recovered exploratory and depression behavior are also in support of rotarod results that indicate

the better neuroprotective effect of MPdanps in comparison to Met and Pdanps.

3b.2.3. Metformin loaded Polydopamine nanoparticles alleviate Anxiety like behavior

The anxiety behavior has been observed during the open field test. The field has been
differentiated into the peripheral zone and central zone. The time percentage has been spent in
the peripheral zone has been accounted which signifies the anxiety level. The rotenone-treated
animals have spent a higher time in the immobilized and peripheral zone, while MPdanps have
shown a significantly higher percentage of time spent in the central zone. The results show a
reduction in anxiety with the treatment of our nanoformulation that has been imposed by
rotenone. The graph of time spent in the peripheral zone has been shown in fig.3.13f. The track
plot of the open field test also supports the anxiety behavioral analysis. Similar results have been
shown by open-field behavioral tests that are in line with the fact that the rotenone-induced effect
caused anxiety and depression. (37, 38) The MPdanps exhibited superior improvement (~10
folds) in anxiety behavior in comparison to the existing reported metformin formulation shown

~2 folds recovery from anxiety behavior. (39) Herein, the captured videos for all represented
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animals corresponding to their represented track plots of each treatment group have been

provided as supporting information.
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Fig.3.13. The track plot of each represented animal of the treatment group has been shown (a)

and the time spent in the central zone of the open field (b) is indicating the anti-anxiety potential

of our treatment.

3b.2.4. Metformin loaded Polydopamine nanoparticles improve cognitive impairment

The passive avoidance test is performed to confirm the cognitive impairment caused by rotenone
and the neuroprotective effect of our nanoformulation. On a 24-hour retention trial, using a
maximum cut-off of 300 sec, the step-through latency (sec) has been marked. The hampered
step-through latency has been noted with rotenone-induced damages and that has been recovered
through the treatment of our nanoformulations. The rotenone-treated animals have not been able
to retain the memory of foot shock and step in the dark chamber within 56 sec. In contrast, a
significant improvement has been observed with MPdanps (278 sec), Met (220 sec), and Pdanps
(146 sec), respectively. (Fig. 3.12d)

84



(@ (b) (¢)
*% *%
1004 I B Control Rotenone

80- [ [
S =

204

% Spontaneous alteration

>

Control Rot Met MPdanpsPdanps

Met (e) MPdanps

—~
o
~

Fig.3.14. Spontaneous alteration test has confirmed the potency of our nanoformulation to
improve cognitive impairment (a) and track plots of the representative candidate per group have

been shown (b).

The spontaneous alternation has been also assessed through the Y-maze test to understand the
cognitive impairment. Rotenone has been widely reported that induced cognitive impairment
associated with PD condition. (40, 41) We also found similar results that showed a 53.56%
alteration from the A-B-C arm. However, the recovery in the alteration percentage has been
noted for the Met, MPdanps, and Pdanps with 73%, 83%, and 71%, respectively. (Fig.3.14a)
Here also the neuroprotective effect of MPdanps has been observed better in comparison to Met
and Pdanps. The results indicate the neuroprotective effect of our nanoformulation that can
improve cognitive impairment also. The representative track plot for each treated group has been

shown in Fig.3.14.
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Fig.3.15. The neurotherapeutic effect of MPdanps has been confirmed by analyzing TH

expression in SNpc (a) and the TH positive neuron quantification has been also illustrated (b).

3b.2.5. Metformin loaded Polydopamine nanoparticles restore TH" neurons

TH is the rate-limiting enzyme in the process of dopamine synthesis and the hallmark of
dopaminergic neurons. Immunofluorescence imaging of substantial nigra has been conducted to
analyze the rotenone effect and confirm the PD model. The TH" neurons and fibers have been
stained and quantified based on fluorescence intensity. The loss of dopaminergic neurons leads
to the loss of the neurotransmitter dopamine resulting in PD conditions. The higher loss of
dopaminergic neurons has been analyzed with rotenone-treated groups and the recovery has been
observed with the treatment of MPdanps. (Fig.3.15) Herein, the MPdanps has exhibited the
highest recovery of TH* neurons to Pdanps and Met. Hence, it is proved that MPdanps recuperate
the rotenone-induced PD deficits in the rat model. The in vivo study results are also supported by
our previously reported neuroprotective effects of metformin-loaded polydopamine nanoparticles
in vitro and ex vivo experimental PD models. (14) The results are also in line with the reports
that have shown the depletion of TH" neurons as a sign of PD and its restoration by metformin as
a neuroprotective agent. Our nanoformulation has shown superior restoration of dopaminergic

neuron cells against the effect of PD-inducing agent in comparison to existing reported
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metformin formulation. (34, 35) The plausible reason for better neuroprotective efficiency is
that our formulation has shown endowment in the efficacy of metformin by improving its drug

kinetics which is reported previously. (14)
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Fig.3.16. Protein expression analysis has validated the neurotherapeutic efficacy of MPdanps (a)
and the quantified protein expression has been represented (b). The immunoprecipitation study is
also showing the effect of MPdanps that induced SIRT1 and due to that histone deacetylation in

the treatment group has been observed. (c)
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3b.2.6. Mechanistic Insight into Neuroprotective action of Metformin loaded Polydopamine

nanoparticles

The rotenone effect for PD induction and restoration of rotenone-induced damages by our
nanoformulation has been confirmed by investigating PD molecular hallmarks, TH, and p-alpha
synuclein. The upregulation of alpha-synuclein and reduction of TH has been widely reported in
PD pathogenesis and its reversal effect leads the way toward PD treatment. (42, 43) In fig.3.16a,
the results of protein expression analysis confirmed the PD model by estimating the expression
of TH and p-alpha-synuclein, the PD signature molecular markers. The TH expression has been
found ~10 folds reduced by rotenone that has been restored with the MPdanps treatment. Our
metformin nanoformulation has shown impressive results by restoring ~10 folds of TH
expression in comparison to the reported literature that shows nearly ~ 2 folds restoration of TH
with their metformin formulation. (44)  Similarly, p-alpha-synuclein also found ~ 6-folds
elevated due to the rotenone effect, and the recuperative effect of MPdanps has been observed by
downregulating p-alpha-synuclein expression by 6 folds. This result reflects the superior
neuroprotective effect of our nanoformulation in comparison to an existing report of metformin
that shows ~ 2 folds reduction in alpha-synuclein expression. (22). The quantification of protein
expression analysis has been represented in fig.3.16b. Herein, TH is the rate-limiting enzyme
required in dopamine synthesis and its depletion leads to scarcity of dopamine and ends in PD
deficits. (42) Similarly, post-translational modification of alpha-synuclein also contributes to the
formation of the Lewy body in PD progression, especially phosphorylated alpha-synuclein has
been found in higher content in the Lewy body formation. Hence, it is the hallmark of PD. (43)
Therefore, TH depletion and phosphorylated alpha-synuclein upregulation in the case of
rotenone validate in vivo PD model of the present study. The restoration of TH and
downregulation of phosphorylated alpha-synuclein also proved the neurotherapeutic effect of
MPdanps. Herein, MPdanps have shown better protection against rotenone in comparison to Met

and Pdanps also in line with the results of the behavioral study and IHC study.

In the exploration of epigenetic intervention in the neuroprotective mechanism of our
nanoformulation, SIRT1 has been analyzed due to metformin's potential to induce SIRT1
expression. (24) Herein, epigenetic regulation in PD intervention is a promising therapeutic way

to investigate PD etiology and treatment. The histone modifications and their mediated
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transcriptional regulation are gaining more and more attention recently. The hyperacetylation of
histone is widely reported in PD conditions. (8, 29, 30, 45, 46) Indeed, the histone
hyperacetylation of the SNCA gene is also well demonstrated. (9, 10, 30, 47) That’s how the
strategy to deacetylate histone of SNCA paves the way for PD treatment has been developed by
the present study. Recently, metformin has emerged as a promising neurotherapeutic agent
having the potential to activate SIRT1. (48-50) SIRTI1 is the well-studied class III histone
deacetylase that is majorly involved in the deacetylation of histone H3.(51, 52) The SIRTI-
mediated neuroprotective action that induces autophagy to treat PD has also been reported. (53)
However, there is no well-understood mechanism discovered whether SIRT1 regulates the
transcription of SNCA or not. Therefore, we explored the metformin nanoformulation-mediated
SIRT1 activation and its effect on the transcription repression of SNCA that leads to alleviating
synucleinopathy. The depletion of the SIRTI1 level also supports the reports that have
demonstrated that SIRT1 reduction is also involved in PD progression. (27) The rotenone has
~3-fold reduced SIRT1 that has been restored by the neuroprotective effect of MPdanps. The
question is whether SIRT1 depletion affects histone acetylation, especially H3k27ac which is
majorly involved in SNCA transcription activation. (26, 30) Therefore, an immunoprecipitation
assay has been performed to reveal the expression level of H3k27ac and H3k27me3 associated
with alpha-synuclein. Interestingly, the results have shown that higher histone acetylation
(H3k27ac) and reduced histone methylation, H3k27me3 level that associated with synuclein in
the rotenone-treated group (Fig.3.16¢). The H3K27ac upregulation and H3K27me3 reduction
involved in SNCA transcription activation and inhibition of H3k27ac and upregulation of
H3k27me3 of SNCA gene lead to repression of SNCA gene expression. (7, 54) Therefore, the
reported literature about hyperacetylation of H3k27 in PD conditions supports our finding that a
higher H3k27ac level is associated with synuclein. (9, 10, 30, 47) To validate the effect of
MPdanps-mediated SIRT1 activation and its effect on SNCA transcription regulation, a
chromatin immunoprecipitation assay has been performed (Fig.3.17). The results have proved
that a higher association or binding of H3k27ac has been analyzed with the SNCA promoter
region in the case of rotenone treatment. In contrast, MPdanps-mediated SIRT1-induced histone
deacetylation leads to a reduction in H3k27ac-assisted SNCA transcription activation and
synuclein expression. Therefore, several pieces of evidence divulge that MPdanps shows

neuroprotection action by SIRTI1-mediated deacetylation of H3k27 of SNCA. Thus, the
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reduction in the synuclein expression through transcription regulation paves the way for PD
treatment. Herein, as per our best knowledge, the present study has first time revealed the
epigenetic effect of metformin nanoformulation that induced SIRT1 mediated H3K27

deacetylation in the repression of SNCA gene to alleviate the PD condition.
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Fig.3.17 The SNCA gene promoter and epigenetic landscape of H3K27ac has been described (a).
The ChIP results have divulged the SIRT1-mediated deacetylation of H3K27ac of the SNCA

gene that leads to the reduction of synuclein.
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Fig.3.18. The in vivo (a) and ex vivo (b) biodistribution study indicates the clearance and good

distribution profile of MPdanps.

3b.2.7. In vivo bio-distribution of Mpdanps reflects clearance of nanoformulation

In vivo biodistribution of ICG (Indocyanine Green) tagged MPdanps has been investigated to
understand its clearance and distribution for 24 hours. The nanoformulation has shown a good
biodistribution profile from oral to gut and brain, kidney. (Fig.3.18a) The initial hours till 6 hours,
it has been passed to the brain which has been also supported by our previous report. (14)A high
accumulation of particles in the kidney and gut indicates the clearance path of our oral
nanoformulation. The 24-hour image of the animal is showing total clearance of the
nanoformulation and confirmation of the ex vivo images of the organ 24 hours post-injection also
proves the complete clearance of the nanoformulation. (Fig.3.18b) Herein, the plausible reason

for our nanoformulation clearances is its biodegradable property that follows the degradation
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pattern of melanosomes due to its nature-inspired features. (55) The results are also in
accordance with our daily basis dosing of nanoformulation throughout the study that provides the
rationale for the selection of dose duration due to its complete clearance from the body system.
Thus, our nanoformulation has the potential to be a suitable nano-drug delivery system in the

treatment of PD.

3b.3 Conclusion

In the overall finding of the presented work, we reported metformin-loaded polydopamine
nanoparticles as an anti-PD agent by evaluating its neuroprtoective efficacy in vivo PD model.
The key findings of the major studies like behavioural analysis exhibited immense protective
potential by recovering the locomotor activity and cognitive behavior of animals against the
rotenone-induced PD effect. In addition, therapeutic assessment of TH" neurons in SNpc region
divulges the neuroprotective potential of presented nanoformulation in preclinical setup. The
validation through the molecular expression of PD hallmarks also confirms the neuroprotective
efficiency of our nanoformulation as major key finding. The significance and novelty of work is
that the metformin nanoformulation neuroprotective action attributed to SIRTI mediated
deacetylation of H3k27 of the SNCA gene. In that, the evidence of immunoprecipitation and
chromatin immunoprecipitation results has confirmed that our nanoformulation has the potential
to reduce histone acetylation of SNCA as epigenetic regulation in PD treatment. Thus, the
presented formulation has the immense potential that can epigenetically regulate the synuclein
expression to pave the new dimension in PD therapy with multimodal approach of metformin
nanoformulation. However, a detailed investigation of the SIRT1-induced SNCA gene repression
is warranted in future studies. The presented nanoformulation has impressive result outcomes,
however it lacking by safety study with long term effect and absence of commercial available PD
drug as positive control in the study. As per our best knowledge no report is available in the
public domain with metformin loaded nanoformulation in PD animal model study. The presented
formulation may provide the solution to overcome side effect of levodopamine, a commercially
available PD drug. In early stage of assessment, the finding of our nanoformulation is promising
and comparable to behavioural data shown by levodopamine in vivo PD model. (56) All other

reports of levodopamine are related to clinical study in PD patient that cannot be comparable to
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presented preclinical data of animal study. In the translational application of the presented

nanoformulation, bulk synthesis of unimodal nanoparticles and their long-term toxicity may be

the challenges and limitations for the metformin nanoformulation. However, the results of the

present study clearly divulge the neuroprotective caliber of our metformin nanoformulation as an

epigenetic modulator that may be useful for the potential treatment of PD in a clinical setup.
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FTY720 loaded chitosan nanoformulations alleviate PD in

vitro and ex vivo model
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4a.1. Introduction

Parkinson's disease (PD) is a chronic neurodegenerative infirmity that progresses due to the
degeneration of dopaminergic neurons as a cause of aggregated phospho-(ser 129) a-Syn. (1)
The exact causes of the death of dopaminergic neurons are still unresolved. Mitochondrial
dysfunction-inducing synucleinopathy leads to PD pathogenesis emphasizing the therapeutic
targeting of phosphorylated a-Syn. (2) In the prevention of synucleinopathy associated with PD,
pharmacological therapies and deep brain stimulation surgery has been found impressive. (3)
Although, effective PD-controlling treatment is warranted because of the multiple side effects of
existing treatments. (4) Recently, PP2A activator FTY720 has gained attention to prevent
neurodegenerative and other nervous system-associated infirmities. (5, 6) FTY720 attenuates the
PD progression by dephosphorylating a-Syn as an effective preventing mechanism. (2) The
reported studies demonstrated the efficiency of FTY720 to cross the blood-brain barrier (BBB)
(7), comprising anti-oxidative and anti-inflammatory properties(6) but the detailed
neuroprotective activities of FTY720 are still unexplored. Besides having neurotherapeutic
potential, FTY720 shows less bio-availability and a risk of severe infection. (8) Notably, free
FTY720 has less stability in aqueous/buffer solutions of animal cell culture medium to study
drug therapeutic effects. (9) The reports also have shown that it has very less solubility 0.2mg/ml
in 1:1 ethanol: aqueous solution. Hence, a promising nano delivery approach has been
considered to surpass the limitations of bare FTY720. (10) Therefore, we have demonstrated
FTY720 loaded chitosan nanoparticles (FCsNPs) to improve their bioavailability and release
kinetics in the present study. Herein, we aim to improve the drug release profile, and bio-
availability of FTY720 through a neuroprotective nanocarrier, chitosan. Reports have rendered
chitosan nanoparticles (CsNPs) as neuroprotective, anti-oxidant, and bio-compatible materials.

(11, 12) Therefore, CsNPs were used to deliver FTY720 to combat PD.

Epigenetic regulation is a promising mechanism to explore PD regulation. Epigenetic regulators
of polycomb repressor complexes 1 and 2 (PRC1/2) are gaining attention in PD maintenance.
Enhancer of zeste homolog 2 (EzH2), a member of the PRC2 complex is vital for the
maintenance of neuronal activities, and its deficiency leads to neurodegeneration including
Parkinsonism. (13, 14) Similarly, B cell-specific Moloney murine leukemia virus integration site

1 (Bmil), a member of PRC1 has been studied as a regulator of neuronal fate. (15) However, the
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detailed mechanism of neuroprotection by PRC1/2 in PD has not been explored yet. A recent
report has revealed that human polycomb protein 2, PRC1 member augments SUMOylation of
a-Syn results in synucleinopathy. (16) Another report has enlightened the fact about
SUMOylation and ubiquitination as reciprocal phenomena in the regulation of Synucleinopathy.
(17) We recently reported the role of EzH2 in PD prevention via the reduction of a-
synucleinopathy. (18) Herein, chitosan nanoformulation-mediated PP2A-EzH?2 signaling for PD
prevention has been investigated. As per current knowledge, this is the first report that has shown
the interlinking of PP2A and EzH2 in the regulation of PD and demonstrated the synergistic
neuroprotective effect of chitosan and FTY720 at a single platform.The project design of the
chapter 3b represented for better understanding of hypothesis, rationale of chapter with

justification of the selected compound aligned to expected outcomes of the aims as below.

[ Chapter 4a ]

|

Hypothesis : FTY 720 loaded chitosan nanoparticles exhibit neuroprotection by inducing PP2A endowed EZH2 mediated
ubiquitination/degradation of phosphorylated alpha synuclein to retard PD

Rationale : 1) Chapter 4a: It provides molecular insight into epigenetic regulation of PD.
1) FTY720 drug : 1) It is activator of PP2A , phosphatase that can reduce ser129 phosphorylated alpha synuclein.
2) FDA approved commercial drug for multiple sclerosis that aimed to repurpose for PD.
iif) Chitosan nanocarrier : 1) It has neuronal healing property.
2) Nature inspired nanocarrier with biocompatible and biodegradable property.

Aims
Aim 1: Synthesis and Aim 2: Evaluation of Aim 3: Exploration of epigenetically ) Aim 4: In vivo )
characterization of neuroprotective efficacy of regulated mechanistic action behind biodistribution and
FTY720 FTY720 nanoformulation in neuroprotective effect of FTY720 histopathological analysis of
nanoformulation vitro and ex vivo PD model nanoformulation in vitro PD model )/ FTY 720 nanoformulation

Expected outcomes

*Unimodal, nanosized
and spherical shape of
the nanoformulation

* Better drug release profile
* Efficient cellular internalization
* Endowment in neuroprotective
efficacy of drug

* Neuroprotective molecular action of )

nanoformulation by uncover role of

PP2A in EZH2 mediated reduction of

synucleinopathy

s

~
* Good biodistribution profile
*Brain accumulation

* Biocompatible nature

Scheme 5: The project design represents hypothesis, rationale, aims and it’s aligned expected

outcomes.
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Fig.4.1 The Uv absorbance spectroscopy measurement shows the stability of FTY720 at pH 4 till

4 hours of exposure.

4a.2. Result and Discussion
4a.2.1. Synthesis and characterization of Chitosan-based FTY 720 nanoformulation

CsNPs and FCsNPs were synthesized by the ion gelation method (19). Here, FCsNPs were
synthesized at pH 4 for 1 hour before centrifugation and separation of nanoparticles. Hence, the
stability of the FTY720 drug has been analyzed for four hours. The result shows that FTY720 is
stable at acidic pH (fig.4.1) which is in agreement with the reported studies that have shown
FTY720 drug release at pH 4.6. (20, 21) The formulated nanoparticles were evaluated through
DLS measurements (Fig.4.2). Various ratios of chitosan: TPP were utilized for the formation of
CsNPs. DLS measurement has shown CsNPs with the ratio of chitosan to TPP (2:1) have shown
mean particle size 70£2 nm along with PDI 0.33+0.01, respectively. Chitosan nanoparticles with
this ratio have shown good colloidal stability with 2243 mV zeta potential. A 2:1 ratio was

preferred for further study due to the smaller size of nanoparticles with better unimodality of
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nanostructures in comparison to other ratios of chitosan to TPP. The obtained results are

tabulated in table 4.1.

200 45
o o |0.55]
1804 —o—Size (nm) o
(0] PP . L0.50[40
—o— Zeta (mV) o 0.45) 35
140- i
O H0.40
120- o -30
& o 1035}
1004 © 5
5 o 030
80{ © [
o 2 1025120
60 ] ] ] 1 L s
2:1 4:1 6:1 10:1 15:1

Ratio (Chitosan:TPP)

Fig.4.2. DLS measurements indicate that the 2:1 (Chitosan: TPP) ratio is providing a smaller size

of chitosan nanoparticles with good colloidal stability.

The water-soluble polymeric nanoparticles, CsNPs were formed with the ratio of chitosan to TTP
(2:1) of 5944 nm hydrodynamic size with a polydispersity index (PDI) 0.33+0.05. FCsNPs were
synthesized with a ratio of 5:1 (chitosan: FTY720) with a size increment to ~100 nm with
0.35+0.07 PDI (Fig.4.3a). This dispersed nanoformulation has represented considerable stability
with a surface zeta potential of 22 +3 mV and 18 £4 mV for CsNPs and FCsNPs, respectively
(Fig.4.3b). TEM images revealed the spherical morphology of nanosized particles with ~ 40 nm
and ~100 nm size for CsNPs and FCsNPs, respectively (Fig.4.3c, d,). Further TEM and SEM
images are described in Fig.4.4. SEM micrographs of CsNPs (Fig.4.4a) and FCsNPs (Fig.4.4b)
have reflected the spherical shape and monodispersity of nanoformulations. TEM images have
also shown the spherical shape of nanoparticles with an average size of CsNPs between 35-40
nm (Fig.4.4c) and 100-110 nm size of FCsNPs (Fig.4.4d). These microscopic images have
confirmed and supported the DLS measurements to claim nanosized chitosan nanoparticles.
Further, the stability of the nanoformulation has been analyzed with different time points for 10

days. The results have shown negligible changes in size, PDI, and zeta potential of
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nanoformulation that indicates a good stability profile of nanoformulation (Fig.4.5). The results

are also tabulated with obtained results in table 4.2.

Recently, the neuroprotective potential of chitosan nanoparticles has been demonstrated in the
prevention of Alzheimer's disease and spinal cord injury (22-24). Therefore, chitosan
nanoparticles were preferred to improve FTY720 availability at the disease site and also to
provide combinational therapy at a single platform. Morphological evaluation of nanoparticles
by DLS, SEM, and TEM reflects unimodal spherical-shaped nanoformulation with excellent
stability. Chitosan: TTP (2:1) ratio was selected to form FTY720 loaded nanoparticles due to

smaller size with better uniformity and possibility of intersecting BBB.

Physiochemical characterizations were performed to access the compatibility of drugs and
nanocarriers. The results of XRD and FTIR were represented in Fig.4.6 which confirmed the
amorphous nature of nanoparticles and the physicochemical interaction of the drug and
nanocarrier, respectively. chitosan, CsNPs, and FCsNPs have shown a broad XRD peak at 20°,
29°, and 30°, respectively in lieu to report that has shown the amorphous structure of chitosan
nanoparticles(25)(Fig.4.6a). Distinct XRD spectrums of FTY720 and TPP are due to their
crystalline nature (26, 27). Here, the disappearance of FTY720, TPP, and chitosan XRD
diffraction peaks could be because of overlapped amorphous carrier XRD peaks and cross-
linking of chitosan and TPP(25, 28). FTIR spectra (Fig.4.6b) showed major transmittance bands
at 3328 cm-1 (O-H and N-H stretching vibrations) and 1149 cm-1 (C-O-C bending vibrations)
of chitosan supporting existing FTIR studies of chitosan (29, 30). Major transmittance bands of
FTY720 acquired at 1513 ¢cm-1 ( alkyl stretching vibrations), 1117 cm™! (aliphatic amine), 1066
cm-1( C-O presence), and 531 cm™! (C-CI presence) are in lieu to reported study (20, 31). CsNPs
synthesized after cross-linking of TPP and chitosan molecules may be recognized due to the
formation of the C-O-P bond. FTIR spectrum of CsNPs has shown a broad peak at 1066 cm™! (C-
O-P bond) and a broad band at 3328 cm™ (O-H and N-H stretching) confirming the involvement
of hydrogen and noncovalent interaction in the formation of CsNPs(29, 32). Less broad peaks of
3328 cm™! and 1066 cm™ of CsNPs and 1117 cm!, 1513 cm™and 1066 cm™ of FTY720 confirm
the formation of FCsNPs. Besides, less intense peaks of FTY720 and CsNPs in the spectrum of

the physical mixture also support the physicochemical interaction of FTY720 and chitosan.
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Hence, physiochemical analysis has characterized nanoparticles as amorphous and possessing

major interaction of hydroxyl and aliphatic moiety of drug and nanocarrier.
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Figure 4.3. Morphological characterization of nanoformulations (a) The morphological
evaluation of CsNPs and FCsNPs demonstrates the mean hydrodynamic size of
nanoformulations; (b) zeta potential represents colloidal stability of nanoformulations (c) and (d)
the TEM images are confirming spherical shape of placebo CsNPs and FCsNPs, respectively.
TEM magnification: 60k X
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Fig.4.4 Electron microscopy of nanoparticles. SEM images of CsNPs (a) and FCsNPs (b) have
shown spherical morphology and monodispersed nanoparticles. TEM images have confirmed

nanosized spherical-shaped CsNPs (c¢) and FCsNPs (d). The TEM magnification: 20k X

Further, drug loading content and encapsulation efficiency of formulation were analyzed. The
Bio-adhesiveness and permeabilization capacity of chitosan makes chitosan nanoparticle a more
beneficiary nanocarrier system than other hydrophilic polymers. (33) Chitosan nanoparticles are
reported as preferred nanocarrier systems to improve drug loading and encapsulation of the
hydrophobic drugs due to their ability to entrap drugs within the layers formed by crosslinking of
chitosan and STPP. (34, 35) Here also, the matrix of the core was prepared by ionic crosslinking
of chitosan and STPP, and FTY720 as a cationic drug encapsulate within the layer of the matrix
formed by electrostatic interactions. Entrapment of hydrophobic FTY720 drug within a matrix
of chitosan polymeric nanoparticles enhances drug loading content and encapsulation efficiency.

In support of the fact that chitosan nanoparticles provide a soluble matrix to load a higher
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percentage of the drug (24), we achieved 17.52 + 2 % and 87.6 £+ 5 % drug loading and

encapsulation capacity of nanoformulation.
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Fig.4.5. DLS measurements indicate the stability of nanoformulation at different periods.
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Fig. 4.6. Physicochemical characterization of nanoparticles. (a) XRD analysis revealed the
amorphous nature of nanoparticles and (b) FTIR spectroscopy has confirmed non-covalent

interaction between chitosan and FTY 720 in the formation of FCsNPs.
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Fig.4.7 (a) In vitro drug release profile is indicating biphasic drug release kinetic of
nanoformulation. (b) Best-fitted curves with respective mathematical models for release data of

nanoformulation are represented.

4a.2.2. In vitro drug release analysis and mathematical modeling of release kinetic

Estimation of In vitro drug release was performed by mimicking an in vivo environment to
understand the drug release profile. Equilibrium dialysis membrane methodology was followed
to obtain drug release at mimicked physiological pH (Fig.4.7a). The results are represented in
both the format curve and bar graph to understand the release profile with time with a
comparison of FTY720 suspension and FCsNPs. Triplicate samples of FTY720 suspension and
FCsNPs were analyzed to evaluate the drug-releasing pattern till 240 hours. FTY 720 suspensions
have shown a burst release pattern in the initial 2 hours with 39% + 1.78% of drug release. At
the other end, FCsNPs have demonstrated a biphasic release profile with an initial 25% + 1.4%

of burst release and then after a maximum of 41% + 1.29% release after 24-36 hours and after
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that, no gradual release was observed till 240 hours. The possible reason for the saturation is the
lesser solubility of the FTY720-free drug or the lesser stability of the drug in an aqueous solution.
(9) This result indicates the importance of drug-loaded chitosan nanoparticles in enhancing drug
availability. Here, initial drug release is attributed to the diffusion and deposition of surface-lying
molecules and more gradual release is due to the degradation of nanocarriers. This kind of drug
release pattern is demonstrated beneficiary in the control and management of diseases (36). Our
results are also in agreement with the study that showed the capability of chitosan nanocarriers in
the improvement of drug bioavailability (19, 37). The controlled and slower drug release profile

is believed to reduce drug cytotoxicity by limiting its premature release (38).

For a better understanding of drug release kinetics, drug release data were fitted with various
kinetic models, and results are summarized in Table 4.3. The fitted model of the release kinetic is
utilized for quantitative estimation of the drug delivery system. In the present study, the fittest
model is selected based on three criteria: R?, the AIC, and the MSC value by following the
existing report, and fitted curves are presented in Fig.4.7b. (39) In that, they have shown the best
model with a high coefficient of determination (R? ), a low Akaike information criterion (AIC),
and a high model selection criterion (MSC) value. The mathematical modeling studies show six
best-fitted models for FCsNPs concerning the value of R? = 0.8538, 0.9568, 0.9546, 0.9483,
0.9470, and 0.9516 for Korsmeyer-Peppas, Makoid-Banakar, Weibull, Logistic, Gompertz, and
Probit, respectively. The release exponent, n value obtained from the Korsmeyer-Peppas and
Makoid-Banakar model are 0.035 and 0.0722, respectively. These values of n < 0.43 for
spherical shape nanoparticles are indicating the diffusion process as a possible release
mechanism facilitated by Fickian transport. (40) Makoid-Banakar model is describing better
release kinetics in comparison to other best-fitted models in consideration of AIC and MSC
values. Modeling of FTY720 release from the chitosan-based nanocarrier system has been
described as a well-fitted curve with a mathematical model (Korsmeyer-Peppas), empirical
model (Makoid-Banakar, Weibull, and Gompertz), logistic and probit model. These models are
indicating biphasic drug release patterns from the polymer-drug matrix. (41) Weibull model also
describes scale (o) and shape (B) parameters. Scale parameter utilizes to estimate the necessary
time for the release of loaded drugs in a formulation (Tg) and shape parameters for an
understanding of the shape of the curve. (Costa & Sousa Lobo, 2001) Tq was found to be 1.008
hours for FCsNPs and the shape of the curve is parabolic due to f = 0.388<1. Every fitted model

109



is indicating diffusion controlled biphasic release pattern, where encapsulated drug within the
core of the polymeric matrix shows slower release and surface-bound drug residues show burst
release. Hence, our particle system can be successfully modeled with a single model. Here, the
Makoid-Banakar model has shown the best value for every parameter including the highest R?
(0.9568), lowest AIC (56.2497), and highest MSC (2.7207). These parameters indicate that the
release pattern of FTY720 from chitosan nanoparticles was biphasic and the diffusion process

was controlled by the Fickian transport mechanism.

The release rate comparison of FTY720 between FTY 720 suspension and FCsNPs has been also
analyzed with DDSolver software. (42) The obtained release rate for FTY720 suspension and
FCsNPs was 0.529 and 0.100, respectively. This represents a five-time slower release rate of
FTY720 from chitosan nanoparticles. Hence, mathematical modeling of FTY720 release data

confirms the importance of chitosan nanoparticles to improve the drug release profile.
4a.2.3. In vitro neurotherapeutic efficiency

Cell viability assays were carried out to analyze in vitro neurotherapeutic efficiency. The
cytotoxic behavior of the drug and our nanoformulation was evaluated against SH-SYSY,
neuronal cells. MTT [3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide] assay has
shown the biocompatible nature of FTY720 and our nanoformulations. FTY 720, CsNPs, FCsNPs,
and rotenone were treated in SH-SYSY cells for 48 hours to estimate their cytotoxicity.
Outcomes of the MTT reduction assay have indicated the bio-compatible nature of FTY720,
CsNPs, and FCsNPs. FTY720 has shown cytotoxic effects at higher concentrations (2 pM).
Dose-dependent cytotoxicity of rotenone was observed and a 2 uM dose was obtained as an IC50
dose of rotenone. A higher dose (2uM) of FTY720 has shown cytotoxicity (Fig.4.8a). Fig.4.8b is
showing the biocompatibility of CsNPs and FCsNPs also at higher doses. This primary
evaluation of nanoformulations has proved that bio-compatible nanoformulations possess the
potency to be utilized for protection studies against chemical-induced neurotoxicity. Our
previously established rotenone-induced in vitro PD model was followed (18) and an 800 nM
dose of rotenone was considered as an acute dose in this study (Fig.4.8c). The acute dose of

rotenone induces aggregation of phosphorylated a-Syn, a signature molecule of PD progression.
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Fig.4.8 Cytotoxicity assessment of nanoformulations. (a) FTY720 has shown cytotoxicity at the
higher dose (2 pM) and biocompatibility at lower doses. (b) Cytotoxicity assay of CsNPs and
FCsNPs has revealed the biocompatible nature of both nanoformulations. (¢) Dose-dependent

cytotoxicity of rotenone has been obtained with IC50 at a 2 uM dose.

Neuroprotective efficiency of 0.5-1 uM bare FTY720, equivalent drug-containing concentration
of CsNPs and FCsNPs were examined against 800 nM rotenone co-treated SH-SYSY cells for 24
hours.1uM dose of formulation has shown higher neuroprotective efficiency. 1uM FCsNPs have
provided a significantly higher percentage of cell protection in comparison to bare FTY720.
(Fig.4.9a). A dose-dependent neuroprotective response has been analyzed that supports earlier
reported similar observations (43, 44). Our nanoformulations have shown 1.3 folds increase in
percentage cell survival against rotenone-induced neurotoxicity. FCsNPs had effectively
minimized the protective dose of FTY720 (1uM) in comparison to existing reports that have
shown 4 uM (43) and 40 puM (44) neuroprotective doses of free FTY720. Hence, our

nanoformulation has demonstrated superior neuroprotective activity with dose minimization and
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availing higher drugs at the site of action. The 1 uM dose of FTY720 and 1 uM dose of FTY720
carrying nanoparticles (1.96 mg) have been selected to utilize as a therapeutic dose for further
study. Estimation of ROS generation was also performed to evaluate the anti-inflammatory and
anti-oxidative response of nanoformulation. The Association of neurodegeneration with
oxidative stress and inflammation is widely studied(45, 46). Fig.4.9b is showing the ROS
scavenging potential of FCsNPs indicating the neuroprotective role of our nanoformulations.
This property of nanoformulation is due to the ROS scavenging potential of chitosan
nanoparticles in agreement with the existing report(47). Further, Jcl-based mitochondrial
membrane potential analysis with flow cytometry was performed to evaluate the neuroprotective
potential of nanoformulation. Fig.4.10 authenticates the neuroprotective effect of our
nanoformulations against rotenone exposure. FCsNPs have shown better neuroprotective
efficiency against rotenone-induced mitochondrial deficits in comparison to FTY720. CsNPs
have also protected against mitochondrial oxidative stress. Results of the Jc1 dye-based assay are
in good accordance with the MTT assay, where FCsNPs had represented a synergistic protective
effect of FTY720 and CsNPs. Hence, results of the MTT assay, ROS estimation, and Jc1-based
analysis have confirmed in vitro neurotherapeutic efficiency of FCsNPs. Herein, a dopaminergic
neuronal model, SH-SY5Y cells are utilized to evaluate rotenone-induced neurotoxicity in vitro
experimental PD model. A complex I inhibitor of the electron transport chain, rotenone hampers
the 26S proteasomal pathway resulting to augment aggregated a-Syn, a signatory process of PD
progression (48). Evaluation of in vitro therapeutic efficiency of nanoformulations against
rotenone-induced neurotoxicity has confirmed the effective neuroprotective action of FCsNPs.
Interpretation of cell viability assay, Jcl-based apoptosis assay, and ROS generation estimation
support each other to divulge better neuroprotective efficacy of FCsNPs concerning placebo

CsNPs and bare FTY720 drug.

Cellular uptake of nanoformulations is essential for enhancing drug availability and
nanotherapeutic efficiency. Therefore, we have analyzed the cellular uptake of FCsNPs to
dopaminergic neurons mimicking SH-SYSY cells. Rhodamine B-tagged FCsNPs were visualized
under confocal microscopy after 2, 4, and 8 hours of exposure to cells. CLSM micrographs
indicate maximum cytoplasmic localization of nanoformulation after 4 hours of exposure to cells
(Fig.4.9¢). Cellular internalization analysis of our nanoformulations has clarified that particles

were easily internalized to SH-SYSY cells. Studies have demonstrated sphingosine-1-phosphate-
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mediated uptake of FTY720 (5, 49) and clathrin-mediated endocytosis or phagocytosis as a
possible mechanism of chitosan nanoparticle uptake in the neuronal cells (22, 24, 50). Muco-
adhesiveness and paracellular accumulation of chitosan nanoparticles also facilitate higher drug
availability to the disease site (24, 37). Hence, our FTY720 enriched chitosan nanoparticles are
suitable to follow receptor-mediated endocytosis to cross BBB and paracellular transport to

improve the bioavailability of the drug.
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Figure 4.9. In vitro neurotherapeutic potentiality of nanoformulations (a) FCsNPs has shown

neuroprotective effect against rotenone-induced cellular damage and PD effect (*p<0.05, one
way ANOVA; Turkey and Bonferroni test). (b) ROS quenching with nanoformulations shows
anti-inflammatory potential. (c) Cellular internalization of nanoformulation has represented
major cytoplasmic uptake of nanoparticles after 4 hours of incubation. The scale bar-10 pm,

magnification -63X
4a.2.4. Insight into the neuroprotective mechanism of FCsNPs

Gene expressions of BMI1, EZH2, PP2A, Mitogen-Activated Protein Kinase-Activated Protein
Kinase 3 (MAPKAPK3/3Pk), and nuclear factor kappa-light-chain-enhancer of activated B cells
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(NFkB) were analyzed (Fig.4.11a). The effect of the rotenone-treated group on gene expressions
indicated significant downregulation of BMI1, EZH2, and PP2A with significant upregulated
3Pk and NFkB. Our nanoformulation has shown better regulation of rotenone-affected gene
expression by upregulating the expression of BMIl, EZH2, and PP2A by lowering the
expression level of 3Pk and NFkB. A significant reversal effect of our nanoformulation against
rotenone-induced NFkB expression confirmed the anti-inflammatory potential of
nanoformulation. The overall analysis demonstrates better neuroprotective efficiency of FCsNPs

in comparison to bare drugs and nanocarrier alone.
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Figure 4.10. Mitochondrial membrane potential analysis (a) Flow cytometric analysis of Jcl
aggregates and monomers has clearly stated the neuroprotective effect of FCsNPs. (b)
Quantitative representation of the number % of Jcl aggregates (healthy cell) and Jc1 monomer

(apoptotic cell) has shown (**p<0.01,*p<0.05; one way ANOVA; Turkey and Bonferroni test).

Further, expression profiles of PD target proteins were evaluated to confirm the neuroprotective
mechanism of our nanoformulation. Epigenetic regulation-based neurotherapeutic strategies
could potentially retard neurodegeneration(51). Hence, we investigated detailed protein

expression analysis including polycomb based on our previous report on the epigenetic
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regulation of Parkinsonism. Expression profiles of pSer129 o-Syn, EzH2, 3Pk, PP2A, and
Caspase3 were analyzed (Fig.4.11b). Herein, nanoformulation caused significant downregulation
of pSer129 o-Syn and Caspase3 as a reversal effect of rotenone-induced neurodegeneration.
Further, we have assessed the expression of EzH2, PP2A, and 3Pk to confirm their association
with PD progression. Results showed a significant reduction in EzH2, PP2A expression, and
upregulation in 3Pk expression indicating the PD-inducing effect of rotenone. In contrast,
nanoformulation has shown neuroprotection by significant upregulation of EzH2, PP2A, and
downregulation of 3Pk. Quantification of protein expression was represented in Fig.4.11d. The
promising results of PP2A and EzH2 expression led us to explore the interlink of these two
markers. We also validated our findings in the presence or absence of PP2A inhibitor okadaic

acid (OKA) and EzH2 inhibitor EPZ011989 (EPZ) (52).
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Figure 4.11. Insight into the neuroprotective mechanism of FCsNPs (a) Gene expression of
BMI1, EZH2, 3pK, PP2A, and NFkB analyzed in regards to FCsNPs. Nanoformulations have
represented significant induction of BMI1, EZH2, PP2A, and inhibition of 3pK and NFkB that
shows the anti-inflammatory and neuroprotective effect (**p<0.01,*p<0.05; one-way ANOVA;

Turkey and Bonferroni test). (b) Immunoblot images have shown and (d) quantitative
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representation of protein expression was represented (*p<0.05; one-way ANOVA; Turkey and
Bonferroni test). Significant elevation of EzZH2, PP2A expression, and reduction of 3Pk, pSer129
a-Syn, and Caspase3 confirms neuroprotective potential. (¢c) The inverse relation of EzH2 and
pSer129 a-Syn expression in the presence/absence of PP2A/EzH2 inhibitors confirms PP2A's
influence on epigenetic neuroregulation. (e) IP results are confirming the novel direct physical
interaction of PP2A and EzH2. (f) Immunoblots of IP analysis have shown PP2A-induced EzH2

mediated a-Syn degradation.

Interestingly, we found that OKA reduced the EzH2 expression and augmented phosphorylated
a-Syn, a hallmark of PD. From our previous report, we know that EPZ suppresses the EzH2
expression and resulting in an enhancement in the level of phosphorylated a-Syn(18). Similarly,
we found that the combined treatment of EPZ and OKA further attenuated the EzH2 expression
and induces the expression of phosphorylated a-Syn in comparison to the OKA treatment
(Fig.4.11c). Also, immunoprecipitation (IP) was performed to validate the interaction and
therapeutic imprint of PP2A and EzH2 (Fig.4.11e). The quantification of the ratio of EzH2 with
PP2A-IP/IgG-IP was represented in fig.4.12. Desirably, an IP result has shown novel direct
physical interaction of PP2A and EzH2. Besides, an IP result has confirmed that inhibition of
PP2A with OKA attenuated EzH2 expression and interaction. Our previous report and other
similar reports demonstrated EzH2 as a promising regulatory target in a-synucleinopathy(18, 53).
Hence, we have performed an IP experiment to show the ubiquitination of a-Syn, a regulatory
target of PD. IP results have authenticated higher ubiquitination of a-Syn with the treatment of
our nanoformulation. Also, it has been shown that the presence of OKA and EPZ hinders the
ubiquitination process (Fig.4.11f). Overall gene and protein expression analysis has divulged the
role of PP2A in EzH2-mediated ubiquitination and degradation of a-Syn. In the exploration of
PP2A and EzH2 interaction, we have further examined PP2A interaction at different three
promoter regions of EZH2. In this ChIP analysis, we found PP2A significantly binding at -436 to
the +48 region of the EZH2 promoter (Fig.4.13). PP2A has shown nonsignificant binding at
other regions (-1107 to -1002) and (-862 to -678). In the future, an insight into the mechanism of
transcription regulation is warranted. Herein, we proved the novel physical interaction of PP2A
and EZH2 in the regulation of PD prevention. Death of dopaminergic neurons, a signature event
of Parkinsonism is the outcome of elevated levels of aggregated pSer129 a-Syn and Caspase3-

mediated apoptosis (54). In our study, the downregulation of pSerl129 a-Syn and Caspase3
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protein expression is confirming the neuroprotective action of nanoformulation against rotenone-
induced neurodegeneration. Hence, effective inhibition of PD hallmark, pSer129 alpha-synuclein

is reflecting the superior neuroprotective efficacy of our nanoformulation.
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Fig.4.12. Quantification of the ratio of EzH2 presence after pull down with PP2A and IgG (p <
0.5)

Further, reduced expression of 3Pk and upregulation of PP2A, EzH2 protein expression also
validated the reversal action of our nanoformulations against rotenone-induced
neurodegeneration. In further exploration of the neuroprotective mechanism, it has been noted
that PP2A has influenced EzH2-mediated epigenetic regulation of a-Synucleinopathy. Protein
expression of EzH2 and p129s a-Syn in the presence of potent PP2A inhibitor okadaic acid and
EzH2 inhibitor EPZ011989 has confirmed PP2A influence on EzH2 mediated PD regulation.
Our previous report and other reports have shown inhibition or deficiency of EzH2 resulting in
neurodegeneration and PD progression (13, 14, 18). Report of dephosphorylation of a-Syn due to
upregulated PP2A demonstrating PP2A as a therapeutic target for PD prevention (2, 54).
Therefore, we are keen to explore the novel physical interaction of PP2A and EzH2 to know its
regulatory effect on PD. In observation, we found novel direct physical interaction of PP2A and

EzH2.
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Figure 4.13. ChIP analysis (a) Nucleotide sequence of EZH2 promoter regions with primer sets
illustrated. (b) The percentage input analysis method has shown significant qPCR amplification
of the EZH?2 promoter region (-436 to +48) with control, rotenone, and FCsNPs from anti-PP2A
ChIPs. (c) Agarose gel micrograph of qPCR amplicons of the EZH2 promoter region (-436 to

+48) confirms the neurotherapeutic efficiency of FCsNPs against rotenone-induced effect by

binding alteration of PP2A to EZH2 (-436 to +48) promoter region.

The inhibitory effect of okadaic acid has proved inhibition of PP2A resulted in the depletion of
EzH2. In further elucidation, upregulated ubiquitin expression as a neuroprotective effect of
FCsNPs and downregulated ubiquitin expression in the presence of okadaic acid and EPZ011989
clearly stated PP2A stimulated EzH2 mediated a-Syn ubiquitination and degradation. Hence, we
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proved the PP2A-induced EzH2 mediated o-Syn ubiquitination and degeneration as a
neuroprotective mechanism of our nanoformulation. Further, ChIP-based EZH2 expression
analysis has validated the camouflaged role of PP2A in EZH2-mediated PD prevention. Besides,
It has revealed novel binding of PP2A at the EZH2 promoter region (-436 to +48). Recently, the
report of acute treatment of rotenone has demonstrated a reduction in ubiquitylated proteins by
showing the importance of E1A activity for the efficient functioning of the ubiquitin-mediated
proteasomal degradation pathway (UPP) (55). In the UPP, the binding of ubiquitin to the
aggregated or dysfunctional proteins directs them to the UPP machinery. Therefore, our study
has divulged the neuroprotective mechanism of nanoformulation by attenuating the rotenone
effect and PP2A-stimulated EzH2-mediated ubiquitination and degradation of a-Syn. Earlier
reports about the involvement of human polycomb protein 2, a member of PRCI1 in
SUMOylation mediated a-Syn aggregation and the inverse relationship of SUMOylation and
ubiquitination have shown epigenetic regulatory mechanisms in PD management (16, 17). Our
recent investigation about EzH2 mediated proteasomal degradation of a-Syn in PD regulation
has also demonstrated the importance of epigenetic regulation in PD pathogenesis (18). In this
study, we have updated our knowledge about the neuroprotective mechanism of EzH2-mediated
epigenetic regulation of a-Syn degradation by demonstrating PP2A as an upstream regulator. To
the best of our knowledge, this study has first time reported the regulatory role of PP2A in EzH2-

mediated regulation of PD-associated a-Synucleinopathy.

Immunohistochemistry (IHC) analysis for primary therapeutic targets (EzH2, PP2A, and
pSer129 a-Syn) was performed in mice brain slice culture (Fig.4.14). The primary aim to
conduct this experiment is to evaluate the neuroprotective effect of nanoformulations at the
tissue level after observation of in vitro neurotherapeutic potential. Surface plots are analyzed by
Image J software. Herein, IHC analysis has shown supportive results in the agreement of protein
expression analysis. Elevated expression of EzH2, PP2A, and reduction in pSer129 a-Syn
expression has confirmed the neuroprotective behavior of our nanoformulation against the
inverse action of rotenone. These results are also in lieu to immunoblot expression interpretation
that showed higher neuroprotection efficiency of FCsNPs in comparison to placebo nanoparticles
and bare drugs. Here, Pser129 a-Syn inhibition by our nanoformulation is in the agreement with
the neuroprotective study of arctigenin against rotenone-induced toxicity (56). Upregulation of

EzH2 expression by FCsNPs is comparable with EzH2 induction with our previously reported
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metformin-loaded Polydopamine nanoformulation against the rotenone effect (18). As per our
knowledge, no study has reported PP2A expression as a function of the neuroprotective role of
nanoformulation in the rotenone-induced PD model. The present study is the first report that

studied the camouflaged role of PP2A in the epigenetic regulation of PD prevention.

Control Rotenone(R FCsNPs+R FTY720+R CsNPs+R
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Figure 4.14. Immunohistochemical analysis in brain slice culture. CLSM micrographs as a

reflection of IHC analysis of protein expression are suggesting nanoparticle-mediated
neurotherapeutic intervention of PD by showing upregulated EzH2, PP2A, and inhibited pSer129
a-Syn against rotenone simulated neuropathy. For better visualization of results, the surface plot

of images is represented by using image j software. Scale bar-10pum, magnification-10X.
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Figure 4.15. Retention of nanoparticles in the brain (a) Quantified radiant efficiency of in vivo
bio-distribution image shows brain accumulation of nanoparticles after 2 hours. (b) Retention of
nanoparticles in the brain has been revealed by analysis of ex vivo radiant efficiency after 24

hours.

4a.2.5. In vivo bio-distribution

In vivo bio-distribution of ICG (Indocyanine Green) bound FCsNPs was examined to understand
the bio-distribution profile of our nanoformulation (Fig.4.16a). A pattern has shown a good
distribution profile with major distribution to the liver, kidney, spleen, and brain. In the initial
hours of post-injection, nanoformulation has shown accumulation in the heart and then the brain.
1.759 x 108 radiant efficiencies have been analyzed with a quantified image of in vivo bio-
distribution after 2 hours of injection (Fig.4.15a). This result confirms that our nanoparticles
have BBB crossing efficiency. After 4 hours, significant accumulation has been observed in the
liver and kidney. The clearance of nanoparticles has been observed after 24 hours. The mice
were sacrificed after 24 hours and organs were isolated for ex-vivo imaging. Ex vivo imaging has

confirmed the retention of nanoparticles in the brain and also shown significant accumulation in
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the liver and kidney (Fig.4.16b,c). In fig.4.15b, 4.564 x 10° radiant efficiencies have been
observed in the brain after 24 hours with an ex vivo study, which is 2.57% of the amount reached
to the brain after 2 hours. The results show a better retention ability of our formulation compared
to existing reports that have demonstrated less than 24-hour retention of their nano delivery
system in the brain. (57-60) Here, higher accumulation into the liver and kidney indicates a
clearance mechanism of nanoformulation in agreement with existing reports that have shown the
first-pass metabolism as a clearance path (61). The presence of sphingosine-1-phosphate
receptors of FTY720(49) and clathrin-mediated endocytosis of chitosan nanoparticles (50, 62) in
the brain may facilitate the brain targeting of FCsNPs. Hence, in vivo and ex vivo bio-distribution
analysis has confirmed the efficiency of our nanoformulation to cross BBB. The histological
analysis has been performed to observe the biocompatibility of nanoformulation. In fig.4.17,
results have shown no toxicological demarcation and deterioration in the tissue sections of vital
organs (brain, heart, kidney, liver, and spleen). Considering this fact, CsNPs could be a new
promising nanocarrier system for FTY720 in the treatment of chronic and acute neuronal

infirmities.

a 15 min 1 hour 2 hour 4 hour 6 hour 24 hour

ICG-FCsNPs

[ e—

(=
A A

ICG-FCsNPs

Radiant efficiency
Sy ‘o, %,

%

Liver Spleen Kidney Brain

122



Figure 4.16. In vivo/ex vivo bio-distribution analysis (a) /n vivo bio-distribution analysis reflects
the higher intake of nanoformulation to the heart, brain, liver, spleen, and kidney as distribution
profile. (b) Ex vivo organ reflectance imaging has shown higher retention in the liver, kidney,
spleen, and brain 24 hours of post-injection. (c¢) Quantification of particles was presented as a

function of radiant efficiency.

Brain

Control
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Figure 4.17. Histological analysis reveals the bio-compatible nature of nanoparticles without any

deformation in tissues of vital organs. (The scale bar- is 200 um, magnification-20X)

Table 4.1. Chitosan: TPP ratio and results of DLS measurement parameters are tabulated.

Chitosan:TPP - Parameters |
| Size (nm) | PDI Zeta potential (mV)
2:1 73 +1.23 0.33+ 0.0059 22423
4:1 107 + 1.54 0.26 = 0.0072 25 +4.01
6:1 124 + 1.96 0.35 + 0.0035 32+3.66
10:1 166 £2.7 0.55 £ 0.0061 354325
15:1 189 + 1.81 0.3 +0.0013 41+4.58

Table 4.2. Results of DLS measurement parameters are tabulated with different periods.

Time period ~ Parameters
: | Size (nm) ' PDI Zeta potential (mV)
0.125 1224+ 4.1 0.352 + 0.0021 T
0.5 119.6 £4.1 0.322 = 0.0043 2123+ 3.4
1 127+2.6 0.339 = 0.0064 228+2.6
2 1233+1.9 0.307 = 0.0056 2225+1.9
3 118.1+3.1 0.397 + 0.0043 204 +3.1
5 1212 +4.21 0.378 + 0.00388 792301
10 120.2 +3.23 0.355 = 0.00411 15+2.11
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Table 4.3. Comparison of the FTY720 release data obtained after fitting the release profile of
FTY720-loaded chitosan nanoparticles. (Bold font represents good fitting parameters)

Model FTY720 loaded Chitosan nanoparticles
Parameters R2 AIC MSC
Zero order k,=0.266 -46.4135 183.2626 -3.9642
First order k,=0.004 -41.1859 181.0430 -3.8473
Higuchi ky;=3.978 -24.3882 171.3947 -3.3395
Korsmeyer-Peppas kgp=33.73 0.8538 77.4043 1.6071
n = 0.035
Hixson-Crowell ki =0.001 -42.9784 181.8336 -3.8890
Hopfenberg kg = 0.000 -41.2058 183.0519 -3.9531
Baker-Lonsdale kg, = 0.000 -21.6089 169.1918 -3.2236
Makoid-Banakar kyg = 31.866 0.9568 56.2497 2.7207
n=0.072
k=0.001
Peppas-Sahlin k, =34.169 0.6410 94,4812 0.7085
k, =-2.607
‘Weibull a=0.807 0.9546 57.2094 2.6702
p=0.388
Ti=0.433
Fmax = 39.689
Quadratic k, =0.000 -31.2538 177.9424 -3.6842
k,=0.008
Logistic a=0.509 0.9483 57.6473 2.6472
B=2.278
Fmax = 39.92
Gompertz a=0.479 0.9470 58.1310 2.6217
p=2.011
Fmax = 40.019
Probit a=0.338 0.9516 56.3947 2.7131
B=1.299
Fmax = 39.722

4a.3 Conclusion

Oveall finding indicate the immense neurotherapeutic potentiality of FTY720-enriched chitosan
nanoparticles as combinatorial therapy. The major key findings include attenuation of rotenone-
stimulated mitochondrial insults; neuronal and cellular damages by decreasing pSer129 a-Syn.
The improved drug release profile and higher cellular internalization of nanoparticles is the
addition key finding exhibits significance of nanoformulation in compare to bare drug. The
major breakthrough finding of this study also is the epigenetic regulatory mechanism describing
the camouflaged role of PP2A in the EzH2 mediated a-Syn regulation. Although, the precise role
of PP2A involving other epigenetic regulators for PD prevention is yet to be investigated.

Nevertheless, several lines of evidence from the molecular study indicate that our
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nanoformulation-induced PP2A is likely to attenuate a-Synucleinopathy and may represent a
promising neurotherapeutic strategy. The benefit of the presented nanoformulation is to
overcome the limitation of FTY720, insoluble drug by providing neuroprotective nanocarrier.
The major significance and novelty of presented work is FTY720 has been first time conjugated
in the nanoparticles with aim to treat PD. As per our best knowledge, no other FTY720 loaded
nanoformulation is reported. As FTY720 is FDA approved and safe drug so far and chitosan
naoparticle is also widely reported biocompatible nanoparticles therefore presented formulation
has better chance to get translated in clinical application. However, the limitations of the
presented work are the lack of positive control (levodopamine, a commercial PD drug) and lack
of animal study. Indeed, the bulk synthesis and long term toxicity of nanoformulation may hinder
the translational potential of presented work in further clinical investigation. However, our study
elucidates the neuroprotective efficiency of chitosan-based FTY720 nanoformulation in the
retardation of rotenone-induced PD deficits by inducing PP2A-EzH2 mediated pSer129 a-Syn
ubiquitination/ degradation in PD prevention. In the future perspective of the research, the study
might be useful to treat neurological disorders including Parkinson’s disease by using chitosan-

based novel nano delivery of FTY720 at preclinical and clinical setup.
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Neuroprotective effect of FTY720 loaded chitosan

nanoformulations retard PD in vivo model
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4b.1. Introduction

Parkinson’s disease (PD) burden is increasing with time at globe including in developing
countries like India. (1) The formation of Lewy bodies and death of dopaminergic neurons is the
major factor behind PD etiology. (2) The aggregated synuclein is the major contributor to Lewy
bodies and the pathological condition that arises from the aggregated synuclein is called
synucleinopathy. (3) Existing treatment regimes effectively slow down the PD progression, but
the associated multiple side effects including dementia, tremor, fatigue, etc. limit their
therapeutic efficacy. (4) Hence, there is a need for a new therapeutic candidate that can manage
PD conditions more efficiently by controlling synuclein aggregation, a major player in PD
progression. In recent times, FTY720, a PP2A activator has emerged as a promising
neurotherapeutic candidate in the treatment of neurodegenerative infirmities. (5-7) The blood-
brain barrier crossing efficiency of FTY720 is also reported with its anti-inflammatory and anti-
oxidative potential. (8),(9) However, the therapeutic efficiency of FTY720 has been
compromised due to its hydrophobic nature, insolubility, less bio-availability, and associated risk
of severe infection. (10) We have previously reported the FTY720 loaded chitosan nanoparticles
to overcome the limitation of the FTY720 drug by considering the promising advantages of
nanotechnology in the drug delivery system. (11) In that, we have demonstrated an improved
drug release profile of FTY720 with release kinetics, minimization of therapeutic dose, and
neuroprotective caliber in vitro and ex vivo PD model. Herein in the present study, we have
explored the therapeutic action and neuroprotective mechanism of FTY720 loaded chitosan

nanoparticles in vivo PD model.

The Association of post-translational modification of synuclein in PD etiology has a great
influence on PD management. (12) In that, the phosphorylation and nitration of synuclein have a
bad impact that leads to synuclein aggregation and PD progression, while O-GlcNacylation of
synuclein reduces synucleinopathy which has been well demonstrated. Indeed, the enzyme, O-
GlcNacyl transferase (OGT) responsible for O-GlcNacylation of synuclein is also reported to be
reduced during the PD conditions. (13) Thus, the strategy to endow O-GlcNacylation paves the
way for the development of PD treatment. Recently, the literature has demonstrated that
phosphorylation of OGT leads to loss of activity and expression. (14) However, the detailed
molecular mechanism and OGT regulation have not been explored, yet. Therefore, we have

investigated whether our FTY720 nanoformulation can restore OGT level and activity by
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activating PP2A as therapeutic action. In the present study, we have demonstrated the
neurotherapeutic potential of FTY720 nanoformulation that has been confirmed by the
restoration of TH, a signature therapeutic target of PD. As per current knowledge, the present
study first time revealed the camouflage role of PP2A in OGT restoration and endowment of O-
GlcNacylation of synuclein to reduce synucleinopathy. Thus, the study divulges the FTY720
nanoformulation mediated PP2A activation and its direct physical interaction with OGT leads to
OGT activation and O-GlcNacylation of synuclein to alleviate the synucleinopathy. The project
design of the chapter 3b represented for better understanding of hypothesis, rationale of chapter

with justification of the selected compound aligned to expected outcomes of the aims as below.

[ Chapter 4b }
Hypothesis : FTY720 loaded chitosan nanocomposites endow PP2A mediated O-GlcNacylation of synuclein to inhibit
synuclemnopathy

Rationale : 1) Chapter 4b: It furnishes molecular insight into post-translation of synuclein can pave the way for PD therapy.
1) FTY720 drug : 1) It is activator of PP2A dephosphorylate OGT leads to O-GlcNacylation of alpha synuclein.
2) FDA approved commercial drug for diabetes. Hence, selected to test it in vivo PD model.
iii) Chitosan nanocarrier : 1) It has neuronal healing property.
2) Nature inspired nanocarrier with biocompatible and biodegradable property.

Aims

Aim 1: Randomization
and Experimental
design

(" Aim 2: Behavioral study and
Evaluation of neuroprotective
efficacy of FTY720

_/ \_nanoformulation in vivo PD model

Aim 3: Exploration of mechanistic action
behind neuroprotective effect of FTY720
nanoformulation in vitro PD model

Aim 4: Histopathological
analysis

Expected outcomes

-

B N e i . i i Y
Eq_ugl chances of lmprover_n_ent in motor and PP2A induced dephosphorylation of + Lewy body formation in PD
recerving treatment cognitive function OGT (O-GlcNacyl transferase) leads to .
; 2 ; | 5 : model and its removal by
with comparable * Enhancement in neuroprotective acylation of synuclein as neuroprotective :
. . . . treatment of nanoformulation
\__intervention groups /\_ efficacy of drug mechanism of nanoformulation ~ /\_

Scheme 6: The project design represents hypothesis, rationale, aims and it’s aligned expected

outcomes.
4b.2. Result and Discussion

4b.2.1. FCsnps alleviate the behavioral changes against the rotenone effect

The experimental design of the rotenone model and treatment has been shown in fig.4.18a. The
therapeutic effect of FCsnps has been evaluated through the behavioral study against rotenone-
induced deficits. The reduction in the grip strength by ~ 2 folds observed with the rotenone
effect and ~ 3 folds elevation in the decent latency was also observed as the rotenone effect.

(Fig.4.18b, 1c) The ~ 2 folds recovery in the grip strength and decent latency by FCsnps has
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been observed against rotenone-induced insults. The spontaneous alteration assay has been
performed to evaluate the improvement in cognitive impairment by our nanoformulation. The
report has shown rotenone's impact on the impairment of cognitive function in PD progression.
(15, 16) In the result, the rotenone exhibited ~30% reduction in the alteration movement from the
A-B-C arm and FCsnps has shown improvement in the cognitive function by restoring ~25%
alteration movement. (Fig.4.18d) Herein, the FCsnps has shown a similar pattern of
improvement in the behavioral activity that has been reported by existing literature on FTY720
formulation. (17) Thus, the FCsnps has exhibited neuroprotective potential by restoring

behavioral changes to normal activity that improves cognitive impairment and motor dysfunction.
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Figure.4.18 Experimental design has been shown (a), The behavioral study has exhibited
improvement in grip strength (b), decent latency (c), and cognitive impairment (d) against

rotenone-induced deficits.
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Figure.4.19. The neurotherapeutic potential of FCsnps has been verified by examining TH

expression in SNpc (a) and the quantification of TH-positive neurons has been also illustrated (b).

4b.2.2. TH+ neurons restoration indicates the neuroprotective effect of FCsnps

TH is the hallmark of dopaminergic neurons that resides in the substantial nigra. Therefore, the
immunofluorescence imaging of substantial nigra has been conducted to confirm the rotenone-
induced model and verify the neuroprotective efficacy of FCsnps. The presence of TH+ neurons
has been quantified and presented with the images. (Fig.4.19) Herein, the reduction in the TH+
and dopamine-producing neurons results in PD pathogenesis. The results have shown a higher
number of loss of TH+ neurons with a rotenone effect that signifies the establishment of a
rotenone-induced PD model. At the other end, FCsnps has exhibited restoration of TH+ neurons
that confirmed the neuroprotective effect of FCsnps. Herein, the FCsnps has shown better
restoration of TH+ neurons in comparison to FTY720 and Csnps. The neuroprotective effect of
our nanoformulation in vivo is also supported by our previously reported report of the
neuroprotective effect of FTY720-loaded chitosan nanoparticles in vitro and ex vivo PD models.
(11) The results have shown ~2.4 folds decrease in TH+ neurons and ~4 folds restoration after
FCsnps treatment which has shown a better therapeutic effect in comparison to the existing
report of FTY720 formulation shown ~1.33 folds restoration after ~1.44 folds reduction in the

dopaminergic neurons in the PD treatment. (18) The possible reason behind the neurotherapeutic
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effect of FCsnps could be the improved drug kinetics property of nanoformulations that endows
FTY720 efficacy shown in the previously reported literature. (11)
(@ ___Control : FTY720 Rotenone

S-Np(‘, e SNpc 5 ' SNpc e j
."_,"‘ e - _ /{5 / £

Figure.4.20. The histopathological analysis of SNpc has shown rotenone-induced Lewy body

formation and restoration of healthy condition with FCsnps treatment.

4b.2.3. FCsnps improves histopathological demarcation signifies the neuroprotective effect

The histopathological examination has been conducted to verify rotenone-induced effects and
restoration of healthy conditions by FCsnps. The images of Substantial nigra (SNpc) have
confirmed the neurodegeneration due to rotenone and the recovery has been observed with the
treatment of FCsnps. The black arrow has highlighted Lewy body structures in SNpc (Fig.4.20)
and degeneration of neurons in the hippocampus (Fig.4.21). The similar kind of Lewy body
structures and pathological demarcation supports the finding of our results that signifies the
establishment of rotenone-induced PD models. Herein, the restoration of healthy neuronal
conditions and recovery of neuronal cells with the treatment of FCsnps has confirmed the
neuroprotective effect of FCsnps. (19) (20) The results of the histopathological analysis are in
line with the existing reports that have shown the neuroprotective effect of another
neuroprotective candidate by histopathological examination. (20) Herein, FCsnps exhibited

better neuroprotective potential in comparison to FTY720 and Csnps, and the results of
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behavioral activity, TH+ neurons assessment, and histopathological analysis support each other

that divulges neuroprotective effect of FCsnps.

@ Control ~ FTY720 ~ Rotenone

Figure.4.21. Neurodegeneration has been noted in the rotenone group and FCsnps exhibited

recovery of the neurons.

4b.2.4. FCsnps endow O-GlcNacylation of synuclein to prevent Parkinson’s disease

The rotenone-induced PD model has been verified through investigation of TH and p-alpha
synuclein, a hallmark of PD. The loss of TH and synuclein accumulation has been reported as a
major cause of PD progression and TH recovery and synuclein inhibition pave the way for PD
treatment. (21, 22) The result has shown ~ 10 folds reduction in the TH expression and the
FCsnps exhibited ~20 folds improvement in the TH expression. (Fig.4.22a) FCsnps has shown a
better therapeutic effect by recovery of ~20 folds TH expression in comparison to the reported
literature that has demonstrated ~ 2.5 folds restoration of TH. (23) Similarly, Syn
oligomerization was also significantly upregulated by ~9 folds and reduced by ~4 folds with the
treatment of FCsnps. The results have confirmed the superior neuroprotective efficacy of FCsnps
in comparison to the existing report of FTY720 formulation in alpha-synuclein reduction. (24)
Hence, the protein expression of PD signature molecules has confirmed the establishment of the

PD model and verified the neuroprotective effect of FCsnps. Herein, MPdanps have shown better

137



protection against rotenone in comparison to Met and Pdanps also in line with the results of the

behavioral study and IHC study.

In the exploration of the neuroprotective action of the FCsnps, the FTY720 has the potential to
enhance PP2A expression that can able to restore the level of its therapeutic target in the PD
treatment. (11) Herein, the reports have demonstrated that phosphorylation of OGT leads to
hampering the OGT activity. (13) OGT is widely reported to perform O-GlcNacylation of
synuclein to inhibit its accumulation. (14, 25) Therefore, the present study has explored the effect
of FCsnps by activating PP2A on the expression of OGT and O-GlcNacylation of synuclein. The
~3 folds inhibition of PP2A and ~ 12 folds reduction of OGT has been noted as rotenone-induced
effects and FCsnps has shown significant ~ 4 folds upregulation of PP2A and ~10 folds recovery
of OGT. (Fig.4.22a) The quantitative representation of protein expression analysis has been
shown in fig.4.22b. The protein expression analysis and immunoprecipitation study results have
confirmed the PP2A-mediated OGT upregulation and first time revealed PP2A and OGT direct
physical protein-protein interaction in the PD treatment. (Fig.4.22c) To validate the effect of
FCsnps on the synuclein O-GlcNacylation, the immunoprecipitation study has confirmed that O-
GlcNacylation of synuclein has been endowed by FCsnps against rotenone-induced insults.

(Fig.4.22c¢)

4b.3 Conclusion

The study can be concluded by observing the several key findings that FCsnps have the potential
to induce the PP2A-mediated OGT upregulation and O-GlcNacylation of synuclein in the
inhibition of synuclein accumulation. In the major key finding, the improvement in motor neuron
function and cognitive function of nanoformulation received animals against rotenone induced
insults are included. In addition, the recovery of TH" neuronal cells present in the SNpc region
shows the therapeutic efficiency of nanoformulation. The removal of lewy body formation from
the SNpc and hippocampus region divulges the neuroprotective calibre of presented
nanoformulation. The finding of neuroprotective effect of FCsnps arbitrated through the results
of behavioral study, IHC, and protein expression analysis. In the protein expression analysis, we
have first time explored the role of PP2A in endowment of O-GlcNacylation of synuclein to

reduce synucleinopathy. As per our best knowledge, no report is available to showcase FTY720
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based nanooformulation in context of PD treatment that also provide significance to the
presented work. Due to presence of FDA approved drug and highly biocompatible nanocarrier,
our nanoofrmulation has immense potential to translate its efficacy at further clinical studies.
However, bulk synthesis, long term toxicity and off targeting of nanoparticles may be the future
challenges to the presented nanoformulation. However, the study divulges the anti-parkinsonian
action of FCsnps by endowing the PP2A-mediated O-GlcNacylation of synuclein to treat

synucleinopathy which may provide the solution after further exploration in the clinical setup.
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Figure.4.22. Protein expression analysis has validated the neurotherapeutic efficacy of FCsnps (a)
and the quantified protein expression has been represented (b). The immunoprecipitation study is

also showing the effect of FCsnps that induced PP2A-mediated O-GlcNacylation of synuclein in

the PD treatment (¢).
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5a.1. Introduction

Parkinson's disease (PD) progresses due to the degeneration of dopaminergic neurons as a cause
of aggregated alpha-synuclein. (1) According to the PD foundation, more than 10 million peoples
worldwide live with PD. It is expected that 1.3 million people will be suffering from PD by 2030
in the US only and 90% of PD cases are sporadic. In PD pathogenesis, the exact causes behind
the death of dopaminergic neurons are still unresolved. Mitochondrial dysfunction and its
association with synucleinopathy lead to PD progression and pathogenesis accentuating
therapeutic targeting of phosphorylated a-Syn. (2)In the treatment of synucleinopathy-associated
PD, recent therapies like deep brain stimulation, and pharmacological and non-pharmacological
therapies have been found to have a better response. (3) However, effective PD therapy is still
warranted due to the multiple side effects of available treatment regimens. (4) Recently, Hytrin
has gained interest as a potent neuroprotective agent. Hytrin has been demonstrated to readily
cross the blood-brain barrier, and efficiently slow down neuronal death in parkinsonism.
(5)Indeed, a study has also demonstrated that Hytrin enhances adenosine triphosphate (ATP),
Pyruvate, and nicotinamide adenine dinucleotide phosphate(NADP+) generations that are
important in the maintenance of mitochondrial energy homeostasis. NADP+-dependent isocitrate
dehydrogenase 2(IDH2)inductions, a key regulatory process of mitochondrial redox homeostasis
have been shown for curtailing oxidative stress-induced cell damage. (6, 7)Furthermore,
deficiency of this mitochondrial redox regulator, IDH2 has been demonstrated to exacerbate 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) -induced PD pathogenesis.(8) Indeed, a-
Synuclein accumulation reported to cause mitochondrial dysfunction and affect cellular
respiration in PD pathogenesis. (9)Recently, IDH2 has been reported as a novel suppressor of a-
synuclein mediated toxicity, a hallmark of PD.(10)Therefore, we are keen to understand IDH2-

mediated Hytrin neurotherapeutic effect in the reduction of synucleinopathy and PD treatment.

Despite potential therapeutic effects, an FDA-approved drug, Hytrin has some limitations like
burst drug release kinetics with rapid absorption leads to premature release that restricts
neurotherapeutic potential due to higher dose requirements. (11, 12) Thus, a strategy is warranted
to improve drug release kinetics with the minimization of the required neurotherapeutic dose of
Hytrin. The dose-dependent side-effect of Hytrin is well studied (13) and minimization of the
dose is the better way to endow neurotherapeutic potential. In the context of that, a promising

nano-drug delivery approach has been applied to surpass the limitations of bare Hytrin(14). Here,
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we have demonstrated for the first time Hytrin-loaded polydopamine-serotonin nanohybrid
(H@PSNPs) that improves drug release kinetics, mitochondrial function, and IDH2 activation
mediated reduction of synucleinopathy resulting in a potential neurotherapeutic effect. The
present study aimed to provide combinatorial treatment of three neuroprotective agents; Hytrin,
dopamine, and serotonin by encapsulating Hytrin in the matrix of polydopamine-serotonin
hybrid nanoparticles. The recent update in PD etiology has rendered the loss of both
dopaminergic and serotonergic neurons as the common mechanisms in PD pathogenesis. (15) In
the previous report, we demonstrated the neuroprotective and anti-inflammatory potential of
polydopamine nanoparticles. (16, 17)Hence, the strategy behind considering Hytrin-loaded
polydopamine-serotonin nanoparticles is to replenish dopamine and serotonin by providing three

neuroprotective agents at a single platform.

In the mechanism of alpha-synuclein degradation, ubiquitination and proteasomal-mediated
degradation are major pathways. However, the rotenone-induced insults have been reported to
reduce the level of ubiquitinylated proteins and E1A activity required for the functioning of
ubiquitination and proteasomal-mediated degradation pathway. (18)Therefore, it is important to
enhance the ubiquitination of alpha-synuclein to drag it to proteasomal machinery. In the
molecular aspect, IDH2 has been demonstrated to reduce alpha-synuclein toxicity in the yeast
system, but a detailed mechanism has not been explored yet. (10)Thus, we explored the Hytrin
and H@PSNPs effect on IDH2 activation against rotenone-induced toxicity and IDH2-mediated
degradation of alpha-synuclein. As per current knowledge, no report has shown IDH2 mediated

mechanistic pathway in the degradation of alpha-synuclein in PD regulation.

Herein, a potent Hytrin nanoformulation has been evaluated to examine its neurotherapeutic
effect against PD that can overcome the present limitation of bare Hytrin. The molecular
mechanistic action of H@PSNPs attributed to IDH2 mediated endowment of alpha-synuclein
degradation. In the present study for the first time, we have demonstrated the neurotherapeutic
potential of Hytrin-loaded polydopamine-serotonin nanohybrid that regulates IDH2 endowed
alpha-synuclein degradation by the ubiquitin/proteasome pathway having significant importance
in neuronal survival and PD prevention. The project design of the chapter 3b represented for
better understanding of hypothesis, rationale of chapter with justification of the selected

compound aligned to expected outcomes of the aims as below.
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[ Chapter 5a ]

l

Hypothesis : Hytrin loaded polydopamine-serotonin nanohybrids show neuroprotective potential by inducing IDH2 mediated
ubiquitination/degradation of phosphorylated alpha synuclein to alleviate PD

(S J

(Rationale : i) Chapter 5a: It provides molecular insight into mitochondrial redox regulator mediated synuclein reduction. )
i1) Hytrin drug : 1) It indirect activator of mitochondrial redox regulator,IDH2 can reduce synuclein toxicity.
2) FDA approved commercial drug for hypertension. Hence, selected to reposition it for PD.
iii) Polydopamine-serotonin nanohybrid: 1) To replenish dopamine and serotonin level in PD.
u 2) Nature inspired biocompatible and antioxidative nanocarrier. J

Aims
Aim 2: Evaluation of
neuroprotective efficacy of
hytrin nanoformulation in
vitro and ex vivo PD model

Aim 3: Exploration of mechanistic action
behind neuroprotective effect of hytrin
nanoformulation in vitro PD model

Aim 1: Synthesis and
characterization of
hytrin nanoformulation

Expected outcomes

’ ; * Better drug release profile * Neuroprotective molecular action of

*Unimodal, nanosized : : - ; .
. * Efficient cellular internalization nanoformulation by revealing role of

and spherical shape of . . . :
: * Endowment in neuroprotective IDH2, mitochondrial redox regulator
the nanoformulation : ; : :
efficiency of drug in reduction of synucleinopathy

Scheme 7: The project design represents hypothesis, rationale, aims and it’s aligned expected

outcomes
5a.2. Results and discussion

The new neurotherapeutic agent is warranted in the development of PD curative therapy due to
the ineffectiveness of present therapy. In recent times, Hytrin has been proposed as a promising
neurotherapeutic candidate in PD treatment due to its ability to restore energy production.
(5)Hytrin induces ATP, Pyruvate, and NADP+ productions that lead to activate NADP+
dependent IDH2, a regulator of mitochondrial redox status (5, 19) However, the effect of Hytrin
on IDH2 expression has not been well understood, yet. Moreover, a deficiency of mitochondrial
redox regulator, IDH2 has been shown as a cause of PD progression. (8) Indeed,
synucleinopathy-induced mitochondrial dysfunction impairs cellular respiration in PD
pathogenesis. (9)Recently, IDH2 has been reported as a novel suppressor of a-synuclein
mediated toxicity, a hallmark of PD in the yeast system.(10) Therefore, we are keen to
understand the IDH2-mediated neurotherapeutic effect of Hytrin in the reduction of
synucleinopathy-induced PD. Although, the burst release profile, rapid absorption, and higher
therapeutic dose requirement of Hytrin restrict its therapeutic potential. (11, 12)Thus, we have
applied a strategy by formulating Hytrin in polydopamine-serotonin nanocarrier to improve the

drug release profile with minimization of the therapeutic required dose. The deficiency of
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dopamine and serotonin is reported as a cause of Parkinsonism. (15) In the previous report, we
demonstrated the blood-brain barrier (BBB) crossing potential, anti-inflammatory, and protective
effects of polydopamine nanoparticles in PD models. (16) Hence, polydopamine-serotonin
nanoparticles have been preferred to improve the Hytrin release profile and aim to provide
combinatorial therapy at a single platform. H@PSNPs has exhibited promising neuroprotective

effect by showing recuperative action against rotenone-induced neuronal deficits in vitro and ex

vivo experimental PD models.
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Figure 5.1. Morphological analysis of nanoparticles. (a) The mean hydrodynamic size of PSNPs
and H@PSNPs have shown nanosized and monodispersity ; (b) zeta potential elucidates

colloidal stability of (c,d) TEM micrographic images have confirmed spherical shape of PSNPs
and H@PSNPs, respectively.
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Figure 5.2. Optimization of nanoparticles; (a) Hydrodynamic size have been presented with
different ratio of precursors and oxidizing agent, (b) surface zeta potential of nanoparticles
suggesting stability of nanohybrids, and (c) the optimization curve shows an increment of the

nanohybrid size with increasing concentration of the oxidizing agent.

5a.2.1. Characterizations of nanoformulations

PSNPs and H@PSNPs have been synthesized by following the solution oxidation method.
(16)Characterization of nanoformulation has been executed to validate the synthesis of PSNPs
and H@PSNPs.The DLS analysis has shown mean hydrodynamic size, polydispersity index
(PDI), and surface zeta potential of nanoformulations as follows; 90 = 2 nm, 0.09 £ 0.005, and -
20 = 3 mV, respectively for PSNPs and 120 + 3 nm, 0.210 + 0.63 and -22 + 2 mV, respectively
for H@PSNPs (Fig.5.1a and b). The size, PDI, and zeta potential analysis indicate colloidal

stability and monodispersed nanosized particles. TEM micrographic images have also revealed a
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spherical shape with ~ 90 nm size of PSNPs and ~ 120 nm size of H@PSNPs that is comparable
with our previous study. (16)(Fig.5.1c and 1d)
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Fig.5.3. In vitro solution stability of nanoparticles; (a,b,) Hydrodynamic size measurements, (c,d)
polydispersity index and (e,f) surface zeta potential kinetic shows better stability of

nanoformulations at Milli-Q water and physiological pH condition.
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Figure 5.4. Physicochemical characterization of nanoparticles. FTIR spectroscopy has confirmed
the non-covalent interaction between dopamine, serotonin, and Hytrin in the formation of

H@PSNPs.

The data for the synthesis of PSNPs with various ratios have been shown in fig.5.2 which
indicates the smallest size of nanoparticles with a 1:0.4 ratio of dopamine/serotonin to NaOH.
Further, time-dependent stability of H@PSNPs and PSNPs has shown a good stability profile of
nanoformulations in Milli-Q and physiological condition (pH 7.4) (Fig.5.3). Morphological
evaluation of nanoformulation by DLS and TEM represents monodispersed colloidal stable and

spherical shaped nanoparticles.

The FTIR spectrum (Fig.5.4) has shown the respective peaks to indicate the plausible
interactions of the drug and nanocarrier. The involvement of the —OH group and pi-pi
interactions have been found major non-covalent interactions in the formation of H@PSNPs.
Further, encapsulation efficiency and drug loading content of nanoformulation were determined.
Hytrin, dopamine, and serotonin, all precursors are water-soluble. Therefore, H@PSNPs are also
obtained as water-soluble after non-covalent polymerization. The higher aqueous solubility of

precursors is the possible reason for the higher drug loading and encapsulation capacity of
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nanoformulation. In accordance with the previous report that polydopamine serves as a
multivalent matrix for higher drug loading (20), we obtained 70.4 + 6% encapsulation efficiency
and 14.8 + 2%drug loading content respectively. The physicochemical characterization by FTIR
has revealed interactions of hydroxyl, amine, and aliphatic functional groups as major

interactions in the formation of H@PSNPs.

5a.2.2 In vitro drug release analysis and mathematical modeling of release kinetics

Determination of /n vitro drug release was executed via mimicking in-vivo conditions to reveal
the drug release profile. The equilibrium dialysis membrane method has been applied to estimate
drug release profiles at mimicked physiological pH. Hytrin suspension and H@PSNPs were
analyzed to examine drug release till 96 hours. The obtained results are represented in a curve
and bar graph to compare the release profile of H@PSNPs with Hytrin suspension.
(Fig.5.5a)Hytrin suspension has exhibited more than 40% release in the initial 8§ hours. In
contrast, H@PSNPs have shown a sustained release profile with ~10% release in an initial 8
hours and ~ 70% release after 96 hours. It suggests the importance of H@PSNPs in improving
drug availability at a disease site. The controlled and slower drug release profile is attributed to
reducing drug cytotoxicity by limiting its premature release. (21) Mathematical modeling has
shown fitted models like first order and Korsmeyer-Peppas (mathematical model), Makoid-
Banakar, Weibull, Gompertz (empirical model), and probit model that have explained slower and
sustained release of Hytrin from H@PSNPs.The best six fitted models; first-order kinetic,
Korsmeyer-Peppas, Makoid-Banakar, Weibull, Gompertz, and Probit have been selected by
considering the obtained values of R? = 0.9938, 0.9927, 0.9951, 0.9961, 0.9973, and 0.9960,
respectively. (Fig.5.5b) Gompertz has represented the best-fitted model indicates slower drug
disposition at the initial and end of the drug release curve that is controlled by the Fickian
transport mechanism. For a better understanding of drug release kinetics, the fitted data and
results of the drug release kinetic model are displayed and explained in Table 5.1. In the further
assessment of solubility, H@PSNPs have shown a 17% improvement in the solubility of the
Hytrin. (Fig.5.6a)
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Figure 5.5. (a) In vitro, the drug release profile is reflecting slower and more sustainable drug
release kinetic of nanoformulation. (b) Best-fitted curves with respective mathematical models

for release data of nanoformulation are demonstrated.

Herein, in vitro drug release determination revealed a slower and sustained release profile of
H@PSNPs. The time-dependent and continuous release of the drug could be helpful to improve
required drug availability at the site of action. Our results are in support the fact that
polydopamine and polyserotonin nanocarriers have promising potential in the development of a
better nano-drug delivery system. (20, 22)The slower and sustained drug release profile is
considered to minimize drug cytotoxicity by limiting its premature release and reducing the

required therapeutic dose(21).
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Fig.5.6. (a) Solubility analysis has revealed the efficiency of nanoparticle to boost the drug
solubility, (b) Size measurements and (c) zeta potential analysis suggest a good stability profile

of our nanoformulation, (d) rotenone-induced cytotoxicity and dose effect has been presented.

5a.2.3. Cellular internalization of nanoformulation in SH-SY5Y and 3D raft.

The cellular internalization potential of nanoparticles is essential to understand before assessing
the therapeutic effect. Therefore, we have conducted the cellular uptake study of PSNPs to SH-
SYSY cells, the model of dopaminergic neuron cells. Cellular internalization of rhodamine B-
tagged H@PSNPs was examined under confocal microscopy after 4 hours of exposure to SH-
SYSY cells. Confocal Laser Scanning Microscopy (CLSM) micrographic images are indicating
higher cytoplasmic uptake of nanoparticles. (Fig.5.7a) Herein, the hydrodynamic size
measurement and surface zeta potential of rhodamine B tagged H@PSNPs have been performed

to understand the effect of rhodamine B on the size and surface charge of the nanoformulation. In
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fig.5.6b and 5.6¢, thodamine B has imposed a nonsignificant effect on the size and zeta potential
of the H@PSNPs. The flow cytometry assay for cellular internalization of rho-H@PSNPs has
been performed to quantify the percentage uptake. Fig.5.8 has shown the 87.4 % majority of the

cells have uptaken the nanoformulation.

Figure 5.7. (a) Cellular uptake of nanoformulation has represented major cytoplasmic uptake of
nanoformulation. (b) The internalization of nanoformulation into a 3D raft of SH-SY5Y has

shown the potential of nanoparticles to penetrate complex tissue-mimicking structures.

3D multilayer culturing of SH-SY5Y has been performed to observe nanoparticle internalization
potential at the tissue-mimicking model. The CLSM images are also reflecting the good
penetrating ability of nanoparticles into the compact multilayer structure of cells that mimics

tissue structures. (Fig.5.7b)

Cellular uptake study and internalization to the raft of SH-SY5Ycells have revealed the potential

of nanoparticles to be penetrated the neuronal cells and tissue-mimicking structures. Abundant
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expression of dopamine and serotonin receptors in the brain may facilitate the entry of dopamine
and serotonin-based nanostructures. (23, 24) Hytrin is known to bind with the alpha-adrenergic
receptor that facilitates its ready internalization. (25) Therefore, the plausible mechanism of

H@PSNPs uptake could be receptor-mediated endocytosis and making it highly potent in the

crossing of BBB.
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Fig.5.8. Cellular internalization of Rho-H@PSNPs reflects cellular uptake in the majority of the
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Figure 5.9. Cytotoxicity assessment of Hytrin (a), blank PSNPs, and Hytrin-loaded PSNPs was
presented (b). Hytrin, blank PSNPs, and Hytrin-loaded PSNPs have shown bio-compatible
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behavior and Hytrin has shown toxicity at higher concentrations (**p<0.01,*p<0.5, one way

ANOVA; Tukey and Bonferroni test).

5a.2.4. In vitro neurotherapeutic efficiency

Cellular viability analysis has been performed to estimate in vifro neurotherapeutic efficiency.
The MTT reduction assay has shown the biocompatible nature of our drug and nanoformulation.
A higher dose (50uM) of Hytrin has shown a toxic effect (Fig.5.9a). Fig.5.9b is representing a
biocompatible characteristic of PSNPs and H@PSNPs also at higher doses. Hence, we have
primary results to apply these nanoformulations for protection studies against chemical-induced
toxic effects. Rotenone-induced in vitro PD model has been followed from our previously
reported study. (16, 26)Acute rotenone induces aggregation of alpha-synuclein, a hallmark of PD.
The protective effect of 0.75 — 2.5 uM of bare Hytrin, equivalent Hytrin carrying concentration
of PSNPs and PSNPs was analyzed against co-treated 750nM rotenone in SH-SYSY cells for 48
hours. (Fig.5.10a)2.5 uM H@PSNPs have exhibited significantly better protection with respect
to bare Hytrin after 48 hours of treatment duration. The dose-dependent protective effect of
Hytrin has been obtained in support of the reports that have shown similar analysis. (5, 19)Our
nanoformulations have exhibited 3 folds recovery in percentage cell survival against 48 hours of
treatment of rotenone (Fig.5.10a)H@PSNPs have minimized the neuroprotective dose of Hytrin
(2.5 uM) in comparison to the existing report that has demonstrated 10 uM(5) protective dose of
bare Hytrin. Thus, Hytrin nanoformulation has expressed a superior neuroprotective effect with a

reduction in therapeutic dose and enhanced drug availability.

Comprehensive studies have shown that neuroinflammation is associated with neuroprotection.
(27, 28) We have also performed a ROS generation study to observe the ROS scavenging
property of our nanoformulation in the prevention of rotenone-induced effects.Fig.5.10b is
representing the ROS scavenging effect of H@PSNPs confirming the anti-neuroinflammatory
potential of our nanoformulations. The plausible reason behind the higher anti-inflammatory
activity of H@PSNPs is due to the renowned ROS scavenging potential of polydopamine
nanoparticles. (16)Inhibition of the mitochondrial complex I of the electron transfer chain (ETC)

has been widely studied as a cause of higher ROS production. Rotenone, a potent inhibitor of
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complex I of ETC is known to cause mitochondrial dysfunction and elevated ROS generation.

Herein, our nanoformulation reverts rotenone-induced insults by scavenging the ROS.
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Figure 5.10. In vitro neurotherapeutic efficiency of nanoformulation(a) H@PSNPs has exhibited
a neuroprotective effect against rotenone-induced cellular damage and PD effect (*p<0.05,
*#p<0.01,***p<0.001). (b) ROS scavenging potential of nanoformulations is confirming the

anti-inflammatory activity.

Moreover, Jcl-based mitochondrial potential analysis has been conducted to examine the
neuroprotective effect of our nanoformulation. Jcl dye has been utilized to observe
mitochondrial membrane potential. (Fig.5.11a) Healthy mitochondria with hyperpolarized
membrane potential have been monitored by red fluorescence of Jcl aggregation inside
mitochondria. In apoptotic cells, mitochondria have depolarized membrane potential identified
by the green fluorescence of free Jcl molecules in the cytoplasm. Rotenone, a potential
mitochondrial inhibitor has been applied to induce mitochondrial insults. In the results, 65.4%
and 34.6 % of cells were representing green and red fluorescence, respectively on the challenge
with rotenone indicating mitochondrial insults. In contrast, H@PSNPs have exhibited significant
recovery of mitochondrial membrane potential by reflecting 39.3% Jc1 monomer and 60.7% Jcl
aggregates cell population respectively. (Fig.5.11b)Our Hytrin nanoformulation has shown a
better protective effect in comparison to bare drugs and PSNPs. Results of Jc1 based assay are in
support of the results with MTT reduction assay and ROS estimation assay, where H@PSNPs
have exhibited a cumulative effect of Hytrin and PSNPs. Thus, outcomes of MTT reduction,
ROS estimation, and Jcl-based analysis have confirmed in vitro neurotherapeutic potential of

H@PSNPs.
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Figure 5.11. Mitochondrial membrane potential analysis (a) Flow cytometry examination of Jcl
assay indicating a restorative effect of H@PSNPs. (b) Quantitative representation of % of Jc1 red
(healthy mitochondrial cells) and Jcl green (dysfunctional mitochondrial cells) have been

displayed (*p<0.05,**p<0.01).

Herein, the dopaminergic neuronal model, SH-SY5Y cells are used to determine the
neuroprotective effect against rotenone-induced neurotoxicity in vitro PD model. Rotenone is
known to inhibit the complex I of the electron transport chain and the 26S proteasomal pathway
leads to PD pathogenesis and progression (29). Rotenone-induced PD in vitro model (SH-SY5Y)
and ex vivo model (mouse brain slice) have been employed in the present study. Effective
neuroprotective efficiency of H@PSNPs has been confirmed against rotenone-induced neuronal
deficits. Outcomes of critical examination of cellular protection assay, Jcl mitochondrial
membrane potential assay, and ROS generation study are in agreement with each other to
divulge higher neuroprotective potential than blank PSNPs and bare Hytrin. Hytrin is
demonstrated as a potential neurotherapeutic candidate due to its ready brain accumulation and
ability to endow mitochondrial and cell energy against chemical-induced insults. (S)However, an

effective higher dose of Hytrin has been found susceptible to pathological conditions like low
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blood pressure and postural hypotension. (13) Therefore, it is warranted to develop a delivery
platform for the minimization of therapeutic doses by targeting and enriching the drug release at
the disease site. Herein, our nanoformulation has exhibited an effective strategy to improve the
drug release profile with minimization of the therapeutic dose of Hytrin by enriching it into
polydopamine-serotonin nanoparticles. Our nanoparticles system has shown a drastic reduction
in the neurotherapeutic dose of Hytrin (2.5 uM) in comparison to the reported dose of bare
Hytrin (10 uM). (5)Results showing ROS scavenging properties of our nanoformulations agree
with the reports that demonstrated polydopamine nanoparticles as a neurotherapeutic agent due
to their biocompatibility and ROS scavenging potentials. (16) Similarly, Studies about
polyserotonin nanoparticles are also in lieu to our results that recently reported it as
biocompatible and proposed as a multifunctional material for biomedical applications.
(22)Results of Jcl-based mitochondrial membrane potential are also in support of the existing
reports that have demonstrated the neuroprotective effects of nanoformulations by restoring the
mitochondrial membrane potentials. (26)Thus, our hytrin nanoformulation has exhibited
neuroprotective potential by reversing the rotenone-induced mitochondrial ETC complex I

inhibition, ROS generation, and mitochondrial dysfunction.

5a.2.5. Molecular insight into the neuroprotective mechanism of H@PSNPs

Protein expression analysis has been performed to explore the H@PSNPs effect on IDH2 and
alpha-synuclein degradation against rotenone-induced aberration. Results of the expression study
of IDH2 and pSer129 a-Syn were represented in fig.5.12a indicating validation of the rotenone
in vitro PD model. The expression analysis of IDH2, pSer129 a-Syn, and CASPASE3 has shown
the neuroprotective effect of H@PSNPs by upregulating IDH2 and reducing the expression of
pSer129 o-Syn and cleaved CASPASE3 against rotenone effect. (Fig.5.12¢) The quantification
of protein expression by image J has been represented in fig.5.12d which also confirms the

significant neuroprotective action of H@PSNPs.
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Figure 5.12. Molecular insights into the neuroprotective actions of H@PSNPs (a) Rotenone
treatment has shown a reciprocal relation of IDH2 and pSer129 alpha-synuclein expression. (b)
The neuroprotective action of H@PSNPs has been examined in presence of AG-221 and MG132
reflects H@PSNPs follow proteasomal degradation pathway in retardation of synucleinopathy (c)
Immunoblot analysis has shown the reduction of cleaved CASPASE3, pSer129 alpha-synuclein,
and upregulation of IDH2 (d) quantitative representation of protein expression was described
(*p<0.05, **p<0.01) (e,f) IP and reverse IP results are revealing novel direct physical interaction
of IDH2 and alpha-synuclein. (g) Immunoblots of IP analysis have confirmed nanoformulation-

induced IDH2-mediated alpha-synuclein ubiquitination and proteasomal degradation.

An exploration of the pathway of synuclein degradation, a potent inhibitor of the 26S
proteasomal pathway (MG132) has been applied by following our previous report. (16) The
results have confirmed that H@PSNPs follow proteasomal degradation pathways in the
reduction of synucleinopathy as a neurotherapeutic mechanism. (Fig.5.12b)The results confirmed
the reciprocal relation of IDH2 and pSerl29 a-Syn expression which provide us the lead to

explore their relationship further in detail. Indeed, IDH2 has been projected as a novel suppressor
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of synuclein toxicity. (10) Hence, we have employed a potent IDH2 inhibitor (AG-221) to
confirm the reciprocal relation of IDH2 and pSer129 a-Syn expression. (Fig.5.12b) The validated
results allowed us to explore the direct physical interaction of IDH2 and pSer129 a-Syn. In
confirmation of these findings, the novel physical interaction of IDH2 and pSer129 a-Syn has
been observed through immunoprecipitation (IP) and reversed IP studies. (Fig.5.12e and f)
Fig.5.12¢g has confirmed that H@PSNPs regulate IDH2-mediated ubiquitination and proteasomal
degradation of a-Syn.

Our results of elevated expression of P-alpha-synuclein are confirming the rotenone-induced PD
in vitro model. A deficiency of dopamine and serotonin leads to PD generation and the death of
neurons. (15)Elevated pSer129 alpha-synuclein expression and CASPASE3-mediated apoptosis
are the major reasons for neuronal death in PD pathogenesis. (30) Herein, attenuation of pSer129
a-Syn and CASPASE3 expression is confirming the neuroprotective action of our
nanoformulation against rotenone-induced insults. H@PSNPs have exhibited a significant
reduction in pSerl29 alpha-synuclein (double fold) and cleaved CASPASE3 (six-fold)
expression to rotenone stimulation. The results are in agreement with the existing reports that
have shown pSer129 alpha-synuclein reduction as a neurotherapeutic approach in PD prevention.
(30)Thus, significant inhibition of pSer129 alpha-synuclein, PD signatory molecule is divulging

a better neuroprotective effect of our nanoformulation.

Further, reduced expression of IDH2, a key regulator of mitochondrial redox status has been
obtained. The deficiency of IDH2 has been recognized as one of the causes of PD progression.
(8)Indeed, IDH2 has been shown to suppress alpha-synuclein toxicity. (10) Herein, the reciprocal
relation of the IDH2 and pSerl29 alpha-synuclein has led us to explore IDH2 mediated
neuroprotective mechanistic action of our hytrin nanoformulation. Hytrin mediated IDH2
upregulation has been confirmed. In further exploration, it has been found that our
nanoformulation follows the proteasomal degradation pathway in the prevention of
synucleinopathy. MG132, a potent inhibitor of the proteasomal pathway has been employed to
block the 26Sproteasomal machinery by following our previous report. (16) This study divulges
that the neuroprotective mechanistic action of H@PSNPs is working through the proteasomal
degradation pathway. Therefore, we are keen to know the involvement of IDH2 in synuclein
degradation and PD regulation. Herein, the immunoprecipitation study has revealed the

camouflage role of IDH2 in the reduction of synucleinopathy and confirmed the novel physical
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interaction of IDH2 and alpha-synuclein. In further insights into molecular mechanisms,
upregulated ubiquitination of alpha-synuclein has been confirmed with an immunoprecipitation
study. Recently, the report has shown the vital role of E1A activity in the efficient working of
ubiquitin-mediated proteasomal degradation pathway (UPP) and it has been hampered by the
rotenone effect. (18) Herein, the immunoprecipitation outcome of IDH2 and Synuclein with
respective immunoblotting of synuclein and ubiquitin by protein expression results in presence
of MG132 has proved that IDH2 has been involved in synuclein ubiquitination and proteasomal
mediated degradation. Therefore, the present study has divulged the neuroprotective mechanism
of H@PSNPs by reducing the rotenone effect and IDH2-mediated ubiquitination and degradation
of alpha-synuclein. This study has upgraded knowledge about the neuroprotective mechanism of
IDH2-mediated alpha-synuclein degradation in PD prevention. To the best of our knowledge, the
present study has first time demonstrated a combinatorial nano-drug delivery system by
involving three neuroprotective drugs; dopamine, serotonin, and Hytrin at a single platform.
Indeed, the IDH2-mediated alpha-synuclein ubiquitination and proteasomal degradation in PD

regulation have also been studied and reported for the first time.
5a.2.6. IHC analysis in ex vivo PD model

The neurotherapeutic efficiency of H@PSNPs has been evaluated in an ex vivo PD model after
obtaining eminent therapeutic potential in vitro PD model. To investigate the response, the
immunohistochemistry (IHC) of potential therapeutic targets has been conducted in mice brain
slice cultures. Results of IDH2 and pSerl29 o-Syn expressions have confirmed the
neurotherapeutic efficiency of H@PSNPs by upregulating the IDH2 level and reducing pSer129
a-Syn expression at the tissue level. (Fig.5.13) Hence, the successful therapeutic efficiency of
H@PSNPs in vitro and ex vivo indicates the promising neuroprotective caliber of our

nanoformulation in the development of PD treatment.

Herein, IHC results of upregulated IDH2 and reduced pSerl129 o-Syn also confirmed the
neuroprotective action of H@PSNPs against the rotenone-induced ex vivo PD model. The results
are supporting the outcome of protein expression analysis and indicate the higher neuroprotective
potential of H@PSNPs in comparison to bare drug and placebo PSNPs in mice brain slice culture.

To summarize, the above-mentioned results have represented H@PSNPs’ neurotherapeutic
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efficiency that suggests promising and immense neurotherapeutic caliber of H@PSNPs in

preclinical setup in PD prevention.

Control Rotenone PSNPs H@PSNPs Hytrin
10 pm 10 pm 10 pm -
o 10 pm .

Figure 5.13. Immunohistological analysis in ex vivo PD experimental model. Confocal images of

IDH2

pSer129 g-Syn

IHC analysis are reflecting the neurotherapeutic potential of nanoformulation by showing
upregulated IDH2 and reduced pSer129 alpha-synuclein against rotenone-induced neurotoxicity

ex vivo.

5a.3 Conclusion

The overall finding of the study elucidates the remarkable neurotherapeutic potency of Hytrin-
loaded polydopamine-serotonin nanohybrids as a combinatorial drug delivery system for PD
prevention. The key finding of major studies includes nanosized, unimodal and spherical
naoparticles. In addition, the improved drug’s release kinetics of hytrin by preventing its burst
drug release and recovery of mitochondria against rotenone induced damage. Thus, the
attenuation of rotenone-induced mitochondrial dysfunctions and neuronal death with reduction of

pSer129 a-Syn divulges the immense neurotherapeutic efficiency of our hytrin nanoformulation.

Table 5.1. The results of mathematic models of Hytrin release kinetics from H@PSNPs have

been summarized.
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Model H@ PSNPs

Parameters R? AIC MSC
Zero order k,=0.893 0.87 105.6415 1.9069
First order k,=0.027 0.9938 61.6827 4.8375
Higuchi k;=6.759 0.9165 98.9965 2.3499
Korsmeyer-Peppas kgp=7.976 0.9927 64.1569 4.6725
n = 0.487
Hixson-Crowell ky;c = 0.004 0.9597 88.9444 3.0200
Hopfenberg ki = 0.000 0.9753 82.4417 3.4535
Baker-Lonsdale kg, =0.001 0.9908 66.7331 4.5008
Makoid-Banakar kyg = 4.034 0.9951 58.7406 5.3306
n=0.733
k= 0.005
Peppas-Sahlin k, =7.825 0.9898 69.8172 42952
k,=1315
Weibull o.=23.005 0.9961 55.5204 5.2483
p=0.814
Ti=2.820
Fmax = 84.294
Quadratic k, =0.000 0.9834 76.4728 3.8515
k,=0.016
Gompertz a=17173 0.9973 48.9858 5.6839
p=1.232
Fmax = 129.329
Probit 0=-2.634 0.9960 55.1539 5.2727
B=1.696
Fmax = 89.986

The significance and novel finding of the study reveals the camouflaged role of Hytrin
nanoformulation-mediated IDH2 activation in the regulation of synucleinopathy. Thus, our study
divulges the neurotherapeutic potential of Hytrin-loaded polydopamine-serotonin in the
restoration of rotenone-stimulated PD deficits by endowing IDH2-mediated pSer129 alpha-
synuclein ubiquitination and proteasomal degradation in the PD treatment. Indeed, the molecular
studies suggest that our nanoformulation potentiated IDH2 expression to attenuate
synucleinopathy and paves the promising therapeutic way. The hytrin is FDA approved drug and
nature inspired polydopamine-serotonin nanohybrid have the potential to act in synergistic way
to develop combinatorial PD treatment. The translational potential of the presented
nanoformulation may provide the solution of PD treatment by overcoming the existing limitation
of commercial PD drug in the clinical set-up. The limitations of the present study comprise lack
of commercial drug group as positive control and animal study. The long term toxicity, safety
analysis, bulk nanoparticle synthesis and off targeting could be the possible challenges
associated with the presented nanoformulation. However, the presented nanoformulation has first

time exhibited hytrin loaded polydopamine-serotonin nanohybrid. There is no other hytrin
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encapsulated nanoparticles report in the public domain to compare the presented
nanoformulation, only bare FTY720 report in PD are available. However, our nanoformulation
has shown improved neuroprotective efficacy in compare to bare FTY720. Hence, FTY720
loaded nanohybrid has immense potential to be new PD therapeutic candidate if studied further

in clinical set-up.
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5b.1. Introduction

Parkinson’s disease (PD) is a progressive disease that majorly occurs due to post-translational
modifications of alpha-synuclein. (1, 2) The core cause of neuronal death is still not well
understood. Mitochondrial dysfunction is one of the major factors involved in synuclein
accumulation. (3) recent therapies like deep brain stimulation and non-pharmacological and
pharmacological therapies exhibit better responses. (4) However, multiple side-effects of existing
therapies hinder therapeutic efficacy. (5) In recent decades, Hytrin emerged as a neuroprotective
candidate that can penetrate the blood-brain barrier in the treatment of Parkinson’s disease. (6)
Hytrin has the limitation of burst drug release and rapid absorption that restricts its therapeutic
efficacy. Therefore, we have developed and previously reported the nano-drug delivery system
by formulating Hytrin-loaded polydopamine-serotonin nanoparticles that exhibited improved

drug release kinetics, mitochondrial function, and reduction of synucleinopathy. (2)

The present study has been focused to understand the camouflaged role of IDH2 in the reduction
of post-translated alpha-synuclein by utilizing our reported Hytrin nanohybrids. Our previous
study has explored the IDH2 role in the reduction of phosphorylated alpha-synuclein, while the
present study aimed to understand the IDH2 role in the reduction of nitrated alpha-synuclein.
Recently, the nitrated alpha-synuclein forms due to reactive nitrogen or oxygen species also have
been reported as one of the causes of alpha-synuclein aggregation. (7) Indeed, IDH2 is the
known therapeutic marker in the reduction of reactive oxygen/nitrogen species leading to
maintaining the redox balance of the mitochondria. (8) In this regard, Hytrin induces IDH2, a
mitochondrial redox regulator whose reduction leads to PD progression. (9) Mitochondrial
dysfunction leads to loss of heat shock protein 70 (hsc70) which is also supported by the
literature demonstrated reduction of heat shock protein 70 in the rotenone-induced condition. (10,
11) Here, hsc70 is a major player in chaperone-mediated autophagy (CMA) and works along
with Lamp2a (lysosome-associated membrane protein) in the reduction of misfolded or mutated
proteins from the cells. (12) Accumulating several shreds of evidence, the study directed to
explore the role of IDH2 in the activation of chaperone-mediated autophagy by inducing the
hsc70/lamp2a signaling in vivo PD model. The project design of the chapter 3b represented for
better understanding of hypothesis, rationale of chapter with justification of the selected

compound aligned to expected outcomes of the aims as below.
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[ Chapter 5b }

Hypothesis : Hytrin loaded polydopamine-serotonin nanoparticles induce IDH2 mediated chaperon mediated autophagy
(CMA) through IDH2/Hsc70/Lamp?2a signalling to reduce nitrated synuclein (nSyn) in PD treatment

Rationale : 1) Chapter 5b: It furnishes molecular insight into mitochondrial redox regulator mediated CMA of nSyn in PD.
i) Hytrin drug : 1) It indirect activator of mitochondrial redox regulator,IDH2 can reduce synuclein toxicity.
2) FDA approved commercial drug for hypertension. Hence, selected to test it in vivo PD model.
iii) Polydopamine-serotonin nanohybrid: 1) To replenish dopamine and serotonin level in PD.
2) Nature inspired biocompatible and biodegradable nanocarrier.

Aims
N . Y(_ Aim2: Behavioral study and Aim 3: Exploration of epigenetically (" Aim 4: In vivo
Aim 1: Randomization ; ; . : 2 G . o3
sl Eiggserimpeiial Evaluation of neuroprotect1v§ regulated mech_a.mstlc action behmd ' blodlstantlon and
design efficacy of hytrin nanoformulation neuroprotec_tlve effect of hytrin histopathological study of
\_ AN in vivo PD model nanoformulation in vitro PD model \___hytrin nanoformulation
Expected outcomes

(" +Equal chances of )~  *Improvement in motor and * IDH2 mediated activation of CMA in /. Good biodistribution roﬁle\

receiving treatment cognitive function reduction of nitrated synuclein to retard || |~ oo of lewy bO(Ii)ies as

with comparable * Enhancement in neuroprotective synucleinopathy as neuroprotective neuroprotective effect

\__intervention groups J\_ efficacy of drug mechanism of nanoformulation

Scheme 8: The project design represents hypothesis, rationale, aims and it’s aligned expected

outcomes.

The present study has evaluated the neurotherapeutic effect of the hytrin nanohybrid in vivo PD
model. The results have elucidated the neurotherapeutic efficacy of Hytrin nanohybrid by
improving behavioral activity and restoring dopaminergic neuron cells against rotenone-induced
insults. In the mechanism of alpha-synuclein degradation, CMA also plays a major role as one of
the protein degradation pathways. (13) However, rotenone has been reported to reduce CMA
activity. (10, 11) Therefore, it is imperative to enhance the CMA process for PD treatment. In
that aspect, a study has shown the induction of IDH2 by our FTY720 nanohybrid which
upregulated hsc70/lamp2a expression in the lysosomal degradation of nitrated synuclein. As per
our knowledge, the study first time revealed the camouflaged role of IDH2 on induction of CMA
activity in the reduction of alpha synucleinopathy. Thus, the study divulges the Hytrin
nanohybrid induced IDH2/hsc70/lamp2a signaling in the reduction of synucleinopathy.

5b.2. Result and Discussion

5b.2.1. In vivo bio-distribution of HPSnps reflects clearance and accumulation in the brain

In vivo bio-distribution study has been performed to understand the BBB crossing
potential with the administration route with dose duration for the therapeutic application.

For that, ICG tagged HPSnps has been administrated by two routes, i.v. (Fig.5.14a) and
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1.p. (Fig.5.14c) for 24 hours. The nanoformulation has shown a good biodistribution
profile by showing accumulation in the brain.

In fig.5d, the intraperitoneal route has shown better accumulation of HPSnps in the brain
after 24 hours in comparison to the intravenous administration. (Fig.5.14b) In the initial 3
hours, i.v. injected HPSnps has shown deposition in the brain, while i.p. injected HPSnps
exhibited brain deposition till 6 hours in the live animal imaging. (Fig.5.14a and 5.14c)
Thus, the results are supporting the notion that HPSnps are biocompatible and the i.p
administration route is showing better retention of HPSnps in the brain than the i.v. route.

Hence, the i.p administration is preferred for in vivo therapeutic studies. The results are in
line with our previous report in which the study has shown brain retention of
polydopamine nanoparticles. (14) The major clearance of the HPSnps has been observed
after 24 hours of administration. Therefore, daily dose administration has been preferred
to give the animals during the study. Hence, the HPSnps is a suitable candidate for the

delivery of drugs to the brain and herein for Parkinson’s disease.

(a) Control 1hr

ICG@HPSnps

~_~
o
~—

Control HPSnps

ICG@HPSnps

Fig.5.14 (a) In vivo biodistribution profile of i.v. injected HPSnps and (b) ex vivo
imaging showing brain retention after 24 hours. (c) In vivo biodistribution images

showing i.p. administered HPSnps and (d) its retention in the brain after 24 hours
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5b.2.2. Histopathological analysis shows the neuroprotective effect of HPSnps

Control Hytrin HPSnps Rotenone

Fig.5.15 Histological images reflect the neuroprotective effect of HPSnps.

The excised and processed brain sections have been stained with Hematoxylin and Eosin
to observe the rotenone effect and neuroprotection by the presented neuroprotective
candidate, HPsnps. (Fig.5.15) The black arrow has been an introduction to indicate the
presence of a Lewy body in the Substantial nigra (SNpc) and degenerated neurons in the
hippocampus region due to the rotenone effect. The H&E images of HPSnps have not
shown any Lewy body and loss of neurons that indicates the neuroprotective effect of the
nanoformulation. The formation of the Lewy body in the SNpc has in supports our
finding that validates our rotenone-induced PD models. (15, 16) Herein, the reduction of
Lewy bodies and protection of the neurons from degeneration is in line with the existing
reports that have shown the neuroprotection efficiency of the neuroprotective candidate
has been shown through histological study. (17) (18) Herein, HPSnps has shown
enhanced neuroprotective efficiency in comparison to the bare drug by improving drug
protection caliber through nanocarrier-mediated delivery. The study has presented results
of behavioral study, TH positive neuron cells examination in SNpc, protein expression
analysis with details of mechanistic action of neuroprotective HPSnps, and histological

analysis are in support of each other to divulge the neuroprotective potential of HPsnps.
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5b.2.3. HPSnps improves behavioral defects to reverse the rotenone effect
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Fig.5.16 Experimental design and behavioral testing indicate the protective caliber of
HPSnps.

The rotenone-induced PD model and its experimental design have been illustrated in
fig.5.16a. A behavioral study has been performed to observe the protective effect of
HPSnps against rotenone-induced insults. The rotenone has shown ~2 folds reduction of
grip strength and ~3 folds induction in decent latency. (Fig.5.16b, 1c) HPSnps has
exhibited ~2 folds improvements in the grip strength and decent latency against rotenone-
induced damages. The cognitive impairment by rotenone and protection by HPSnps has
also been assessed through the spontaneous alteration assay. The results are in support of
the existing literature that has demonstrated rotenone-induced cognitive impairment in PD
conditions. (19, 20) The result has shown ~1.66 folds cognitive impairment as means of
percentage spontaneous alteration. HPSnps has exhibited ~1.5 folds recovery in the
cognitive impairment caused by rotenone. (Fig.5.16d) Herein, the behavioral test results
are in line with the existing report of Hytrin formulation with similar folds recovery from
the PD condition. (6) HPSnps has shown a better neuroprotective effect in comparison to

the blank PSnps and Hytrin by attenuating the rotenone-induced effect.
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5b.2.4. HPSnps restores TH* neurons

TH is a therapeutic target of PD that is majorly expressed in the substantial nigra of the
midbrain. Therefore, the expression analysis of the TH" neurons has been performed to
examine the neuroprotective efficiency of the HPSnps. In fig.5.17 and 5.18, the images
have shown a remarkable loss of TH' neurons due to the rotenone effect and the
noticeable recovery of neurons has been observed with the treatment of HPSnps. Herein,
the loss of dopaminergic neurons signifies the PD effect induced by rotenone and its
recovery indicates the neuroprotective potential of HPSnps. The results support the
finding of our previous reports that have shown the neuroprotective caliber of Hytrin-
loaded polydopamine-serotonin nanoparticles in vitro and ex vivo PD models. (2) The
results of TH" neuron recovery is in lieu to the existing reports of Hytrin formulation that
has shown ~2 folds recovery of dopaminergic neuron in SNpc.(6) Herein, the expression
analysis of other two important PD markers, PD hallmark nitrated synuclein and
Chaperone mediated autophagy marker Lamp2a have also been monitored. The nitrated
synuclein elevated expression in the SNpc has been noted within the rotenone group and
its reversal neuroprotective action has been observed by HPSnps treatment. (Fig.5.17)
Similarly, a reduced level of Lamp2a has been noticed in the TH+ neurons cells
population due to rotenone-induced damages and its restoration has been obtained
through the neuroprotective effect of HPSnps.(Fig.5.18) The synuclein and lamp2a results
support the clinical fact that has demonstrated Hytrin facilitates the reduction of the

synuclein accumulation and chaperone-mediated anti-apoptosis. (6)

5b.2.5. HPSnps induces CMA activity as a neuroprotective effect

The TH and nitrated synuclein, hallmarks of PD have been investigated to confirm
rotenone-induced damages and the recuperative effect of HPSnps. It is well reported that
posttranslational modification of synuclein, nitrated synuclein leads to synuclein
aggregation, and the reduction of TH results in PD progression. (7, 21-24) The ~5 folds
reduced TH expression has confirmed the establishment of a rotenone-induced PD model
and ~ 6 folds restoration through treatment of HPSnps indicates a neuroprotective effect.
(Fig.5.19a) Further, ~ 3 folds elevated nitrated synuclein expression signifies the

rotenone-induced PD effect and HPSnps has shown ~3 folds reduction in the nitrated
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synuclein expression. Herein, HSPnps has exhibited ~3 folds higher restoration of TH
expression in comparison to the existing literature that shows the anti-PD effect of Hytrin.
(6) In continuous with our previous report, the IDH2 expression has been examined in
vivo PD model and results are in line with our previous study that validates the

neuroprotective effect of HPSnps.(2)

Control

2
sl
-
E

HPSnps PSnps Hytrin

Rotenone
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Fig.5.17 Immunofluorescence images of TH and Lamp2a in the SNpc regions show

higher neurodegeneration in rotenone-induced conditions and the protective effect of

HPSnps against rotenone-induced insults.

1EID pm

Fig.5.18 TH and nSyn colocalization images suggest the neuroprotective caliber of

HPSnps
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Recently, IDH2 is the mitochondrial redox regulator, and its role in the attenuation of
synuclein toxicity is known and the fact is also supported by our previous report. Indeed,
the heat shock protein and Lamp2a, both CMA signature molecules reduce in the PD
conditions and the IDH2-mediated mitochondrial redox regulation endows the CMA
activity. (25, 26) Therefore, we also explored the IDH2, Hsc70, and Lamp2a expression
in rotenone-induced conditions and the protective effect of HPSnps. In the results, ~ 6
folds, ~ 4 folds, and ~ 10 folds inhibition of IDH2, Hsc70, and Lamp2a have been found,
and that restored ~ 4.5 folds, ~ 10 folds, and ~ 4 folds with the treatment of HPSnps,
respectively. (Fig.5.19a, b) The results are indicating the reduction in CMA signature

molecular markers with a reduction of IDH?2.
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Fig.5.19 Molecular insights into the neuroprotective potential of HPSnps reveals IDH2

role in the endowment of CMA activity.
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Fig.5.20 The lysosomal inhibitor confirms that HPSnps follows a lysosomal-mediated

degradation pathway for nitrated synuclein.

Hence, the immunoprecipitation study has been performed to reveal IDH2-mediated regulation
of CMA activity. (Fig.5.19c) Results have shown direct physical interaction of IDH2 with Hsc70
that interacts with Lamp2a and nSyn. Herein, the present study has first time uncovered the
camouflaged role of IDH2 in the endowment of CMA activity. Indeed, the existing report
demonstrated that Hsc70 is involved in the regulation of Lamp2a expression. (25, 27) Thus, the
chromatin immunoprecipitation (ChIP) assay has been conducted to explore the Hsc70-mediated
regulation of Lamp2a expression and interestingly results have shown Hsc70 binding to the
promoter site of the Lamp2a contributing to Lamp2a expression. (Fig.5.19d) In that, ChIP-qPCR
and agarose gel images of qPCR products have shown reduced Hsc70 binding to Lamp2a
promoter region 1 (-448 to -640) and region 2 (-726 to -813). The results indicate that Hsc70
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may require for the transcriptional activation of Lamp2a.In fig.5.20, the lysosomal inhibitor has
been introduced to confirm the lysosomal-mediated degradation of nitrated synuclein. The
confocal micrograph has shown clear evidence that in the presence of a lysosomal inhibitor our
nanoformulation has not been efficient to reduce the nitrated synuclein level. It means that our
nanoformulation works through the lysosomal-mediated degradation pathway of nitrated
synuclein. Thus, several pieces of evidence divulge the neuroprotective potential of HPSnps that
induces IDH2-mediated CMA activity for the clearance of the nitrated synuclein. Hence, the
HPSnps may be utilized as one of the neuroprotective agents for PD treatment at the clinical

stage.

5b.3 Conclusion

The overall finding of the study demonstrated Hytrin-loaded polydopamine-serotonin
nanohybrids as promising anti-Parkinsonian candidate. The major key findings suggest
the recovery of locomotor activity, cognitive impairment, and recovery TH' neurons
against rotenone induced damage in SNpc of mice brain indicate the neuroprotective
potential of HPSnps. In addition, the co-localization of Lamp2a and nSyn with TH"
neurons and protein expression analysis confirms the neuroprotective efficiency of
HPSnps. The significance of the present study is that it explained the molecular pathway
by which IDH2 reduces the synuclein toxicity. The protein expression study explored the
IDH2 role in the endowment of the CMA activity in the clearance of nSyn leading to
reduce PD condition. The pieces of evidence from the results of immunoprecipitation and
chromatin immunoprecipitation confirmed HPSnps-induced IDH2/Hsc70/Lamp2a
signalling in the reduction of nitrated synuclein. Hence, the present study first time has
shown the IDH2/Hsc70/Lamp2a signalling in degradation of nitrated synuclein by
enhancing CMA activity. As per our best knowledge, there is no report that has
demonstrated hytrin loaded nanoformulation in PD treatment to compare our
nanoformulation. But, our nanoformulation has shown superior neuroprotection efficacy
in comparison to bare hytrin drug. The hytrin is FDA approved drug and polydopamine-
serotonin nanohybrid is biocompatible, stable plus biodegradable which make our

nanoformulation as a promising candidate to translate into clinical application. However,
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the therapeutic comparison with commercial drug in preclinical model is major lacking
point of the presented work with translational challenges like bulk nanoparticle synthesis,
off targeting and long term toxicity may hinder the translational potential of our
nanoformulation. However, a detailed investigation of the IDH2-induced Lamp2a gene
repression is warranted in future studies. Thus, HPSnps may be promising candidates to

be used and explored at the clinical stage for PD treatment.
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The aim of this thesis was to develop a new nanodrug delivery platform to overcome the
limitations of anti-parkinsonian drugs like metformin, FTY720 and Hytrin. The metformin and
Hytrin has the burst release, and rapid adsorption constrain, while FTY720 is has the
hydophobicity issue. Therefore, the study specifically interested to provide solution by
introducing  well-defined, stable, biocompatible, nature-inspired and reproducible
nanoformulations that might be utilized as PD therapeutic agents. To achieve the goals, the
selections have been made on the basis of necessity of the PD treatments and requirements of the
nanoformulations. The neuroprotective potential carrying nanaocarriers have been chosen with
aim to furnish synergistic approach at a single platform. Three different nanoparticles have been
prepared; polydopamine nanoparticles, chitosan nanoparticles and polydopamine-serotonin
nanoparticles. Herein, Polydopamine nanoparticles and polydopamine-serotonin nanohybrids
have been employed with aim to replenish the dopamine level which generally reduced during
the PD progression. The chitosan nanoparticles have been considered as the neurotherapeutic
agent having neuronal healing property. Hence, the chitosan nanoparticles also applied to
provide the benefits in the PD therapy as a synergistic approach. The utilized drugs metformin,
FTY720 and Hytrin have known for their neuroprotective potential and they are repurposed
drugs for the neurodegenerative disease. Dopamine, serotonin are the neurohormones and
chitosan are coming from the chitin. All selected precursors are the nature inspired. Hence, we
aimed to develop the nanoformulation might be scale up for the clinical setup due to their
feasibility and known beneficial characteristics. In the developed nanoformulations, metformin
loaded polydopamine nanoparticles considered to deliver metformin. Metformin is the wonder
molecules having efficiency to reduce ser129 phosporylated alpha synuclein level, a hallmark of
PD. Metformin also having the epigenetic modulation ability to regulate epigenetic mechanism
by activating SIRT1, histone deacetylase level. Similarly, FTY720 loaded chitosan nanoparticles
employed to deliver FTY720 in PD treatment. FTY720 is the activator of PP2A, a phosphatase
which usually dephosphorylates the synuclein molecule, a signature marker of PD. The hytrin
loaded polydopamine-sertonin nanohybrids applied to deliver hytrin, an activator of IDH2, redox
regulator of mitochondria which reduces the synucleinopathy. Hence, the nanoscale ~100 nm
colloidal nanosystems have been projected which successfully cross the blood-brain barrier and
exhibited accumulation in the brain. These biocompatible nanoformulations have shown

improved drug release profiles by enhancing solubility of drugs and providing slower drug
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release kinetics. Thus, the combinations of these drugs and nanocarriers proved to be promising
therapeutic candidate for PD. The projected nanoformulation have been challenged to evaluate
the neuroprotective potential of them with rotenone, PD causing known pesticides in vitro, ex
vivo and in vivo models. The promising neuroprotective effects of nanoformulations have been
observed with improvement of behavioral deficits, molecular expression of PD signature
molecules like tyrosine hydroxylase and by reducing phosphorylated apha-synuclein.

In the PD management, the epigenetic regulations are gaining interest due to ~90 % cases of
idiopathic PD. Hence, the major cause is any of the environmental factors that ultimately
modulating epigenetic machinery in the PD progression. The polycomb repressor groups of
proteins, EZH2 and BMI1 have been well studied and their depletion leads to PD. Similarly, the
rotenone induces hyper histone acetylation of SNCA; a synuclein gene leads to synucleinopathy.
Indeed, the shutdown of proteasomal degradation machinery and post-translational modifications
of synuclein leads to PD pathogenesis. Hence, it is warranted to understand the epigenetic
regulation in PD to demonstrate the therapeutic candidates work on the epigenetic pathways.
Hence, the present thesis has emphasized to explore the effects of nanoformulation on epigenetic
machinery and uncover the epigenetic regulation in the PD treatment. In the exploration of
nanoprotective mechanism, the metformin loaded polydopamine nanoformulation has shown
EZH2 mediated alpha-synuclein ubiquitination/ proteasomal degradation. The metformin loaded
polydopamine naoparticle neuroprotective effect also confirmed by induction of SIRT1, histone
deacetylase to deacetyl H3K27 to repress the SNCA gene expression. The PP2A also have the
regulatory role on alpha-synuclein reduction and the phosphorylation of EZH2 leads to EZH2
degradation. Hence, the FTY720 loaded chitosan naoparticles have uncovered the PP2A-EZH?2
signaling that endows EZH2 mediated alpha-synuclein ubiquitination/ proteasomal degradation.
The role of PP2A through exploration of FTY720 loaded chitosan nanoparticles protective
mechanism has also been revealed to stabilize the OGT, an acyl transferase to synuclein. The
Glc-N-acylation of synuclein provides stability to synuclein monomers and prevents the
synuclein aggregation in treatment of synucleinopathy. The hytrin loaded polydopamine-
serotonin nanoparticles have been projected to explore how IDH2 reducing the synuclein toxicity.
In exploration, the IDH2 mediated ubiquitination/proteasomal degradation of synuclein has been
found as the neuroprotective mechanism. Besides the ubiquitination and proteasomal degradation,

the study also found that the nanoformulations also follow the chaperone mediated autophagy
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pathways to reduce alpha-synuclein. Thus, the present thesis has proved the neuroprotective
efficiency of presented nanoformulations in preclinical models. The nanoformulations have
shown promising therapeutic potential to be utilized in clinical setup to explore it therapeutic
efficacy that might be emerged as better therapeutic agent in future. Herein, the nanoformulation
of metformin, FTY720 and Hytrin has been reported for the first time in treatment of PD as per
our best knowledge. To showcase benefits and significance of our nanoformulations, the
comparison of neuroprotective effect of presented nanoformulations with other nanocarriers or
nano based systems in PD has been discussed herewith. The triphenylphosphonium
functionalized mito-metformin encapsulated polyanhydride nanoparticle (1) in PD treatment has
shown higher neuroprotective dose 3 puM in compare to our nanoformulation and it
neuroprotective efficacy has not been tested vigorously as we tested with different experimental
set. Hence, our nanoformulations has performed superior than reported mito-meformin
nanoformulation in PD treatment. Besides discussed report of metformin based nanoformulation,
no other metformin, FTY720 and hytrin based nanoformulation reported yet. Hence, we
compared our nanoformulations with other reported potent drug based nano based systems to
understand comparative status of our nanoformulations. In that, Oral apomorphine loaded solid
lipid nanoparticles (2), angiopep functionalized human GDNF loaded dendrigraft poly L-lysine —
polyethylenegycol nanosystem (3) and resveratrol loaded poly sorbate 80 coated poly lactide
nanoparticles (4) have shown comparable drug release profile with effective targeting and the
neuroprotective effects by mean of behavioural study and TH" neuaronal cells results are also
comparable with finding of our nanoformulation. However, our nanoformulations may provide
more beneficiary profile in the long term toxicity analysis with translational application of
discussed nanocarrier systems due to presence of FDA approved drugs with nature inspired
nanocarriers in our nanossytems. Our nanoformulations have shown superior nanotherpaecutic
potential in compare to other reported nanocarriers in PD treatment like bromocriptine loaded
solid lipid nanoparticles (5), ropinirole loaded solid lipid nanoparticles, dopamine loaded PLGA
nanoparticles (6), schisantherin A loaded PEG-PLGA nanoparticles (7), deferexamine loaded
PEG-PLGA nanoparticles (8) and black phosphorus nanosheets (9). The major factors of the
superiority of our nanoformulations are slower and biphasic drug release profile, minimization of
therapeutic dose and biocompatible nature of nanoparticle system. The future study of clinical

safety parameters and long term utilization of these projected nanoformulations might answer
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about the future utility of the nanoformulations. However, the nature inspired nanocarriers and
FDA approved drugs provides somewhat confidence that projected nanoformulations will exhibit
good safety profile in clinical study due to presence of highly biocompatible and safe drugs. The
exploration of epigenetic regulation in the PD treatment also paves the way to understand the
events of early onset PD like hyper histoneacetylation of SNCA and role of epiegenetic
regulators like EZH2 in PD pathogenesis. Hence, the knowledge about epigenetic involvement in
PD regulation paves the way to find the therapeutic agents having ability to modulate the

epigenetic machinery working in PD progression and treatment.
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