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Background

Metabolic syndrome (MetS) is a condition which includes clusters of metabolic disorders like
glucose intolerance, hypertension, dyslipidemia, obesity, insulin resistance, and that together
raise the risk of coronary heart disease, diabetes, and stroke. Among all, type 2 DM (T2DM)
is the most common cause of mortality and morbidity caused by MetS. According to the
International Diabetes Federation, around 537 million people are living with DM, and this
number is expected to rise to 783 million by 2045. T2DM is prominently characterized by
hyperglycemia due to insulin resistance (IR). It is also associated with various macro and
microvascular complications such as diabetic neuropathy, retinopathy, cardiomyopathy, and
nephropathy. IR is mediated by reduced insulin receptor expression and dysregulation of
signaling cascades such as phosphoinositide 3-kinase (P13K)/ Glycogen Synthase Kinase-3f3
(GSK-3B). In the recent past, MetS abnormalities linked to progressive brain insulin resistance
(BIR) with consequent impairment of central insulin signaling processes, accumulation of
neurotoxins, neuronal stress, and resulting in a progressive course of neurodegeneration is also
termed Type 3 DM. The dysregulated PI3K/GSK-3 in the brain can increase the production
and secretion of amyloid-beta (Ap) and generates hyperphosphorylated tau which prompts
neurodegenerative disorders such as Alzheimer’s (AD).

Recently, comorbid conditions including DM linked with AD is mounting at an alarming rate
and has become a major health issue in developing and developed countries. Although, several
treatment options are available for T2DM management which can temporarily delay or reduce
the symptoms of the disease including the classes of drugs- Dipeptidyl Peptidase-4 (DPP-4)
inhibitors, Sodium-glucose Cotransporter-2 (SGLT2) inhibitors, etc. but they are effectively
unable to control the diabetic complications and co-morbidities. However, recent pre-clinical
and clinical studies have indicated the benefits of the meglitinides class of drugs not only in
DM but also in comorbid conditions like AD and Huntington's disease (HD). Repaglinide
(REP) a meglitinides class drug is believed to act by targeting ATP-binding cassettes and
stimulating the release of insulin from the PB-cells of the pancreas. REP exerted a
neuroprotective effect against kainic acid-induced neuronal cell death in the CA3 region of
hippocampal and rotenone-induced Parkinson’s disease. Further, recent studies have reported
that REP exerted a strong neuroprotective effect in HD which may possibly work via multiple
intracellular channel modulators, maintaining calcium homeostasis, gene expression,

enzymatic activities, and targets neuronal calcium receptors by specifically attaching to them
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in a calcium-dependent manner. Recent evidence also indicated that REP down-regulates the
expression of downstream regulatory element antagonist modulator (DREAM), (a calcium-
binding protein) that regulates calcium homeostasis and is involved in the pathogenesis of HD
and AD. It has been reported that REP increases neuronal survival via upregulating activating
transcription factors-6 (ATF6) gene (endoplasmic stress sensor) that may possibly work via
activating autophagy and inhibiting endoplasmic stress-induced apoptosis along with inhibition
of the DREAM. Thus, there is a huge possibility that REP regulates neurodegeneration via
modulating the necrotic and apoptotic cell death protein expression of pro-apoptotic protein,
anti-apoptotic protein, calcium homeostasis, and may eventually reduce neuronal cell death.
Moreover, clinical reports suggest that repeated doses of REP need to be administered to
exhibit pharmacological action as it has a poor pharmacokinetic profile, low solubility, low
absorptivity, high protein binding, and substantial first-pass metabolism. This evidence clearly
indicated the possible benefit of REP in DM and co-morbid conditions but the lack of strong
evidence of its efficacy in AD and pharmacokinetic challenges are emergent needs to be
circumvented along with its efficacy to be ascertain.

Therefore, the current research work was conducted in adherence to the following major
objectives, (i) To evaluate the neuroprotective potential of REP in MetS associated with AD
using in vitro and in vivo studies, (ii) To improve the efficacy and circumvent pharmacokinetic
limitations of REP by developing brain targeted nano drug delivery system; (iii) To examine
the best nanocarrier system for targeting REP to the brain by the oral route; (iv) To explore the
additive and/or synergistic neuroprotective potential of REP with Memantine (MEM, NMDA
receptor antagonist), if any.

Methodology and Results

In vitro and in vivo studies were conducted to understand the neuroprotective potential,
molecular targets, identifying proteins, and activating cellular signaling pathways of the REP.
In the cellular in vitro studies, primarily cytotoxicity assay was performed on SHSY-5Y
neuroblastoma cells. It was observed that the REP shows cellular viability of ~80-85% at 1mM
concentration and no morphological changes in the cells were found. Additionally, to mimic
the neurodegenerative condition similar to AD, the SHSY-5Y cells were treated with
streptozotocin (STZ, 2.5mM) as it accelerates neuronal aging, AP aggregation and depolarized
the mitochondrial membrane, increases apoptosis, and decrease glucose uptake. The results
have shown that REP increased the cell viability of STZ-treated SHSY-5Y cells by ~1.2-fold
and significantly (p<0.01) decreased the oxidative stress in H2O.-treated cells, indicating the

possible neuroprotective potential of REP. Further, to check the efficacy of REP in AD, in vivo
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studies were performed using a high-fat diet (HFD) fed STZ-induced murine model. The HFD
was fed for 16 weeks followed by administration of STZ (30mg/kg; i.p) in wistar rats for
induction of DM-linked AD. The significant (p<0.001) increase in the level of AD
pathogenesis modulators i.e; AP, hyperphosphorylated tau proteins, and pro-inflammatory
cytokines (TNF-a, IL-6), oxidative marker (Malondialdehyde (MDA), Nitrite (NO)) and
decreased brain-derived neurotrophic factor (BDNF), antioxidants (Glutathione (GSH),
Superoxide dismutase (SOD)) enzymes level was observed in brain homogenate of HFD fed
STZ rats (disease rats) as compared to normal rats. After treatment of REP (4 mg/kg,p.o) for 4
weeks in DM-linked AD wistar rats, a significant (p<0.01) decrement in AP, tau proteins,
TNF-a, IL-6, MDA, NO, and increment in BDNF, SOD, GSH level was observed compared
to disease control rats. Further, behavioral studies (passive avoidance task (PAT), and Morri’s
water maze (MW2Z)) were conducted in HFD-fed STZ rats to understand the effect of REP on
memory cognitive dysfunctions in AD. A significant improvement (p<0.01) in the retention
memory and spatial memory was observed after the REP treatment compared to HFD-fed STZ.
Additionally, the apoptosis marker proteins (Bcl-2, Bax, Caspaase-3) and ATF6 gene
expression in brain homogenate were measured to understand the mechanistic approach of
REP. The decreased intensity of Bcl-2, ATF-6 and increase in the intensity of Bax, Caspase-3
represents activation of apoptosis in HFD+STZ induced rats compared to normal control but
after treatment with REP a significant (p<0.05) increase in Bcl-2, ATF-6 expression, and
decrement in Bax, Caspase-3 expression indicates a reduction in neuronal cell death then the
disease rats. Moreover, the pharmacokinetic (PK) studies confirmed the short half-life (tuz)
2.65 * 1.54 h), high clearance rate (163.84 + 17.39 mL/h/kg), and low volume of distribution
(2209.63 £ 603.29 mL/kg) of REP after performing the study on wistar rats. Therefore, to
circumvent the observed problems i.e., low absorptivity, high protein binding, first-pass
metabolism, and poor pharmacokinetic and pharmacodynamic of REP, the targeted nano drug
delivery systems were developed and biologically evaluated.

Primarily, an amphiphilic di-block co-polymer (mPEG-PCL) was synthesized using a ring-
opening polymerization reaction and was characterized thoroughly using Nuclear Magnetic
Resonance (NMR), Gel permeation chromatography (GPC). Further REP was loaded into the
polymer using nanoprecipitation method and formulated polymeric nanoparticles (PNPs). In
developed PNPs, the role of various process parameters such as drug: polymer, sonication time,
and stabilizer amount on response factors like particle size (PS), polydispersity index (PDI),
and entrapment efficiency (EE) were studied to optimize the PNPs using Quality by design
(QbD) approach response surface (Box Behnken) methodology. Further, the REP-loaded PNPs
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showed a high redispersibility index with trehalose and organic residual content in PNPs was
estimated using headspace gas chromatography (GC-HS). The morphological characterization
of PNPs was characterized by scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) and showed that REP-loaded PNPs have isometric shape with the regular
surface. Moreover, in vitro release study indicated that REP-loaded PNPs (~70% in 48h)
followed the Korsmeyer-Peppas model with a Fickian diffusion release pattern. Additionally,
REP-loaded PNPs enhance intestinal absorption by ~ 1.3 folds and improve brain permeation
by ~ 1.2 folds compared to free REP. Furthermore, cellular studies confirmed that REP-loaded
PNPs significantly enhance cell viability, and cell uptake, decrease STZ induce
neurodegeneration and oxidative stress in SHSY-5Y cells compared to free REP. Further, in in
vivo pharmacokinetic study the PNPs loaded with REP showed significant increments in tmax
(2.4-fold), Cmax (1.2-fold), t12 (5.9-fold) and decrement in cL (1.2-fold) as compared to REP.
In the biodistribution study, REP-loaded PNPs improve the mean resistance time in the brain
more than free REP. Likewise, in pharmacodynamic studies, the REP-loaded PNPs
significantly (p<0.01) attenuated the AP, tau proteins, TNF-a, IL-6, MDA, NO levels and
improves the BDNF, SOD, GSH levels compared to REP. Furthermore, the behavioral studies
(PAT, MWZ, Novel object recognition (NOR)) also showed a significant (p<0.01)
improvement in the retention, spatial, and recognition memory after being treated with REP-
loaded PNPs compared to free REP. Also, improvement in health neuronal count was observed
in the REP-loaded PNPs compared to REP after performing hematoxylin and eosin (H&E)
staining in the cornu ammonis (CA) and dentate gyrus (DG) regions of hippocampal.

Additionally, polymer lipid hybrid nanoparticles (PLHNPs) were formulated with soy
phosphatidylcholine (SPC) as a phospholipid, poly (lactic-co-glycolic acid) (PLGA) as a
biodegradable  polymer, 1,2 distearoyl-sn-glucero-3-phospoethanolamine-N-  amino
(polyethylene glycol)-2000] (DSPE-PEG 2000) a lipid polymer and Pluronic F127 as a
stabilizer. The PLHNPs were prepared using a nanoprecipitation self-assemble process and to
optimize the formulation, the effect of various process parameters (Drug: polymer; amount of
lipid and sonication time) on response factors (PS, PDI, and EE) were studied using the QbD
approach response surface methodology (Box Behnken). The morphological characterization
of REP-loaded PLHNPs was carried out by SEM and TEM and showed a core-shell structure
with a spherical shape and smooth surface. The REP-loaded PLHNPs showed the release of
REP in a controlled manner (~58% in 48h) followed by the Korsmeyer-Peppas model with a
Fickian diffusion release pattern. Further REP loaded PLHNPs showed stability in the

gastrointestinal environment, also enhance the intestinal permeation rate (~ 3.3 folds), and
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improved the brain permeation (~1.6 folds) compared to REP. Moreover, in in vitro cellular
studies, REP-loaded PLHNPs exhibit significant improvement in cellular uptake (~21%),
enhance cell viability, reduce STZ-induced neurodegeneration, and decrease the oxidative
stress in neuroblastoma SHSY-5Y cells compared to free REP. Moreover, in vivo
pharmacokinetic studies indicated significant (p<<0.05) improvement in tmax (4.4-fold), Cmax
(1.9-fold), t12 (9.1-fold), and decrease in the cL rate (1.8-fold) compared to free REP in wistar
rats. Further, in biodistribution studies, it decreases the brain clearance rate (~ 5.6-fold) and
increases the area under the curve (~10.1 fold) when compared with the free REP. Likewise,
in pharmacodynamic studies, the REP-loaded PLHNPs significantly (p<0.01) attenuated the
AB, tau proteins, TNF-a, IL-6, MDA, NO levels and improves the BDNF, SOD, GSH levels
compared to REP. Furthermore, the behavioral studies (PAT, MWZ, NOR) also showed a
significant (p<0.01) improvement in the retention, spatial, and recognition memory after
treated with REP-loaded PLHNPs compared to REP. Also, improvement in the neuronal count
was observed in the REP-loaded PLHNPs compared to REP after performing H&E staining in
the CA and DG regions of the hippocampal.

Furthermore, a comparative evaluation was conducted between PNPs and PLHNPS to examine
the best nanocarrier system for targeting REP to the brain by oral route. It was observed that
both the nanocarriers were efficient to deliver REP in the brain but PLHNPs exhibits significant
changes like delaying the release of REP more efficiently and showed good stability in the
simulated gastrointestinal fluids compared to PNPs. Additionally, PLHNPs showed significant
enhancement in effective intestinal permeability by ~3.13-fold, absorption rate (Ka) by ~1.69-
fold, and improved brain permeability compared to PNPs. The in vitro cellular uptake study of
PLHNPs showed ~ 1.2 % more uptake than PNPs. Furthermore, PLHNPs formulation
significantly prevents the neuronal cell death induced by STZ and H20: in SHSY-5Y cells as
evidenced by increased cell viability by 0.97-fold than the PNPs. Moreover, pharmacokinetic
studies also indicate the significant improvement of tmax by 1.8-fold, Cmax by 1.4-fold, ti» by
1.5-fold, and CL 1.4-fold by PLHNPs when compared to PNPs. Likewise, in pharmacodynamic
studies, PLHNPs strongly attenuated the level of AP, tau-protein, pro-inflammatory cytokines
(IL-6, TNF-0), MDA, NO and increased the antioxidant enzyme level (GSH), BDNF when
compared to PNPs. Furthermore, behavioural studies (PA, MWM, and NOR test) also indicated
highly significant improvement in the cognitive dysfunctions by PLHNPs when compared to
PNPs, and H&E staining also confirmed, a more healthy neuronal count in PLHNPs when
compared with PNPs. Hence, the comparative study confirmed that oral administration of

PLHNPs efficiently promotes the brain delivery of REP more than the PNPs, due to its core-
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shell nanoparticulate structure which imparts GI stability, enhanced permeation, and reduced

immunogenicity. The polymeric core in PLHNPs encapsulates the REP and SPC monolayer

surrounding the core which reduces the outward diffusion and enhances the stability of REP.

The outer layer of DSPE-PEG 2000 prolongs the circulation time of nanocarriers by avoiding

reticuloendothelial system (RES) uptake, which is indispensable for increasing the brain’s

uptake of nanocarriers. PEGylation facilitates the ligand—receptor interactions at the brain
endothelium to ease the entry of REP into the brain.

Additionally, the additive and/or synergic neuroprotective potential of REP in combination

with MEM was also examined using the HFD+STZ model. The mechanistic co-delivery

approach of REP will be a more rational approach for providing novel and better therapeutic
solutions for effective AD management. The low dose of MEM (5mg/kg; p.o) and REP

(4mg/kg; p.o) were administered in HFD+STZ neurodegenerative rats and measured the level

of neurochemicals (AP, tau protein, BDNF), proinflammatory cytokines (TNF-a, IL-6) and

oxidative stress biomarkers (GSH, SOD, NO, MDA). After 3 weeks of treatment with

REP+MEM, a significant (P<0.01) amelioration in the level of AP, tau protein, TNF-a, IL-6,

and an increase in the level of BDNF has been observed when compared to free REP. The

results confirmed an additive effect when REP was combined with MEM. Strikingly, when the
combination of REP and MEM was compared with the PLHNPs -REP loaded formulation
group, no additional significant differences in attenuation of Oxidative, neuroinflammatory,
and AD markers were observed. Therefore, these results clearly indicated that the REP-loaded

PLHNPs might exert a neuroprotective effect similar to the combination of REP and MEM

group and proved an attractive translational possibility of REP-loaded PLHNPs formulation

for clinical benefits in AD patients comorbid with BIR.

> In overall conclusion, for the first time, our research work confirmed the neuroprotective
potential of REP in MetS-induced AD. Therefore, REP pave the way and suggested a
therapeutic clinical repurposed drug for treating AD, co-morbid in MetS patients.

» Furthermore, targeted drug delivery systems like PNPs and PLHNPs -REP loaded
formulations have been developed that improved the various pharmacokinetic problemsii.e.,
short half-life, high clearance rate, high protein binding, low absorptivity, and first-pass
metabolism as well as improved the efficacy of REP. Moreover, the comparative studies
between developed and optimized PNPs and PLHNPs loaded REP nanocarriers, concluded
that the PLHNPs exerted more significantly targeted brain delivery than the PNPs due to its
core-shell structure and PEGylation on the outer surface which facilitates the ligand—

receptor interactions at the brain endothelium to ease the entry of REP into the brain.
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» In line with these, we also observed that REP-loaded PLHNPs have a potential
neuroprotective effect similar to that exerted by the combination of low-dose MEM with
REP.

» Therefore, in nutshell, our study provides mechanistic-based strong evidence for REP and
REP-loaded PLHNPs formulation that can be repurposed and used therapeutically for
treating not only DM but also MetS-linked neurodegenerative- AD.
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1. Introduction

1.1 Metabolic syndrome (MetS) and Insulin resistance (IR)

Metabolic syndrome (MetS) also known as syndrome X and insulin resistance syndrome, is a
set of metabolic disorders that comprised central obesity, atherogenic dyslipidemia,
hypertension, glucose intolerance, and insulin resistance (IR) [1]. These metabolic disorders
are the risk factors for the development of cardiovascular disease and type 2 Diabetes mellitus
(T2DM). Additionally, Mets may also raise the risk of microvascular (nephropathy,
retinopathy, and neuropathy) and endocrine complications [2]. According to the International
Diabetes Federation (IDF), one-quarter of the world’s adult population has MetS. The
prevalence of Mets ranges from 20-25% in the adult population and 19.2% in children. [3].
Recent statistical data indicates a significant prevalence of metabolic syndrome in India,
impacting a substantial portion of the adult population.

In the wake of urbanization, excessive calorie intake, rising obesity, and sedentary lifestyles
were evolving MetS into serious concerns in the public. In the next 5 to 10 years, MetS imposes
a 5-fold increase in the risk of T2DM and a 2-fold increase in the risk of cardiovascular disease
[4]. MetS is a state of persistent low-grade inflammation that also results from a complicated
interplay between genetic and environmental factors. Visceral adiposity, atherogenic
dyslipidemia, genetic susceptibility, hypercoagulable condition, high blood pressure, chronic
stress, endothelial dysfunction, and insulin resistance are the multiple variables that increase

the susceptibility of the syndrome [5,6].
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Fig.1.1: Potential risk factors of metabolic disorders
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Metabolic processes ensure a continuous supply of energy and nutrition to all the body
segments. Any disturbance in the normal metabolic mechanism leads to the development of
serious pathophysiological complications. With the rapidly growing industrialization and
urbanization, the instance of the occurrence of these disorders has increased with excessive fat
intake and unhealthy lifestyle habits [7]. According to the World Health Organization (WHO),
the obesity index has tripled since 1975. However, in 2016 about 39% of adults aged 18 years
or above were found to be obese. According to various datasheets and charts, in 2019 around
38.2 million children under 5 years were overweight or obese [8].

Moreover, the term ‘MetS' comprises T2DM and a cluster of closely connected clinical
characteristics like Insulin resistance (IR), obesity (especially abdominal adiposity),
hypertension, and a common form of dyslipidemia (increased triglycerides and low high-
density lipoprotein (HDL)—cholesterol with or without elevation of low-density lipoprotein
(LDL)—cholesterol) are defining characteristics of MetS [9]. Coronary, cerebral, and peripheral
artery disease are related to a considerably elevated incidence when the metabolic syndrome is
present [10]. Therefore, atherosclerotic cardiovascular disease (ASCVD) is responsible for
more than 75% of hospitalizations for diabetic complications and 80% of diabetic mortality.
T2DM is a component of MetS that was described in 1988 and is the most common cause of
mortality and morbidity caused by MetS. T2DM is prominently characterized by
hyperglycemia due to glucose intolerance and insulin resistance (IR) [6,11]. According to the
International Diabetes Federation (IDF), around 537 million adults (20-79 years old) are living
with DM, and predicted to rise to 643 million by 2030 and 783 million by 2045[12].
Additionally, around 541 million adults have impaired glucose tolerance, which places them at
risk of T2DM. Moreover, diabetes is responsible for 6.7 million deaths in 2021 which means
1 every 5 seconds. T2DM is also associated with various macrovascular (coronary artery
disease, peripheral artery disease, stroke) and microvascular complications (nephropathy,
retinopathy, and neuropathy) [13,14].

In the early 1970s, it has been reported that IR was the characteristic feature of T2DM and
clinical development of this disease is indicated by the progressive inability of B-cells. The
pancreatic [ cells compensate for the prevailing insulin resistance by sufficient
hyperinsulinemia [15,16]. IR often develops before the onset of diabetes and is frequently
observed in unaffected first-degree relatives. Both the severity of hyperglycemia and the
metabolic repercussions of IR contribute to morbidity and mortality. Primarily the defects in
insulin action impaired the adipocytes and skeletal muscle cells which indirectly hampered the

glucose transporter 4 (GLUT4) translocation and resulted in impaired insulin-mediated glucose
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transport. As the B cells fail to compensate for the prevailing IR, impaired glucose tolerance
causes hyperglycemia [17].

Likewise, insulin resistance impaired the ability of insulin in the brain and dysregulates the
brain's physiological functions. Margolis and Altszuler are the first scientists who suggested
that insulin can cross the blood-brain barrier (BBB) by showing the increased level of insulin
in the cerebrospinal fluid of rats after peripheral infusion of insulin. Further, the results were
confirmed in the dog that insulin crosses the BBB after intravenous administration of insulin.
But no direct evidence was found that whether the insulin transport system and the insulin
receptors protein are responsible for it [18,19].

1.2 Insulin action in the brain

All cell types in the brain express insulin receptors, however, the expression of these receptors
varies between brain regions. Numerous animal studies indicate that the CA1, and CA3
olfactory bulb, entorhinal cortex, hypothalamus, and dentate gyrus regions of the hippocampus,
as well as the cerebral cortex, striatum, and cerebellum, contain the higher expression of the
insulin receptors. The extensive distribution of these receptors in the brain indicates that insulin
signaling also serves a variety of crucial roles in brain signaling [17]. Alternatively, alterations
in insulin signaling in the central nervous system (CNS) may accelerate brain aging, influence
plasticity, and be involved in the process of neurodegeneration. Furthermore, the majority of
insulin receptors are situated on neurons; they are abundantly expressed in the presynaptic axon
terminal of synapses and comprise the postsynaptic density (PSD) [20].

The insulin receptor and the insulin-like growth factor 1 (IGF-1) receptor are broadly
distributed in the brain and mediate the biological effects of insulin and IGF-1. Numerous
molecules participate in insulin signaling cascades, which are known to play crucial roles in
brain functioning [21]. PI3-K/AKT is important for metabolism and lipid and protein synthesis,
whereas mitogen-activated protein kinase (MAPK) impacts cell proliferation, survival, and
gene expression in the brain [22].

Furthermore, insulin signaling initiates with insulin binding to a tyrosine kinase receptor, which
serves as a transmembrane insulin receptor and binds to IGF-1 which activates insulin
receptors. The insulin receptors have two subunits i.e., o and B subunits. As insulin binds to the
extracellular a-subunit of the insulin receptor, it promotes the dimerization of the intracellular
B-subunit [23]. Through activation of intrinsic tyrosine kinases, the a-subunit stimulates
autophosphorylation of tyrosine residues on the B-subunit. The auto phosphorylated B-subunit
then phosphorylates tyrosine residues on a collection of adaptor proteins belonging to insulin

receptor substrate (IRS) families 1 through 4 (IRS1-1RS4) which were expressed in the cerebral
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cortex, and hypothalamus respectively [24]. IRSs classify insulin stimulation into diverse
routes and deliver intracellular signals that mediate distinct functions. The activation of the
insulin—IR-IRS—P13-K—-AKT pathway, controls the phosphorylation of numerous intracellular
proteins, including serine/threonine-protein kinase mTOR (mammalian target of rapamycin),
glycogen synthase kinase 3 (GSK-3), cAMP-responsive element-binding protein (CREB),
filamin A, and nitric oxide synthetases [25].

Insulin resistance is a factor that contributes to the development of T2DM and seems to play a
crucial role in cognitive dysfunctions such as impaired attention, motor speed, executive
functioning, and verbal memory [26]. Thus, there is a huge possibility that peripheral insulin
resistance may also be associated with brain insulin resistance which dysregulates these
functions. An increasing amount of evidence suggests that neuronal integrity and functional
changes are mediated by aberrant central insulin signaling [27-29]. The alteration in the
signaling offers the framework for describing insulin's role in the origin, development, and
therapy of several neurodegenerative diseases.

1.3 Brain insulin resistance & Neurodegeneration

Brain insulin resistance (BIR) is the lack of response by brain cells to insulin, which can occur
due to multiple reasons ranging from reduction in the number of insulin receptors, the inability
of the present receptors, and impairment in the activation of the insulin signaling cascade
[30,31]. The dysfunction thus progresses into hampering brain metabolic processes and
aggregation of plaques, shrinkage in the size of the hippocampus. The impairment in the
cerebral metabolic processes has a disastrous impact on neuroplasticity and neurotransmitter
functioning which leads to the seeding of inflammatory cascade [32]. All these alterations
cause hampering of cognitive abilities and brain functions. The reduced glucose and energy
availability to the brain leads to the development of a hypometabolic state in many areas of the
brain which may further progress to atrophy of major neural areas, neuronal and synaptic
disconnection [33]. These energy crisis states give birth to an oxidized redox environment, the
dampened activity of enzymes, and continuous hyperactivity of inflammatory cascade all of
this resulting in metabolic conflict in glycolytic glucose breakdown and pyruvate oxidation
resulting in downregulation of oxygen and glucose supply and ceasing of blood flow to frontal
and temporal regions of the brain resulting in synaptic dysfunctions [34].

The metabolic disorder which may lead to abnormalities linked to progressive brain insulin
resistance with consequent impairment of central insulin signaling processes, accumulation of
neurotoxins, neuronal stress, and resulting in a course of neurodegeneration is termed as “Type-
3 diabetes mellitus” (T3DM)[23,29]. T3DM corresponds to chronic insulin resistance and
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insulin deficiency state in the brain which leads to the progression of neurodegenerative
disorders.

Neurodegeneration is an umbrella for the progressive loss of structure or function of neurons,
including the death of neurons. Neurodegenerative diseases comprise one of the major public
health concerns, mostly in our aging population. The consequences are very significant both in
terms of pathology and the cost of caring for patients [35]. However, the causes of most
neurodegenerative diseases remain unknown. Many neurodegenerative diseases including
Alzheimer’s (AD), Spinal muscular atrophy, Parkinson's disease (PD), Lewy body disease,
Huntington's disease (HD), and amyotrophic lateral sclerosis (ALS) occur as a result of
neurodegenerative processes [36]. Such diseases are incurable, resulting in progressive
degeneration and/or death of neurons. The proper clinical diagnosis of neurodegenerative
diseases is often difficult given the large overlap in signs and symptoms, although in more than
75% of cases, the clinical diagnosis is confirmed by post-mortem examination. As research
progresses, many similarities appear that relate these diseases to one another on a sub-cellular
level. Discovering these similarities offers hope for therapeutic advances that could ameliorate

many diseases.
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Dementia is characterized by a decline in memory, language, problem-solving, and other
cognitive skills that affect a person’s ability to perform everyday activities. AD is the most
common cause of dementia, followed by mixed AD and vascular dementia, Lewy body
dementia, and frontotemporal dementia [37]. AD is a chronic and progressive
neurodegenerative disease, which has been caused by protein misfolding, and accumulation of
AP in the brain. AD accounts for 60 to 80 % of dementia cases and aging is considered as the
greatest known risk factor for AD [38].

AD is one of the most commonly occurring neurodegenerative disorders which has an impact
on the lives of aged patients. According to the Alzheimer Association, in 2022 it was observed
that around 6.5 million Americans aged 65 and older are suffering from this debilitating
disorder and seeing its accelerating occurrence. Moreover, this number is projected to rise to
65.7 million by 2030 [39]. The disorder is characterized by severe cortical atrophy and
progressive loss of neurons due to the build-up of tau tangles intracellularly and p-amyloid
plaques extracellularly. Several investigations have demonstrated a link between AD and
impaired insulin signaling in the brain, suggesting that diminished insulin action may play a
crucial role in the development of neurodegenerative disease [40,41]. In accordance with this,
a clinical trial of intranasal insulin administration to AD patients showed a reduction in
cognitive loss and Insulin therapy of cultured neurons can also prevent synaptic loss, a
symptom of AD patients. In addition, the expression of GSK-3 is increased in the hippocampus
region of AD patients and post-synaptosomal supernatants produced from the AD brain. In
contrast, inhibition of GSK-3 attenuates APP processing and reduces neurodegeneration
associated with hyperphosphorylated tau in AD[42,43].

Insulin signaling can attenuate the aggregation of amyloid- (A) fibrils and
hyperphosphorylation of tau protein that causes amyloid plaques and helical neurofibrillary
tangles, which are hallmarks of AD. A reduction in GSK3 phosphorylation could lead to Tau
hyperphosphorylation. Increasing GSK-3 activation may also result in an increase in A
production (due to an increase in presenilin 1 activity mediated by GSK-3) and demonstrated
that GSK3 regulation may play a crucial role in the development of AD pathogenesis [44—46].
Additionally, treatment strategies for AD are still under extensive research. Nowadays, only
symptomatic treatments exist and try to counterbalance the neurotransmitter disturbance by
using cholinesterase inhibitors and N-methyl-D-aspartate (NMDA) receptor antagonists. To
block the progression of the disease, therapeutic agents are supposed to interfere with the
pathogenic steps responsible for the clinical symptoms, classically including the deposition of

extracellular amyloid B plaques and intracellular neurofibrillary tangle formation.
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Thus, there is an unmet need to identify newer molecular targets/mechanisms and novel
approaches for the management of AD. Recently, comorbid condition including MetS linked
with AD is also mounting at an alarming rate and has become a major health issue in developing
and developed countries. Although, treatment options are available for the management of AD
comorbid with MetS which can temporarily delay or reduce the symptoms of the disease.
Moreover, repurposing of the existing clinical class of drugs such as Dipeptidyl Peptidase-4
(DPP-4) inhibitors, Sodium-glucose Cotransporter-2 (SGLT2) inhibitors, Meglitinide, etc have
gained attention due to their anti-diabetic as well as neuroprotective effect. However, recent
pre-clinical and clinical studies have indicated the benefits of the meglitinides class of drugs
not only in DM but also in comorbid conditions like Parkinson’s (PD) and Huntington's disease

(HD).

1.4 Meglitinides

Meglitinides or glinides are the class of oral antidiabetic agents used in the treatment of T2DM.
Meglitinides directly stimulate the release of insulin from pancreatic f cells and lower the blood
glucose concentration [47]. Currently, two analogs are available for clinical use i.e.,
Repaglinide (REP) and Nateglinide. The chemical structures and mechanisms of these agents
were different but the effect on early-phase insulin release is similar, with a rapid rise in insulin
concentrations and a short half-life. Early trial evidence supports their effect in the reduction
of postprandial glucose and reduction in hypoglycemic episodes.

REP is a carbamoyl methyl benzoic acid derivative approved in 1998 by the United States Food
and Drug Administration (US-FDA) for Diabetes mellitus (DM) [48]. REP, a potent short-
acting insulin secretagogue that acts by closing ATP-sensitive potassium (KATP) channels in
the plasma membrane [49]. It acutely decreases blood glucose levels by stimulating the release
of insulin from the B cells of the pancreas. REP closes the K-ATP channels on the plasma
membrane and closure of the K channels depolarizes the B cells, resulting in the opening of
calcium channels. The subsequent calcium influx was generated after the opening of channels
and resulted in the stimulation of calcium-dependent exocytosis of insulin [50].
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REP belongs to non-sulfonylurea insulin secretagogues with a very quick onset and short
duration of action. Theoretically, it reduces the incidence of hypoglycemic episodes by
stimulating insulin in a glucose-sensitive fashion [51]. The majority of regularly used
meglitinides are metabolized in the liver and primarily eliminated via the bile, apart from a
small amount of the parent chemical that has been detected in the urine[52]. REP is currently
marketed as PRANDIN by Novo Nordisk. PRANDIN tablets for oral administration and used
as an adjunct to diet, and physical exercise to lower the blood glucose level in DM patients.

Additionally, numerous reports suggest that REP exerted a neuroprotective effect in PD and
HD. It observed that REP acts against kainic acid-induced neuronal cell death in the CA3 region
of hippocampal and rotenone-induced PD [53]. Further, recent studies have reported that REP
exerted a strong neuroprotective effect in HD which may possibly work via multiple
intracellular channel modulators, maintaining calcium homeostasis, gene expression, and
enzymatic activities, and targets neuronal calcium receptors by specifically attaching to them
in a calcium-dependent manner [54]. Recent evidence also indicated that REP down-regulates
the expression of downstream regulatory element antagonist modulator (DREAM), (a calcium-
binding protein) that regulates calcium homeostasis and is involved in the pathogenesis of HD
[55]. It has been reported that REP increases neuronal survival via upregulating activating
transcription factors-6 (ATF6) gene (endoplasmic stress sensor) that may possibly work via
activating autophagy and inhibiting endoplasmic stress-induced apoptosis along with inhibition

of the DREAM. Thus, there is a huge possibility that REP regulates neurodegeneration via
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modulating the necrotic and apoptotic cell death protein expression of pro-apoptotic protein,

an anti-apoptotic protein, calcium homeostasis, and may eventually reduce neuronal cell death.

Moreover, reports also suggest that REP is rapidly absorbed from the gastrointestinal tract and
results in the increment of plasma concentration. The peak plasma concentration level reaches
within one hour after administration and represents a short half-life. Further, it was stated that
the REP has poor pharmacokinetic characteristics such as low volume of distribution, 30 L
(consistent with intracellular fluid distribution), high plasma protein binding (greater than 98

%), rapid metabolism, and low mean absolute bioavailability (53%).

Therefore, to circumvent the pharmacokinetic parameters and improve the efficacy of REP, the
nanocarrier systems were explored using nanotechnology. Nanotechnology has revolutionized
the field of drug delivery by offering promising solutions for the efficient and effective delivery
of therapeutic agents. It has been widely acknowledged that conventional drug delivery systems
face significant challenges such as non-specific distribution, low bioavailability, and adverse
side effects. These limitations can be overcome by the development of nano-based drug
delivery systems that offer several advantages over conventional treatments. One of the major
advantages of nanotechnology in drug delivery is the ability to increase drug concentration at
the desired site of action. Nanoparticles can be engineered to target specific cells or tissues and
release the drug payload at the desired location. This targeted delivery system reduces the side
effects associated with conventional treatments, which often result in the accumulation of the
drug in non-targeted tissues. By selectively delivering drugs to the target site, the toxicity of
the drug is minimized, and the therapeutic effectiveness is improved. Moreover, nanoparticle-
based drug delivery systems exhibit a prolonged circulation time in the bloodstream, which
enhances drug delivery and efficacy. The use of nanostructures permits the controlled release
of drugs at the prescribed dose, enabling sustained drug release over an extended period. This
controlled release system not only reduces the frequency of dosing but also ensures that the
drug is delivered at the desired site for a more extended period, thereby improving the overall
efficacy of the treatment. Another advantage of nano-based drug delivery systems is that they
offer improved bioavailability. The small size of nanoparticles allows them to cross biological
barriers such as the blood-brain barrier and deliver drugs to the target site, thereby improving
the overall bioavailability of the drug. In addition, the high surface area to volume ratio of

nanoparticles increases the drug loading capacity, which in turn enhances drug bioavailability.
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Nanoparticles have emerged as a promising tool in drug delivery due to their ability to improve
the pharmacokinetics and pharmacodynamics of therapeutic agents. They can be designed to
carry drugs to specific target sites in the body, protect drugs from degradation or elimination,
and control the release of drugs over time.

There are various types of nanoparticles used in drug delivery, Polymeric nanoparticles: These
are nanoparticles composed of synthetic or natural polymers, such as poly (lactic-co-glycolic
acid) (PLGA), polyethylene glycol (PEG), chitosan, and albumin. Polymeric nanoparticles can
be designed to release drugs over a prolonged period and can be functionalized to target specific
tissues or cells. Lipid-based nanoparticles: These include liposomes, solid lipid nanoparticles
(SLNs), and nanostructured lipid carriers (NLCs). Lipid-based nanoparticles are composed of
lipids and can carry hydrophobic or hydrophilic drugs. They are biocompatible, biodegradable,
and can be functionalized to target specific tissues or cells. Dendrimers: These are highly
branched, synthetic polymers with a defined molecular structure. Dendrimers can carry drugs
in their interior and on their surface and can be functionalized to target specific tissues or cells.
Overall, nanoparticles offer several advantages in drug delivery, such as improved drug
solubility, bioavailability, and targeting, as well as reduced toxicity and side effects. With
ongoing research and development, nanoparticles hold great potential to revolutionize the field

of drug delivery and improve patient outcomes.

Table.1.1: List of PEGylated nanocarriers for the treatment of Alzheimer's disease.

S.No. Drug Formulation Justification
1. Memantine PLGA-PEGylated e Sustained delivery of the drug into the
Nanoparticles target tissue

Improve learning capacities
2. Memantine-HCL  PLGA-PEGylated e Reduce level of pro-inflammatory
Nano scaffolds cytokines

e Improve permeation

3. Si-RNA PEGylated e Maintain the Biological activity of the
nanoparticles molecule
e Increase stability and
biocompatibility
4. AP14 peptide Polymeric e Increase the blood half-life of the
nanoparticles particles.

e Increase the peptide adsorption onto

the surf
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2. Literature Review

2.1 Metabolic syndrome and associated risk factors

Metabolic processes ensure a continuous supply of energy and nutrition to all the body
segments. It is defined as the total of all the biochemical reactions occurring in the body. Any
disturbance in the normal metabolic mechanism leads to the development of serious
pathophysiological complications known as MetS. MetS, also referred to as insulin resistance
syndrome, comprises various complications that altogether elevate the risk of occurrence of
coronary heart disease, diabetes, stroke, chronic kidney disease, and other serious
complications. It can be easily diagnosed by several easily diagnosable signs like obesity, high
blood pressure, high blood sugar levels, high blood triglycerides, and decreased HDL
cholesterol [58]. MetS incorporate major disorders like obesity, atherogenic dyslipidemia,
hypertension, diabetes mellitus, and prothrombotic and proinflammatory states. The key
hallmarks of the MetS comprise leptin resistance, downregulated adiponectin level, insulin
refractoriness, malfunctioning secretion of insulin, and glucose intolerance [59].

Due to the rapidly growing industrialization and urbanization, the instance of the occurrence
of these disorders has increased with excessive fat intake and unhealthy lifestyle habits [14].
According to World Health Organization (WHO), the worldwide obesity index has tripled since
1975. However, in 2016, about 39% of adults aged 18 years or above were found to be
overweight and 13% were obese. Worldwide, about 13% of adult people (11% men and 15%
women) were found to be obese. In 2019. Around 38.2 million children under 5 years were
overweight or obese [8].

2.2 MetS and T2DM

Out of all the metabolic syndromes involved, DM is the most common disorder, with about
422 million people suffering from T2DM, and 2 million deaths accredited to this deadly
disorder. It is the prime cause of blindness, heart attacks, kidney failure, stroke, and lower limb
amputation [12]. This widespread epidemic of metabolic disorders, especially DM, is attributed
to genetic background, diet, exercise, and aging.

DM, as defined by American Diabetes Association “is a group of metabolic disorders
characterized by hyperglycemia resulting from defects in insulin secretion, insulin action or
both. The chronic hyperglycemia of diabetes is associated with long-term damage dysfunction
and failure of different organs, especially the eyes, kidneys, nerves, heart, and blood vessels.
DM is primarily classified into 2 types i.e., Type-1 Diabetes (TLDM)s, and Type-2 diabetes

[60]. Multiple pathogenic processes are entangled in this pathogenic chain of progression of
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diabetes ranging from the autoimmune destruction of pancreatic f-cells along with insulin
deficiency to the flawed insulin activity which can occur due to the resistance developed to its
action resulting in diminished tissue responses. As the disease continues to progress, insulin
secretion is unable to modulate the glucose hemostasis leading to hyperglycemia.

T1DM occurs due to the autoimmune destruction of B-cells by the action of CD4+ and CD8+
Cells and macrophages entering the islets. All of this results in a shortage of insulin and thus
leading to metabolic dysfunctions. The condition is further aggravated by excessive glucagon
secretion which occurs due to abnormal pancreatic a-cells [61]. Moreover, T2DM is a
consequence of the multitude of causative factors encompassing elevation in obesity, sedentary
lifestyles, increased dietary calorie intake and aging population, genetic makeup, etc. However,
in T2DM, the primary pathophysiological abnormalities involved are either downregulated
insulin secretion occurring due to the malfunctioning of B-cells or the inability of the secreted
insulin to downregulate the blood glucose level due to the insulin resistance [60,61]

In the presence of obesity, hyperlipidemia, or hyperglycemic conditions, the presence of a
higher concentration of free fatty acids and glucose levels exposes B-cell to various stresses
like inflammatory stress, oxidative stress, and amyloid stress predisposing them to lose their
integrity. The presence of a surplus of free fatty acids and glucose triggers the apoptotic
unfolded protein response pathways which ultimately give birth to ER stress and thus induce
B-cell malfunction and cell death [62]. Metabolic and oxidative stress is induced due to obesity-
related lipotoxicity, glucotoxicity and glucolipotoxicity further impairing B-cells [59,63].
Aggregation of misfolded proteins and islet amyloid polypeptides occurs as a result of
prolonged high glucose concentration, leading to the accumulation of misfolded insulin and
islet amyloid polypeptides and increased generation of protein-folding mediated reactive
oxygen species. It also leads to modifications in the mobilization of calcium ions from ER
which favored proapoptotic signals, aided in the degradation of proinsulin mRNA, and
stimulated the release of IL-1, further aggravating local inflammation in islets [62,64]. Thus,
all of this mix of pathogenic abnormalities progress to compromise in the integrity of islets,
disrupted cell-to-cell communication within islets, impaired modulation of the balance between
insulin and glucagon, defects in insulin synthesis and release, and ultimately hyperglycemia
[64,65]. Although Diabetes and related disorders are well known to cause deleterious effects
throughout the body like cardiovascular diseases, dyslipidemia, atherosclerosis, diabetic
nephropathy, diabetic retinopathy, diabetic ketoacidosis, diabetic  neuropathy,

neurodegenerative diseases have now been added to this list.
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2.3 MetS and Insulin

2.3.1 Formation of insulin and its action

The insulin is secreted by the B-cells as pre-proinsulin which undergoes maturation through
some conformational modifications with the help of proteins in the endoplasmic reticulum (ER)
and leads to the formation of proinsulin. The formed proinsulin is folded and three disulfide
bonds are molded in the presence of various ER chaperone proteins [66]. The folded proinsulin
is translocated to the Golgi apparatus where it resides in the immature secretory vesicles and
divides into C-peptide and insulin [67]. Both of these substrates are stored in the secretory
vesicles along with islet amyloid polypeptides (IAPP) and other products [68]. This conversion
under normal circumstances completes before the secretion of insulin. However, in changed
pathological conditions such as T2DM, insulinoma, or familial hyperproinsulinemia, elevated
concentrations of split proinsulin have been detected which cause disturbance in the insulin
formation and synthesis process [69]. Moreover, the formed insulin is stored in the vesicles
until its release is triggered. The B-cells recognize any fluctuations in the blood glucose levels
and in response to that the secretion of insulin will take place. Additionally, glucose transporter
2 (GLUT2) functions as the glucose sensor for the B-cells and simultaneously transports
glucose inside B-cells where it is catabolized and as a result intracellular ATP/ADP ratio rises,
triggering the closing of plasma membrane-localized ATP-dependent potassium channels
which results in membrane depolarization and opening of calcium ion channels, facilitating the
entry of calcium ions in the cell, rise in the ionic concentration inside cell further triggers the
fusion of secretory vesicles carrying insulin with the plasma membrane, ultimately leading to

insulin secretion [64,70].
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Fig.2.1: Insulin production pathway
2.3.2 Insulin receptors and insulin receptor substrate

The structure of insulin shows that there are a lot of amino acids that are involved in binding
to the insulin receptor. The insulin receptor is a tetrameric glycoprotein found at the plasma
membrane and made up of two extracellular a-subunits and two -subunits as transmembrane
subunits. Moreover, two isoforms of insulin receptors i.e., type A and type B exists, which bind
to insulin and Insulin-like Growth Factor-1 (IGF-1) [71]. The insulin binds to its receptor,
which is a dimer on the cell membrane and causes its tyrosine kinase activity to start
phosphorylating. The insulin receptor can also form a heterodimer with the IGF-1 receptor and
modulate the affinity for insulin of IGF-1 [72]. On the other hand, the phosphorylation of serine
residues contributes to the regulation and control of the activity of the receptor, causing it to
become internalized. The insulin receptor dimer can bind and phosphorylate several other
proteins, activating a signaling cascade that regulates a variety of functions including cell
growth, survival, and metabolism [73,74].

Additionally, Insulin Receptor Substrate (IRS)activates the recruits of insulin receptors and
phosphorylates many substrates like Growth factor receptor-bound (Grb), Dedicator of
Cytokinesis (Dock1), Casitas B-lineage lymphoma (Cbl), and adapter protein with Pleckstrin
homology and Src homology 2 domains (APS) adaptor protein [75]. Moreover, IRS and Src
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homology/collagen (Shc) are the two main substrates of insulin for activation through a
phosphorylation cascade. Furthermore, the four known IRS proteins are also present i.e., IRS-
1 IRS-2, IRS-3, and IRS-4. The IRS-1 and IRS-2 have widely overlapped tissue distribution
while IRS-3 and IRS-4 are less characterized [76].

2.3.3 Insulin signaling pathways in the brain

Insulin initiates its activity by binding with the o-subunit of the receptor triggering the
dimerization and autophosphorylation of the tyrosine residues at the 3-subunits forming insulin
receptor substrate (IRS-1 and IRS-2) [77,78]. Besides insulin, the insulin growth factor also
binds to the insulin receptor which is also capable of inducing the response. This binding is
maximum in areas like the cerebral cortex and hippocampus which are in charge of cognitive
abilities and behavior [79]. The tyrosine kinase enzyme phosphorylates the tyrosine residues
on the IRS-1 and IRS-2 substrate which further triggers its actions. Their actions encompass
all the mechanisms crucial for the sustenance of life like modulation of glucose concentration,
cellular calcium levels, neuronal survival and growth, functioning of neurotransmitters, and
synaptic strength and neurogenesis [80].

2.3.3.1 PI3-AKT pathway

Insulin and IRS work majorly through 2 canonical pathways: PI3-AkT pathway and
Ras/MAPK pathway. Phosphorylation of insulin receptors results in the phosphorylation of
IRS-1, which then causes the phosphorylation of PI3K. PI3K modulates the conversion of PIP2
to PIP3, facilitating the inclusion of the pleckstrin homology (PH) domain to the membrane
which contains proteins like AKT and PDK1. On reaching the membrane, phosphorylation of
AKT by PDK1 and mTOR leads to its activation [81]. AKT is primarily the button for
stimulating the insulin signaling cascade and protein kinase C{ (PKCC) and PKCA. AKT on
being triggered, phosphorylates the substrate of TBC1D4, modulating the movement of
GLUT4 receptors to the cell membrane for the uptake of glucose [77]. This PIBK/AKT
signaling is primarily incharge of the functioning of metabolic processes including glucose
translocation, utilization, energy metabolism, and neuronal survival [82]. It is also intricate in

causing the phosphorylation of GSK-3 and gene transcription.
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Fig.2.2: Neuronal signaling mechanism in a state of insulin sensitivity and insulin resistance.
2.3.3.2 Mitogen-activated protein kinase (MAPK)

The binding of insulin at the a-substrate of the receptor causes autophosphorylation at the 3-
subunit resulting in the triggering of guanine nucleotide exchange factor SOS causing the
formation of GTP from GDP and causing activation of Ras. The Ras results in the activation
of Raf stimulating Raf and then MEK followed by mitogen-activated protein kinase
(MAPK)/ERK [81,83]. This MAPK signaling pathway is implicated in the processes like cell
growth, proliferation, survival, and differentiation of cells. It is also known to modulate gene
transcription by controlling the phosphorylation of various transcription factors. ERK being
attached to the cAMP response element binding protein (CREB) activates the same and
upregulates the transcription of genes playing a role in the survival of neurons [84]. p38 MAP
kinase cascade is also intricately involved in the neuroinflammatory pathway. It is said to be
entangled with major pathological features of AD-like excitotoxicity, synaptic plasticity, and
phosphorylation of tau [85].

2.3.3.3 Mammalian target of rapamycin (nTOR)

The mammalian target of rapamycin (mTOR) falls in the PI3K pathway. Activation of the
MTOR/FRAP pathway by PI3K tunes the phospholipase D resulting in hydrolysis of
phosphatidylcholine and elevated concentrations of phosphatidic acid and diacylglycerol [86].
Insulin promotes the synthesis of proteins and halts their degradation by activating mTOR.
MTOR has been identified to regulate the mammalian translation machinery by modulating
phosphorylation, activating p70 ribosomal S6 kinase (p70"), and causing phosphorylation of
initiation factor 4E for eukaryotic translation (elF-4E) inhibitor, PHAS1 or 4E-binding protein
1 [87,88]. p70™<initiates ribosomal biosynthesis by phosphorylating the ribosomal S6 protein
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forming increased translation of mMRNAs with a 58 terminal oligopyrimidine tract. mTOR
phosphorylates PHAS-1 and causes its dissociation from elF-2 allowing cap-dependent
translation of MRNAs with the highly structured 58-untranslated region [88]. Activation of
MTOR by AKT modulates protein and lipid synthesis and other aspects involved in cellular

metabolism, growth, survival, and autophagy [77].
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Fig.2.3: Mammalian target of rapamycin (mTOR) pathway
2.3.3.4 GSK-3p

AKT phosphorylates GSK-3, and on being inactivated it metabolizes glucose. It also regulates
the apoptotic process, cellular metabolic activities, and transcription factors aiding in cellular
development and increasing neuronal life span [89]. The activation of the GSK-3f isoform
which besides being involved in glycogenesis, neurotrophic factor signaling, Wnt signaling,
neurotransmitter signaling, and assembly of microtubules is also responsible for promoting tau
phosphorylation, deposition of amyloid beta (AB) and microglia-mediated neuroinflammation
when phosphorylated [89-91].
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2.3.3.5. Insulin and Glucose Transporter (GLUT) system

Insulin is the most potent anabolic physiological agent known to stimulate the storage and
synthesis of lipids, proteins, carbohydrates, prevent their breakdown, and release into
circulation [92]. The first step by which insulin enhances energy storage or use is the controlled
transport of glucose into the cell, which is mediated by facilitative glucose transporters. There
are 14 glucose transporter proteins encoded in the human genome (GLUT1-GLUT14) that
catalyze hexose transport across cell membranes via an ATP-independent, facilitative diffusion
mechanism [93]. GLUT2 and GLUT4 are the most extensively researched and crucial glucose
transporters for glucose homeostasis. GLUT2 is expressed in the liver, gut, kidney, and
pancreatic islet -cells, as well as in the central nervous system's neurons and astrocytes. GLUT2
is necessary for pancreatic cells for glucose-stimulated insulin release. In contrast, GLUTA4 is
highly expressed in adipose tissue and skeletal muscle; however, these tissues also express a
select group of additional transporters [94]. In the absence of insulin or other stimuli, GLUT4
is predominantly intracellular but is rapidly redistributed to the plasma membrane in response
to these stimuli. Transgenic mice that express large amounts of GLUT4 in adipose tissue or
skeletal muscle are highly insulin-sensitive and glucose tolerant. On the other hand, conditional
depletion of GLUT4 in either adipose tissue or skeletal muscle results in insulin resistance and
a similar incidence of diabetic animals[95]. In accordance with these findings, it has been
revealed that the expression of GLUT4 in the skeletal muscle of T2DM patients is dramatically

decreased, indicating that these patients have a diminished capacity to handle glucose [96].
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2.3.3.6 Insulin degrading enzyme (IDE)

The IDE, a metalloproteinase secreted by microglia and serves as a common pathway for
breaking down insulin and AB. The overexpression of IDE results in the shortage of insulin
availability and mutations in the IDE gene leads to a significant elevation in serum insulin
levels.

In the late 1940s, it is reported that the IDE have the ability to break down insulin and degrades
insulin into inactive fragments. In IDE-deficient mice, insulin breakdown was reduced, and
hyperinsulinemia was observed [97]. Furthermore, employing silencing RNA (Ribonucleic
acid) to reduce the amounts of human IDE in HepG2 cell-line cultured cells decreased insulin
breakdown by up to 76% [98]. Surprisingly, while IDE plays a crucial role in insulin
homeostasis, insulin also helps to maintain IDE levels. Insulin treatment of primary
hippocampal neurons increased IDE protein levels by 25%, potentially via a feedback
mechanism [99]. Despite its affinity for insulin, IDE has been linked to the breakdown of other
amyloidogenic peptides. Human cerebrospinal fluid has been found to contain IDE (CSF). Its
activity and levels have been discovered to be lower in AD brain tissue, and it is linked to
higher A levels [100]. Furthermore, the enzymatic activity of IDE from diverse rat tissues was
ranked in the following order: liver > pancreas > kidney > testis > adrenal gland > spleen >
ovary > lung > heart > muscle > brain > fat. Furthermore, IDE is not the only enzyme involved
in insulin degradation; cathepsin D has also been found to engage in lysosomal insulin
degradation [101].

2.3.3.7 Insulin resistance and its possible mechanisms

Insulin resistance is a condition in which cells have a diminished ability to respond to insulin,
resulting in a biological effect that is less than expected for a given dose of insulin. Insulin-
resistant people require more insulin than normal to maintain normal blood glucose levels
(hyperinsulinemia). The majority of insulin-resistant people avoid developing substantial
hyperglycaemia through compensatory hyperinsulinemia [102,103]. In a vicious loop, the more
insulin generated to lower blood sugar, the greater the insulin resistance. Furthermore, the
combination of insulin resistance and hyperinsulinemia considerably enhances the occurrence
of the insulin resistance syndrome's closely associated anomalies and clinical diagnoses [102].
Obesity, glucose intolerance, diabetes, hypertension, dyslipidaemia, metabolic syndrome,
cardiovascular diseases, and possibly neurodegenerative diseases are all examples of insulin
resistance syndrome [104-107].

Insulin resistance is thought to occur at the cellular level in the majority of instances due to

post-receptor abnormalities in insulin signaling. Although promising results in animals for a
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variety of insulin signaling abnormalities, their significance to human insulin resistance is
currently unknown. Down-regulation, inadequacies, or genetic polymorphisms in tyrosine
phosphorylation of the insulin receptor, IRS proteins, or PIP-3 kinase are possible pathways,
as are GLUT 4 function problems[108].

2.4 Brain insulin resistance (BIR) and Neurodegeneration

Brain insulin resistance is the lack of response by brain cells to the insulin which can occur due
to multiple reasons ranging from reduction in the number of insulin receptors, the inability of
the present receptors to bind to the secreted insulin to impaired activation of the insulin
signaling cascade [30,77]. The dysfunction thus progresses into hampering brain metabolic
processes and aggregation of plaques, shrinkage in the size of the hippocampus. The
impairment in the cerebral metabolic processes has a disastrous impact on neuroplasticity, and
neurotransmitter functioning and thus leads to the seeding of the inflammatory cascade. All
these alterations cause hampering of cognitive abilities and mood [78,109]. The reduced
glucose and energy availability to the brain leads to the development of a hypometabolic state
in many areas of the brain which may further progress to atrophy of major neural areas and
neuronal and synaptic disconnection [110]. These energy crisis states give birth to an oxidized
redox environment, the dampened activity of respiratory chain enzymes, and continuous
hyperactivity of inflammatory cascade all of this resulting in metabolic conflict in glycolytic
glucose breakdown and pyruvate oxidation resulting in downregulation of oxygen and glucose
supply and ceasing of blood flow to frontal and temporal regions of the brain resulting in
synaptic dysfunction [111-113].

Several research reports have found cognitive impairments in patients with DM since the 1920s
implemented neurodegeneration [114]. Multiple studies have reported the presence of such
severe memory deficits in patients with elevated hemoglobin Alc concentrations [115,116].
Fludeoxyglucose F-18-positron emission tomography (FDG-PET) studies have also
highlighted the association of insulin resistance with the reduction in cerebral glucose
metabolic rate in the posterior cingulate, precuneus, paired to temporal and frontal cortex
regions of the pattern which are primarily important for memory and cognition. Identical
patterns were also observed in the subjects carrying the apolipoprotein E €4 allele (APOE &4)
which is the major AD risk factor [117,118]. A higher concentration of insulin in the circulation
hampers the BBB by decreasing the endothelial insulin receptors and reducing the BBB
permeability to insulin. Thus, reduced insulin concentrations of insulin were found in the CSF
of people with insulin resistance. This directly implicates the reduced concentration of insulin

in the brain and hence reduced neural and glial activity and impaired neuronal integrity [119].
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Modulation of permeability by T2DM predisposes it to severe damage by facilitating the entry
of other prohibited toxic substances [120,121].

2.4.1 BIR and AD

Many researchers have signaled the role of insulin in the progression of neurodegenerative
diseases by various mechanisms which include aggravating the disease-specific pathological
lesions and also enhancing the vulnerability of neurons to neurodegeneration [107]. It has been
known to enhance AD pathological features like an aggregation of B-amyloid plagues, tau
tangles, and a-synuclein lesions [106]. Studies have also highlighted the consistency in the
brain changes associated with T2DM and AD [122]. Moreover, western immunoblot analysis
found upregulated IGF-1R levels surrounding and within amyloid-p plaques and
downregulated IGF-1-binding protein-2 in AD temporal cortex. Notably decreased IRS-1 and
2 levels were observed in AD neurons, in connection to upregulated levels of inactivated
phospho®2|RS-1 and phospho>®™®IRS-1 and phosphoserine epitopes colocalized strongly
with the NFTs signaling the impairment of IGF-1R and IR signaling in AD brain [123,124].
Impaired insulin signaling pathways are also involved in cognitive impairment like PI3K
activation is connected to the LTP expression in the hippocampal region CA1 [125], and
dentate gyrus [126]. Inhibition of PI3K has been implicated in impaired passive avoidance and
spatial learning [127]. Insulin also affects learning and memory by modulating the ion channels
and neurotransmitter receptors. It primarily regulates the synthesis and activity of
neurotransmitters involved in memory and cognition like acetylcholine [128] and
norepinephrine [129].

AD and T2DM share a whole lot of pathophysiological features due to which Alzheimer’s
disease is sometimes also referred to as type-3 diabetes mellitus (T3DM) [130]. Some of the
identical features include deposits of AP plaques and fibrils in AD which is quite similar to the
deposits of IAPP in pancreatic islets which also forms agglomerates and fibers as diabetes
worsens [131]. The presence of oxidative stress and excessive ROS leads to the accumulation
of glycated AP and tau which is akin to the buildup of advanced glycation end products and
their receptors (RAGE) in kidney, retina, and atherosclerotic plaques in subjects suffering from
diabetes [59,132-134]. Other shared pathological features encompass synaptic dysfunction,

impaired autophagy, and excessive inflammation [34].

2.5 Pathological mechanisms in AD
One of the most commonly occurring neurodegenerative disorders, Alzheimer’s dementia has

impacted the lives of about 1 in 9 Americans aged 65 and older. Around 6.5 million Americans
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aged 65 and older are suffering from this debilitating disorder and seeing its accelerating
occurrence, this number is projected to rise to 65.7 million by 2030 [135]. The disorder is
characterized by severe cortical atrophy and progressive loss of neurons due to the build-up of
tau tangles intracellularly and p-amyloid plaques extracellularly [133,136,137]. The
mitochondrial dysfunction and oxidative stress associated with the disease pathology led to an
imbalance in the normal ionic concentrations and an increase in the ROS which further
aggravates the pathology.

2.5.1 Deposition of Ap plaques and tau tangles

AP, being the primary pathological marker of AD is formed from APP when it is proteolytically
cleaved by B and y-secretase. The elevated accumulation of AP in the AD brain occurs as a
result of impaired clearance and increased formation of AP [138,139]. Hyperinsulinemia also
elevates the susceptibility to AD by playing a part in A toxicity. The Insulin degrading enzyme
(IDE) is mainly responsible for degrading AP and it was found to be the prime modulator of
AP in neuronal and microglial cells. Due to the hyperinsulinemia conditions prevalent in
T2DM, the presence of a high concentration of peripheral insulin dampens the degradation of
AP by serving as a competitive substrate for the enzyme [140,141]. The mice with deleted IDE
genes served showed 50% downregulation in the clearance of AP as well as an increase in the
cerebral accumulation of the plaques. Insulin also plays a role in APP transportation and
metabolism [97] as it is known to reduce the intracellular accumulation of ABPP significantly
by increasing its transportation from the trans-Golgi network which is its site of generation to
the plasma membrane, hence increasing its extracellular secretion and also by downregulating
its degradation by IDE [142]. The [C-11] Pittsburgh compound B (PiB) positron emission
tomography study also investigated asymptomatic, late middle-aged adults from Wisconsin
Registry for Alzheimer’s prevention and postulated that insulin resistance is directly related to
increased PiB uptake in frontal and temporal areas signifying higher amyloid deposition [143].
Many studies found the intranasal administration of insulin to be effective in restoring insulin
signaling, elevating the concentration of synaptic proteins, and decreasing AP concentration
and microglia activation in 3xTg-AD mice brains [144]. Another study also evidenced the
effect of insulin in decreasing the toxic effects of Dutch mutation (DAf1-40) on human brain
pericytes in a dose-dependent manner [145].

Likewise, the aggregation of AP is also found to hamper insulin signaling by competing with
it for binding and decreasing its affinity to its receptors [141]. Also, it dampens the neuronal
transmission of insulin-stimulated signals by desensitizing and downregulating the insulin

surface receptors. The intracellular ABPP causes direct disturbance in the PI3K activation of
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Akt, resulting in hampered survival signaling, and upregulated GSK-3f leading to increased

tau hyperphosphorylation tau [42].

Insulin was found to be accumulated in the form of oligomers in hyperphosphorylated tau-
bearing neurons in AD. The intraneuronal agglomeration of insulin was found to be directly
dependent on tau hyperphosphorylation and follows tauopathy progression [146]. Tau was
found to be a significant modulator of insulin signaling. Tau functions as a scaffolding protein
and interacts with many components involved in the insulin signaling pathway. It was found to
bind to the Src homology 3 (SH3) domain of the Src family tyrosine kinases which consists of
the p85a subunit and PI3K, which is a key component in the insulin signaling cascade [147].
Tau was found to bind to the phosphatase and tensin homolog protein (PTEN), which is a
negative regulator. The insulin transduction aided in the dephosphorylation of PIP3
(phosphatidylinositol-3,4,5-triphosphate) to form PIP2 (phosphatidylinositol-4,5-diphosphate)
and helps in its downregulation and favors insulin signaling [148,149]. The regulatory function
of tau in insulin signaling was also confirmed by the study where deletion of tau resulted in
hampered hippocampal response to insulin due to changes in the activities of IRS-1 and PTEN
[148]. However, the pathological forms of tau developed due to hyperphosphorylation could
lead to loss of proper functioning of tau protein resulting in disturbance in insulin signaling and
development of brain insulin resistance [148]. Kuga et al. investigated the age-related changes
in the hippocampus of middle-aged rats (17 months) and found the elevation in tau
phosphorylation, AB content, PTP-1B, and dampened phosphorylation of IRS-1, AKT, GSK-
3B, mTOR, and TrkB contributing to the development of IR and AD onset [150]. On one hand,
short-term exposure resulted in rapid hyperphosphorylation of tau at several Ser/Thr residues
in human neuroblastoma cells or rat primary cortical neurons whereas prolonged exposure led
to reduced phosphorylation [151,152].

IR has been evidenced as a significant connecting link between the AP and tau pathologies.
Dependence of temporal-parietal areas of the brain on glycolysis leads to lactate release which
is associated with elevated interstitial AP oligomer formation. The AP agglomeration aids in
Ser phosphorylation of IRS-1, dampening the downstream insulin signaling and IR as a result
of it which further aggravates AP plaque deposition. Chronic insulin resistance also promotes
tau hyperphosphorylation leading to the deposition of Neurofibrillary tangles in different

regions than AP and together all of these interlinked pathologies worsen the AD progression
[153].
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2.5.2 Mitochondrial and Endoplasmic reticulum stress leading to AD

Mitochondrial dysfunction, oxidative stress, and inflammation are other bridges between
deadly disorders. Mitochondrial dysfunction and oxidative stress are pivotal processes
underlying the progression of AD pathologies and their interaction with all causative factors
[133]. Reduction in proper mitochondrial functioning is found to be directly influenced by
insulin concentration. Mitochondrial impairment or mutations in mtDNA leads to disastrous
repercussions which encompass alterations in the 3-oxidation pathway, modifications in ATP
productions due to variations in oxidative phosphorylation complexes, and upregulated ROS
release. It is known to be disastrous to the cell's metabolism and tissues involved and interferes
with their proper functioning due to aggravated tissue inflammation which is the main feature
of AD and T2D [154]. The alterations in the mitochondrial function were also validated when
the isolated brain mitochondria, cerebral cortex homogenates, wild-type hippocampus, triple
transgenic AD, and T2D mice were investigated and a notable reduction in the mitochondrial
respiration, membrane potential, and energy levels was observed. The study also found a
significant reduction in autophagy-related protein 7 (ATG7) and glycosylated lysosomal
membrane protein 1 (LAMP1) concentration in the cerebral cortex and hippocampus of T2D
and 3xTg-AD mice. Reduced concentrations of nuclear respiratory factor 1 (NRF1) and NRF2
are found in both brain regions of T2D and 3xTg mice along with the downregulated
mitochondrial encoded nicotinamide adenine dinucleotide dehydrogenase subunit 1 (ND1) and
postsynaptic density protein 95 (PSD95) and synaptosomal-associated protein (SNAP25) in
the hippocampus of T2D and 3xTg mice validate the impairment in mitochondrial function,
biogenesis and autophagy in AD and T2D [155].

T2DM is associated with inherited or acquired downregulation of mitochondrial oxidative
phosphorylation capacity, reduced ADP-stimulated oxidative phosphorylation, mitochondrial
plasticity, and reduced mitochondrial content in skeletal muscle cells and hepatocytes. The
developed insulin resistance is related to the decrease in insulin-triggered mitochondrial
activity due to the blunted mitochondrial plasticity. Mitochondrial abnormalities are speculated
to speed up the progression of insulin resistance and organ dysfunction by increased release of
reactive oxygen species [156]. Mitochondria’s role was also demonstrated in the modulation
of insulin via IDE.

Additionally, the catabolic degradation of the abnormal and misfolded proteins and parts of
damaged organelles is a common feature observed in AD as well as T2DM [157]. In AD,
aggregation of amyloid plaques and tau tangles led to autophagy dysfunction and

downregulation of gene expressions [136]. However, the involvement of autophagy
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impairment is also witnessed in diabetes and is speculated that it results in its progression into
subsequent neurodegeneration [158]. Another proof of the involvement of impaired autophagy
in T2D comes from the disturbance in the P13K/mTOR pathway which is involved in
autophagy modulation [157].

Moreover, the Endoplasmic reticulum (ER) combats the unfolded proteins accumulated in the
lumen by initiating 3 different intracellular signaling cascades. The developed ER stress
aggravates obesity and diabetes pathology, which are dangerous risk factors for AD and hasten
the progression of AD. One of the studies, suggested the triggering of presenilin-1 by ER stress
by activating the transcription factor 4 (ATF4) and thus elevating the AP secretion by y-
secretase which was halted by quercetin by altering the UPR signaling [159]. ER stress arising
as a result of diabetes, plays a pivotal role in aggravating insulin resistance by modulating the
oxygen-regulated protein 150 (ORP150) expression, which is a molecular chaperone
safeguarding against ER stress [104].

Disruption in the communication links between the ER and mitochondria known as
mitochondria-associated ER membranes (MAMSs) stems from obesity-related mitochondrial
dysfunction. The obesity-like conditions result in the elevation of calcium overload, oxidative
stress, and reduced mitochondrial oxidative capacity. [160]. ER stress also arises due to the
aggregation of AGEs which further leads to the initiation of multiple disease pathologies. In
order to keep the misfolded protein in their foldable states and to check the release of 3 UPR
mediators, including inositol-requiring enzyme alpha-1 (IRE1), PERK, ATF6 during ER stress,
GRP78 collaborates with abnormal protein aggregates [161]. Under conditions of persistent
ER stress, the PERK/elF2/ATF4 axis triggers the transcription of genes involved in cell death
resulting in CHOP protein [162].

Moreover, there are currently no medications that can cure, or halt disease progression.
Cholinesterase inhibitors (ChEls) and N-methyl-D aspartate (NMDA) receptor antagonists are
the only approved treatments for AD. Memantine, the sole antagonist of NMDA receptors, that
can be administered in both ways as a monotherapy and as an adjuvant to ChEIls. The ChEls
(donepezil, rivastigmine, galantamine, and tacrine) are indicated for mild to moderate AD; only
donepezil is approved for the severe stage. These drugs reversibly bind the enzyme
acetylcholinesterase and increased the quantities of the neurotransmitter acetylcholine, which
is involved in cognition, learning, memory, and other cognitive processes. Although tacrine is
accessible, it is not advised due to its significant risk for hepatotoxicity and medication

interactions (cytochrome P450), which necessitate frequent monitoring. Although these
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treatments can temporarily alleviate symptoms, they cannot alter the progression of the disease.
As the disease progresses and more neurons are destroyed, the treatments become less
effective. To improve the prognosis of neurodegenerative illnesses, novel therapeutic
techniques, such as neuroprotection and neuro restoration, are required. In clinical trials
registered with clinicaltrials.gov, a National Institutes of Health record of publicly and
privately financed clinical studies, 244 anti-medicine Alzheimer's were evaluated between
2002 and 2012. Among the 244 medicines, only one (memantine) successfully completed
clinical trials and went on to earn FDA clearance. Many variables, including the high expense
of drug research, the relatively long period required to observe if an investigational treatment
changes disease progression, and the BBB-protected structure of the brain, contribute to the

difficulty of creating effective treatments for AD.

2.5 Meglitinide class of anti-diabetic drug
The class of oral anti-diabetic medications i.e., meglitinides or glinides is used to treat T2DM
and is also known as an insulin secretagogue. Meglitinides reduce blood glucose levels by
directly stimulating the release of insulin from pancreatic cells via the closing of potassium
channels [30]. Further, repaglinide (REP) and nateglinide are the two analogs of meglitinides
that are available for clinical usage. Although these drugs' chemical compositions and
processes differ, their effects on the early phase of insulin release are comparable, with a sharp
spike in insulin concentrations. Moreover, early trial data support their role in lowering
postprandial glucose and lowering episodes of hypoglycemia.
2.5.1 Repaglinide
REP is a carbamoyl methyl benzoic acid derivative approved in 1998 by the United States Food
and Drug Administration (US-FDA) for Diabetes mellitus (DM) [48]. REP, a potent short-
acting insulin secretagogue that acts by closing ATP-sensitive potassium (KATP) channels in
the plasma membrane [49]. REP is currently marketed as PRANDIN by Novo Nordisk.
PRANDIN tablets for oral administration and used as an adjunct to diet, and physical exercise
to lower the blood glucose level in DM patients. Nowadays, REP is marketed as an oral tablet
under numerous brand names such as Prandin, Eurepa, Novonorm, Rapilin, Regan, and Repide
with a daily repeated dosage of 0.5-2 mg
2.5.2 Properties of REP

General Name : Repaglinide

IUPAC Name . 2-ethoxy-4-({[(1S)-3-methyl-1-[2-(piperidin-1yl)

phenyl] butyl] carbamoyl} methyl) benzoic acid
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CAS registry number : 135062-02-1

Empirical Formula . Ca27H36N204

Structure : Jm
/\o N

Molecular weight : 452.6 g/mol

Therapeutic class . Meglitinide class of Anti-diabetic drugs

Appearance . White to off-white powder

Solubility . Less soluble in water

Melting point : 130°C

pKa . 3.68

Partition coefficient (LogP) : 5.9

BCS Classification : Class I

Proprietary names : Prandin, Novonorm, Enyglid

Marketed as 0.5 mg, 1mg, 2mg film-coated tablets, and 0.5 mg
capsules

2.5.3 Therapeutic indications and dosage of REP

REP is a member of the Meglitinides class of non-sulfonylurea insulin secretagogues with a
very quick onset and short duration of action. Theoretically, it reduces the incidence of
hypoglycemic episodes by stimulating insulin in a glucose-sensitive fashion[51]. The majority
of regularly used meglitinides are metabolized in the liver and primarily eliminated via the bile,
apart from a small amount of the parent chemical that has been detected in the urine. REP is
intended for individuals with type 2 diabetes whose hyperglycemia is no longer adequately
controlled by diet and exercise. Additional REP negatively affects respiratory tract infections
and headaches. In Europe, REP is contraindicated in patients with severe liver dysfunction, and

not recommended for patients over the age of 75[163].

2.5.4 REP and Neuroprotection

REP is a short-acting insulin secretagogue. It acutely decreases blood glucose levels by
stimulating the release of insulin from the 3 cells of the pancreas. REP closes the ATP-sensitive
potassium (K-ATP) channels on the plasma membrane and closure of the K channels

depolarizes the B cells, resulting in the opening of calcium channels. The subsequent calcium
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influx was generated after the opening of channels and resulted in the stimulation of calcium-
dependent exocytosis of insulin [50]. Various reports suggest that REP exerted a
neuroprotective effect on PD and HD. It observed that REP acts against kainic acid-induced
neuronal cell death in the CA3 region of hippocampal and rotenone-induced PD. Further, recent
studies have reported that REP exerted a strong neuroprotective effect in HD which may
possibly work via multiple intracellular channel modulators, maintaining calcium homeostasis,
gene expression, and enzymatic activities, and targets neuronal calcium receptors by
specifically attaching to them in a calcium-dependent manner. Recent evidence also indicated
that REP down-regulates the expression of downstream regulatory element antagonist
modulator (DREAM), (a calcium-binding protein) that regulates calcium homeostasis and is
involved in the pathogenesis of HD and AD. It has been reported that REP increases neuronal
survival via upregulating activating transcription factors-6 (ATF6) gene (endoplasmic stress
sensor) that may possibly work via activating autophagy and inhibiting endoplasmic stress-
induced apoptosis along with inhibition of the DREAM. Thus, there is a huge possibility that
REP regulates neurodegeneration via modulating the necrotic and apoptotic cell death protein
expression of pro-apoptotic protein, an anti-apoptotic protein, calcium homeostasis, and may
eventually reduce neuronal cell death.

2.5.5 Problems associated with REP

REP is rapidly absorbed from the gastrointestinal tract and results in an increment of plasma
concentration. The peak plasma concentration level reaches within one hour after
administration. The pharmacokinetics of REP was characterized by a mean absolute
bioavailability of 53%. In clinical trials, the pharmacokinetic parameters of REP were
characterized by a low volume of distribution, 30 L (consistent with intracellular fluid
distribution), and high plasma protein binding (greater than 98 %). REP is rapidly and
completely metabolized after intravenous or oral administration via oxidative
biotransformation and direct conjugation with glucuronic acid[164]. The CYP2C8 and CYP3-
A4 are two isoenzymes which mainly involve the dealkylation and oxidation of REP to the
dicarboxylic acid (M2) and aromatic amine (M1) metabolite. REP is mainly excreted in the
bile and faces along with its metabolites, and no metabolites have been observed with
significant hypoglycemic effects[165].

The exposure of REP is elevated in patients with hepatic insufficiency and elderly patients with
T2DM. The pharmacokinetic parameters such as the area under the curve (AUC) were
increased by 9.7-folds in patients with hepatic insufficiency compared to healthy volunteers

whereas, in the elderly T2DM patients, a 3.7-fold increment was observed. A significant 2-fold
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increase in half-life (t1/2) was observed as compared to patients with normal renal function
after a 5-day treatment of REP (2 mg x 3/day)[166].

2.5.6 REP interactions with another drug
REP is metabolized by CYP2C8 and CYP3A4 enzymes, therefore drugs that are inhibitors
and/or inducers of these CYP isoenzymes may change their pharmacokinetics. Thus, various
drugs are involved to affect the pharmacokinetics of REP and should be considered when
delivering together[167]. The followings are some drugs that substantially change the
pharmacokinetic parameters when co-administered with the REP (Table.2.1).

Table 2.1: The effect of other drugs on Cmax and AUC of Repaglinide

D Pharmacokinetic
CYP 0s€ parameter

Drug inhibitor/inducer strength Dosing impairment
(mg) C max AUC
Cyclosporine - - 100mg BID 1.8;fo|d 2.5fold "
Fenofibrate - - 200 mg QD 0% 0%
Itraconazole inhibit CYP3A4 - 100mg  15fold™ 1.4fold™
BID
Ketoconazole  inhibit CYP3A4 2 200mgQD  16% ' 15% *
Nifedipine - 2 10 mg TID 0% 0%
Clarithromycin  inhibit CYP2C8 - 250 mg 40% " 67% "
BID
Clopidogrel - 0.25 300mg  1.3fold™ 29fold"
(dayl)
75 mg QD
(Day 2-3)
Deferasirox - 0.5 30 mg/kg 62% " 2.3fold"
QD
For 4 days
Rifampin induce CYP3A4 4 600 mg QD 17-79% * 32-80% *
and/or CYP2C8 for 6-7 days
Simvastatin - 2 20mgQD  26% " 0% "
for 4 days
Trimethoprim CYP2C8 - 160 mg 41% " 61% "
BID for 2
days
160 mg QD
for 1 day
Gemfibrozil + - - Gem: 28fold"™ 1.9fold"
Itraconazole 600mg BID
for 3 days
Itra: 100mg
BID for 3
days
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Therefore, to circumvent these issues nanocarrier systems were used, as nanotechnology offers
multiple benefits in treating or managing the disease by site-specific and target-oriented

delivery of precise active pharmaceutical ingredients.

2.6 Nanocarrier systems

Nowadays, nanotechnology showed a bridge to the barrier of biological and physical sciences
by applying nanostructures and nanophases; particularly in nanomedicine and nano-based drug
delivery systems [168]. Nanomedicines have achieved popularity as a result of their ability to
encapsulate medications or bind therapeutic chemicals to nanostructures and deliver them to
target tissues more accurately with a controlled release [56]. Nanostructures permit the release
of integrated drugs at the prescribed dose since they persist in the circulatory system for a
prolonged time [57]. A significant number of nanostructured systems have been approved by
FDA or European Medical Agency (EMA) that are in the clinic to treat or diagnose several
diseases [169].

PEGylated nanoparticle-based drug delivery systems offer several fundamental advantages in
comparison to conventional treatments, which often exhibit a longer circulation duration, lower
toxicity, specifically targeted release, and improved bioavailability. The enormous potential of
nanoparticulate systems, in synergy with new developments in the discovery of novel
functional molecules, can improve the treatment. PEGylated nanoparticle-based drug delivery
systems have emerged as a promising approach for targeted drug delivery due to their unique
physicochemical properties and biocompatibility. PEGylation refers to the attachment of
polyethylene glycol (PEG) to the surface of nanoparticles, which has been shown to improve

their pharmacokinetics and biodistribution.

The use of PEGylated nanoparticles for drug delivery has several advantages over traditional
drug delivery methods. Primarily, PEGylation can increase the circulation time of nanoparticles
in the bloodstream, which allows for more efficient drug delivery to the target site. Second,
PEGylation can reduce the toxicity and immunogenicity of nanoparticles, as well as prevent
their clearance by the reticuloendothelial system (RES). It can also improve the solubility and

stability of hydrophobic drugs, allowing for their efficient delivery to the target site.

Several types of PEGylated nanoparticles have been developed for drug delivery, including
liposomes, dendrimers, and polymeric nanoparticles. Liposomes are spherical vesicles
composed of a lipid bilayer that can encapsulate hydrophilic and hydrophobic drugs.
PEGylated liposomes have been used for the delivery of a wide range of drugs, including
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anticancer agents, antibiotics, and immunosuppressants. Dendrimers are highly branched
macromolecules that can be synthesized with precise molecular weight and size. PEGylated
dendrimers have been shown to have excellent biocompatibility and low toxicity, making them
attractive candidates for drug delivery. Polymeric nanoparticles are composed of
biocompatible polymers that can encapsulate drugs and release them in a controlled manner.
PEGylated polymeric nanoparticles have been used for the delivery of drugs such as paclitaxel,
doxorubicin, and insulin.One of the key advantages of PEGylated nanoparticles is their ability
to target specific cells or tissues. Targeted drug delivery involves the use of nanoparticles that
can selectively accumulate in diseased tissues, such as tumours or inflamed tissues, while
sparing healthy tissues. This is achieved by decorating the surface of nanoparticles with ligands
that can recognize and bind to specific receptors or antigens on the surface of target cells.
PEGylation can improve the targeting efficiency of nanoparticles by reducing their uptake by

non-target cells and prolonging their circulation time in the bloodstream.

Table.2.2: List of drugs for the treatment of Alzheimer’s disease

Class of Drug Name of Drug Limitations

Cholinesterase Inhibitors  Donepezil Poor solubility, High protein binding, Liver
Rivastigmine toxicity, symptomatic relief, and
Galantamine gastrointestinal disturbance

Temporarily improving cognitive symptoms
Drug-drug interactions.

High administration frequency

NMDA receptor Memantine Symptomatic relief in moderate to severe
antagonists Alzheimer's Disease
Inability to significantly alter the disease

progression or reverse cognitive decline.

Monoclonal Anti-body Lecanemab Slowing down disease progression, potential
Aducanumab safety concerns, limited availability for routine

clinical use, high cost
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Fig.2.5: Schematic representation of various nanocarrier systems for the drug delivery

2.6.1 Polymeric Nanoparticles

Polymeric nanoparticles (PNPs) have been extensively employed as a biodegradable material
due to their beneficial characteristics in terms of elaboration and design, excellent
biocompatibility, and bio imitative properties. PNPs have a small size which allows them to
permeate easily through biological barriers and capillaries[170]. The surface of PNPs can be
functionalized with PEGylation to enhance systemic circulation, bioavailability, and tissue
targeting efficiency. Though, the PNPs can shield the active ingredient from degradation and
deliver it to the intended site but increase the risk of toxicity due to the slow degradation rate
of polymers and lack of loading capacity due to the high molecular weight of polymers
(Fig.2.5). Moreover, PNPs may not be easily biodegradable in the body, leading to their
accumulation in tissues and potential toxicity issues. The properties of PNPs can vary from
batch to batch, making it challenging to reproduce results. Also, the stability of PNPs is a
crucial factor in drug delivery systems. However, polymeric nanoparticles can be sensitive to
changes in temperature, pH, and other environmental factors, which can affect their stability
and ultimately their efficacy.

The PNPs may have a limited capacity to carry therapeutic agents, leading to a need for a high

dose of the drug to achieve the desired therapeutic effect. The release rate of the drug from
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PNPs may not be as controllable as other drug delivery systems, leading to potential variations
in therapeutic efficacy [171].

2.6.2. Polymer Lipid Hybrid Nanoparticles (PLHNPs)

PLHNPs comprise a core-shell structure consisting of three main components i.e., a core of
biodegradable polymer which efficiently loads the hydrophobic drug molecules, then a lipid
monolayer surrounding the core to enhance the stability and reduces the outward diffusion of
the drug and outer corona of a lipid polyethylene glycol layer to enhance systemic circulation
and protect against immune recognition. The presence of a core-shell structure exhibits
complementary characteristics to polymeric nanoparticles [172]. The PLHNPs have high
structural integrity, stability, and controlled release capability which can be attributed to the
polymer core. Furthermore, PLHNPs exhibit high biocompatibility and bioavailability due to
the lipid and lipid—PEG layers [173]. PLHNPs are a type of hybrid nanoparticle that combines
the advantages of both PNPs and lipids-based nanoparticles. The lipid shell of PLHNPs can
prevent the burst release of drugs that can occur with PNPs. The lipid shell can control the
release of drugs over a longer period, allowing for sustained drug delivery. Additionally, the
lipid shell can also protect the drug from degradation and clearance by the immune system,
leading to higher bioavailability. Moreover, the PLHNPs has ability to enhance cellular uptake
and drug penetration. The lipid shell of PLHNPs can fuse with the cell membrane, allowing for
efficient cellular uptake. Additionally, the lipid shell can also facilitate drug penetration across
the blood-brain barrier, which is often a major obstacle for drug delivery to the brain. It also
has the ability to target specific cells or tissues. Whereas the polymeric core of PLHNPs can
be functionalized with ligands or antibodies that can recognize and bind to specific cells or
tissues. This targeted delivery can increase the efficacy of treatment while minimizing off-
target effects, leading to increased efficacy and bioavailability of drugs.

@

Drug

Fig.2.6: The illustration of (a) Polymeric nanoparticles and (b) polymer lipid hybrid nanoparticles
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3.1 Gaps in the existing research

Recent studies have shown that people with MetS are at a higher risk of developing brain
insulin impairment due to dysregulation of the insulin signaling pathway which eventually may
cause devastating cardiovascular and T2DM disorders. Metabolic disorders may generate
endoplasmic reticulum stress, inflammation, and mitochondrial stress which modulate the
apoptosis process, activate the ROS, and may possibly lead to neurodegeneration. The
neurodegeneration also activates via the dysregulation of the insulin receptor signaling pathway
that increased the PI3K, GSK-3p activity, hyperphosphorylation of tau proteins, and amyloid-
B accumulation as well as increased neurofibrillary tangle formation and all of them believe to

be direct contributors to AD pathogenesis.

Despite numerous pharmacological interventions, an effective therapeutic strategy for
complete recovery from this debilitating, MetS with AD co-morbidity seems to be far away.
Thus, exploring novel therapeutic strategies is an unmet need for effective clinical management
of MetS associated with AD. In the majority of cases, the progressive accumulation of damaged
and misfolded proteins due to their ineffective clearance impaired the processes and accelerates

the progression of the disease.

In this regard, REP (anti-diabetic drug) has gained attention in recent past due to its
neuroprotective potential in CNS disorders including HD and PD. However, the molecular
mechanism and its efficacy in MetS comorbid with AD are not yet explored. Although, the
existing evidence has demonstrated that REP targets neuronal calcium receptors by specifically
attaching to them in a calcium-dependent manner. Interestingly, REP seems to modulate
calcium hemostasis, apoptosis, and ER stress but the reason behind this is still elusive and

remains to be an interesting topic of investigation that needs to be explored.

Despite the therapeutic potential of REP, various reports have highlighted its poor
pharmacokinetic profile (poor solubility, short half-life, first pass metabolism) and limited
brain availability, which could significantly hamper its efficacy. Therefore, there is a critical
need to develop novel strategies to enhance the bioavailability and brain targeting of REP for
improved therapeutic outcomes. In this context, the exploration of nanocarrier systems
represents a promising approach for enhancing the delivery and efficacy of REP. However,
there is still a significant gap in the research regarding the optimal formulation and design of

nanocarrier systems for efficient REP delivery for the management of Mets linked AD.

Page | 34



Gap in research & objectives

Metabolic syndrome

Ex
\
|
\ H /

\ @ /

oo

~

-~ =

Obesity ‘\_0 Ty‘[? Diabetes Miletus

INSULIN RESISTANCE = ;.

e Dysregulated glucose metabolism

ER STRESS e  Mitochondrial & Endoplasmic reticulum
/ stress 1 ROS, Mitochondrial dysfunction
“ 2 Insulin Signaling Pathway REP
~ 9
| .
PI-3K

Inflammation, IDE

REP
1 /’

ATF 2 Autophagy
impairment

Apoptosis

' Hyperphosphorylated T i
Amylm d s plaque l yperphosphorylated Tau protein

N EURODEGENRATION

~ X TR emig -

A Neuronal death

Fig.3.1: Mets and dysregulated brain glucose metabolism leads to neurodegeneration which is complicated by ER
stress, mitochondrial stress, and the apoptosis process. Moreover, the molecular mechanism of REP and its
efficacy in T2DM comorbid with AD is yet to be explored. GLUT-4, Glucose transporter type 4; UPR, unfolded
protein response; ATF, Activating transcription factor; ROS, Reactive oxygen species; IDE, Insulin degrading
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3.2. Objectives of the proposed research

Based on the identified gaps in the existing research, the objective of the proposed research
was categorized and prioritized into the areas that require further investigation and
development.

Objective I  : To evaluate the neuroprotective potential of REP in MetS associated
with AD.
Objective II : To improve the efficacy and circumvent pharmacokinetic limitations of

REP by developing brain targeted nano drug delivery system.

Objective III : To examine the best PEGylated nanocarrier system for targeting REP
to the brain by oral route.

Objective IV : To explore the potential additive and/or synergistic neuroprotective
effect of REP with Memantine (MEM, NMDA receptor antagonist).
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4. Materials and methods

4.1. Materials
4.1.1. In vitro Cell line

Human neuroblastoma SH-SY5Y cells were obtained from National Centre for Cell Science
(NCCS), Pune, India. The cells were preserved in Dulbecco’s modified Eagle’s medium high
glucose (DMEM-F12) comprising 20% (v/v) Fetal bovine serum (FBS), and 1mL/L of
antibiotic (Penicillin-streptomycin) media. The cells were incubated at 37 +1°C with a 5% CO>
humidified atmosphere in the incubator.

4.1.2 Animals

The central animal facility, BITS-Pilani, Pilani campus, India (417/PO/ReBi/2001/CPCSEA)
provided the wistar rats (200-220 g) for conducting the animal study. All animal experiments
were accomplished as per Institutional Animal Ethic Committee (IAEC) guidelines of BITS-
Pilani, Pilani campus, India (protocol number IAEC/RES/22/05/Rev-1/28/25). The animals
were retained in polyacrylic cages under controlled conditions (12 h light/dark cycle, 22 + 1°C

with 60% relative humidity) and fed with the normal diet with purified water ad libitum.

4.1.3 Drugs and chemicals

REP was provided by Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). FBS, DMEM, and
penicillin—streptomycin solution was purchased from Gibco Life Technologies (U.S.A.). Dried
toluene, triethylamine, bovine serum albumin (BSA), sodium chloride, monobasic potassium
phosphate, sodium hydroxide, pancreatin, sodium phosphate, benzyl alcohol, dimethyl
sulfoxide (DMSOQO), ethyl acetate and diethyl ether were acquired from SISCO research
laboratories (SRL, India). Methoxy Poly (ethylene glycol) (Mn, 5000), tin (Il) 2-ethyl
hexanoate, g-Caprolactone, trehalose, pepsin, methyl thiazolyl diphenyl-tetrazolium bromide
(MTT), 5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB), xylazine, ketamine, sodium dodecyl
sulphate (SDS), ascorbic acid and Thiobarbituric acid (TBA) were procured from Sigma-
Aldrich. Phospholipon 90 H, soy lecithin, egg phosphatidylcholine, soy phosphatidylcholine,
Distearoyl-sn-glycerol-3-phosphoethanolamine-Poly (ethylene glycol) (DSPE-PEG2000) Were
provided by Lipoid. Poloxamer 407 was supplied by BASF (India). Porcine polar brain lipid
(PBL) was acquired from Avanti polar. Dialysis tubing (L0kDa) and Phosphate buffered saline;
pH 7.4 (PBS) were obtained from Himedia (Mumbai, India). Insulin, Tumour Necrosis Factor
alpha (TNF-a), and Interleukin-6 (IL-6) ELISA Kkits were procured from Ray Biotech Inc.
Brain-Derived Neurotrophic Factor (BDNF) ELISA kit was purchased from Boster Biological
Tech. Ltd, USA. Amyloid beta (AP1-42) and phosphorylated tau protein (pTau) ELISA kits were
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acquired from Elab Science. Trizol reagent was purchased from Invitrogen, USA. SYBR green
/ ROX gPCR master mix kit was from Bio-Rad. Deionized ultra-pure water was obtained from
the in-house Millipore Milli-Q Plus system with an electrical resistivity of 18.2 MQ.cm (at
25°C) (Millipore Bedford Corp., Bedford, MA, USA). HPLC grade solvents methanol,
acetonitrile, and isopropyl alcohol were obtained from Merck Millipore (MA, U.S.A)).

4.1.4 Antibodies and Primers for the study

The Primary and secondary antibodies like anti-Bax, anti-Bcl-2, anti-caspase-3, GAPDH, and
anti-rabbit 1gG antibody used in the present study were procured from cell signaling
technology, Danvers, Massachusetts, USA. The ECL kit for visualization was procedure from
Thermo fisher scientific. Primers Activating transcription factor-6 (ATF-6) and GAPDH were
purchased from Imperial Life Sciences limited.

4.1.5 Instrument / Equipment used

All the instruments /equipment used in the present studies were mentioned in Table. 4.1.

Table 4.1: List of instruments/ equipment with manufacturer's name used to conduct the experiments.

Instrument / Equipment name

Manufactures/ company name

Ultrasonic microtip processor
Magnetic stirrer with a hot plate and
temperature controller
Rota vacuum evaporator
Ultrasonic bath sonicator
Temperature-controlled centrifuge
Ultra-centrifuge, Freezer (-20 °C, -80
°C), CO; incubator, Biosafety cabinet

Triad Freeze Dry System
Malvern Zetasizer, nanoZs,
Field emission Scanning microscope
Confocal Laser Scanning Microscope
Nanodrop
SDS-PAGE
High Resolution-Transmission
Electron Microscope
Inverted microscope
Microplate reader

UV spectrophotometer

Vibra-Cell™, Sonics®, USA
Tarsons, India or Remi, India

Rotavapor R210, Buchi, Switzerland
Toshiba, India
Eppendorf biotech company, Germany
Thermo Scientific, USA

Labconco, USA
Malvern, UK
FEI limited, USA
Carl Zeiss
Synergy, Biotek
Bio-Rad
Technai FEI, USA

Zeiss, India
Bio Tek ELX50, Epoch
UV-1800 Shimadzu, Japan
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Tissue Homogenizer
Actophotometer, Passive Avoidance
instrument, Morri’s water maze, Novel
object recognition apparatus
Bruker alpha-one FTIR
spectrophotometer
DSC-60 plus
Powder X-Ray Diffraction
Thermal Cycler
Centrifuge
Elisa Palate reader
High-performance liquid

chromatography

Kinematica™ Homogenizers, Germany

Inco Ambala, India

Bruker Optik, Germany

Shimazu, Kyoto, Japan
Rigaku-mini flex
Bio-Rad
Eppendorf
Bio Tek, Agilent-United state
Shimadzu, Kyoto, Japan

4.1.6 Software used

All the instruments /equipment used in the present studies were mentioned in Table. 4.2,

Table 4.2: List of software used to conduct the experiments

Software

Company name

Design Expert® software
Phoenix Win Nolin

ANY- maze 7.1 Video tracking system

Graph Pad Prism

Stat-Ease Inc., Minneapolis, USA
Certera™ Pharsight, USA
Stoelting, USA

Dotmatics, California

Methods

4.2 Analytical method for estimation of REP

4.2.1 Instrumentation and chromatographic conditions

The method was developed using a Shimadzu HPLC system (LC-2010HT, Shimadzu
Corporation, Japan) equipped with a pulse-free solvent delivery system comprised of two
pumps. The system also consists of a high-efficiency five-line degasser, block heating-type
column oven, sample cooler, intelligent autosampler, and UV-visible detector. The
chromatographic peaks were collected and analyzed using LC solutions software. The
separations were carried out on waters Nova-pack Cig column (3.9 x 150 mm, 4um particle
size) in isocratic mode. The aqueous phase was filtered through a 0.22 mm nylon membrane

filter and ultrasonically degassed. The column was maintained at a temperature of 30°C, and a
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20uL sample was injected into it. The detector was operated at a maximum wavelength of 243
nm for data acquisition of REP.

4.2.2. Preparation of standard solutions

Primary stock solutions of REP (1000ug/mL) were prepared by dissolving the accurately
weighed amount in acetonitrile. The primary stock solution was diluted using the mobile phase
for the preparation of the standard stock solution. Further dilutions were made to prepare
different concentrations for the calibration curve[174].

4.2.3. Optimization of RP-HPLC method by Quality by Design approach

4.2.3.1Quality target method profile (QTMP) and critical analytical attributes (CAAS)
QTMP is the preliminary stage of the analytical quality by design (A-QbD) approach, and it is
a collection of all the possible factors which define the characteristics criteria of the target
analytical method (Table 4.3).

Table.4.3: QTMP elements for the efficient liquid chromatographic method for estimation of repaglinide

Method Objective Justification
Parameters
Target analyte Repaglinide Development of an analytical method for

estimation of active analyte from the
pharmaceutical dosage form

Type of method Reverse phase A reliable method with a non-polar stationary
chromatography phase that provides better retention of the molecule
Sample nature Liquid The analyte should be in the liquid phase for
ensuring complete miscibility
Instrument HPLC equipped witha The quaternary pump provides accurate mixing of
requirement quaternary pump mobile phase solvent and high resolution, whereas
system with UV UV detector helps in the detection of analyte at a
detector suitable wavelength
Sample preparation  Dilution in a linear The dilution of analyte solution must be accurate
method and assuring its proper elution
Quality attributes % assay These attributes help to develop a method that

Theoretical plate count meets the quality standard
Tailing factor

To attain the QTMP targets, numerous possible CAAs were chosen, which are corresponding
to QTMP, i.e., retention time (RT) represents the separability of the compound, tailing factor
(TF), and theoretical plate count (PC) reflect the efficiency of the method [17].

4.2.3.2. Risk assessment and factor screening studies

Risk assessment is a crucial step prior to the optimization of the chromatographic solution. It
is used to identify the possible parameters which have immense potential to affect the identified

CAAs and are defined as critical material parameters (CMPs). To achieve the CMPs, the
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Ishikawa fishbone cause-effect diagram was conceptualized to outline the relationship(s)
between CMPs and CAAs (Fig 4.1).
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Fig.4.1: Ishikawa fishbone diagram to identify the potential attributes in HPLC method development.

The factors such as flow rate, the volume of acetonitrile, injection volume, pH, and column

temperature have a substantial effect on the CMP. Further, the factor screening was done by

using L8 (27) Taguchi design with 7 factors and 8 runs allotted with low and high scores (Table

4.4).

Table. 4.4: Design matrix for screening of method variables by seven-factor eight-run Taguchi design

Run Mobile Flow rate  Injection Column Buffer Buffer  Organic
Phase (mL/min) volume  temperature strength pH modifier
(nL) §9) (mM)
1 -1 -1 -1 +1 +1 +1 +1
2 +1 +1 -1 -1 +1 +1 -1
3 +1 +1 -1 +1 -1 -1 +1
4 -1 -1 -1 -1 -1 -1 -1
5 +1 -1 +1 -1 +1 -1 +1
6 -1 +1 +1 +1 +1 -1 -1
7 +1 -1 +1 +1 -1 +1 -1
8 -1 +1 +1 -1 -1 +1 +1
Levels of factor study Low (-1) High (+1)
Mobile Phase (Organic: aqueous) 50:50 60:40
Flow rate (mL/min) 0.8 1.0
Injection volume (uL) 10 20
Column temperature  (°C) 30 40
Buffer Strength (mM) 10 20
Buffer pH 3.0 5.0
Organic modifier Methanol Acetonitrile

Page | 41



Methodology

It was used to identify the key independent variables that completely affect the chosen
CAAs, i.e., RT, TF, and PC [176]. The statistical analysis was performed using Design Expert®
software 11 (M/s Stat-Ease Inc., Minneapolis, MN, USA).

4.2.3.3. Factor Optimization studies

The three method parameters were selected based on their significant effect on the CAAs and
measured as CMPs. The (A) mobile phase ratio (Acetonitrile: Buffer solution), (B) flow rate,
and (C) pH of buffer were chosen for further optimization study using response surface by
Box-Behnken design (BBD) at three equidistant levels, i.e., low (—1), intermediate (0) and high
(+1) with 17 experimental runs (Table 4.5). All other parameters were kept constant at their
optimum levels during the experimentation, and a standard concentration was maintained. The

data obtained were analyzed against three response factors, i.e., RT, TF, and PC [177].

Table.4.5: Design matrix for optimization of the chromatographic method by Box-Behnken Design (BBD)

FACTOR RESPONSE
RUN Mobile Phase Flow rate Buffer Retgntion Tailing Theoretical

(organic (mL/min) oH time (TF) plates

phase) (RT) (TP)

1 0 +1 0 4.52 1.01 3747

2 0 -1 +1 7.21 131 3645
3 0 -1 0 5.15 1.12 4259
4 +1 -1 0 4.63 1.15 4597
5 +1 0 -1 2.80 1.09 4097
6 -1 0 -1 5.49 131 4189

7 0 -1 -1 3.96 1.17 4878
8 0 +1 -1 3.28 1.03 3458
9 0 -1 0 5.30 1.10 4567
10 0 0 0 4.89 1.05 3987
11 +1 0 +1 6.94 1.07 3579
12 0 -1 0 5.47 1.13 4309
13 -1 +1 0 6.45 1.26 3681
14 -1 0 +1 7.12 1.28 3668
15 +1 +1 0 4.17 1.04 3585
16 0 +1 +1 6.53 1.07 3357
17 -1 -1 0 6.71 1.29 4621

Factor description with code and actual levels
. Code Levels
Critical method Parameters (CMPs) Low (-1) Intermediate (0) High (+1)
Mobile Phase (organic: 50:50 60:40 70:30
agueous)
Flow rate (mL/min) 0.8 0.9 1.0
pH of Buffer 3.00 3.50 4.00
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4.2.3.4. Optimization of data analysis and model validation

The data analysis, optimization of data, and model validation were done using Design Expert®
software 11. The second-order polynomial (i.e., quadratic) model was used to assess the main
and interaction effect. The fitting of data was conducted to establish the factor-response
relationship in terms of analysis of variance (ANOVA), lack of fit, coefficient of correlation
(R?), adjusted R? (R?-adj), and predictive R? (R2-pred). The regression model is poorly attuned
when the lack of fit is significantly higher than the random pure error (P> 0.05), and when the
lack of fit is significantly lower than the random pure error (P< 0.05), the regression model is
fitted well. The developed factor-response relationships were analyzed and decoded
graphically via the consequent 3D-response surface plots and the respective 2D-contour plots.
The model validation was done using mathematical optimization tools, which respond to
optimum chromatographic solutions for various CAAs, including minimizing RT, TF, and
maximizing PC. Afterward, the optimization was carried out using the graphical approach to

ratify the optimal chromatographic solution within the design space outlined [178].

4.2.4 Method validation

The validation of the analytical method was achieved in terms of various parameters such as
linearity, accuracy, precision, detection, and quantification limit as per the International
Conference on Harmonization of Technical Requirements for Pharmaceuticals for Human Use
(ICH) guidelines Q2 (R1).

A system suitability test was performed to confirm the function of the chromatography system
on a day-to-day basis. It was evaluated by injecting the same sample concentration six times to
check the efficiency of the column, retention time (RT), peak area, tailing factor (TF), and
reproducibility. The acceptance criteria of system suitability were limited to RSD < 2% for the
peak area and retention time, whereas it should be < 2 of the analytes for TF.

Selectivity studies were performed to understand the interference of formulation excipients and
degradants. The peak purity of REP was evaluated using the UV spectra recorded dual-
wavelength UV-visible detector, and the interference of excipients used in the polymeric
nanocarrier system was evaluated by mixing of polymer with drugs [179].

Linearity is the capability of a test to acquire test results directly proportional to the analyte
concentration. The linearity was determined by injecting a solution of different concentrations
(100-9000 ng/mL) of REP six times per concentration, and the results of samples were plotted

by nominal concentrations on the x-axis versus peak area ratios on the y-axis. The analyte's
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detection and quantification were determined by calculating the lowest concentration that can
be detected and quantified. The lowest analyte concentration, which can be detected or
differentiated (LOD) and quantified (LOQ), was determined by the signal-to-noise ratio. The
accuracy, intra, and inter-day assay precision were estimated by analyzing six replicate samples
at three different QC levels, i.e., Low-quality control (LQC), Medium quality control (MQC),
and High-quality control (HQC).

The accuracy, intra-day, and inter-day assay precision were determined within a day or three
consecutive days [180,181].

The carryover effect is a reappearance of the analyte in the next run due to the sample overload.
It was estimated by injecting three continuous higher-concentration samples of the calibration
curve followed by a blank sample.

The robustness of the developed analytical method was estimated by changes in
chromatographic conditions such as a change in flow rate 0.2, column oven temperature £5°C,
composition, and mobile phase ratio +2. The recovery was evaluated as a response to each
condition concerning the standard solution.

4.2.5 Force degradation studies

The forced degradation studies were measured to estimate the stability-indicating properties of
the validated method. In this study, REP was subjected to degradation under different stress
conditions, including acidic, basic, thermal, photolytic, and oxidation. In brief, the drug
solution was dispersed in a 0.1 M Hydrochloride solution and sodium hydroxide solution. The
drug solution was added in 30% hydrogen peroxide solution for oxidation stress, whereas for
solid-state degradation study under thermal, ultraviolet (UV), and fluorescent light. The REP
(5mg) was kept under thermal (60°C), UV, and fluorescent light for 48 hr. and approximately
the sample was withdrawn at 24 hr. and 48 hr. The samples were analyzed with a validated RP-
HPLC method after dissolving 1mg REP in 1mL acetonitrile solution and further diluting the
stock solution with mobile phase appropriately [182].

4.2.6 Solubility studies

Solubility studies of REP in different agueous and organic solvents were estimated using the
shake flask method. Aqueous solvents include water and different buffers in the pH range of 1
—9 (Table 4.6). An excess amount of REP was added in a 2 mL microcentrifuge tube with each
solvent and placed for shaking in an orbital shaking incubator for about 24 h at 37 °C. It was
ensured that throughout the study time, an excess amount of REP was present in all the tubes.

Further, samples were centrifuged at 10,000 rpm for 20 min after 24 h and the supernatant was
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diluted and analyzed by the developed HPLC method. The buffer solutions were prepared as

per previously reported methods [183,184].
Table 4.6: Buffer compositions frompH 1 -9

Composition of solution A Composition of solution B pH Volume of  Volume of

solution A solution B

Glycine-0.5¢ Dibasic sodium phosphate 1.0 100" -
Sodium chloride — 3.68 g (anhydrous) — 16.35 g 2.0 70 30
1 M Hydrochloric acid — 94 Dihydrogen potassium
3.0 58 45
mL phosphate (anhydrous) -
Milli Q water up to 1000 mL  2.80 g 4.0 56 48
Sodium chloride — 0.15 g 5.0 55 49
Milli Q water up to 1000
6.0 50 50
mL
7.0 30 83
8.0 - 100¥
9.0 - 100¥

“pH to be adjusted with the dilute hydrochloric acid solution

*pH to be adjusted with dilute sodium chloride solution

4.3 Bio-analytical method for quantification of REP in rat plasma and tissues

4.3.1 Instrumentation and chromatographic conditions

RP-HPLC analysis was performed on the Shimadzu HPLC system (LC-2010HT, Shimadzu
Corporation, Japan) consisting of a quadrupole pump system, UV-visible detector, block
heating-type column oven, and intelligent autosampler for sample injection. The detector was
operated at a maximum wavelength of 243nm. Repaglinide and diclofenac diethylamine
(internal standard) were separated on Waters Nova-Pak C18 column (3.9 x 150 mm, 4 mm
particle size) with a mobile phase containing acetonitrile and phosphate buffer (pH 3.5; 0.01
M) (40:60% v/v) at a flow rate of 0.8 mL/min in an isocratic mode and at a column oven
temperature of 30 = 0.5 °C. The injection volume was 40 pL and the retention time for
diclofenac diethylamine and repaglinide were 5.7 and 10.6 min respectively. The data
integration and hardware control were carried out by utilizing LC solution software.

4.3.2 Collection of plasma and tissue homogenates

The blood was collected from the retro-orbital plexus in heparinized disposable tubes and
centrifuged at 7500 rpm for 20 min to separate the plasma and stored at -80 +10 °C until
analysis. For tissue homogenate, tissue (brain, heart, liver, and kidney) was promptly harvested

and rinsed thoroughly with ice-cold saline further and blotted with filter paper. A precisely
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weighed quantity of each tissue sample was homogenized using a tissue homogenizer
(Kinematica™ Polytron™ PT 1600E) at 15000 rpm in 1:2 w/v of phosphate buffer saline
solution. Afterward, centrifugation was carried out at 10000 rpm for 20 min, to obtain clear
supernatant then collected supernatant of respective tissues was stored at - 80 £ 10 °C until
analysis[185].

4.3.3 Preparation of standard solutions

The standard solution of REP was prepared in acetonitrile to attain a concentration of 5 mg/mL.
Further, serial dilution of REP (5 mg/mL) was prepared with acetonitrile to make a 500 pg/mL
working stock solution. The calibration standards and QC samples were prepared by spiking
with 2 pL of respective working standards in blank rat plasma or tissue samples. The final
calibration standards were prepared in the range of 50-20000 ng/mL in the plasma matrix. The
QC samples were prepared by utilizing QC standards at four concentration levels, such as limit
of quantification (LOQ, 50 ng/mL); low QC (LQC, 100 ng/mL), medium QC (MQC, 2000
ng/mL) and high QC (HQC, 15000 ng/mL). The working and stock standards were kept in
refrigerated conditions at -20 °C.

4.3.4 Sample preparation

The extraction of the sample was done by using extraction techniques like protein precipitation
(PP), liquid-liquid extraction (LLE), and solid phase extraction (SPE). In protein precipitation
(PP) the organic solvents (methanol, acetonitrile) were used for extraction, but plasma
interference was observed. In LLE various solvents were screened such as n-hexane,
dichloromethane, and ethyl acetate and with ethyl acetate, no plasma interference and a good
recovery of IS with REP was recovered.

4.3.5 Method validation parameters

The validation of the bioanalytical method was achieved in terms of various parameters in
accordance with the US FDA and European Medical Agency (EMA) guidelines.[186-189]
System suitability is a test for system performance in which the same concentration of the
sample was injected six times to understand the column efficiency, resolution, and
reproducibility on a day-to-day basis.

Selectivity was done to estimate the chromatographic interference from the bio matrix[190]. In
this blank rat plasma and tissue sample was compiled randomly from the rats and analyzed to
check the hindrance of the matrix and the method was selective when the peak ratio to 1S was
less than 5 times of Lower limit of quantification (LLOQ) and less than 20 times of the IS[179].
The linearity and calibration curve of an analyte was prepared in the range of 50-20000ng/mL

The minimum six calibration curves were generated in plasma and tissue samples by plotting
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nominal plasma concentrations on X-axis versus peak area ratios (drug/IS) on the Y-axis. To
accomplish the error of accuracy and coefficient of variation, the validation criteria (CV)
should be + 15% for all calibrations, except for the LLOQ (£20%).[191] However, the limit of
detection (LOD) and limit of quantification (LOQ) were measured as a signal-to-noise ratio,
and Accuracy, and precision (intra-day and inter-day) assays were estimated by analyzing six
replicate samples at three different Quality control (QC) levels, i.e., Lower quality control
(LQC), Medium quality control (MQC), High quality control (HQC).

The accuracy, intra-day, and inter-day assay precision were determined within a day or between
three consecutive days. The acceptance criteria for intra and inter-day precision was limited to
<15% (RSD, %), and accuracy was within +15% except for LLOQ, where it should not exceed
+20% for precision and accuracy.

Recovery was estimated by the ratio of the compound concentration (relative) or peak area of
extraction ion chromatogram (absolute) in plasma [192].

The stability studies of REP in the plasma matrix of the six replicates at QC levels (LQC, MQC,
HQC) and LLOQ were estimated under the following conditions: (1) in autosampler at 4°C for
24 h; (2) benchtop (at ambient temperature (25+£3°C) for 9 h; (3) over three freeze-thaw cycle
at -80°C. Stability studies were calculated by comparing the stability samples, with freshly
spiked samples. Stability samples were considered to be stable if assay values were within the
adequate limits of accuracy (i.e., £15% Bias) and precision (i.e., 15% R.S.D.), except LLOQ
(i.e., 20% of CV) [193].

4.4. In vitro experimental Procedure

4.4.1 Cell viability assay by MTT
The SHSY-5Y (P24) cells were cultured with 1.5 x 10* cells/well cell density [20]. After 24 h

of seeding the cells were treated with test compounds at the concertation range of 0.25-100
pg/mL to screen out the effective concentration with time. Then cells were washed with sterile
PBS solution in triplicate and 20 pL of MTT (5mg/mL) solution was added to form formazan
crystals [194]. Further, culture grade DMSO (200 pL) was added to dissolve the crystals, and
using a microplate spectrophotometer (Epoch, Biotek, Winooski, USA) the absorbance was

measured at 570 nm, and 630 nm (reference wavelength).
4.4.2 STZ Treated neuroblastoma cell-based study

The assay was performed to understand the neuroprotective nature of test compounds on the

SHSY-5Y cells induced with streptozotocin (STZ). Initially, the effective concentration of STZ
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was examined to originate metabolic stress into the cells[195]. The SHSY-5Y cells (3 X 10*
cells/well) were seeded into 96 well plate and allowed to attach at 37 C in a 5% Co2 incubator.
Further, the cells were treated with STZ at a concentration of 1-20 mM for 6 and 12 h to
investigate the effective concentration and time[196]. Afterward, cells were treated with REP
to estimate the cell viability and evaluate the protective effect of REP [197].

4.4.3. Reactive oxygen species-scavenging activity by hydrogen peroxide

The assay was performed to determine the intracellular ROS production, initially
neuroblastoma SHSY-5Y cells were seeded into 96 well plate with a cell density of 15X10°
cells/well and allowed to be attached for 12 h at 37 C in a 5% Coz incubator. Further cells were
exposed to H>O> at a concentration of 1-20 mM for 12 and 24 h to examine the effective
concentration and then treated with a test compound to evaluate the neuroprotective effect by
estimating the percent cell viability [198].

4.4.4. Cellular uptake assay of nanoformulation

(a) Microscopy: The SH-SY5Y (P29) cells were seeded on a glass coverslip with a cell density
of 2 x10%in the 6-well plate. The coumarin-6 (C6) loaded PNPs and PLHNPs (150 pL) were
incubated with the cells in DMEM-F12 medium at 37 °C for 4 or 8 h. The cells were washed
thrice with PBS (pH 7.4) and nuclei were counterstained with 4’,6-diamidino-2-phenylindole
(DAPI, 1ug/mL, 30 min). Further, the cells were washed, resuspended in PBS, and mounted
onto a glass slide after fixing with 4% paraformaldehyde solution and observed under a Carl
ZEISS LSM 880 Axio confocal microscope (Jena, Germany).

(b) Flow cytometry: The quantitative estimation of cellular uptake was performed by flow
cytometer. The SH-SY5Y cells (P30) were seeded in the 6 well plate and C6-loaded PNPs and
PLHNPs (150 pL), were added. The loaded nanocarriers were incubated for 4 h and 8 h in
DMEM-F12 medium at 37 °C and harvested by 0.25% trypsin solution. The cells were
resuspended in PBS and a total of 10x10° events were noted in FACS (flow cytometer and the
cell sorter), FACSAria SORP (Becton, Dickinson, San Jose, CA, USA) [199].

4.5. In vivo experimental Procedure

4.5.1. Induction of MetS and BIR linked with AD

The wistar rats (200-250 mg/kg) were acclimatized for seven days and afterward, diet
manipulation was done with a High-fat diet (HFD) (Table 4.7). The HFD was fed for 16 weeks
and then a low dose of STZ (30 mg/kg, i.p) was injected [22,200].
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Table. 4.7: Composition of High-fat diet

Sr. No Ingredient Amount (gm)
1 Powdered Normal Pellet Diet 365
2 Lard 310
3 Casein 250
4 Cholesterol 10
5 Vitamins & Mineral mix 60
6 dl-methionine 03
7 Yeast powder 01
8 Sodium Chloride 01

The wistar rats subjected to HFD with STZ exhibited characteristic features of IR were
confirmed after 72 h of STZ administration and the assessment of body weight, fasting blood
glucose level (FBGL), total cholesterol (TC), triglycerides (TG), glycosylated hemoglobin

level (HbALc), and insulin level were measured using commercially available kits. Fig. 4.2
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Fig.4.2: Experimental schedule of animal model development and treatment

4.5.2. Experimental Protocol for in vivo study
Initially, the animals were divided into four groups as in Table 4.8 to assess the neuroprotective
effect of REP. The treatment was carried out for 4 weeks and biochemical parameters were

examined and compared with an anti-Alzheimer drug as a standard.

Table 4.8: Experimental design for the screening of REP

Group 1 : Normal pellet diet fed rats (Normal control)
Group 2 . High-fat diet-streptozotocin diabetic rats (disease control), administer with Milli- Q
water
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Group 3 . High-fat diet -streptozotocin-diabetic rats, administered with REP suspension (REP;
4mg/kg, p.o)

Group 4 : High-fat diet -streptozotocin-diabetic rats, administered with memantine (MEM,;
5mg/Kkg, p.o)

Further, for the determination of different nanocarrier systems, the group were divided as per
the following Table 4.9

Table 4.9: Experimental design for the screening of REP with nanocarrier systems in MetS-associated AD

condition
Group 1 : Normal pellet diet fed rats (Normal control)
Group 2 . High-fat diet-streptozotocin diabetic rats (disease control), administer with Milli- Q
water
Group 3 . High-fat diet -streptozotocin-diabetic rats, administered with REP suspension (REP;
4mg/kg, p.o)
Group 4 . High-fat diet -streptozotocin-diabetic rats, administered with PNPs; 4mg/kg, p.o
Group 5 . High-fat diet -streptozotocin-diabetic rats, administered with PLHNPs; 4mg/kg, p.o

Additionally, to estimate the additive/synergistic effect via in vivo study the animals were
divided into the following groups Table 4.10.

Table 4.10: Experimental design for the additive/synergistic effect of best nanocarrier system in MetS-

associated AD condition

Group 1 : Normal pellet diet fed rats (Normal control)

Group 2 . High-fat diet-streptozotocin diabetic rats (disease control), administer with Milli- Q
water

Group 3 . High-fat diet -streptozotocin-diabetic rats, administered with REP suspension (REP;
4mg/kg, p.o)

Group 4 : High-fat diet -streptozotocin-diabetic rats, administered with REP suspension
(4mg/kg, p.o) and MEM (5mg/kg, p.0)

Group 5 . High-fat diet -streptozotocin-diabetic rats, administered with PLHNPs; 4mg/kg, p.o

4.5.3. Blood Collection and serum isolation

The blood was collected from the retro-orbital plexus method. In brief, each wistar rat was
hand restrained, the neck was gently scuffed and the eye was made to bulge then a glass
capillary was inserted. The blood was allowed to flow by capillary action into the heparinized
disposable tubes. The tubes were centrifuged at 7500 rpm for 20 min at 4 °C to separate out
the plasma and stored at -80 +10 °C [179,201].

4.5.4. Estimation of serum metabolic parameters
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The serum BGL, TG, TC, LDL, and Insulin levels were measured using commercially available
Kits as per the manufacturer’s guidelines. Further, the homeostasis model assessment insulin
resistance (HOMA-IR) was estimated using the below-mentioned formula

HOMA — IR = (Insulin X glucose)/
B 405

4.5.5. Estimation of neurochemicals biomarkers

The brain was harvested after the treatment period and rinsed with an ice-cold isotonic saline
solution. The hippocampal region was extracted and homogenized with ice-cold phosphate
buffer saline (0.1M, PBS, pH 7.4). The homogenate was centrifuged at 10000 rpm for 20 min
at 4 C and the supernatant was separated for further analysis. The ELISA kits of brain-derived
neurotrophic factor (BDNF), Amyloid-f, and p-tau level were used as per the manufacturer’s
instructions for the evaluation of REP.

4.5.6. Estimation of Oxidative stress parameters

MDA was estimated using the wills method. In this method, the thiobarbituric acid reacts with
MDA, and the amount of MDA was determined using a spectrophotometer at 532 nm.
Moreover, the abundance of nitrite in brain homogenates indicates the production of NO which
was measured by colorimetric assay with Griess reagent. The equal amount of samples with
Griess reagent was mixed and incubated in the dark for 10 min at room temperature followed
by determination of absorbance at 540 nm. Further, the GSH level was estimated by previously
described methods with modifications. In brief, the supernatant of brain homogenate was
precipitated with 4% sulfosalicylic acid at 4 °C for 1 h. Afterward, samples were centrifuged
at 1200 g for 15 min. and in 1 ml of the supernatant, 2.7 ml of phosphate buffer (0.1M, pH 8),
and 0.2 ml of 5,5 dithiobis (2-nitrobenzoic acid) (DTNB) were added. Using a
spectrophotometer, the developed yellow color was quantified at 412 nm [202].

4.5.7. Estimation of proinflammatory cytokines

The pro-inflammatory cytokines (TNF-a, IL-6) were estimated by using brain homogenates
and the levels were determined by ELISA Kits.

4.5.8. Behavior assessment for cognitive and motor functions

4.5.8.1 Passive avoidance task

The passive avoidance task was executed as per the previously described reports. In brief, the
apparatus consists of an illuminated compartment and a dark compartment (Fig.4.3). Both
compartments were separated by a guillotine door and equipped with a shock scrambler grid
floor. Primarily, the acquisition trial was performed on each animal by placing them into the

illuminated compartment for habituation of the 60s and after that, the guillotine door was
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opened to record the initial latency to enter the dark compartment. Animals with an initial
latency period of more than 60s were excluded from further investigation. As the animal
entered the dark compartment the guillotine door was closed and an electric foot shock of 50V,
50HZ, and 0.2mA was delivered for 3s through the foot grid. The animal was taken out from
the dark chamber and returned to its cage. The retention latency was evaluated after 24h same
as in the acquisition trial, but no foot shock was delivered. The latency time was measured up

to 300s and chambers were cleaned and dried between the trials with 70% v/v alcohol [203].

Fig.4.3: Pictorial representation of Passive avoidance apparatus

4.5.8.2 Spatial navigation task

In the spatial navigation task, Morris Water Maze (MWM) comprised of a circular water tank
(120 cm diameter, 60 cm height) filled with water (27+1 °C) to a depth of 40 cm and divided
into four equal quadrants such as south-west (SW), south-east (SE), north-east (NE) and north-
west (NW). The escape platform (10 cm X 5 cm) was positioned in the center of one of the
randomly selected quadrants; 2 cm below the water surface and remained in the same position
throughout the entire experiment. Before the training phase, the animals were allowed to swim
freely in the pool for 60 s without the platform. Animals were subjected to four trials per session
for consecutive four days, with each trial having a time limit of the 60s. The animals remained
on the hidden platform for the 30s after climbing onto it and before moving on to the next trial.
In case animals failed to locate the hidden platform for the 60s, then were placed gently on the
platform for 60s. Thereafter, the video tracking software Any-maze 7.1 was used to calculate
the time required to locate the hidden platform [204].
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4.5.8.3 Probe trial

The escape platform (10 cm X 5 cm) was positioned in the center of the randomly selected
quadrants of the pool below 2 cm to the water surface and kept in the same position throughout
the entire experiment (south-east for this study) (Fig. 5.9). The animals were permitted to swim
freely into the pool for 60 s without a platform before the training started. Animals received a
training session consisting of 4 trials per session (once from each starting point) for 4 days,
each trial having a ceiling time of 60s. After climbing onto the hidden platform, the animals
remained there for 30 s before commencement of the next trial. If the animal failed to locate
the hidden platform within the maximum time of 60 s, it was gently placed on the platform and
allowed to remain there for the same interval of time. The time taken to locate the hidden
platform (latency in seconds) was calculated using ANY-maze video tracking system
(Stoelting, USA).

4.5.8.4 Novel object recognition

The rodent’s ability to recognize the new object in their environment was assessed by novel
object recognition (NOR) task. The NOR task consists of three stages habituation,
familiarization, and test stage. In habituation phase, the animals have free access to explore the
open field arena for 5 min in the absence of an object on two consecutive days. In
familiarization phase, two identical sample objects were placed in the open field arena and
animals were placed for the 5min. Whereas during the test phase (24 h later to familiarization
phase), the two objects; one identical to the sample and another novel object were placed in the
open-filed arena [205]. The objects were placed in the opposite and symmetrical corners of the
arena during the familiarization and test phase and time spent was recorded for 5 min to explore
the novel or familiar object. The task was performed by using ANY- maze 7.1 software.

4.5.9 Quantitative Real-time Polymerase Chain Reaction (QRT-PCR)

Total RNA from the rat’s brain tissue sample was isolated with the TRIzol reagent, according
to the manufacturer's protocol. Further RNA was reverse transcribed to complementary DNA
(cDNA) by using a Revert Aid First strand cDNA synthesis kit [206]. Moreover, the SYBR
green / ROX gPCR master mix kit was used for amplification according to the manufacturer’s
procedure using the CFX connect Optics Module by Bio-Rad[207]. The PCR conditions for
the transcription level of ATF6 were 98 C for 8 min followed by 32 cycles at 94 C for 25 sec,
50T for 35 sec and 72°C for 1 min. The relative expression level of activating transcription
factor 6 (ATF6) mRNA was calculated keeping glyceraldehyde-3-phosphate dehydrogenase
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(GAPDH) as a housekeeping gene and determined by the 224 method[208]. The sequence of

specific primers is listed in Table.4.11.
Table.4.11: Primer sequence used for gRT-PCR analysis.

Gene name Primer sequence
ATES Forward primer TGGATTTGATGCCTTGGGAGT
Reverse primer AGGAACGTGCTGAGTTGAAGA
GAPDH Forward primer TTGCCATCAACGACCCCTTCA

Reverse primer AGCACCAGCATCACCCCATTT

4.5.10 Western blot analysis

The total proteins from the hippocampal region of the brain were extracted in a RIPA lysis
buffer supplemented with protease, trypsin, and phosphatase inhibitors. Further, the amount of
protein in the sample was detected using a BCA protein assay[207,209]. The collected lysate
was separated using 12% SDS-PAGE gel using the electrophoresis technique and then
transferred onto the PVDF membrane[210]. The blots were probed overnight with anti-bodies
anti-Bax, anti-Bcl-2, ant-caspase-3, and GAPDH at 4C. Further, a secondary antibody (anti-
rabbit IgG antibody) was used and signals were visualized using an ECL Kit.

4.5.11 Assessment of histological changes

In histopathological analysis, brain samples were harvested immediately and fixed with
formalin solution (10% V/V). Then samples were embedded into paraffin wax and sectioning
them to 5 pum sections. The prepared sections were stained with hematoxylin and eosin stain
(H&E) and hippocampal regions (dentate gyrus and cornu ammonis) were examined under the
Zeiss microscope. The deteriorating neurons were evaluated in terms of percentage by using
ImageJ software.

4.6. Pharmacokinetic profile

The pharmacokinetic study was performed in wistar rats (200-250g) to measure the
pharmacokinetic parameters of REP and nanocarrier system. The rats were acclimatized for 7
days and prior to the study and rats (n=4) were fasted overnight. Then REP was administered
at a dose of 4 mg/kg, p.o with the dosing volume of 1 mL to each overnight fasted rat, and
blood was collected in heparinized disposable tubes from retro-orbital plexus at pre-set time
intervals. Moreover, the blood was centrifuged at 7500 rpm for 20 min to separate out the
plasma and stored at -80 £10 °C for further analysis [179,201]. The plasma concentration-time
profile was plotted, and the pharmacokinetic parameters were investigated by Phoenix Win

Nolin Certera™ (Pharsight, U.S.A; version 8.0) with non-compartmental modeling.
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4.7 Biodistribution

The biodistribution of REP and nanocarrier systems was investigated in the wistar rat, the
animals were anesthetized (ketamine/ xylene) and sacrificed at predetermined time intervals
(0.25h, 2h, 6h, 12h, and 24 h four rats/time point) by cervical dislocation. Further, the highly
perforated organs (brain, and liver) were collected promptly and thoroughly rinsed in ice-cold
saline to remove blood, and other content and blotted dry with filter paper [211]. Further, the
samples were prepared and analyzed with an in-house developed bioanalytical method.

4.8 Development and optimization of Formulations

4.8.1 Synthesis and characterization of di-block amphiphilic polymer:

The di-block polymer was synthesized by a ring-opening method. The m-PEG (M ~ 5000 Da)
was dissolved in toluene, and g-caprolactone was added dropwise. Afterward, tin (1) 2-ethyl
hexanoate was mixed, and the reaction was processed under a nitrogen atmosphere at 110 oC
for 24 h [26]. Further, the reaction mixture was concentrated using a rotary evaporator, and the
product was dissolved in dichloromethane, then chilled methanol was added to the obtained
precipitate. Later wash the precipitate thrice with chilled diethyl ether and dry it properly
(Fig.4.4) [27]. The synthesized polymer was evaluated and characterized by 1H NMR and by
gel permeation chromatography (GPC).
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Fig. 4.4: Schematic representation of polymer synthesis
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4.8.2 Fabrication of polymeric nanoparticles (PNPs)

The polymeric nanoparticles were formulated by the nanoprecipitation technique with
modifications[174]. In brief, 2.5mg of REP, mPEG-PCL polymer was dissolved in 2 mL of
acetonitrile (ACN) (Organic phase) followed by dropwise addition of 10 mL poloxamer 407
solutions (aqueous phase) under magnetic stirring for 3 h at 37 °C [174] (Fig. 4.5).

Step-1 Step - 2 . Step-3 Step - 4
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Fig. 4.5: Schematic representation of PNPs preparation procedure

The remaining amount of organic solvent was removed using a rotary evaporator and analyzed

by headspace-gas chromatography (HS-GC) (Table 4.12).

Table 4.12: Instrumental parameters of GC-HS for estimation of residual organic content in nanoparticles

Headspace Parameters Operating Parameters
Oven temp : 95C Column . Rtx-624 (30m X
0.32 mm X 1.8 pm)
Gas Pressure ; 10 psi Pressure ; 7.2 psi
Pressurizing time : 1 min Injection mode : Split
GC cycle time : 23 min Injection port temp : 180C
Shaking Level : 3 Flow control mode . Linear velocity
Sample Line Temp : 110C Column flow : 1.5 mL/min
Transfer Line Temp : 120C Total flow : 91.5 mL/min
Load time : 0.5 min Linear velocity : 22.3 cm/sec
Equilibrium Time ; 25 min FID Temp : 260TC

4.8.3 Fabrication of Polymeric lipid-hybrid nanoparticles (PLHNPS)

The PLHNPs were fabricated by a one-step self-assembly method.[212] In brief, a lipid
monolayer was prepared by phospholipid, and DSPE-PEG 2000 after dissolving in a 4% v/v
ethanol-water solution. Further, the lipid solution was added dropwise into the deionized water
containing 1% w/v stabilizer at 65 C to maintain the dissolution situation of both the lipids and
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prepared an aqueous lipid dispersion medium. Additionally, the weighed amount of REP (1
mg) and poly lactic-co-glycolic acid (PLGA,10mg) were dissolved in the acetonitrile (ACN).
The organic phase containing drug and polymer was poured dropwise into the aqueous lipid
dispersion medium (phospholipid, DSPE-PEG 2000, stabilizer) under probe sonication
followed by continuously stirring at 400 rpm for 3 h and allowed to self-assemble.[213,214]
Further, the rotary evaporate was used to remove the organic solvent residue in the PLHNPs

and analyzed by headspace-gas chromatography (HS-GC) (Fig.4.6)
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Fig. 4.6: Schematic representation of PLHNPs preparation procedure

phase

Stirring Stirring —_— ¢
g —_— \ — s, ——
rom— p— \
y N L

E “*™=7 Ppolymer lipid hybrid

nanoparticles

4.8.4 Optimization of formulation using quality by design approach
4.8.4.1. Quality Target Product Profile (QTPP)
A QTPP assists in predicting the essential characteristics of the drug product that can be
attained to ensure the safety, quality, and efficacy of the drug product. QTPPs are the pivotal
elements of the QbD approach and have a crucial role in defining the objectives to develop the
drug products (Table.4.13).

Table.4.13: Quality target product profile (QTPP) of REP-loaded PNPs and PLHNPs

Target Product Profile Target Justification

Dosage Powder For ease oral application

Route of administration Oral Patient compliance

Appearance White Flowable and odorless

Particle size <150 nm Enhance permeation to BBB

PDI <05 Uniform distribution of particle size

Entrapment efficiency Maximum with desired Maximum entrapment improves permeation and
size range increases drug loading

Release Control release compared  Prolong the effect and enhance the efficacy

to free drug

4.8.4.2. Critical Quality Attributes (CQA)
CQA:s are derived from the QTPP and help to identify the key factors which alter the quality
of the product. Furthermore, CQAs determine the range or limit for the acceptability to attain

the expected product quality. In addition, CQAs emphasize the characteristics which affect the
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overall quality and are categorized based on severity. This implies the risk assessment scale
and ranks based upon the gauge of severity to predict its impact on safety as well as efficacy.
Further, depending on the QTPP of the PNPs and PLHNPs, CQAs were allocated for the
formulation.

4.8.4.3. ldentification of critical material attributes (CMAs)and process parameters
(CPPs)

The CMA and CPPs are two crucial parameters that directly contribute to the variability and
efficacy of the CQAs. CMAs are linked with the formulation composition whereas CPPs are
allied with the manufacturing and formulation process. CMAs are identified based on the
theoretical modeling and design of experiments in the quality risk assessment process, while
CPPs are recognized with the process and unit operation.

4.8.4.4. Initial risk assessment

Initial risk assessment assists in recognizing the material attributes and process parameters
which effectively affect the product CQAs. Based on the initial experimental data and prior
knowledge, a risk assessment tool could be used to identify the order and rank of parameters
that could potentially impact the quality of the final product. Initially, the interdependence
rating was executed on a three-level scale between CQAs, CMAs, and CPPs and categorized
as “high” (H), “medium,” (M), or “low” (L). Afterward, a rating was performed related to the
selected CQAs, CMAs, and CPPs, and risk estimation results were calculated and ranked
according to severity scores (Table.4.14) [215].

Table.4.14: Risk estimation matrix (REM) for initial risk assessment of different material attributes and process
parameters by qualitative analysis.

Critical Material attributes and process parameters
quality Polymeric nanoparticles (PNPs)
attribute Drug Amount of Stirring Stirring Organic  Sonication  Sonication
polymer ratio stabilizer speed time solvent time amplitude
Particle High High High Medium Low High High
size
PDI High Medium High Medium Low Medium Medium
Entrapment High High Medium High High High Medium
efficiency
Polymer lipid hybrid nanoparticles (PLHNPs)
Drug Lipid Lipid DSPC- Amount of  Stirring Stirring Sonication
polymer ratio polymer ratio  PEGy ratio stabilizer time speed time
Particle High High Medium High Medium High High
size
PDI High Medium Low Medium Medium High Medium
Entrapment High High High High High Medium High
efficiency
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4.8.4.5. Experimental design
The statistical optimization of PNPs and PLHNPs was achieved by response surface
methodology via Box-Behnken experimental design (BBD) using Design Expert® software 13
(M/s Stat-Ease Inc., Minneapolis, MN, USA). Based on the CMAs and CPPs experimental
factors and factor levels were selected. The BBD consists of center points and a set of points
lying in the midpoint of the cube, defining the region of interest. The statistical design was
generated to optimize the system with 17 experimental runs and comprised three independent
variables with their low (-1), medium (0), and high (+1) levels. All other parameters were kept
constant during the experimentation.
4.8.4.6. Optimization of data analysis and model validation
The optimization of data analysis and model validation was done by Design Expert® software
13. The interaction of the factors was assessed by the second-order polynomial (quadratic)
equation which is created by the experimental design
Y=b0+b1A+b2B+b3C+b12AB+0b13AC+b23BC+0b11A%+02,B%+b33C2
Here Y denotes response; bo indicates constant; b1, b2, and bz represent linear coefficients, b1,
b22, and bss are quadratic coefficients, and b1z, b1z b3 signify interaction coefficients. Further
A, B, and C represent the coded intensity of independent variables. The terms A?, B?, and
C? define the interaction and quadratic terms, respectively. The fit of data was evaluated by the
factor-response relationship in terms of analysis of variance (ANOVA), lack of fit, coefficient
of correlation (R?), adjusted R? (R2-adj), and predictive R? (R?-pred). The regression model
fitted well when the lack of fit is P < 0.05 (lower than the pure error), but the model is attuned
poorly when the lack of fitis P > 0.05 (lower than pure error). Furthermore, the factor-response
relationships were computed and depicted graphically via 2D-contour plots and 3D-response
surface plots [215].
4.9. Lyophilization process optimization
The benchtop lyophilization process was used to optimize the lyophilization of PNPs and
PLHNPs. In brief, various cryoprotectants (i.e., sucrose, trehalose, mannitol, glucose, and
lactose) and different ratios (2%, 5%, and 10% w/v) of selected cryoprotectant was screened
out to identify the suitable cryoprotectant. Further, batch lyophilization was carried out on the
selected cryoprotectant and three sequential steps were used to accomplish the process i.e;
lyophilization cycle freezing (14 h), primary drying (34 h), and secondary drying (8 h)
(Table.4.15) [216].
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Table.4.15: Lyophilization Cycles for lyophilization of REP-loaded PNPs and PLHNPs
Steps/segment  Temperature (C)  Hold time (h) RAMP (C/min)

Freezing*
1 10 1.00 5.00
2 0 2.00 2.00
3 -10 1.00 1.00
4 -30 2.00 1.00
5 -55 8.00 0.25
Primary Drying**
1 -55 8.00 0.25
2 -20 6.00 0.25
3 -10 6.00 0.25
4 4 6.00 0.25
5 20 8.00 0.25
Secondary Drying***
1 25 8.00 0.25

*Vacuum-off ; ** Vacuum-200 m Torr; *** VVacuum- 100 m Torr
4.10. Physicochemical characterization
4.10.1 Particle size, Poly dispersibility index, and Zeta potential: Dynamic light scattering
(DLS) method was used to measure the z-average PS, PDI, and zeta potential (ZP) of the
formulated PNPs and PLHNPs using a Malvern Nano ZS (Malvern Instruments Ltd., UK). The
prepared nano-dispersion was diluted in a ratio of 1:10 with filtered milli-Q water and sample
analysis was carried out at 25°C, 173 backscattering with 1.330 dispersants refractive index for
determination of PS, PDI.
4.10.2 Entrapment efficiency (EE): The EE of PNPs and PLHNPs was determined by the
ultracentrifugation technique. The dispersant was centrifuged at 40,000 RPM for 35 min at 10
°C after this the centrifuged pellet was diluted with ACN, and bath sonicate for 15 min. The
samples were examined by the RP-HPLC method and EE was calculated by using the below-
mentioned formula.

Amount of REP in nanocarrier
EE% = - - — X% 100
Theortical amount of REP loaded during preparation

4.10.3 Morphological characterization: The surface morphological characterization of PNPs
and PLHNPs was determined by field emission-scanning electron microscopy (FE-SEM) and
high-resolution transmission electron microscopy (HR-TEM). In FE-SEM the nano dispersion
of PNPs and PLHNPs (500uL) were diluted in Milli Q water and dried samples were positioned
on carbon tape affixed to a metal stub and sputtering was done with gold for the 90s using a
Quorum Technologies Q150TES sputter coater (East Sussex, England) to avoid charge
accumulation. Further, coated nanoparticles were examined by an FE-scanning electron
microscope (Hillsboro, Washington) at 20,000x magnification, 20 kV high vacuum, a spot size
of 9.0, and a scale of 0.2—3 pum. Moreover, in HR-TEM analysis (Hitachi (H-7500) the nano
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dispersion of PNPs and PLHNPs have splayed on a carbon-coated copper grid and was stained
for visualizing with 2% urinyl acetate.

4.10.4 Attenuated Total reflectance-Fourier Transform Infrared (ATR-FTIR): The ATIR
spectra of REP, BPNPs (placebo polymeric nanoparticles), PNPs, BPLHNPs (placebo polymer
lipid hybrid nanoparticles) and PLHNPs were subjected to infrared analysis to measure the
interference. The individual samples (4 mg) were placed on ZnSe sample crystal and scanned
from 4000 cm™ to 600 cm ™ using a Bruker alpha-one FTIR spectrophotometer (Bruker Optik,
Germany).

4.10.5 Differential scanning calorimetry (DSC): DSC-60 plus (Shimazu, Kyoto, Japan) was
used to analyze DSC analysis. The thermograms of REP, BPNPs, PNPs, BPLHNPs, and
PLHNPs were acquired by adding 4 mg of sample (each) into an aluminum pan, using an empty
pan as a reference. The individual samples were heated between 30 C-350 'C temperature range
with the rate of 10 ‘C/min under 50mL/min nitrogen purge.

4.10.6 powder X-rays diffraction (pXRD): The pXRD was used to evaluate the crystallinity
of the compounds. Crystallinity is deemed undesirable in pharmaceutics because it shows slow
to incomplete dissolution. Thus, pXRD analysis of REP, BPNPs, PNPs, BPLHNPs, and
PLHNPs was performed by the diffractometer (Rigaku-mini flex). The voltage was set to
30 kV over a 20 range from 10° to 60 at a scanning speed of 1°/min with Cu (A = 1.54) tube as
an anode.

4.11 In vitro drug release study

In vitro release study of REP, PNPs, and PLHNPs were carried out by using the dialysis bag
method. REP, PNPs, and PLHNPs (equivalent to 500 pg of REP, n=3) were inserted into an
overnight dipped dialysis bag (MWCO of 10 kDa, Himedia Laboratories. Pvt. Ltd.,). The bag
was sealed from the sides with the thread and dipped in 50 mL of biorelevant dissolution media
(phosphate buffer saline, pH 7.4 containing 0.1% sodium dodecyl sulphate) under a shaking
water bath (120 rpm, 37 £ 0.5 °C).[217] The 1mL aliquot of the release media was withdrawn
at preset intervals and replenished with the same volume. Further, samples were filtered and
analyzed by the RP-HPLC method.[174] The drug release mechanism and kinetic were
calculated by mathematical models using a DD solver (an Excel add-in). The best-fit model
of the release profile was determined based on the lowest Akaike index criteria (AIC) value
and high regression coefficient (R?).

4.12 Stability in simulated biological fluids

The stability of PNPs and PLHNPs in a simulated gastrointestinal tract (GIT) was investigated

by three phases mouth phase, gastric phase, and intestinal phase. In order to mimic the
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conditions, all the solutions and/or samples were pre-incubated in a bath shaker at 37°C at 100
rpm. Simulated saliva fluid (SSF) was prepared by using 30 mg/mL mucin and other salts to
modulate the mouth phase conditions. The PNPs and PLHNPs were associated with SSF at a
mass ratio of 1:1 and the mixture were placed in a bath shaker for 10 min with adjusted pH of
6.8. Whereas in the gastric phase, simulated gastric fluid (SGF) consisted of 3.2 mg/mL pepsin,
0.1mM hydrogen chloride, and 2 mg/mL sodium chloride. The sample was taken from the
mouth phase and mixed with the SGF at a mass ratio of 1:1 and the mixture was placed in a
bath shaker for 2 h.[218] In intestinal Phase, the sample was taken from the gastric phase and
diluted in a mass ratio of 1:1 with simulated intestinal fluid (SIF) which is composed of 0.5M
CaCl2, 7.5 M NaCl, 50mg/mL bile extract, and 24 mg/mL pancreatin. The mixture was placed
in a bath shaker for a further 2h to mimic the conditions [219].

Oral Phase (SSSF) Gastric Phase Intestinal Phase

(SGF) (SIF)
Test solution: SSF (1:1) )
. . Oral Phase: SGF (1:1) Gastric Phase: SIF (1:1)
Incubation 10min

Incubation 2h Incubation 2h
Enzyme- a. amylase . i
Enzyme- Pepsin Enzyme- Pancreatin

Fig.4.7: The flowchart to perform Gastro-intestinal stability studies

4.13 Stability study of lyophilized formulation

The stability study of freeze-dried PLHNPs was performed as per the International Council for
Harmonization of Technical Requirements for Pharmaceuticals for Human Use (ICH, Q1A,
R2). The stability of lyophilized PNPs and PLHNPs was assessed at 25°C + 2°C/ 65 +5% RH
in the stability chamber for 3 months and PS, PDI, ZP, and % EE were estimated every 30 days
[220].

4.14 Protein absorption assay

The protein absorption efficiency of PNPs and PLHNPs was assessed by Biuret assay. In brief,
BPNPs and BPLHNPs (5mg) were placed in 4% bovine serum albumin (BSA) solution and
incubated in a shaking bath incubator for 24 h at 37+£0.5°C [221]. Afterward, the nanocarriers
were centrifuged at 35000 rpm for 30 min and reagent (biuret reagent, 4 mL) was added in 1
mL of nanocarriers supernatant. The solution was incubated in a shaking bath for 30 min at
120 rpm and later, analyzed using a UV—vis spectrophotometer at 540 nm for assessment of

unabsorbed proteins.[222]
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4.15 In situ absorption and permeation assay

4.15.1. Single pass intestinal perfusion (SPIP) model

The animals were retained in polyacrylic cages under controlled conditions (12 h light/dark
cycle, 22 + 1°C with 60% relative humidity) and fed with the normal diet with purified water
ad libitum. The wistar rats were acclimatized for at least seven days and then divided randomly
into groups viz. REP, PNPs, and PLHNPs. Furthermore, rats were fasted for approximately 12-
16 h, with free access to water, and anesthetized by intraperitoneal administration of xylazine
(0.02g/kg) and ketamine (0.10g/kg). The rats were laid on a heating pad or kept under the lamp
to maintain a body temperature of 37 + 1°C[223,224]. Afterward, the laparotomy was
performed, through a middle incision of approximately 4 cm in the abdomen to isolate the
proximal jejunum portion (15-20 cm) of the small intestine (Fig.4.8). Furthermore, the
proximal jejunum area was cannulated from both ends by using a plastic tubing of 3 mm o.d.
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Fig 4.8: Illustration of SPIP model for in situ permeation study in wistar rat model.

The intestinal segment was gently washed with prewarmed (371 C) blank perfusion solution
(Table.4.16) for nearly 30-45 min at a 0.5 mL/min flow rate or until the solution was clear.
Thereafter, the perfusion solution containing REP/ PNPs/PLHNPs was infused for 1 h
(approximately) with a 0.2 ml/min flow rate to achieve a steady state or equilibrium state with
the intestinal membrane [225]. As it reached a steady state, the perfusion solution was collected
at the pre-determined time interval of every 15 min and withdrawn samples were immediately

frozen at -80°C until further analysis.
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Table.4.16: Composition of Perfusion solution for SPIP.

Ingredients Amount
Potassium chloride 5.4 mM
Sodium chloride 48 mM
di-Sodium hydrogen phosphate 28 mM
Sodium dihydrogen phosphate 43 mM
Mannitol 35mM
D-glucose 10 mM
Polyethylene glycol-4000 lg/L

At last, rats were euthanized by intracardiac injection, and infused intestinal segments length
(L) and diameter were carefully measured [225-228]. The effective permeability coefficient
(Pefr) value was calculated by below formula.

Q. In ‘ Out/clin
Pepr = — )

where Q is the perfusate flow rate (mL/min), C'out/C'in Signifies the corrected ratio of outer
concentration to inlet perfusate, and A denotes intestine surface area (cm?). However, the
apparent first-order absorption rate constant (Ka) was calculated using the following formula.
[1 — C'out/C'in]Q

mr2l

Here, r and | indicate the radius and the length of the perfused intestinal segment.

K, =

The quantitate detection of both the eluents i.e., phenol red and REP was done by modifying
the developed RP-HPLC method. The Shimadzu HPLC system (LC- 2010HT, Shimadzu
Corporation, Japan) equipped with a pulse-free solvent delivery system and UV-visible
detector was used. The separation of eluents was carried out on waters Nova-pack C18 column
(3.9 x 150 mm, 4 um particle size) [174]. The detector was set at a maximum wavelength of
243 nm and 398 nm for eluent data acquisition (REP and phenol red respectively). The obtained
perfusate samples were centrifuged (10,000 rpm for 30 min), filtered (0.22um), and diluted
with acetonitrile appropriately.

4.15.2. Parallel artificial membrane permeability assay-blood brain barrier (PAMPA-
BBB)

The PAMPA assay was mainly conducted to investigate passive permeability. In brief, samples
were prepared at the concentration of 1.0 mM in dimethyl sulfoxide (DMSQO) and diluted with
Phosphate Buffer Saline (PBS); at pH 7.4 to make secondary dilutions for the donor
compartment. Further, the filter membrane was layered with porcine polar brain lipid (PBL, 5

ML) extract solution and the receiver well contained 400 ul PBS. Consequently, the plates were
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placed over each other as a sandwich where the PBL-coated membrane was positioned between
and maintained to prevent the formation of air bubbles at the lower side (Fig.4.9). Then the
plate was incubated without agitation for 18h at room temperature [229,230]. Furthermore, the
samples were collected from the donor and acceptor compartment, diluted adequately, and
quantified by the RP-HPLC method. The assay was carried out in triplicates and the

permeability coefficient (Pe) was estimated using an equation.

p bility (Pe) = —2.303 X(Vade)xl [1 ( Va+Vd >X<Ca(t)>]
ermeabtlity (Pe) = 7oy * Va s va) X108 1 -RrR) xvd) “\cd (0

where Pe notes as effective permeability coefficient (cm/s), A indicates filter area (0.24 cm2),
VD and VA are the volumes in the donor and acceptor phases, t stands for incubation time (s),
1SS signifies time (s) to reach steady-state, CD(t) indicates the concentration of the compound
in the donor phase at time t, CD(0) implies as the concentration of the compound in the donor
phase at time 0, and R estimates membrane retention factor.

| —t+—— Donar well

Test compound

—++— Buffer solution

Artificial phospholipid
membrane

Porous material

+—» Acceptor well

Trans well plate

Fig. 4.9: lllustration of Parallel artificial membrane permeability assay-blood brain barrier (PAMPA-BBB)

4.16 In vitro & In vivo analysis

The in vitro cell culture-based studies (cell viability, cell uptake, STZ and hydrogen peroxide
assays) and in vivo (pharmacodynamic, pharmacokinetic and biodistribution) studies were
performed as mentioned in the section 4.4, 4.5, 4.6 and 4.7 respectively.

4.17 Data analysis

All results were expressed as mean * standard error mean (S.EM.). The experimental data were
analyzed using a graph pad with a one-way analysis of variance (ANOVA) followed by

Tukey’s test at a defined significant level of p < 0.05.
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5.1 Quantitative determination of REP by HPLC method

5.1.1.1 Preliminary method development studies

The RP-HPLC method development was done by checking various parameters such as mobile
phase composition, mobile phase ratio, column, column temperature, flow rate, etc., to obtain a
good peak shape with less run time, less tailing, high theoretical plates, and resolution. In this
study, various solvents were tried as mobile phases like methanol, acetonitrile, and water
containing 10mM formic acid, glacial acetic acid, and potassium dihydrogen phosphate by
changing the flow rates in the range of 0.8 mL/min to 1.0mL/min. These varied combinations
implied that acetonitrile with 10mM of potassium dihydrogen phosphate as the aqueous phase
suited the most as the mobile phase. It offered superior chromatographic separation with peak
symmetry and a minimum tailing factor, better resolution, and a high theoretical plate count.
5.1.1.2 Risk Assessment Studies

The risk evaluation matrix studies were established by examining the relationship between various
input process parameters and analytical attributes, as illustrated in the Ishikawa fishbone diagram.
It helps to identify possible risk factors and improve the quality defects for the further screening
process. The critical variable was defined as per the risk management method, based on the risk
associated with each variable. The influential factors, including the mobile phase ratio, pH of the
aqueous phase, flow rate, column temperature, injection volume, buffer strength, and organic
modifiers, were significant and selected for the subsequent factor screening studies.

5.1.1.3 Factor Screening study: Taguchi design model

The screening study of factors was performed on the selected CMPs by using the Taguchi design
model. The Taguchi design was performed on the already disclosed seven factors, i.e., CAAs,
which influence the retention time, tailing factor and theoretical plates count. The Taguchi design
was evaluated by a half-normal plot and Pareto charts (Fig.5.1), which assisted to understand the

effects.
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Fig.5.1: The half normal plot and Pareto chart indicating factors that influence response variables of the RP-HPLC
method, (A) retention time, (B) Peak tailing, (C) theoretical plates. The Positive influencing factors were shown in
orange whereas the negative shown in blue.

The factors exhibited a significant effect (p< 0.05) on the mobile phase, flow rate, and pH of the
buffer. It was observed that the retention time was positively influenced by the pH of the buffer,
showing an increase in the pH of the buffer, increase in the retention time, whereas the mobile
phase ratio exhibited an analogous positive relationship with retention time. A positive effect of
flow rate and a negative effect of the mobile phase was observed concerning the tailing factor.
Similarly, in the theoretical plate count, a negative effect of flow rate and pH of the buffer was
observed, which crosses the Bonferroni limit as it was observed in the Pareto charts and half-
normal plot representing the impact of CMP on CAA. From Pareto ranking studies, it was observed
that the mobile phase ratio, pH of the buffer, and flow rate were highly effective on the selected
CAA, which was further used for the optimization studies.

5.1.1.4 Method optimization and response surface analysis

The method optimization studies were performed using response surface BBD, and data were
analyzed by selecting the second-order polynomial model for illustrating the main and interactive
effects. In BBD three influential variables constructed from the risk assessment and factor

screening studies viz mobile phase ratio (A), flow rate (B), pH of buffer (C) was further
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investigated at three equidistance levels, i.e., low (-1), medium (0) and high (+1). A fixed
concentration of REP was used throughout the study, and a BBD matrix containing 17 runs was
analyzed. The significance of the impact of various CPPs on the selected CAAs, i.e., RT (R1), TF
(R2), and PC (R3) were observed by using Design Expert. The selected influential factors were
critically examined using a quadratic polynomial model fitting, as shown in equation 1.
Y = Bo + PrX1+ PaXo+ BaXat PaX?it PsXPot PeXat PrX1Xot+ PeX1Xat PaXaXs .... (1)

Where Y represents the measured response associated with each factor level combination, Bo
indicates the intercept of the produced polynomial model, and B1 to B3 represents the coefficient
of the linear model term. The Xy, X2, and Xz are the coded levels of independent variables, and
X?1, X2, X235 X1X2, and X1 X3 stand for the quadratic term, interaction, respectively. Analysis of
the factor response relationship was done using a 3D response surface and corresponding 2D
counterplots for each CAAs. The full quadratic equation for RT (R1), TF (R2), and PC (R3) were

generated by the response surface regression process as equations 2, 3,4 respectively.

R1=+4.87-0.903*A-0.292*B+1.53*C-0.050*AB+0.6275*AC+0.00*BC+0.496*A?
+0.133*B%+0.251*C? .... (2)

R2=+1.05-0.0987*A-0.0434*B-0.0087*C-0.020*AB+0.0025*AC+0.025*BC+0.115*A?
+0.0215*B%+0.251*C? .... (3)

R3= +3973.95-37.62*A-417.63*B-296.63*C-1800*AB+0.75* AC+283.0*BC+99.53*A2
+44.26*B2-186.97*C2 ... (4)

Here, the equations 2,3, and 4 illustrate that a positive value shows an impact that favors
optimization, while negative values depicted an inverse relationship observed between the factors
and response. It is evident by the coefficient of the equation and response surface plot, the RT, TF,
and PC count are highly dependent and have a high degree of interaction with the selected
independent variables. Furthermore, a 2D counter plot and 3-D response surface show a CMP's
effect on the CAA's retention time (Fig.5.2).
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Fig.5.2: The 2D-contour plots and 3D-response surface plots show the relationship among the factors on (A)
retention time, (B) theoretical plates, and (C) Tailing factor.

Through the decrease in the ratio of mobile phase (organic) and flow rate, the increases in retention

time were observed. The curvilinear rises in retention time up to the intermediate levels followed
the gradual decreases at the high level and the model was found significant with an insignificant
lack of fit with 0.9832 R2, 0.9616 R?-adj, and 0.8303 R2-pred. In the case of the tailing factor, the
model was found to be significant (p<0.0001), and the lack of fit was insignificant (p<0.529) with
0.9879 R?, 0.9724 R2-adj, and 0.9104 R?-pred. The 3D response surface and 2D counterplot
represent an increase in the mobile phase ratio with flow rate, and a decrease in the tailing factor
was observed. Subsequently, in theoretical plate count, the model was found to be significant
(p<0.0001), and lack of fit was insignificant (p<0.7895) with 0.9663 R?, 0.9230 R?-adj, and 0.8582
R2-pred.

5.1.1.5 Optimized method conditions

The optimum chromatographic conditions were examined by performing numerical and graphical
optimization with the different CAAs to achieve the desired goal, i.e., minimum RT, TF, and
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maximum of the PC for attaining the maximum desirability function, i.e.,0.997, which is close to

1 with final optimization conditions (Fig.5.3).
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Fig.5.3: Perturbation chart
The results demonstrate the effect of an optimum ratio of mobile phase (medium), flow rate
(minimum), and pH of buffer(medium) to get maximum PC, minimum RT, and TF. The developed
RP-HPLC chromatographic optimized method was showed a mobile phase composition
comprising the 60:40 v/v ratio of acetonitrile and 10mM potassium dihydrogen phosphate at pH
(3.5), the flow rate of 0.8 mL/min, evaluated the desirability value of 0.997 at 5.2 min of retention

time, 1.1 tailing factor and 4437 theoretical plates.
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5.1.2 Analytical Method validation of REP

The developed RP-HPLC method was validated in various parameters such as system suitability,
selectivity, linearity, precision, accuracy, carryover, and robustness as per recommended ICH
guidelines Q2 (R1) for analytical validation. The system suitability was measured by analyzing six
replicates of the same concentration solution and observed that the % RSD of the peak area and

RT were within the accepted criteria (Table 5.1).
Table.5.1: System suitability Parameter

Parameter Results*
Retention time 5.25+0.08
HETP 46.97 + 2.73
Theoretical plates 4437 £ 10.52
Tailing factor 1.11+0.03

* Data represented as Mean + SD, n=6
In the selectivity study, no extra peak interference was observed corresponding to formulation

excipients compared to the standard REP solution (Fig.5.4).

[} (E) F)

Fig.5.4. Repaglinide peaks (A) Std repaglinide 20pg/mL, (B)system-suitability, (C) Selectivity, (D) photo, (E)
Thermal, (F) Acid

Linearity of REP was performed by six calibration curves for different concentrations (100-9000
ng/mL). All the calibration curves were linear and reproducible with a high value of the correlation
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of coefficient (r?>=0.999). The method linearity was validated by analysis of variance and revealed
significant linearity of regression with nonsignificant linearity deviation (p< 0.05) of the REP. The
LOD and LOQ values of repaglinide were determined by the signal-to-noise ratio, and results were
observed at 243 nm Amax with an injection volume of 20 pL. The LOD and LOQ were found to
be 30 ng/mL and 100 ng/mL, respectively. The accuracy of the analytical method determined the
degree of closeness between the obtained value to the true value and expressed in terms of % bias.
Whereas precision measured the effect of random errors on the repeatability of the method and
expressed it as % RSD. The accuracy, intra-day, and inter-day assay precision attained data from
QC (LQC, MQC, HQC) samples of REP were enlisted in Table.5.2, and all the obtained values

were within the range of recommended guidelines.

Table.5.2: Precision and accuracy for the analysis of repaglinide

Nominal Intra-day Inter-day
Level ~Concentration  Precision  Accuracy Precision Accuracy

(ng/mL) (%CV) (% Bias) (%CV) (% Bias)
LQC 250 1.69 -6.86 1.48 -7.10
MQC 2500 0.13 -4.96 1.99 -1.04
HQC 8000 0.08 -3.10 1.65 1.46

The carryover was assessed by injecting a blank sample after three continuous injections of high
concentration sample of linearity range, and no peak of analyte was observed in the blank sample,
which represents that the developed method has a zero-carryover effect. The robustness of the
developed method was evaluated by changing the chromatographic conditions and observing that
the developed method was robust, and results indicate that all the values were within the range of
recommended guidelines.

The forced degradation study was performed in different stress conditions i.e., hydrolytic (acidic,
basic), oxidation, thermal, and photolytic (UV, and fluorescent light) as per ICH Q1A (R2)
recommended conditions. The observed results reveal that the REP degrades in acidic and basic
conditions whereas it depicted a high degree of stability when subjected to thermal and photolytic
conditions after 48h. (Table.5.3). In this study, it was found that after providing the stress
conditions, no shift in the RT of REP was observed, which indicates that the developed method

was selective.
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Table. 5.3: Representing force degradation of repaglinide in various stress conditions (Mean + SD).

State Stress Sample Repaglinide Unexpected %
conditions treatment retention time peaks degradation
(min)
Reference - 5.20 £ 0.02 - -
Acid o 0IM HCL 5444008 Yes 45.75+8.6
hydrolysis 8h
Solution state Base 0.1M, NaOH;
hydrolysis 8h 531+0.12 Yes 73.99+9.7
Oxidation 30% H20.; 8h 5.29 £0.07 Yes 21.98+5.9
Thermal 60°C; 24 h 5.20+£0.01 No -
Degradation 60°C; 48 h 5.22 +0.02 No -
. . 24 h 5.23+0.03 No -
Solid State UV Light 48 h 591 +001 No i
Fluorescent 24 h 5.20 £ 0.02 No -
Light 48h 5.20+0.04 No -

REP is a carbamoyl methyl benzoic acid derivative and a weakly acidic drug. It belongs to the
BCS class II drugs and showed low solubility in the aqueous medium. In order to estimate the
solubility of the REP solution different pH conditions were investigated as shown in Fig. 5.5. The
observed results suggested that REP showed a minimum solubility in the 4-6 pH range. As the pH
increased (above 6) the solubility increased and in lower pH conditions (acidic conditions i.e 2-4)
the solubility of REP decreased. The biphasic nature of REP is due to the presence of two proton
binding sites of REP which gives it ampholytic nature and determined its zwitterionic form.
Despite its zwitterionic nature, REP is rather lipophilic as it has a high log P value i.e., 3.97. This
is probably due to the presence of intramolecular electrostatic attraction of positively charged

aromatic amino group and negatively charged carboxylate anion.
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Fig.5.5: Solubility of repaglinide in aqueous buffer medium at different pH.
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The REP analytical method was successfully developed and validated and applicable for the
quantification of entrapment efficiency, release profile, and drug loading for in-house developed
nanocarriers.

5.1.3 Bioanalytical method development by HPLC

A methodological approach was used to accomplish REP from the biological matrix in less time
with simple chromatographic conditions such as symmetric peek, good resolution, no tailing, no
fronting, and reproducible recovery. To attain this parameter the chromatographic conditions were
selected such as mobile phase selection, mobile phase composition, pH of the aqueous phase,
column selection, column temperature, flow rate, and injection volume were optimized
(Table.5.4). Though acetonitrile-phosphate buffer (pH:3.5;0.01M) with 40:60 %v/v at 0.8mL/min
flow rate in isocratic mode was selected as it provides symmetric peak shape, good intensities, and
resolution between the IS and REP with a run time of 15min. As the chromatographic conditions
were optimized then extraction recovery of REP was selected to be optimized using appropriate
extraction methods such as PP, LLE, and SPE. Various methods for extracting REP from biomatrix
have been tried using polar solvents such as acetonitrile, and methanol for protein precipitation
extraction technique but the interference of matrix, and poor and inconsistent recovery was
observed. Further LLE with ethyl acetate was found to be more appropriate due to consistent

recovery, symmetric peak, and no interference of plasma proteins was observed (Table.5.5).
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Table.5.4: RP-HPLC method optimization for estimation of REP in biomatrix

S.No. Chromatographic Parameters Remarks
condition
1. Mobile phase 60:40 Asymmetric peak of IS, less resolution
composition (ACN: 50: 50 Asymmetric peak and no proper ionization of
Phosphate buffer pH 3.5) analytes results in decreased peak intensity
40:60 Symmetric peaks with proper ionization and

resolution between the IS and analyte

Based on the results it was observed that for proper separation of IS and analyte from the biomatrix, it confirmed that ACN:

phosphate buffer pH 3.5 with 40:60 % v/v was selected as the mobile phase

2. Flow rate 0.8 Symmetric peak with good resolution between IS
(mL/min) and REP
1.0 Asymmetric peak of IS and merge with matrix
hindrance

Through the results, it was observed that for the method developed the flow rate should be 0.8 mL/min

3. Column temperature (°C) 40 Undesirable peaks were observed which might be the
degradation product of analytes
30 Symmetric and clean peak with proper resolution

between the analytes

Based on the results, it was concluded that ACN: Phosphate buffer pH 3.5 with 40:60 % v/v was selected as the mobile phase.
The flow rate and column oven temperature were optimized at 0.8 mL/min, 30 °C respectively, with symmetric peaks with proper
resolution between the analytes.
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Table.5.5: Optimization of Liquid-liquid Extraction (LLE) method for sample preparation

Volume of

Centrifugation

. . Sample X Vortex . %
Extracting Extracting volume extraction time [speed (rpm), time Recovery Remarks
technique solvent (uL) solvent (min) (min)]
H added (uL)
Protein Methanol 100 500 5 15000, 30 3248 £2.9 Interference of plasma matrix with poor recovery
Precipitation . . - .
Acetonitrile 100 500 5 15000, 30 4841425 Splitting of p?g‘gz'v'e“r;egﬁtreiEggrf’;g'earftn:zcvc‘)’\'}:r)'/”crease in the
Methylene I L
chloride (DCM) 100 500 5 15000, 30 27.531£1.6 High interference of plasma matrix with very poor recovery
- ) Slight increase in the recovery but
LL'%”'%' n-hexane 100 500 S 15000, 30 42.55+24 inconsistent and high plasma interference was observed
iqui . . .
extraction Ethyl acetate 100 500 5 15000, 30 7249 42 1 Consistent recovery was obsc\a/;\éegt,) :ec; \;Q(tjerference of plasma proteins
n-hexane: ethyl . .
acetate (40:60 100 500 5 15000, 30 69.32 +1.8 No interference of plasma proteins was observed but recovery was

AY)

reduced
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5.1.4 Bioanalytical Method validation of REP

In bioanalytical method validation, the system suitability test was performed to conformed
system working efficiency and reproducibility with proper resolution. Thus, in defined
chromatographic conditions it was observed that the peaks were separated properly with a
retention time of less than 15 min. The method was selective as no significant plasma matrix

interference at retention time was observed (Fig.5.6).

OF R ® - © "

Is REP

.

(D) (E) (F) REP

Is REP Is REP

LI U

Fig. 5.6: HPLC Chromatograms for (A) Blank plasma (plasma sample without IS and REP) (B) Calibration
standard (C) LLOQ (50ng/mL) (D) LQC (E) MQC and (F) HQC of REP.

The calibration curves were constructed using REP calibration standards in plasma, and tissue
samples and represent linearity and reproducibility in the range of 50-20000 ng/mL with R?
values more than 0.999. The accuracy and precision (intra and inter-day) studies were carried
out for method validation and results obtained at different concentration levels from the QC
sample (LLOQC, LQC, MQC, HQC) were within the recommended range and represented in
Table.5.7
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Table.5.7: Precision (% CV) and accuracy (% bias) of REP in rat plasma samples at QC levels (n=6)

) Inter-day Intra-day
Nominal
Measured Conc.  Precisio Measured Conc. Precisio
Level Conc. Accuracy Accuracy
(Mean = SD, n ) (Mean + SD, n ]
(ng/mL) (% bias) (% bias)
ng/mL) (% CV) ng/mL) (% CV)
LLOQ 50 49.18 £10.01 0.20 -1.64 50.94 £ 5.50 0.108 1.898
LQC 100 104.53 £5.12 0.04 4,53 107.66 +7.19 0.065 10.119
MQC 2000 2010.83 £ 42.86 0.02 0.54 2023.22 + 22.89 0.011 1.161
HQC 15000 15491.29 + 61.50 0.04 3.27 15051.18 +72.49 0.048 0.341

The mean recovery values of REP from rat plasma samples are listed in Table.5.8 and absolute
recovery was found to be 72.40 £ 2.15 % (n=12). Additionally, no carry-over effect was
observed after injecting a higher concentration of standard and confirmed the absence of a
carry-over effect.

Table.5.8: Absolute recoveries (%) of repaglinide in rat plasma samples from QC levels

Nominal Recovery (%)
Level concentration n

(ng/mL) Mean + SD (n=3)
LLOQ 50 3 70.87 + 2.64
LQC 100 3 72.16 +2.95
MQC 2000 3 71.08+4.21
HQC 15000 3 75.52+5.0

Mean 12 72.40+2.15

n, number of samples; SD, standard deviation; CV, coefficient of variation

The stability studies for REP were performed as per the described procedure in which different
stability conditions were provided such as benchtop stability, autosampler stability, freeze—
thaw stability. The results represent that REP was stable and might not face any undesirable
changes in the routine analysis as no significant degradation was observed (Table.5.9).

The developed and validated analytical, bioanalytical method for quantification of REP using
RP-HPLC method is precise, accurate, sensitive, robust, and has high throughput with eco-
friendly mobile phase composition. The analytical method of REP was successfully utilized to
calculate entrapment efficiency, drug loading, and in vitro release kinetics for formulated
nanoformulation whereas bioanalytical methods are used for pharmacokinetic and

biodistribution studies of REP and REP-loaded nanocarriers.
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Table.5.9: Stability studies for repaglinide in rat plasma at QC levels

Measured Precision  Accuracy
Stability Nominal concentration (ng/mL)  Concentration (ng/mL) (% CV) (% bias)
+SD
50 52.17+4.68 8.09 4.34
Autosampler (48 ) 100 114.96+5.17 4.49 8.96
2000 2008.73+11.95 0.99 0.58
15000 14974.55 + 152.41 1.06 1.42
50 51.54 + 0.89 174 3.098
Bench-top (24 h, RT) 100 106.95 + 1.78 166 6.954
2000 2030.66 + 22.65 111 153
15000 14856.11 + 277.10 1.86 -0.959
50 50.96 + 2.06 4.051 1.937
Freeze-thaw (-80 °C, 100 108.88 £ 1.87 1.718 8.882
3 cycle) 2000 2072.27 £ 67.34 3.249 3.614
15000 15048.98 +80.54 7.929 1.660
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5.1.5 Conformation of Insulin resistance development in wistar rats

5.1.5.1 Effect of NPD and HFD+STZ feeding after 16 weeks on glucose, insulin, HOMA-
IR index, and body weight

Prior to estimating the AD progression, we confirmed that the rats fed with HFD (16 weeks)-
STZ have become insulin resistant. In order to do this, we checked the body weight and
performed serum estimations of Insulin, HOMA-IR HbAL1C, and FBGL level (Fig.5.7). It was
observed that a consecutive increase in body weight, and significant (P<0.001) amelioration
in the level of FBGL, HbAlc, HOMA-IR, insulin of disease control rat as compared with the
normal rats. Further, AP and Tau levels were found to be high in disease-control animals
starting and significant differences were observed compared to normal control rats. The
calculated high level of serum biochemical and neurochemicals indicates the presence of IR
condition in HFD-STZ rats.
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Fig.5.7: In vivo estimation of parameters to confirm the insulin resistance in rats (A) FBGL; (B) HbAlc; (C)
insulin and (D) HOMA-IR; of HFD+STZ induced wistar rats, data are represented in (mean + SEM, n=6 rats per
group). * Indicates, **** P< 0.0001 by t-test.
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5.1.5.2 Effect of NPD and HFD+STZ feeding after 16 weeks on lipid profile

The effect of NPD and HFD with STZ were measured on lipid profile (TC and TG protein) to
confirm the development of insulin resistance in the wistar rats as represented in Fig.5.8. The
significant (p<0.001) increase in the level of TC and TG in disease control rats compared to

normal control rats suggest alterations in the pathophysiology of rats.
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Fig.5.8: In vivo estimation of parameters to confirm the insulin resistance in rats (A) TC; and (B)TG of
HFD+STZ induced wistar rats, data are represented in (mean £ SEM, n=6 rats per group). * Indicates, **** P<
0.0001 by t-test.

5.1.5.2 Effect of NPD and HFD+STZ feeding after 16 weeks on neurochemicals

The effect of NPD and HFD with STZ was measured on neurochemical parameters (A and
tau protein) to confirm the development of insulin resistance in the wistar rats as represented
in Fig.5.9. The significant (p<0.001) increase in the level of AP and tau protein in disease

control rats compared to normal control rats suggest neuronal alterations in wistar rats.
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Fig.5.9: In vivo estimation of parameters to confirm the insulin resistance in rats (A) p-tau; and (B) AP level of
HFD+STZ induced wistar rats, data are represented in (mean £ SEM, n=6 rats per group). * Indicates, **** P<
0.0001 by t-test.
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5.2 In vitro studies on neuroblastoma cell lines (SHSY-5Y)
5.2.1 Cell viability assay

The viability assay indicates the number of live and/or healthy cells in a sample and measures
the physical or cellular health in response to chemical agents, therapeutic treatments, or
extracellular stimuli is referred to as cell viability assay. Here, cell viability was estimated by
MTT assay in which oxidative metabolic activates were measured based on NAD(P)H-
dependent dehydrogenase enzyme activity. Primarily, the concentration of REP (0.25-100
pg/mL) was explored on SHSY-5Y cells, and a dose or concentration-dependent toxicity was
observed as shown in Fig.5.10. Therefore, the results suggested that at 1 ug/mL around ~80-
85% cells were viable, which was used for further analysis.
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Fig.5.10: Cell viability assay of REP on neuroblastoma SH-SY5Y cell line.
5.1.2 STZ Treated neuroblastoma cell-based study

STZ is a diabetogenic agent which accelerated brain aging, hippocampal atrophy, A
aggregation, and loss of synaptic connections [20]. In neurons, STZ leads to depolarization of
the mitochondrial membrane, oxidative stress, increase apoptosis, tau protein phosphorylation,
and decrease glucose uptake [231]. Thus, to understand the effect of REP on STZ-treated cells
the concentration of STZ was screened out from 1 mM to 20 mM. The concentration-dependent
response was observed at 2.5 mM STZ for 12 h and the viability of cells was observed around
60-65% (Fig.5.11). Further, the STZ-induced SHSY-5Y cells were incubated with REP and an
increment of around 1.2 folds in the cell viability of the cells was observed which represents a
significant (p<0.01) effect on STZ-induced cells. Though the improvement in cell viability

represents an effective potential of REP for neurodegenerative disorders.
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Fig. 5.11: (A) and (B) screening of STZ concentration; (C) The effect of REP on STZ-treated SHSY-5Y
neuroblastoma cell lines. and ** Indicates P< 0.01, *** P< 0.001 by one-way ANOVA followed by Tukey’s

post hoc multiple comparison test

5.1.3 Reactive oxygen species-scavenging activity by hydrogen peroxide

H20> is an oxidizing agent which causes cellular damage and halts cell cycle development,
resulting in cell death. The optimal H.O> concentration for inducing cell death was determined
by performing the preliminary studies in which 0.5-20mM concentrations were screened and
observed that at higher concentrations, maximum cells were detached from the surface and
float in the media (Fig.5.12). Whereas at low concentrations the viability of cells was around
80-85 % in 24 h. However, at a concentration of 1mM, the viability of cells was observed 70-
75% in 24 h but in 12 h the viability reduced and showed around 60% viability. Thus, 1ImM
concentration of H>O, was selected for further analysis. Afterward, the H2O»-treated SH-
SY5Ycells (ImM, 12h) were incubated with REP and the study indicates that the REP
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represents aroundl.3-folds increment in cell viability and showed a significant (p<0.01) effect

on H,O- treated cells.
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Fig.5.12: (A) Screening of H20, concentration and (B) neuroprotective effect of REP on H,0; treated SH-

SY5Y neuroblastoma cell lines

5.2 In vivo studies

5.2.1 Estimation of Neurochemicals bio markers

Biomarkers are an integral part of drug development and help to measure the effectiveness of
an investigational drug. However, it has been well reported that AP deposition,
hyperphosphorylation of tau proteins, and reduction in the level of BDNF are the characteristic
features of neurodegeneration and plays a key role in AD pathogenesis. Thus, the effect of REP
on neurochemical parameters (BDNF, AP, and tau protein) was estimated in HFD+STZ-
induced wistar rats after the 4 weeks of treatment (Fig.5.13). It was observed that the DC group
rats showed a significant (p<0.001) upregulation in the levels of AP and tau proteins than the
NC group rats. Whereas the BDNF level was significantly (p<0.001) reduced in DC group rats
than the NC group. Therefore, after treatment with REP for 4 weeks a significant (p<0.01)
reduction in the level of AP and tau proteins was observed as shown in Fig. 5.13 (A &B).
Whereas the level of BDNF was improved significantly (p<0.01) compared to DC group rats.
Moreover, significant (p<0.01) changes in the level of AP, tau proteins, and BDNF were also
observed compared to MEM. Thus, the observed results suggest that the REP also has the
ability to act as a neuroprotective agent and helps in the treatment of various neurodegenerative

disorders.
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Fig.5.13: In vivo estimation of neurochemical parameters to understand the effect of REP after the treatment (A)
AB level; (B) p-Tau; and (C) BDNF; in brain homogenate of HFD+STZ induced wistar rats, data are represented
in (mean + SEM, n=6 rats per group). * Indicates P< 0.05; ** P< 0.01, *** P< 0.001, **** P< 0.0001 by one-
way ANOVA followed by Tukey’s post hoc multiple comparison test

5.2.2 Estimation of Proinflammatory cytokines

The level of inflammatory cytokines (TNF-a and IL-6) were observed (Fig.5.14) and found a
significant (p<0.0001) upregulation in the DC group compared to NC rats. After the treatment
with REP, a decrement in these levels was observed and showed a significant (p<0.001)
suppression as compared to DC. Likewise, the REP showed a significant (P<0.05) change in

TNF-o and IL-6 levels compared to MEM.
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Fig.5.14: In vivo estimation of proinflammatory cytokines to understand the effect of REP on (A) TNF-a; (B)
IL-6 level in brain homogenate of HFD+STZ induced wistar rats, data are represented in (mean £ SEM, n=6 rats
per group). * Indicates P< 0.05; ** P< 0.01, *** P< 0.001, **** P< 0.0001 by one-way ANOVA followed by

Tukey’s post hoc multiple comparison test

5.2.3 Estimation of Oxidative stress parameters

In this study, the level of GSH, SOD (antioxidant) MDA, and nitrite (oxidative markers) were
determined to understand the role of REP. ROS generation (oxidative stress) plays a significant
effect in the production of neurodegeneration. The hippocampus and neocortex regions of the
brain were the most vulnerable to oxidative stress-induced impairment. Therefore, the effect of
REP on these parameters was measured and results showed that DC group rats significantly
(p<0.001) increase the levels of oxidative markers i.e., MDA and nitrile, and decreased the
levels of endogenous antioxidants i.e., GSH, and SOD compared to NC group as shown in
Fig.5.15 However, after the treatment with REP the reduction in the level of MDA and nitrile
was observed compared to DC. Moreover, REP significantly resulted in the attenuation of

oxidative markers (GSH &SOD) in comparison to DC.
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Fig.5.15: In vivo estimation of proinflammatory cytokines to understand the effect of REP on (A) GSH; (B)
SOD; (C) Nitrite; (D) MDA level in brain homogenate of HFD+STZ induced wistar rats, data are represented in
(mean £ SEM, n=6 rats per group). * Indicates P< 0.05; ** P< 0.01, *** P< 0.001, **** P< 0.0001 by one-
way ANOVA followed by Tukey’s post hoc multiple comparison test

5.2.4 Behavior assessment by cognitive and motor functions

5.2.4.1 Passive avoidance task

A task in which rodents learn to abstain from a response to avoid the aversive stimulus. The
test is used to evaluate the learning and memory in cognitive dysfunctions of the central
nervous system. During the acquisition trial, no significant (P>0.05) differences in the initial
latency time of all the groups were observed. Whereas in retention latency (after 24h of
acquisition trial) analysis a significant (P<0.01) decreased in latency was observed in the
HFD+STZ group as compared with NPD (NC) group (Fig.5.16). However, rats treated with
REP showed a significant (P<0.01) amelioration in the retention latency compared to the DC

group which showed improvement in retention memory.
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Fig. 5.16: Estimation of transfer latency by performing behavioral parameters using passive avoidance task.
Data are represented in (mean £ SEM, n=6 rats per group). * Indicates P< 0.05; *** P< 0.001, by one-way

ANOVA followed by Tukey’s post hoc multiple comparison test
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5.2.4.2 Morris Water maze (MWM)

After four days of training, the mean escape latency in all groups decreased gradually in MWM
analysis. However, in the DC group, the mean escape latency was significantly higher in
comparison with the NC group. Though there was a significant decrease in escape latency after
treatment with REP and attenuated the effect compared to DC, as shown in Fig.5.17. After the
hidden platform was removed in the probe trial test, it was found that DC group rats were
unable to identify the exact location of the platform and spent less time in that quadrant than
the NC group rats. Further, REP was administered for 4 weeks, and it was observed that REP
group rats spent more time in the platform quadrant than the DC group rats, indicating that the
REP improved the spatial and learning memory. These findings indicate that REP can help to

reduce cognitive behavior in rats.
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Fig.5.17: Estimation of (A) mean escape latency, (B) time spent in the same quadrant, and (C) representation of
track plot for Morri’s water maze task. Data are represented in (mean + SEM, n=6 rats per group). * Indicates
P<0.05; ** P< 0.01, **** P< 0.0001 by one-way ANOVA followed by Tukey’s post hoc multiple comparison

test
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5.2.5 Quantitative Real-time Polymerase Chain Reaction (QRT-PCR)

The effect of REP was evaluated on the expression of ATF6 as shown in Fig.5.18. and results
reveal that the level of ATF6 significantly (p<0.01) reduces in the DC group as compared to
the NC group. Moreover, after treated with REP a significant (p<0.001) increment in the level
of the ATF6 expression was observed with respect to DC which suggests that REP enhances
the level of ATF6 and might help to reduce the apoptosis process. As ATF6 is activating
transcription factor that activates the genes for the unfolded protein response during

endoplasmic reticulum stress.
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Fig.5.18: Effect of REP on the ATF6 expression. values are represented in mean = SEM and *** Indicates P<
0.001, **** P< 0.0001 by one-way ANOVA followed by Tukey’s post hoc multiple comparison test

5.2.6 Western blot analysis

The Bax, and Bcl-2 both are apoptotic and anti-apoptotic protein respectively, whereas
caspase-3 is the major effector of apoptosis, and activation of it cause irreversible cell death.
Moreover, these proteins' (Bax, Bcl-2, and caspase-3) expression exerts a significant effect on
neuron injury. In this study, the effect of REP on the expression of these proteins was measured
and it was observed that the expression level of Bax and caspase increased significantly in the
DC group compared to the NC group as shown in Fig.5.19. Moreover, the expression of Bcl-2
is reduced and indicates the occurrence of apoptosis in the DC group rats. After treatment with
REP, the level of Bax reduces by 1.56-folds and caspase-3 by 1.04-folds compared to the DC
group. It was also observed that the expression of Bcl-2 was increased by 1.4-fold compared
to the DC group. Further, the overall results revealed that after administration of REP the
expression of Bax, and caspase-3 reduced, whereas the expression level of Bcl-2 improved
which represents that REP helps to reduce neuron cell death and has the potential to act as a

neuroprotective agent.
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Fig.5.19: Western blot analysis exhibited (A) Bcl-2, Bax, Caspase-3 and GAPDH expression in lysate from rats
brain; (B) quantitative analysis of protein expression

5.2.7 Pharmacokinetic study

The pharmacokinetic studies for REP were carried out in wistar rats and a plasma concentration
versus time profile was plotted as represented in Fig.5.20. The result showed a quick absorption
and peak drug concentration reaches in less than 1h (tmax). Though it was noted that the
circulation half-life of the REP is very short and also indicates fast distribution and elimination.
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Fig.5.20: Plasma concentration-time profile of REP, and PNPs. Values were represented in mean +SEM, n=4.

Furthermore, a high clearance rate of REP was observed and through the results, it was very
much evident that the REP has is a very less AUC as shown in Table.5.10.
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Table 5.10: Pharmacokinetic parameters of REP

Parameters REP

Tmax (h) 0.81+£0.19
Crmax (ng/mL) 800.76 + 26.57
AUC (ng.h/mL) 7441.69 £763.75
t an (h) 265154
CL (mL/h/kg) 163.84 £ 17.39
MRT (h) 8.24 £0.32
vd (mL/kg) 2209.63 + 603.29

In summary, REP was used to measure its neuroprotective effect by performing in vitro and in
vivo assays as these methods were more reliable and prominent to estimate the effect. The in
vitro assays suggested that as the concentration of REP increased, the cell viability of cells was
reduced suggesting a dose-dependent response. Moreover, the designed in vitro studies also
indicate the improvement in cell viability after being treated with REP in the STZ and peroxide-
induced SHSY-5Y cells. The STZ generates stress in cells and induces phosphorylation of tau

protein whereas peroxide produces oxidative stress in the cells.

Furthermore in vivo studies revealed that after treatment with REP (4 mg/kg,p.o) for 4 weeks
in HFD-fed STZ wistar rats, a significant (p<0.01) decrement in AP, tau proteins, TNF-a, IL-
6, MDA, NO, and increment in BDNF, SOD, GSH level was observed compared to disease
control rats. Likewise, the behavioral studies i.e., PAT and MWZ showed a significant
improvement (p<<0.01) in the retention memory and spatial memory after the REP treatment
compared to HFD-fed STZ group rats. Additionally, the apoptosis marker proteins (Bcl-2, Bax,
Caspaase-3) and ATF6 gene expression in brain homogenate showed a significant (p<0.05)
increase in Bcl-2, ATF-6 expression, and decrement in Bax, Caspase-3 expression after treated
with REP indicates a reduction in neuronal cell death then the disease rats. Moreover, the PK
studies confirmed that the REP has a short half-life (tw2) 2.65 + 1.54 h), high clearance rate
(163.84 + 17.39 mL/h/kg), and low volume of distribution (2209.63 + 603.29 mL/kg).

Based on the In vitro and In Vivo results, we further planned to circumvent the observed
problems i.e; low absorptivity, high protein binding, first-pass metabolism, and poor
pharmacokinetic and pharmacodynamic of REP, the targeted nano drug delivery systems were

developed, and biologically evaluated.
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5.3. Development and biological evaluation of Polymeric nanoparticles (PNPs)

5.3.1 Synthesis and characterization of di-block amphiphilic polymer
The mPEG-PCL polymer was synthesized using tin (I1) 2-ethyl hexanoate as a catalyst with a

simple ring-opening polymerization reaction of g-caprolactone. The characterization of the

amphiphilic di-block mPEG-PCL polymer was done by GPC and *H-NMR (Fig.5.21). The 'H-
NMR data confirmed the synthesis of mMPEG-PCL di-block co-polymer as the spectrum shows
peaks at & 1.39, 1.66, 2.32, and 4.07, which signifies polycaprolactone formation whereas,
characteristic peaks at 6 3.66 and 3.39 shows the presence of methylene units of PEG.
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Fig. 5.21: Confirmation of the amphiphilic di-block polymer (PEG-PCL) was done by (A) GPC, and (B) *H-
NMR.[232]
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5.3.2 Fabrication of PNPs

The PNPs were fabricated with synthesized di-block amphiphilic polymer using mPEG as a
hydrophilic moiety and a hydrophobic PCL, which have higher biocompatibility and
biodegradability. Here, mPEG behaves as a capping agent and acts as a shield for the growing
nanoparticles, therefore the particle cannot expand after a certain extent. However, PCL a
semicrystalline polymer is used for long-term drug delivery applications due to its slow
diffusion and non-toxic nature. Herein, the polymerization of PEG-PCL is used to reduce
immunogenicity, toxicity, prolong the blood circulation time and optimize protein activities.
5.3.3 Optimization of PNPs by QbD approach

The optimization of PNPs was done by the QbD approach using the design of experiments, and
response surface methodology BBD. The response surface methodology was investigated for
determining the difference between variables. Initially, the QTPPs were selected to ensure the
safety and efficacy of the final product. The CQAs which are product quality attributes were
selected from the QTPPs and influenced the finished product. Though the CQAs were
evaluated and based on the parameters of the sequential model sum of the square, model
summary statistic the model was suggested (Table 5.11), and quadratic model was
recommended for PS (Response 1), PDI (Response 2) and EE (Response 3).

Table 5.11: The Statistical values for each of the model sources for both the responses, along with remarks
generated by the Design-Expert® software (version 13.0, Stat-Ease Inc.) under the heading of summary of
fitness of each model.

Response Source  Sequential R? Adjusted  Predicted Press Remarks
p value R? R?
Liner 0.0026 0.6524 0.5722 0.3621 22264.95 -
Particle 2FI 0.9089 0.6700 0.4721 -0.3226 46162.34 -
size Quadratic <0.0001 0.9852 0.9661 0.9227 2696.65 Suggested
Cubic 0.7306 0.9889 0.9557 - - Aliased
Liner 0.0114 0.5605 0.4591 0.2061 0.1159 -
PNPs PDI 2FI _ 0.7276 0.6120 0.3792 -0.4692 0.2145 -
Quadratic ~ <0.0001 0.9902 0.9776 0.9377 0.0091 Suggested
Cubic 0.6162 0.9935 0.9739 - - Aliased
Liner 0.0011 0.6958 0.6256 0.5124 2661.61 -
Entrapment 2FI 0.9279 0.7088 0.5341 0.1240 4781.29 -
efficiency  Quadratic < 0.0001 0.9901 0.9773 0.9424 314.23 Suggested
Cubic 0.6732 0.9930 0.9719 - - Aliased

Furthermore, the ANOVA was applied to evaluate the factors which affect the response in
quadratic equations (Table 5.12). It was observed that the drug-polymer ratio (Factor 1),
surfactant concentration (Factor 2), and sonication time (Factor 3) significantly affect selected
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responses in PNPs. The BBD provides information on polynomial equations involved in the

interaction, the effects of independent variables, and their responses.

Table 5.12: Statistical validation parameters of the selected models for individual responses of PNPs

Adequate F- p-value

Response Equation o
precision value Prob >F

Particle size ~ +122.27+50.08A+5.91B-17.42C-11.59AB +3.57AC- 22.60 51.67  0.0001
2.58BC+49.31A2-8.34B%+9.82C?

PDI +0.11+0.09A-0.006B-0.02C-0.01AB 25.90 78.73  0.0001
0.03AC+0.01BC+0.11A%+0.02B?-0.007C?
Entrapment +73.74+8.30A-14.03B-14.45C 27.62 77.84  0.0001

+3.44AB-2.21AC-1.02BC-6.36A-3.68B2-16.94C

Attentively observing the polynomial equations and surface plots (2d or 3d) results in
emphasizing the effects of each variable independently and in combination with other variables
on each response. The 3D response surface plots of PS, PDI, and % EE on PNPs were generated
and showed a dependency on selected independent variables (Fig.5.22). It was examined that
as the drug: polymer ratio increases, the PS, PDI, and % EE increase. Herein, the amount of
the drug was kept constant, and changes in the amount of polymer were carried out. As the
amount of polymer increased, it resulted in a decrease in PS and PDI due to the change in
concentration of hydrophilic moiety of the polymer. Moreover, a reduction in PS, PDI, and %
EE is observed as the surfactant concentration and sonication time increase. The increase in
surfactant concentration leads to adsorption onto the interface and reduces the surface tension,

whereas an increase in the sonication time breaks the particles and reduces the dispersion size.
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Fig.5.22: The 2D and 3D-response surface plot showing the relationship among the factors on (A) particle size,
(B) PDI, and (C) entrapment efficiency of Drug: polymer; Surfactant amount (AB factor), Drug: polymer;
Sonication time (AC factor), Surfactant, sonication time (BC factor) of the PNPs
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The overlay plot was created by numerical and graphical methods to predict the composition
for optimizing the nanoformulation. The composition of factors was selected from the design
space in the overlay plot (Fig.5.23) and the selected criterion for the optimized region was to
obtain by minimum PS, PDI, and maximum EE%.
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Fig.5.23: The (A) desirability index and (B) overlay plot of PNPs with Drug: polymer; Surfactant amount (AB

factor)

Furthermore, the predicted results were validated by comparing them with the actual
experimental values obtained from the responses (Table.5.13). The deviation between
predicted and experimental values ranged from -4.33 to 5.42 in PNPs. The obtained results
demonstrated that the generated design space can reduce the risk of failure and thus indicated

that the models are reliable.

Table 5.13: Experimental design model validation

Polymeric nanoparticles

Responses Predicted . %
Experimental value

value Residual
Particle size (nm) 108.01 112.53 £5.91 -4.33
Polydispersity index - 0.166 0.157 £ 0.08 5.42
- 0
Entrapment efficiency (%) 84.08 77.78 + 3.98 4.04

5.3.4 Physicochemical Characterization of nanoparticles

5.3.4.1 Compatibility study

The ATIR spectra analysis of REP, BPNPs, and PNPs depicts the appearance of no new peaks
and disappearances of existing peaks which eliminates the probability of any chemical
interactions (Fig.5.24 A). The ATIR spectra of REP showed a peak at 3310 cm™(NH
stretching), 2952 cm™ (-CH stretch), 1684 cm™ (-C=0) and C-O stretch at 1040 cm™, 1209 cm’
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! respectively. Whereas in PNPs peaks were observed at 1192 cm™ (C-O stretch), 1767 cm™(-
C=0), 2970 cm™(-CH stretch). Though a slight shift was seen in IR fingerprint region peaks
and the absence of an extra peak confirmed no interaction between the excipients used in the
formulation of PNPs.

DSC is a thermoanalytical technique for studying the thermal properties and/or phase
transitions that can be produced or absorb heat as a function of time and temperature. DSC also
evaluates the material properties, inertness, melting point and determines the content and
degradation of the substance. The thermogram of REP shows an endothermic peak at 135
whereas BPNPs showed a peak at 55C, 185°C and PNPs at 54T, 212TC, and 272TC
respectively. The thermograms depict the shift of the peaks in PNPs which represents the
proper incorporation of guest moiety into the host cavity. The absence of characteristic peaks
of components indicates the amorphous nature of PNPs (Fig.5.24. B).

pXRD, a non-destructive technique was used to identify phase transition and measured the
diffraction pattern of crystalline material. The crystallinity of REP, BNPs, and PNPs, was
investigated by pXRD. The patterns of REP revealed the distinguishable diffraction peaks at
diffraction angles 26 of 7.65°, 10.11°, 12.40°, 13.24°,13.76°, 14.58°, 16.67°, 17.50°, 18.56°,
20.22°, 22.91°, 23.33°, 25.67°, 26.60°, and 30.88° which confirmed the highly crystalline
nature whereas the PNPs and BPNPs also showed an extra peak at 23.37° which indicate the

proper encapsulation in the matrix (Fig.5.24.C).

Repaglinide
BPNPs
| ———PNPs
H S L R

/|
i )

H

| i i 1
NAATTT S %,_/\ T T Y E,ﬂ. ‘.\‘If'
1 AnloM v
TR

i | i |
™ ! ! ] . s L s
- Rl

\ AR
i
T

P

e "
VRO TS
W

Transmiltance (%)

.
PN . N
o S pe S R e "
o . ~/\ S\
I I ' W o
: : : :
. ;

i 1 i
35000 2750! 15001 000!

T T T = T T T T 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (em™)

(A)

Page | 97



Results & Discussion

ﬁ/_,__,_jﬁb,ﬁ__—i—’j—‘_l = I
— |
N
| —— REP
| P
(B)
4000
E Repaglinide
35004 BPNPs
E PNPs
3000
2500 \
> 3
£ 20004 ( ﬂ
g ] |l \ | |
£ 1500 ] UL Wy LY L wa
1000 3 |
] A
500 3 N L ==
o é J—/\/\AU\“’/\'\“W
o 0 20 NN 0 50
20
(©)

Fig. 5.24: The compatibility study of REP, BPNPs, and PNPs performed by (A) ATIR, (B) DSC, and (C)
pXRD.

5.3.4.2 Particle size and morphological evaluation

The physicochemical characterization of PNPs was estimated by measuring the PS, PDI, ZP,
and morphological parameters (FE-SEM, TEM). PS is a pivotal property that influences the
drug release pattern, stability, and in-vivo behavior of the formulation. For target site-specific
delivery, the 50 — 150 nm range is suitable particularly for delivery to the brain. The absolute
size of PNPs was found to be 112.53 + 5.91nm with a polydispersity index of 0.157 + 0.08
(Fig. 5.25 (A)). Furthermore, ZP is the electric potential of the particle movement in a diffusion
layer, which is related to slipping or shear plane. ZP is closely associated with the nanoparticles'
stability and surface morphology. It gives vital information about the long-term stability of
nanoformulations and their tendency to aggregate. The ZP of the PNPs was -6.20 + 0.82 mV,
which suggested that the nanoformulation was stable (Fig. 5.25 (B)).

Page | 98



Results & Discussion

Size Distribution by Intensity

207 R A ERRRR SRR R R RRAARIIEEE RS RRRRAE

sy
(%3]

Intensity (Percent)
=

5 ...................................................................................
0 : :
01 1 1000 10000
Size (d.nm)
(A)
Zeta Potential Distribution

400000 ..................................................................................................

300000
=}
c
3
o
9 DO0000T e
&
o
=

100000

0
-100 0 100 200
Apparent Zeta Potential (mV)
(B)

Fig. 5.25: (A) Particle size and (B) zeta potential of optimized PNPs

Moreover, particle morphology significantly influences the percent drug loading, entrapment
efficiency, drug release profile, pharmacokinetics, and biodistribution pattern of the
nanoparticles. It also has a role in cellular uptake, cellular internalization, receptor binding, and
molecular interactions. The FE-SEM and TEM analysis showed that most nanoparticles were
isometric, with smooth surfaces and the average size of nanoparticles was the same as obtained
by DLS (Fig.5.26).
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Fig. 5.26: Morphological characterization of PNPs by (A) SEM and (B) TEM
5.3.4.3 Lyophilization process optimization

Lyophilization is a process to improve the long-term stability of nanoformulations for the
delivery of the drug. The process generates various stress like destruction, aggregation during
the process, and protectants are added to protect nanoparticles from stress. In preliminary
studies, various protectants (sucrose, trehalose, lactose, mannitol) were screened based on cake
formation and dispersibility. The impact of protectants was observed by performing freeze-
thaw studies on the physical stability of PNPs and evaluated by redispersibility index (Fig. 5.27
(A)). Through the preliminary screening, trehalose was finalized due to its excellent
redispersibility. The redispersibility is quite high and this might be the consequence of
providing bulk rather than being ascribed to the formation of a collapsed network. The lowest
concentration of trehalose (5% w/v) was less efficient and attributed to the formation of a poor
network, which is the primary requirement for providing cryoprotection against undue stress
of freeze-drying (Fig.5.27 (B)).
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Fig. 5.27: Graphical representation of (A) cryoprotectant screening; (B) amount (%w/v) of selected

cryoprotectant.

5.3.5 In vitro drug release study

The estimation of in vitro drug release is important for nanoformulation, as the rate and extent

of active ingredient present at the site of action depend on the release profile of the active

ingredient. Hence a sustained/controlled release of drug from nanoparticle is suitable to

maintain the therapeutic window. The release profile of REP and PNPs were estimated by the

dialysis bag method (Fig. 5.28) and showed a cumulative drug release of ~ 70 % in PNPs within

48h whereas REP showed a burst release profile.
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Fig. 5.28: In vitro release profile of REP and PNPs using dialysis bag method for 48h.
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It was observed that the REP released 100% in ~2h and different mathematical models were
used to understand the release pattern of REP using DD-Solver (Table 5.14). The REP shows
first-order kinetics whereas PNPs exhibited high regression coefficient values and low AIC
values with the Korsmeyer-Peppas model, indicating a best-fit model. The PNPs have a fickian
diffusion release pattern (n < 0.245,) and imply the degradation by the creation of fine pores.
The REP diffused through the fine pores and follows the controlled release pattern. The

decrease in fluctuations results in better therapeutic efficacy and lower toxicity.

Table 5.14: Mathematic release models for the estimation of in vitro release parameters

Test Sample
Model Parameters

REP PNPs

Ko 9.03 431

Zero R? 0.69 0.83
AIC 108.37 81.66

Ky 2.16 0.13

First R? 0.94 0.97
AIC 84.90 72.52

Ku 39.52 19.09

Higuchi R? 0.85 0.94
AIC 96.41 68.33

Korsmeyer- KKZP 81.82 34.55
Peppas R 0.93 0.98
AIC 73.76 42.79

5.3.6 Protein adsorption of PNPs

Protein adsorption is an important assay to identify the stability of nanocarrier in blood and
circulation half-life. The nanoparticles with a hydrophobic surface have a tendency to adsorb
protein on their surface, which enhances the opsonization and macrophage recognition. Thus,
it led to the enhancement in elimination rate and limit the therapeutic efficacy. The protein
adsorption could be minimized by utilizing lipophobic moieties such as polyethylene glycol
(PEG) or poly (ethylene oxide) (PEO) on the surface of the nanoparticles. These molecules are
non-toxic, safe, and classified as Generally Regarded as Safe (GRAS) by the U.S. FDA.
Usually, PEG and PEO enhance the probability of pre-disposing of the drug molecule to the
target site by resisting interactions with bloodstream components. The PEG and PEO decrease
the clearance rate and increase the blood circulation through the formation of stealth nature of
nanoparticles. In the study, PNPs were incubated with 4% BSA (physiological concentration
of blood), and protein adsorption was found to be 5.14 + 3.24%. The low protein adsorption

was owing to the presence of PEG units on the surface. The PEG chain over the PNPs surface
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prevents the protein from being adsorbed on its surface and, thus, can deceive the mononuclear
phagocytic system (MPS) for their uptake.

5.3.7 Stability studies

5.3.7.1 Stability study in simulated biological fluids

Nano formulations are getting much consideration for the controlled delivery of drugs, but the
stability of nanoparticles has been a source of concern. Especially, the size of nanoformulation
which facilitates target-specific delivery, rapid gastric emptying, and reproducible transit
through GIT. Additionally, it protects the encapsulated drug, controlled release profile, reduced
toxicity, and immunogenic potential over the conventional system. In preparation of
nanoparticles, the surface-capping or stabilizing ligands were used to control the dimensions
of particles. Herein, the effect of different simulated gastrointestinal fluids on nanoparticles
was measured and represented in Fig. 5.29. The PNPs were found stable but no significant
changes in the quality attributes were observed in simulated gastrointestinal fluids. As the
formulation comprises of stabilizing or capping agent (Poloxamer), which diminished the van
der Waals forces and established repulsion between the colloidal particles. These forces
ultimately reduced the aggregation and precipitation of the particles.
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Fig: 5.29: Stability study of PNPs in simulated gastrointestinal fluids
5.3.7.2 Stability of lyophilized nanoformulation

The major parameter to be considered is stability of nanocarrier which should thoroughly
characterize its resuspendability. The long-term stability study was carried out in accordance
with ICH guidelines for three months and PS, PDI, ZP, and EE % were evaluated. The PNPs

were found to be stable and did not show any significant variation in comparison to the initial
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sample (Table 5.15). Furthermore, redispersion time for lyophilized PNPs was observed to be
less than 1 min and the designed lyophilized PNPs were discovered to be stable at 25 + 2 °C,

60 £ 5 % RH.
Table 5.15: stability studies*

Parameters Initial after 1 month after 2 months after 3 months
PS (nm) 1125+5.91 115.8 +4.98 116.4 £ 4.26 120.1+£3.55
PDI 0.157 £ 0.08 0.153 + 0.07 0.150 £ 0.03 0.159 £ 0.02
ZP (mV) -6.20 + 0.82 -6.81 +0.29 -6.63 +0.42 -7.05+0.15
% EE 77.78 £3.98 77.43+4.09 76.57 £ 3.25 74.49 + 2.56

*Results were represented as mean £ SEM, n=3

5.3.8 In situ absorption study by Single pass intestinal perfusion (SPIP) model

Intestinal absorption is a crucial factor for defining the bioavailability of oral drugs, as there
are many transporters that are available on the intestine which are involved in the
pharmacokinetic profile of drugs.[224,227] Thus, for identifying the transport mechanisms (p-
glycoprotein), intestinal absorption plays a critical role in the improvement, safety, and
effectiveness [233]. This study explored the effect of p-glycoprotein, pH, tight junction
regulators, and endocytosis inhibitors on the intestinal absorption of REP. The primarily steady
state of REP with intestinal tissue was examined for permeation through the intestine and
confirmed by the determination of Cou/Cin ratios to attain a plateau with time in all the test
solutions (Fig. 5.30). During the intervening time, no nonspecific binding of REP to the tubing
was discovered and remained stable in the perfusion solution throughout the experiment. The
Pefr and Ka values were calculated by estimation of an average of Cout/Cin data, obtained from
the different perfusion solutions over a period of 2h with subsequent 15 min intervals. In the
study, it observed that the Pesf value increased around ~ 2.3 folds of PNPs compared to free
REP and showed a significant change in K, with an increment of ~2.3folds in PNPs with respect
to REP indicating that the nanoformulations enhanced the permeation/absorption rate of REP

in wistar rats.
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Fig. 5.30: Representative plots of the steady-state concentration (cout/cin) VS time for (A) REP, (B) PNPs, and
(C) Effective permeability coefficient and apparent absorption rate constant. Values were represented as mean+
SEM

5.3.9 Parallel artificial membrane permeability assay-blood brain barrier

The BBB is a highly selective barrier, comprised of specialized tight junctions between brain
endothelial cells. In order to target brain delivery and achieve effective treatment, the drugs are
required to penetrate the BBB and reach to intended targets. The two mechanisms that are
involved in the delivery of drugs through BBB the active and passive. In the active mechanism,
various transport proteins are required for drug delivery whereas in the passive mechanism
diffusion is the most common approach to cross the barrier. The measurement of brain
permeability is necessary for the delivery of drugs to the brain and the most reliable method to
determine is a direct method, but it is a technically challenging, and time-consuming process.
Nowadays, in vitro PAMPA-BBB is the most used method to predict brain permeability due to
its high throughput. PAMPA-BBB is designed to precisely mimic the physicochemical
microenvironment of the barrier and is based on the passive diffusion of molecules through an
artificial membrane made of polar brain lipids (PBL) in dodecane solution. PAMPA is a limited
method because it is modeled by an artificial membrane and thus is neither used for active
transport nor P-gp efflux. Herein, REP and PNPs were examined to determine the effective
permeability (Pe) using measured concentrations and it was observed that the PNPs achieve
~1.2 folds more permeability to the brain than REP. Moreover, using calculated experimental
permeability rates (log Pe) the molecules were classified, as low (—6.14 < logPe < —5.66),
medium (—5.66 < logPe < —5.33), high (logPe > —5.33), and impermeable (logPe < —6.14)
[229,230,234].
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5.3.10 In vitro cell culture study

5.3.10.1 Cell viability assay

The viability assay indicates the number of live and/or healthy cells in a sample and measures
the physical or cellular health in response to chemical agents, therapeutic treatments, or
extracellular stimuli is referred to as cell viability assay. Here, the viability of cells was
evaluated by MTT assay, a colorimetric trial used to measure the cellular oxidative metabolic
activities based on NAD(P)H-dependent dehydrogenase enzyme activity. The effect of REP,
BPNPs, and PNPs, was measured in a range of 0.25-40 pg/mL to recognize the potential of
nanoparticles (Fig. 5.31). The cell viability over ~70% indicates the biocompatibility and
nontoxicity of the nanoformulation. However, at the higher concentration PNPs and BPNPs
showed ~85% cell viability in SH-SY5Y cells and indicated the nontoxic nature of REP-loaded

nanoformulations.
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Fig.5.31: Cell viability assay of REP, BPNPs, and PNPs on neuroblastoma SH-SY5Y cell line.

5.3.10.2 Cellular uptake

Nanoparticles are used in drug delivery systems to reduce systemic toxicity, prolong blood
circulation, and enhance intracellular uptake. The cellular uptake is influenced by shape, size,
surface hydrophobicity, and charge. Herein, the cellular uptake of PNPs was investigated by
confocal microscopy and flow cytometry in SH-SY5Y cell lines using Cs as a model drug.
Though it was observed that the cellular uptake of Cs-loaded PNPs was significantly (p< 0.001)
higher than the free Cs in SH-SY5Y cells at 4h and 8h (Fig.5.32). The increased uptake was
observed in Cs-loaded PNPs compared to free Csin SH-SY5Y cells at 4 h and 8h respectively.
The PNPs exhibited enhanced uptake than free Ce which might be due to the loading of the

drug into a hydrophobic polymer matrix and negative charge also exhibits a strong interaction
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with the cell membrane to enhance the intercellular uptake. Though more uptake into the cells
ensures more amount of the drug is available at the site of action for therapeutic activity

indicating the possibility for reduction of dose and improvement in efficacy.
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Fig.5.32: The quantitative estimation of coumarin 6, and coumarin 6 loaded PNPs in cellular uptake study by

confocal microscopy at 4h and 8h.

5.3.10.3 STZ treated SHSY-5Y cell-based study

Primarily, the concentration of STZ was optimized and observed at a concentration of 2.5mM
approximately 60-65% of the cell was viable. Further, the cells were treated with REP and
PNPs with the same concentration and incubated for 12 h (Fig.5.33). Afterward, it was
observed that the REP shows an increment of ~1.2 fold in cell viability which represents a
significant effect compared to only STZ-induced cells similarly a ~1.42-fold increment was
observed in PNPs treated SHSY-5Y cells compared to REP. However, REP enhances the
viability of cells but after loading of REP in PNPs the ~1.1-fold improvement in cell viability
was observed in the STZ-induced SHSY-5Y cells.
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Fig. 5.33: The effect of REP and PNPs on STZ-treated SHSY-5Y neuroblastoma cell lines. data are represented
in (mean £ SEM, n=6 rats per group). * Indicates P< 0.05; ** P< 0.01, *** P< 0.001, by one-way ANOVA
followed by Tukey’s post hoc multiple comparison test

5.3.10.4 Reactive oxygen species-scavenging activity by hydrogen peroxide

The optimal H202 concentration for inducing cell death was determined by performing the
preliminary studies and it was observed that at 1 mM concentration of H20-, approximately
60% of the cell were viable after 12 h treatment on SH-SY5Y cells (Fig.5.34). Further, H2O»-
treated SHSY-5Y cells (ImM, 12h) were incubated with REP and PNPs to depict the
neuroprotective effect on SHSY-5Y cells. Though the study indicates that the REP shows a
~1.3-fold increase in cell viability, similarly PNPs show a significant (p<0.01) effect compared
to H2O>. The PNPs also enhance the neuroprotective effect by around 1.4-folds and an increase
in cell viability indicates that the REP predominates and at the same time PNPs promote the
neuroprotective effect.
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Fig.5.34: Neuroprotective effect of REP and PNPs on H,0, treated SH-SY5Y neuroblastoma cell lines. data are
represented in (mean + SEM, n=6 rats per group). ** Indicates P< 0.01, *** P< 0.001, by one-way ANOVA

followed by Tukey’s post hoc multiple comparison test
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5.3.11 Pharmacokinetic study

The pharmacokinetic studies for REP and PNPs were carried out in wistar rats. The plasma
concentration versus time profile of REP and PNPs was plotted in Fig.5.35. A bi-exponential
decline in the concentration profile was identified, which shows that the data may be fitted into
a two-compartmental model. The administration of REP, and PNPs at 4mg/kg; p.o, shows
quick absorption, and peak plasma concentration in PNPs reached at ~ 2 h approximately
(Table 5.16). It was observed that the PNPs exhibited ~2.1 fold, increase in ti> than REP
solution, indicating slow distribution and elimination. However, AUC was observed to be
higher in PNPs (21960.01 + 907.09 ng. h/ml) than in pure REP solution, which indicates the
long-circulating ability of the nanoformulation in plasma. The clearance (CI) of PNPs indicates
~1.2 fold, a decrease to pure REP solution.
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Fig.5.35: Plasma concentration-time profile of REP, and PNPs. Values were represented in mean +SEM, n=4.

Table.5.16: Pharmacokinetic parameters of REP and PNPs

Parameters REP PNPs
tmax (h) 0.81+0.19 2.00 £ 0.00
Cmax  (ng/mL) 800.76 + 26.57 1001.09 + 25.80
AUC  (ng.h/mL) 7441.69 +763.75 21960.01 + 907.09
CL  (mL/h/kg) 163.84 +17.39 129.98 + 27.152
tue (h) 2.65 + 1.54 15.91 + 4.73
MRT (h) 8.24 +0.32 20.25+0.21
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5.3.12 Biodistribution study

A biodistribution study was carried out to identify the potential of nanoformulation for brain
targeting efficiency following oral administration. The distribution pattern of PNPs was
quantified in major organs (brain, heart, lungs, liver, kidney) and depicts the concentration-
time profiles (Fig. 5.36). In the brain, the concentration levels of REP were detected for 12 h,
whereas PNPs persisted for more than 24 hours. Though a similar pattern was observed in other
organs, especially in the heart where the REP reaches maximum concentration in 2h and is
observed for 12 h and PNPs persist for more than 24 h. Moreover, in the liver, the metabolic
rate of REP is very high, but REP-loaded PNPs represent a decrease in metabolic rate due to
sustain release of the nanocarriers. In addition, the elimination rate of REP is very low thus
PNPs were observed for a longer period compared to the free drug due to the presence of

PEGylated polymer which increases the circulation half-life and reduces the protein binding.
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Fig. 5.36: Biodistribution study of REP and PNPs in major organs after oral administration (4mg/kg) in wistar

rats
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5.3.13 Pharmacodynamic study

5.3.13.1 Estimation of neurochemical parameters

The effect of REP and PNPs on neurochemical parameters (BDNF, A, and tau protein) were
estimated on HFD+STZ-induced wistar rats after the 4 weeks of treatment as represented in
Fig.5.37. The BDNF level was significantly reduced in DC group rats than the NC group. When
treated with REP and PNPs a significant amelioration in the level of BDNF was observed and
PNPs resulted in more consistent amelioration of BDNF levels in comparison with REP.
However. it has been well reported that AP deposition and hyperphosphorylation of tau proteins
are the characteristic feature of neurodegeneration and plays a key role in AD pathogenesis.
Therefore, the potential effect of REP and PNPs was also studied and observed in the DC group
rats a significant (p<0.001) upregulation in the levels of AP and tau proteins than in the NC
group rats. On treatment with REP and PNPs, a significant attenuation in the A levels and p-
tau levels was noticed in comparison with the DC group. Moreover, PNPs exhibited consistent

improvement in the clearance of AP levels and p-tau levels than REP only.
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Fig.5.37: In vivo estimation of neurochemical parameters to understand the effect of REP and PNPs after the
treatment (A) BDNF; (B) p-Tau; (C) Ap level in brain homogenate of HFD+STZ induced wistar rats, data are
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represented in (mean £ SEM, n=6 rats per group). * Indicates P< 0.05; ** P< 0.01, *** P< 0.001, **** P<
0.0001 by one-way ANOVA followed by Tukey’s post hoc multiple comparison test

5.3.13.2 Estimation of inflammatory cytokines

The level of inflammatory cytokines (TNF-a and IL-6) were observed (Fig.5.38) and found a
significant (p< 0.0001) upregulation in the DC group when compared to NC rats. After the
treatment with REP and PNPs, a decrease in these levels was observed but PNPs showed a

significant (p<0.001) suppression as compared to REP.
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Fig.5.38: In vivo estimation of neurochemical parameters to understand the effect of REP and PNPs after the
treatment (A) TNF-a; and (B) IL-6 level in brain homogenate of HFD+STZ induced wistar rats, data are
represented in (mean + SEM, n=6 rats per group). * Indicates P< 0.05; ** P< 0.01, *** P< 0.001, **** P<
0.0001 by one-way ANOVA followed by Tukey’s post hoc multiple comparison test

5.3.13.3 Estimation of Oxidative stress parameters

In this study, the level of GSH (antioxidant) MDA, and nitrite (oxidative markers) were
determined to understand the role of nanoparticles. The ROS generation (oxidative stress) and
neuroinflammation are the molecular mechanisms involved in neurodegeneration. The
hippocampus and neocortex regions of the brain were the most vulnerable to oxidative stress-
induced impairment. Though the results showed that DC group rats significantly (p<0.001)
increase the levels of oxidative markers (MDA and nitrile) and decreased the levels of
endogenous antioxidants (GSH) in Fig.5.39. However, the REP and PNPs lower the level of
MDA and nitrile whereas the level of GSH increases after treatment. Moreover, PNPs resulted
in significant attenuation of oxidative markers (MDA and nitrite) in comparison to REP. The
level of GSH significantly (p<0.001) depleted in the DC group than the NC and PNPs
significantly (p< 0.01) prevented the fall of the defensive enzymes and exhibited more

consistent restoration than the REP.
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Fig.5.39: Effect of oxidative stress parameters (A) MDA, (B) Nitrite; (C) GSH on REP and PNPs. The data are
represented in (mean + SEM, n=6 rats per group). * Indicates P< 0.05; ** P< 0.01, *** P< 0.001, **** P<
0.0001 by one-way ANOVA followed by Tukey’s post hoc multiple comparison test.

5.3.13.4 Passive avoidance task

A task in which rodents learn to abstain from a response to avoid the aversive stimulus. The
test is used to evaluate the learning and memory in cognitive dysfunctions of the central
nervous system. During the acquisition trial, no significant (P > 0.05) differences in the initial
latency time of all the groups were observed. Whereas in retention latency (after 24h of
acquisition trial) analysis a significant (P < 0.01) decrease was observed in the HFD+STZ
group as compared with the NC group (Fig.5.40). However, rats treated with REP, and PNPs
showed a significant amelioration in the retention latency which indicates improvement in

retention memory.
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Fig.5.40: Estimation of transfer latency by performing behavioral parameters using passive avoidance task. data
are represented in (mean = SEM, n=6 rats per group). * Indicates P< 0.05; ** P< 0.01, *** P< 0.001, **** P<
0.0001 by one-way ANOVA followed by Tukey’s post hoc multiple comparison test
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5.3.13.5 Novel object recognition test

The NORT is used to evaluate the cognition of rodents and investigate changes in memory,
particularly recognition memory. The test is primarily based on the spontaneous tendency of
rats to spend more time exploring novel objects than familiar ones (Fig.5.41). During the
NORT training session, no significant differences in the exploratory preferences of rats were
observed. In the retention session, rats in the HFD+STZ group spent significantly less time in
exploring novel objects than familiar objects. In the case of REP and PNPs, however, an
improvement in exploring time was observed, and PNPs exhibited a significantly greater

improvement than REP.
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Fig.5.41: (A)Representation of track plot for the novel object recognition task and (B) Time spent in exploring
the object. The data are represented in (mean + SEM, n=6 rats per group). * Indicates P< 0.05; ** P< 0.01, ***
P<0.001, **** P< 0.0001 by one-way ANOVA followed by Tukey’s post hoc multiple comparison test.

5.3.13.6 Morri’s water maze (MWM)

After four days of training, the mean escape latency in all groups decreased gradually in MWM
analysis. However, in the DC group, the mean escape latency was significantly higher in
comparison with the NC group. Although there was a decrease in escape latency was observed
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after treatment with REP and PNPs. Furthermore, the PNPs significantly attenuated the effect
of REP, as shown in Fig.5.42. The hidden platform was removed in the probe trial test, DC
group rats were unable to identify the exact location of the platform and spent less time in that
quadrant than the NC group rats. The DC group rats were administered with REP and PNPs
for 4 weeks and were able to recall the exact position of the platform quadrant. Furthermore,
the PNPs group rats spent more time in the platform quadrant than the REP group rats,
indicating memory improvement. These findings indicate that PNPs can reduce cognitive
behavior in rats. In the probe trial test, the hidden platform was removed in the probe trial test,
DC group rats were unable to identify the exact location of the platform and spent less time in
that quadrant than the NC group rats. The DC group rats were administered with REP and PNPs
for 4 weeks and were able to recall the exact position of the platform quadrant. Furthermore,
the PNPs group rats spent more time in the platform quadrant than the REP group rats,
indicating memory improvement (Fig.5.42). These findings indicate that PNPs can reduce

cognitive behavior in rats.
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Fig.5.42: Estimation of (A) mean escape latency, (B) time spent in the same quadrant, and (C) representation of
track plot for Morri’s water maze task. Data are represented in (mean + SEM, n=6 rats per group).
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5.3.13.7 Histopathological analysis

In this analysis, the HFD+STZ-induced neuronal changes (viable cells, % damaged neuron,
pyknotic neurons) in the hippocampus region were investigated by H&E staining. The
HFD+STZ group shows a significant change in DG and CA1 region whereas the NPD group
shows a healthy nucleus with robust shapes and clear cytoplasm. The HFD+STZ group also
represents degeneration, loss of cell bodies, and increase pyknotic neurons in the DG or CA1l
region. These pyknotic neurons were shrunken and darkly stained with damaged nuclei and
nucleolus. Treatment with REP and PNPs reduced neuronal damage and % of pyknotic neurons
were observed (Fig.5.43). However, significant changes were noticed in PNPs compared to

REP and represent reduced neuronal loss with improved neuroprotection.
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Fig.5.43: (A)Neuronal regeneration on HFD+STZ rats at dentate gyrus (DG) and Cornus ammonis (CA) region

of hippocampus and (B) %neuronal count in DG and CA region. Data are represented in (mean £ SEM, n=6 rats
per group).
In summary, a multifunctional drug delivery nano platform was fabricated which improves

efficacy and promotes the brain delivery of the REP after oral administration. The REP-loaded
PNPs were formulated by di-block bio-degradable copolymer mPEG-PCL using the
nanoprecipitation method. The developed and optimized PNPs provide stability in GIT,
enhance effective intestinal absorption, brain permeability, and improve cellular activities.
Further, PNPs improve the pharmacokinetic profile and showed a significant increase in brain
levels, indicating an improvement in REP uptake. Likewise, in pharmacodynamic studies, the
REP-loaded PNPs significantly (p<0.01) attenuated the AP, tau proteins, TNF-a, IL-6, MDA,
NO levels and improves the BDNF, SOD, GSH levels compared to REP. Furthermore, the
behavioral studies (PAT, MWZ, NORT) also showed a significant (p<0.01) improvement in
the retention, spatial and recognition memory after treated with REP-loaded PNPs compared
to REP. Also, improvement in health neuronal count was observed in the REP-loaded PNPs
compared to REP after performing hematoxylin and eosin (H&E) staining in the cornu
ammonis (CA) and dentate gyrus (DG) regions of hippocampal. Therefore, it is evident that

REP in PNPs ameliorates the activities and shows a neuroprotective effect.
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5.4 Development and biological evaluation of Polymer lipid hybrid nanoparticles
(PLHNPs)

5.4.1 Preparation of polymeric lipid hybrid nanoparticles (PLHNPS)

The PLHNPs were formulated by different phospholipids in combination with four different
stabilizers. The amount of lipids used was 20% wi/w of the amount of PLGA and the stabilizer
concentration was 0.5% wi/v for all the trial experiments. Firstly, the stabilizers including
Tween 80, PVA, Pluronic F127, and TPGS were screened, and characteristic parameters were
evaluated. Based on the PS, PDI, and EE, it was observed that Pluronic F127 showed
comparatively the smallest PS with the highest EE and was graded the best among all. Pluronic
F127 is the grade of poloxamer which is a triblock copolymer of ethylene oxide (EO) and
propylene oxide (PO), that aids to form a self-assembled hydrophilic outer shell of polymer
lipid surface. Through reports, it was ascertained that Pluronic F127 enhances EE and reduces
PS. Although the phospholipids were screened (Phospholipon-90 H, Soy lecithin, Egg
Phosphatidylcholine, Soy Phosphatidylcholine) to assess the effect of different phospholipids.
It was observed that PLHNPs with SPC show good characteristic properties among all such as
smaller PS, less PDI, and high EE (Table.5.17). Further, PLGA, SPC, DSPE-PEG2000, and
Pluronic F127, were used in the preparation of PLHNPs, due to their biodegradable,
biocompatible properties, and approved by the Food and Drug Administration (FDA) as drug
carriers for clinical use. The PLGA is a hydrophobic polymer that precipitates to form a
hydrophobic core for the encapsulation of drug and SPC a phospholipid, which forms the lipid
monolayer at the interface of the PLGA core. The PEGylated lipid (DSPE-PEG2000) helps to
form the “stealth” shell of the PLHNPs. However, SPC and DSPE-PEG2000 conjugate and self-

assemble around the hydrophobic core to form a lipid monolayer.

Table.5.17: Preliminary Screening of phospholipids & stabilizers for preparation PLHNPs. Data are represented
as mean = SEM (n=3)

Formulation Phospholipids Stabilizers Particle size Polydispersity Entrapment
No. (nm) index efficiency (%0)
F1 Tween 80 166.55 + 3.41 0.125 +0.07 10.72 + 2.97
F2 PVA 188.00 + 2.94 0.133+0.08 32.22 +3.86

Phospholipon-90 H
F3 Pluronic- 127 178.86 + 1.76 0.186 + 0.09 31.23+5.96
F4 TPGS 251.15 +2.87 0.212 +0.10 6.53 +3.37
F5 Tween 80 178.10 + 4.12 0.140 + 0.06 25.37 +3.18
F6 o PVA 174.10 + 3.49 0.146 £ 0.14 56.68 + 4.61
Soy lecithin )
F7 Pluronic- 127 186.76 £ 3.56 0.249+0.11 41.65+2.71
F8 TPGS 191.33+2.97 0.262 +£0.15 23.71+2.97
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F9 Tween 80 18553+ 1.65  0.238+0.21 45.94 +2.98
F10 Egg PVA 163.03+2.76  0.168+0.23 41.24 +5.90
F11 Phosphatidylcholine  pyronjc- 127 175.30+3.94  0.160 +0.26 50.84 + 3.97
F12 TPGS 173.86+2.45  0.153%0.09 24.69 + 3.76
F13 Tween 80 183.60+4.76  0.144%0.16 37.50 + 3.87
F14 Soy PVA 178.53+3.87  0.188%0.17 50.53 + 4.29
F15 Phosphatidylcholine  pyyronic- 127 164.56 + 2.95 0.158 + 0.19 60.90 + 4.76
F16 TPGS 170.13+2.78  0.166%0.11 9.50 + 4,57

5.4.2 Optimization of PLHNPs by QbD approach

The optimization of PLHNPs by the QbD approach was done by selecting QTPPs and CQAs
to ensure the safety and efficacy of the product. However, CQAs were evaluated, and based on
the parameters of the sequential model sum of the square, model summary statistic the model

was suggested (Table.5.18).

Table.5.18: The Statistical values for each of the model sources for both the responses, along with remarks
generated by the Design-Expert® software (version 13.0, Stat-Ease Inc.) under the heading of summary of
fitness of each model.

Response Source  Sequential R? Adjusted  Predicted Press Remarks
p value R? R?
Liner <0.0001 0.8598 0.8279 0.7489 1807.24 Suggested
Particle 2FI 0.7592 0.8747 0.7995 0.5322 3367.04 -
size Quadratic 0.5368 0.9064 0.7860 0.0574 6784.36 -
Cubic 0.2691 0.9615 0.8461 - - Aliased
Liner 0.1068 0.3643 0.2176 0.1748 0.0869 -
PDI 2FI _ 0.7402 0.4360 0.0976 -0.3036 0.1373 -
Quadratic 0.0025 0.9188 0.8406 0.0726 0.0977 Suggested
Cubic 0.2111 0.9708 0.9479 - - Aliased
Liner 0.6488 0.1150 -0.0892 -0.4667 11330.01 -
Entrapment 2FI 0.5835 0.2652 -0.1757 -1.1717 16775.86 -
efficiency  Quadratic < 0.0001 0.9746 0.9420 0.8133 1442.03 Suggested
Cubic 0.5170 0.9848 0.9393 - - Aliased

The linear model was suggested for Response 1(PS) whereas the quadratic model was
recommended for Response 2 (PDI) and Response 3(EE) based on the applied ANOVA test to
evaluate the factors which affect the response in quadratic equations (Table.5.19).

Table.5.19: Statistical validation parameters of the selected models for individual responses

. Adequate F- -value
Response Equation precqision value F?rob >F
Particle size +133.20-0.17A-0.35B-27.81C 13.18 26.58  0.0001
PDI +0.18+0.05A+0.01B-0.05C+0.008 AB+ 8.69 13.88  0.0045
PLHNPs 0.002AC+0.033BC+0.02A%+0.34B%+0.01C?
Entrapment +64.21+18.56A+5.82B+6.36C+1.64AB- 14.49 65.28  0.0001

7.36AC+7.90BC-7.44A%17.51B%*4.56C?
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It was observed that the selected factors i.e., drug-polymer ratio (Factor 1), amount of lipid
(Factor 2), and sonication time (Factor 3) significantly affect PS, PDI, and EE in PLHNPs. The
BBD provides information on polynomial equations involving the interaction, effects, and
responses of independent variables. Attentively observing the polynomial equations and
surface plots (2d or 3d) results in emphasizing the effects of each variable independently and
in combination with other variables on each response.

0 i
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8: Amount of lipid with polymer (%)
C: Sonication time (min)
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Fig. 5.44: The 2D and 3D-response surface plot showing the relationship among the factors on (A)PDI, and (B)
entrapment efficiency of Drug: polymer; Surfactant amount (AB factor), Drug: polymer; Sonication time (AC
factor), Surfactant, sonication time (BC factor) of the PLHNPs
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The 2D and 3D response surface plots of PS, PDI, and % EE on PLHNPs were generated
(Fig.5.44 A-B) and showed a dependency on selected independent variables. It was observed
that the PS, PDI, and % EE increase as the drug: polymer ratio increases. However, the drug
amount was kept constant while the amount of polymer was varied (increased) resulting in a
decrease PS and PDI due to the change in concentration of hydrophilic moiety of the polymer.
Moreover, an increase in the amount of lipid enhances the EE due to an increase in the viscosity
of the medium resulting in rapid solidification which prevents drug diffusion and leads to a
greater or speedy encapsulation. In addition, sonication time increased, PS, PDI, and percent
EE were observed to decrease. An increase in sonication time breaks up the particles and
decreases the dispersion size. The overlay plot was obtained using numerical and graphical
methods to predict the optimal composition for PLHNPs [235]. The composition of factors was
selected from the design space in the overlay plot (Fig.5.45) and the minimum PS, PDI, and

maximum EE% were kept for the selected criterion for the optimized region.
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Fig.5.45: The (A) desirability index and (B) overlay plot of PNPs with Drug: polymer; Surfactant amount

In addition, the predicted results were verified by comparing them with the actual experimental
values derived from the responses (Table.5.20). In PLHNPs, the deviation between predicted
and experimental values varied from -1.86 to 4.91. The obtained results demonstrated that the
generated design space can reduce the risk of failure and thus indicated that the models are
reliable.
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Table.5.20: Experimental design model validation of PLHNPs by QbD.
Polymeric lipid hybrid nanoparticles

Responses Predicted Experimental %
value value Residual
Particle size  (nm) 130.01 125.09 £ 3.21 4.91
Polydispersit 0.16 0.18+005  -0.02
y index
Entrapment (%)

5.4.3 Physicochemical Characterization of nanoparticles

5.4.3.1 Compatibility study

The ATIR spectra analysis of REP, BPLHNPs, and PLHNPs depicts the appearance of no new
peaks and the disappearances of existing peaks which eliminates the probability of any
chemical interactions (Fig.5.46 A). The ATIR spectra of REP showed a peak at 3310 cm™(NH
stretching), 2952 cm™ (-CH stretch), 1684 cm™ (-C=0) and C-O stretch at 1040 cm™, 1209 cm’
! respectively. Whereas in PLHNPs sharp peak were obtained at 1071 cm™ (C-O stretch), 1734
cm(-C=0), 2934 cm™}(-CH stretch). Though a slight shift was seen in IR fingerprint region
peaks and the absence of an extra peak confirmed no interaction between the excipients used
in the formulation.

DSC athermo analytical technique for studying the thermal properties and/or phase transitions
that can be produced or absorb heat as a function of time and temperature. DSC also evaluates
the material properties, inertness, melting point and determines the content and degradation of
the substance. The thermogram of REP shows an endothermic peak at 135C whereas
BPLHNPs thermogram represented peaks at 53C, 128C, 211C, 272 and PLHNPs at 53 C,
98T, 128T, 257 C respectively. The thermograms depict the shift of the peaks in PLHNPs
which represents the proper incorporation of guest moiety into the host cavity. The absence of
characteristic peaks of components indicates the amorphous nature of PLHNPs (Fig.5.46 B).
pXRD, a non-destructive technique was used to identify phase transition and measured the
diffraction pattern of crystalline material. The crystallinity of REP, BPLHNPs, and PLHNPs
was investigated by pXRD. The patterns of REP revealed the distinguishable diffraction peaks
at diffraction angle 26 of 7.65°, 10.11°, 12.40°, 13.24°,13.76°, 14.58°, 16.67°, 17.50°, 18.56°,
20.22°, 22.91°, 23.33°, 25.67°, 26.60°, and 30.88° which confirmed the highly crystalline
nature whereas PLHNPs and BPLHNPs exhibited an additional peak at 23.78°, signify the
presence of shell with the lipid core at the interface. Furthermore, the results of pXRD
confirmed the REP was incorporated within the matrix core and leading to a change in its
crystallinity (Fig.5.46.C).
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Fig. 5.46: The compatibility study of REP, BPLHNPs, and PLHNPs performed by (A) ATIR, (B) DSC, and (C)

pXRD.

s5.4.3.2 Particle size and morphological evaluation

PS is a crucial parameter that influences the release, stability, in vitro and in-vivo pattern. The
absolute size of PNPs was found to be 125.09 + 3.21 nm with a PDI of 0.18 £+ 0.05 and ZP of
-16.4 + 0.53 mV (Fig.5.47 A-B).
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Fig.5.47: Characterization of polymer lipid hybrid nanoparticles by (A) PS and (B) ZP.
Moreover, particle morphology significantly influences the percent drug loading, entrapment
efficiency, drug release profile, pharmacokinetics, and biodistribution pattern of the
nanoparticles. It also has a role in cellular uptake, cellular internalization, receptor binding, and
molecular interactions. The FE-SEM and TEM analysis showed that most nanoparticles were
isometric, with smooth surfaces and the average size of nanoparticles was the same as obtained
by DLS. However, in TEM the PLHNPs showed a spherical core-shell structure in which the
core (PLGA) was properly surrounded by lipid monolayer at the interface (Fig.5.48. A&B).
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5.4.4 Lyophilization process optimization

In preliminary studies, cryoprotectants such as sucrose, trehalose, lactose, and mannitol were
examined based on dispersibility (Fig.5.49. A). Through the screening process, trehalose was
found the most suitable cryoprotectant due to its excellent redispersibility index, and 5%w/v
of trehalose was selected for the cryoprotection of PNPs due to the formation of a poor network,

which undue the stress of freeze-drying (Fig.5.49. B).

=] — 2.5+
E 204 —IL g
3 < 2.0
e} x
£ 15+ 3
2 £ 1.5+
Ig 1.0 E
& 2 1.0-
2 054 g
g ' 8
(14 2 0.5
0.0 3
14
3 Sucrose B3 Trehalose B Lactose 0.0
E= Mannitol
(A) (B)

Fig.5.49: Graphical representation of (A) cryoprotectant screening; (B) amount (%w/v) of selected

cryoprotectant.
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5.4.5 In vitro drug release study

The estimation of the release profile of REP and PLHNPs is important to understand the rate
and extent of the drug present at the site of action. The controlled release of drugs is essential
to maintain the therapeutic window. Herein, the release of REP and PLHNPSs was studied using

the dialysis bag method, and the drug release profile is shown in Fig.5.50.
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% cum. drug release

Time (h)
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Fig.5.50: In vitro release profile of REP and PLHNPs using dialysis bag method for 48h.
The PLHNPs showed a cumulative drug release of ~58% within 48h, and REP showed a burst

release profile with 100% release in ~2h (Fig.5.50). Although, various mathematical models
were measured to determine the release pattern of REP using DD-Solver (Table.5.21). It was
observed that the REP follows the first order kinetics whereas PNPs featured with low AIC
value with high regression coefficient and fitted to the Korsmeyer-Peppas model which

indicates that PLHNPs imply the degradation by creating fine pores with diffusion.

Table.5.21: Mathematic release models for the estimation of in vitro release parameters

Test Sample
Model Parameters
REP PLHNPs

Ko 9.03 3.48
Zero R? 0.69 0.80
AIC 108.37 74.63
K1 2.16 0.07
First R? 0.94 0.91
AIC 84.90 67.05
Kn 39.52 14.92
Higuchi R? 0.85 0.92
AIC 96.41 58.58
Korsmeyer- KKzP 81.82 20.62
Peppas R 0.93 0.95
AlIC 73.76 55.01
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5.4.6 Protein binding assay

The hydrophobic surface of nanoparticles has the propensity to adsorb protein, which enhances
opsonization and macrophage recognition. Thus, it increased the rate of elimination and
diminished therapeutic efficacy. Utilizing lipophobic moieties such as polyethylene glycol
(PEG) or poly (ethylene oxide) (PEO) on the surface of nanoparticles could reduce protein
adsorption. Typically, PEG and PEO increase the probability that a drug molecule will be pre-
dispersed at the target site by resisting interactions with bloodstream components. Formulating
PNPs with PEG and PEO decreases the clearance and increases blood circulation. Though the
observed data also show protein adsorption of 3.58 + 2.7%.

5.4.7 Stability studies

5.4.7.1 Stability study in simulated biological fluids

Nano formulations for the controlled delivery of drugs are receiving considerable attention, but
the stability of nanoparticles has been a source of concern. Particularly, the size and dispersity
of nanoparticles that facilitates target-specific delivery, rapid gastric emptying, and
reproducible GIT transit. In addition, it safeguards the encapsulated drug, controlled release
profile, decreased toxicity, and immunogenic potential more effectively than the conventional
system. In the preparation of nanoparticles, surface-capping or stabilizing ligands were used to
regulate particle dimensions. As depicted in Fig.5.51, the PLHNPs were found to be stable in
simulated gastrointestinal fluids, and a significant change in their quality attributes was
observed. As the formulation contains a stabilizing or capping agent (Poloxamer), van der
Waals forces are diminished, and repulsive forces are established between the colloidal
particles. These forces ultimately diminished particle aggregation and precipitation. The
PLHNPs were comprised of biodegradable polymers and DSPE-PEG2k a PEG-Lipid which
aims to improve the stability and mobility of the complexes in the harsh gastrointestinal
environment.
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Fig:5.51: Stability study of PLHNPs in simulated gastrointestinal fluids
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5.4.7.2 Stability of lyophilized nanoformulation

The most important factor to consider is the nanocarrier's stability, which should thoroughly
characterize its resuspension. The long-term stability study was conducted for three months in
accordance with ICH guidelines, and PS, PDI, ZP, and EE% were evaluated. The PLHNPs
were discovered to be stable and not significantly different from the initial (Table 5.22). In
addition, the redispersion time for lyophilized PLHNPs was less than one minute, and the

designed lyophilized PLHNPs were stable at 25 + 2 °C, 60 £ 5 % RH.
Table 5.22: Stability studies of PLHNPs*

Parameters Initial after 1 month after 2 months after 3 months
PS (nm) 123.5+5.91 125.2+2.15 122.4 +4.03 128.7+£2.91
PDI 0.17+0.04 0.16 £0.02 0.15+0.05 0.17+£0.03
ZP (mV) -16.13 £ 0.65 -16.36 £ 0.41 -16.38 £ 0.27 -17.05+0.11
% EE 7542 +£251 76.29 +3.10 76.89 £4.12 75.04 £ 3.13

*Results were represented as mean £ SEM, n=3

5.4.8 In situ absorption study by Single pass intestinal perfusion (SPIP) model

The estimation of intestinal absorption plays an important role in identifying the transport
mechanisms (p-glycoprotein) for improvement of drug profile, safety, and efficacy. Initially,
the steady state of REP with intestinal tissue was evaluated for permeation through the intestine
and confirmed by the determination of Cout/Cin ratios (Fig.5.52). Throughout the experiment,
no nonspecific binding of REP to the tubing was observed, and the concentration of REP in the
perfusion solution remained stable. In the study, it was observed that the Peff value of PLHNPs
increased by ~3.3 fold and the Ka value increased by ~3.9 fold that of REP, indicating that the
nanoformulations increased the permeation/absorption rate of REP in wistar rats. Though the
PLHNPs show significant enhancement due to more GIT stability or can be attributed to the
core-shell structure of PLHNPs which helps to maintain the controlled release of the drug and

PEG enhances the permeation rate.
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Fig.5.52: Representative plots of the steady-state concentration (cout/cin) VS time for (a) REP, (b) PLHNPs, and

(c) Effective permeability coefficient and apparent absorption rate constant. Values were represented as mean+
SEM (n=3)
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5.4.9 Parallel artificial membrane permeability assay-blood brain barrier

The PAMPA-BBB is the most used method to predict brain permeability due to its high
throughput and is designed to precisely mimic the physicochemical microenvironment of the
barrier. PAMPA is a limited method because it is modeled by an artificial membrane and thus
is neither used for active transport nor P-gp efflux. Herein, REP and PLHNPs were examined
to determine the effective permeability (Pe) using measured concentrations and it was observed
that the PLHNPs achieve ~1.6 folds more permeability to the brain than REP due to the core-
shell structure of the nanoparticles which enhanced the selective tissue targeting and sustain
the release profile [229,230,234].

5.4.10 In vitro cell culture study

5.4.10.1 Cell viability assay

The cell viability assay examines the physical or cellular health in response to chemical agents,
or extracellular stimuli and reflects the amount of live and/or healthy cells in a sample. MTT
assay, a colorimetric test used to detect cellular oxidative metabolic activities based on
NAD(P)H-dependent dehydrogenase enzyme activity. Initially, concentrations of REP (0.10 to
200 pg/mL) were tested on the viability of SHSY-5Y cells to assess concentration-dependent
toxicity. In order to determine the potential of nanoparticles, the effects of REP, BPLHNPs,
and PLHNPs were tested between 0.25 and 40 g/mL (Fig.5.53). The cell viability of BPLHNPs
over ~70% indicates the biocompatibility and nontoxicity nature of nanocarrier. However, the
higher concentration of PLHNPs and BPLHNPs showed ~90% cell viability in SH-SY5Y cells

and indicates the nontoxic nature of REP-loaded nanoformulations.

120.00 REP  wBPLHNPs = PLHNPs

100.00 - = -
80.00 = - -
60.00
40.00
20.00

0.00 - - . - . - . . . . .
0.5 1 10 20 40

Concentration (pg/mL)

Cell viability (%)

Fig.5.53: Cell viability assay of REP, BPLHNPs, and PLHNPs on neuroblastoma SH-SY5Y cell line.
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5.4.10.2 Cellular uptake

In drug delivery systems, nanoparticles are utilized to reduce systemic toxicity, prolong blood
circulation, and enhance intracellular uptake. The cellular uptake is affected by the shape, size,
hydrophobicity, and charge of the nanoparticles. Herein, C6 as a model drug and the cellular
uptake of PLHNPs were investigated using confocal microscopy, and flow cytometry in SHSY -
5Y cell lines. Although the cellular uptake of C6-loaded PLHNPs was significantly (p<0.001)
greater than that of free C6 in SH-SY5Y cells at 4h and 8h (Fig.5.54). The uptake of C6-loaded
PLHNPs in SHSY-5Y cells increased by ~ 28.81-fold at 4h and ~32.24-fold at 8h compared to
Co6-free cells. The PLHNPs exhibited greater intercellular uptake than free C6, which may be
a result of drug loading into a hydrophobic polymer matrix and a strong interaction between
the negative charge on the cell membrane. Additionally, it was also noticed that the c6-loaded
PLHNPs showed higher uptake due to the size-independent lipid trafficking pathway. The lipid
density in the cellular membrane increases the sustained drug release compared to free c6. The
PLHNPs easily affect the biological barriers and efficiently enhance circulation. In spite of the
fact that increased cellular uptake increases the amount of drug available at the site of action
for therapeutic activity, indicating the potential for dose reduction and enhanced efficacy.
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Fig. 5.54: The quantitative estimation of coumarin 6, and coumarin 6 loaded PNPs in cellular uptake study by

confocal microscopy at 4h and 8h.
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5.4.10.3 STZ treated SHSY-5Y cell-based study

The effect of REP and PLHNPs on metabolic stress induced in cells was measured by
performing an STZ cell study (Fig.5.55). Initially, the concentration of STZ was standardized
and observed that at 2.5mM approximately 60-65% of the cell was viable (section 3). Further,
the SHSY-5Ycells were treated with REP and PLHNPs and incubated for 12 h. Though it was
found that the PLHNPs represent an increment of ~1.67 fold in cell viability which represents
a significant effect compared to only STZ-induced cells. However, REP enhances the viability
of cells but after loading into PLHNPs the ~1.20-fold improvement was also observed
compared to REP in the STZ-induced SHSY-5Y cells.
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Fig.5.55: The effect of REP and PLHNPs on STZ-treated SHSY-5Y neuroblastoma cell lines Data are
represented in (mean £ SEM, n=8 rats per group). * Indicates ** P< 0.05; ** P< 0.01, *** P< 0.001, by one-

way ANOVA followed by Tukey’s post hoc multiple comparison test

5.4.10.4 Reactive oxygen species-scavenging activity by hydrogen peroxide

The scavenging assay was performed to estimate the effect of REP and PLHNPs on SHSY-5Y
cells after being treated with 1 mM H2O> for 12 h. Though from initial studies the optimal
concentration of H202 for inducing ~ 40% cell death (Fig.5.56). Further, cells treated with 1ImM
H>0, were incubated with REP and PLHNPs and the study indicates that the REP shows a
~1.3-fold increase in cell viability, while PLHNPs show a significant (p<0.01) effect compared
to H202 and enhance the effect by ~1.52-fold (Fig.5.56). The increase in cell viability indicates
that the REP predominates the activity, whereas PLHNPs simultaneously enhance the

protective effect.
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Fig.5.56: Neuroprotective effect of REP and PLHNPs on H2O; treated SH-SY5Y neuroblastoma cell lines. Data
are represented in (mean £ SEM, n=8 rats per group). * Indicates ** P< 0.01, *** P< 0.001, by one-way
ANOVA followed by Tukey’s post hoc multiple comparison test

5.4.11 Pharmacokinetic study

The pharmacokinetic studies for REP and PLHNPs were investigated on wistar rats and the
plasma concentration versus time profiles were plotted in Fig.5.57. The oral administration of
PLHNPs results in good absorption, and peak plasma concentration reached in ~3.6 h
approximately (Table.5.23). It was observed that the PLHNPs exhibited ~ 6.4-fold increase in
t1/2 than REP solution, indicating slow distribution and elimination. However, AUC was
observed to be higher in PLHNPs (32625.07 + 3167.49 ng. h/ml) than in pure REP solution,
which indicates the long-circulating ability of the nanoformulation in plasma. The clearance
(CI) of PNPs indicates ~1.8 fold, a decrease to pure REP solution. The increment in the PK
parameters might be due to the core-shell of the lipid which influences the kinetic properties
and DSPC-PEG2o00 helps to increase the circulation time, protecting against immune
recognition.
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Fig.5.57: Plasma concentration-time profile of REP, and PLHNPs. Values were represented in mean +SEM,
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Table.5.23.: Pharmacokinetic parameters of REP and PLHNPs

Parameters REP PLHNPs
tmax (h) 0.81 +0.19 3.60 + 1.16
Crnax (ng/mL) 800.76 £ 26.57 1547.16 + 165.72
AUC  (ng.h/mL) 7441.69 +763.75 32625.07 + 3167.49
CL (mL/h/kg) 163.84 £ 17.39 88.87 + 4.67
tue (h) 2.65 + 1.54 24.16 + 2.19
MRT (h) 8.24 +0.32 38.633 + 1.02

5.4.12 Biodistribution study

Biodistribution studies were performed to identify the potential nano-formulation for the brain
targeting efficiency after oral administration. The REP distribution pattern was quantified in
all the major organs (brain, heart, liver & kidney) and concentration-time profiles were
represented in Fig.5.58. In the brain, the concentration levels of REP have observed for 12 h
but for the PLHNPs it continued for more than 24 h and exhibited ~3.5 fold (p < 0.05) increases
in the brain uptake due to the presence of PEGylation on the outer surface of the nanoparticles.
A similar pattern was observed in the heart where the REP shows the maximum concentration
in 2h and observed for 12 h though PLHNPs were still present for more than 24 h. As per the
literature survey, REP was completely metabolized (98%) by oxidative biotransformation and
direct conjugation with glucuronic acid. Interestingly, REP-loaded PLHNPs show a significant
decrease in the metabolism of REP than the free REP which might be due to the presence of a
core-shell structure that consists of biodegradable polymer and target moieties attached over
the surface. Moreover, REP has a very fast elimination rate and PLHNPs lower the
concentration of REP in the kidney and showed a sustained release thus the amount of REP in
the kidney maintains till 24 h. Additionally, the amount of REP was significantly reduced in
the tissues than PLHNPs. On the other side, PLHNPs exhibit more selective distribution to the
brain due to surface modifications (PEGylation). Moreover, these findings of the
biodistribution studies were in complementary relation to the systemic pharmacokinetic data

as well as cellular uptake studies.
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Fig.5.58: Biodistribution study of REP and PLHNPs in major organs after oral administration (4mg/kg) in

wistar rats

5.4.13 Pharmacodynamic study

5.4.13.1 Estimation of neurochemical parameters
After the treatment period on HFD+STZ-induced wistar rats, the effect of REP and PLHNPs

was measured on neurochemical parameters such as BDNF, Af, and tau protein as shown in
Fig.5.59 A-C. The BDNF level in the DC group was significantly (p<0.001) decreased than the
NC group but after the treatment with REP and PLHNPs a significant (p<0.05) amelioration

was observed. The consistent amelioration of BDNF levels has resulted more in PLHNPs than

REP. Moreover, AP deposition and hyperphosphorylation of tau proteins are the hallmarks of

neurodegeneration and are crucial to the pathogenesis of AD. Thus, the potential effect of REP

and PLHNPs was studied and measured a significant (p<0.001) upregulation in the levels of

AP and tau proteins in DC than the NC group. After treatment with REP and PLHNPs, a

significant attenuation was observed in comparison with the DC group.
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Fig.5.59: In vivo estimation of neurochemical parameters to understand the effect of REP and PLHNPs after the
treatment (A) AP level; (B) p-Tau; (C) BDNF level in brain homogenate of HFD+STZ induced wistar rats, data
are represented in (mean + SEM, n=6 rats per group). * Indicates P< 0.05; ** P< 0.01, *** P< 0.001, **** P<

0.0001 by one-way ANOVA followed by Tukey’s post hoc multiple comparison test
5.4.13.2 Estimation of inflammatory cytokines
The effect of REP and PLHNPs on inflammatory cytokines (TNF-a and IL-6) was estimated
in HFD+STZ-induced wistar rats (Fig.5.60. A&B). The significant (p< 0.0001) upregulation
of levels was observed in DC compared to NC rats. Moreover, the REP and PNPs
administration for 4 weeks reduces the levels than the DC group but PLHNPs showed a

significant (p<0.001) suppression as compared to REP.
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Fig.5.60: In vivo estimation of neurochemical parameters to understand the effect of REP and PLHNPs after the
treatment (A) IL-6; and (B) TNF-a level in brain homogenate of HFD+STZ induced wistar rats, data are
represented in (mean £ SEM, n=6 rats per group). * Indicates P< 0.05; ** P< 0.01, *** P< 0.001, **** P<
0.0001 by one-way ANOVA followed by Tukey’s post hoc multiple comparison test

5.4.13.3 Estimation of Oxidative stress parameters

The level of MDA, nitrite (oxidative markers), and GSH (antioxidant) were measured to
understand the effect of REP and PLHNPs. Though the levels of oxidative markers (MDA and
nitrile) were resulted in significant (p<0.001) elevation of level in DC compared to NC whereas
a decrement in levels of endogenous antioxidants (GSH) was observed in Fig 5.61.
Furthermore, the REP and PLHNPs lower the level of MDA, nitrile and enhance the GSH level
after the treatment. The PLHNPs resulted in significant (p<0.001) attenuation of oxidative
markers (MDA, nitrite) and significant (p<0.001) enhancement of GSH compared to REP.
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Fig.5.61: Effect of oxidative stress parameters (A) MDA (B) GSH; (C) Nitrite on REP and PLHNPs. The data
are represented in (mean + SEM, n=6 rats per group). * Indicates P< 0.05; ** P< 0.01, *** P< 0.001, **** P<
0.0001 by one-way ANOVA followed by Tukey’s post hoc multiple comparison test.

5.4.13.4 Passive avoidance task

A passive avoidance task is a test in which rodents learn to abstain from a response in order to
avoid the aversive stimulus. The test was used to evaluate the learning and memory in cognitive
dysfunctions of the central nervous system. During the acquisition trial, no significant (P >
0.05) differences in the initial latency time of all the groups were observed. Whereas in
retention latency (after 24h of acquisition trial) analysis a significant (P < 0.01) decrease was
observed in the HFD+STZ group as compared with the NPD group (Fig.5.62). However, rats
treated with REP and PLHNPs showed a significant amelioration in the retention latency which
indicates improvement in retention memory. In HFD+ STZ PLHNPs treated group significant

(P < 0.01) changes in retention memory were observed more than REP.
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Fig.5.62: Estimation of transfer latency by performing behavioral parameters using passive avoidance task. Data
are represented in (mean + SEM, n=6 rats per group). * Indicates P< 0.05; ** P< 0.01, *** P< 0.001, **** P<
0.0001 by one-way ANOVA followed by Tukey’s post hoc multiple comparison test

5.4.13.5 Novel object recognition test

The NORT is used to investigate the alterations in memory, particularly in recognition memory.
The test is based on the spontaneous tendency of rats to spend more time exploring a novel
object than familiar objects (Fig.5.63. A). In NORT during the training session, no significant
difference was measured in the exploratory preferences of the rats. However, in the retention
session, the HFD+STZ group rats spent significantly lesser time in exploring the novel object
compared to the familiar object (Fig.5.63. B). But in the case of REP and PLHNPs amelioration
in the exploring time was observed, especially in PLHNPs a significant change in the exploring

time was measured compared with the REP.
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Fig.5.63: (A) Representation of track plot for the novel object recognition task and (B) Time spent in exploring
the object. The data are represented in (mean £ SEM, n=6 rats per group). * Indicates P< 0.05; ** P< 0.01, ***
P<0.001, **** P< 0.0001 by one-way ANOVA followed by Tukey’s post hoc multiple comparison test

5.4.13.6 Morri’s water maze (MWM)

The effect of REP and PLHNPs was measured for the estimation of spatial memory. The mean
escape latency in all groups was recorded after the 4 days of training and observed a gradual
attenuation in MWM analysis. Though in the DC group, the mean escape latency was
significantly (p<0.001) higher with the NC group and decrement was observed after treatment
with REP and PLHNPs as shown in Fig.5.64. A. In the second part of the analysis, the hidden
platform was removed to perform a probe trial test, where DC group rats were unable to identify
the exact location of the platform and spent less time in that quadrant than the NC group rats.
However, after the treatment with REP and PLHNPs, rats were able to recall the exact position
of the platform and spend more time in that quadrant which indicates memory improvement
(Fig.5.64. B).
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Fig.5.64: Estimation of (A) mean escape latency, (B) time spent in the same quadrant, and (C) representation of
track plot for Morri’s water maze task. Data are represented in (mean += SEM, n=6 rats per group). data are
represented in (mean + SEM, n=6 rats per group). * Indicates P< 0.05; ** P< 0.01, *** P< 0.001, **** P<

0.0001 by one-way ANOVA followed by Tukey’s post hoc multiple comparison test

5.4.13.7 Histopathological analysis

H&E staining was used to investigate the HFD+STZ-induced neuronal changes (viable cells,
percent damaged neuron, pyknotic neurons) in the hippocampus region. The DG and CAl
regions of the brain are significantly altered in the HFD+STZ group, whereas the NPD group
has healthy nuclei with robust shapes and clear cytoplasm. The HFD+STZ group also displays
degeneration, cell body loss, and an increase in pyknotic neurons in the DG or CA1 regions.
These pyknotic neurons were shrunken, darkly stained, and their nucleus and nucleolus were
damaged. On treatment with REP and PLHNPs, neuronal damage and the proportion of
pyknotic neurons diminished (Fig.5.65. A). However, significant differences were observed
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between PLHNPs and REP, with PLHNPs representing reduced neuronal loss and enhanced

neuroprotection (Fig.5.65. B).
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Fig.5.65: (A) Neuronal regeneration on HFD+STZ rats at dentate gyrus (DG) and Cornus ammonis (CA) region

of hippocampus and (B) %neuronal count in DG and CA region. Data are represented in (mean + SEM, n=6 rats
per group).
In the current study, PEGylated PLHNPs were formulated for the delivery of REP, an

insulinotropic agent. However, owing to its short action, poor absorption, and brain permeation
it falls short in the race of clinical transitions. Nanocarriers have many advantages to overcome
these problems and deliver the drug to the brain after oral administration, which itself a

challenging process due to the presence of physiological barriers such as GIT, and BBB. Hence,
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PLHNPs were developed and optimized to provide stability in GIT, improve absorption
characteristic in the intestine and enhance permeation in the brain through passive transport.
Further, the efficacy of REP has also been identified in the diabetes-linked neurodegenerative
animals’ model (HFD+STZ model) by estimating the biochemical and behavioral parameters.
The report suggested that PLHNPs promote the characteristic properties and show a more
significant effect compared to REP due to the presence of a core-shell structure. PLHNPs lipid
shell protects the core from gastric secretions and controls the release of the drug. The presence
of a hybrid lipid polymer (DSPE-PEG2«) prolongs the systemic circulation time and reduces
immunogenicity.
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5.5 Comparative evaluation of PNPs and PLHNPs

The PNPs were fabricated by in-house synthesized mPEG-PCL polymer whereas PLHNPs
were prepared using PLGA as a polymer, SPC as a phospholipid, and DSPC-PEG 2000 as a
lipid/PEG molecule. Both the formulations were optimized using quality by design approach
with Box-Behnken response surface methodology, the particles were characterized using the
dynamic light scattering method to estimate the PS, PDI, and ZP though no significant changes
were observed between PNPs and PLHNPs (Fig.5.66). All the characteristics parameters were
in the nano range with PS <150 nm, PDI <0.3, and ZP in between £30 mV[236].
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Fig.5.66: Characterization of Polymeric nanoparticles and polymer lipid hybrid nanoparticles by (a)

particle size, (b) zeta potential

As the estimation of in vitro drug release is important for the nano formulation to understand
the rate and extent of active ingredients present at the site of action. Hence a

sustained/controlled release of drug from nanoparticle is suitable to maintain the therapeutic
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window. The release profile of, PNPs and PLHNPs were estimated (Fig.5.67) and showed a
cumulative drug release of ~ 70% and ~58% respectively within 48h. The observed release
profile data represent that PLHNPs have more sustainability than the PNPs due to the core-
shell structure of PLHNPs which decreases the diffusion rate and is sustained for a longer
period of time[213].
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Fig.5.67: In vitro release profile of Polymeric nanoparticles and polymer lipid hybrid nanoparticles
Nano formulations are getting much consideration for the controlled delivery of drugs, but the
stability of nanoparticles has been a source of concern. Thus, the effect of different simulated
gastrointestinal fluids on nanoparticles was measured, and observed that the PLHNPs were
found stable as no changes in the quality attributes were observed in simulated gastrointestinal
fluids whereas PNPs shows nonsignificant changes with REP. Due to the presence of DSPE-
PEG2k a PEG-Lipid in PLHNPs aims to improve the stability and mobility of the complexes
in the harsh gastrointestinal environment[237]. Intestinal absorption is a crucial factor for
defining the bioavailability of oral drugs, as there are many transporters that are available on
the intestine which are involved in the pharmacokinetic profile of drugs.[224,227] Thus,
intestinal absorption plays a critical role in their improvement, safety, and effectiveness.[233]
In the study, it was observed that the Peff value increased around ~ 2.3 folds of PNPs and ~ 3.3
folds PLHNPs compared to free REP and showed a significant change in intestinal permeation
rate (Fig.5.68). Additionally, the K is also increased by ~2.3folds in PNPs and ~3.9 fold in
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PLHNPs with respect to REP indicating that the nano formulations enhanced the
permeation/absorption rate of REP in wistar rats. Though the PLHNPs show more significant
enhancement (~3.13-fold Pest & ~1.69-fold Ka) in comparison to PNPs, it may be due to more
GIT stability or can be attributed to the core-shell structure of PLHNPs which helps to maintain

the controlled release of the drug and also enhance permeation [238].
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Fig.5.68: Effective permeability coefficient and apparent absorption rate constant of PNPs and
PLHNPs after using SPIP wistar rat model
Further, in vitro PAMPA-BBB assay was performed to estimate the effective brain
permeability of REP-loaded PNPs and PLHNPs and it was observed that the PNPs achieved
~1.3 folds and PLHNPs ~1.6 folds more permeability to the brain than REP [229,230,234].
Additionally, in vitro cell culture studies were performed on neuroblastoma SHSY-5Y cells to
measure the effect of both the formulations (PNPs and PLHNPs) on cell viability, cellular
uptake, etc. As viability assay indicates the number of live and/or healthy cells in a sample to
measure the physical or cellular health in response to chemical agents, therapeutic treatments,
or extracellular stimuli. It was revealed that more than 70% of cells were viable in the blank
formulation which indicates that both the formulations were biocompatibility and nontoxicity
(Fig.5.69). Moreover, the PLHNPs show ~90-95% cell viability whereas PNPs has cell
viability of ~80-85% indicating the effectiveness of PLHNPs[239].
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Fig. 5.69: In vitro cell culture studies on neuroblastoma cell line SHSY-5Y for estimation of cell

viability by MTT cytotoxicity assay

Further, the cellular uptake of both the formulations was quantified, and observed that the
PLHNPs showed ~ 1.2 % more uptake than the PNPs which could be due to the size-
independent lipid trafficking pathway (Fig.5.70.) The lipid density in the cellular membrane
increases the sustained drug release compared to PNPs. The PLHNPs easily affect the
biological barriers and efficiently enhance circulation. Moreover, negative charge also exhibits
a strong interaction with the cell membrane and therefore enhances the intercellular uptake.
Though more uptake into the cells ensures more amount of the drug is available at the site of
action for therapeutic activity indicating the possibility for reduction of dose and improvement
in efficacy. Furthermore, the SHSY-5Y cells were treated with STZ and H,O: to estimate the
effect of PNPs and PLHNPs as both STZ and H>O> generate oxidative stress, increase
apoptosis, and reduce the glucose uptake. Though the results revealed that both the
formulations significantly ameliorated the effect of REP but PLHNPs enhance the REP activity
by 0.97-fold more than PNPs which might be due to the presence of DSPC-PEG 2000 ON the

outer corona that reduces the cytotoxicity and phospholipids exhibits antioxidant activity.
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Fig.5.70: The quantitative estimation of coumarin 6, coumarin 6 loaded PNPs, and coumarin 6 loaded
PLHNPs in cellular uptake study by (A) confocal microspore, (B) flow cytometer and the cell sorter
Moreover, in in vivo studies on the wistar rats i.e., pharmacokinetic, biodistribution, and
pharmacodynamic studies, a significant (p<0.05) difference between both formulations were

observed. In the pharmacokinetic profile of PNPs and PLHNPs the significant (p<0.05) fold
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changes in the parameters were observed (Table 5.23 & Fig.5.71) due to the core-shell of lipid
which influences the kinetic properties and DSPC-PEG increases the circulation time,

protecting against immune recognition.
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Fig. 5.71: Plasma concentration-time profile of REP, PNPs, and PLHNPs. Values were represented in mean

+SEM.
Table.5.24.: Comparative analysis of Pharmacokinetic parameters of PNPs and PLHNPs
Parameters Difference between
PNPs and PLHNPs
tmax (h) 1.81
Crax (ng/mL) 1.54
AUC  (ng.h/mL) 1.48
CL (mL/h/kg) 1.49
MRT (h) 1.90

Similarly, in biodistribution studies, the distribution pattern of PNPs and PLHNPs was
quantified and compared in major organs (brain, heart, lungs, liver, and kidney), depicting the
concentration-time profiles response (Fig.5.72). The results revealed that the concentration
levels of both formulations were observed till 24 h whereas REP is detected only up to 12h.
The concentration level of PLHNPs was increasing 1.4-fold in the brain, 1.1-fold in the heart,
1.3-fold in the liver, and 0.9-fold in the kidney then PNPs.

Thought, it suggests that PLHNPs improve the ability of REP to penetrate across BBB,

decrease the metabolism, and elimination rate and enhance the circulation life compared to
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PNPs. The characteristic features of PLHNPs combine the benefits of lipid-based carrier
systems such as better loading, and biomimetic nature along with the architectural benefits of
the polymeric system. Moreover, the outer layer of PLHNPs i.e., the polyethylene glycol layer
provides a stealth effect and increases the mean resistance time in addition to stearic

stabilization. Furthermore, high structure integrity, mechanical stability, controlled release

profile, and biocompatibility made the PLHNPs more efficient.
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Fig.5.72 Biodistribution study of REP, PNPs, and PLHNPSs on brain, heart, liver, and Kidney.
Additionally, the pharmacodynamic study revealed a significant (P<0.001) amelioration in the
biochemical parameters such as neurotropic (Fig.5.73), inflammatory (Fig.5.74), and oxidative
(Fig.5.75) of PLHNPs and PNPs group compared to DC and REP group in HFD+STZ
administered rats. Although, PLHNPs resulted in consisted significant changes in AP, tau
protein, and BDNF in comparison to REP and PNPs. However, in the case of pro-inflammatory
cytokines (IL-6, TNF-a) identification the HFD+STZ rats significantly elevates(P<0.001) the
level of IL-6, TNF-a compared to NPD rats. It was observed that after treatment of REP, PNPs,
and PLHNPs the level of inflammatory cytokinin reduces (P<0.05) and PLHNPs show
significant differences compared to REP and PNPs. Similarly, in the case of MDA, GSH, NO,
and SOD, PLHNPs represent a significant improvement compared to PNPs and REP.
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Fig.5.73: Neurobiochemical parameters improvement on HFD+STZ induced animal model on the
treatment of REP, PNPs and PLHNPs, (A) AB level, (B) p-Tau level and (C) BDNF level, data are
represented in (mean £ SEM, n=6 rats per group). * Indicates P< 0.05; ** P< 0.01, *** P< 0.001, ****
P< 0.0001 by one-way ANOVA followed by Tukey’s post hoc multiple comparison test.
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Fig.5.74: Effect of inflammatory parameters on HFD+STZ induced animal model on the treatment of REP,
PNPs, and PLHNPs, (A) IL-6, and (B) TNF-a. The data are represented in (mean + SEM, n=6 rats per group). *
Indicates P< 0.05; ** P< 0.01, *** P< 0.001, **** P< 0.0001 by one-way ANOVA followed by Tukey’s post

hoc multiple comparison test.
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Fig.5.75: Effect of oxidative stress parameters on HFD+STZ induced animal model on the treatment of REP,
PNPs, and PLHNPs, (A) MDA, (B) GSH, and (C) nitrite. The data are represented in (mean + SEM, n=6 rats
per group). * Indicates P< 0.05; ** P< 0.01, *** P< 0.001, **** P< 0.0001 by one-way ANOVA followed by

Tukey’s post hoc multiple comparison test.

Moreover, behavioral tasks were also performed to evaluate the retention, reference, and spatial
memory by performing a passive avoidance task (Fig.5.76), a novel object recognition task
(Fig.5.77), and Morri’s water maze test (Fig.5.78). Though results indicate amelioration in
memory loss, it was observed that PLHNPs show significant (P < 0.01) changes in the

HFD+STZ group as compared with REP and PNPs treated rats.
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Fig.5.76: The estimation of transfer latency by performing behavioral parameters using passive avoidance task.
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In summary, the conventional preparations suffer from certain limitations and do not provide
sustained effects therefore novel carriers were developed which could meet requirements for
drug delivery systems. A nanoparticulate drug delivery system has been proposed to improve
the limitations of the conventional system. PNPs and PLHNPs were formulated and evaluated
as effective nanocarrier systems for the brain delivery of REP via oral administration. The
evaluation of both nanoparticles was done by performing various physicochemical, in vitro,
and in vivo studies. Though from physicochemical studies no significant differences were
observed as both have PS < 150nm, PDI< 0.3, and fulfill the morphological criteria of shape,
and size. However, through the results, it was observed that PLHNPs released REP in a
controlled manner, with high effective permeability in the intestine and brain. Moreover, in
cellular studies, the PLHNPs were found to be more effective than PNPs and have a significant
effect on pharmacokinetic parameters. In biodistribution and pharmacodynamic studies of
PLHNPs, a significant effect on the neurochemicals, inflammatory biomarkers, and oxidative
parameters was observed as compared to PNPs. The core-shell structure of PLHNPs which
efficiently loads the poorly water-soluble active ingredient and lipid monolayer reduces the
outward diffusion of the drug and provides stability. Further, the outer layer of lipid PEG
enhances systemic circulation and protects against immune recognition. Hence, it was revealed
that PLHNPs were more efficient for the brain delivery of REP by oral administration than the
PNPs.
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5.6 In vivo studies

5.6.1 Estimation of Neurochemicals bio markers

The effect of REP, REP +MEM, and PLHNPS on neurochemical parameters (BDNF, Af, and
tau protein) was estimated in HFD+STZ-induced wistar rats after the 4 weeks of treatment
(Fig.5.79). It was observed that in DC group rats shows a significant (p<0.001) upregulation in
the levels of AP and tau proteins than the NC group rats. Whereas the BDNF level was
significantly (p<0.001) reduced in DC group rats than the NC group. Though after the treatment
with REP for 4 weeks a significant (p<0.01) reduction in the level of AP and tau proteins was
observed however the BDNF level also improved significantly (p<0.01) compared to DC group
rats. Moreover, significant (p<0.01) changes in the level of AP, tau proteins, and BDNF were
also observed in the REP+MEM group compared to REP but when compared with PLHNPs,
the nonsignificant (p > 0.05) change in the parameters were observed. Thus, the results suggest
that the REP+MEM and PLNPs showed a similar effect and both enhance the effect of REP in

an additive manner.
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Fig.5.79: In vivo estimation of neurochemical parameters to understand the effect of REP after the treatment (A)
BDNF; (B) p-Tau; (C) AB level in brain homogenate of HFD+STZ induced wistar rats, data are represented in
(mean = SEM, n=6 rats per group). " P> 0.05; * P< 0.05; ** P< 0.01, *** P< 0.001, **** P< 0.0001 by one-

way ANOVA followed by Tukey’s post hoc multiple comparison test

5.6.2 Estimation of Proinflammatory cytokines

The level of inflammatory cytokines (TNF-a and IL-6) were observed (Fig.5.80) and found a

significant (p< 0.001) upregulation in the DC group compared to NC rats. After the treatment

with REP, a decrement in these levels was observed and showed a significant (p<0.001)
suppression as compared to DC. Moreover, in the REP+MEM group, a significant (p<0.001)
attenuation in the level of pro-inflammatory cytokines was observed compared to free REP.

Further, no significant change in the level of TNF-a and IL-6 was observed in the REP+MEM

group when compared to PLHNPs. Therefore, it was observed that the PLHNPs showed similar

action as that of REP +MEM.
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Fig.5.80: In vivo estimation of proinflammatory cytokines to understand the effect of REP on (A) TNF-a; (B)
IL-6 level in brain homogenate of HFD+STZ induced wistar rats, data are represented in (mean £ SEM, n=6 rats
per group). * Indicates P< 0.05; ** P< 0.01, *** P< 0.001, **** P< 0.0001 by one-way ANOVA followed by

Tukey’s post hoc multiple comparison test

5.6.3 Estimation of Oxidative stress parameters

In this study, the level of GSH, SOD (antioxidant) MDA, and nitrite (oxidative markers) were
determined to understand the role of REP. The ROS generation (oxidative stress) and
neuroinflammation are the molecular mechanisms involved in neurodegeneration. The
hippocampus and neocortex regions of the brain were the most vulnerable to oxidative stress-
induced impairment. Though the results showed that DC group rats significantly (p<0.001)
increase the levels of oxidative markers (MDA and nitrile) and decreased the levels of
endogenous antioxidants (GSH, SOD) compared to the NC group as shown in Fig.5.81

However, after the treatment with REP+MEM a significant reduction in the level of MDA and
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nitrile was observed compared to REP. Moreover, REP+MEM showed similar action as that
of PLHNPs and no significant attenuation in oxidative markers was observed when compared

REP+MEM to PLHNPs.
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Fig.5.81: In vivo estimation of proinflammatory cytokines to understand the effect of REP on (A) GSH; (B)
SOD; (C) Nitrite; (D) MDA level in brain homogenate of HFD+STZ induced wistar rats, data are represented in
(mean = SEM, n=6 rats per group). * Indicates P< 0.05; ** P< 0.01, *** P< 0.001, **** P< 0.0001 by one-
way ANOVA followed by Tukey’s post hoc multiple comparison test

In summary, the effect of REP was measured when co administered with a low dose of MEM
in HFD-STZ-induced rats. The neurochemical biomarkers, proinflammatory cytokines, and
oxidative stress markers were estimated to understand the effect of REP+MEM and compared
to REP, and PLHNPs. The results suggest that REP in combination with a low dose of MEM
produces an additive effect when compared with free REP group. In addition, the PLHNPs was
also compared to the combination of REP and MEM to estimate the improvement in the
efficacy to REP. Surprisingly, it was found that the REP-loaded PLHNPs exerted therapeutic
responses similar to REP and MEM combination, indicating the developed formulation as an

effective approach in the management of AD.
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6. Summary and Conclusions

> In this work, we have addressed various important questions regarding the role of REP
in the treatment of MetS-linked neurodegenerative disorder i.e., AD. We have
demonstrated for the first time the mechanistic insights of REP to control MetS (T2DM,
BIR) comorbid with AD. The mechanism of REP was identified by assessing in vitro
parameters (cell viability, & ROS) and the in vivo studies (pharmacokinetic&
pharmacodynamic) using HFD fed STZ treated animal model. We have observed that
the REP significantly increased the cell viability in STZ and H20,-treated
neuroblastoma SHSY-5Y cells, indicating the neuroprotective potential of REP. Based
on in vitro data we further tested REP in HFD fed STZ treated animal model and
observed a strong attenuation of AD pathogenesis by accessing the AD biomarkers i.e
AP, hyperphosphorylated tau proteins, and pro-inflammatory cytokines (TNF-a, IL-6),
oxidative marker (MDA, NO) and increased BDNF, antioxidants (GSH, SOD) enzymes
level as compared to HFD fed STZ rats. Similarly, in behavioral studies a significant
improvement (p<0.01) in the retention memory and spatial memory was observed with
the REP treatment (4mg/kg) when compared to the HFD-fed STZ-treated group.
Additionally, a significant (p<0.05) increase in the Bcl-2 (anti-apoptotic marker), ATF-
6 gene expression, and decrement in Bax, Caspase-3 expression (proapoptotic markers)
were observed that indicates a reduction in neuronal cell death when compared with
HFD+STZ disease rats. Moreover, H&E staining also indicates an increase in healthy
neuronal cell count in REP as compared to the HFD-fed STZ-treated group. However,
we have observed pharmacokinetic problems with REP i.e., short half-life (twz) 2.65 £
1.54 h), high clearance rate (163.84 + 17.39 mL/h/kg), and low volume of distribution
(2209.63 + 603.29 mL/kg) based on the PK study.

» Therefore, to circumvent the observed PK problems i.e; low absorptivity, high protein
binding, first-pass metabolism, and to improve the efficacy of REP, the brain-targeted
nano drug delivery systems have been designed and evaluated. Herein, the two types of
PEGylated nanocarrier systems, i.e, PNPs, and PLHNPs were developed, optimized,
and characterized. Primarily, an amphiphilic di-block co-polymer (mPEG-PCL) was
successfully synthesized and characterized using NMR, and GPC. The REP was
successfully loaded into the mPEG-PCL polymer using nanoprecipitation and
formulate REP-loaded PNPs. Further, the optimization of PNPs was done by the QbD

approach, and the characteristic parameters i.e., morphological evaluation (SEM,
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TEM), compatibility with excipients (AT-IR, pXRD &DSC), in vitro release, GIT
stability of PNPs were successfully evaluated. Additionally, SPIP and PAMPA-BBB
assays were performed and improvement in the intestinal absorption, brain permeation
of REP-loaded PNPs were observed as compared to free REP. Furthermore, in vitro
cellular studies confirmed that REP-loaded PNPs significantly enhance cell viability,
and cell uptake, decrease STZ induce neurodegeneration and oxidative stress in SHSY -
5Y cells when compared to free REP. The in vivo pharmacokinetic and biodistribution
study also confirmed that PNPs loaded with REP significantly improved the PK
parameters and enhance the mean resistance time when compared to free REP.
Likewise, in pharmacodynamic studies, it was confirmed that the REP-loaded PNPs
significantly (p<0.01) attenuated the AP, tau proteins, proinflammatory cytokines
(TNF-a, IL-6,), oxidative markers (MDA, NO) levels while improved the BDNF, anti-
oxidants enzymes (SOD, GSH) levels as compared to REP. Furthermore, the behavioral
studies (PAT, MWZ, NOR) also showed a significant (p<0.01) improvement in the
retention, spatial, and recognition memory after being treated with REP-loaded PNPs
compared to free REP. Also, improvement in the healthy neuronal count was observed
in the REP-loaded PNPs compared to REP after performing H&E staining in the CA
and dentate gyrus DG regions of the hippocampus.

Likewise, the other formulation i.e., PLHNPs was successfully formulated using the
nanoprecipitation self-assemble method and optimized by QbD approach response
surface methodology (Box Behnken) with PS, PDI, EE as a response factors. The
morphological characterization of REP-loaded PLHNPs was carried out by SEM, and
TEM techniques, which clearly represented that PLHNPs have a core-shell structure
with a spherical shape. Further, the in vitro release study of REP-loaded PLHNPs
represented a delayed release and also showed good stability in the GIT environment.
Moreover, REP-loaded PLHNPs confirmed an improvement in brain permeation,
intestinal permeation, and absorption rate as compared to free REP. The in vitro cellular
studies of REP-loaded PLHNPs exhibit significant improvement in cellular uptake, cell
viability, and decreased oxidative stress in neuroblastoma SHSY-5Y cells when
compared to free REP. Furthermore, in vivo pharmacokinetic studies, also confirmed a
significant (p<0.05) improvement in the PK parameters as compared to free REP.
Likewise, in pharmacodynamic studies, the REP-loaded PLHNPs significantly
(p<0.01) attenuated the AP, tau proteins, TNF-a, IL-6, MDA, NO levels and improves
the BDNF, SOD, GSH levels when compared to free REP. Furthermore, the behavioral
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studies (PAT, MWZ, NOR) also showed a significant (p<0.01) improvement in the
retention, spatial, and recognition memory after treated with REP-loaded PLHNPs as
compared to REP. Also, improvement in the neuronal count was observed in the REP-
loaded PLHNPs compared to REP after performing H&E staining in the CA and DG
regions of the hippocampus.

Based on conducted in vitro and in vivo studies, both the REP-loaded PNPs and
PLHNPs formulations confirmed the efficient delivery of REP in the brain but to check
the better nanocarrier system among both of them, a comparative evaluation study was
conducted for the delivery of REP to the brain after oral administration. We found that
PLHNPs exhibit better changes like delaying the release of REP and better stability in
the simulated GIT fluids when compared with PNPs. Additionally, PLHNPs showed
significant enhancement in effective intestinal permeability (~3.13-fold), absorption
rate (~1.69-fold), and brain permeability when compared to PNPs. The in vitro cellular
uptake study of PLHNPs also showed ~ 1.2 % more uptake than PNPs. Furthermore,
PLHNPs formulation significantly prevents the neuronal cell death induced by STZ and
H20, in SHSY-5Y cells as evidenced by increased cell viability by 0.97-fold than the
PNPs. Moreover, pharmacokinetic studies also indicated the significant improvement
of tmax by 1.8-fold, Cmax by 1.4-fold, t1» by 1.5-fold, and CL 1.4-fold by PLHNPs when
compared to PNPs. Likewise, in pharmacodynamic studies, PLHNPs strongly
attenuated the level of AP, tau-protein, pro-inflammatory cytokines (IL-6, TNF-a),
MDA, NO and increased the antioxidant enzyme (GSH, SOD), and BDNF levels when
compared with PNPs. Furthermore, behavioral studies (PA, MWM, and NOR test) also
indicated significant improvement in memory and cognitive dysfunctions in PLHNPs
as compared to PNPs. The H&E staining also confirmed the improvement in healthy
neuronal count in PLHNPs when compared with PNPs. Hence, it is confirmed that oral
administration of PLHNPs efficiently promotes the brain delivery of REP more than
that of the PNPs, which may be due to its core-shell nanoparticulate structure which
imparts GIT stability, enhanced permeation, and reduced immunogenicity. The
polymeric core in PLHNPs encapsulates the REP and SPC monolayer surrounding the
core which reduces the outward diffusion and enhances the stability of REP. The outer
layer of DSPE-PEG 2000 prolongs the circulation time of nanocarriers by avoiding
reticuloendothelial system uptake, which is indispensable for increasing the brain’s
uptake of nanocarriers. PEGylation is also known to facilitate the ligand-receptor

interactions at the brain endothelium to ease the entry of REP into the brain.
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» Additionally, to examine the mechanistic co-delivery and the additive/synergistic
benefits of REP in AD comorbid with MetS, the REP was co-administered with a low
dose of MEM in HFD-fed STZ rats. We observed that the REP in combination with a
low dose of MEM produces an additive effect when compared with REP. In addition,
we also compared the REP-loaded PLHNPs whether it may produce the response
similar to the combination of REP and MEM. Interestingly, we found that the REP-
loaded PLHNPs exerted therapeutic responses similar to REP and MEM combination,
indicating the strong translational possibility of our developed formulation for effective

clinical management of AD.
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7.1 Salient findings from the current study

First time, we explored the efficiency of REP as a neuroprotective agent, suggesting
the clinical translation of REP for AD management.

To circumvent the observed pharmacokinetic problems and to improve the efficacy of
REP, the two types of PEGylated formulations i.e., PNPs and PLHNPs were developed,
optimized, characterized, and biologically evaluated.

The PNPs were formulated with the synthesized di block amphiphilic co-polymer i.e.,
mMPEG-PCL, and characterized for the delivery of REP in the brain to treat AD and AD
comorbid with MetS.

Similarly, PEGylated PLHNPs were developed and evaluated to enhance the in vitro
and in vivo efficacy of REP for the treatment of AD comorbid with BIR.

Based on comparative studies of PEGylated nanocarrier systems, the best nanocarrier
i.e., polymer lipid hybrid nanoparticles were explored for effective brain delivery of
REP via oral administration.

Explored the additive effect of REP combined with a low dose of MEM in the BIR

animal model.
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7.2. Future scope of this work

The current research work confirmed that the REP has a neuroprotective potential and also
proved that REP is an effective agent for the treatment of AD co-morbid with MetS (BIR,
T2DM). Based on these findings, utilizing the obtained evidence future research can be

performed as:

e Studying the benefits of other anti-diabetic drugs i.e, DPP-4, SGLT-2, HMGA-CoA
inhibitors, and thiazolidinediones during BIR condition that may further open new
avenues for therapeutic management of neurodegenerative disorders.

e Combining two different classes of drugs may be evaluated for checking the synergistic
potential in BIR conditions

e The synthesized di-block polymer can be further modified for selective delivery to the
brain.

e The formulation can be modified using alternative strategies of nanoparticle formation
such as fabrication techniques, and choice of excipients to increase the entrapment
efficiency, and loading capacity that may eventually reduce the cost.

e The process control parameters can be further optimized for the scale-up and
manufacturing of the formulation.

e The developed formulations can be further processed for dosage form design for patient
compliance.

e The pre-clinical and clinical toxicity and safety investigations can be performed for

long-term usage.
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