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ABSTRACT

Alzheimer's disease (AD) is the most common form of dementia, affecting around 26 million
people worldwide, with an expected four-fold increase by 2050. It is characterized by cognitive
and mental deficits and is caused by the accumulation of toxic amyloid beta (AP) and
neurofibrillary tangles in the brain, leading to neurotoxicity, oxidative stress, and neuro-
inflammation. Recent research has identified a molecular link between ischemia/hypoxia and the
processing of amyloid precursor protein (APP) in AD. Brain regions of AD patients show reduced
cerebral blood flow, which activates &y secretases involved in A production. Hypoxia-inducible
factor (HIF) is stabilized in response to hypoxia, and its role in AD pathogenesis is not yet fully

understood.

The neuro-inflammation triggered by AP deposition is an important component of AD and can
contribute to neurodegeneration. The aging population and the significant burden on the healthcare
system necessitate the development of new diagnostic, preventive, and treatment strategies for AD.
Currently, only symptomatic therapies are available, highlighting the urgent need for novel
approaches. Flavonoids, a class of therapeutic molecules, have shown promise in AD treatment.
Rutin, a naturally occurring flavonoid glycoside found in various foods and fruits, possesses
antioxidant, anti-inflammatory, and cytoprotective properties. However, its specific effects on

microglial activation and inflammatory responses in AD are not well understood.

In this study, primary neuron, PC12 cell and BV2 models were used to investigate the
neuroprotective and anti-inflammatory potential of rutin in AD. We examined the effects of rutin
on AB-induced neurotoxicity, apoptosis, reactive oxygen species (ROS), and lipid peroxidation in
normoxia and hypoxic conditions. Result revealed that rutin increased cell viability and reduced

cell apoptosis in primary neuron, PC12 cell in both conditions. Furthermore, rutin decreased
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reactive oxygen species (ROS), and lipid peroxidation triggered by AP in both normoxic and
hypoxic conditions. In Oder understand neuro-inflammation, BV-2 microglial cells were treated
with lipopolysaccharide (LPS) to induce inflammation. Rutin was co-administered with LPS, and
its effects on inflammatory cytokine expression and nitric oxide levels were assessed. Rutin was
found to decrease the production of pro-inflammatory cytokines and shift microglial activation

from the M1 to the M2 phenotype, indicating a reduction in microglia-related neuro-inflammation.

In conclusion, AB-induced neurotoxicity, apoptosis, ROS, lipid peroxidation and oxidative damage
in primary neurons and PC12 cells, which can be exacerbated by hypoxia, but rutin demonstrates
protective effects by reducing the effects. Rutin also attenuates microglial activation and neuro-
inflammation. These findings suggest that rutin may have therapeutic potential for AD treatment,
due to its antioxidant properties and potential role in HIF stabilization. However, further research
is needed to better understand AD pathogenesis and conduct preclinical testing of rutin as a
potential treatment. Additional studies are necessary to improve the bioavailability of rutin and

investigate its protective effects in AD, which could provide a foundation for future clinical trials.
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Chapter 1

INTRODUCTION

1.1. Overview of Alzheimer's disease

Alzheimer's disease (AD) is a progressive neurodegenerative disease and the most common type
of dementia. Currently, approximately 44 million people worldwide suffer from dementia, with
AD accounting for about 60% of dementia cases (~26 million people) (Winblad, 2016;
Brookmeyer et al., 2018). With the aging population, the prevalence of AD is expected to increase,
affecting approximately 106.8 million people worldwide by 2050, representing a fourfold increase
(Eteghad et al., 2014; Brookmeyer et al., 2018). In the United States, it is estimated that 6.08
million Americans had clinical AD or mild cognitive impairment due to AD in 2017, a number
projected to reach 15 million by 2060 (Brookmeyer et al., 2017). In the UK, approximately 800,000
people were living with dementia, and 62% of these cases were caused by AD, with a predicted
increase to over 2 million by 2051 (Alzheimer's Society, 2015). It is alarming to note that

approximately one person develops dementia every 3 minutes (Alzheimer's Society, 2015).

AD can manifest as either late-onset (sporadic) or early-onset (familial) cases. Late-onset AD,
affecting individuals over the age of 65, accounts for 95% of all AD cases (Singh, 2006). Familial
AD, responsible for 5% of cases, can cause symptoms to appear as early as 30 years of age, with
an inherited dominant gene accelerating the disease progression (Shen & Kelleher, 2007). AD
patients experience cognitive and mental deficits, including memory loss, confusion, and
disturbances in personality and intellect. As a progressive neurodegenerative disease, AD

symptoms worsen over time and typically present in three main stages. Early symptoms include



recent event memory loss, difficulty remembering object names, and repetitive questioning or
conversations. In the middle stage, symptoms progress to increased confusion and disorientation,
delusions, and repetitive behavior. As the disease advances, end-stage symptoms include difficulty

swallowing, significant weight loss, and mobility issues (Alzheimer's Association, 2017).

AD is characterized by the progressive loss of neurons and synapses in specific anatomical regions.
Cortical atrophy, diffused proportionately throughout the cerebral hemispheres rather than being
prominent in specific lobes or one side of the brain, is a significant characteristic of the AD brain
(Vinters, 2015). Currently, the definitive diagnosis of AD is confirmed through autopsy or brain
biopsy. In clinical practice, the diagnosis is typically based on the patient's history and findings
from the Mental Status Examination (Mosconi, 2010). Symptomatic therapies, including
cholinesterase inhibitors and N-methyl-D-aspartate (NMDA) antagonists, are the current treatment
options for AD. Psychotropic medications are often prescribed to manage secondary symptoms
such as depression, agitation, and sleep disorders (Madhusoodanan et al., 2007). While these
treatments aim to slow disease progression and improve the quality of life, they do not target the

underlying cause, and a definitive cure for AD is yet to be found (Alzheimer's Association, 2017).

In recent years, there has been a shift towards providing care for AD patients in home settings
rather than medical facilities. The percentage of Alzheimer's decedents who died in medical
facilities decreased from 14.7% in 1999 to 6.6% in 2014, while the percentage of those who died
at home increased from 13.9% in 1999 to 24.9% in 2014 (Brookmeyer, 2017). AD is the sixth

leading cause of death in the United States, accounting for 3.6% of all deaths in 2014.

Economically, AD poses a significant public health problem. The total payments for healthcare
and long-term care for individuals with AD or other dementias in the United States reached an

estimated $259 billion in 2017. By 2050, these costs could rise as high as $1.1 trillion (Alzheimer's
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Association, 2017). In the UK, the cost of dementia was 23 billion pounds in 2013 (Alzheimer's
Society, 2013). Low-income countries accounted for less than 1% of the worldwide costs (but 14%
of the prevalence of dementia), middle-income countries accounted for 10% of the costs (but 40%
of the prevalence of dementia), and high-income countries accounted for 89% of the costs (but
46% of the prevalence of dementia). The discrepancy is due to the significantly lower cost per
person in lower-income countries, with costs of US$868 in low-income countries, US$3,109 in
lower-middle-income countries, US$6,827 in upper-middle-income countries, and US$32,865 in
high-income countries (Wimo, 2013). In high-income countries, informal care (45%) and formal
social care (40%) contribute to the major costs, while the proportionate contribution of direct
medical costs (15%) is lower. In low-income and lower-middle-income countries, direct social
care costs are minimal, and the predominant costs are associated with informal care provided by

families (Wimo, 2013).

1.2. Historical Background of AD

The disease is named after German psychiatrist and pathologist Alois Alzheimer, who first
described it in 1906 (Hippius and Neundorfer, 2003). In 1901, Dr. Alzheimer observed a 51-year-
old patient named Mrs. Auguste Deter at the Frankfurt Asylum. She exhibited symptoms such as
loss of short-term memory, disorientation, aggression, and paranoia. The patient passed away four
years after Dr. Alzheimer left Heidelberg. Dr. Alzheimer obtained the patient's brain and medical
records and conducted a brain biopsy to examine the correlation between the medical records and
the patient's symptoms. He discovered distinct plaques and neurofibrillary tangles in the brain
histology. On November 3rd, 1906, Dr. Alzheimer reported "a peculiar severe disease process of
the cerebral cortex" at the 37th Meeting of South-West German Psychiatrists held in Tibingen. He

described the patient's symptoms, including progressive cognitive disorder, local neurological



symptoms, hallucinations, delusions, and psychological and social disability. He also presented
histological observations, such as senile plagues, neurofibrillary tangles, and atherosclerotic
alterations. However, this report received a poor reception from academia from the beginning
(Hippius and Neunddorfer, 2003). One of his colleagues, Emil Kraepelin, first named the disease
"Alzheimer's Disease” in the eighth edition of his book Psychiatrie in 1910 (Hippius and
Neundorfer, 2003). At that time, the name of the disease indicated "presenile dementia,” but its
meaning was later expanded to include "senile dementia,” which is the more common type of

dementia (Mdller, 2013).

Following the invention of the electron microscope in 1931 and the development of cognitive
measurement scales in 1968, progress has been made in understanding the neurogenetics and
pathophysiology of AD (Maurer & Maurer, 2003). In 1984, researchers identified "a novel
cerebrovascular amyloid protein™ known as beta-amyloid (AB), which is the chief component of
Alzheimer's brain plagques and a prime suspect in triggering nerve cell damage (Glenner and Wong,
1984). In 1986, researchers discovered that the tau protein is a key component of tangles, which
are the second pathological hallmark of AD and another prime suspect in nerve cell degeneration
(Wippold, 2008; Alberto, 2011). In 1987, the first gene associated with the inherited forms of AD
was identified. This gene, located on chromosome 21, codes for amyloid precursor protein (APP)
(Goldgaber, 1987; Kang, 1987; Tanzi, 1987a, 1988). In 1993, the first Alzheimer's risk factor gene
was identified. APOE-e4, a form of the apolipoprotein (APOE) gene on chromosome 19, was
recognized as the first gene that increases the risk for AD but does not determine its occurrence
(Strittmatter, 1993). In the past 20 years, significant discoveries have been made regarding the
mechanisms through which altered amyloid, phosphorylated tau, inflammation, oxidative stress,

and hormonal changes contribute to neuronal degeneration in AD.



1.3. Pathology and Pathogenesis of AD

Although the exact aetiology of the disease is not known, AD has distinguishing pathological
characteristics, including neurofibrillary tangles, granulovascular bodies, and argentophilic
plaques that consist predominantly of amyloid proteins (Alzheimer's.org.uk, 2014). In the brains
of AD patients, there is an accumulation of amyloid-beta (Ap) in the extracellular matrix (Radu,
2013), and there is aggregation of neurofibrillary tangles consisting of hyperphosphorylated tau
protein (a microtubule-associated protein) in neuronal cell bodies (Robert, 2009). The formation
of neurofibrillary tangles in nerve cells and the deposition of AP plaques cause disruption of
normal cell architecture and nerve damage, resulting in cell death in the cerebral cortex, which is

associated with cognitive function and memory (Turner, 2014).

Neuroinflammation plays a significant role in the pathogenesis of AD, as there is a significant
upregulation of inflammatory mediators such as macrophage inflammatory protein-a (MIP-1a),
transforming growth factor-p (TGF-p), Interleukin-1p (IL-1pB), IL-6, IL-8, and tumor necrosis
factor-a (TNFa) in the brains of AD patients (Paduraria, 2013). Post-mortem studies have shown
that the blood-brain barrier (BBB) is compromised, and proteins such as albumin,
immunoglobulin, fibrinogen, and thrombin accumulate in the cortex and hippocampus (Montagne,
2015). Brain imaging studies also reveal the accumulation of iron and microbleeding in AD,
primarily in the hippocampus (Montagne, 2015). Furthermore, there is a decrease in the metabolic
rate of glucose in the brains of AD patients due to downregulation of glucose transporters GLUT1
and GLUT3. This results in neurodegeneration through downregulation of O-linked-N-
acetylglucosaminylation (O-GIcNAcylation) and hyperphosphorylation of tau in AD (Kalaria,

1999; Liu, 2008).



1.3.1. Amyloid plaques

Senile amyloid plaques are formed by the extracellular nonvascular accumulation of AB40 and
AP42 peptides, which result from the abnormal processing of amyloid precursor protein (APP) by
B- and y-secretases and an imbalance in the generation and clearance pathways (Alzheimer's, 1995;
Kumar and Singh, 2015). APP is an integral membrane protein expressed in many tissues,
particularly in the synapses of neurons. It has been implicated as a regulator of synaptic formation
and repair (Priller, 2006), anterograde neuronal transport (Turner, 2003), and iron export (Duce,

2010).

Human APP can be processed through two alternative pathways: amyloidogenic and
nonamyloidogenic (Figure 1.1). In the nonamyloidogenic pathway, APP is first cleaved by a-
secretase, releasing soluble APPa (sAPPa) and leaving an 83-amino-acid C-terminal fragment
(C83). This cleavage is increased by neuronal activity and the activation of muscarinic
acetylcholine receptors (Haass, 1995). Further processing involves intramembrane cleavage of the
a- and B-C-terminal fragments by y-secretase, liberating the P3 and A4 peptides, respectively
(Kahle and De Strooper, 2003; Iwatsubo T, 2004). The A4 peptides, also known as A peptides,
fold into beta-pleated sheet structures that are highly fibrillogenic. They bind congophilic dyes and
exhibit birefringence upon exposure to polarizing light, characteristic of amyloid (Sipe and Cohen,
2000). Antibodies targeting AP peptides have shown their involvement in the early formation of

amyloid plaques, which may not be detected with congophilic dyes (Rozemuller, 1989).

The amyloidogenic processing of APP involves sequential cleavages by - and y-secretases at the
N and C termini of AP, respectively (Figure 1.1) (Joshi and Wang, 2015). The 99-amino-acid C-
terminal fragment (C99) generated by [-secretase cleavage can be internalized and further

processed by y-secretase at multiple sites, leading to the production of cleavage fragments ranging



from 43 to 51 amino acids. These fragments are further cleaved to generate the main final forms
of AP: the 40-amino-acid AB40 and the 42-amino-acid AB42, which predominantly constitute
amyloid plaques in AD (Olsson, 2014; Takami, 2009). AB42 is particularly fibrillogenic and

associated with the pathology of AD (Masters, 2015).

The cleavage of C99 by y-secretase also liberates an APP intracellular domain (AICD), which can
translocate to the nucleus and potentially regulate gene expression, including the induction of
apoptotic genes. Additionally, the cleavage of APP/C99 by caspases produces a neurotoxic peptide
(C31) (Lu, 2000). The B-site APP cleaving enzyme is abundant in neurons, which may accelerate

the amyloidogenic processing pathway in the brain and impair neuronal survival.
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Figure 1.1 Cleavage of APP and Physiological roles of APP and APP Fragments. Amyloid
precursor protein (APP) can be cleaved through two mutually exclusive pathways. Different
fragments resulting from APP processing, including Ap, can have multiple roles in normal brain

physiology, as shown in the boxes. In the amyloidogenic pathway, APP is cleaved by [-secretase
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(beta-site APP cleaving enzyme 1, BACEI) and y-secretase enzymes (PSENL1 is the catalytic core
of the multiprotein y-secretase complex). The initial f-secretase cleavage produces a large soluble
extracellular domain, secreted amyloid precursor protein-g (sAPPp). The remaining membrane-
bound C99 fragment is then subjected to multiple sequential y-secretase cleavages. These
cleavages begin near the inner membrane at the y-secretase cleavage site epsilon (e-Site),
generating the APP intracellular domain (AICD). Subsequent y-secretase cleavages trim the
remaining membrane-bound component to produce different-length Ag peptides, including Ap43,

AP42, AB40, and AB38. (Joshi and Wang, 2015).

In the non-amyloidogenic pathway, APP is consecutively processed by a- and y-secretases to
produce secreted amyloid precursor protein o (sSAPPa), p3 (which is AB17-40/42), and AICD. The
major a-secretase enzyme is A Disintegrin and metalloproteinase domain-containing protein 10
(ADAM10). The cleavage via amyloidogenic and non-amyloidogenic pathways depends on the
cellular localization of cleavage enzymes and full-length APP, which are expressed and trafficked

in specific subcellular locations (Morris et al., 2015).
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Figure 1.2 Diagrammatic presentation of APP processing pathway. APP is cleaved by a, f, and y
secretases. In the non-amyloidogenic pathway, a-secretase cleaves APP to form soluble sAPPa
and non-foxic p3. In the amyloidogenic pathway, Af peptides are formed via APP cleavage by f
and y secretases. Ap40 and AP42 form oligomers that result in neuronal toxicity and cell death

(Kumar et al., 2015).

The two types of amyloid plaques most observed in AD are diffuse plaques and dense core plaques
(Figure 1.3) (Thal et al., 2006; Serrano-Pozo et al., 2011). Diffuse plaques are formed in the
neuropil and are weakly stained by thioflavin S and other amyloid binding dyes (e.g., Congo red).
They lack argyrophilia on Bodian silver stains and do not show distinct accumulation of activated
microglia and reactive astrocytes. In contrast, dense core plaques have dense reticular or radiating
compact dense amyloid and are intensely positive with thioflavin S fluorescent microscopy and

Congo red, indicating that they contain more fibrillogenic forms of AP (Thal et al., 2006).



Additionally, a subset of dense core plaques has neuritic elements, as shown in Fig. 1.3c and d.
Dense core neuritic plaques are also accompanied by synaptic loss, activated microglia, and
reactive astrocytes (Thal et al., 2006). On the other hand, diffuse plagues can be observed in
advanced AD, even though they lack neuritic components. The diffuse plaques are positive with
AP immunohistochemistry and contain filamentous AP at the ultrastructural level, but it is

uncertain whether diffuse plaques are a part of pathological aging or an early stage in the

maturation of neuritic AP plaques (Thal et al., 2006).

Figure 1.3 Alzheimer's Senile Plaques. Immunohistochemistry of affected Alzheimer's tissues using
antibodies directed against A peptides demonstrates the presence of both diffuse (a) and dense

core (b) senile plaques. These dense core plaques are often associated with neuritic elements that
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can stain filamentous tau and correlate with disease severity. Neuritic AD plaques are readily
observed using Bielchowsky silver staining (c) or Thioflavin S staining (d). These stains can also
label neurofibrillary tangles, as shown by the arrowheads. The scale bars are 40 um (Serrano-

Pozo et al., 2011), (Thal et al., 2006).

Neuritic plaques contain activated microglia and reactive astrocytes, and their processes
intermingle with neuritic elements in the plaque periphery. Some of the dystrophic neurites related
to neuritic plaques contain tau filaments, which have a paired helical filament morphology as
observed with electron microscopy (Serrano-Pozo et al., 2011). These are termed "type 1"
dystrophic neurites, and it is proposed that they occur in regions receiving input from neurons
bearing neurofibrillary tangles in their soma (Thal et al., 2006). These dystrophic neurites are
heterogeneous in nature. Additionally, some dystrophic neurites contain neurofilament proteins,
suggesting cytoskeletal changes in the neurodegenerative process (Dickson and Vickers, 2001).
Recent studies have revealed that exogenous AP fibrils lead to cell death and disruption of
membrane integrity in a cell culture model (Han et al., 2017). Understanding the links between
amyloid-driven neuritic pathology, more widespread tau neuronal and thread pathology, as well as

neuronal loss, remains an area of active research (Kalaria, 1999; Liu et al., 2008).
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Figure 1.4. Pathology of Alzheimer's disease. Brain sections from a patient with dementia are
stained with silver, revealing neuritic plaques in panel ‘a’ and a neurofibrillary tangle in panel 'b'.
The plaques in panel 'a’ consist of an amorphous reddish protein (Af) with dystrophic neurites
(indicated by yellow arrows and dark black material). (c) AP plaque stained with an anti-Ap
antibody (red) shows infiltrating microglia stained with an IBA1 antibody (green). Each line

represents 40 microns. (Richard et al., 2011).

1.3.2. Neurofibrillary tangles (NFT5)
Neurofibrillary tangles (NFTs) are comprised of the microtubule-associated protein tau, in the

form of filamentous aggregates. Tau proteins are a group of six highly soluble protein isoforms
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produced by alternative splicing from the microtubule-associated protein tau (MAPT) gene
(Goedert et al., 1988; 1989). Tau protein is found in neurons and plays a crucial role in stabilizing
internal microtubules. Under normal conditions, tau is a phosphoprotein, with isoform expression
and phosphorylation levels regulated during development. Normal brain tau contains 2-3 moles of
phosphate per mole of the protein (Kopke et al., 1993; Igbal et al., 2010), which is optimal for its

interaction with tubulin and the promotion of microtubule assembly.

In the disease state, tau has been found to be abnormally hyperphosphorylated, resulting in
significantly higher phosphate content than normal tau due to phosphorylation at new sites on the
protein (Kopke et al., 1993). Hyperphosphorylation of tau can inhibit microtubule assembly and
disrupt preassembled microtubules in vitro (Alonso et al., 2001). Under pathological conditions,
tau has also been shown to be present in dendrites and impair synaptic function (Hoover et al.,
2010). More recently, it has been proposed that tau acts as a prion-like protein in disease
transmission (Alonso et al., 2018). Hyperphosphorylation of tau impairs its biological activity, and
in the brains of individuals with Alzheimer's disease (AD), tau is three to four-fold more
hyperphosphorylated than in the normal adult brain. In this hyperphosphorylated state, tau
polymerizes into paired helical filaments (PHF) admixed with straight filaments (SF), forming
neurofibrillary tangles. The abnormally hyperphosphorylated tau in AD brain is distinguished from
transiently hyperphosphorylated tau by its ability (1) to sequester normal tau, MAP1, and MAP2
and disrupt microtubules, and (2) to self-assemble into PHF/SF. The cytosolic abnormally
hyperphosphorylated tau, due to oligomerization, unlike normal tau, can sediment, and upon self-
assembly into PHF/SF, it loses its ability to sequester normal microtubule-associated proteins
(MAPSs). Truncated forms of tau present in the AD brain also promote self-assembly. The tau

polymerized into neurofibrillary tangles is apparently inert and does not bind to tubulin or promote
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microtubule assembly (Alonso et al., 2006; Igbal et al., 1994; Khatoon et al., 1995). Up to 40% of
the abnormally hyperphosphorylated tau in the AD brain is present in the cytosol and not
polymerized into paired helical filaments/neurofibrillary tangles (Kopke et al., 1993; Igbal et al.,
1986; Bancher et al., 1989). The cytosolic abnormally hyperphosphorylated tau (AD P-tau) in AD
does not bind to tubulin and promote microtubule assembly but instead inhibits assembly and
disrupts microtubules, as described in Fig. 1.5 (Alonso et al., 1994; Li et al., 2007; Wang et al.,
1993). This toxic property of pathological tau involves the sequestration of normal tau by the
diseased protein (Alonso et al., 1994; Alonso et al., 1996). AD P-tau also sequesters the other two
major neuronal microtubule-associated proteins, MAP1 A/B and MAP2 (Alonso et al., 1997). The
toxic behavior of AD P-tau appears to be solely due to its abnormal hyperphosphorylation because
dephosphorylation of diseased tau converts it into a normal-like protein (Alonso et al., 1994; Li et

al., 2007; Wang et al., 1996).
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Figure 1.5. A diagrammatic representation of various pathological states of tau originating from

Alzheimer Disease and tauopathies

normal brain tau and associated loss of normal and gain of toxic functions. Normal brain tau,
which has a stoichiometry of 2-3 moles phosphate/mole of the protein, stimulates the assembly of
tubulin and stabilizes the structure of microtubules. During development, anesthesia, and
hypothermia, such as during hibernation, tau undergoes transient hyperphosphorylation. During
development, the level of brain tubulin is >4 mg/ml, the critical concentration required for self-
assembly into microtubules, and the role of tau for this function is less critical. However,
hyperphosphorylation of tau during anesthesia and hypothermia leads to a decrease in the
microtubule network and its associated functions (Alonso et al., 1994; Li et al., 2007; Wang et al.,

1993).
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In the AD brain, an imbalance between phosphorylation and dephosphorylation, apparently
caused by a decrease in protein phosphatase-2A activity, leads to abnormal hyperphosphorylation
of tau. This abnormal hyperphosphorylated tau (AD P-tau) sequesters normal microtubule-
associated proteins (MAPSs) from microtubules, causing inhibition and disruption of microtubules.
Additionally, the binding of AD P-tau to MAP1 or MAP2 results in the formation of amorphous
aggregates, while binding to normal tau forms oligomers. Unlike normal tau, which is highly
soluble, the tau oligomers formed with AD P-tau can be sedimented at 200,000 x g and self-
assemble into paired helical filaments (PHF)/straight filaments (SF) in the form of neurofibrillary

tangles (Kopke et al., 1993; Igbal et al., 2010).

The abnormal hyperphosphorylation of tau makes it resistant to proteolysis by the calcium-
activated neutral protease, and turnover of hyperphosphorylated tau is several-fold slower than
that of normal tau. Consequently, tau levels are significantly increased in AD brains compared to
normal brains. The fact that tangle-bearing neurons seem to survive for many years and that the
decrease in microtubule density in AD brain is unrelated to PHF accumulation suggests a self-
defense role of tangle formation. Using an inducible transgenic mouse model expressing human
four-repeat tau with the P301L mutation, it was revealed that cognitive deficiencies correlated with
the appearance of soluble hyperphosphorylated tau. When tau expression was turned off in this
model, there was no clearance of polymerized tau, soluble phosphotau decreased, and there was
an improvement in cognition, suggesting that polymerized tau alone was not sufficient to cause

cognitive decline or neuronal cell death (Santacruz et al. 2005). Research have demonstrated
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widespread neurodegeneration in human tau transgenic mice, but PHF-containing neurons
appeared "healthy” in terms of nuclear morphology, suggesting that the polymerization of
hyperphosphorylated tau into fibrils was likely neuroprotective (Andorfer et al. 2005). Thus, these
studies collectively demonstrate the pivotal involvement of abnormal hyperphosphorylation in
neurofibrillary degeneration and the disruptive properties of cytosolic abnormally
hyperphosphorylated tau to the microtubule network, while AD P-tau polymer remains inert. The
loss of normal tau function (stabilization and maintenance of microtubules), combined with a toxic
gain of function, could compromise axonal transport, and contribute to synaptic degeneration.
Accumulation of tau oligomers alone at synapses, instead of neurofibrillary tangles, has been
shown to cause synaptic malfunction. This occurs through a process called tau seeding, in which
tau oligomers can propagate their pathology to healthy neighboring neurons by crossing synapses.
Understanding the influence of inflammation on extracellular tau proteins will provide a better

understanding of the inflammatory process in tau pathology. (Guerrezo-munoz et al., 2015).

1.4.1. The Amyloid Cascade Hypothesis in AD

The amyloid cascade hypothesis, proposed by Hardy and Allsop in 1991, suggests that a mutation
causes the cleavage of amyloid precursor protein (APP) by B- and y-secretases, resulting in the
production of amyloid-beta (AB) (Hardy and Higgins, 1992). AP is a sticky fragment that tends to
aggregate and form plaques. These plaques are believed to contribute to the degeneration of
hippocampal cells and the formation of neurofibrillary tangles (NFTSs). In a 25-year review of the
hypothesis, Selkoe and Hardy (2016) expanded upon the original hypothesis by proposing that the
mutation of the ApoE4 gene could be one of the probable causes for the accumulation of AB. They
suggest that ApoE4 is associated with reduced clearance of AP from the brain, thereby leading to

the onset of the disease.
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Figure 1.6. The Amyloid Hypothesis. The amyloid hypothesis proposes that the aggregation of
amyloid-beta (Ap) triggers a cascade of events that leads to Alzheimer's disease (AD). Familial
mutations in PSEN1, PSEN2, or APP are associated with early-onset AD (EOAD), and these
genetic risk factors are believed to affect the cleavage of AP from APP, resulting in its
oligomerization and the formation of Af plaques. As shown above, Individuals with trisomy 21

(Down Syndrome), who have an extra copy of APP, also experience EOAD (Morris, 2015).

The strongest genetic risk factor for late-onset AD (LOAD) is the presence of at least one APOE4
allele. The exact triggers for AR accumulation in LOAD are still unclear, but it is suggested that
various contributing factors, such as reduced A clearance due to APOE genotype, may play a
role. The oligomerization of AP is proposed to initiate a cascade involving the formation of
neurofibrillary tangles (NFTs) composed of hyperphosphorylated tau, synapse loss, neuron death,

and widespread neuroinflammation, particularly in brain regions associated with learning and
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memory, such as the hippocampus. As the burden of amyloid increases, the progressive loss of

synapses and neurons is thought to lead to dementia (Morris, 2015).

Putative evidence in support of the hypothesis: The AB hypothesis is supported by compelling
evidence for the origins of AD. Studies involving APP, PS1, PS2, and APOE have provided
substantial support for the hypothesis, as depicted in Figure 1.6. Mutations in APP, PS1, and PS2
are associated with EOAD, while APOE4 mutations are linked to LOAD. Familial mutations in
PSENI1, PSEN2, or APP are postulated to affect the cleavage of AP from APP, leading to its
oligomerization and eventual plague formation. Individuals with trisomy 21 (Down Syndrome),

who have an extra copy of APP, also suffer from EOAD (Figure 1.6).

The discovery that transgenic mice expressing familial human APP and PSEN mutations
recapitulate many, though not all, features of the human disease (Games et al., 1995) further
solidified the connection between aberrant A} production and the AD phenotype. This finding
firmly linked the field to the amyloid hypothesis for subsequent decades. The conclusions of these
studies were based on the unquestioned assumption that AP, rather than altered expression of APP
or its products, causes AD pathology. This assumption was rooted in the fact that AP is a key
component of plagues and exerts neurotoxic effects on healthy cells (Pike et al., 1995).
Additionally, the hyperphosphorylation of tau, which is believed to occur downstream of Ap, was
recognized as a critical mediator of AB-induced neurotoxicity (Ittner and Gotz, 2011), placing AP
at the top of the pathological cascade in AD. The strongest genetic risk factor for LOAD is the
presence of at least one APOE4 allele. The triggers for A accumulation in LOAD remain unclear,
but it is suggested that multiple contributing factors, including reduced A clearance due to APOE

genotype, may be involved.
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In general, the risk genes identified for LOAD have subtle effects and do not directly associate
with the APP gene or its processing enzymes. The well-known genetic link to LOAD is the APOE4
allele (Jonsson et al., 2012). APOE is responsible for the clearance of AP fragments (Corbin et al.,
2013). Among the four isoforms, APOE1, APOE2, and APOE3 exhibit normal A clearance in
wild-type mice, while the presence of the inherited ApoE4 allele reduces A clearance (Singh et
al., 2006). Although the ApoE4 allele provides convincing evidence for AR accumulation, there is
no evidence that it directly causes AD; rather, the polymorphism in ApoE4 accelerates the
development of AD. Evidence from the PDAPP transgenic mouse models (AD mouse model)
demonstrated that APOE1 regulates A clearance, with the effectiveness gradually decreasing in
APOE2, APOE3, and APOE4 genes. Therefore, there is sufficient evidence to suggest that APOE

genes play a significant role in AD, supporting the AP cascade hypothesis (Reitz, 2012).

Recently, another strong risk gene for LOAD, a variant of the triggering receptor expressed on
myeloid cells 2 gene (TREM2), has been identified, implicating excessive innate immunity in
Alzheimer's pathogenesis (Jonsson et al., 2012). While these two mutations have been
investigated, many more suspected genes have been associated with LOAD, as shown in Table
1.1. Most of these genetic risk factors have been interpreted in the context of the amyloid

hypothesis due to their modulatory effects.

Table 1.1 Suspected Genes Associated with LOAD (Samantha et al., 2014)

Chromosome Position Gene
1032 CR1

6pl2 CD2AP
70922.1 ZCWPW1
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11p11 CELF1
2q37.1 INPP5D
6p21.1 TREM?2
7934 EPHA1L
11g12.1 MS4AG6A
2014 BIN1
6p21.3 HLA-DRB1
8p21.1 PTK2B
11q14 PICALM
5q14.3 MEF2C
7pld.l NMES
8p21-p12 CLU
11023.2-24.2 SORL1
14922.1 FERMT2
19p13.3 ABCA7
19913.2 APOE
20913.31 CASS4
14932.12 SLC24A4/RIN3
19¢13.2 PLD3
19913.3 CD33
21921.3 APP

Putative Evidence against the Hypothesis: Despite considerable evidence supporting the

amyloid cascade hypothesis, there are some controversies against the hypothesis. The amyloid
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cascade hypothesis suggests that A derived from APP is the initial trigger in AD, resulting in
neuronal cell death and dementia. However, studies have examined increased expression of APP
pathologically like patients with AD in patients who suffer from head trauma (Reitz, 2012). This
evidence suggests that increased expression of APP is due to neuronal injury, resulting in increased
AP production. Therefore, this challenges the hypothesis that states that AP is the initial trigger for

AD, indicating that AD pathogenesis is due to neurodegeneration.

Furthermore, neurofibrillary tangles (NFTs) are a hallmark of AD, formed because of AP causing
aggregation of phosphorylated tau filaments into NFTs. NFTs have also been shown to increase
due to head injury, like the way APP is overexpressed in head trauma (Reitz, 2012). This suggests
that NFTs are not the cause of AD but rather a response to neuronal injury. Studies conducted in
rats suggested that the formation of AP and NFTs may be reactive, as rats injected with toxins
showed APP induction in hippocampal neurons (Reitz, 2012). This evidence suggests that an
increase in APP may be due to the loss of nerves in the cortex, thus serving as an intermediate step

to NFT formation.

Furthermore, although AP plaques and NFTs are considered the hallmarks of AD, studies
examining the brains of a large number of patients with AD found that the origin of NFTs appeared
first in a different part of the brain (limbic system) compared to where AP plaques initially
appeared (cortical regions), and the spread of these pathologies differs as the disease progresses
(Pimplikar, 2009). This suggests that the formation of AP plaques and NFTs may not be directly
connected or that the relationship between the two is unclear. Additionally, studies have found that
the level of AP plaque load does not directly correlate with the extent of dementia in AD patients,
and some patients with severely impaired memory showed no plaques at all upon post-mortem

analysis (Pimplikar, 2009). Neuroimaging has also shown the presence of plaques in cognitively
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normal individuals (Pimplikar, 2009), indicating that plaques do not necessarily result in dementia

seen in AD.

In the amyloid hypothesis, the origin of AP depositions in AD remains unclear but is fundamental
to the pathology of AD (Assema et al., 2012). While genetic mutations are linked to excessive AP
production in familial early-onset AD, most late-onset AD cases may be due to inadequate

clearance of AP from the brain rather than increased production (Cirrito et al., 2005).

Zenaro et al. (2015) suggest that A is not the main cause of AD, as AP plaques can be found in
the brains of elderly patients without AD. The article argues that factors such as the activation of
microglial cells contribute to the pathogenesis of AD. Microglial cells are part of the cerebral
immune system and respond to pathological changes in the brain. The repeated activation of
microglial cells may contribute to the loss of blood-brain barrier (BBB) integrity and the

progression of AD (Wake et al., 2011).

Munoz and Feldman (2000) suggest that in patients with mild dementia, the density of A plaques
does not linearly correlate with the severity of cognitive dysfunction. They propose that aging is a
major risk factor for AD development, as increased oxidative damage to proteins and membrane
lipids, along with a decrease in antioxidant enzyme function, may play a role in AD development.
The argument that AP plaques develop in the aging brain regardless of the presence of AD has
been a major counterargument against the amyloid cascade hypothesis. However, in a 25-year
review of the hypothesis, Selkoe and Hardy (2016) addressed this argument and proposed that
while the amyloid cascade is important in AD, it may not be the primary driver of the disease
beyond a certain point. Once AD progresses beyond the mild stage, the anti-amyloid approach

may no longer be effective. Smith et al. (2017) emphasize that preventing amyloid accumulation
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could slow or stop AD progression and suggest that research should focus on finding a cure for

the disease rather than proving a theory.

1.4.2. Amyloid B Toxicity

According to the amyloid cascade hypothesis, APP is normally cleaved by a-secretase, but in
aberrant processing, it is cleaved by B- and y-secretases, resulting in an imbalance between the
production and clearance of A peptide (Kumar et al., 2015). This leads to the aggregation of AP
peptide into soluble oligomers and the formation of insoluble fibrils with a beta-sheet

conformation, which are eventually deposited in diffuse senile plaques (Kumar et al., 2015).

Recent studies have shown that AB42 oligomers are produced by the cooperative activities of both
neurons and associated astrocytes (Dal Pra et al., 2015). These APB42 oligomers induce oxidative
damage and promote tau hyperphosphorylation, resulting in toxic effects on synapses and
mitochondria. During the late stage, Ap42 plaques attract microglia (Kumar et al., 2015). The
activation of microglia leads to the production and release of proinflammatory cytokines, including
IL-1B, TNF-0, and IFN-y. These cytokines stimulate the nearby astrocytes and neurons to produce
more AP42 oligomers, thereby activating more AB42 production and dispersal (Dal Pra et al.,
2014). AP oligomers also lead to the destruction of oligodendroglia (Antanitus, 1998).
Oligodendroglia is particularly susceptible to oxidative stress caused by A oligomers due to their
low content of reduced glutathione (GSH) and high concentration of iron, which impairs their

ability to scavenge oxygen radicals (Galimberti et al., 2013).

Neurotoxicity: A lies at the heart of the amyloid cascade hypothesis, and its amyloid fibrillar
form is the primary component of amyloid plaques found in the brains of AD patients. A toxicity
is responsible for various pathological aspects of AD, including neuroinflammation,

neurofibrillary tangles, and oxidative damage as shown in figure 1.7 (Richard et al., 2011). Earlier
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research on tissue culture has shown that exposure to A fibrils leads to cell death within 24 hours
due to the toxicity of AP on neurons, and this cell death may be attributed to apoptosis triggered
by the oxidative effects of AP (Deshpande et al., 2006). There is controversy regarding the form
of AP that is toxic to neurons, with evidence suggesting picomolar toxicity of oligomeric
assemblies, possibly in the form of dimers, as well as multimeric pore-like complexes of AP
monomers (Shankar et al., 2008). There is also evidence indicating differences in the relative
toxicities of intracellular and extracellular AP, as intracellular injection of AP42 results in neuronal

death and intracellular AP is seen in early AD (Laferla et al., 2007).
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toxicity through several mechanisms, including microglial infiltration, the generation of reactive
oxygen species, and synaptic damage. Neurofibrillary tangles are generated by Af-induced tau
phosphorylation and cleavage. Enzymes activated directly by extracellular Af include GSK3p,
Cdk5, and multiple caspases, which activate tau cleavage and phosphorylation among their many

harmful effects (Richard et al., 2011).

The interaction of AP with different neurotransmitter receptors is considered one of the most
significant pathological events in the origin of AD, particularly in synaptic dysfunction associated
with cognition. It has been reported that AP decreases the activation of a-amino-3-hydroxy-5-
methyl-isoxazolepropionic acid (AMPA) receptors and reduces their amount at the postsynaptic
level. This occurs through several mechanisms: (a) AP increases the activity of Caspase 3, which
proteolytically acts on the AMPA receptor; (b) AP inhibits the auto-phosphorylation of
Ca2+/Calmodulin 1l-dependent protein kinase (CaMKII), which phosphorylates the AMPA
receptor; (c) AP directly phosphorylates the GluR2 subunit, promoting the endocytosis of the
receptor; (d) AP induces the endocytosis of AMPA receptors; (e) AP stimulates extra synaptic
NMDA receptors, potentially coupled with the p38 MAPK pathway; and (f) signaling pathways
activated through AB-induced inflammation may also converge on the activation of p38 mitogen-
activated protein kinase (MARK) (Gasparini and Dityatev, 2008). AP has a significantly higher
affinity for a7-nicotinic receptors compared to aff 1-40, and it has been proposed that this binding
plays a significant role in the internalization and accumulation of AP in cholinergic neurons.
Blocking a7 receptors has been shown to successfully prevent the internalization and accumulation
of AP 1-42. The presence of a7-nicotinic receptors in neurons that predominantly accumulate A3
1-42 suggests that this receptor may contribute to the selective cellular toxicity of AP in the brain

of AD patients (Oddo et al., 2005). Palop and Mucke (2010) suggested that AP reduces excitatory
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transmission across synapses by decreasing glutamatergic synaptic transmission, leading to
synaptic loss over time. Increased AP levels result in an inhibitory effect on neuronal excitability
through a negative feedback loop, leading to a decline in neurological function. AP aggregation
leads to synaptic degeneration, as depicted in Figure 1.7. These distinct pathological features are
found in the neocortex, hippocampus, and other subcortical regions, which are essential for
cognitive function. The presence of such lesions in the brain also serves as diagnostic markers for

predicting the progression of AD (Eteghad et al., 2014).

Oxidative Damage: A possesses metal-binding sites, particularly for Cu2+, in its first 15 amino
acids, constituted by histidines 6, 13, and 14, and the tyrosine at position 10 (Kontush et al., 2001).
AP can reduce Cu2+ and Fe3+ to their more affinity-favorable forms, Cu+ and Fe2+, respectively.
This enables molecular oxygen to react with reduced metals, generating superoxide anion, which
combines with hydrogen atoms to form hydrogen peroxide. Hydrogen peroxide can then react with
another reduced metallic ion, leading to the production of hydroxyl radicals via the Fenton
reaction. Radicals of AP can extract protons from neighboring lipids or proteins, generating lipid
peroxides and carbonyls, respectively (Smith et al., 2007). The role of metals in AB's toxicity has
been demonstrated in experiments where the withdrawal of metals from the reaction medium or
the use of deferoxamine significantly reduced AP toxicity levels in cellular cultures (Hureau and

Faller, 2009).

AP has been found in various intracellular membranous structures, including the endoplasmic
reticulum, Golgi system, lysosomes, endosomes, and the mitochondria's inner membrane or matrix
(Wang et al., 2007). However, the origin of mitochondrial AP is still uncertain. While APP is
believed to be in the mitochondrial outer membrane, enzymes with B-secretase activity have not

been found at the mitochondrial inner membrane, and only the y-secretase class of enzyme has
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been observed. This suggests two possibilities: either the products of B-secretases are transported
to the mitochondria from other cellular sources, where their proteolysis by y-secretases takes place,
or AP peptides are generated at a separate site and subsequently transported inside the
mitochondria. A tight temporal and sequential relationship exists between the accumulation of
mitochondrial AP and its dysfunction (Wang et al., 2007). In vitro studies have shown that
exposure of mitochondria to AP leads to a decrease in respiratory states and the activity of
cytochrome ¢ oxidase and other enzymes in the Krebs cycle. Other studies have demonstrated that,
in the presence of calcium, AP can create transition pores in the mitochondrial membrane, resulting
in the release of cytochrome C and the initiation of pro-apoptotic signaling pathways. AB can
directly inhibit the generation of mitochondrial ATP and affect the proper functioning of the a-
subunit of ATP synthase (Schmidt et al., 2008). Additionally, research has revealed that subtoxic
and chronic administration of AP inhibits the transport of nuclear proteins to the mitochondria,
leading to impairment in membrane potential and the production of ROS (Sirk et al., 2007).
Enzymes such as NADPH oxidase, xanthine oxidase, and A2 phospholipases (both cytosolic and
calcium-dependent forms) have also been implicated in mitochondrial dysfunction and ROS
production caused by AB. Pharmacological blockade of these enzymes significantly reduces ROS

production and mitochondrial dysfunction induced by Ap (Wang et al., 2007).

Neuroinflammation: The early accumulation of A in the brain can lead to brain cell pathology
through inflammation, including complement activation, microgliosis, increased cytokine
expression, astrocytosis, and acute phase protein response. The immune response in the brain
following AP deposition results in the accumulation of inflammatory mediators, including free

radicals, IL-1, IL-6, TNFa, and microglial activation (Verdile et al., 2004).
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Calcium Dysregulation: It is well established that cellular exposure to AP leads to an increase in
intracellular calcium, which is associated with cell damage and death (Arispe et al., 2007).
However, the mechanism by which this increase in intracellular calcium occurs is not well
understood. Various AP-activated receptors and channels have been implicated, but it is also
known that AP can directly interact with the lipid components of the cell membrane, forming pores
or ionic channels that ease calcium entry into the cell. The presence of AB-formed pores or ionic
channels has been shown by specific blockade, resulting in a significant reduction in both calcium

entry and neuronal damage (Arispe et al., 2007).

1.5. Neuroinflammation in AD

Neuroinflammation is a complex response to brain injury involving the activation of glia, the
release of inflammatory mediators such as cytokines and chemokines, and the generation of ROS
(Dejan et al., 2017). Inflammatory responses in the brain are associated with increased levels of
prostaglandins (PGs), particularly PGE2. PGE2 signaling is mediated by interactions with four
distinct G-protein-coupled receptors, EP1, EP2, EP3, and EP4, which are differentially expressed
on neuronal and glial cells throughout the CNS. Elevated PGE2 and inflammatory mediators are
also characteristic of the aging brain. An increased state of neuroinflammation renders the aged
brain more susceptible to the disruptive effects of both intrinsic and extrinsic factors, such as
infection, diseases, toxicants, or stress (Dejan et al., 2017). Neuroinflammation is an immune
response in neurodegenerative diseases involving the activation of microglia and astroglia, which
under normal physiology have phagocytic functions. In AD, microglia secrete proinflammatory
cytokines, prostaglandins, ROS, and NOS, which result in chronic stress and, over a prolonged
period, neuronal death (Rossi, 2015). Neuroinflammation associated with AD can be inhibited by

nonsteroidal anti-inflammatory drugs (NSAIDs) through maintaining Ca2+ homeostasis, targeting
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y-secretase, Rho-GTPases, and PPAR (Nicola Kakis et al., 2008). Several NSAIDs like ibuprofen,
indomethacin, and flurbiprofen have been found to decrease AP (1-42) peptides both in in vivo
and in vitro models through the inhibition of cyclooxygenase (COX) enzymes (Miguel-Alvarez et

al., 2015).

Inflammatory cytokines regulate the immune response and participate in crosstalk between
immune cells and other cell types (Miller et al., 2013; Xie et al., 2014). NF-«B is a transcription
complex that plays a key role in cytokine-mediated inflammatory reactions (Chen et al., 2014b;
Kang et al., 2015; Zhang et al., 2015). NF-xB induces the transcription of numerous inflammatory
cytokines during the early stage, including TNF-a, IL-1B, and IL-6, thereby increasing the

inflammatory response (Shin et al., 2011; Du et al., 2013).

Rutin has been found to be useful in hypoxic, glutamate, and oxidative stress (Pu et al., 2007). In
a rat model of sporadic dementia of Alzheimer's type, rutin reduced neuroinflammation (Javed et
al., 2012), and in dexamethasone-treated mice, it exhibited neuroprotective effects
(Tongjaroenbuangam et al., 2011). Rutin has been shown to attenuate streptozotocin-induced
inflammation by decreasing the activity of glial fibrillary acidic protein, IL-8, COX-2, inducible
nitric oxide synthase (iNOS), and NF-«B, thereby preventing gross anatomical changes in the rat
hippocampus. This effect could be useful in averting cognitive deficits and proves to be beneficial
in the treatment of sporadic dementia of Alzheimer's type (Javed et al., 2012). Rutin treatment also
reduced the levels of NF-kB, p65, TNF-a, IL-1B, and IL-6 in a rat spinal cord injury model,
indicating its anti-inflammatory properties (Paniagua-Torija et al., 2015). Studies have shown that
rutin decreases TNF-a and IL-1p generation in microglia (Wang et al., 2012; Zong et al., 2012).
Furthermore, rutin has been reported to exert an anti-inflammatory effect in irradiated rats with

cerebral ischemia/reperfusion injury (Abd-El-Fattah et al., 2010).
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Neuroinflammation is described as the activation of the resident immune cells in the CNS (Robert
et al., 2004). These activated immune cells include the tissue-resident microphages of the CNS
called microglia (Ginhoux et al., 2010). These microglia fight infections and repair tissue damage
(Disabato et al., 2016). The microglia can often resolve the situation on their own without cytokine
release during minor infections or minor tissue damage. But in more serious situations, the
microglia will secrete cytokines to attract help from blood-borne immune cells (Disabato et al.,
2016). While this initially starts as a normal brain response to regain normal functioning,

neuroinflammation can persist longer than usual and predisposes to malfunction.

It is proposed that inflammation can be induced by AP peptide plaques and NFTs (the pathological
hallmarks of AD) or fragments of degenerated neurons (Akiyama et al., 2000; Chiroma et al.,
2018). These pathological variations stimulate glial cells to release pro-inflammatory cytokines
(e.g., TNF-a, IL-1p, IL-6) and inflammation reactive proteins (e.g., C-reactive protein (CRP)). The
increased levels of CRP and pro-inflammatory cytokines then act either through autocrine or
paracrine pathways, or both, to stimulate glial cells for additional production of p-tau, Ap42, and
pro-inflammatory molecules. Therefore, a positively self-supporting arrangement is formed in
which inflammatory mediators perform a double role by stimulating glial cells and activating

molecular pathways causing neurodegeneration.

Senile plaques are associated with activated microglia cells, reactive astrocytes, immunoreaction
with antibodies (against CRP, TNF-a, IL-6, IL-1), and complement proteins (Akiyama et al., 2000;
Chiroma et al., 2018). TNF-a, IL-6, and IL-1 have the capability to induce the synthesis of Af42
and phosphorylation of tau protein, while p-tau and Ap42 can cause the production of TNF-a, IL-

6, and IL-1 by glial cells (Gosselin et al., 2007; Chiroma et al., 2018).
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Figure 1.8. Inflammatory Hypothesis of AD

Inflammatory stimuli, such as AB, NFTs, and fragments of neurons, activate glial cells, leading to
the production of pro-inflammatory mediators and inflammatory reaction proteins. These products
further stimulate glial cells, promoting the production of P-tau, AP42, and additional pro-
inflammatory cytokines, thereby maintaining a cycle of inflammation. This cycle contributes to

neurodegeneration and other AD pathologies (Akiyama et al., 2000).

Oxidative and nitrosative stress generate an excess of oxygen and nitrogen molecules in tissues,
causing tissue damage and leading to neuroinflammation. Excessive stress or previous injury can
make an individual's toll-like receptors (TLRs) more sensitive, resulting in the release of
inflammatory molecules in response to an immune stressor (Girate et al., 2013). TLRs are proteins
that play a role in the innate immune system and are expressed on sentinel cells such as

macrophages and microglia (Jiajun et al., 2014). Chemicals called damage-associated molecular
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patterns (DAMPs) can trigger the release of more inflammatory molecules, some of which activate

the TLRs (Morris et al., 2015).

1.5.1. Role of Neuroinflammation on A Pathology in AD

Inflammation occurs in pathologically vulnerable areas of the AD brain, while regions with less
AD pathology, such as the cerebellum, experience less frequent or absent inflammation (Akiyama
et al.,, 2000; Chiroma et al., 2018). Inflammatory mediators are upregulated in response to
inflammation within the brain (Akiyama et al., 2000; Chiroma et al., 2018) (Figure 1.9).
Transgenic animals exhibiting inflammatory cytokines show significant pathological changes,
including demyelination, neurodegeneration, gliosis, and activation of astrocytes and microglia.
Clinical trials using anti-inflammatory drugs have reported that these drugs can slow the

progression or delay the onset of AD (Akiyama et al., 2000; Chiroma et al., 2018).

In the development of AD, the production of AP and reduced clearance of AP play significant
roles. Impairment in the clearance of AP in the brain has been observed in AD. In the early stages
of the disease, microglia can promote the clearance of AP and prevent pathological progression.
However, persistent microglial activation can lead to the release of cytotoxic molecules (e.g., RNS,
ROS, chemokines, complement proteins, and pro-inflammatory cytokines), which can increase A}
production and reduce its clearance rate. This occurs through the dysregulation of astrocytes and
microglia, decreased expression of AB-degrading enzymes, and loss of structural and functional

integrity of the blood-brain barrier (Brandenburg 2010; Yany et al., 2011).

1.5.2. Role of Neuroinflammation on Tau Pathology in AD
The role of inflammation in aggravating tau pathology was first observed in vitro studies using
primary microglia cells stimulated by lipopolysaccharide (LPS) or A before being cultured with

primary neocortical neurons (Li et al., 2003). These studies showed that the secretion of IL-1f (a
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pro-inflammatory cytokine) by microglial stimulation leads to elevated tau phosphorylation
through the activation of p38-mitogen-activated protein kinases (MAPK). This finding was further

confirmed in vivo using a 3xTg model exhibiting both amyloid and tau pathologies

(Oddo et al., 2003). Chronic administration of LPS activated tau phosphorylation at several
phosphorylation sites associated with pre- and post-tau tangle pathology in 3xTg mice at early and
advanced stages (Kitazawa et al., 2005; Chiroma et al., 2018). Microglial activation and
subsequent release of IL-1p were involved in the stimulation of glycogen synthase kinase-3p
(GSK-3B) or cyclin-dependent kinase-5 (CDK-5) (SY et al., 2011). Chronic overexpression of
TNF-a, another pro-inflammatory cytokine, led to an increase in the pre-tangle-associated pT231

epitope (Janelsins et al., 2008).

On the other hand, overexpression of interferon-y (IFNy), a pro-inflammatory cytokine
prominently related to viral infections, led to dephosphorylation of tau at pre-tangle
phosphorylation positions (Mastrangelo et al., 2009). These studies suggest that the stimulation or
inhibition of tau pathology aggravation depends on the type of pro-inflammatory cytokines or
immunological stressors present. Additionally, there is evidence that chronic administration of
nonsteroidal anti-inflammatory drugs (NSAIDs) such as r-flurbiprofen or ibuprofen can cause tau
dephosphorylation despite poor brain penetration, indicating that basal peripheral inflammation

contributes to the progression of tau pathology (Barron et al., 2017).

Tau phosphorylation plays an important role in triggering a pathological cascade of events that
eventually leads to the formation of NFTs. Studies have shown an increase in tau aggregation after
chronic administration of LPS in the 3xTg model, whereas acute LPS treatment in the rTG510

model resulted in increased tau phosphorylation without affecting tau aggregation (SY, 2011).
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Pro-inflammatory cytokines significantly induce tau phosphorylation, but it is unclear whether this
leads to the formation of tau aggregates. Furthermore, evidence suggests that inflammation plays
an important role in tau pathology through the induction of microglial phagocytosis of tau
oligomers, potentially inhibiting the spread of tau pathology. While most research on tau protein
comes from preclinical studies, it is important to conduct clinical studies to examine the role of

inflammation in tau pathology (Guerrezo-munoz et al., 2015).

Oxidative stress, neurodegeneration
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neurofibrillary tangles, damaged
brain cells
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Figure 1.9 Mechanisms involved in the role of inflammation in AD. Senile plaque deposits,
neurofibrillary tangles, damaged brain cells, peripheral infections, and activated glial cells can
lead to brain changes present in AD, such as neurodegeneration, neuroinflammation, and
oxidative stress. When the neurotoxic insults are mild, the inflammation serves as a defensive
mechanism. However, when the insults are high, the inflammation is aggravated, which, in turn,

increases neurodegeneration and AD pathology (Akiyama et al., 2000).
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1.5.3. Systemic Inflammation and AD

Evidence from epidemiological and translational research suggests that inflammation from outside
the CNS (i.e., systemic inflammation) may promote neurodegenerative and Alzheimer's-specific
pathology within the brain. Studies have revealed that individuals with AD and mild cognitive
impairment have higher levels of proinflammatory cytokines, cytokine receptors, and other
inflammatory markers (e.g., IL-6, soluble TNFa receptor-1 (sTNFa-R1), and CRP) within the
blood. These findings raise questions about whether systemic inflammation plays a mechanistic,
compensatory, or associative role in dementia pathogenesis. Large cohort studies have found that
individuals with higher levels of inflammatory proteins in the blood during midlife (decades before
the typical age of dementia symptom onset) were at an increased risk for cognitive decline leading
to aging (Walker et al., 2019). Additionally, elevations in inflammatory proteins during midlife
have been associated with smaller brain volumes and abnormal white matter microstructural
integrity during aging (Walker et al., 2017). These findings provide significant insight into the
temporal relationship between inflammation and adverse neurocognitive outcomes and suggest
that systemic inflammation occurring at an early age before the onset of dementia may promote

the progression of cognitive decline and neurodegenerative processes.

Research has found that systemic inflammation can exert a downstream effect on brain structure
and function via an immune-brain axis. Circulating inflammatory proteins in the blood can
communicate with the CNS through multiple neural and humoral pathways, including via afferent
vagus nerve signaling, transcytosis of cytokines through blood-vessel walls into circumventricular
organs, and receptor-mediated transcytosis of cytokines across the blood-brain barrier (Figure
1.10). Regardless of the mechanism, inflammation outside of the CNS is believed to increase

inflammatory signaling within the CNS, promoting the activation of microglia and astrocytes and
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their transition to a reactive proinflammatory phenotype (M1 and A1, respectively) (Cunningham
and Hennessy, 2015). Although transient inflammatory activation of neural immune cells is
thought to be beneficial for the clearance of pathogenic proteins, prolonged M1 and Al activation
is believed to stimulate neurodegenerative processes and potentiate aspects of AD pathology.
Specifically, activated M1 and Al glial cells can promote synaptic loss through complement-
mediated phagocytosis of synapses, exacerbate tau pathology through the upregulation of kinases
that hyperphosphorylate tau and lead to its misfolding, and produce proinflammatory cytokines

that can induce neuronal and glial cell death via apoptosis and inflammasome activation.

Systemic inflammation
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Figure 1.10 Systemic inflammation, neuroinflammation, and Alzheimer's-specific pathways.
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Systemic inflammation, caused by events such as infection, chronic illness, and sepsis, is marked
by increased circulating proinflammatory cytokines (e.g., IL-18, IL-6, TNF-a, and IL-18). These
cytokines may signal the central nervous system by crossing the blood-brain barrier, signaling
across the glial barrier in circumventricular organs such as the area postrema, and stimulating
the vagus nerve to induce signaling within the brain. These cytokines can bind to receptors on
endothelial cells and cause a signaling cascade in three directions: cytokine release into the
bloodstream, opening of tight junctions between endothelial cells, and cytokine release into the
brain. Proinflammatory cytokines and endotoxins in the periphery can also stimulate the vagus
nerve, which communicates through the medullary reticular formation, locus coeruleus, and
hypothalamus to stimulate the hypothalamic-pituitary-adrenal (HPA) axis. Vagus-nerve-regulated
glutamatergic stimulation of neural immune cells also induces the release of proinflammatory
cytokines and chemokines in the central nervous system, activating microglia and astrocytes to

release proinflammatory cytokines (Cunningham and Hennessy, 2015).

Prolonged inflammatory activation of microglia and astrocytes is believed to promote
neurodegeneration and Alzheimer's-related pathologies by way of complement-mediated synaptic
phagocytosis by microglia, upregulation of kinases that contribute to tau hyperphosphorylation,
S-amyloid oligomerization, and NLRP3 inflammasome activation. IL, interleukin; p38 MAPK,
p38-mitogen-activated protein kinase; GSK-3p, glycogen synthase kinase 3f; NFkB, nuclear
factor kappa-light-chain-enhancer of activated B cells; PHF, paired helical filaments

(Cunningham and Hennessy, 2015).

An important pathway by which inflammation promotes AD is by altering the abundance of
metabolites derived from the degradation of the essential amino acid tryptophan, collectively

called "kynurenines." This degradation generates a range of bioactive intermediate metabolites,
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including kynurenic acid (KA), 3-hydroxykynurenine (3HK), 3-hydroxyanthranilic acid (3HA),
and quinolinic acid (QA), which can directly target neurotransmitter receptors, affect redox
processes, and modulate the activity of immune cells (Schwarcz et al., 2012). Extrahepatic
degradation of tryptophan is controlled by the ubiquitously expressed indoleamine 2,3-
dioxygenases (IDO) 1 and 2. The activity of IDO is low under basal conditions but is dramatically
increased in immune cells by stimuli such as proinflammatory cytokines (e.g., IL-6 and IFN vy),
thus providing a direct connection between elevated levels of inflammation and the production of
potentially deleterious kynurenines that can alter brain physiology. Persistent IDO activation by
cytokines has been shown to lead to the overproduction of the neurotoxic and cytotoxic metabolites
3HK, 3HA, and QA (Cunningham and Hennessy, 2015). 3HK and 3HA generate free radicals
through autoxidation and interactions with metals. QA can also generate free radicals and is an
NMDA receptor agonist, which can induce excitotoxicity by increasing glutamate release. QA also
increases the phosphorylation of several proteins, including tau, which plays a central role in AD
(Cunningham and Hennessy, 2015). The levels of IDO in the brain are low compared to the rest
of the body. However, tryptophan, KA, and 3HK can also cross the blood-brain barrier, making
peripheral production of these metabolites by immune cells a major contributor to the levels of
these metabolites in the brain, where they can be metabolized by glial cells and infiltrating
macrophages into downstream metabolites such as QA. This is important because under conditions
of increased, persistent inflammatory activation, concentrations of harmful kynurenines rise in the
blood and can then cause local concentrations in the brain to increase to levels toxic to neuronal

and glial cells.
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1.6. Hypoxia in AD

Over 95% of AD patients are LOAD, who are the elderly. These patients often have reduced
cerebral blood flow that leads to chronic hypoxia. In the AD process, hypoxia enhances a shift in
APP processing toward the amyloidogenic pathway and downregulates the function of a-secretase
(Lall et al., 2019; Hassan and Chen, 2021). Hypoxia inhibits the expression and activity of an
amyloid-degrading peptidase called 'neprilysin' in cortical neurons of rats, increasing the
accumulation of AP peptides in the affected regions (Lall et al., 2019). It has been shown that
hypoxia interacts with AP peptide, aggravating neuronal death. There is an increased vulnerability
of hippocampal neurons to AP peptide toxicity during hypoxia. Calcium dyshomeostasis is a
fundamental mechanism in AD pathogenesis. AP interaction with the plasma membrane leads to
elevated cytoplasmic Ca2+ concentrations and enhances neuron excitation. Chronic hypoxia
enhances Ca2+ entry and mitochondrial Ca2+ content, potentiates posttranscriptional trafficking
of L-type Ca2+ channels. Both hypoxia and A can trigger the activation of microglia, leading to

a maladaptive neuroinflammatory response (Lall et al., 2019).

Cells respond to hypoxia by stabilizing hypoxia-inducible factor (HIF), a key transcription factor
regulating oxygen homeostasis. The levels of HIF in cells are directly regulated by four oxygen-
sensitive hydroxylases: three prolyl hydroxylases (PHD1-3) and one asparaginyl hydroxylase,
factor inhibiting HIF (Chen et al., 2018). Both oxygen and 2-oxoglutarate are substrates of these
enzymes, while iron and ascorbate are cofactors. In a normal oxygen environment, HIF
hydroxylase is active and degrades the HIF-a subunit. However, in a reduced oxygen environment
where oxygen is absent as a substrate, the HIF hydroxylases become inactive, resulting in the
accumulation of the HIF-o subunit. The stabilized HIF-o subunit binds to the HIF-f subunit,

forming the HIF molecule (Figure 1.11). The stabilization of HIF upregulates the expression of
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hundreds of HIF-targeted genes that help cells and tissues survive in hypoxia, as well as a number
of apoptotic genes, such as Bax and BNIP3 (Figure 1.11). HIF-1a is ubiquitously expressed and
appears to be the most active isoform during short periods (2—24 hours) of intense hypoxia or
anoxia (<0.1% O2) in some cell lines. HIF-2a is more tissue-specific and is emerging as a distinct
entity in target gene induction in vascular endothelial cells. It is known as an endothelium-specific
HIF-a isoform. HIF-2a is active under mild or physiological hypoxia and continues to be active
even after 4872 hours of hypoxia. HIF-2a shares 48% amino acid homology with HIF-1a and
binds to similar promoter sites but differs in the cofactors it recruits. HIF-1 and HIF-2 have largely
overlapping but also some non-redundant functions. In some contexts, HIF-1a plays a key role in
the initial response to hypoxia, whereas HIF-2a drives the hypoxic response during chronic

hypoxic exposure.
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Figure 1.11 Schematic diagram describing the hypoxia-inducible factor pathway. Hypoxia-
inducible factor (HIF), a key mediator of oxygen homeostasis, generates numerous pleiotropic
protective effects under hypoxia but also participates in apoptosis. Hypoxia mimetic agents,
including iron chelators and HIF prolyl hydroxylase (PHD) inhibitors, can remove reactive
oxygen species (ROS) and reduce neuroinflammation, in addition to activating HIF.
Pharmacological stabilization of HIF can be neuroprotective and explored as an adjunctive

therapy for chronic ischemic/hypoxic diseases (Lall et al., 2019); (Hassan and Chen, 2021)..

Sequence analysis and gel shift studies have revealed that HIF-1 binds to the B-secretase 1
(BACE1L) promoter. Overexpression of HIF-1a in neuronal cells increases BACE1 mRNA and

protein levels, while down-regulation of HIF-1a reduces the levels of BACEL. It has also been
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observed that HIF-1 binds to the promoter of anterior pharynx-defective phenotype (APH-1),
upregulating its expression and leading to an increase in y-cleavage of amyloid precursor protein
and Notch. HIF-1 also binds to the gene promoter of neprilysin and suppresses its transcription

(Lall et al., 2019).

On the other hand, HIF-1 has been proposed as a neuroprotective factor that can suppress neuronal
cell death caused by hypoxia or oxidative stress and protect against AP peptide toxicity (Zheng et
al., 2015; Ashok et al., 2017; Merelli et al., 2018). Recombinant adeno-associated virus vector
expressing the human HIF-1a gene (recombinant adeno-associated virus-HIF-1a) inhibits
neuronal apoptosis of the hippocampus induced by AP peptides. HIF-1 increases glycolysis and
the hexose monophosphate shunt, maintains the mitochondrial membrane potential and cytosolic
accumulation of cytochrome C, thereby inactivating caspase-9 and caspase-3, and preventing
neuronal death in the AD brain. Oxidative damage caused by AP peptide induces mitochondrial

dysfunction, which is a major characteristic of neuronal apoptosis.

Additional pathological features of AD include astrocyte activation and reduced glucose
metabolism in some selected brain areas. Maintenance of HIF-1a levels reverses Ap peptide-
induced glial activation and glycolytic changes, mediating a neuroprotective response to A
peptide by maintaining metabolic integrity. HIF-1 is the major transcription factor that increases
capillary network density and improves blood circulation in living tissue by regulating protein
expression, such as erythropoietin, glucose transporter 1 and 3, and vascular endothelial growth
factor. Erythropoietin is able to block AB-generated neuronal apoptosis, while glucose transporter
1 and 3 increase glucose transport into brain nerve cells. All in all, HIF-1 participates in hypoxia-
induced adaptive reactions to restore cellular homeostasis and postpone the progression of AD

(Figure 1.11).
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A group of agents that can upregulate HIF levels in normoxia are termed hypoxia mimetic agents,
as shown in Figure 1.11 (Chen et al., 2018). These agents include HIF hydroxylase inhibitors and
iron chelators. Inhibition of HIF hydroxylase not only exerts pleiotropic neuroprotective effects as
a consequence of HIF induction but also has antioxidant and anti-inflammatory effects (Figure
1.11). HIF hydroxylase inhibition, which engages multiple downstream effector pathways, is a
promising therapeutic intervention that can challenge the heterogeneity in AD pathophysiology
present in humans. Because HIF hydroxylase inhibition leverages endogenous adaptive programs,
the breadth of the response will not lead to an increased likelihood of toxicity. It is important to
emphasize that HIF hydroxylase inhibition does not equal HIF activation. HIFs are only one of
several growing substrates known to modulate via HIF hydroxylase (Chen et al., 2018). There are
no studies applying PHD inhibitors for AD treatment. Li et al. (2018) applied FG4592 for the
treatment of Parkinson’s disease both in vitro and in vivo. FG4592, a HIF PHD inhibitor, is
currently used for anemia treatment in patients with chronic kidney disease. Li et al. (2018)
concluded that FG4592 could potentially be used for treating Parkinson’s disease by improving

neuronal mitochondrial function under oxidative stress.

Iron chelation has been widely studied to treat neurodegenerative diseases, including AD and
Parkinson’s disease, as iron accumulation is common in aging and neurodegenerative diseases
(Devos et al., 2020). Abnormal iron metabolism generates hydroxyl radicals through the Fenton
reaction, triggers oxidative stress reactions, causes lipid peroxidation, damages cell proteins and
DNA, and ultimately leads to cell death. Iron promotes AP aggregation and induces aggregation
of hyperphosphorylated tau. Iron chelators have the potential to activate HIF in addition to iron
chelation. The neuroprotective effects of iron chelators act against the generation of free radicals

derived from iron but could also be due to upregulation of the hypoxia rescue genes via HIF
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stabilization (Merelli et al., 2018) (Hassan and Chen, 2021). The amount of HIF can be adjusted
with doses of hypoxia mimetic agents, and the specific activation of HIF-1 or HIF-2 can be
achieved (Chen et al., 2018). Carefully monitoring the activation of HIF-1 and HIF-2 by some
novel iron chelators will help translate iron chelation therapy for neurodegenerative diseases,

including AD.

1.7. Current Pharmacological Treatment

Current pharmacological treatments aim to improve symptoms of dementia and delay further
deterioration. There are four drugs licensed for the treatment of AD (Table 1.2). The three AChE
inhibitors—donepezil, galantamine, and rivastigmine—are recommended by the National Institute
for Health and Clinical Excellence (NICE) for the treatment of mild to moderate dementia in AD.
AChE inhibitors alleviate the symptoms of AD by enhancing acetylcholine signaling and exerting
anti-inflammatory effects. They reduce the level of free radicals and amyloid toxicity while also

decreasing the release of cytokines from activated microglia (Tabet, 2006).

Memantine, a glutamate receptor antagonist, is recommended for patients with moderate to severe
AD who are intolerant to AChE inhibitors. By blocking NMDA receptors, memantine counteracts
the elevated glutamate levels in the AD brain, preventing overstimulation of NMDA receptors and

the subsequent influx of calcium (Turner, 2014).

Table 1.2 Summary of AD Drugs

Drug Name Drug Type and Use  How It Works References
Namenda® NMDA  antagonist Blocks the toxic (Turner, 2014);
prescribed for effects associated (Wang et al., 2017)

(memantine)
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Razadyne®

(galantamine)

Exelon®

(rivastigmine)

Aricept®

symptoms
moderate to severe

AD

Cholinesterase
inhibitor  prescribed
for symptoms of mild

to moderate AD

Cholinesterase
inhibitor  prescribed
for symptoms of mild

to moderate AD

Cholinesterase

inhibitor

of with excess glutamate

and regulates

glutamate activation.

Prevents the
breakdown of
acetylcholine and
stimulates  nicotinic

receptors to release

more acetylcholine in

the brain.
Prevents the
breakdown of

acetylcholine and

butyrylcholine in the
brain.

Prevents the
breakdown of
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acetylcholine in the

brain.

Current AD treatments such as AChE inhibitors and NMDA receptor antagonists can only improve
cognition and memory but do not inhibit the progression of the disease (Liao et al., 2015).
Therefore, the development of new treatments is essential for AD, considering their antioxidant
activities, neuroprotective effects, inhibitory activities of AChE, self-induced Ap1-42 aggregation,

as well as permeability of the BBB (Liao et al., 2015).

1.8. New Research on the Treatment of AD

In recent years, targeting the amyloid cascade has emerged as an attractive strategy to discover
novel therapeutic options. Two common approaches used to prevent A} accumulation in the brain
include the development of B-secretase inhibitors and direct inhibitors of AP aggregation
(Mohamed et al., 2016). Many studies focus on the prevention of AP neuritic plaque formation

and ameliorating pathological changes in the brain. These include:

1. Regulation of AP homeostasis in the brain endothelium

2. Gene therapy controlling low-density lipoprotein receptor-related protein 1 (LRP1) expression

3. AP immunotherapy

4. High doses of vitamin C supplementation

5. Use of angiotensin-converting enzyme (ACE) inhibitors and angiotensin receptor blockers

(ARBs)

6. Use of the diabetes drug liraglutide
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7. Dietary supplementation with omega-3 fatty acids.

1.8.1. Neuronal Target of Ap
The anti-amyloid approach targets several aspects of APP metabolism to reduce AP toxicity.
Researchers have focused on reducing AP production using B and y-secretase inhibitors and

activators of a-secretase to enhance AP clearance.

1.8.1.1. a-secretase activators

ADAM10, when moderately expressed in APP mouse models, has been found to reduce levels of
AP and prevent its deposition as plaques (Lichtenthaler et al., 2011). This is because a-secretase
activity arises in the middle of the AP domain of APP, producing a large sAPPa neuroprotective
fragment (Lichtenthaler et al., 2011). However, the use of ADAMI10 to increase levels of a-
secretase has been avoided by researchers due to its tumorigenic potential (Jacobsen et al., 2010).
Selegiline, which is used to slow the progression of AD, has been shown to increase a-secretase
activity via protein trafficking-related mechanisms (Yang et al., 2009). Curcumin-based modified
compounds (e.g., curcumin-valine, curcumin-isoleucine) have been found to be a-secretase
activators, promoting a-secretase activity and ADAM10 immunoreactivity (Narasingappa et al.,
2012). This has led to the discovery of natural a-secretase-inducing compounds such as
ginsenoside and those contained in the leaves of Ginkgo biloba, which regulate non-amyloidogenic
APP-processing pathways (Zhang et al., 2012). The naturally occurring compound triptolide has
also been found to inhibit the processing of amyloidogenic APP (Wang et al., 2014). All these

natural compounds were found to reduce A4z, AP2s, and APzs.3s (Kaur et al., 2015).
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1.8.1.2. B-secretase inhibitors

BACEL1 is the primary target for research as its inhibition effectively blocks AP production
(Roberts, 2001). BACEI inhibitors have shown inhibition of BBB permeability and robust A
reduction in vitro (Robert, 2011). Human clinical trials are investigating several AP secretase
inhibitors, including AZD3293, MK-8931, E2609, and HPP854. Studies of B-secretase inhibitors
AZD3293, CT5-21166, and MK-8931 are investigating their ability to reduce 40 and AB42 levels

(Selkoe & Schenk, 2003).

Over the past two decades, many potent BACE inhibitors have been developed, but only a few
have entered clinical trials. Selectivity over other aspartic proteases (BACE2, pepsin, renin,
cathepsin D, and cathepsin E) and blood-brain barrier (BBB) permeability are major challenges.
Phase I clinical trials on BACE1 inhibitors, including CTS-21166 and MK-8931, have shown
promise in reducing plasma AP levels and CSF AP reduction, respectively. However, MK-8931
did not demonstrate clinical benefit in cognition and subsequent phase 11 trials were discontinued
(Egan et al., 2018; Merck, 2018). Other BACEL1 inhibitors, including LY2886721, AZD3839,

atabecestat, and lanabecestat, also revealed poor results in late-stage clinical trials.

Curcumin, asiaticoside, and tryptoline are among the first naturally occurring compounds that
inhibit AP aggregation by inhibiting BACEL in both in vitro and in vivo studies. These compounds
have been found to reduce AB40 and AP42 levels and induce a-secretase (Cole et al., 2007). While
[B-secretase inhibitors show promise in reducing A levels in AD, they do not improve cognitive
functions in AD patients. Further research is needed to understand their functions and adverse

effects in AD patients.
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1.8.1.3. y-Secretase inhibitors

Diverse classes of y-secretase inhibitors and modulators have been used over the last decade and
have been shown to modulate or reduce the level of AP (Li et al., 2000). However, most of them
are associated with toxicity. Inhibition of y-secretase represents an excellent strategy for the
inhibition of AP generation, although it has been shown to cleave a wide range of important
substrates. One of these substrates is Notch, which is a cell surface signaling receptor essential for
cell development, differentiation, and tumor suppression (Sorensen and Conner, 2010). SCH
97466, an arylsulfonamide series, was tested as a y-secretase inhibitor, but it resulted in sufficient
Notch signaling without downregulating A levels (Mangialasche et al., 2010). Researchers then
sought to develop notch-sparing inhibitors of the arylsulfonamide series like avagacestat but
experienced notch-related problems similar to those seen with semagacestat (Coric et al., 2012).
Clinical studies investigating ELNDOOG6, a notch-sparing compound, were stopped because of liver
toxicity. In contrast, CHF-5074 and NIC5-15 are y-secretase inhibitors that have been found to
reduce AP levels in AD. NIC5-15 is currently being investigated in a phase 11 clinical trial, but the

development of CHF-5074 was terminated due to adverse effects (Ross et al., 2013).

1.8.2. Inhibition of tau hyperphosphorylation

Tau phosphorylation plays a role in microtubule stabilization in axons. Hyperphosphorylation of
tau leads to the formation of paired helical fragments, which form neurofibrillary tangles. This
leads to a loss of microtubule binding capacity, resulting in neuronal death (West and Bhugra,
2015). Therefore, neuroprotective strategies aim to inhibit the phosphorylation of tau protein and
stabilize microtubules (Shefet-Carasso and Benhar, 2015). In recent years, immunomodulation has

been chosen as the best option for effective clearance of tau aggregation (Jaume et al., 2015).
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Increased expression of active forms of various kinases like CDKS5, GSK3f, Fyn, JNK, P38,
ERK1, and ERK2 contribute to the increased phosphorylation of tau in neurofibrillary tangles
(Berk et al., 2014). As a result, significant research has been devoted to the development of kinase
inhibitors as an effective strategy. SP600125, a JNK inhibitor, exerts beneficial effects on
cognition and neurodegeneration in an APP/PS1 transgenic mouse model (Zhou et al., 2015).
Pathological activation of CDKS5 occurs due to an increase in intracellular calcium in AD, which
results in hyperphosphorylation of tau and neuronal death (Comins et al., 2006). Therefore, CDK5
inhibitors like roscovitine and flavopiridol have shown neuroprotective activity in in vitro and in
vivo studies (Delatorre et al., 2012). Inhibitors of GSK3p are at the most advanced stage of clinical
development in AD. Tideglusib, an inhibitor of GSK3p that has completed phase Il trials, was
discontinued because it showed no clinical efficacy (Lovestone et al., 2015). Phosphatase
activation has been considered another therapeutic approach. Protein phosphatase 2 (PP2A)
Agonists are under development, and sodium selenite (VELO15) is currently in phase Il trials.
Experimental studies have shown that VELO15 administration to rodents shows significant
cognitive enhancement, and sodium selenate reduces tau phosphorylation (Janet VVan Eersel et al.,

2010).

Derivatives of methylene blue dye inhibit the formation of tau and amyloid aggregation, improve
mitochondrial electron transport chain efficacy, reduce oxidative stress, prevent mitochondrial
damage, and modulate autophagy (Hochgrafe et al., 2015). Several clinical trials are currently
underway, including NCT01626391, NCT01689233, NCT01689246, and NCT0166378, to

evaluate the efficacy of these therapies in AD (Hochgrafe et al., 2015).

Microtubule stabilizers will yield similar results to inhibitors of tau hyperphosphorylation. TPI

287, a derivative of taxane, stabilizes microtubules by binding to tubulin and has been considered
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a possible therapy for AD. The clinical trial NCT01966666 will evaluate the safety,
pharmacokinetic properties, and tolerability of TPI-287 in AD. Epothilone D is a microtubule-
stabilizing compound that decreases tau neuropathology, hippocampal neuronal loss, and axonal
dystrophy and improves axonal transport. However, drug development for AD was stopped after
an unsuccessful clinical trial (Shemesh et al., 2011). Experimental studies have shown that a
soluble form of tau is the most toxic (Zhang et al., 2012). Therefore, future therapeutic strategies

should target soluble forms of tau.

1.8.3. Neuroprotection via the cholinergic system

Neurodegenerative diseases have been associated with alterations in neurotransmitters.
Alzheimer's disease (AD) involves the degeneration of cholinergic neurons and the loss of
cholinergic signals to the hippocampus and neocortex. Studies have revealed a decrease in choline
acetyltransferase, acetylcholine release, and a reduction in nicotinic and muscarinic receptors in
the cerebral cortex and hippocampus of postmortem AD brains (Ada et al., 2014).
Acetylcholinesterase (AChE) inhibitors act by increasing acetylcholine bioavailability at synapses
(Wallace and Bertrand, 2013). Although AChE inhibitors do not reverse the pathogenesis of AD
or decrease its progression, their use in combination therapy should not be excluded. Ladostigil
(TO3326) is a reversible inhibitor of AChE and an irreversible inhibitor of brain monoamine
oxidases A and B; it improves extrapyramidal symptoms and provides an antidepressant effect
(Weinreb et al., 2011). It is an antiapoptotic, antioxidant, anti-inflammatory, and neuroprotective
agent. Phase 11 clinical trials with ladostigil, registered as NCT01429623 and NCT01354691, are

currently underway (Weinreb et al., 2011).

Between 2011 and 2012, Avraham Pharmaceuticals evaluated a six-month course of ladostigil

with ever-increasing doses of up to 80 mg twice daily in a Phase 2 study involving 201 individuals
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with mild to moderate Alzheimer's disease. This trial did not meet its primary endpoint of change
on the ADAS-cogl1, and further development for Alzheimer's disease was terminated (Schneider

etal., 2019).

In January 2012, the company initiated a second Phase 2 study to evaluate a lower dose of ladostigil
for its ability to delay progression from mild cognitive impairment (MCI) to AD. This trial enrolled
210 patients with a clinical diagnosis of MCI. It compared a three-year course of 10 mg of
ladostigil once daily to placebo, with the primary outcome being the conversion from MCI to AD
as determined by a clinical dementia rating (CDR) of 1 or greater. In September 2016, the company
disclosed that ladostigil also did not meet its primary endpoint in this trial but showed a trend in
the direction of a treatment benefit. Treatment benefits were reported on MRI and select cognitive

tests, and the results were formally published in Neurology (Schneider et al., 2019).

1.8.4. Neuroprotection by targeting oxidative stress

An imbalance between reactive oxygen species (ROS) and existing antioxidants results in
oxidative stress. This leads to AP aggregation into insoluble plaques, which increases the
generation of reactive ROS. ROS attack key molecules such as enzymes, DNA, membranes, and
lipids, leading to cell death. Natural antioxidants such as flavonoids, vitamins (E, C, and
carotenoids), phytochemicals, and synthetic compounds provide protection in AD. A phase Il trial
combining vitamin E and memantine has been conducted, and a phase Il trial of vitamin E and
selenium is currently ongoing (NCT00040378). Antioxidant compounds like rutin and carotenoids

have shown neuroprotective effects in experimental AD models (Javed et al., 2012).

High-dose vitamin C supplementation is a promising treatment for AD. It is well tolerated and
rarely causes gastrointestinal disturbances (Martindale, 2005). An earlier study showed that a short

course of vitamin C treatment did not attenuate the neuropathological features of AD, such as A
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plague accumulation, oxidative stress, and acetylcholinesterase (AChE) activity (Harrison et al.,
2010). However, as pointed out by Kook et al. (2014), mice can synthesize their own vitamin C,
which might mask the effect of supplementation. To address this, Kook et al. genetically modified
mice in which no vitamin C is produced endogenously, and the significant changes in the results
were solely due to the administration of ascorbic acid. The modified AD mouse model mimics the
condition in humans and confirms the direct effect of vitamin C. Continuous supplementation of
high-dose ascorbic acid improves the Ap burden in the cortex and hippocampus by 57.9% and
40.3%, respectively (Kook et al., 2014). Although the dose in humans has not been well defined,
taking vitamin C supplements for the prophylaxis of AD in addition to a healthy, balanced diet is

still beneficial.

1.8.5. Anti-inflammatory therapy

Neuroinflammation is an immune response in neurodegenerative diseases that involves the
activation of microglia and astroglia, which normally have phagocytic functions. In Alzheimer's
disease (AD), microglia secrete proinflammatory cytokines, prostaglandins, reactive oxygen
species (ROS), and nitric oxide synthase (NOS), leading to chronic stress and neuronal death over
a prolonged period (Rossi, 2015). Neuroinflammation associated with AD can be inhibited by
nonsteroidal anti-inflammatory drugs (NSAIDs) through the maintenance of Ca2+ homeostasis
and the targeting of y-secretase, Rho-GTPases, and PPAR (Nicola Kakis et al., 2008). Several
NSAIDs, such as ibuprofen, indomethacin, and flurbiprofen, have been found to decrease AB (1-
42) peptides in both in vivo and in vitro models by inhibiting cyclooxygenase (COX) enzymes
(Miguel-Alvarez et al., 2015). However, both ibuprofen and tarenflurbil have shown no efficacy
for the treatment of AD in clinical trials (Pasqualetti et al., 2009). CHF5074, which is not a COX

inhibitor, has been found to inhibit AP (1-42) by blocking y-secretase in in vitro models (Ross et
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al., 2013). Research indicates that CHF5074 modulates microglia by reducing amyloid burden and
microglia activation (Imbimbo et al., 2013). Treatment with CHF5074 in patients improves several

cognitive measures and reduces inflammatory marker levels in phase 11 trials (Rossi et al., 2013).

1.8.6. Targeting Mitochondrial Dysfunctions

AP accumulation inhibits mitochondrial import channels, leading to decreased complex activity
and increased ROS production (Cottrell et al., 2002). Lipoic acid in combination with vitamin E
and C decreases oxidative stress. Combination therapy of lipoic acid and omega-3 fatty acids is in
phase I/II trials (NCT01780974, NCT0158941) (Shinto et al., 2014). a-lipoic acid (ALA), also
known as thioctic acid, is an organosulfur component produced by plants, animals, and humans,
and it possesses various pharmacological properties (Brufani, 2014; Salehi et al., 2019). It has high
antioxidant potential and is widely used as a racemic drug for diabetic polyneuropathy-associated
pain and paresthesia. Naturally, ALA is located in mitochondria, where it is used as a cofactor for
pyruvate dehydrogenase (PDH) and a-ketoglutarate dehydrogenase complexes (Singh and Jialal,
2008; Maglione et al., 2015). Despite its various potentials, ALA's therapeutic efficacy is relatively
low due to its pharmacokinetic profile. It has a short half-life and bioavailability (about 30%)
triggered by its hepatic degradation, reduced solubility, and instability in the stomach. However,
the use of various innovative formulations has greatly improved ALA bioavailability (Singh and

Jialal, 2008; Maglione et al., 2015; Salehi et al., 2019).

1.9. Model currently used to study Alzheimer's disease

There are experimental models used to study AD that are necessary for interpreting the major
mechanisms of AD and evaluating novel therapeutics. Usually, in vitro and in vivo models (e.g.,
cell and rodent models, respectively) are used before conducting clinical trials on human patients

(Lietal., 2016; Blaikie et al., 2022). Ex vivo models (e.g., rodent brain slices) and in silico models,
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which are more recently used (e.g., virtual ligand screening), have been established to assist in

demonstrating AD.

1.9.1. In vitro models of AD

In vitro models of AD study the pathological changes at a cellular level (see Table 1.3). These
models can be performed under controlled environmental conditions and have simpler
maintenance, lower cost, and easier handling compared to in vivo models (Li et al., 2016; Blaikie
et al., 2022). Studies can also be conducted within a shorter time, and the pharmacodynamics of
the experiments can be evaluated (Arantes et al., 2013; Blaikie et al., 2022). However, due to the
simplicity of this model, reliable pharmacokinetic data cannot be generated, although initial

toxicity studies can be carried out (Blaikie et al., 2022).

Therefore, in order to understand the mechanisms underlying the development and treatment of
AD, an ideal in vitro model is required that can mimic the progression of AD, including the
degeneration of neurons and the formation of amyloid plaques and neurofibrillary tangles. This
includes primary culture and stem cell lines. To create an ideal in vitro AD model, cell lines such
as primary culture cell lines derived from rodents, cells derived from cancer cells such as
neuroblastoma and pheochromocytoma cells, are used. Induced pluripotent stem cells (iPSCs) are
also explored by either taking skin cells from Down syndrome patients or by transfecting cells

with genes associated with AD (PSEN1, PSEN2, or APP) (Zheng, 2006).

Neuroblastoma: Human neuroblastoma (SH-SY5Y) has been used to generate an in vitro model
for AD and other neurodegenerative diseases by guiding the SH-SY5Y cells into neuronal lineage
using several differentiating factors. This is particularly significant when exploring the role of
microtubule and tau function in AD (Zheng, 2006). These cells possess synaptic structures,

functional axonal vesicle transport, and express neuro-specific proteins, including nuclear protein
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NeuN, neuron-specific class III B-tubulin, and synaptic protein Sv2 (Agholme, 2010). Immortal
rat hippocampal cell lines are generated from the embryonic rat hippocampus to provide cell lines
derived from a known brain region that express phenotypes of particular subsets of cells, unlike
cancer cell lines. The cells are immortalized by retroviral-mediated oncogene transduction using
tsA58 and U19tsa alleles of the simian virus 40 large tumor antigen (Eves, 1992; Carolindah,
2013). This cell line has distinct features of conditional proliferation and the ability to differentiate
into neurons after ceasing division. They are significant for understanding the pathogenesis of AD

since hippocampal neurons are responsible for cognition and memory (Agholme, 2010).

Human induced pluripotent stem cells (iPSCs) are also used as an AD model, established using
primary human fibroblast cells isolated from patients with familial Alzheimer's disease (FAD)
(Yagi, 2011). These cells are reprogrammed using OCT4, SOX2, KLF4, LIN28, and NANOG
transcription factors to induce pluripotent stem cells (iPSCs). From the iPSCs, two clones are
established by retroviral transduction using presenilinl mutations A246E (PS1-2 iPSC and PS1-4
iPSC) and with PS2 mutations, N1411 (PS2-1 iPSC and PS2-2 iPSC). FAD patient-specific iPSCs
go through neural differentiation to model AD pathogenesis in vitro, aiming to determine the effect
of presenilin mutations during neural differentiation. An increased ratio of AB42 to AB40 in iPSCs
with mutated PS1 and PS2 was detected compared to non-AD control iPSCs. The increased AB42
secretion by living human neurons derived from AD patients supports the amyloid cascade
pathogenesis. These cells were tested for their suitability in drug screening using y-secretase
inhibitor and modulator. The outcomes revealed that AP secretion was inhibited and modulated as
expected by adding agents against y-Secretase. Therefore, living human neurons from patients
(FAD-iPSC-derived neurons) are suitable for drug development and testing new drugs (Yagi,

2011). Another in vitro human cellular model for AD pathogenesis derived from Down syndrome
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(a disease that results from trisomy 21) patients has been reported (Shi, 2012). Down syndrome
patients were chosen because the disease has a high incidence of AD due to the triplication of APP
in chromosome 21, resulting in autosomal dominant EOAD (Selkoe, 2008). This model was
created by differentiating iPSC lines and ES cell lines derived from patients with Down syndrome
into cortical neurons. The differentiated cortical neurons from Down syndrome ES cells (DS-ES
cells) and the control exhibit no differences in the expression and localization of full-length APP
protein. Both DS-ES cell and DS-iPS cell-derived cortical neurons show the same distribution of
intracellular and extracellular aggregates of AB42 peptides. Late stages of AD pathogenesis are
also represented by the presence of hyperphosphorylated Tau protein in the dendrites and cell
bodies of DS-iPSC-derived cortical neurons. This model is appropriate for understanding the
pathogenesis of AD in Down syndrome patients at early and late stages. It can also be used as a
good model for drug screening as the disease is progressive, and the two hallmarks of AD are
observed over time, thus recapitulating AD pathogenesis in humans (Carolindah, 2013). Table 1.3.
Summary of common in vitro models of AD, including the pathological significance of each model

to AD, the studies that can be conducted, and the advantages and disadvantages of the models.

Table 1.3 Summary of common in vitro models of AD

Model Pathologic Phenotyp Advantages Disadvantag Referen
al e & es ces
Relevance Assessme

to AD nts
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1.9.2 In vivo models of AD

Both transgenic and non-transgenic animal models of AD have been developed to mimic the
pathological changes related to the human disease. Generally, mammalian models such as mice
and rats are used for the studies of AD, although non-mammals including C. elegans
(Caenorhabditis elegans) and fruit flies (Drosophila melanogaster) are also used and highly
beneficial as they are subject to less stringent ethical standards and have lower costs (Alzheimer's
Association, 2019) (Table 1.4). Overall, animal models allow profound studies of the pathogenesis
of AD and can reproduce the main hallmarks of the disease (Chierrito et al., 2017; Blaikie et al.,
2022). Compared to cell models, animal models are also essential for safe assessments of novel
therapeutics as their multifaceted systems provide a better replication of human pharmacokinetics
and thus enhance the prediction of toxicity. However, the complexity of animal models leads to a
lack of control over experimental conditions (Arantes-Rodrigues et al., 2013). Additionally,
transgenic models are inadequate in accurately revealing the human condition because sporadic
AD is linked with age rather than genetic mutations (Van Dam and De Deyn, 2011). With
mounting evidence indicating the multifactorial nature of AD, disease models with only a single
cause are unable to reproduce the complete human pathology. Strict ethical standards and higher

costs are also associated with animal models compared to in vitro models. Table 1.4. Summary of
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common in vivo models of AD, including the pathological significance of each model to AD, the

studies that can be done, and the advantages and disadvantages of the models.

Table 1.4 Summary of common in vivo models of AD
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Generally, the most popular in vivo models for AD are rodents, specifically mice and rats. These
models are frequently used due to their relatively lower maintenance costs and their suitability for
genetic breeding and manipulation. Moreover, the nervous systems of rodents are similar to those
of humans, and their behaviors are complex, allowing for the study of AD-relevant cognitive
impairments in these models. Various methods, including transgenic, chemically/mechanically
induced, and spontaneous approaches, can be used to induce an AD-like disease state in these
models (Blaikie et al., 2022). However, no single model can fully replicate the complex pathology

of human AD. Table 1.5 provides a summary of the common AD rodent models, along with the

corresponding phenotype of each model relevant to AD.

Table 1.5 Common rodent models for AD

Model Phenotype
Transgenic 3xTg PSEN1 M146V, AP plaques, tau
APP tangles, synaptic
KM670/671NL plasticity deficit,
(Swedish), MAPT ' cognitive
P301L (mouse impairment,
Thyl.2 promoter)  learning

and
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Several experiments are conducted in rodents to assess the disease state of the animals, determine
the phenotypic relevance to human AD, and screen potential therapeutics. Behavioral tests that
investigate the cognitive function of rodents are commonly used in AD experiments, as they are
crucial for studying the major symptom of AD, which is memory impairment. Table 1.6 below
provides an overview of the common behavioral tests employed in AD studies using rodent

models.

Table 1.6 Common rodent behavioural tests for AD

Task Cognitive test Description Ref
Contextual Fear Reference Animal is (Fanselow 1980).
memory conditioning memory, exposed to

hippocampal- aversive stimulus

dependent (mild shock)

associative associated with a

learning conditioned

stimulus  (tone).
Freezing response
associated  with
tone alone is

measured
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The most widely used mouse models for AD are the 3xTg and the 5XFAD models, which develop
AP plaques at 6 months and 2 months, respectively (Chierrito et al., 2017). The 3xTg mice
overexpress transgenic APP and tau and exhibit a progressive onset of symptoms, while the
5xFAD model overexpresses transgenic APP and develops a significantly more severe and rapid-
onset disease with severe amyloid pathology (Russo-Savage et al., 2020). The 3xTg model is
considered a more appropriate model for age-related sporadic AD (SAD), while the 5xFAD mice
are mainly used to model familial AD (FAD). Several behavioral tests listed in Table 1.6 are used
to study 3xTg mice treated with an anti-Ap antibody, including the Morris water maze and the
object recognition test. The Morris water maze showed progress in spatial memory in treated mice,
and the object recognition test revealed improvement in recognition memory. However, no
significant progress was observed in exploratory behavior or anxiety, which was attributed to
reduced clearance of AP in the amygdala compared to other brain regions. Although the amygdala
remained the most affected region with AP even after treatment, explaining the improvement in

hippocampal-dependent tasks but not those related to the amygdala.

1.9.3. Ex vivo models of AD
Ex vivo models combine the benefits of both in vitro and in vivo systems by directly investigating
intact affected tissues while controlling the extracellular environment (Brai et al., 2017).

Generally, primary cell and tissue cultures and brain slices from genetically modified AD rodents
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are used as ex vivo models (Kniewallner et al., 2018); (Blaikie et al., 2022). Primary cells provide
better representations of in vivo conditions compared to cell lines and do not involve the high costs
of animal experiments. However, primary cells often lack stability between donors and are
dependent on sub-culturing conditions. For example, a co-culture of astrocytes and neurons
derived from a triple-transgenic murine model of AD was used in a study to investigate cell
physiology and the effects of drug treatments at a cellular level. The study found that
palmitoylethanolamide (PEA) exerted protective effects against neurodegeneration by neutralizing
reactive astrogliosis. Another study tested the neuroprotective effects of vanillin, using primary
tissue culture of rat brain tissue treated with vanillin and subjected to Fe2+-induced neurotoxicity.
This model allowed the investigation of the therapeutic effects of vanillin in a system that
represents in vivo conditions, revealing its ability to ameliorate oxidative imbalance, dysregulated
metabolic pathways, elevate ATPase activity, and inhibit cholinergic enzymatic activities. Brain
slices from mice can also be studied ex vivo to observe the effects of stress and/or drug treatments

on each cell and tissue type (Kniewallner et al., 2018).

1.9.4. In silico AD model

In recent years, in silico methods have been used for modeling AD and drug development due to
their lack of ethical considerations and relatively low costs. These methods are employed for
designing and screening new drugs against protein targets and to help elucidate disease
mechanisms (Hassan et al., 2018). In silico methods are typically used in conjunction with
traditional in vitro experiments to validate the results. Drug design using in silico modeling can
predict pharmacokinetics and target affinity, enabling the screening of large collections of potential
ligands to identify leads with the greatest predicted target affinity (Tewari et al., 2018). Hence,

large collections of potential ligands can be screened to identify leads with the greatest predicted
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target affinity which can then be synthesised and tested. This reduces costs and time because only
a selected number of ligands need to be synthesised following the virtual ligand screening. Possible
improvements on the ligand structure to optimise affinity for the target can also be recommended
using in silico modelling (Cruz-Vicente et al., 2021); (Blaikie et al., 2022). Ligand binding
interactions can be enhanced by side chain either added or removed based on the size of the active
site on the target In addition, based on the properties of residues within the active site, substituents
can be altered on the ligand structure to form interactions with these areas (e.g. whether
hydrophobic or hydrophilic substituents). A classical example of disease modelling (Anastasio
2011) demonstrated that cerebrovascular disease can contribute to amyloid dysregulation which
can result to the progression of AD. By modelling the numerous elements which are related with
the amyloid regulatory pathway, it was possible to identify alternative therapeutic targets, and
hence recommend potential treatments. Further development of the model, predictions on the
response to pharmacological interventions can be achieved, and also demonstrate the potential for
oestrogen to significantly reduce amyloid levels. Recent model from (Madrasi et al., 2021);
(Blaikie et al., 2022). Based on quantitative systems pharmacology (QSR) was developed to
rationalise the lack of clinical efficacy of amyloid-modulating therapeutics. With the rising
availability of artificial intelligence (Al) and machine learning, these techniques have been applied
recently to AD research in several capacities, e.g determining individual risk of AD, drug
development, and in efforts to decipher the cause of AD. Al is capable of processing large datasets
and analysing it with a greater degree of accuracy, though, this relies significantly on the quality
of the data input. A machine learning diagnostic platform to detect AD by analysing retinal images
was reported (Wisely et al., 2020). Al was applied to identify potential candidates for repurposing

as AD therapeutics by studying differentially expressed genes in association to disease
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progression (Rodriguez et al., 2021), and recommending potential treatments which have an
affinity for the identified targets. In spite of the clear benefits of Al including rapid processing and
low error compared to human methods, these techniques remain tremendously costly to implement

which currently limits their application and regular use.

The generation of brain organoids from iPSCs is another experimental model of AD that is
expected to be increasingly employed in the future. Brain organoids allow the study of brain
development, mechanisms of neurological and neurodegenerative disorders, and screening of
therapeutic compounds (Lee et al., 2017); (Shou et al., 2020). By using patient-derived iPSCs,
personalized therapeutic strategies can be developed, and novel insights into molecular and genetic
disease mechanisms can be discovered. However, challenges exist with the use of brain organoids,
including technical difficulties in culturing these models and lack of reproducibility. Efforts are
being made to enhance their physiological relevance by incorporating immune and vascular
systems (Chen et al., 2021). Currently, brain organoids cannot fully simulate the pathological
features of the disease observed in humans, but ongoing research aims to improve their fidelity.
Brain organoids have the potential to bridge the translational gap between animal models and

clinical trials.

1.9.5. General advantages and disadvantages of current AD models

Experimental models are necessary for toxicity studies before human trials. Recently, two
mammalian species are considered least essential for preclinical toxicity studies. Any toxic effects
are typically established in initial in vitro and in vivo studies, and efforts are made to minimize
these adverse effects before mammalian and human testing (Mesiti et al., 2019); (Blaikie et al.,
2022). These studies provide important information about the estimated safe and tolerable dosage

ranges, as well as the pharmacokinetic profile of the drug. In vitro models are useful for
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establishing the mechanisms that generate the hallmarks of AD (Li et al., 2016). In vivo models
provide insights into the complex pathogenesis of AD and replicate the progressive nature of the
disease observed in patients. However, none of the current experimental models can fully mimic
the complexity of the disease as seen in human patients. The poor translation of positive preclinical
results to patient trial outcomes is attributed to the lack of accurate disease modeling (Li et al.,
2016); (Blaikie et al., 2022). Therefore, ongoing research aims to develop experimental models
that better represent AD development. Furthermore, the use of multiple AD models in preclinical
studies, replicating diverse features of the disease, is becoming a common practice to obtain more
reliable indications of potential effects in humans. Although an accurate representation of the
human condition during AD is currently unattainable, the significance of experimental modeling
cannot be underestimated in advancing our knowledge of AD progression and testing novel

therapies.

1.10. In vitro hypoxia model

In vitro, oxygen pressures can be modified, and hypoxia can be induced using different procedures.
The most common method is the use of hypoxia chambers, which are filled with a gas mixture
containing a specific amount of oxygen (usually around 1-2% O2) (Croes et al., 2015);
(Rinderknecht et al., 2021). Alternative methods have also been developed to induce hypoxia,

including:

(1) Pericellular oxygen concentrations in conventional cell culture can be determined by the cellular
oxygen consumption rate and the rate of oxygen diffusion, which is influenced by the height of
the culture medium (Camp and Capitano, 2007). By increasing the height of the culture medium,

the pO2 can be reduced.
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(if) Oxygen levels can be enzymatically reduced using glucose oxidase (GOX), which consumes
oxygen within the culture medium. By adding catalase (CAT), the produced H202 can be

converted to H20, thereby consuming 1/2 O2 per cycle (Mueller et al., 2009).

(i1i1) Hypoxia mimetics such as cobalt chloride (CoClI2) or desferrioxamine can chemically stabilize
HIF-1a without affecting oxygen pressure. Hypoxia mimetics are generally classified into iron
chelators, iron competitors, and 2-oxoglutarate (20G) analogs. CoCI2, by competing with iron
ions, can inhibit the prolyl hydroxylases (PHDs) responsible for HIF-1a hydroxylation, thereby

enabling its stabilization.

The different methods for inducing hypoxia in vitro are summarized in Figure 1.12.

Hypoxia Incubator/Chamber |

Media Height Enzymatic GOX/CAT System

0, O, 0, D-Glucose H,0, + D-glucono-
+0, GOX o-lactone

O, Gradient

Figure 1.12 Methods for hypoxia induction in vitro. In comparison to the widely used hypoxia
chambers, all tested methods are much cheaper and easier to use. The enzymatic system leads to

a similar induction of the cellular hypoxia response whereas CoCI2 just resembles some hypoxia
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features and the increase of medium height induces more a physiological oxygen concentration
than a real hypoxia. When considering some basic limitations of the three used systems they
provide a good alternative to the hypoxia chamber. For all three cell culture systems the enzymatic
system showed the strongest hypoxic response and provided an easy set-up. (Mueller et al., 2007);

(Rinderknecht et al., 2021).

Abbreviations CoCI2 - cobalt chloride, PHD - prolyl hydroxylase domain proteins, HIF-1 -
hypoxia-inducible factor 1, VHL - Von Hippel-Lindau E3 Ligase, GOX - glucose oxidase, CAT
- catalase.

1.10.1. Comparison of hypoxia induction using different systems in adherent cells,
monocytic (suspension) cells, and in vitro 3D systems.

Most in vitro research utilizes hypoxia chambers as the standard procedure to induce hypoxia by
reducing the oxygen concentration in the culture environment (from 18% to 1-5%), resulting in a
decrease in pericellular oxygen tension. However, the use of hypoxia chambers or incubators has
several disadvantages. One major constraint is that the environmental oxygen concentration may
not accurately reflect the oxygen concentration at the cellular level (Pavlacky and Polak, 2020);
(Rinderknecht et al., 2021). Alternative methods to induce or mimic hypoxia without reducing the
environmental oxygen concentration have been developed, offering the advantage of not requiring
special equipment. Increasing the height of the culture medium reduces the partial oxygen pressure
at the cellular site, primarily driven by the cells' oxygen consumption. CoCl2 has long been
recognized as a strong inducer of HIF-1a in cellular systems, mimicking the cellular response to
hypoxia to a certain degree. The glucose oxidase/catalase system reduces oxygen in cultures

through enzymatic consumption (Mueller et al., 2007); (Rinderknecht et al., 2021).
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1.10.1.1. Advantages and disadvantages of hypoxia induction systems and a comparison

with the hypoxia chamber

Table 1.7 summarizes the advantages and disadvantages of the three different hypoxia induction
systems and compares them with the hypoxia chamber. Increased media heights do not appear to
induce HIF-1a and do not show an effect on monocytic cells and in vitro 3D cultures. In contrast,
CoCl2 and the enzymatic system induce stabilization of HIF-1a protein in cell culture systems.
Chemical induction of hypoxia with CoCI2 results in HIF-1a stabilization in 2D cell cultures, and
to a lesser extent in monocytic (suspension) cells, but it does not significantly induce cytokine
expression. This indicates the need for "real hypoxia.” It is suggested that a higher concentration
of CoCI2 may be necessary in monocytic suspension cells (Guo et al., 2006), which is in line with

the 3D culture system.

Research shows that the enzymatic system was most effective in inducing reactions to hypoxia in
osteogenic cells (2D culture), monocytic cells (suspension culture), and in vitro 3D cultures.
Hypoxia-associated induction of chemokines in 2D and monocytic cells was observed in in vitro
experiments (Kim et al., 2016); (Sierra-Filardi et al., 2014). Functional reactions in in vitro 3D
cultures (VEGFA, RUNX2) were similar to those obtained in an equine fracture hematoma model
using a hypoxia chamber, as well as in patient and in vivo data (Hoff et al., 2017). Additionally,
all cytokines were strongly induced by GOX/CAT and by increased media heights in 2D cultures,
compared to only stabilizing HIF-1a with CoCI2. Chemical and enzymatic hypoxia inducers can
also affect cell functions in addition to inducing hypoxia. Cobalt chloride has been shown to induce
cellular apoptosis in a hypoxia-independent manner when supplemented in higher doses (Mufioz-
Sanchez and Chanez-Cardenas, 2018). Properly establishing ratios between catalase and glucose

oxidase is necessary in the enzymatic system, as an imbalance between the two enzymes can result
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in excessive generation of H202, leading to further stimulation of inflammatory conditions (Owegi
et al., 2010); (Rinderknecht et al., 2021). The enzymatic system also requires regular medium
changes due to reduced functionality of the enzymes over time. The induction of VEGFA in the
control conditions in the in vitro hematomas 3D indicates that hypoxia is internally induced in the
3D structure, as found in other 3D structures (Qin et al., 2013). Uneven oxygen delivery is a
common problem in nonvascularized 3D cultures, which also occurs when working with hypoxia
chambers (Funamoto et al., 2012). Therefore, in 3D structures, chemical inducers or the enzymatic

system are better options than increasing the medium height or reducing environmental oxygen.

Combining two hypoxia induction methods can lead to promising results. Research has shown the
use of a hypoxic environment (1% 0O2) in combination with the alternative chemical prolyl
hydroxylase inhibitor DFO (desferrioxamine) to stimulate the hypoxic response, as it was not
strong enough with either the hypoxic environment or the chemical inducer alone (Pfeiffenberger
et al., 2020). Additionally, elevated medium heights alone are not enough to induce strong
hypoxia; they can be used to support other hypoxia induction methods. Combining increased
medium height with reduced environmental oxygen increases the reduction in pericellular oxygen
levels (Oze et al., 2012). Furthermore, a combination of medium height and CoClI2 effectively
induces chemokine expression in osteogenic 2D cells, allowing for the induction of "real hypoxia™
in combination with a strong HIF-1a response. Another factor to consider when choosing a method
for hypoxia induction is the possibility of intermittent hypoxia (preconditioning/hypoxia with
reoxygenation phases). Intermittent hypoxia has been shown to be more effective in inducing
inflammation in monocytic cells, and preconditioning to moderate hypoxia improves tissue
regeneration and tolerance to stronger hypoxic conditions (Rybnikova and Samoilov, 2015);

(Rinderknecht et al., 2021). Theoretically, intermittent hypoxia induction is possible with all
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methods. For hypoxia chambers and increased medium heights, intermittent hypoxia needs to be
tightly controlled by oxygen measurements, as the change in pericellular oxygen concentrations is
relatively slow. For all other induction methods, (partial) changes in the medium are needed,
allowing for a fast onset of hypoxia, with the enzymatic system having the advantage of hypoxia

onset in less than two minutes (Baumann et al., 2008).

Table 1.7 Overview of different in vitro hypoxia induction methods

Medium Height Cobalt Chloride GOX/CAT1  Hypoxia Chamber
Assay Lowered local oxygen Blocking of HIF-1_ Consumption of Lowered environ
principle concentration due to degradation (all) oxygen Mental oxygen

reduced gas exchange by enzymatic system  concentration
Lowered yes no yes yes
oxygen

concentration

Approx. Up to several Immediate stabilization ~20 to 60 min (22) ~41t024 h
(53)
induction time  hours

Ability to Yes No Yes Yes
monitor

pO2

2D Culture Yes Yes Yes Yes
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Suspension No Yes Yes Yes
Culture
3D Culture Limited Yes Yes Yes
Animal No Yes No data available Yes
models
Advantages Easy Easy “Real” hypoxia most natural
system
easy

Disadvan slow induction  only mimicking of hypoxia enzymatic homeostasis much equipment needed
tages of hypoxia (no Chemical needs to be added can be disturbed side Slow onset of
hypoxia

Sharp drop in pO2) can be toxic products of enzymatic Limited space in incubator

High amounts of reaction

medium needed

Inter-plate differences

Problems in 3D-cultures
Costs for RPMI+5% FCS: _58£ _41f _4.50£ (getting less with Depending on chamber
100 96-well Depending on medium costs more plates because GOX is system and gas
plates 3 (x1.7 of normal medium costs at cheaper than CAT) Gas: _ 100£

5.4 mm Chamber: 1300£ —>25,000£
Literature cCamp and Capitano, Al Okail et al. Mueller et al. 2009
2007 2010

In comparison to the widely used hypoxia chambers, all the tested methods are also cheaper and
easier to use (Table 1.7). The enzymatic system leads to a similar induction of cellular hypoxia

response, while CoCl2 resembles some hypoxic features, and an increase in medium height
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induces more physiological oxygen concentration than true hypoxia. Considering the basic

limitations of the systems, they are a good alternative to the hypoxia chamber.

1.10.2. Effects of pericellular pO2 control on hypoxia signaling in vitro

There is a need to modify experimental conditions of in vitro hypoxia to better mimic those in
living patients. These modifications include the upregulation of HIF-1a, nuclear factor-kappa B
(NF-kB), reactive oxygen species (ROS), and the decreased availability of nitric oxide, which are
all influenced by oxygen concentration. HIF-1a expression, in particular, increases exponentially
as oxygen tension decreases. Using gas-permeable plates that allow for close control of pericellular
pO2 cycles for intermittent hypoxia has revealed significant variations in the effects of different
pO2 levels on the expression of HIF and NF-kB. This confirms the conflicting results obtained in
several studies that employed different models of hypoxia induction to explore their influence on

HIF mechanisms (Polak et al., 2015); (Pavlacky and Polak, 2020).

1.10.2.1. Sustained Hypoxia

The influence of pericellular pO2 measurement is evident in tumor hypoxia. In vitro hypoxia has
been used to investigate the effect of oxygenation dynamics on breast cancer radiosensitivity, and
continuous measurement of pericellular pO2 has shown a diminished response to hypoxia (Edin
et al., 2012). In vitro hypoxia models have also been employed to study the accumulation of
hypoxia-inducible molecules in tumors, suggesting their potential use in drug testing. Microfluidic
chips that create pO2 gradients and induce multiple oxygenation states have been developed for

this purpose (Wang et al., 2013).

In vitro hypoxia can also be studied to reveal the molecular mechanisms underlying

ischemia/reperfusion injury in neurons and cardiomyocytes. Perfused models of cardiomyocytes
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subjected to abrupt anoxia and reperfusion have been used to study the opening of mitochondrial
permeability transition pores, which play a role in cell death during ischemia-reperfusion injury
(Panel et al., 2017). Additionally, a steady perfusion-based microfluidic system has been
developed to continuously monitor the effects of hypoxia on the electrophysiological properties of

cardiomyocytes.

1.10.2.2. Intermittent Hypoxia

Precise pO2 control is also important for modeling intermittent hypoxia (IH). In vitro models using
gas-permeable dishes and mimicking the pathophysiology of obstructive sleep apnea (OSA) have
shown agreement with animal models and patient observations, including changes in NF-kB
modulation (Murphy et al., 2017). Similarly, culturing adipocytes in clinically relevant IH
conditions with pericellular pO2 monitoring has revealed the accumulation of triglycerides, linking
obesity and OSA. Consistent results have been obtained when other cell types were subjected to
IH protocols with defined pO2 levels in vitro, matching the gene expression profiles found in OSA
patients, and suggesting the role of inflammation in the disease's pathophysiology (Chuang et al.,

2014).

Monitoring pericellular pO2 levels has revealed the central role of HIF-1a in the molecular
response to IH in various cell types. This molecule has been found to be upregulated in skin
vasculature of OSA patients, as well as in the aortas of mice and human cultures of coronary artery
endothelial cells where IH was maintained by gas bubbling in the medium (Kaczmarek et al.,
2013). In addition, a protective mechanism of pancreatic cells exposed to IH and hyperglycemia,
based on ROS reduction, has been discovered in both in vivo and in vitro studies (Li et al., 2018).
Various hypoxic modalities have been studied using gas-permeable culture dishes to create an

amyocardial ischemia model.
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Disadvantages of Conventional Systems

Differences in the results regarding the role of hypoxia in cell cultures can be attributed to various
variables, such as using different cell types. Incorporating the native pO2 of the tissue type and its
temporal development in the disease being studied into the in vitro model could reduce result
variability. However, many recent publications on in vitro hypoxia still use simplified models that
do not consider the difference between headspace and pericellular O2 tensions. These studies cover
various areas of hypoxic research but lack pericellular O2 measurements, making it difficult to
determine if there is a higher concentration of oxygen in the control group and by what margin.
This complicates result interpretation, especially for cell cultures that are sensitive to ischemic
hypoxic injury, such as cardiomyocytes, neurons, kidney cells, and endothelial cells with high
oxygen consumption rates. Furthermore, some studies fail to provide information about the height
of the medium overlay above the adherent cell culture, introducing another unknown variable that
could affect the results and reproducibility. Additionally, some studies only employ chemical
insults to mimic hypoxia. Consequently, some studies argue against the merit of cell cultures in
hypoxia research, while others suggest that the results obtained from these models are in line with
in vivo studies. This emphasizes the significance of maintaining strict conditions for in vitro
hypoxia, characterizing the experimental setup in detail, including pericellular pO2 values, and
ensuring adequate pO2 equilibration time in the case of intermittent hypoxia (Pavlacky and Polak,

2020).

1.11. 3D CELL CULTURES
Introducing the element of three-dimensionality to cell cultures, which is an intrinsic characteristic
of all multicellular organisms, can improve the potential of in vitro models to recapitulate the in

vivo environment (Duval et al., 2017). This also applies to conditions in which hypoxia plays a
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vital role, including cancer, as the 3D structure has been found to play an integral part in tumor
biology (Tanner et al., 2012). While some models only employ single cell type spheroids, more
complex platforms that replicate physiological interactions found in vivo include multiple cell
types in a 3D structure, such as cancer stromal or endothelial cells (Magdeldin et al., 2017).
Similarly, 3D cell culture has been used to study the effect of hypoxia from an ischemic perspective
in various cell types, including cardiomyocytes (Sepuri et al., 2017), astrocytes (Chaitanya et al.,
2014), endothelial cells (Gammella et al., 2013), and hypoxia related to pulmonary fibrosis in fetal
lung fibroblasts (Sucre et al., 2017). Additionally, the effects of both continuous hypoxia and IH
on vascular sprouting have been discovered in endothelial cells (Alhawarat et al., 2019). Hypoxic
3D tissue structures encompassing retinal astrocytes and endothelial cells provide a useful drug-

screening device, outperforming standard 2D co-cultures (Beharr et al., 2017).

With the propagation of experiments conducted in 3D cell cultures, consideration of pericellular
pO2 is necessary, particularly because the element of three-dimensionality and variable thickness
of cellular structures bring additional irregularities that impede gas diffusion, resulting in the
formation of oxygen concentration gradients (McMurtrey, 2016). Several novel approaches have
been developed to tackle the challenges of pO2 in 3D tissue structures. Oxygen-sensing
microelectrodes have been employed to measure pericellular oxygen gradients in thicker hydrogel-
based tissues (Lewis et al., 2017). However, this approach has disadvantages such as its invasive
nature, time demands, and technical challenges requiring repetitive calibrations and measurements

in various spots inside the tissue, leading to a motivated search for alternative approaches.

A number of fluorescence quenching probes have been tested, which infiltrate through cells
(Dmitriev et al., 2015) or are incorporated into microbeads dispersed in a 3D hydrogel (Figure

1.13A) (Lesher-Pérez et al., 2017), and then visualized using confocal microscope imaging. This
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enables the formation of a dense network of pO2 reporter points throughout the 3D cell culture
block. Semi-quantitative approaches to the assessment of pericellular pO2 in 3D cultures include
mathematical models (McMurtrey, 2016) and probes (e.g., Hypoxyprobe) (Gomes et al., 2016), or
the incorporation of paramagnetic particles into cellular spheroids with subsequent electron

paramagnetic resonance-based detection (Langan et al., 2016).

A unique characteristic of 3D cell culture systems is the probability of actively inducing a
controlled oxygen gradient across the model based on experimental needs. These gradients can be
induced by perfusion with an oxygen scavenger in the medium (Lam et al., 2018), by positioning
the culture between two micro-channel circuits perfused with gas, each with a different oxygen
level (Figure 1.13B) (Oppegard and Eddington, 2013), or by incorporating an oxygen-consuming
reaction of specific hydrogel materials, either encapsulating (Figure 1.13C) (Lewis et al., 2017) or
being in close proximity to the cells (Figure 1.13D) (Li et al., 2016), thus regulating the pericellular

oxygen levels.
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Figure 1.13 Schematic drawing of systems for 3D in vitro hypoxia

(1.13A) Fluorescent sensor-laden microbeads incorporated into a 3D hydrogel with cells, serving

as a pO2 reporter throughout the 3D system (Lesher-Pérez et al., 2017).

(1.13B) 3D culture positioned between two gas perfusion microchannels, which are in contact with
the culture via a gas-permeable membrane, allowing for an oxygen gradient to be formed across
the culture between an oxygen-rich and oxygen-poor environment (Oppegard and Eddington,

2013).

(2.13C) Encapsulation of a 3D cell culture or explanted tissue by an oxygen-consuming hydrogel,
creating a hypoxic environment. The oxygen consumption is a result of the cross-linking reaction
and hydrogel formation, resulting in an oxygen gradient from the top layer of the culture to deeper,

more oxygen-deprived regions (Lewis et al., 2017).
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(1.13D) Preformed oxygen-consuming hydrogel immersed in a 3D culture creates a hypoxic
environment with an oxygen gradient toward the hydrogel. The gradient and the level of hypoxia

can be adjusted by moving the hydrogel across the culture on a mobile pillar (Li et al., 2016).

1.12. RUTIN

1.12.1. Overview of Rutin

Flavonoids, a group of natural antioxidants, are found in fruits, vegetables, roots, grains, bark,
flowers, stems, wine, and tea (Panche et al., 2016). The most common native flavonoid is rutin,
which is found in a wide variety of plants (>70 plant species) and plant-based products (Chua,
2013; Ola et al., 2015). Rutin is also called rutoside, quercetin-3-O-rutinoside, vitamin P, and
sophorin. These names originate from the Latin name for the rue plants (Ruta graveolens), from
which it was first isolated in the 19th century. Rue plants have the highest rutin content (86.6 mg/g
dw), followed by buckwheat flowers (53.5 mg/g dw) (Sofic, 2010). Buckwheat has been cultivated
as a source of rutin for herbal drug preparation in the United States since the mid-20th century,
and nowadays buckwheat plants (Fagopyrum spp.) are considered a major dietary source of rutin

(Chua, 2013).

Chemically, rutin, 2-(3,4-dihydroxyphenyl)-5,7-dihydroxy-3-[a-L-rhamnopyranosyl-(1—6)-p-D-
glucopyranosyloxy]-4H-chromen-4-one, is a glycoside composed of the flavonolic aglycone
quercetin along with the disaccharide rutinose (Figure 1.12). It appears as an odorless yellow

crystalline powder that is practically insoluble in water and partially soluble in alcohol (Cao,
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2010). Living organisms are unable to synthesize rutin, so it can only be ingested through plant

products.

Figure 1.14 Chemical structure of rutin. Rutin (rutoside, quercetin-3-O-rutinoside) is 2-(3,4-
dihydroxyphenyl)-5,7-dihydroxy-3-/a-L-rhamnopyranosyl-(/—6)-5-D-glucopyranosyloxy]-4H-

chromen-4-one and is classified as a polyphenolic flavonoid (Cao, 2010).

Rutin has several pharmacological and biological effects, such as anti-inflammatory, antioxidant,
antihypertensive, antiapoptotic, antiautophagic, and neuroprotective activities (Caglayan, 2019).
It has various protective effects in vitro as well as in vivo against oxidative stress and lipid
peroxidation (Alhoshani, 2017). Rutin attenuates oxidative stress, decreases in vitro production of
nitric oxide (NO) and proinflammatory cytokines, inhibits AP aggregation and cytotoxicity (Wang,
2012). Additionally, this bioflavonoid could protect kidneys against ischemia-reperfusion-induced
injury (Korkmaz and Kolankaya, 2013), ameliorate oxidative stress and preserve hepatic and renal
function after exposure to cadmium and ethanol (Abarikwu, 2017), alleviate cisplatin-induced
nephrotoxicity in rats (Alhoshani, 2017), and attenuate gentamicin-induced renal damage by
decreasing oxidative stress, inflammation, autophagy, and apoptosis in rodents (Kandemir, 2015).

Rutin has also been proposed for the treatment of AD (Habtemariam S, 2016; Khan, 2020).
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1.12.2. The Bioavailability and Blood-Brain Barrier (BBB) Penetration of Rutin

1.12.2.1 The Bioavailability of Rutin

The bioavailability of rutin has been extensively studied, particularly its aglycon quercetin
(Manach et al., 2005; de Oliveira et al., 2016). Numerous research studies have investigated the
bioavailability and bio-efficacy of polyphenols in humans, including 14 studies specifically on
quercetin and its glycosides. These studies have revealed that quercetin glucosides are more
efficiently absorbed than quercetin, while rutin (rhamnoglucoside) is absorbed at a slower rate.
The increased plasma levels of quercetin observed after administering glycoside forms of
quercetin, as opposed to its aglycone form, and the dependence of quercetin disposition on the
sugar moiety (Graefe et al., 2001) have been attributed to the metabolism of rutin in the large
intestine. Recent studies have proposed mechanisms involving the mucus layer in the
bioavailability of flavonoid glycosides (Gonzales et al., 2016). Soluble flavonoid glycosides can
penetrate the mucus layer to reach the epithelium. Upon contact with the brush border, (-
glucosidases cleave off the glucose moiety, releasing the aglycone, which can then passively
diffuse through the cells. Rutin, which contains rhamnose, remains intact in the small intestines
and is transported to the large intestines, where it is either fermented by intestinal bacteria or acted
upon by secreted bacterial rhamnosidase to release the aglycone. Additionally, rutin aglycone
quercetin reaches the epithelia, where phase | and phase 11 metabolism occur (Gonzales et al.,
2016). The combination of rutin's resistance to first-pass metabolism and its secretion into the
lumen may enhance therapeutic efficacy in the ileum and colon (Mascaraque et al., 2015; de
Oliveira et al., 2016). However, experimental proof is still required for the theory of absorption in
the large intestine, as some studies have shown that rutin is resistant to hydrolysis by gut

microbiota and Bifidobacterium. Conversely, several investigations have demonstrated that both
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rutin and quercetin are absorbed in the small intestine, possibly via the SGLT-1 transporter.
However, quercetin undergoes rapid metabolism, leading to reduced bioavailability, while rutin is
relatively spared from glucuronidation and primarily absorbed in its non-metabolized form
(Mascaraque et al., 2015; de Oliveira et al., 2016). The involvement of active transporters in the
transport of flavonoid glycosides remains unclear, and further research is necessary to understand
this mechanism. Overall, the poor water solubility of rutin results in a low concentration gradient

between the gut and blood vessel, leading to inadequate transport of rutin.

To increase the solubility and oral bioavailability of rutin, various delivery formulations have been
developed (Mauludin et al., 2009). However, additional studies are needed to achieve efficient and
safe use of rutin in oral pharmaceutical preparations. Lipinski's rule of five is a commonly used
method to evaluate the "drug-likeness" of a compound. It states that compounds are more likely to
have poor absorption or permeability if they have more than five hydrogen-bond donors, a
molecular mass exceeding 500, a calculated log P greater than 5, or a sum of nitrogen and oxygen
atoms in the molecule greater than 10. Rutin has more than five hydrogen bond donors and more
than 10 hydrogen bond acceptors and does not comply with Lipinski's rule of five (Zhang and
Wilkinson, 2007). However, according to Zhang and Wilkinson, the "rule of five" has been
somewhat exaggerated, as only 51% of all FDA-approved small-molecule drugs are administered
orally and comply with this rule. Data suggests that the bioavailability of rutin varies significantly
depending on food matrices (Masoodi and Alhamdan, 2010; Tenore et al., 2013; de Oliveira et al.,
2016), including other micronutrients and macronutrients present in consumed foods, which can
affect the metabolism of quercetin and its glycoside forms. Furthermore, the pharmacokinetics of

rutin/quercetin differ significantly in different animal models (Gohlke et al., 2013).
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1.12.2.2 The Blood-Brain Barrier (BBB) Penetration of Flavonoid (Rutin)

Exchange between blood and interstitial fluid does not occur in the capillaries of the brain, which
have developed to limit the movement of molecules and cells between the blood and the brain.
This significant feature provides a natural defense for the brain against toxic substances circulating
in the blood. Cell adhesion molecules play a role in forming tight junctions between endothelial
cells, providing an important protective function in limiting the movement of substances into the
brain (Palmer 2010). Additionally, the BBB plays a vital role in supplying essential nutrients,
drugs, hormones to the brain, and eliminating toxic metabolites from the brain. The BBB consists
of three cell types: endothelial cells, astrocytes, and pericytes. Endothelial cells in the BBB form
a discrete boundary between two different physiological environments, and the movement of
chemicals through this barrier indicates passage through a biological membrane (McNamara and

Leggas 2009; Faria et al., 2012).

There are three main routes by which a compound can cross biological membranes. First, it can
pass through a purely passive process if it is small, lipid-soluble, nonionized, and there is a
concentration gradient between the two sides of the membrane (principle of Fick's law) (Lehman-
McKeeman, 2008. This passive process does not require energy expenditure. Second, carrier-
mediated transport involves one or more transporters and can be saturable and specific. This type
of transport can be uniport (transport of a single molecule), symport (transport of two or more
different molecules or ions in the same direction), or antiport (transport of two or more different
molecules or ions in opposite directions). Third, specialized transport includes endocytosis, which
can occur with or without interaction with membrane receptors and is more likely for larger
molecules and proteins (Taft 2009). Various transporters of different classes have been described

in relation to the BBB (Uchida et al., 2011; Faria et al., 2012). Since BBB cells have tight junctions
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and no fenestrations, transport systems are vital not only for the movement of nutrients, vitamins,
drugs, and xenobiotics but also for actively limiting the passage of potential harmful substances

into the brain.

The mechanisms by which flavonoids are transported across the BBB and whether other dietary
components can affect their access to the central nervous system (CNS) are still not clear. Some
experimental evidence suggests that a-tocopherol promotes the transport of quercetin and rutin
across the BBB, potentially by modulating P-glycoprotein action and/or impairing the
phosphorylation/dephosphorylation mechanism that controls the influx of metabolites (Maciej et
al., 2015; Faria et al., 2012). Chronic administration of flavonoid rutin has been shown not to
induce pro-oxidant or cytotoxic side effects on the hippocampus, indicating that dietary factors
like a-tocopherol can modulate the uptake of flavonoids into the CNS and enhance their

neuroprotective potential (Faria et al., 2012).

Various in vitro cellular models of BBB have been used to study flavonoid transfer across the
BBB. For example, ECV304 (representing the peripheral side of the BBB) co-cultured with C6
glioma cells (representing the CNS side), bENDS and RBE4 have been the most common cellular
models of BBB (Youdim et al., 2003). Using this approach, various flavonoids of diverse sub-
classes (flavanones rutin) were observed to access and transverse the endothelial cells layer.
Additionally, the main flavonoid metabolites in the circulation, glucuronides and O-methylated
derivatives are also integrated into these cells. In addition to accumulating these flavonoid
metabolites, it appeared that these cells were capable of deconjugating glucuronide derivatives
liberating aglycone forms which can then be capable of entering glial cells and thus the brain
(Ishisaka et al., 2011). Using RBE4 cells, flavan-3-ols, flavonols and anthocyanins have been
shown to be able to transverse cells in a time-dependent manner, with quercetin showing the least
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transport efficiency (Faria et al., 2010). In another study, the isomers (+)-catechin and (-)-
epicatechin were found to cross the BBB layer, with, a significant difference between the transport
of these two isomers reported (Youdim et al., 2003). This suggest the involvement of a stereo-
selective process for flavanol passage across BBB which can due to differences in their efflux out
of cells. In addition, the hCMEC/D3 cell line, an immortalized human cerebral micro-vessel
endothelial cell line, have also been utilized as a BBB model. Using this model, the transport of
flavan-3-ols along with their metabolism to glucuronides were detected, similar to earlier
observations with RBE4 cells (Faria et al., 2011). Additionally, synthesized O-methylated flavan-
3-ols (Gonzalez-Manzano et al., 2009) were found to traverse these cells more efficiently
compared to the parent compounds in the same model (Faria et al., 2011). In addition to cellular
models, in situ models of the BBB have also been utalised to evaluate flavonoid access to the brain.
Thus, the permeability of radiolabelled quercetin rutin and naringenin was tested in an in situ rat
model of perfusion, and both quercetin, rutin and naringenin were found to be localized in all 7
regions of the brain to different degrees following perfusion of the carotid artery (Youdim et al.,
2004). Quercetin and rutin showed a lower permeability than naringenin, which was assumed to
be correlated with its lower lipophilicity or because naringenin did not seem to be a substrate for

P-gp unlike quercetin.

1.12.3. Other Flavonoid and rational of using Rutin for this study

Table 1.8: Classification, structure, and food sources of some dietary flavonoids.

Class Flavonoid Dietary source References

Flavanol
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Flavone

Flavonol

Flavanone

Isoflavone

Anthocyanidin

(+)-Catechin
(-)-Epicatechin
Epigallocatechin

Chrysin, apigenin

Tea (Lopez, et al., 2001)

red pepper, and tomato skin

Rutin, luteolin, and

luteolin glucosides

Kaempferol, quercetin,

myricetin, and tamarixetin

Naringin, naringenin, taxifolin,

and hesperidin

Genistin, daidzin

Apigenidin, cyaniding

Fruit skins, red wine (Stewart et al.,2000)
buckwheat, red pepper

and tomato skin

Onion, red wine, olive oil,

berries, and grapefruit. (Stewart et al.,2000)

Citrus fruits, grapefruits,

lemons, and oranges (Miyake et al., 2000)

Soyabean (Reinli and Block 1996)

Cherry, easberry, and strawberry (Hertog et al.,1992)

Flavonoids possess many pharmacological functions, which include:

1. Antioxidant Activity:

The antioxidant mechanism of action of flavonoids can involve several processes, such as

suppressing the formation of reactive oxygen species (ROS) by inhibiting enzymes or chelating

trace elements involved in free radical generation, scavenging ROS, and upregulating or protecting
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antioxidant defenses (Mishra et al., 2013). Some flavonoids can combine radical scavenging
activity with the ability to interact with enzyme functions, inhibiting enzymes involved in ROS
generation, such as microsomal monooxygenase and glutathione peroxidase. Flavonoids also
protect lipids against oxidative damage through various mechanisms. They can chelate metal ions
(such as iron and copper), which inhibits free radical generation (Mishra et al., 2013). For example,
quercetin is known for its iron-chelating and iron-stabilizing properties, while epicatechin and rutin

are strong radical scavengers and inhibitors of lipid peroxidation in vitro.

2. Hepatoprotective Activity:

Several flavonoids, including catechin, apigenin, quercetin, naringenin, rutin, and venoruton, have
been found to exhibit hepatoprotective activities (Zhu et al., 2012). In conditions such as diabetes,
which can lead to hepatic manifestations, the expression of glutamate-cysteine ligase catalytic
subunit (Gclc), glutathione levels, and ROS levels are reported to be decreased in the liver of
diabetic mice. Anthocyanins, a type of flavonoid, have been shown to have a preventive effect
against various diseases. Cyanidin-3-O-B-glucoside (C3G), an anthocyanin, increases hepatic Gclc
expression by elevating CAMP levels to activate protein kinase A (PKA). This activation, in turn,
upregulates cCAMP response element-binding protein (CREB) phosphorylation, promoting CREB-
DNA binding and increasing Gclc transcription. Increased Gclc expression results in decreased

hepatic ROS levels and proapoptotic signaling (Zhu et al., 2012).

3. Antibacterial Activity:

Flavonoids have been demonstrated to have antimicrobial effects against a wide range of
microorganisms in vitro. Plant extracts rich in flavonoids from diverse species have been shown

to exhibit antibacterial activity (Pandey et al., 2010). Several flavonoids, including apigenin,
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galangin, flavone and flavonol glycosides, isoflavones, flavanones, and chalcones, have potent
antibacterial activity. Naringenin and sophoraflavanone G, for example, exhibit intensive
antibacterial activity against methicillin-resistant Staphylococcus aureus (MRSA) and
streptococci. The antibacterial effects of flavonoids may be due to the alteration of membrane
fluidity in hydrophilic and hydrophobic regions, suggesting that these compounds can reduce the

fluidity of outer and inner layers of bacterial membranes (Tsuchiya and linuma, 2000).

4. Anti-Inflammatory Activity:

Certain flavonoids have been found to significantly affect the function of the immune system and
inflammatory cells, exhibiting anti-inflammatory and analgesic effects. Flavonoids such as
hesperidin, apigenin, luteolin, and quercetin possess anti-inflammatory properties. Flavonoids can
specifically influence the function of enzyme systems involved in the generation of inflammatory
processes, particularly tyrosine and serine-threonine protein kinases (Hunter, 1995). Numerous
flavonoids have been shown to inhibit platelet adhesion, aggregation, and secretion at
concentrations of 1-10 mM. The effect of flavonoids on platelets has been associated with the

inhibition of arachidonic acid metabolism (Hunter, 1995).

5. Anticancer Activity:

Dietary factors, including flavonoids, play a vital role in the prevention of cancers. Flavonoids
found in fruits and vegetables have been identified as cancer chemopreventive agents (Mishra et
al., 2013). The consumption of onions and/or apples, major sources of the flavonol quercetin, has
been inversely associated with the incidence of prostate, lung, stomach, and breast cancer.
Additionally, moderate wine consumption has been linked to a lower risk of developing lung,

endometrial, esophageal, stomach, and colon cancer (Koen et al., 2005). Flavonoids exert their
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anticancer effects through various mechanisms, including the downregulation of mutant p53
protein, cell cycle arrest, and tyrosine kinase inhibition, inhibition of heat shock proteins, estrogen

receptor binding capacity, and inhibition of Ras protein expression.

Rationale for Choosing Rutin in This Study:

Rutin is a flavonoid glycoside found in citrus plants. It is known for its neuroprotective effects,
likely due to its antioxidant and anti-inflammatory properties. Rutin protects cell membranes by
increasing their rigidity through interactions with phospholipids, thereby preventing oxidative

damage (Mostafa, 2017).

Studies have shown that rutin decreases B-amyloid plaque aggregation, nitric oxide production,
pro-inflammatory cytokines, cytotoxicity, and oxidative stress in vitro. In addition, it has been
reported to have neuroprotective effects on Alzheimer's disease transgenic mice in vivo. These
effects include attenuating memory deficits, increasing antioxidant parameters such as reduced
glutathione and superoxide dismutase, decreasing lipid peroxidation levels (indicated by

malondialdehyde), and reducing brain interleukin-1p and interleukin-6 levels (Xu et al., 2014).

Rutin inhibits amyloid beta (Ap) aggregates and processing in Alzheimer's disease (Habtemariam,
2016; Mostaf et al., 2019). It has been reported that the use of plant-derived bioactive components
like rutin can ameliorate various neurodegenerative diseases. The mechanism of action is attributed
to the amelioration of antioxidant enzymes, the reduction of pro-inflammatory cytokines, anti-
apoptotic effects, restoration of mitochondrial complex enzyme activity, and activation of the

MAPK cascade, thus promoting neuronal survival (Enogieru et al., 2018).

Furthermore, rutin plays a vital role in decreasing AP2s 35 fibril formation and accumulation in

vitro, thereby reducing neurotoxicity (Jiménez-Aliaga et al., 2011; Mostaf et al., 2019). It has also
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been shown to inhibit AP aggregation and cytotoxicity and prevent mitochondrial damage. Rutin
decreases the production of pro-inflammatory cytokines such as TNF-a and interleukin-1 in vitro,
while increasing the levels of catalase, superoxide dismutase enzymes, and reduced glutathione

(Wang et al., 2012).

Administration of Congo red/rutin magnetic nanoparticles intravenously in transgenic mice has
resulted in the amelioration of neurologic changes and a decrease in memory deficits in the brain
(Hu et al., 2015). Additionally, rutin has been found to reduce oligomeric AB, IL-1, and IL-6 levels
in the brains of transgenic mice (Xu et al., 2014). In a dose-dependent manner, rutin improves
recognition against scopolamine-induced memory deficits in an Alzheimer's model without
affecting locomotor activity (Ramalingayya et al., 2016). Rutin has also been shown to improve
cognition and attenuate inflammation in an Alzheimer's model, reducing the expression of IL-8,
COX-2 enzyme, NF-kB, and inducible iNOS, as well as ameliorating hippocampal histological
abnormalities (Javed et al., 2012). Furthermore, rutin inhibits scopolamine-induced amnesia
without affecting zebrafish locomotor activity in a zebrafish model of Alzheimer's (Richetti et al.,

2011).

The mechanisms of action of rutin involve inhibiting aggregation and cytotoxicity of A, reducing
oxidative stress induced by AP, and lowering AB42 levels. Polyphenol compounds, including rutin,
exhibit inhibitory effects on AP42 aggregation by binding hydrophobic B-sheet channels with their
aromatic structure and disrupting AP hydrogen bonding through the action of hydroxyl groups as
electron donors. Rutin, with its aromatic core and polyhydroxyl groups, likely functions through
these mechanisms (Porat, 2006; Porzoor, 2015; Velandera, 2017; Phan, 2019; Pu, 2007). Rutin
also reduces AP42-induced cytotoxicity by interacting with AP to modify the structure of AR

oligomers and inhibit their cytotoxicity. It has been shown to decrease AB2s_35 fibril formation and
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accumulation in vitro, thereby reducing neurotoxicity (Jimenez-Aliaga et al., 2011; Xu et al.,

2014).

Considering the extensive evidence on the beneficial effects of rutin, such as its ability to inhibit
AP aggregation, reduce inflammation and oxidative stress, and improve cognitive function, rutin

appears to be a promising candidate for this study.

Neuroinflammation is a complex response to brain injury involving the activation of glia, release
of inflammatory mediators such as cytokines and chemokines, and generation of reactive oxygen
species (ROS) (DiSabato et al., 2016). Inflammatory responses in the brain are associated with
increased levels of prostaglandins (PGs), particularly PGE2. Elevated PGE2 and inflammatory
mediators are also characteristic of the aging brain. An increased state of neuroinflammation
renders the aged brain more susceptible to the disruptive effects of both intrinsic and extrinsic

factors such as infection, diseases, toxicants, or stress (DiSabato et al., 2016).

In Alzheimer's disease (AD), microglia secrete proinflammatory cytokines, PGs, ROS, and NOS,
which result in chronic stress and, over a prolonged period, neuronal death (Calsolaro and Edison,
2016; Rawlinson et al.,, 2020). Rutin administration has been observed to reduce
"neuroinflammation™ in a rat model of AD (Javed et al., 2012) and exhibit neuroprotective effects
in dexamethasone-treated mice (Tongjaroenbuangam et al., 2011). Studies have shown that rutin
decreases the generation of TNF-o and IL-1f in microglia (Wang et al., 2012). Additionally,
research has reported the inhibition of AP aggregation and cytotoxicity by rutin, prevention of
mitochondrial damage, reduction of pro-inflammatory cytokine production (TNF-o and IL-1), and

increased levels of catalase (CAT) and superoxide dismutase (SOD) enzymes (Wang et al., 2012).
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Sodium rutin has been found to attenuate neuroinflammation, enhance microglia-mediated AP
clearance, ameliorate synaptic plasticity impairment, and reverse spatial learning and memory
deficits in two mouse models of AD (Pan et al., 2019). Rutin exerts its neuroprotective potential
by interacting with critical protein and lipid kinase signaling cascades in the brain, such as
PI3K/Akt, protein kinase C, and MAPK, resulting in the inhibition of apoptosis triggered by AB
and promoting neuronal survival and synaptic plasticity. It also has beneficial effects on the
vascular system, leading to changes in cerebrovascular blood flow through angiogenesis and

neurogenesis (Xu et al., 2014).

Research has shown that oral administration of rutin may protect the CA3 region of the
hippocampus in rats and impact their behavior, decreasing memory impairment due to trimethyltin
toxicity (Koda et al., 2008, 2009). Rutin has exhibited an antidepressant-like effect, partially
through its neuroprotective effect on the hippocampus by acting on NMDA receptors (Anjomshoa
et al., 2020). Rutin pre-treatment has been found to reduce infarct size and neurological deficits in
rats after middle cerebral artery occlusion and protect the antioxidant content of enzymes in the
brain (Khan et al., 2009; AbdEl-fatah et al., 2010). It has also protected against the
neurodegenerative effects of prion accumulation by increasing the production of neurotrophic
factors and inhibiting apoptotic pathway activation (Aldhabi et al., 2015). Rutin has shown
potential anticonvulsant and antioxidant activities against oxidative stress in kainic acid-induced

seizure in mice (Nassiri-Asl et al., 2013).

Furthermore, rutin has been found to attenuate age-related memory deficits in mice (Kishore, 200

5), improve learning and memory in normal, aged, and experimentally-induced amnesic mice,
possibly through its potent antioxidant action (Kishore and Singh, 2005). Rutin has protected

against spatial memory impairment induced by trimethyltin and synaptophysin in the hippocampus
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(Zhang et al., 2014), as well as in AD transgenic mice (Xu et al., 2014). It significantly attenuated
memory deficits in AD transgenic mice, decreased oligomer AP levels, increased SOD activity
and GSH/GSSG ratio, reduced GSSG and MDA levels, downregulated microgliosis and
astrocytosis, and decreased IL-IB and IL-6 levels in the brain (Xu et al., 2014). Rutin has also
improved memory and behavior in open field tests, elevated plus and Y-mazes tests, possibly due
to its reduction in neuro-apoptosis (Man et al., 2015). It prevented cognitive deficits and
morphological changes in the hippocampus, attenuated lipid peroxidation, COX-2, GFAP, IL-8,
iNOS, and NF«B in a rat model of sporadic dementia (Javed et al., 2012). Additionally, it
prevented memory deficits and ameliorated oxidative stress, apoptosis, and neurite growth in a rat
model for cognitive dysfunction (Ramalingayya et al., 2017). Rutin has been found to inhibit
apoptosis by decreasing oxidative stress, Bax/Bcl-2, caspase-3 and -9, and c-Jun and p38

phosphorylation in a dopaminergic cell model (Park et al., 2015).

Rational of using Rutin for this study:

Rutin has been selected for this study due to its high ability to cross the blood-brain barrier (BBB).
Many drugs used for the treatment of neurodegenerative diseases struggle to cross the BBB
(HABTEMARIAM, 2016). Research has revealed that rutin can modify both the cognitive and
behavioral symptoms associated with neurodegenerative diseases by crossing the BBB and acting
as an antioxidant in neuronal cells and an anti-inflammatory drug. Despite its poor water solubility
and low bioavailability, rutin has demonstrated the ability to cross the BBB. Studies have shown
that the peak plasma concentration (Cmax) of rutin was 262.85 + 6.15 ng/ml after oral
administration of a dose of 35 mg rutin to rabbits (Ramaswamy et al., 2017), and its concentration
in serum was approximately 300 ng/ml after 2 hours of oral administration with 100 mg/kg rutin

to mice (Pan et al., 2019). After intravenous administration of a dose of 10 mg/kg to rats, the Cmax

109



of rutin in plasma and brain homogenate was 1511.24 + 46.92 ng/ml and 111.57 + 12.01 ng/ml,

respectively (Ahmad et al., 2016; Xiao-ying et al., 2021).

Various strategies have been developed to improve the solubility and bioavailability of rutin to
prolong its clinical application. The sodium salt of rutin, for example, has been found to be highly
water-soluble with increased bioavailability and the ability to cross the BBB (Pan et al., 2019;
Xiao-ying et al., 2021). Rutin has been shown to cross the BBB and reach cerebrospinal fluid
(CSF) concentrations high enough to neutralize pathological tau. Therefore, rutin is believed to

exert direct effects on tau pathology in the brain.

Moreover, flavonoids, including rutin, can undergo rapid metabolism, which can be overcome by
methoxylation to improve their intestinal absorption, bioavailability, and stability (Mostafa et al.,
2018). Loading rutin extracted from Calendula officinalis L. flowers onto a novel nanoparticle-
lipid polymer hybrid has demonstrated efficacy in targeting rutin delivery to the brain. These
nanoparticles are biocompatible and bioavailable, as confirmed by a hemolysis test, thereby
opening up possibilities for the formulation of novel neuro-pharmaceuticals for brain targeting

using natural products (Ishak et al., 2017).

In addition to its ability to cross the BBB, rutin has been found to possess antioxidant and anti-
inflammatory properties, which are important in AD pathogenesis. Oxidative stress and
neuroinflammation are key features of AD, and the use of antioxidants and anti-inflammatory
agents has been proposed as a potential therapeutic strategy (Nabavi et al., 2015). Rutin has
demonstrated the ability to reduce oxidative stress and inflammation in animal models of AD,
thereby exerting a neuroprotective effect. It has also shown other potential neuroprotective effects,
such as improving cognitive function and reducing amyloid-beta accumulation, which are

significant pathological features of AD (Liu et al., 2016).
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Furthermore, rutin exhibits low toxicity and is generally safe for human consumption, making it
an attractive candidate for further study in Alzheimer's disease. While other flavonoids have also
been studied for their potential therapeutic effects in AD, rutin's unique combination of
neuroprotective, antioxidant, and anti-inflammatory properties, as well as its ability to cross the

BBB and low toxicity, make it a promising candidate for further research in this field.

1.12.4. Pharmacological properties of rutin

1.12.4.1. Rutin as an antioxidant

Reactive oxygen species (ROS) are highly reactive chemicals formed from O2 and are by-products
of the normal metabolism of oxygen. ROS are mainly produced in the mitochondria but can also
be generated in other organelles (Balaban, 2005). ROS include free radicals (superoxide, O—2),
hydroxyl radicals (OH), or non-radicals (hydrogen peroxide, H202). OH has been recognized as
the most reactive form of ROS, primarily responsible for the toxic effects of ROS, while O—2 is

proposed to play a vital role in ROS production (Bolisetty and Jaimes, 2013).

Cells possess defense mechanisms, including small-molecule antioxidants and antioxidant
enzymes, to reduce cellular levels of ROS (Gandhi, 2012). Superoxide dismutases (SOD) convert
O—2 into the more stable form of H202. H202 can generate OH, a highly reactive hydroxyl
radical, which can be further reduced by catalase (CAT), glutathione peroxidase (GPX), and other
peroxidases to form H20 and O2 (Patten, 2010). The cellular antioxidant glutathione (GSH) is
involved in two types of reactions. First, GSH, in its reduced form, non-enzymatically reacts with
0O—2 and OH to eliminate ROS (Gandhi, 2012). GSH serves as the electron donor for the reduction
of peroxides in the GPX reaction. When GSH reacts with ROS, it is oxidized (GSSG) and forms
glutathione disulfide, the final product of GPX reactions. GSH can then be restored from

glutathione disulfide through a reaction with glutathione reductase, transferring electrons from
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NADPH to glutathione disulfide (Dringen, 2003). Several studies have indicated that GSH plays
a role in inhibiting DNA damage and apoptotic cell death following oxidative stress (Song and
Zou, 2015). Therefore, cellular antioxidants and antioxidant enzymes work together to inhibit ROS
accumulation in cells. Dysregulation of their functions indicates altered oxidative states, which

may result in cell death (Song and Zou, 2015).

Several mechanisms have been found to be responsible for the antioxidant activities of rutin in
both in vitro and in vivo models. It has been revealed that rutin's chemical structure allows it to
scavenge ROS directly. It is also alleged to increase the production of GSH, and the cellular
oxidative defense systems are believed to be upregulated through increased expression of various
antioxidant enzymes such as CAT and SOD (Al-Enazi, 2014). Additionally, rutin inhibits xanthine
oxidase, which is involved in ROS generation (Kosti¢ et al., 2015). It also scavenges ROS by
donating hydrogen atoms to superoxide anions, peroxy radicals, and hydroxyl radicals (Caglayan,
2019). Research has shown that rutin effectively reduces the level of malondialdehyde (MDA)
while increasing CAT, GPX, SOD, GSH, and Nrf2 levels in colistin-induced neurotoxicity (Xu et
al., 2014). Rutin inhibits enhanced activity of xanthine and NADPH oxidases, the primary cellular
enzymes responsible for the generation of superoxide radicals. Due to its polyphenolic structure,

rutin can scavenge free radicals and chelate transition metal ions, which participate in

Fenton reactions to generate reactive hydroxyl radicals (Ghiasi, 2012; Nassiri-Asl, 2013). The
main functional groups in the rutin molecule are the hydroxyl groups at positions 5 and 7 of the A
ring, as well as the double bond in the C ring of the quercetin-polyphenolic component, and these
are responsible for its antioxidant activity (Cos et al., 1998). Additionally, research has shown that
rutin can inhibit the overproduction of oxygen radicals by neutrophils under pathological

conditions such as rheumatoid arthritis or cancer (Ostrakhovitch and Afanas'ev, 2001). Rutin
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facilitates the degradation of peroxides, including lipid peroxides, by regulating the level of GSH
and effectively protects phospholipids from peroxidation. Some in vivo studies have revealed that
rutin treatment significantly attenuates the decrease in the levels and activities of GSH and GSH-
dependent enzymes (GSH-Px and GSSG-R) in several rat models of disease (Javed, 2012).
Furthermore, rutin-facilitated regulation of the redox balance in fibroblasts prevents the decrease
in nonenzymatic antioxidants, including vitamins E and C, after UV irradiation (Gegotek, 2016).
Rutin's antioxidant properties allow it to reduce oxidative stress in almost all in vitro and in vivo
studies, as evidenced by reduced reactive oxygen species (ROS) production, nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase (NOX) activity, and oxidative products such as MDA
and thiobarbituric acid reactive substances (TBARS), in addition to increased antioxidant status,
such as superoxide dismutase, glutathione, glutathione peroxidase, and catalase, in various
cardiovascular disease models (Geetha et al., 2017; Huang et al., 2017; Imam et al., 2017; Li et
al., 2013; Panchal et al., 2011; Saklani et al., 2016; Singh et al., 2015; Xianchu et al., 2018). Rutin
significantly reduces cisplatin-induced oxidative stress by inhibiting lipid peroxidation and

increasing antioxidant activity (Aksu et al., 2017).

1.12.4.2. Rutin as an antiapoptotic agent

Cell proliferation and elimination are essential for maintaining physiological homeostasis in
organisms (Galluzzi, 2012). The process of cell death, including programmed cell death and
necrosis, plays a crucial role in various physiological processes such as pathogenesis,
metamorphosis, embryogenesis, and tissue turnover (Hakem and Harrington, 2005). Programmed
cell death, also known as apoptosis, involves a regulated process of cell suicide in response to
specific signals (Alberts, 2002). Apoptosis is controlled by a range of extracellular and intracellular

signals that are absorbed from the cell environment and within the cell itself (LeBlanc, 2003). It is
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characterized by distinct morphological features, helps maintain tissue homeostasis, and regulates
the appropriate number of cells in multicellular organisms by eliminating unwanted cells (Giorgi,
2008). Various endogenous tissue-specific agents and exogenous cell-damaging agents can initiate
programmed cell death under critical physiological conditions (Neuman, 2011). Exogenous factors
that activate programmed cell death include physical agents (radiation, physical trauma, and
chemotherapeutic drugs) and infectious agents (viruses and bacterial toxins) that can act on most

cell types (Neuman, 2011).

Mitogen-activated protein kinase (MAPK) is involved in the signal transduction pathways of
apoptosis (Pereira, 2013), and its levels indicate whether the cell survives or undergoes apoptosis,
as they reflect cellular damage (Yamaoka, 2012; Nafees, 2015). The expression of MAPK is
upregulated during apoptosis in neurons and glial cells after spinal cord injury (SCI) (Lee, 2010;
Ha, 2011). Additionally, MAPK expression can contribute to the inflammatory response (Breton-
Romero and Lamas, 2013). Inactive p38 MAPK is predominantly distributed in the cytoplasm and
translocates to the nucleus upon activation to regulate gene expression through the phosphorylation
of transcription factors (Tang, 2013; Chen, 2014). Extracellular stimuli, such as inflammatory
cytokines, induce the phosphorylation and activation of p38 MAPK through a kinase cascade (Zhu,
2013; Park, 2015). Activated p38 MAPK induces the expression of enzymes such as COX and
INOS, as well as numerous inflammatory-related molecules, thereby promoting the inflammatory

response (Breton-Romero and Lamas, 2013).

Research has shown that rutin protects against liver and lung injury through its antioxidative and
anti-inflammatory actions, as well as by modulating the MAPK pathway (Pan, 2014; Yeh, 2014).
Rutin has been found to reduce p38 MAPK expression in a spinal cord injury (SCI) model,

suggesting its potential to protect spinal cord cells by lowering the expression of pro-apoptotic
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proteins (Hong-liang, 2017). Furthermore, rutin has been shown to protect human dopaminergic
cells against rotenone-induced injury by inhibiting the p38 MAPK signaling pathway (Park, 2014).
It has also exhibited anti-inflammatory effects, potentially attributed to its suppression of p38
MAPK in UVB-irradiated mouse skin (Choi, 2014). Rutin has been found to decrease the activities
of caspase-9 and caspase-3, which are key factors in the neuroprotective action of rutin on spinal
cord cells. This observation aligns with previous reports indicating that rutin alleviates cell death
by inhibiting caspase-3 activity in dopaminergic and hippocampal neurons (Na, 2014; Song, 2014).
Rutin protects spinal cord cells by reducing oxidative stress and inflammation, and by decreasing
the expression of pro-apoptotic proteins through the inhibition of the p38 MAPK pathway (Hong-
liang et al., 2017). Moreover, it significantly protects fibroblasts from UV-induced apoptosis,
particularly in response to UVA, by reducing caspase activation and cytochrome c release, while
increasing Bcl-2 expression (Agnieszka, 2017). These findings also suggest that the observed
inhibition of HO-1 expression may modulate the cell survival mediated by rutin. Additionally,
rutin pretreatment has been shown to significantly attenuate H202-induced apoptosis in HUVEC
cells (Agnieszka, 2017). The antiapoptotic effects of rutin may synergize with its ability to protect
DNA from oxidative damage, as demonstrated in ischemia-induced rat brains (Agnieszka, 2017).
Additionally, treatment with rutin has been shown to reduce the expression of p53, a protein
involved in activating DNA repair mechanisms and inducing apoptosis in response to DNA
damage (Agnieszka, 2017). Rutin administration has been found to attenuate "ischemic neural
apoptosis" by suppressing p53 expression and lipid peroxidation, while increasing the activity of
endogenous antioxidant defense enzymes (Khan, 2009). In another study investigating the effect
of rutin on Sevoflurane and Propofol-induced neurotoxicity, the results indicated that rutin

exhibited neuroprotective potential, as it improved memory and behavior in tests such as the open
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field test, elevated plus maze, and Y-maze. This effect may be attributed to the reduction in

neuroapoptosis (Yi-Gang, 2015).

Rutin has also been shown to protect against the neurodegenerative effects of prion accumulation
by increasing the production of neurotrophic factors and inhibiting the activation of apoptotic
pathways in neuronal cells. These findings suggest that rutin may have clinical benefits for prion

diseases and other neurodegenerative disorders (Na, 2014).

Apoptosis of hair follicular cells is a leading cause of hair follicle degeneration. In a particular
study, apoptosis of human follicular dermal papilla cells was observed after treatment with
staurosporine, but this effect was completely reversed by exposure to rutin, spermidine, and
zeaxanthin. The expression of anti-apoptotic molecules such as Bcl-2 and MAP-kinases, as well
as their phosphorylated forms, was preserved, indicating the potential use of rutin in preventing

apoptosis of hair follicular cells, a leading cause of baldness (Carelli, 2012).

Caspase-dependent apoptotic cell death occurs due to the inactivation of survival pathways, such
as the PI3K/Akt pathway (GomezSintes, 2016; Snigdha, 2012). Rutin inhibits intrinsic apoptosis
by binding to the proapoptotic proteins Bax and Bcl-2 homologous antagonist/killer (Bak)
(Khodapasand, 2015; Lindqvist, 2014). Studies have revealed that rutin reduces apoptotic cells in
ischemic-reperfusion-induced apoptosis models, both in vivo and in vitro, as well as in
doxorubicin- and pirarubicin-induced cardiotoxicity, by suppressing the protein expressions of
caspase-3, -7, and -9 (Jeong, 2009; Kim, 2010; Lin, 2018). The reduction of caspase proteins by
rutin is associated with an increase in Bcl-2 expression and a decrease in Bax expression (Ma,
2017; Wang, 2018). This suggests that rutin may prevent apoptosis via the Bcl-2-regulated
apoptotic pathway, but the exact mechanisms by which rutin modulates Bcl-2, Bax, and caspase

proteins are still not well understood.
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1.12.4.3. Rutin as an Antiautophagic Agent

Autophagy is a process that involves the release of cellular waste materials, such as impaired
proteins and organelles, by autophagosomes, which are then delivered to lysosomes for
degradation into reusable monomers, such as amino acids (Li, 2018). The kinase mammalian target
of rapamycin (mTOR), located on the lysosomal membrane, plays a key role in the autophagy
process (Dunlop & Tee, 2014; Schirone, 2017). The activation of upstream pathways of mTOR,
including the phosphatidylinositol-3 kinase (PI3K)/Akt/mTOR pathway or adenosine
monophosphate-activated protein kinase (AMPK)/mTOR pathway, can inhibit autophagic
response (Pires, 2017). In the absence of growth factors, phosphorylation of the protein kinase Akt

is diminished, leading to the induction of autophagy (Li, 2016).

The direct link between rutin and mTOR remains unclear due to a lack of studies demonstrating
the effects of rutin on mTOR, PI3K, and AMPK. However, numerous studies have shown that
rutin can enhance the phosphorylation of Akt in diabetic cardiomyopathy, drug-induced
cardiotoxicity, and myocardial ischemic reperfusion injury in animal models. For example, in a
study where rutin was administered at a dose of 100 mg/kg orally for a week before doxorubicin
induction and concurrently for 11 weeks with doxorubicin injection in rats, rutin inhibited the
downregulation of Akt phosphorylation induced by doxorubicin (Ma, 2017). In a diabetic
cardiomyopathy-induced cardiac dysfunction model, the administration of rutin at a dose of 60
mg/kg for 6 weeks significantly increased the phosphorylation of Akt in diabetic ApoE knockout
mice compared to the untreated diabetic group (Huang, 2017). Another study revealed that rutin
isolated from Lonicera japonica increased Akt phosphorylation in H202-mediated injury in H9c2
cells. The activation of Akt by rutin was associated with a reduction in the protein expressions of

microtubule-associated protein light chain 3 (LC3), Atg5, and p62, and this pattern of expressions
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was observed in both in vivo and in vitro models (Ma, 2017). These findings suggest that rutin

may act directly on cells as a parent compound or after undergoing metabolism in vivo.

1.12.4.4. Rutin as an Anti-inflammatory Agent

The anti-inflammatory effect of rutin can be explained by its inhibition of some important enzymes
involved in inflammation. Rutin has been found to alleviate oxidative stress and inflammation
induced by reactive oxygen species (ROS) in rats by targeting p38-MAPK, i-NOS, NFkB, COX-
2, TNF-a, and IL-6 (Nafees, 2015). It has also been shown to decrease brain damage and improve
neurological dysfunctions through its anti-inflammatory properties (Hao, 2016). Rutin has been
observed to inhibit the release of high mobility group box 1 (HMGBL1) and downregulate HMGB1-
dependent inflammatory responses in human endothelial cells, as well as inhibit HMGB1-
mediated hyperpermeability and leukocyte migration in mice (Yoo, 2014). HMGBL is a protein
that acts as a late mediator of severe vascular inflammatory conditions. Furthermore, treatment
with rutin has resulted in reduced release of HMGB1 induced by cecal ligation and puncture, as
well as reduced sepsis-related mortality, indicating its potential as a therapeutic agent for severe

vascular inflammatory diseases through inhibition of the HMGBL1 signaling pathway (Yoo, 2014).

Rutin has been shown to reduce the levels of NF«B and the products of its transcriptional activity,
such as TNF-a, in UV-irradiated fibroblasts (Banu, 2009). Studies have revealed that rutin
suppresses the phosphorylation of NF«kB by inhibiting MAPK in lung tissue and decreases the
expression and cytoplasmic relocation of NF«kB (Yeh, 2014). Rutin has been found to inhibit the
activity of cyclooxygenases, important enzymes in the inflammatory process, and suppress the
expression of COX-2 and iNOS, via the suppression of p38/MAPK, in UVB-irradiated mouse
skin, exerting anti-inflammatory effects (Choi, 2014). It has also been shown to suppress p38 levels

(Sancho, 2003). The inhibition of NFkB activity may be associated with decreases in fibroblast
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endocannabinoid levels (Sancho, 2003). Current research has revealed that rutin exerts a
therapeutic effect against hepatic fibrosis by modulating liver inflammation. Rutin regulates liver
inflammation and fibrogenesis by targeting TLR4 and P2X7r pathways, which are crucial
pathways in the immune and inflammatory response (Hou, 2020). TLR4 controls the rate of
hepatic inflammation and plays a distinctive role in hepatocyte homeostasis. Rutin ameliorated
hepatic fibrosis and inflammation by suppressing TLR4 and its upstream or downstream related
signals, which are crucial for extracellular matrix metabolism and anti-inflammation. Therefore,
TLR4 can be considered a valuable target for rutin in the regulation of chronic liver diseases (Hou,
2020). P2X7r is highly expressed in immune and inflammatory systems and promotes
inflammasome formation upon activation. Activated P2X7r promotes NLRP3-dependent mature
IL-1p secretion and participates in pro-inflammatory events (Giuliani, 2017; Miller, 2011; Quan,

2018).

In carfilzomib-induced cardiotoxicity models, pretreatment with rutin at doses of 20 and 40 mg/kg
in rats leads to a significant downregulation of NF-kB mRNA expression by increasing its
inhibitory protein, IkB-a (Imam, 2017). This downregulation further reduces the expression of
various pro-inflammatory cytokines, such as IL-6, CRP, and TNF-a (Dong, 2010). In diabetes,
elevated levels of IL-6, CRP, and TNF-a are commonly observed (Mirza, 2012). In diabetic
cardiomyopathic rats, oral administration of rutin at a dose of 50 mg/kg/day for 24 days after
diabetic induction reduces the expression of TNF-a and CRP levels (Saklani, 2016). Pre-treatment
with rutin at a dose of 100 mg/kg/day for 8 days in a sepsis-induced cardiac injury model in mice
also demonstrates a reduction in TNF-a and IL-6 levels and cardiac inflammation area (Xianchu,
2018). Rutin has been found to potently inhibit the release of proinflammatory TNF-a and IL-13

from monocytes (Yuandani, 2017). Overall, rutin is believed to directly scavenge free radicals by
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chelating metal iron ions, thereby reducing oxidative stress and inflammation and ultimately
attenuating the remodeling process. However, detailed information regarding the molecular
mechanism and sequence of events by which rutin mitigates the cardiac remodeling process

through its antioxidant and anti-inflammatory effects is still lacking.

1.12.4.5. Neuroprotection of Rutin

Flavonoids are believed to exert their neuroprotective potential by interacting with critical protein
and lipid kinase signaling cascades in the brain, leading to the inhibition of apoptosis triggered by
neurotoxic species and promoting neuronal survival and synaptic plasticity. Rutin, as a flavonoid,
also exhibits neuroprotective effects through its beneficial effects on the vascular system, which
can cause changes in cerebrovascular blood flow capable of inducing angiogenesis, neurogenesis,
and alterations in neuronal morphology. Through these mechanisms, the consumption of
flavonoid-rich foods has the ability to limit neurodegeneration and reverse age-related dementia
cases. Given the interest in developing new drugs to enhance brain functions, flavonoids like rutin
may serve as important precursor molecules to be explored in the development of a new generation

of brain-enhancing drugs (Xu, 2014).

Research has shown that oral administration of rutin can protect the CA3 region of the
hippocampus in rats and have an impact on their behavior, reducing memory impairment
associated with trimethyltin toxicity in a water maze (Koda, 2002). Rutin pretreatment reduces
infarct size and neurological deficits in rats after middle cerebral artery occlusion and preserves
the antioxidant content of enzymes in the brain (Khan, 2009). Rutin administration also protects
the brain tissue of male Wistar rats from cerebral ischemia (AbdEl-fatah, 2010). Rutin attenuates
age-related memory deficits in mice (Kishore, 2005). It improves learning and memory in normal,

aged, and experimentally-induced amnesic mice, possibly through its potent antioxidant action
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(Kishore and Singh, 2005). Rutin protects against spatial memory impairment induced by
trimethyltin and preserves synaptophysin levels (Zhang, 2014). Studies have revealed that rutin
improves spatial memory in AD transgenic mice by decreasing AP oligomer levels and attenuating
oxidative stress and neuroinflammation. It significantly attenuates memory deficits in AD
transgenic mice, decreases oligomeric AP levels, increases SOD activity and the GSH/GSSG ratio,
reduces GSSG and MDA levels, downregulates microgliosis and astrocytosis, and decreases IL-
1B and IL-6 levels in the brain. These findings indicate that rutin is a promising agent for AD
treatment due to its antioxidant, anti-inflammatory, and AP oligomer-reducing activities (Xu,
2014). Rutin protects against the neurodegenerative effects of prion accumulation by increasing
the production of neurotrophic factors and inhibiting the apoptotic pathway activation. This
suggests that rutin may have clinical benefits for prion diseases and other neurodegenerative

disorders (Aldhabi, 2014).

Rutin has shown therapeutic potential for the treatment of neurodegenerative diseases associated
with oxidative stress (Park, 2014). It can be effective in reducing neurotoxicity, and its
neuroprotective effect may be mediated through its antioxidant activity (Motamedshariaty, 2014).
Rutin has also demonstrated potential anticonvulsant and antioxidant activities against oxidative
stress in kainic acid-induced seizures in mice (Marjan Nassiri-Asl, 2013). Rutin has
neuroprotective abilities and has been shown to improve memory and behavior in open field tests,
elevated plus and Y-mazes tests. This improvement may be attributed to the reduction in
neuroapoptosis (Man, 2015). Rutin has been found to improve memory, decrease oligomeric 3-
amyloid levels, lipid peroxidation, IL-1p and IL-6 levels, increase antioxidant enzymes and GSH
levels in an Alzheimer's disease mouse model (Xu, 2014). Rutin prevents cognitive deficits and

morphological changes in the hippocampus, attenuates lipid peroxidation, COX-2, GFAP, IL-8,
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iINOS, and NF«xB in a rat model of sporadic dementia (Javed, 2012). It also prevents memory
deficits, ameliorates oxidative stress, apoptosis, and neurite growth in a rat model of cognitive

dysfunction (Ramalingayya, 2017).

1.13. Aims and Objectives of the Study
AD is a progressive, degenerative, and terminal disease. Identifying a natural product with the

ability to combat AD pathology would help reduce disease progression.

The general aim of the study is to characterize the neuroprotective and anti-inflammatory
potentials of rutin in an in vitro model of AD and to determine the mechanisms of action.
Additionally, we will investigate the pharmacological properties of rutin under hypoxic conditions

in a cellular model of AD.

The objectives of the study are as follows:

A. To investigate the dose-related toxicity of AB2s-3s on PC12 cells and primary rat neurons in both

hypoxic and normoxic conditions.

B. To characterize the neuroprotective effects of rutin against ABas.as-induced toxicity in PC12

cells and primary rat neurons under both hypoxic and normoxic conditions.

C. To determine the anti-inflammatory effects of rutin against LPS-induced inflammation in BV2

cells.
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Chapter 2

MATERIALS AND METHODS

2.1. Materials

Rat adrenal pheochromocytoma (PC12) cells, Dulbecco's Modified Eagle's Medium (DMEM)
containing high glucose (4.5 g/L), Dulbecco's Phosphate-buffered saline (PBS), fetal bovine serum
(FBS), inactivated horse serum (HS), penicillin and streptomycin (10,000 units/mL & 10,000
pg/mL), Trypan Blue, poly-D-lysine (PDL) (50x), dimethyloxalylglycine (DMOG), dimethyl
sulfoxide (DMSO), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), 4-DL-
dithiothreitol (DTT), trypsin (50x), Amyloid beta 25.35, rutin, phenyl-methyl-sulfonyl fluoride

(PMSF), and protease inhibitor cocktail were from Sigma-Aldrich (St Louis, MO, USA).

Laemmli buffer (4x), 4-15% Mini-PROTEAN TGX Precast polyacrylamide gel, skimmed milk,
Precision Plus Protein Dual Color Standard, Trans-Blot SD Semi-Dry Electrophoretic transfer cell
were from Bio-Rad (Hertfordshire, UK). Amersham™ Protran® Premium nitrocellulose blotting
membranes were from VWR (Leicestershire, UK). RIPA (radioimmunoprecipitation assay) buffer
(10x) was from New England Biolabs Ltd (Hertfordshire, UK). Rabbit polyclonal antibody to 3-
actin was from Abcam (Cambridge, UK), mouse polyclonal antibody to HIF-1a was from Novus
Biologics (Abingdon, UK), goat anti-rabbit IgG HRP affinity, and goat polyclonal anti-mouse IgG
HRP affinity were from Dako, BD Transduction Laboratories, Agilent (Cheshire, UK). Pierce
BCA protein assay Kit, Pierce ECL western blotting substrates, and Techne PROPLATE 48 were
from ThermoFisher Scientific (Loughborough, UK). The non-radioactive cytotoxicity assay kits
were from Promega (Southampton, UK). Mouse TNFa DuoSet ELISA kits were purchased from
R&D Systems (Minneapolis, MN). Both DCFDA cellular ROS detection assay kit and lipid

peroxidation (MDA) assay kit were from Abcam (Cambridge, UK). Plastic materials for cell
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cultures including pipettes, T25 cell culture vessel, 96-, 24-, and 12-well plates were from Greiner
Bio-One (Gloucestershire, UK). Guava cell dispersal reagent, Guava nexin Kit, Guava instrument
cleaning fluid, Guava Easy check kit, and 0.22 pum syringe filter were obtained from Merck

Millipore, USA.

2.2. Cell Culture

2.2.1 Ethical Permissions

All animals used in the experiments were euthanized under Schedule 1 according to the Animals
Scientific Procedures Act (1986) (ASPA). The work is exempted from the need for Animal
Welfare and Ethical Review Board (AWERB) approval under the ASPA and all subsequent
amendments under both UK and European Law. All animals used in this study were treated in

accordance with ASPA guidelines.

2.2.2 PC12 Cell Culture

PC12 cells are derived from rat pheochromocytoma of the rat adrenal medulla. They were first
cultured by Greene and Tischler in 1976. PC12 cells were used because they are easy to culture,
have an enormous amount of background information, and are readily available. PC12 cells are
commonly used and suitable for early studies to perform various assays and determine the
underlying mechanisms (Holloway and Gavins, 2016; Sommer, 2017). They have been used in
several disease models such as Parkinson's disease, Huntington's disease, Alzheimer's disease, and

stroke (Holloway and Gavins, 2016).
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Thawing and Freezing PC12 Cells

PC12 cells were obtained from Sigma-Aldrich, UK (Cat # 88022401) in a frozen state in
cryopreservation media containing 10% DMSO and stored at -80°C. As shown in Figure 2.1, the
cryovials were quickly thawed in a 37°C water bath. The cells were then transferred into a 15 mL
Falcon tube containing 10 mL of "complete” PC12 cell media [high-glucose DMEM (Dulbecco's
Modified Eagle's Media with 4,500 mg/ml glucose, L-glutamine and sodium bicarbonate, without
pyruvate) supplemented with 5% FBS, 5% HS, and 1% PS] and mixed well by pipetting
(trituration). The cells were then centrifuged at 100 rcf (relative centrifugal force) for 5 minutes.
The supernatant was discarded, the cells were resuspended in fresh complete media, and the cell
suspension was transferred into a T25 flask (passage 1: P1). The PC12 cells were incubated at
37°C in a humidified atmosphere of 5% CO?2 in air and examined every day. The culture media
(approximately two-thirds) was renewed every 2-3 days until confluency. Upon confluency, the
cells were passaged. The cell suspension was transferred into a 15 mL Falcon tube and centrifuged
at 100 rcf for 5 minutes. Two-thirds of the media was discarded, and fresh media (approximately
10 mL) was added. The cell suspension was transferred into 4 x T25 flasks (P2). Upon confluency,
following the same procedure, the cells were further passaged. Confluent cultures at P3 were
frozen (procedure detailed below) or used for experiments. The PC12 cells were used for

experiments up to a maximum of P8.
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Figure 2.1 Diagrammatic representation of thawing and culturing PC12 cells. Frozen PC12 cells
were thawed and transferred to 10 mL of complete media. The cell suspension was centrifuged at
100 rcf for 5 minutes, the supernatant was discarded, and cells were resuspended in 10 mL of
complete media. The cell suspension was then transferred into a T25 flask. The cells were
maintained in a standard incubator with a humidified atmosphere containing 5% CO2 at 37°C.
The cells were examined daily, and two-thirds of the media was renewed every 2-3 days. Upon

confluency, the cells were passaged (Singh et al., 2021).

To freeze the PC12 cells for future use: The cell suspension was centrifuged at 100 rcf for 5
minutes. Cryopreservation media containing 10% sterile DMSO in complete media was prepared.
DMSO is a cytoprotectant added to prevent the formation of intracellular and extracellular crystals
during freezing. The cell pellet was suspended in the cryopreservation media (approximately 1 x
106 cells in 1.5 mL). The suspension was triturated in cryovials and placed in a freezing container.
The container was frozen at -20°C for 2 hours, followed by -80°C overnight, and then transferred

into a liquid nitrogen cylinder for long-term storage.
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Seeding/plating for experiments: PC12 cells were seeded (1.2 x 106 cells in 5 mL of complete
medium) in uncoated T25 flasks for protein/RNA extraction, flow cytometry, and trypan blue
exclusion assays. For MTT and LDH assays, poly-D-lysine (PDL) coated 96-well plates received

1.2 x 104 cells per well (100 uL).

2.2.3. Poly-D-lysine (PDL) coating

Plastic surfaces coated with PDL possess a net positive charge that is preferred by certain cells,
such as neurons and glial cells, for attachment, growth, and differentiation. It also facilitates cell
binding, which is essential for certain cell-based assays (Holloway and Gavins, 2016). PDL (0.1
mg/mL) was used to coat cell culture plates/flasks. A sufficient amount of the PDL solution was
added to cover the cell culture plates/flasks (1 mL per 25 cm2 area) and incubated overnight
(maximum time). The solution was then aspirated, and the plates/flasks were washed three times
with D-PBS. Subsequently, the plates/flasks were allowed to air dry for approximately 6 hours

before introducing cells.

2.2.4. Cell passage

When the cells reached about 80% confluence, they were sub-cultured. They were transferred to a
centrifuge tube and centrifuged at 100 g for 3 minutes. The supernatant was carefully removed,
and the cell pellet was re-suspended with 1 mL of complete growth medium and then brought up

to a final volume of 15 mL in a T75 flask.

1x 25%cm flask — 1x75%cm flask OR 3x25%cm flasks
split 1:

Cells were exposed to two different conditions: normoxic conditions, which involved incubation

at 21% 02, 5% CO2, and 37°C in a 95% humidity incubator, and hypoxic conditions, which were
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induced within an airtight hypoxia chamber (Ruskin Invivo2 400, RS Biotech, Irvine, UK) with

0.3% O2.

For all experiments, cell counting was performed using a Neubauer chamber. Once the cells
reached 80% confluence, 20 pL of the cell suspension was mixed with 20 pL of 0.4% Trypan Blue
in an Eppendorf tube. The mixture was then transferred onto the haemocytometer grid. The actual
cell count was determined by counting the total number of cells within four haemocytometer grids,
dividing the count by 4, and multiplying it by a factor of 2 to adjust for the trypan blue dilution

factor. The percentage viability of the cells was subsequently measured.

Totsl cell count
2

Actual cell count in sample = x10*/mL

Live cell count
x10*/mL

Percentage viability = Total cell count

Figure 2.2 Neubauer Chamber. The viable cells were counted in each large square and the actual

cell count was determined by counting the total number of cells within four haemocytometer grids
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and dividing by 4, and multiplying it by a factor of 2 for adjustment of the trypan blue dilution

factor (Singh et al., 2021).

2.2.5. Primary Rat Cortical Neuronal Cultures

Rat embryos E17-18 were removed from time-mated Sprague-Dawley pregnant rats. The rat
embryos were then placed in ice-cold Hank's Balanced Salt Solution (HBSS) in a petri dish. The
embryos were removed from their placental sac, and each embryo underwent decapitation at the
head/neck junction. The head was placed in ice-cold HBSS in a new petri dish. The embryonic
brains were removed from the head cavity. The cortices were collected while the brainstem,
cerebellar tissue, meninges, and the hippocampus (darker, C-shaped region) were discarded. The
cortices were placed in a fresh Petri dish containing ice-cold HBSS and then dissociated in another

fresh Petri dish (containing 1 mL of cold Neurobasal media) using a scalpel.

A 15 mL falcon tube was prepared with 1 mL of Neurobasal media containing 0.05% trypsin and
100 pg/mL deoxyribonuclease (DNAse), which was warmed for approximately 15 minutes at 37
°C. The minced cortices were transferred into the falcon tube and triturated using a pipette (20-30
times). The mixture was then incubated for 15 minutes at 37 °C. Afterward, 6 mL of pre-heated
(37 °C) Neurobasal media containing 10% FBS was added to inactivate the trypsin. The cortices
were further triturated (20-30 times). The suspension was centrifuged at 200 rcf for 5 minutes, and
the supernatant was discarded. Then, 10 mL of "complete™ Neurobasal media (Neurobasal media
supplemented with 2% B27 serum-free supplement, 2mM L-glutamine, and 1% PS) was added.
The suspension was sieved through a 70um cell strainer. The cells were counted using a Neubauer

chamber.
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The cells were plated onto PDL-coated plates at densities of 1.5 x 1076 cells in 5 mL (T25 flasks
for protein/RNA extraction), 3 x 1074 cells / 100 uL (96-well plates for MTT/LDH assay), and 1.5
x 1075 cells /300 uL (24-well plates for immunofluorescence (IF) staining). They were then placed
in a standard incubator with a humidified atmosphere containing 5% CO2 at 37 °C (Figure 2.3).
The cultures were examined, and a 50% media change with fresh media was performed on DIV1.
Thereafter, the 50% media change was performed every 2-3 days until confluency. Typically,

experiments were performed at DIV 9-14.

Pregnant rat Embryos in Cortices in JLortices in COId/\,‘L -
(E17-E18) Dissect  ice-cold HBSS Dissect ice-cold HBSS wNB media . NB. =
: ‘ rypsin | o
and cut and cut Cortices cut /=% & 23
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D I '
15 mins, 37°C
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Figure 2.3. Primary Rat Cortical Neuronal Culture. Cortices were obtained from E17-18 pregnant
rats. The cortices were enzymatically digested, triturated, and centrifuged. The supernatant was
removed, and complete Neurobasal (NB) media were added. The cell suspension was sieved
through a 70um cell strainer, and the cells were counted and transferred into PDL-coated plates
and flasks. The cultures were maintained in a standard incubator with a humidified atmosphere

containing 5% CO2 at 37 °C (Singh et al., 2021).
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2.2.5.1: Determination of Neuron Purity in Primary Culture and Contamination by Other

Brain-Derived Cells

Genetic and epigenetic variability between cell lines, as well as differences in investigator
techniques, cell culture conditions, and differentiation protocols, often result in imperfect neural
progenitor cell (NPC) differentiation, which subsequently affects the purity and quality of
subsequent neuronal cultures (Topol et al., 2015). A typical example is the contamination of
differentiated NPC cultures by neural crest cells (NCCs) during rosette selection, a developmental
stage similar to the formation of neuroepithelial cells within the neural tube (Wilson and Stice,
2006; Bowles et al., 2019). NCCs, also known as mesenchymal stem cells, are characterized by
the presence of the cell surface marker CD271 (nerve growth factor receptor; NGFR) (Alvarez et
al., 2015). NCCs are multipotent cells capable of differentiating into various brain-related lineages,
such as Schwann cells in peripheral nerves (Woodhoo and Sommer, 2008), enteric neurons, bone,
and muscle cells, but they cannot differentiate into central nervous system (CNS) neurons.
Consequently, during neuronal differentiation from NPCs, infiltrating NCCs will continue to
proliferate and contaminate the neuronal culture with an undefined non-neuronal cell type. As NPC
passage number increases, NCCs will persistently proliferate and may render the NPC population
unsuitable for neuronal differentiation. Glial differentiation has commonly been reported to

increase in higher passages of NPC cultures (Paavilaine et al., 2018).

The cell surface marker CD133 (Promonin 1) has been described as a characteristic of NPCs (Yuan
etal., 2011). Cells expressing CD133 are positive for other common NPC markers, such as Nestin
and OCT4. Additionally, CD133 has been confirmed as an effective cell surface marker for
isolating NPCs from human brain tissue using fluorescence-activated cell sorting (FACS),

indicating that the expression of this marker is a useful characteristic for defining NPCs.
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The presence of CD271+ and CD133- cells in NPC cultures significantly affects the quality and
purity of neuronal cultures after differentiation. Contamination of neuronal cultures with non-
neuronal cells poses challenges in analyzing cell-autonomous neuronal phenotypes and introduces
unwanted noise in data collection and analysis. Moreover, NPC lines from different individuals
and genetic backgrounds are likely to contain varying proportions of CD271+/CD133- cells,
resulting in significantly different populations of neurons and high variability in sample purity and
quality. To improve the quality of NPCs, it is necessary to initiate neuronal differentiation
protocols from a consistent pool of NPCs across cell lines, leading to a more homogeneous

population of resulting neurons and increased consistency across differentiations.

Minimizing the number of CD271+/CD133- cells in NPC cultures is crucial to achieving this goal.
One approach is to use NPC cultures with very low passage numbers (P < 3-4), although this may
not always be practical. Instead, FACS has been successfully utilized to select for CD271-
/CD133+ cells, enabling the use of NPC cultures for more than 50 passages (Cheng et al., 2018;
Bowles et al., 2019). The first method of using early passage cultures is effective in experienced
hands, but it limits the use of each cell line to a short period of time, restricts expansion potential,
and necessitates repeated NPC differentiation from iPSCs. In contrast, while the FACS method is
highly successful in purifying NPC cultures, it is a labor-intensive, expensive, and time-consuming
technique that yields a very low number of live cells. Moreover, there is a potential for

contamination and prolonged recovery times due to slow proliferation rates (Muratore et al., 2014).

Magnetic cell sorting (MACS) method can also be employed to enrich NPC cultures for CD271-
/CD133+ cells. This method is simple, inexpensive, and time-efficient, and has demonstrated

similar efficiency to FACS while achieving a higher yield of live cells and inducing less sorting-
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associated cellular stress. Studies have shown that MACS leads to much purer neuronal cultures

after differentiation compared to unsorted cell lines, and the protocol can be used in both early (P

< 5) and late (P > 10) passage cultures to maintain clean NPC populations. Therefore, MACS is

established as a cheaper, more efficient, and convenient method for sorting NPCs than FACS, and

its inclusion in standard NPC-neuron differentiation protocols significantly improves the longevity

of NPC cell lines, as well as the quality and stability of resulting neuronal populations.

In general, several technigques can be used to determine neuron purity in primary culture and detect

contamination by other brain-derived cells. Some commonly used procedures include:

Immunocytochemistry: This technique involves using specific antibodies that target
proteins expressed on the surface of different cell types. By staining the cells with these
antibodies, neurons can be distinguished from other brain-derived cells such as astrocytes
or microglia. For example, antibodies against the neuronal marker MAP2 (microtubule-
associated protein 2) can be used to specifically identify neurons in a mixed culture (Zhang
and Firestein, 2019).

Fluorescence-activated cell sorting (FACS): FACS is a flow cytometry-based technique
that separates different cell types based on their physical and chemical properties. Cells
can be sorted into different populations based on their fluorescence intensity by labeling
them with fluorescent markers. For example, neurons can be labeled with a fluorescent dye
such as NeuN (neuronal nuclei) and sorted from other brain-derived cells (Guez-Barber et
al., 2012).

RNA sequencing: RNA sequencing can be used to determine the gene expression profile
of a mixed culture. Different cell types can be identified based on their specific gene

expression patterns by analyzing the transcriptome of individual cells. For example,
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neurons can be identified by their expression of specific neuronal genes such as Tubb3
(tubulin beta-3 chain), while astrocytes can be identified by their expression of GFAP (glial
fibrillary acidic protein) (Darmanis et al., 2017).

Simple Shaking Method: This method involves purifying immature neurons from
differentiating neural stem cell progeny. The shaking purification technique allows for
easy, low-cost, efficient, and large-scale separation of immature neurons from dNSC
progeny, benefiting both basic and clinical applications (Azari et al., 2014).
Electrophysiology: Electrophysiology techniques such as patch-clamp recordings can be
used to measure distinct electrical properties of neurons. In contrast, glial cells are
generally electrically inactive. Hence, electrophysiology can be used to evaluate the purity
of neuronal cultures (Gage et al., 1995).

Morphological assessment: Neurons have distinct morphologies, such as long processes
and a round or triangular cell body, while glial cells have more flattened cell bodies and
shorter processes. Therefore, visual inspection of cells under a microscope can be used to
evaluate the purity of neuronal cultures (Brewer et al., 1993).

Gene expression analysis: Gene expression analysis can also be used to evaluate the purity
of neurons in primary cultures. This method involves analyzing the expression of genes
specific to neurons, such as NSE or Synapsin, using techniques like quantitative PCR or
microarray analysis. The purity of neurons can then be determined by examining the
expression of these genes in the culture. Recent research studies have used gene expression
analysis to assess the purity of human induced pluripotent stem cell-derived neuron

cultures (Li et al., 2019).
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2.2.6. Hypoxia chamber
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Figure 2.4. Hypoxia chamber. Hypoxia/hyperoxia incubators are used for experiments that
require oxygen levels below that of the ambient atmosphere. As oxygen levels regulate many
metabolic functions in cells, hypoxia incubators allow reproducible and precise control of O2 gas
within the chamber, usually by varying the level of nitrogen. However, not all incubators can
control extremely low (less than 1%) oxygen levels. Hypoxia incubators with built-in imaging
systems and plate readers are available and are used for cancer cell research, metabolic disease

research, and investigations of cellular growth factors (Lechpammer et al., 2018).

An in vitro hypoxia chamber incubator is a specialized laboratory instrument used to culture and
study cells under controlled oxygen conditions. This equipment is designed to mimic the
physiological oxygen levels in various tissues, allowing researchers to study how cells behave and

respond to hypoxic conditions. It is commonly used in cell culture experiments where the cells are

135



exposed to varying levels of oxygen to simulate certain pathological or physiological conditions
in vivo, such as tumor hypoxia, ischemia, or chronic lung disease (Chan and Loscalzo, 2010).
Hypoxia is a condition where there is a deficiency of oxygen in tissues, which can occur in various
disease states, such as cancer, heart disease, and stroke. By simulating hypoxia in the laboratory,
researchers can study the cellular responses and molecular mechanisms that occur in these
conditions (Bhandari and Deem, 2018).

The in vitro hypoxia chamber incubator works by controlling the concentration of oxygen in the
chamber. The hypoxia chamber typically consists of a sealed chamber with controlled oxygen
concentrations ranging from atmospheric (21%) down to as low as 0.1%. The chamber is designed
to maintain a stable and consistent oxygen concentration throughout the culture period, typically
ranging from a few hours to several days. The chamber's gas mixture is regulated by a gas
controller or sensor system that maintains the desired oxygen level by supplying the chamber with
precise amounts of gas mixtures, usually nitrogen or carbon dioxide, to reduce the concentration
of oxygen (Lechpammer et al., 2018).

There are various types of in vitro hypoxia chamber incubators available on the market, each with
unique features and specifications. Some popular models include the ProOx C21 Hypoxia
Chamber Incubator from BioSpherix, the H35 Hypoxystation from Don Whitley Scientific, and
the Hypoxia Chamber H2000 from Invivo2. These chambers are typically equipped with
temperature and humidity control, as well as CO2 and O2 sensors to monitor and maintain the
oxygen concentration within the chamber (Lechpammer et al., 2018).

The chamber incubator is equipped with temperature and humidity control to maintain optimal

conditions for cell culture, including heating elements and water reservoirs. These elements
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maintain a stable temperature and humidity inside the chamber, essential for maintaining optimal
conditions for cell growth.

Additionally, the hypoxia chamber incubator may have specialized features, such as integrated
culture plates, microscope access ports, or advanced imaging systems to monitor cell growth and
behavior (Lechpammer et al., 2018).

Overall, the in vitro hypoxia chamber incubator provides researchers with a sophisticated and
controlled environment to study cell behavior in hypoxic conditions, which can help uncover
mechanisms of disease and enable the development of new therapeutic strategies.

In addition to studying cellular responses to hypoxia, the in vitro hypoxia chamber incubator can
also be used for a wide range of research applications, including stem cell research, tissue

engineering, drug discovery, and cancer research.

Source 2: www.eppendorf.com/co2-incubators

Figure 2.5 Hypoxystation. Hypoxystation is the only hypoxic chamber purpose-built for
physiological cell culture research. It is specifically designed to create normoxic, hypoxic, and

anoxic conditions within a controlled and sustained workstation environment. This hypoxic
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incubator is ideal for research requiring the ability to accurately control oxygen, carbon dioxide,
temperature, and humidity. With such accurate control and the ability to manipulate cells in situ
without altering the incubation environment, research into cell biology can be performed over a

comprehensive range of oxygen tensions with precision (www.eppendorf.com/co2-incubators).

The touchscreen interface allows you to monitor all settings and eliminates the need for other dials,
switches, and gauges. The transfer airlock provides effective cell ware transfer to and from the
chamber. An optional removable front design allows for the setup of larger equipment needed
inside the chamber. The ergonomic glove ports for gloved or bare hand working make the
Hypoxystation comfortable for in situ manipulations.

This hypoxia workstation has been designed in conjunction with cell biology researchers to ensure
ultimate performance combined with user comfort, convenience, and reliability. It has two sleeved
ports on a removable (standard) front and one instant access port, and it has sufficient space to
accommodate a variety of equipment inside the chamber while still providing a generous working

and hypoxic incubation area (www.eppendorf.com/co2-incubators).

2.2.6.1. How the desired oxygen percentage was achieved in cells and verified

Achieving and verifying the desired oxygen percentage in a cell hypoxia chamber typically

involves the following steps:

1. Calibration of the hypoxia chamber: Before the experiment, the hypoxia chamber was
calibrated to ensure that it is functioning correctly and can maintain the desired oxygen
percentage. This involves testing the oxygen sensors, checking the seals of the chamber, and

verifying the flow rates of the gas mixtures.
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2. Gas mixing: The gas mixture required to achieve the desired oxygen percentage is prepared
using a gas mixer. This usually involves mixing nitrogen gas (which is used to decrease the
oxygen concentration) with air or a gas mixture containing a higher oxygen concentration.

3. Oxygen control: After the gas mixture was prepared, it was circulated into the hypoxia chamber
to displace the oxygen-rich air inside. The oxygen concentration inside the chamber was then
monitored using

4. Oxygen sensor, and adjustments were made to the gas flow rates to maintain the desired oxygen
percentage.

5. Verification: To verify that the desired oxygen percentage has been achieved and is being
maintained, the oxygen concentration inside the chamber is monitored continuously during the
experiment using an oxygen sensor. This ensures that any changes in oxygen concentration are
detected and corrected in real-time.

In order to achieve the desired oxygen percentage of 0.3% in the hypoxia chamber in our study,

we controlled the flow of gases into the chamber using precision gas flow meters and regulators.

The chamber was first purged with a gas mixture containing a lower oxygen concentration,

typically below 0.3%, until the desired level was reached. The chamber was then maintained at

this oxygen level by adjusting the flow rates of the gas mixture containing oxygen and other gases,
such as nitrogen and carbon dioxide.

The hypoxia chamber is also equipped with sensors to monitor and maintain the oxygen level

within the chamber. These sensors measure the oxygen concentration and send feedback to the gas

flow regulators, which adjust the flow rates accordingly to maintain the desired oxygen percentage

of 0.3%.
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In addition to precise gas flow control, the chambers are often sealed and insulated to prevent
oxygen leaks or fluctuations from external sources. This helps to maintain the desired oxygen level
within the chamber and ensure the accuracy and reproducibility of experiments conducted in

hypoxic conditions.

2.2.6.2. Rationale for the hypoxia used in this study

Hypoxia, characterized by low oxygen concentration, has been suggested as a potential contributor
to Alzheimer's disease (AD) pathology. AD brains often exhibit areas of hypoxia due to impaired
blood flow, leading to cognitive decline and neuronal damage. In AD patients, particularly those
with late-onset AD (LOAD) who are elderly, reduced cerebral blood flow can result in chronic
hypoxia. Hypoxia has been shown to enhance the shift in amyloid precursor protein (APP)
processing toward the amyloidogenic pathway and down-regulate the function of a-secretase,
promoting the accumulation of amyloid-beta (Ap) peptides, a hallmark of AD (Lall, 2019; Hassan
and Chen, 2021).

Studies have demonstrated that hypoxia inhibits the expression and activity of neprilysin, an
amyloid-degrading enzyme, leading to increased AP peptide accumulation (Lall, 2019). Hypoxia
also exacerbates the neurotoxic effects of AP peptides, increasing the vulnerability of hippocampal
neurons and contributing to neuronal death. Calcium dyshomeostasis, which is a fundamental
mechanism in AD pathogenesis, is further exacerbated by the interaction between AP and the
plasma membrane during hypoxia, resulting in elevated cytoplasmic calcium concentrations and
neuronal excitability. Chronic hypoxia enhances calcium entry and mitochondrial calcium content,
potentiating the posttranscriptional trafficking of L-type calcium channels. Additionally, both
hypoxia and AP can activate microglia, leading to a maladaptive neuroinflammatory response

(Lall, 2019).
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Therefore, this study was conducted using hypoxia to gain valuable insights into the mechanisms
underlying AD pathology. Hypoxia is commonly employed in such studies to mimic the hypoxic
conditions observed in AD brains. By subjecting neurons and PC12 cells to hypoxia, we
investigated the effects of oxygen deprivation on cellular function and the development of AD
pathology. Hypoxia has been shown to increase the production of beta-amyloid, the accumulation
of tau protein, and activate various signaling pathways involved in inflammation, oxidative stress,
and cell death, all of which are implicated in AD pathogenesis. Exploring these pathways under
hypoxic conditions in vitro can aid in identifying potential targets for drug development and
therapeutic interventions for AD.

In summary, the use of hypoxia in this research provides a valuable tool for investigating the

mechanisms underlying AD and identifying potential therapeutic targets.

2.2.7. BV2 Microglia cells

BV-2 cells are an immortal cell line frequently used as a substitute for primary microglia in
pharmacological studies. They are derived from raf/myc-immortalized murine neonatal microglia
and offer advantages such as cost-effectiveness and faster experimental turnaround compared to
primary microglia (Henn, 2009; Lund, 2005). BV-2 cells express NADPH oxidase, which is
associated with microglial-induced neuronal damage, making them a suitable model for studying
microglial behavior (Wu, 2006; Yang, 2007). BV-2 cells closely resemble primary microglia in
terms of cytokine secretion, which is an important aspect of this experiment (Lund, 2005).

BV2 cells were cultured in 75 cm2 tissue culture flasks using DMEM supplemented with 10%
FBS, 100 IU/mL penicillin, and 100 pg/mL streptomycin. The cells were maintained in a
humidified incubator at 37°C with 5% CO2. When the cultures reached approximately 80%

confluence, they were split. To split the cultures, the cells were washed twice with 5 mL Hanks
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buffered saline solution (HBSS) at room temperature and then incubated with trypsin/EDTA until
detachment. Trypsin action was stopped by adding 10 mL of growth medium to prevent cellular
damage. The cells were then centrifuged at 100 x g for 5 minutes to harvest them. The cell pellet
was resuspended in fresh growth medium and seeded into 96-well plates with 200 uL of growth

medium in each well, at a density of 0.01 x 106 cells.

2.3. Drugs preparation

2.3.1. Rutin preparation

Rutin, a bioflavonoid antioxidant, was purchased from Sigma. It was initially dissolved in DMSO
and subsequently diluted in the appropriate culture medium for treatment at the indicated
concentrations. Rutin (100 uM) was co-administered with AB2s.3s, and for the vehicle control
group, a final concentration of 1% DMSO was used. The effect of rutin on A} and A plus hypoxia
(Ap/hypoxia)-induced toxicity and apoptosis in PC12 cells and neurons was investigated. Cells
were cultured in normoxia (21% 02) and hypoxia (0.3% O2). Rutin was co-administered with A

in cells for 24 hours.

2.3.2 AP2s-35 Preparation

AP2s-35 (molecular formula: C45H81N13014S, molecular weight: 1060.27 Da), the most toxic
peptide fragment derived from the amyloid precursor protein, was dissolved in deionized distilled
water at a concentration of 1 mM. It was then allowed to aggregate and become toxic at 37°C for

4 days.
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2.3.2.1. Validation/Normalized AP aggregation and determination of toxicity

Amyloid beta (AP) aggregates are important biomarkers for neurodegenerative diseases, such as

Alzheimer's disease. Several techniques can be used to validate or normalize AP aggregation and

determine its toxicity, which include:

Thioflavin T (ThT) Assay: ThT is a fluorescent dye that specifically binds to AP
aggregates. The ThT assay can detect AP aggregates and determine their relative levels.

This method has been used in numerous studies to validate Ap aggregation (Manno et

al., 2020).

Atomic Force Microscopy (AFM): AFM is a powerful imaging technique used to
visualize and measure the size and shape of AP aggregates. AFM can also determine
the toxicity of AP aggregates by measuring their mechanical properties, such as
stiffness, and their interaction with cell membranes (Raman et al., 2013).

Cell Viability Assays: Cell viability assays can assess the toxicity of AP aggregates on
cultured cells. For example, the MTT assay measures mitochondrial activity, which is
indicative of cell viability. This method has been used to demonstrate the toxic effects
of AP aggregates on neuronal cells (Guntert et al., 20006).

Immunohistochemistry: Immunohistochemistry can validate AP aggregation in brain
tissue samples from animal models or human patients. This method involves staining
brain tissue with antibodies that specifically bind to AP aggregates, which can then be

visualized using microscopy (Wirths et al., 2004).
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A combination of these methods can provide a comprehensive analysis of AP aggregation and
toxicity. In this study, the normalization and determination of AB aggregation and toxicity were
performed as follows:

AP2s.35 was prepared as a 1 mM stock in sterile ddH20 and incubated for 4 days at 37°C to induce
aggregation and toxicity (Lou, 2011; Xian, 2016). During days 1-3, there was no significant
aggregation, but aggregation and toxicity were achieved on day 4. The AB2s-35 solution was then
stored in the refrigerator at 4°C for future use.

To confirm AP2s.35 aggregation, a Thioflavin T (ThT) fluorescence assay was performed to detect
fibril formation. ThT assays measure changes in fluorescence using microscopy or spectroscopy.
Spectroscopy assays monitor fibrillization over time, and although differences in binding have
been observed, the size remains the same.

The Thioflavin T (ThT) fluorescence assay monitored fibrillization over time using a Tecan
Infinite microplate reader. The results showed increased ThT binding in the AB2s 35 treated group
compared to the control, which was statistically significant. Additionally, the toxicity of AB2s.ss

was assessed using MTT and LDH release assays.

2.3.2.2. Determination of Apzs-35 toxicity

Following treatment, the toxicity of AB2s.3s was assessed using MTT and LDH release assays. Cell
viability and cytotoxicity were evaluated using the MTT and LDH release assays, respectively.
Cells were seeded on PDL pre-coated 96-well plates at a density of 1.2 x 104 cells/well and
cultured in "complete” medium for 24 hours. The medium was then removed, the cells were

washed twice with fresh medium, and fresh medium was added.

2.3.2.3. Quality control and storage of Ap2s-35 aggregates

To ensure quality control and proper storage of Azs-3s aggregates, the following steps were taken:

144



Quality Control: The quality of AP2s-35 aggregates can be checked using techniques such as circular
dichroism (CD), transmission electron microscopy (TEM), or Thioflavin T (ThT) assay. These
techniques confirm the formation of beta-sheet structures and the presence of fibrils (Saeedi et al.,
2016). In this study, the quality control of Apzs-35 aggregates was evaluated using the Thioflavin
T (ThT) assay.

Storage: Proper storage conditions are critical for maintaining the quality and stability of ABs.as
aggregates. AP2s-35 aggregates can be stored as lyophilized powders at -20°C or lower temperatures
(Saeedi et al., 2016). In this study, Ap2s-35 was stored at -20°C, and to prevent protein degradation
and aggregation, the samples were aliquoted to avoid repeated freeze-thaw cycles. After the
formation of Ap2s.35 aggregates, they were stored at 4°C.

Avoid Contamination: It is important to avoid contamination during the preparation and handling
of AP2s.35 aggregates. Sterile techniques were employed, ensuring that all equipment and solutions
were properly cleaned and sterilized. When working with AP2s.35 aggregates, appropriate safety
precautions were taken, as the peptide can form toxic oligomers and fibrils. The work was
conducted inside a fume hood, and appropriate personal protective equipment, such as gloves, lab
coats, and safety goggles, were worn.

Record-Keeping: Accurate record-keeping of the preparation date, concentration, and storage
conditions of Apgs-35s aggregates was maintained. This information can be helpful for future
experiments and ensures that the aggregates are of good quality.

Use of Appropriate Controls: In the experiments using AB2s-3s aggregates, appropriate controls
were used, including negative controls to account for non-specific binding or other experimental

artifacts. This helps ensure that the observed effects are due to the Ap2s-35 aggregates and not some
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other factor. Proper quality control and storage of Aas.3s aggregates ensure their quality and

contribute to reliable and reproducible results in experiments.

2.3.2.4 Thioflavin T (ThT) Spectroscopic Assay

Thioflavin T (ThT) is a benzothiazole salt obtained through the methylation of
dehydrothiotoluidine with methanol in the presence of hydrochloric acid. ThT is used as a dye to
visualize and quantify the presence or fibrillization of misfolded protein aggregates or amyloid.
The Thioflavin T (ThT) Assay measures changes in fluorescence intensity of ThT upon binding to
amyloid fibrils. The enhanced fluorescence can be observed using fluorescence microscopy or
spectroscopy. The spectroscopic assay is typically used to monitor fibrillization over time. The
ThT stock solution is prepared by adding 8 mg of ThT to 10 mL of phosphate buffer (10 mM
phosphate, 150 mM NaCl, pH 7.0), which is then filtered through a 0.2 um syringe filter. The stock
solution is stored in the dark and remains stable for about one week. The stock solution is diluted
in phosphate buffer (1 mL of ThT stock to 50 mL of buffer) to generate the working solution. The
fluorescence intensity of 1 mL of the working solution is measured by exciting at 450 nm and
measuring emission at 482 nm over time. A small aliquot (5-10 uL) of untreated protein solution
is added to the cuvette, stirred for 1 minute, and the intensity is measured over time. This serves
as the control sample. Steps 3—4 are repeated with 5-10 pL of the aggregated protein solution. An
intensity measurement above that of the control sample indicates the presence of amyloid fibrils.
Fluorescence is measured using a 96-well black plate and a Tecan microplate reader with excitation
at 450 nm and emission at 482 nm. Each reading represents the average of three values determined
by a time scan after subtracting the fluorescence contribution from the control solution. Each assay

is performed in triplicate.
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2.4 Assessment of Cell Viability

After treatment, cell viability and cytotoxicity were assessed using the MTT assay and LDH
release assay, respectively. Cells were seeded on poly-D-lysine (PDL) pre-coated 96-well plates
at a density of 1.2 x 104 cells/well and cultured in complete medium for 24 hours. The medium
was then removed, and the cells were washed twice with the medium before replacing it with fresh

medium.

2.4.1 MTT Assays

Cell viability was evaluated by means of a standard colorimetric assay that measures the
mitochondrial reductase-catalyzed reduction of yellow MTT to a purple formazan product.
Mitochondrial activity was assessed by a standard colorimetric assay for mitochondrial succinate
dehydrogenase which catalysed reduction of yellow MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-
diphenyltetrazolium bromide, a tetrazole) to a purple formazan product. The amount of colour formed
is proportional to the sum of viable or metabolically active cells. Initially, MTT solution was prepared
by dissolving 5 mg of MTT concentrate in 1 mL of D-PBS in the dark. 10 puL of the 5 mg/mL MTT
solution diluted in Dulbecco's medium was added to the culture medium (final concentration, 0.5
mg/mL) at about four hours (4hrs) before the completion of the incubation period,. All samples
were then incubated at 37°C under the treatment conditions. At the end of the treatment, the culture
supernatant was aspirated, and the surviving cells were solubilized in 50 uL. of DMSO and
incubated for an additional 10 minutes at 37°C. The optical density (OD) value of each well was
determined by measuring absorbance at 540 nm using a Tecan Infinite M200 PRO microplate
reader (Tecan Group Ltd, Reading, UK). The absorbance reading of the DMSO background was
subtracted from all sample absorbance readings, and the viability of cells for each treatment group

was calculated based on Equation 1.
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0D value(Experimental group)

Cell viability = X 100% 1)

OD value(Control group)

The viability of control cells in the complete medium was considered 100% viable, and the OD
value of the control group was used to normalize the treatment samples. The results are expressed

as the percentage of cells capable of reducing MTT.

2.4.2. LDH Release Assay

Lactate dehydrogenase (LDH) assay measures the LDH release in the culture media. LDH is a
stable cytoplasmic enzyme present in all cells and catalyse the interconversion of lactate and
pyruvate. When the plasma membrane of the cell is damaged, intracellular LDH is rapidly
released into the culture supernatant. The LDH released is measured with an enzymatic assay,
which results in the conversion of tetrazolium salt, iodonitrotetrazolium (INT) into a red
formazan product in the presence of diaphorase. The amount of colour formed is proportional to
the number of lysed cells. A non-radioactive cytotoxicity assay kit was used in this study, to
evaluate the LDH, and the reagent containing tetrazolium salts was prepared by mixing 12 mL of
assay buffer with substrate mix in the dark. After treatment, 50 puL of each sample media was
transferred to an unused 96-well flat bottom plate, after which, 50 puL of the prepared reagent
was added. The mixture was incubated at room temperature for 30 minutes, protected from light.
After 30 minutes, 50 uL of stop solution was added to each well and mixed. Maximum LDH
release control was generated by adding 10 pL 10x lysis solution to wells containing control
cells, 45 minutes before adding the reagent mixture. Thereafter, the amounts of formazan dye
formed were assessed by measuring the absorbance with a microplate reader at 490 nm. % LDH

release was quantified using the equation below

. j l l
Percent Cytotoxicity (%) = 100 X Experimental LDH Release (2

Maximum LDH Release
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The data are presented as the mean percentage of LDH release from the maximum control.

2.5. Measurement of NO Production (Griess Assay)

The Griess assay is a commonly used method for measuring the production of nitric oxide (NO)
in biological samples. To measure NO production using the Griess assay, the cell culture is treated
with Griess reagent, which contains sulfanilamide and N-(1-naphthyl) ethylenediamine
dihydrochloride (NED). The assay is based on the reaction between nitrite (NO2-) and
sulfanilamide under acidic conditions to form a diazonium salt. This diazonium salt can then react
with NED to form a pink azo dye, which can be quantified using a spectrophotometer. The amount
of nitrite in the sample is calculated based on a standard curve generated using known
concentrations of sodium nitrite. The Griess assay is a simple and inexpensive method for
measuring NO production, widely used in both basic research and clinical settings. However, it is
important to note that the assay measures nitrite, a stable metabolite of NO, rather than NO itself.
Therefore, other methods such as electron paramagnetic resonance (EPR) spectroscopy or
fluorescent probes may be used to directly measure NO production. The Griess reagent was
utilized to measure nitrate in the culture media. A sodium nitrate standard (1.56-100 uM) was
added in a volume of 50 pL to generate a standard curve. Then, 50 pL of Griess reagent (1%
sulfanilamide, 0.1% naphtylethylenediamine dihydrochloride in 2% phosphoric acid) was added
to each well, including both the standard and experimental samples. The plate was incubated for
15 minutes at room temperature, and the absorbance was measured at 540 nm using a plate reader.

Unknown concentrations were determined by linear regression analysis of the standard curve.

2.6. Hoechst-33342 Staining
Hoechst 33258 is a fluorescent dye commonly used for DNA staining in microscopy. Nuclear

condensation can be observed using DNA-binding dyes like Hoechst 33258 or 4, 6-diamidino-2-
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phenylindole (DAPI) under a conventional fluorescent microscope that emits light at ~350 nm and
transmits light at ~460 nm. Hoechst stains are a family of fluorescent dyes used for labeling DNA
in fluorescence microscopy. This dye is excited by ultraviolet light at around 350 nm and emits
blue/cyan fluorescence light with a maximum emission at 461 nm. Hoechst stains can be used on
live or fixed cells and are often an alternative to other nucleic acid stains like DAPI. Hoechst 33258
preferentially binds to adenine-thymine (A-T) regions of DNA, allowing it to observe nuclear
condensation and distinguish apoptotic cells from healthy and necrotic cells. A 24-well plate
containing 12 mm round coverslips coated with PDL was seeded with 2x105 cells/well in 500 pL
of DMEM. The cells were then treated and fixed in 4% paraformaldehyde (PFA) for 15 minutes
at room temperature, followed by washing with PBS. Hoechst stock solution (10 mg/mL) was
diluted (1:2000) and added to the coverslips. The cells were incubated for 10 minutes at 37°C. The
staining solution was removed, and the coverslips were washed with Dulbecco's phosphate-
buffered saline (DPBS). Finally, the coverslips were mounted onto microscopic slides using
Vectashield without DAPI. Images were obtained using an EVOS FL inverted microscope

(Thermofisher, UK).

2.6.1. Quantification of Hoechst-33342 Staining

ImageJ software was employed to quantify the fluorescence intensity from Hoechst 33258-stained
images. The following steps were followed:

1. Open the Hoechst-stained image in ImageJ.

2. Convert the image to 8-bit format by navigating to Image > Type > 8-bit.

3. Threshold the image by going to Image > Adjust > Threshold. Adjust the threshold until only

the nuclei are selected.
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4. Utilize the 'Analyze Particles' function by going to Analyze > Analyze Particles. Set the size
range to select the nuclei and select 'Show Outlines' to verify if all the nuclei are selected.

5. Once all the nuclei are selected, the 'Analyze Particles' function will generate results with
information on each nucleus.

6. To obtain the total fluorescence intensity of the nuclei, sum up the integrated density values

from the results.

2.7. Flow Cytometry to Detect Apoptosis

The Guava Nexin Kit, which includes Annexin V and 7-amino-actinomycin D (7-AAD) double
stain, was utilized to evaluate early apoptosis in cells. Annexin V is a calcium-dependent
phospholipid-binding protein that specifically binds to phosphatidylserine (PS), a membrane
component normally located on the inner face of the cell membrane. During early apoptosis, PS
molecules are translocated to the outer surface of the cell membrane, where Annexin V can bind
to them. On the other hand, 7-AAD is a dye that cannot penetrate viable cells but can enter dead
or damaged cells. It binds to double-stranded DNA by intercalating between base pairs in G-C-
rich regions. After cell treatment, 100 pL of cell suspension was transferred to a 1.5 mL
microcentrifuge tube. To disrupt cell clusters, 50 pL of 0.8x Guava cell dispersal reagent was
added to the tube and incubated for 20 minutes at 37°C. The cell suspension was then
microcentrifuged for 5 minutes (14500g), and the culture media was removed. Next, 100 uL of
DMEM and 100 pL of Guava Nexin reagent were added to the sample, which was then stained for
20 minutes at room temperature. The stained sample was acquired using a Guava easyCyte flow
cytometer, and the data were analyzed using Guava analysis software. A total of 10,000 events

within the gate were acquired for each sample, and three samples were acquired per condition.

151



The data were expressed as percentages of cells in each quadrant. Viable cells (Annexin V and 7-
AAD negative cells) were located in the lower left quadrant, early apoptotic cells (Annexin V
positive and 7-AAD negative cells) were located in the lower right quadrant, and necrotic/late

apoptotic cells (Annexin V and 7-AAD positive cells) were located in the upper right quadrant.

Q4. Debris Q3. Necrotic/late
apoptotic cells

Q1. Viable cells Q2. Early
. apoptotic cells

AnnexinV

7-AAD

A J

Figure 2.6 Schematic of Data Acquired by Flow Cytometry Using Annexin V/7-AAD Double
Staining. The acquired data from flow cytometry were expressed as percentages of cells in each
quadrant. Viable cells (Annexin V and 7-AAD negative cells) were represented in the lower left
quadrant, early apoptotic cells (Annexin V positive and 7-AAD negative cells) were represented
in the lower right quadrant, and necrotic/late apoptotic cells (Annexin V and 7-AAD positive cells)

were represented in the upper right quadrant (Chen 2016; Vermes et al., 2000).

2.8. Measurement of Reactive Oxygen Species (ROS)
Intracellular oxidant production in PC12 cells was measured using a DCFDA cellular ROS

detection assay kit (ABCam, ab113851). DCFDA, 2'7'-dichlorofluorescin diacetate, is a
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fluorogenic dye that detects hydroxyl, peroxyl, and other ROS activity within the cell. After
entering the cell, DCFDA is deacetylated by cellular esterases, resulting in a non-fluorescent
compound. This compound is later oxidized by ROS into 2'7'-dichlorofluorescin (DCF), a highly
fluorescent compound that can be detected by fluorescence spectroscopy with maximum excitation
and emission spectra of 495nm and 529nm, respectively.

PC12 cells were seeded in a dark, clear bottom 96-well microplate with 25,000 cells per well and
incubated overnight. The cells were then washed with 1x buffer and incubated with 25 uM DCFDA
for 45 minutes at 37°C. Subsequently, the cells were washed with PBS and treated with water,
AP2s3s (30 uM), APzs-3s (30 uM) + 1% DMSO, APzs-3s (30 uM) + Rutin (50, 100, 200 uM) for 6
hours. After two washes with PBS, DCF fluorescence was measured using a Hitachi F-2000
Spectrofluorimeter (excitation: 485nm; emission: 535nm). The change was determined as a

percentage of the control after subtracting the background.

2.9. Measurement of Malondialdehyde (MDA)

MDA, an index of lipid peroxidation, was measured using a commercial kit (ABCam, ab118970)
based on the thiobarbituric acid (TBA) method. This kit detects free MDA, which forms adduct
with TBA. If MDA is bound to collagen or other proteins, it will not be detected unless released.
However, the acid treatment in the assay precipitates all proteins, so most of the MDA present in
the sample should be free, allowing for the detection of total MDA.

PC12 cells cultured in T25 flasks were treated with water, AB2s-35 (30 uM), AB2s.35 (30 uM) + 1%
DMSO, AB2s-35 (30 uM) + Rutin (50, 100, 200 uM) for 24 hours. The cells were then washed twice
with PBS and homogenized with 303 pL of lysis solution (300 uL of MDA lysis buffer with 3 uLb
BHT [100x]) using a Dounce homogenizer (10-50 passes) on ice. BHT (butylated hydroxytoluene)

was added to stop further sample peroxidation during processing. The homogenate was centrifuged
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at 13,000g for 10 minutes to remove insoluble material. The supernatant was collected and mixed
with 600 pL of TBA. The mixture was incubated at 95°C for 60 minutes and cooled to room
temperature. Then, 200 pL of supernatant (containing MDA-TBA adduct) was transferred to a 96-

well microplate. The plate was read at 532 nm using a Tecan Infinite M200 PRO microplate reader.

2.10. Mouse TNFa ELISA

The levels of TNFa in BV-2 cell culture media were determined using a mouse TNF-a DuoSet
ELISA kit following the manufacturer's instructions. The capture antibody was coated onto a 96-
well plate overnight at room temperature. The plate was then blocked with 300 puL of Reagent
Diluent for 1 hour. Samples or standards diluted in Reagent Diluent (100 puL) were incubated for
2 hours. After three washes, 100 pL of the detection antibody was added and incubated for 2 hours.
Following another three washes, 100 puL of Streptavidin-HRP was added and incubated for 20
minutes, protected from direct light. After three final washes, 100 uL of Substrate Solution was
added and incubated for 20 minutes, protected from direct light. Then, 50 pL of Stop Solution was
added, and the plate was read using a microplate reader set to 450 nm, with a reference reading at
540 nm to correct for optical imperfections in the plate. The TNFa concentrations were computed

using standard curves derived from purified TNFa in the ELISA Kit.

2.11. Protein Extraction and Western Immunoblotting

2.11.1. Protein Extraction

PC12 cells were seeded into PDL-pre-coated T25 flasks at a density of 7x105 cells/ml in complete
DMEM and grown to approximately 80% confluence at 37°C. After the indicated treatments, cells
were washed twice with PBS to remove residual media. Cell extraction buffer was prepared on
ice, containing 5 mL of 1x RIPA (radio-immune precipitation assay) buffer, | mM PMSF (50 pL),

and 250 pL of protease inhibitor cocktail. Then, 130 pL of the cell extraction buffer was added to
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each flask and mixed on orbital shakers for 15 minutes. The cells were scraped, sonicated (3 cycles
of 10 seconds pulse with 5 seconds intervals), and centrifuged at 14,5009 for 10 minutes. The

supernatant was collected.

2.11.2. Protein Quantification

The protein concentration was determined using the Pierce BCA protein assay kit (Thermofisher,
Loughborough, UK) according to the manufacturer's instructions. The Microplate Procedure was
followed, using the dilution scheme for the microplate procedure for preparation of standards and
working reagent. The working reagent was prepared by mixing 50 parts of BCA Reagent A with
BCA Reagent B. Then, 25 puL of each sample was pipetted into a microplate well. 200 pL of the
working reagent was added to each well, and the plate was thoroughly mixed on a plate shaker for
30 seconds. The plate was covered and incubated at 37°C for 30 minutes. After cooling to room
temperature, the absorbance was measured at 562 nm on a plate reader. The average 562 nm
absorbance measurement of the blank standard replicates was subtracted from the 562 nm
measurements of all other individual sample replicates. A standard curve was prepared by plotting
the average blank-corrected 562 nm measurement for each BSA standard against its concentration
in pg/mL. The standard curve was then used to determine the protein concentration of each

unknown sample as shown below.
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Figure 2.7 Standard curve indicating measurement for BSA standard. Standard curve for
determination of the protein concentration of each unknown sample, prepared by plotting the
average blank-corrected 562 nm measurement for each BSA standard against its concentration in

ug/mL.

2.11.3. Western Immunoblotting

Samples were prepared by mixing 10 puL of 4x Laemmli buffer with the sample (30 pL) before
denaturation at 100°C for 5 minutes. 4-15% Mini-PROTEAN TGX Precast polyacrylamide gels
were then assembled within the Bio-Rad Mini-PROTEAN Tetra System and immersed in running
buffer. Molecular weight standards (20 pL) and equal quantities of protein samples (20 pg/lane)
were separated by SDS-polyacrylamide gel electrophoresis on the gel at 100V until the samples
reached the gel end. Fractionated proteins were transferred and electroblotted to pre-treated 0.45
pm PVDF membranes under semi-dry conditions (Trans-Blot Cell, Bio-Rad, USA) at 11V for one
hour. The membrane was blocked with 5% (fat-free) skimmed milk powder in PBS for one hour
at room temperature to block non-specific binding sites (with agitation). The membrane was
incubated with primary antibodies, anti-HIF-10 antibody (1:500 dilution) in 1% skimmed milk
solution overnight at 4°C. The immunoblots were washed with TBST 3 times and incubated with

the secondary antibody (anti-rabbit IgG HRP-conjugated antibody, 1:1000) for 1 hour at room
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temperature. Membranes were washed extensively with TBS-T prior to development using an ECL
solution (Thermofisher, U.K.) and imaged (FluorChem Western Blot imaging).

The blots were then stripped by mild stripping buffer and re-probed with rabbit polyclonal anti--
actin (1:500) followed by the secondary antibody anti-rabbit IgG HRP-conjugated antibody
(1:1000). The band densities were quantified by densitometric analysis using Image J software

(Image J, NIH, Bethesda, USA) and were normalized to B-actin.

2.12. Measurement of gene expression by RT-gPCR

RNA extraction

Cells were split into 6-well plates and cultured overnight. Then, cells were treated with LPS (100
ng/mL), Amyloid-f 25.35 (30 uM), and/or rutin (100 uM) in triplicate for 24 hours. The RNA was
extracted using either the column method (with the RNeasy Plus Mini Kit) or the TRIZOL method.

i.  Column method

The complete procedure for RNA (ribonucleic acid) extraction, conversion to cDNA
(complementary deoxyribonucleic acid), and gRT-PCR (quantitative real-time polymerase chain
reaction) using the column method is presented in Figure 2.5. RNA was extracted from cells using
the RNeasy Plus Mini Kit. The cell pellet was harvested by transferring the cell suspension to a 15
mL falcon tube and centrifuging it (5 minutes, 100 rcf). Fixed cells were trypsinized (TrypLE)
before centrifugation. Afterward, the supernatant was discarded, and 600 pL of RLT plus
containing 40 uM dithiothreitol (DTT) was added to lyse the cell pellet and mixed thoroughly by
pipetting. DTT is a reducing agent used to deactivate ribonuclease (RNase). The homogenized
lysate was then transferred to the supplied generic DNA (gDNA) Eliminator spin column and
centrifuged at 8000g for 30 seconds. The column was discarded, and the flow-through was mixed

with an equal volume of 70% ethanol (which aids RNA precipitation). The sample was transferred
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to the RNeasy spin column (700 puL at a time) and centrifuged (8000g for 15 seconds). The RNA
pellets were washed with RW1 buffer (700 uL, 80009 for 15 seconds) and twice with RPE buffer
(500 pL, 8000g for 15 seconds, then 8000g for 1 minute). The resulting RNA pellets were eluted
in 50 uL of nuclease-free water, and the concentration was measured on the NanoDrop 1000
Spectrophotometer. The quality of the RNA samples was assessed using the 260/280 and 260/230
absorbance measurements.

@ Cells treated @ Cells harvested @ RNA extraction

Cell pellet harvested by centrifugation Total RNA extracted and purified using
RNeasy plus mini kit
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lysis
discarded |+ ™

i buffer | 3 Purified RNA

) added .

= / \ /

M ,. y W \
100rcf, 5 mins

RNA concentration (5) Reverse transcription gPCR real-time
Total RNA concentration and Purified RNA is reverse transcribed to cONA cDNA template amplified by gPCR (40 cycles)

quality assessed using Nanodrop
=)

wuw — [

45°C, 30 mins

&,\' /\?SOC: 5mins cDNA template

Forward and reverse

Oligo(dT) . _'-‘\, primer
dNTP I \ Q Sensifast SYBR H-ROX
RNase inhibitor / DEPC water

RT buffer

Techne PROPLATE48

. DNA sampl
Reverse transcriptase c Samp S
DEPC water stored at -20°C
Test results
Results analysed (delta Ct method)
. @ Initiation @ Denaturation (95°C) @ Primer annealing (60°C) @ Extension (72°C) *,
r ‘\ .
: Polymerase G \ Positive
1 \
: DNA template 5‘HII\III\HHIHIH 5\IIIIHIH E
P o T N GMI g
ST " T rimer -
i 1
° & fo ’W”F'”“E' 4 » * : § Threshold
: . [ i R
\ Undetected fluarescence intensity Increased temperature B et o ET) 3 L .
s causes dsONA fo separate Yy e V Negative

Copies per reaction (Ct)

Figure 2.8 Procedure for determining gene expression through gqRT-PCR. Total RNA was obtained

using the RNeasy Plus Mini Kit, and the RNA quality and quantity were measured using a

158



NanoDrop. The RNA was converted into cDNA using the Tetro cDNA synthesis kit and quantified

using gRT-PCR. The data obtained were analyzed using the delta Ct method (Singh et al., 2021).

ii.  TRIZOL method

The culture medium was removed, and cells were washed twice with 2 mL of ice-cold PBS. Then,
1 mL of TRIZOL reagent was added to lyse the cells. The cells were removed by scraping and
trituration with a 1 mL pipette and transferred into 1.5 mL centrifuge tubes. Next, 0.2 mL of
chloroform was added, vortex-mixed for 20 seconds, and then centrifuged (12,500 x g, 4°C, 15
minutes). The aqueous top layer was carefully removed and placed in a fresh tube. Then, 0.5 mL
of isopropanol was added, vortex-mixed, and centrifuged (12,500 x g, 4°C, 10 minutes). The
supernatant was removed (taking care not to disturb the white RNA pellets), and the RNA pellets
were washed with 1 mL of 75% ethanol in each tube. The tubes were vortex-mixed and then
centrifuged (7,500 x g, 5 minutes, 4°C), and the supernatant was discarded. The ethanol wash step
was repeated once more, and then the pellet was allowed to air-dry for 5 minutes. Subsequently,
20 puL of RNAse- and DNAse-free water was added. The RNA concentration and purity were
determined using Nanodrop spectrophotometry. The RNA concentration was measured by
absorbance at 260 nm (A260) and was considered pure if the A260:A280 ratio was above 1.8 and
the A260:A230 ratio was above 2.

iii.  Comparison of RNA yield between TRIZOL and column method of RNA extraction.
RNA was isolated from BV-2 cells using both the column and TRIZOL methods. TRIZOL, which
is used for isolating both small and large RNA molecules, resulted in a higher yield of RNA
compared to the column method. However, the column method was found to be easier and cleaner

than the TRIZOL method (Table 2.1).

Table 2.1 Comparison of RNA yield between triazole and spin column methods
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Samples Triazole method Column method
RNA 260 :280 | 260 : 230 | RNA 260 :280 | 260 : 230
(z9/ml) nm nm (zg/ml) nm nm

Nol C1 61.728 1.906 2431 8.648 1.912 1.784

Nol C2 61.392 1.910 2413 29.171 1.97 1.796

Nol C1 69.268 1.923 2.407 27.58 1.968 1.949

Nol C2 51.150 1.912 2.22 27.648 1.989 2.209

Nol C1 126.96 1.724 2.401 37.234 1.964 1.931

Nol C2 62.062 1.912 2.398 6.227 1.841 0.835

Table 2.1. Comparison of RNA yield between TRIZOL and column method of RNA extractions.

TRIZOL is used for isolating both small and large RNA molecules, resulting in a higher yield of

RNA compared to the column method. However, the column method is much easier and cleaner

than the TRIZOL method.

cDNA generation

cDNA was generated from RNA using the Bio-Rad iScript cDNA synthesis kit. Fifteen microliters

of RNA (specify the concentration if available) was incubated with 4 pL of 5x iScript Reaction

Mix and 1 pL of iScript reverse transcriptase. The mixture was placed into a thermocycler

following the reaction protocol: priming (5 minutes, 25°C); reverse transcription (20 minutes,

46°C); inactivation of reverse transcriptase (1 minute, 95°C) and then held at 4°C.

Real-time quantitative PCR (RT-qPCR)
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RT-gPCR was used to investigate changes in gene expression, with Actin serving as a reference
gene. The RT-qPCR was carried out with a 5 uL reaction volume (2.5 uL of 2x SensiFAST SYBR
Hi-ROX Mix; 0.2 uL of 10 uM primer mix for both forward and reverse primers; 2.3 uL of cDNA)
using the Techne Prime Pro 48 RT-gPCR system following the protocol. An initial activation step
was performed for 2 minutes at 95°C, followed by 40 cycles of a 3-step cycling program consisting
of 95°C for 5 seconds, 60°C for 10 seconds, and 72°C for 15 seconds. The primer sequences are

described in Table 2.2.

Table 2.2 The primer sequences

IL-6:

F', 5’CCA CTT CAC AAG TCG GAG GC, and R’, GGA GAG CAT TGG AAATTG GGG T-

3’

INOS

(F) 5’[1-GAACTGTAGCACAGCACAGGAAAT-3’ and (R) S

CGTACCGGATGAGCTGTGAAT-3’

TNF-a

(F) 5-GCAACTGCTGCACGAAATC-3’ (R) 5’-CTGCTTGTCCTCTGCCCAC-3’

This table presents the list of primers used for gRT-PCR studies along with their forward (FW)

and reverse (RV) sequences.
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gPCR Data Handling

After gPCR, the melt curves were assessed, and if concordant, those results were excluded from
further analysis. Suitable reactions were then used to calculate the initial cDNA levels using the

"~AACq method (Livak & Schmittgen, 2001). Changes in the gene of interest (GOI) expression
were calculated relative to the average expression of three reference genes, as recommended by
the MIQE guidelines (Bustin, 2009). For each sample, the Actin and TNFa, TGFp, IL6, and NOS2
primers were used to measure whether a pre-set, quantifiable level of fluorescence was achieved
in each of the samples' replicative cycles (e.g., ACq=CqNOS2 - CgActin). The relative abundance
of cDNA in each sample was calculated from ACq, considering that each cycle leads to a twofold
cDNA increase, resulting in increased fluorescence. The mean difference between control and
treated samples (AACq = ACqtreated - ACqcontrol) was then calculated to determine the fold
change (2*~AACq). This method generates data that exhibit a logarithmic normal distribution,
which is suitable for graphical representation but cannot be statistically compared, except for
identifying increases or decreases. Therefore, data analysis should be performed on AACq data

instead. The fold change can be calculated using the following equation:

ACq = Cq (target gene) — Cq (average of three reference genes)
AACq = ACq (treated) — ACq (untreated)

Fold change = 224¢4

2.13. Immunocytofluorescence

2.13.1 Quantification of Immunocytofluorescence Images

Immunofluorescence (IF) has emerged as an important method for biomedical research. With the
development of antibodies targeted against specific proteins, IF is commonly used as a

complementary tool for molecular profiling of tissue samples. This technique is valuable for
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diagnostic purposes, such as subtyping diseases (e.g., tumors, inflammatory diseases, autoimmune
disorders), as well as for evaluating the results of various experimental procedures in basic
biomedical research. However, there are additional demands on IF/IHC-based research of human
tissue samples, driven by the increasing complexity of molecular regulatory networks revealed
through experiments on knockout animals, functional studies, and high-output analyses based on

tissue homogenates (genome and proteome sequencing) (Huss and Coupland, 2020).

To determine the significance of a specific protein in cellular or tissue processes, it is necessary to
quantify the staining in terms of "How much?" and "Where in the cell/tissue?" it is present, rather
than simply observing the presence or absence of the signal (or staining) of that protein in the
sample of interest. While the molecular function of a protein is determined by its biochemical
properties, the cellular/tissue function of the protein is influenced by its spatial relationship with
other proteins present in the same cellular/tissue compartment. These proteins may belong to a
well-defined functional group and/or participate in interconnected regulatory pathways (Tummers

and Thesleff, 2009; Roko Duplancicl and Darko, 2021). IF signals possess three key properties:

Expression pattern: The expression pattern can be nuclear or nonnuclear (cytoplasmic, cell
surface).

Expression domain: The area occupied by the IF signal.

Spatial gradient: How the IF signal is distributed within the cell/tissue based on the variation

of its overall intensity.

Currently, there are software tools available for quantifying all these properties. While
conventional computer-assisted scoring systems can quantify the expression patterns and
expression domains of stained proteins, they often fail to quantify the spatial gradients of IF

signals. This is not a major issue when quantifying protein markers expressed in well-defined cell

163



compartments (such as cell nuclei) or when their expression is localized to specific tissue structures

that can be analyzed within smaller Regions-Of-Interest (ROIs) defined by the investigator (Riber-

Hansen et al., 2012). However, the quantification of IF signals from ubiquitously expressed

markers with non-nuclear expression patterns requires a different approach. This is primarily due

to their typically large expression domains (which, in conventional approaches, would require

selecting an increasing number of ROIs) and the fact that their spatial gradients are highly

significant indicators of biological function (Rozario and DeSimone, 2010).

In summary, several methods can be used for the quantification of immunofluorescence images,

including:

Image analysis software: Various software tools, such as ImageJ, CellProfiler, and Fiji, are
available for analyzing immunofluorescence images. These tools enable users to measure
fluorescence intensity, analyze spatial patterns of fluorescence distribution, and perform
colocalization analysis, among other features (Schindelin et al., 2015).

Thresholding: This method involves setting a fluorescence intensity threshold to distinguish
between positive and negative signals. It can be used to quantify the proportion of cells or
regions with positive fluorescence signals (Peng and Thorn, 2017).

Region of interest (ROI) analysis: ROI analysis entails selecting a specific area within the
image and measuring fluorescence intensity within that area. This method is useful for
quantifying the intensity of specific subcellular structures, such as the nucleus or cytoplasm
(Carpenter et al., 2006).

Automated image analysis: This approach utilizes machine learning algorithms to
automatically identify and quantify immunofluorescence signals. It is particularly useful for

high-throughput analysis of large datasets (Holtmaat et al., 2009).
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e Colocalization analysis: Colocalization analysis involves examining the spatial relationship
between two or more fluorophores within the image. This technique can quantify the degree
of overlap between different markers and provide information about protein-protein

interactions and subcellular localization (Costes et al., 2004).

2.13.2 Quantification of Tuj1+ Staining of Nuclei

Tujl staining is commonly used as a marker for neuronal cells. To quantify Tujl staining, we
measured the proportion of cells that displayed positive staining for Tujl. We first counted the
total number of cells in the sample and then evaluated the number of cells that showed positive

staining for Tuj1.

The sample was fixed and permeabilized, followed by incubation with an antibody against Tuj1.
Images of the stained cells were acquired using an imaging system. To create a binary image, we
applied a threshold to the images, where Tujl-positive cells appeared as white and negative cells
appeared as black. We then counted the number of Tujl-positive cells by identifying cells that
displayed the characteristic Tujl staining pattern, such as staining of neuronal axons. The total

number of cells in the sample was also counted.

The percentage of Tujl-positive cells was calculated by dividing the number of Tujl-positive cells
by the total number of cells and multiplying by 100. For example, we counted 200 cells and found

that 132 of them were Tujl-positive, the calculation would be as follows:

(132/200) x 100 = 66%

Therefore, we determined that 66% of the cells in the sample were positive for Tujl staining.
Consequently, if 66% of the cells in a culture exhibit Tujl positivity, it indicates that 66% of the

cells in the culture are neurons.
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The remaining 34% of cells in the cultures may consist of other cell types, such as glial cells or
non-neuronal cells. To detect and identify specific cell types, further analysis, staining, or cell
sorting techniques may be required to characterize them. For instance, specific staining for glial
cells or other neuronal markers can be employed to determine the proportion of each cell type in
the culture. Microscopy can be used to count the number of cells stained with specific markers and
calculate the percentage of each cell type. Neuronal markers like NeuN or MAP2 could be utilized
to determine whether the Tuj1-negative cells are also neurons or if they belong to a different cell
type. Alternatively, flow cytometry can be employed to analyze and quantify different cell types

in a culture based on their specific markers.

Additional staining or cell sorting techniques may be necessary to further characterize the cell

population.

2.13.3 Immunocytofluorescence Methodology

Primary neurons were grown on coverslips (1.5 x 105 cells) and subjected to the required
treatments. After treatment, the coverslips were washed with PBS. Subsequently, 300 pL of 4%
paraformaldehyde (PFA) was added to the coverslips and incubated for 20 minutes at room
temperature on an orbital shaker. PFA serves as a fixative agent that reacts with the primary amines
on proteins, forming cross-links known as methylene bridges. The PFA solution was then

aspirated, and the coverslips were washed three times with PBS.

To permeabilize the cell membranes, 0.5% Triton X-100 in PBS was applied to the coverslips for
15 minutes at room temperature, followed by three washes with PBS. Non-specific binding sites
were blocked by incubating the coverslips in a solution of 3% BSA in 0.1% PBS-Tween for 1
hour. After blocking, the blocking solution was aspirated. The primary antibody, Mouse

monoclonal anti-Tubulin B3 (clone Tujl) (Biolegend, USA, Cat # 801201), was prepared in 1%
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BSA in 0.1% PBS-Tween. The antibody solution was added to the coverslips, including a negative

control well without the primary antibody, and incubated overnight at 4°C.

Following the incubation with the primary antibody, the cells were washed three times with PBS

and then incubated with the corresponding fluorescein isothiocyanate (FITC)-conjugated

secondary antibody. The secondary antibody solution, prepared in 1% BSA in 0.1% PBS-Tween

at a dilution factor of 1:200, was applied to the coverslips and incubated for 3 hours at room

temperature. Subsequently, the cells were washed three times with PBS.

To mount the coverslips onto microscopic slides, Vectashield with DAPI (4',6-diamidino-2-

phenylindole) was used. Finally, images were captured using the Nikon Eclipse 80i fluorescence

microscope with a Hamamatsu digital camera, utilizing NIS-Element BR 3.22.14 software.

Primary antibody

Dilution factor

associated protein 2) (Abcam, UK, Cat #

ab5392)

Mouse monoclonal anti-Tubulin § 3 (clone | 1:1000
Tujl) (Biolegend, USA, Cat # 801201)

Rabbit polyclonal anti-GFAP (glial 1:500
fibrillary acidic protein) (Agilent (DAKO),

UK, Cat # Z0334)

Rabbit polyclonal anti-Map2 (microtubule- | 1:1000
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2.14. Data Analysis

The data were presented as the mean value + standard error of the mean (S.E.M). To ensure
accuracy and consistency of the data, experiments using the 96-well plate reader were performed
with 3-8 well replicates in each plate. The experiments were replicated at least three times. The
normality of the data was assessed using the D'Agostino & Pearson normality test. In cases where
the data were not normally distributed, the non-parametric Kruskal-Wallis test was performed for
analysis of multiple groups (three or more datasets). For data with a normal distribution, unpaired
two-tailed t-tests were used for comparisons of a single dataset against a control, and one-way
ANOVA with Tukey's multiple comparison post-hoc test was used for comparisons of multiple
groups against a time-matched control group. GraphPad PRISM 7 for Windows version 7.04
(GraphPad Software, Inc., CA, USA) was used for the analysis. A value of P < 0.05 was considered

statistically significant, while a value of P < 0.01 was considered statistically highly significant.

Statistical analysis of the summary of the dose-response curve (half-maximal effective
concentration (IC50/EC50) and maximum dose response) represents the behavior of the curve.
The curves were generated from semilogarithmic plots, and the parameters derived from these

curves were log-normally distributed (Kenakin 2014).

The IC50/EC50 values were calculated using GraphPad Prism software, which automatically

generates these values using the following equation:

Y=Bottom + (Top-Bottom)/(1+10((-0aEC50-X) *Hillslope))
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Chapter 3
RUTIN PROTECTS RAT PHEOCHROMOCYTOMA (PC12 CELLS) FROM Ap25-35
TOXICITY IN BOTH NORMOXIC AND HYPOXIC CONDITIONS
3.1. INTRODUCTION
The AP peptide is recognized as a peptide that aggregates and deposits in the brain tissue of AD
patients, leading to the formation of senile or amyloid plaques. These neuritic plaques are the main
pathological hallmark of AD. AP is a 4.2 kDa short peptide consisting of 40—42 amino acids,
generated from the intracellular cleavage of the amyloid precursor protein (APP) by the sequential
action of two proteolytic enzymes, beta- (B-) secretase and gamma- (y-) secretase. The prevalent
species are the 40- and 42-amino acid residue peptides, AB1-40 and AB1-42, with the latter being
less abundant but more toxic (Benilova, 2012). Shorter variants of AP resulting from truncation
by various proteases have also been found in the human brain. Among these variants, the 11-amino
acid residue peptide AP2s-3s (GSNKGAIIGLM) is highly cytotoxic and has been extensively
studied to understand the mechanism of A action and modulation of its toxicity (Millucci, 2010;
Daluz, 2017; Song, 2018). The AB2s-35 segment of AP plays a significant role in the aggregation
and cytotoxicity of the peptide (Peters, 2016). Similar cytotoxic effects, including DNA damage,
transcription dysregulation, and apoptosis, have been reported for AB2s 35 and AP1 42, suggesting
that these peptides may share a common mechanism of toxicity (Cardinal, 2012). Furthermore,
studies on AP25-3s-membrane interactions indicate that the peptide can bind to membranes, insert

into them, and form ion-conducting pores (Discala, 2014; Kandel, 2017; Smith, 2018).

In addition to the deposition of extracellular amyloid-B plaques and intracellular tau protein
tangles, which are hallmark features of AD pathology, there are many functional disturbances in

synapses and mitochondria, vascular disorders, and aberrant changes in microglia and astrocytes
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(Querfurth and LaFerla, 2010; De Strooper and Karran, 2016). The molecular link between

ischemia/hypoxia and APP processing has only recently been established.

There are many hypotheses regarding the pathogenesis of AD, including the amyloid cascade
(Selkoe, 1991), tau hyperphosphorylation (Frost et al., 2009), neurotransmitters, and oxidative
stress (Butterfield et al., 2019). However, the underlying causes and ideal treatment plans remain
elusive. Currently, only a few drugs are available that merely improve symptoms, primarily
targeting AP and tau, but do not delay the progression of the disease. Researchers are beginning to
explore new theories of AD pathogenesis from different perspectives, including gamma
oscillations, prion transmission, cerebral vasoconstriction, the growth hormone secretagogue
receptor la (GHSR1a)-mediated mechanism, and infection. Discoveries in these areas may
provide insights into the pathological mechanisms of AD and lead to the development of potential

effective treatment strategies.

Among the hallmarks of AD pathology, such as the deposition of extracellular amyloid-p plaques
and intracellular tau protein tangles, along with various functional disturbances in synapses,
mitochondria, vascular disorders, and aberrant changes in microglia and astrocytes (Querfurth and
LaFerla, 2010; De Strooper and Karran, 2016), the molecular link between ischemia/hypoxia and
amyloid precursor protein (APP) processing has only recently been established. The development
of neuroimaging techniques has revealed that many brain regions predisposed to AD pathology
exhibit a significant decline in cerebral blood flow even at the stage of mild cognitive impairment
preceding AD diagnosis. Non-invasive studies consistently support the histopathological
observations showing widespread cerebral amyloid angiopathy (CAA) in the hippocampus and
many regions of the cerebral cortex in AD patients (Attems et al., 2004; Jeynes and Provias, 2006).

This brain hypoperfusion reduces oxygen and glucose delivery, thereby inducing local hypoxia,
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which in turn stimulates AP production in both endothelial cells and neighboring neurons, leading
to the generation of CAA (Pluta et al., 2013a, b; Belyaev et al., 2010; Dela Torre, 2000). It has
been reported that sporadic AD could be initiated by ischemic episodes that activate APP
processing and increase AP production (Belyaev et al., 2010). There is convincing evidence that
hypoxia-inducible factor-1a. (HIF-1a) activates both B and y secretases, augmenting APP

processing and A production in hypoxia (Belyaev et al., 2010).

In this chapter, the responses of PC12 cells to AP aggregates were evaluated in terms of cell
viability, apoptosis, ROS formation, and lipid peroxidation. These studies aimed to establish a
suitable in vitro model of AD and investigate the neuroprotective effect of rutin (a bioflavonoid
glycoside) on AP toxicity under normoxic and hypoxic conditions. The study aims to characterize
the effects of hypoxia on AB-induced neurotoxicity in PC12 cells and evaluate the neuroprotective

potential of rutin on AP toxicity in normoxic and hypoxic conditions.

The main objectives of the study include: studying the dose-related AP2s ss-induced toxicity of
PC12 cells under hypoxic and normoxic conditions and characterizing the neuroprotective effects

of rutin on A2s-3s-induced toxicity of PC12 cells under hypoxic and normoxic conditions.

Rationale for the conducted studies:

The challenges posed by an aging population and the significant financial impact on the healthcare
system necessitate the development of novel diagnostic, preventive, and treatment strategies for
dementia, particularly AD. Currently, autopsy or brain biopsy is the only definitive means of
diagnosis. In clinical practice, the diagnosis is typically based on medical history and findings
from the Mental Status Examination (Mosconi et al., 2010). Symptomatic therapies are the only

available treatment strategies for AD. Current pharmacological treatments aim to improve
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dementia symptoms and delay further deterioration (Tabet et al., 2006). In the UK, there are four
drugs licensed for the treatment of AD. The three acetylcholinesterase (AChE) inhibitors, namely
donepezil, galantamine, and rivastigmine, recommended by the National Institute for Health and
Clinical Excellence (NICE), are used to treat mild to moderate dementia in AD. AChE inhibitors
alleviate AD symptoms by augmenting acetylcholine signaling, exerting anti-inflammatory effects
by decreasing the level of free radicals and amyloid toxicity, and reducing cytokine release from

activated microglia (Tabet et al., 2006).

Memantine, which is a glutamate receptor antagonist, is recommended for patients with moderate
to severe AD. Blocking the NMDA receptors antagonizes the elevated glutamate levels in the AD
brain, inhibiting overstimulation of NMDA receptors and calcium influx (Turner et al., 2014).
These treatments can only improve cognition and memory but do not inhibit the progression of the
disease (Liao et al., 2015). Therefore, the development of new treatments is essential for AD,
considering the antioxidant activities, neuroprotective effects, and inhibitory activities of AChE
and self-induced APB1-42 aggregation (Liao et al., 2015). Hence, there is a need to identify a new

treatment strategy for the cure of the disease.

Rutin is a naturally occurring flavonoid glycoside found in many foods and fruits, and it has
numerous pharmacological effects such as antioxidant, anti-inflammatory, and cytoprotective
functions. Rutin can inhibit aggregation and cytotoxicity of A, inhibit mitochondrial damage, and
decrease the production of ROS (Wang, 2012). Several studies have demonstrated that rutin can
interfere with the aggregation and toxicity of A, inhibit oxidative stress induced by AP, reduce
APB42 levels in mutant human APP overexpressing cells, and reduce senile plaques in the brains of
APP transgenic mice (Jimenez-Aliaga, 2011; Xu, 2014; Yu, 2015). Research investigating the

blood-brain barrier (BBB) penetration of rutin in vivo using a rat model revealed that after
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intravenous administration, rutin was able to penetrate the BBB and accumulate in the brain. The
brain-to-plasma concentration ratio of rutin was 0.42, indicating moderate BBB penetration (Kim
et al., 2014). Thus, rutin may serve as a novel drug for the treatment of AD due to its ability to

scavenge free radicals and inhibit oxidative stress.

In addition, by subjecting neurons and PC12 cells to hypoxia, we investigated the effects of oxygen
deprivation on cellular function and the development of AD pathology because studies have shown
that hypoxia can increase the production of beta-amyloid and promote the accumulation of tau
protein, which are also associated with the disease. Additionally, hypoxia can activate a variety of
signaling pathways in cells, including those involved in inflammation, oxidative stress, and cell
death, all of which are implicated in AD pathogenesis. By studying these pathways in vitro under
hypoxic conditions, we can identify potential targets for drug development and therapeutic

interventions for AD.

Furthermore, current research on AD treatment is conducted in normoxia, which does not truly
reflect AD pathogenesis. Therefore, this study was conducted using hypoxia to provide valuable
insights into the mechanisms underlying AD pathology. Hypoxia is often used in these studies as
a means of imitating the hypoxic conditions observed in AD brains. Hence, the use of hypoxia in
this research provides a useful tool for investigating the mechanisms underlying the disease and

identifying potential therapeutic targets.

3.2. MATERIALS AND METHODS

PC12 cells were cultured according to the procedures described in Section 2.1.
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3.2.1. Treatment

Confluent PC12 cells were used for the experiments. The complete media (100%) was aspirated,
and the cells were washed twice with media prior to the experiments. AB2s.3s was prepared in
aggregation form and applied to the cells. Cell viability and cytotoxicity were determined by MTT
and LDH assays, respectively. Once the EC50 was determined, a single dose of AB2s-35 aggregates
was used for the toxicity study and rutin treatment study. Rutin was initially dissolved in DMSO
and subsequently diluted in the appropriate culture medium to the indicated concentrations. Rutin
(100 uM) was co-administered with A2s-35, and for the vehicle control group, a final concentration
of 1% DMSO was used throughout. We investigated the effect of rutin on AB2s-35s and AB2s.35 plus
hypoxia (0.3% O2) induced toxicity and apoptosis in PC12 cells. PC12 cells were treated under

normoxia and hypoxia conditions for a duration of 24 hours.

Treatment for determination of EC50:

The treatment is divided into two groups: Group A (normoxia) and Group B (hypoxia).

Group A (normoxia):

Group 1: Negative control (H20)

Group 3: Graded doses of AB2s.35 (3-70 uM)

The cells were plated in a 96-well plate. Experiments involving the use of the 96-well plate were
performed with 3-8 well replicates per plate. The experiments were replicated at least three times.
After the treatment, the cells were immediately incubated in a standard incubator with a humidified

atmosphere containing 21% O2 and 5% CO2 at 37°C for 24 hours.
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Group B (hypoxia):

Group 1: Negative control (H-0)

Group 3: Graded doses of AB2s-35 (3-70 uM)

The cells were plated in a 96-well plate. Experiments involving the use of the 96-well plate were
performed with 3-8 well replicates per plate. The experiments were replicated at least three times.
After the treatment, the cells were immediately incubated in a purpose-built INVIVO2 400
humidified hypoxia workstation (0.3% 02, 5% CO2, 94% N2) at 37°C. The media in filter-capped
flasks was placed within the hypoxia workstation for 24 hours before use to deplete oxygen. After
24 hours of treatment in both conditions, cell viability and cytotoxicity were evaluated using MTT

and LDH assays, respectively.

Treatments for viability and cytotoxicity studies in normoxic and hypoxic conditions:

The treatment is divided into two groups: Group A (normoxia) and Group B (hypoxia).

Group A (normoxia):

Group 1: Negative control (H20)

Group 2: Negative control (1% DMSO + H20)

Group 3: 30 pM AP2s-35

Group 4: 30 uM AP2s.35 + 1% DMSO

Group 5: Rutin 100 uM + 30 uM AP2s-35

Group 6: Rutin + H20
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The cells were plated in a 96-well plate. Experiments involving the use of the 96-well plate were
performed with 3-8 well replicates per plate. The experiments were replicated at least three times.
After the treatment, the cells were immediately incubated in a standard incubator with a humidified

atmosphere containing 21% O2 and 5% CO2 at 37°C for 24 hours.

Group B (hypoxia):

Group 1: Negative control (H20)

Group 2: Negative control (1% DMSO + H20)

Group 3: 30 uM Ap2s.35

Group 4: 30 pM AB2s-35 + 1% DMSO

Group 5: Rutin 100 uM + 30 uM Apz2s-35

Group 6: Rutin + H20

The cells were plated in a 96-well plate. Experiments involving the use of the 96-well plate were
performed with 3-8 well replicates per plate. The experiments were replicated at least three times.
After the treatment, the cells were immediately incubated in a purpose-built INVIVO2 400
humidified hypoxia workstation (0.3% O2, 5% CO2, 94% N2) at 37°C. The media in filter-capped

flasks was placed within the hypoxia workstation for 24 hours before use to deplete oxygen.

After 24 hours of treatment in both conditions, cell viability and cytotoxicity were evaluated using

MTT and LDH assays, respectively.

Treatments for determination of apoptosis of PC12 cells in normoxic and hypoxic conditions:

The treatment is divided into two groups: Group A (normoxia) and Group B (hypoxia).
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Group A (normoxia):

Group 1: Negative control (1% DMSO + H20)

Group 2: 30 pM AB2s.35 + 1% DMSO

Group 3: Rutin 100 uM + 30 uM APa2s-35

The cells were plated in T25 flasks. After the treatment, the cells were immediately incubated in a
standard incubator with a humidified atmosphere containing 21% O2 and 5% CO2 at 37°C for 24

hours.

Group B (hypoxia):

Group 1: Negative control (1% DMSO + H20)

Group 2: 30 pM AP2s-35 + 1% DMSO

Group 3: Rutin 100 uM + 30 uM AP2s.35

The cells were plated in T25 flasks. After the treatment, the cells were immediately incubated in a
purpose-built INVIVO2 400 humidified hypoxia workstation (0.3% 02, 5% CO2, 94% N2) at
37°C. The media in filter-capped flasks was placed within the hypoxia workstation for 24 hours

before use to deplete oxygen.

After 24 hours of treatment in both conditions, the evaluation of ROS, annexin V and 7-AAD,
determination of cell apoptosis by Hoechst 33258 staining, Tujl and DAPI stained nuclei
immunofluorescence images, and determination of lipid peroxide were carried out in both
conditions. Two treatment conditions, normoxia (Nx) and hypoxia (Hx), were used in the study.
For normoxia (Nx), the cells were placed in a standard incubator with a humidified atmosphere

containing 5% CO2 at 37°C.
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3.2.2. Timeline of PC12 cell treatment.

l

Cell viability
Apoptosis

Figure 3.1 Timeline of PC12 cell treatment. PC12 cell cultures were established, and the onset of
treatment was indicated as 0 hours [normoxia (Nx), hypoxia (Hx)] for a duration of 24 hours. All

conditions were initiated simultaneously to ensure the experiments were completed together.

3.2.3. Experimental timeline for the hypoxia condition

Two treatment conditions, Normoxia (Nx) and hypoxia (Hx), were used in the study. For normoxia
(NXx), the cells were placed in a standard incubator with a humidified atmosphere containing 21%
02 and 5% CO2 at 37°C. For hypoxia (Hx), the cells were placed in a purpose-built INVIVO2
400 humidified hypoxia workstation (0.3% 02, 5% CO2, 94% N2) at 37°C. The media in filter-
capped flasks was placed within the hypoxia workstation for 24 hours before use to deplete oxygen.
We investigated the effects of A and AP plus hypoxia and also evaluated the effect of rutin on
AP and AP plus hypoxia (AB/hypoxia)-induced toxicity and apoptosis in PC12 cells and neurons

for 24 hours. Rutin was co-administered with AB in both cell types for 24 hours.
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Figure 3.2 lllustration of the different treatment conditions i.e., the procedure for applying
Normoxia (Nx) and hypoxia (hx) to the cells. For normoxia (Nx), the cells were placed in a
standard incubator using a humidified atmosphere containing 21% O2 and 5% CO2 at 37°C for
24hrs. For hypoxia (Hx), the cells were placed in a purpose-built INVIVO2 400 humidified hypoxia
workstation (0.3% 02, 5% CO2, 94% N2) at 37°C for 24 hours to deplete oxygen (Singh et al.,

2021).

3.2.4. Data analysis

In this study, "n" represents the number of experiments performed on cells derived from separate
flasks (different streams of cultured cells). For each biological replicate, at least three technical
replicates were performed. In experiments using 96-well plates, at least eight well replicates were
performed on each plate. The dataset obtained for each treatment condition was independent of
other conditions (i.e., independent sampling; one rat, one number). The data obtained from each
biological replicate were averaged. The data were represented as mean + standard deviation (S.D.).

Normality of the data was tested using the Anderson-Darling normality test. For normally
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distributed data, one-way or two-way ANOVA with Tukey's post hoc analysis was performed. For
data that were not normally distributed, the non-parametric Kruskal-Wallis test was used. PRISM
version 8 (GraphPad Software Inc., CA, USA) for Windows version 10 was used for all data

analysis. Values of p < 0.05 were considered statistically significant.

3.3. RESULTS

3.3.1. Ap2s-35 Preparation

AP2s-35 was prepared as a 1 mM stock solution in sterile ddH20 and incubated for 4 days at 37°C
to induce aggregation and toxicity (Lou, 2011; Xian, 2016). No significant aggregation was
observed on days 1-3, but aggregation and toxicity were achieved on day 4. Cell viability and
cytotoxicity were evaluated using MTT and LDH release assays, respectively. The aggregated
AP2s-35 was then stored at 4°C in the refrigerator for future use. The aggregation and toxicity were
not altered when stored at 4°C for several weeks. Cell viability and cytotoxicity were still

determined using MTT and LDH release assays with the aggregated Ap2s-35 stored at 4°C.

To confirm AP2s3s aggregation, a Thioflavin T (ThT) fluorescence assay was performed to
confirm fibril formation. ThT assays measure changes in fluorescence microscopy or fluorescent
spectroscopy. The spectroscopy assays monitor fibrillization over time, and although differences

in binding have been observed, the size remains the same.

The Thioflavin T (ThT) fluorescence assay monitored fibrillization over time using fluorescent
spectroscopy with a Tecan Infinite microplate reader. The results showed increased ThT binding
in the AP2s-35 treated group compared to the control, which was statistically significant (Figure

3.3).
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Figure 3.3. Confirmation of Af2s.35 aggregation. Afs.35 (30 uM) aggregation was monitored by
ThT fluorescence. Fluorescence intensity was measured at an excitation wavelength of 450 nm
and an emission wavelength of 482 nm. There is statistical significant increased in ThT binding in
Afos-3s treated group compared to the control (1% DMSO +H20). The asterisks (*** indicate high

significance (P<0.001) of the variable doses of Af2s-35s compared to the control group

3.3.2 Effects of Apzs-35 aggregate on PC12 cells under normoxia and hypoxia conditions.

3.3.2.1. Effects of AB2s-35 on PC12 cell viability (MTT assay) under normoxia and hypoxia,

and determination of 1C50

In Figure 3.4, PC12 cells were exposed to different concentrations of Ap2s-35 (ranging from 0 to
70 uM) for 24 hours under normoxia and hypoxia conditions, and their viability was assessed using
MTT assays. Treatment of PC12 cells with A2s.35 for 24 hours under normoxia conditions resulted
in a significant decrease in MTT activity (Figure 3.4A). There was a statistically significant
decrease in MTT activity between the control group and the treatment groups with varying
concentrations of AP2s.3s (P<0.001, n=5). The mean values for different concentrations were as

follows: 3 uM (mean=71.85 + 2.99), 5 uM (mean=70.34 + 1.69), 10 uM (mean=68.97 + 2.58), 20
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UM (mean=58.29 % 3.24), 30 uM (mean=37.24 + 4.94), 40 uM (mean=32.59 = 5.48), 50 ©M
(mean=25.03 + 3.38), 60 uM (mean=19.67 £ 2.97), and 70 uM (mean=14.77 + 4.12), Figure 3.4
A(i). The IC50 value was calculated as 30,44uM based on the relationship between cell viability

measured by MTT activity and doses of Ap2s.35 concentrations, Figure 3.4A (ii).

Treatment of PC12 cells with AP2s3s for 24 hours under hypoxia conditions resulted in a
significant decrease in MTT activity (Figure 3.4B). There was a statistically significant decrease
in MTT activity between the control group and the treatment group of PC12 cells with varying
concentrations of AB2s.35 (P<0.001, n=5). The decrease in MTT activity was higher compared to
normoxia conditions. The mean values for different concentrations were as follows: 3 uM
(mean=69.41 + 3.39), 5 uM (mean=67.94 + 2.03), 10 uM (mean=61.98 + 4.49), 20 uM
(mean=55.50 + 2.08), 30 uM (mean=48.40 + 3.39), 40 uM (mean=33.40 + 3.40), 50 uM
(mean=25.50 = 1.08), 60 uM (mean=17.50 £+ 4.01), and 70 pM (mean=10.70 £ 3.16) (Figure
3.4B(i). Figure 3.4B (ii) illustrates the percent viability of APa2s.ss-induced PC12 cells (MTT
assays) under hypoxia. The relationship between cell viability measured by MTT activity and

doses of Apzs.35 is shown.

Apnormoxia concentration response. Mt

18 -
M ke namge 80
ALY oo
AR (oo g 501
AR i 3
© 40
AR Mremaoi o]
[TITERT1 E
AR e $ 20
W A e
I A e 0 | | | |
Bpreament I Ap2 A 0.0 0.5 10 15 20
W AT e Log ‘. M
Figure 3.4A (i) Figure 3.4A (ii)

182



1507 i :
m ol AP hypoxia concentration response (MTT) Assays
% W Ap3m 80+
=l . W A5 0
| 0
2 - B ApI0um 5 607
3 Q
3 504 . Apom 9
; "R PN §40-
I Ap40um c
" § 20-
%9\%\‘&6\\\0 s\‘@ Q‘f\@ Q\\&Q\\é\ 0\@ 0\‘& Q‘}\/\\ W Ay E
Yy TOFEE
REAECEERAE L N
& I AR 00 05 10 15 20
“trealment (Hypoxia) Log Ap uM
Figure 3.4B (i) Figure 3.4B (ii)

Figure 3.4. Percentage viability (MTT assays) induced by 452535 on PC12 cells under normoxic
and hypoxic conditions. Figure 3.4A shows percentage of cell viability (MTT assays) by A4/25.35 on
PC12 cells under normoxia. There is a statistically significant decrease in MTT activity between
the treatment groups at 3 uM, 5 uM, 10 uM, 20 uM, 30 uM, 40 uM, 50 uM, 60 uM, and 70 uM of
Apas-35 for 24 hours (P<0.001) compared to the control group (n=5). The asterisks (*** indicate
high significance (P<0.001) of the variable doses of 4/2535 compared to the control group in
normoxia (Figure 3.4A (i). Figure 3.4A (ii): Percent of cell viability of 4525.35-induced PC12 cells
(MTT assays) in normoxia. Relationship between cell viability measured by MTT activity and
doses of Af2s.35 concentration in uM/mL. Figure 3.4B: Percentage viability (MTT assays) by 4f2s.
35 on PC12 cells under hypoxia. There is a statistically significant decrease in MTT activity
between the treatment groups at 3 uM, 5 uM, 10 uM, 20 uM, 30 uM, 40 uM, 50 uM, 60 uM, and
70 uM of AP2s-3s for 24 hours (P<0.001) compared to the control group (n=6). The asterisk (*)
represents significance (P<0.001) of variable doses of 4535 compared to the control group in

hypoxia (Figure 3.4B (i). The decrease in MTT activity is higher compared to that in normoxia.
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Figure 3.4B (ii): Percent viability of A4p»s.3s-induced PC12 cells (MTT assays) in hypoxia.

Relationship between cell viability measured by MTT activity and doses of 4/25-35 concentration.

3.3.2.2. Effects of AB2s-35 on PC12 cell cytotoxicity (LDH assay) in normoxia and hypoxia,

and determination of EC50

Figure 3.5 represents Af2s-3s-induced LDH release on PC12 cells in normoxia and hypoxia for 24
hours. There is a statistically significant increase in LDH activity of PC12 cells in normoxia
between the treatment groups at 10 uM, 20 uM, 30 uM, 40 uM, 50 uM, 60 uM, and 70 uM of
AP2s-35 for 24 hours (P<0.001) compared to the control group (n=5) (Figure 3.5A). The mean
values for the treatment groups were as follows: 10 uM (mean=18.77 £+ 3.28), 20 uM (mean=23.60
+ 5.00), 30 uM (mean=35.03 £ 2.20), 40 uM (mean=49.26 + 3.21), 50 uM (mean=55.29 + 2.10),
60 uM (mean=63.29 + 3.13), and 70 uM (mean=68.28 + 1.68) (Figure 3.5A (i). Percent
cytotoxicity of ABas.ss-induced PC12 cells (LDH assays) in normoxia. Relationship between cell
cytotoxicity measured by LDH activity and doses of AP2s-35 concentration. The EC50 was found

to be 35.70 uM (Figure 3.5A (ii).

AP2s-35 induced LDH release in PC12 cells under hypoxia for 24 hours, and there is a higher
increase in toxicity compared to normoxia (Figure 3.5B). Figure 3.5B (i) and 3.5B (ii) shows the
percentage of cell cytotoxicity (LDH assays) of A2s.3s on PC12 cells under hypoxia. There is a
statistically significant increase in LDH activity between the treatment groups at 10 uM, 20 uM,
30 uM, 40 uM, 50 uM, 60 uM, and 70 uM of AP2s.3s for 24 hours (P<0.001) compared to the
control group (n=5). The mean values for the treatment groups were as follows: 10 uM
(mean=31.11 + 1.87), 20 uM (mean=35.16 £+ 2.65), 30 uM (mean=61.08 + 1.67), 40 uM
(mean=66.13 = 1.73), 50 uM (mean=79.65 £ 2.43), 60 uM (mean=85.65 £+ 1.22), and 70 uM

(mean=91.65 + 0.01). The increase in toxicity is higher in hypoxia (P<0.001) compared to the
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control group (n=5) 3.5B (i). 3.5B (ii) shows Percent cytotoxicity of Ap2s.3s-induced PC12 cells
(LDH assays) in hypoxia. Relationship between cell cytotoxicity measured by LDH activity and

doses of AB2s.35 concentration.
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Figure 3.5 Percentage of cell cytotoxicity (LDH assays) induced by Apf2s.35 on PC12 cells in
normoxia and hypoxia. In Figure 3.5A(i), there is a statistically significant increase in LDH

activity of PC12 cells in normoxia between the treatment groups at 10 uM, 20 uM, 30 uM, 40 uM,
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50 uM, 60 uM, and 70 uM of Af2s-35 for 24 hours (P<0.001) compared to the control group (n=>5).
The asterisks (*** in the figure) represent significant differences (P<0.001) between the variable
doses of 4f25.35 and the control group in normoxia. Figure 3.5A (ii) shows the relationship between
cell cytotoxicity measured by LDH assays in normoxia and the doses of A4f25.35 concentration.
Figure 3.5B (i) shows the percentage of cell cytotoxicity (LDH assays) induced by 4f525.35 on PC12
cells in hypoxia. There is a statistically significant increase in LDH activity between the treatment
groups at 10 uM, 20 uM, 30 uM, 40 uM, 50 uM, 60 uM, and 70 uM of Af2s-35 for 24 hours compared
to the control group (n=5). The increase in toxicity is higher than that in normoxia (P<0.001).
The asterisks (*** in the figure) represent significant differences (P<0.001) between the variable
doses of 425-35 and the control group in hypoxia. Figure 3.5B (ii) shows the relationship between

cell cytotoxicity measured by LDH assays in hypoxia and the doses of 4/25.35 concentration.

3.3.2.3. Confirmation of hypoxia (0.3% O2) treatment with HIF-1 accumulation in PC12

cells by western blotting

After determining the IC50, a concentration of 30 uM was used for the remaining experiments in
PC12 cells. The cells were treated with 30 uM A2s-35 aggregates for 24 hours under both normoxia
and hypoxia conditions (0.3% 02). The hypoxia treatment was confirmed by observing HIF-1
accumulation in the cells, as demonstrated in the western blotting experiment shown in Figure 3.6.
In Figure 3.6A, the images represent HIF-1 alpha levels in PC12 cells, while Figure 3.6B presents

the data in the form of a bar chart.
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Figure 3.6. HIF activation in PC12 cells under hypoxia (0.3% O2). Figure 3.6A represents western
blotting images of HIF1 alpha in PC12 cells under normoxia (Nx) conditions with and without
Af2s-35 aggregates, as well as under hypoxia (Hx) conditions with and without 42s.35 aggregates.
Figure 3.6B shows a graph representing HIF1 alpha expression. No HIF1 alpha accumulation
was observed in normoxia, while significant accumulation of HIF1 alpha was observed in PC12
cells under hypoxia conditions with and without A4f2s.3s aggregates. The asterisk (*) indicates
significant difference of hypoxic group with and without Af»s-35 aggregates (p < 0.05), when

compared to control in normoxia with and without Af>5-35 aggregates respectively.

3.3.2.4. Comparing the MTT activity and LDH release of Ap2s-35 (30 pM) under Normoxia
and Hypoxia for 24 hours

As shown in Figure 3.7, PC12 cells were exposed to 30 uM of AP2s-35 for 24 hours under normoxia
and hypoxia conditions, and their viability and cytotoxicity were assessed using MTT and LDH
assays. Treatment of PC12 cells with 30 uM AP2s.35 for 24 hours under normoxia conditions

resulted in a significant decrease in MTT activity (Figure 3.7A) (P<0.001) (n=5). Treatment of
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PC12 cells with 30 uM A2s.35 for 24 hours under hypoxia conditions also resulted in a significant

decrease in MTT activity (Figure 3.7A), and the decrease was greater compared to that observed

under normoxia conditions, with a mean value of 57.09 + 2.98 in normoxia and 34.94 + 3.03 in

hypoxia.

Similarly, treatment of PC12 cells with 30 uM AP2s.35 for 24 hours under normoxia conditions

resulted in a significant increase in LDH release (Figure 3.7B) (P<0.001) (n=5). Treatment of

PC12 cells with 30 uM Af2s-35 for 24 hours under hypoxia conditions also resulted in a significant

increase in LDH activity (Figure 3.7B), and the increase was higher compared to that observed

under normoxia conditions, with a mean value of 35.41 + 2.39 in normoxia and 61.94 + 1.03 in

hypoxia.
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Figure 3.7. Comparing percentage cell viability (MTT assays) and cytotoxicity induced by A4/2s.35

on PC12 cells under normoxic and hypoxic conditions. In figure 3.7A, there was a statistically

significant decrease in MTT activity in the treatment group (30 uM Afs-35) compared to the
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control group (Figure 3.7A) (P<0.001) (n=5). The asterisks (***) represent a highly significant
difference (p<0.001) of the treatment group (30 uM Af2s-35) in both normoxia and hypoxia
compared to the control group. Treatment of PC12 cells with Af2s.35 for 24 hours in both normoxia
and hypoxia resulted in a significant decrease in MTT activity. Similarly, treatment of PC12 cells
with 4f25.35 for 24 hours under normoxia conditions resulted in a significant increase in LDH
release (Figure 3.7B) (P<0.001) (n=5). Treatment of PC12 cells with 4f2s.35 for 24 hours under
hypoxia conditions resulted in a significant increase in LDH activity (Figure 3.7B). The asterisks
(***) represent a highly significant difference (p<0.001) between the treatment group (30 uM

Af2s5-35) in both normoxia and hypoxia compared to the control group.

3.3.2.5. AB2s-35 induces PC12 cell apoptosis in both normoxia and hypoxia

Flow cytometry analysis using Annexin V/7-AAD double staining was performed to assess the
level of apoptosis in both normoxia and hypoxia (Figure 3.8). Cells in the lower left quadrant
represent viable cells, cells in the lower right quadrant represent early apoptosis, and cells in the
upper right quadrant represent late apoptosis/necrosis. As shown in Figure 3.8C, a significant
number of cells were undergoing early apoptosis after 24 hours of treatment with 30 uM AP2s-35
in normoxia. In Figure 3.8D, the number of cells undergoing apoptosis was higher in hypoxia
compared to normoxia. Figure 3.8E represents a graph showing the mean £ SE (n=3) for all the
measurements. Figure 3.8A and 3.8B represent the control groups under normoxia and hypoxia,

respectively.
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Figure 3.8 . FACS analysis (Annexin V/7-AAD) of PC12 cells exposed to: 3.8A) control (1%

DMSO + water) in normoxia, 3.8B) control (1% DMSO + water) in hypoxia, 3.8C) 30 uM Af2s.35

for 24 hours in normoxia, and 3.8D) 30 uM Af2s-35 for 24 hours in hypoxia. Cells in each quadrant
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were analyzed using FLOWJO software. Cells in the lower left quadrant represent viable cells,
cells in the lower right quadrant represent early apoptosis, and cells in the upper right quadrant
represent late apoptosis/necrosis. The mean £ SE (n=3) for all the measurements are shown in the
graph, 3.8E. The asterisks (*** indicate high significance (P<0.001) between (30 uM Af2s-35) in
normoxia and hypoxia group, compared to their respective control (water + 1% DMSO) in both

normoxia and hypoxia.

3.3.2.6. AP2s-35 increases ROS levels in PC12 cells under both normoxia and hypoxia

As shown in Figure 3.9, ROS generation was measured by DCFDA flow cytometry. PC12 cells
were exposed to: (Figure 3.9A) control (1% DMSO + water) in normoxia conditions, (Figure 3.9B)
control (1% DMSO + water) in hypoxia conditions, (Figure 3.9C) 30 uM Apzs.3s for 24 hours in
normoxia, and (Figure 3.9D) 30 uM AP2s-35 for 24 hours in hypoxia. The mean = SE (n=3) for all
the measurements is shown in the graph, Figure 3.9E. Results were analyzed by flow cytometry.
Forward scatter represents the (DCFDA) ROS level, and side scatter represents the size of the
cells. In normoxia conditions, the ROS level significantly increased in cells treated with 30 uM
AP2s.35 compared to the control (mean = 25.72 + 1.35). In hypoxia conditions, the ROS level
significantly increased in cells treated with 30 uM Ap2s.35 compared to the control (mean = 64.54

+ 0.82).
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Figure 3.9 .Effects of 4f25.35-induced ROS in PC12 cells under normoxic and hypoxic conditions.

ROS generation was measured by DCFDA flow cytometry. The level of ROS generation was
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calculated as follows: The level of ROS (%) = The percentage of DCF-positive cells. PC12 cells
were exposed to: (Figure 3.9A) Control (water + 1% DMSOQ) in normoxia, (Figure 3.9B) Control
(water + 1% DMSO) in hypoxia, (Figure 3.9C) 30 uM ApB2s-3s for 24 hours in normoxia, and
(Figure 3.9D) 30 uM Af»s3s for 24 hours in hypoxia. The mean + SE (n=3) for all the
measurements are shown in the graph, Figure 3.9E. The ROS level significantly increases in cells
treated with 30 uM Ap»s-35 in normoxia and hypoxia compared to their control, and the ROS level
is significantly higher in cells treated with 30 uM Apfs.35 in hypoxia compared to normoxia
(P<0.001). The asterisks (*** indicate high significance difference (P<0.001) between (30 uM
Af25-35) in normoxia and hypoxia group, compared to their respective control (water + 1% DMSO)
in both normoxia and hypoxia. Results were analyzed by flow cytometry. Forward scatter

represents the (DCFDA) ROS level, and side scatter represents the size of the cells.

3.3.2.7. AP2s-35 induces PC12 cell membrane peroxidation in both normoxic and hypoxic

conditions.

Polyunsaturated fatty acids are attacked by free radicals, resulting in structural damage to the cell
membrane and the generation of MDA, which is considered a marker of lipid peroxidation. PC12
cells were treated with Ap2s.35 in both normoxia and hypoxia for 24 hours. Cell lysates were mixed
with thiobarbituric acid (TBA) and allowed to react at a temperature of 95-100°C for 60 minutes.
MDA reacted with TBA, forming the MDA-TBA adduct, which was measured colorimetrically at
532 nm using a microplate reader. From the results shown in Figure 3.10, in normoxia conditions,
the MDA level significantly increased in cells treated with 30 uM A2s-35 compared to the control
(mean = 0.100 £ 0.07). In hypoxia conditions, the MDA level significantly increased in cells
treated with 30 uM AB2s.35 compared to the control (mean = 0.135 + 0.005), and the level of MDA

is higher than that in the normoxia condition.
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Figure 3.10. Effects of 4f2s.35 treatment on lipid peroxidation of PC12 cells under normoxic and
hypoxic conditions. Data are presented as mean = SEM (n=3). *** P<0.001 vs. control group.
Afos-35 treatment of PC12 cells for 24 hours in normoxia significantly increases the MDA level
compared to the control (P<0.001, n=3). 4f25.35 treatment of PC12 cells for 24 hours in hypoxia
also significantly increases the MDA level compared to the control (P<0.001, n=3). ***
represents a highly significant difference (P<0.001) between (30 uM Ap2s-3s) in normoxia or
hypoxia compared to their respective control groups. The increase in MDA is higher than that in

the normoxia condition.

3.3.3. Effects of rutin on Apzs-3s-induced PC12 cells in both normoxia and hypoxia

conditions.

3.3.3.1. Effects of rutin treatment on PC12 cell viability (24 hours) in normoxia and

determination of 1C50.

The effect of rutin on PC12 cells was determined by treating them with different concentrations of
rutin for 24 hours. PC12 cells were incubated with various concentrations of rutin (7.813 uM,
15.625 uM, 31.25 uM, 62.5 uM, 125 uM, 250 uM, 500 uM, 1000 uM) for 24 hours (Figure 3.11).
The MTT assay was used to determine cell viability. The results showed a stable cell viability as
the dose of rutin increased, and the IC50 was determined to be 108.42 uM. This implies that rutin

is safe to use.
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Figure 3.11. Effects of different doses of rutin on PC12 cells. Cell viability was measured using
the MTT assay. The graph shows a stable cell viability as the dose of rutin increases up to
approximately 1000 uM. The IC50 of rutin after a 24-hour treatment is determined to be 108.42
uM.

3.3.3.2. Effects of rutin (100 pM) on PC12 cell viability induced by Ap2s-35 aggregates (30
uM) in both normoxia and hypoxia conditions.

After determining the IC50 of rutin, a concentration of 100 uM (approximately 1x EC50) was used
for the remaining experiments involving rutin on PC12 cells. The effects of rutin on PC12 cells
exposed to APzs3s aggregates (30 uM) under both normoxia and hypoxia conditions were
examined by treating PC12 cells with 100 uM rutin in combination with 30 uM AP2s.35 for 24
hours. Figure 3.12A shows the effects of rutin co-treatment with AB2s.35 on the toxicity of PC12
cells under normoxia conditions. PC12 cells were incubated with 100 uM rutin and 30 pM Azs.
35 In combination for 24 hours. The MTT assay was used to assess cell viability. The results showed
a statistically significant decrease in cell viability compared to the control group (control values)

with 30 uM A2s35 (mean = 33.292 + 1.43). There was also a statistically significant decrease in
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cell viability compared to the control group (control values) with 30 uM Apzs.35 (+1% DMSO)
(mean = 39.430 + 2.80). However, the rutin at 100 uM showed a statistically significant increase
in MTT activity (mean = 57.935 + 6.29) compared to the 30 uM Ap2s.35 (+1% DMSO) treatment

group (mean = 39.430 + 2.80).

Figure 3.12B shows the effects of rutin co-treatment with AB2s.35 on the toxicity of PC12 cells
under hypoxia conditions. PC12 cells were incubated with 100 uM rutin and 30 uM AP2s-35 in
combination for 24 hours. The MTT assay was used to assess cell viability. The results showed a
significant decrease in cell viability compared to the control group with 30 uM AP2s.35 (mean =
20.903 + 3.57). There was also a statistically significant decrease in cell viability compared to the
control group (control values) with 30 uM AP2s.3s (+1% DMSO) (mean = 27.124 + 5.750).
However, the rutin at 100 uM showed a statistically significant increase in MTT activity (mean =
79.258 + 7.12) compared to the 30 uM AP2s-35 (+1% DMSO) treatment group (mean = 27.124 +

5.750).
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Figure 3.12. Effects of rutin on Apf2s.3s-induced cytotoxicity (MTT assays) in PC12 cells under
normoxic and hypoxic conditions. Figure 3.12A shows effects of rutin on Ap2s3s-induced
cytotoxicity in PC12 cells under normoxia. Cell viability was assessed using the MTT assay. The
results showed a significant decrease in cell viability between (30 uM Ap2s-35) compared to the
control group, (# indicates the significant difference, p<0.001). There was also a statistically
significant decrease in cell viability between 30 uM Af»s.35 treatment group compared to the
control group (+1% DMSO) (# indicates the significant difference, p<0.001). However, treatment
with rutin at 100 uM significantly reduced the loss of cell viability (P<0.001). *** represents a
highly significant difference (, p<0.001) between the rutin treatment group (/00 uM with 30 uM
Apasas) and the 30 uM Af2s-35 treatment group under normoxic conditions. Figure 3.12B shows
effects of rutin on A4f»s3s-induced cytotoxicity on PC12 cells under hypoxic conditions. Results
showed a significant decrease in PC12 cell viability between 30 uM Af2s35s compared to the
control group, (# indicates the significant difference, p<0.001). There was also a statistically
significant decrease in PC12 cell viability between 30 uM Ap»s.35 treatment group compared to
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the control group (+1% DMSO) (# indicates the significant difference, p<0.001). However,
treatment with rutin at 100 uM significantly increased MTT activity when co-administered with
Ap2s-35 under hypoxic conditions (p<0.0001). *** represents a significant difference (p<0.001)
between the rutin treatment group (100 uM with 30 uM Af2s-35) and the 30 uM Ap2s-35 treatment

group under hypoxic conditions.

3.3.3.3. Effects of rutin against Apzs-ss-induced apoptosis of PC12 cells in both normoxic

and hypoxic conditions.

Flow cytometry analysis using Annexin V/7-AAD double staining was employed to evaluate the
level of apoptosis in both normoxia and hypoxia. The cells in the lower left quadrant represent
viable cells, while the cells in the lower right quadrant represent early apoptosis, and those in the
upper right quadrant represent late apoptosis/necrosis. As shown in Figure 3.13B, a significant
number of cells underwent early apoptosis after 24 hours of treatment with 30 uM AP2s-35 under
normoxia. However, co-treatment with 30 uM AP2s.35 and rutin at 100 uM for 24 hours (Figure
3.13C) led to a significant reduction in the number of apoptotic/necrotic cells. In Figure 3.14B
under hypoxia, a higher number of cells exhibited apoptosis, with most cells shifting towards the
lower right quadrant. However, co-treatment with 30 uM A2s-35 and rutin at 100 uM for 24 hours

(Figure 3.14C) resulted in a significant reduction in the number of apoptotic/necrotic cells.
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Figure 3.13. FACS analysis (Annexin V/7-AAD) of PC12 cells exposed to Figure 3.13A, control

(1%DMSO +water), Figure 3.13B, (30uM of Apf2s3s for 24hrs normoxia), and Figure 3.13C,
(30uM of Ap2s3s + rutin 100 uM for 24hrs normoxia). The cells in each quadrant were analyzed
using FLOWJO software. Cells in the lower left quadrant represent viable cells, cells in the lower
right quadrant represent early apoptosis, and cells in the upper right quadrant represent late
apoptosis/necrosis. The mean + SE (n=3) for all measurements are shown in the graph, figure
3.13D. The # symbol indicates a significant difference (p<0.001) between the control group (1%

DMSO + water) and 30 uM Af»s-3s under normoxia. The *** symbol represents a highly
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significant difference (p<0.001) between the rutin treatment group (100 uM with 30 uM ApB25-35)

and 30 uM Ap»s-35 under normoxia.
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Figure 3.14D
Figure 3.14. FACS analysis (Annexin V/7-AAD) of PC12 cells exposed to Figure 3.14A: control

in hypoxia (1% DMSO + water), Figure 3.14B: 30 uM of Af»s-35 for 24 hours in hypoxia, and
Figure 3.14C: 30 uM Af2s-35 + rutin 100 uM for 24 hours in hypoxia. Cells in each quadrant were
analyzed using FLOWJO software. Cells in the lower left quadrant represent viable cells, cells in

the lower right quadrant represent early apoptosis, and cells in the upper right quadrant represent
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late apoptosis/necrosis. The mean + SE (n=3) for all measurements are shown in the graph (Figure
3.14D). # represents a significant difference (p<0.001) between the control group (1% DMSO +
water) and 30 uM Af»s35 in hypoxia. *** represents a highly significant difference (p<0.001)

between the rutin treatment group (100 uM with 30 uM of AfB2s-35) and 30 uM Af2s-35 in hypoxia.

3.3.3.4. Combining FACS analysis of both hypoxia and normoxia results of Figure 3.13 and
3.14 above

# control (1%dmso+H,0)
normoxia

control (1%dmso+H,0)
hypoxia
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Figure 3.15. Effects of Rutin against Af>s-35 induced apoptosis of PC12 cells in normoxic and
hypoxic conditions. As shown in Figure 3.15 above, a significant number of cells were undergoing
early apoptosis at 24 hours of treatment with 30 uM Af»s-35 in normoxia. However, at 24 hours
co-treatment of 30 uM AP2s-35 + rutin 100 uM, there was a significant reduction in the number of
apoptotic/necrotic cells. # represents a significant difference (p<0.001) between 30 uM Af25-35
(mean = 63.4147 = 0.21) in normoxia compared to the control group (+1% DMSO). Rutin (100
uM) significantly reduces the number of apoptotic/necrotic cells, and *** represents a significant
difference (p<0.001) between the rutin treatment group at (100 uM with 30 uM concentration of

Af2s35) (mean = 41.4486 + 0.40) and 30 uM Apf»s-3s in normoxia. In hypoxia, the number of
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apoptotic cells was higher, indicating almost all the cells being apoptotic, shifting towards the
lower right quadrant. However, at 24 hours co-treatment of 30 uM Af2s.35 + rutin 100 uM, there
was a significant reduction in the number of apoptotic/necrotic cells. # represents a significant
difference (p<<0.00/) between 30 uM Af>s-35 (mean = 74.7657 + 0.41) in hypoxia compared to the
control group (+1% DMSO). Rutin (100 uM) significantly reduces the number of
apoptotic/necrotic cells, and *** represents a significant difference (p<0.001) between the rutin
treatment group at (100 uM with 30 uM concentration of Af25-35) (mean = 45.4213 + 0.22) and 30

uM Afs.35 in hypoxia.

3.3.3.5 Effects of Rutin on ROS Levels of PC12 Cells in Normoxic and Hypoxic Conditions

After treating PC12 cells with 30 uM AP2s.35, 30 uM A2s-35 + 1% DMSO, and 30 uM AP2s.35 +
rutin 100 uM in both normoxic and hypoxic conditions, ROS generation was measured by DCFDA
Flow cytometry. In normoxic conditions, the ROS level significantly increased in cells treated with
30 uM AP2s-35 compared to the control (Figure 3.16B). However, cells treated with 30 uM AB25.35
+ rutin 100 uM showed a significant decrease in ROS level compared to those treated with 30 uM
AP2s.35 alone (Figure 3.16C). In hypoxic conditions, the ROS level significantly increased in cells
treated with 30 uM Ap2s.35 compared to the control, and the ROS level was higher than that in
normoxia (Figure 3.17B). Cells treated with rutin 100 pM showed a significant decrease in ROS
level compared to those treated with 30 uM AB2s.35 in hypoxia (Figure 3.17C). The results revealed
that treatment with rutin could inhibit the intracellular ROS accumulation induced by Ap2s-35 in

PC12 cells in both normoxic and hypoxic conditions.
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Figure 3.16. Effects of rutin on Apf2s-3s induced ROS levels in PC12 cells under normoxic
conditions. ROS generation was measured by DCFDA Flow cytometry. PC12 cells were exposed
to (Figure 3.16A): Control in normoxia, (Figure 3.16B). 30 uM Ap2s-35 for 24 hours in normoxia,
and (Figure 3.16C). 30 uM Apf2s-35 + rutin 100 uM for 24 hours in normoxia. Figure 3.16D shows
the mean + SE (n=3) for all measurements displayed in the graph. Results were analyzed by flow
cytometry, where forward scatter represents the (DCFDA) ROS level, and side scatter represents

the size of the cells. In Figure 3.16B, the ROS level significantly increased in cells treated with
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AP2s535 (30 uM) in normoxia compared to the control, with a mean of 25.921 + 0.82. ### represents
a significant difference (P<0.001) between the control group (1% DMSO + water) and 30 uM
Apas.35 in normoxia. In Figure 3.16C, cells treated with Af2s.35 + rutin 100 uM in normoxia showed
a significant decrease in ROS level compared to Af2s.35 (30 uM) alone, with a mean of 12.243 +
0.62, n=3. *** represents a significant difference (P<0.001) between the rutin treatment group at

(100 uM with a 30 uM of Af2s-35) and 30 uM Apos-35 alone in normoxia. Figure 3.16D displays the

mean x SE (n=3) for all measurements in the graph.
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Figure 3.17. Effects of rutin on Af25.35 induced ROS levels in PC12 cells under hypoxic conditions.
ROS generation was measured by DCFDA flow cytometry. PC12 cells were exposed to (Figure
3.17A): Control in hypoxia, (Figure 3.17B): 30 uM Af2s-35 for 24 hours in hypoxia, and (Figure
3.17C): 30 uM ApPas-ss + rutin 100 uM for 24 hours in hypoxia. Figure 3.17D shows the mean +
SE (n=3) for all measurements displayed in the graph. Results were analyzed by flow cytometry,
where forward scatter represents the (DCFDA) ROS level, and side scatter represents the size of
the cells. In Figure 3.17B, the ROS level significantly increased in cells treated with Af25.35 (30
uM) in hypoxia compared to the control, with a mean of 64.703 £ 0.50. ### represents a significant
difference (P<0.001) between the control group (1% DMSO + water) and 30 uM Af2s35 in
hypoxia. In Figure 3.17C, cells treated with Af2s-35 + rutin 100 uM in hypoxia showed a significant
decrease in ROS level, P<0.001, with a mean of 35.667 = 0.64. *** represents a significant
difference (P<0.001) between the rutin treatment group at (100 uM plus a 30 uM of Af2s.35) and
30 uM Af2s-35 alone in hypoxia. In Figure 3.17D, the mean £ SE (n=3) for all measurements are

shown in the graph.

3.3.3.6. Effects of Rutin on Malondialdehyde (MDA) Concentration in PC12 cells treated

with Apz2s-35 aggregates in normoxia and hypoxia

Polyunsaturated fatty acids are attacked by free radicals, resulting in structural damage to the cell
membrane and the generation of MDA, which is considered a marker of lipid peroxidation. PC12
cells were treated with AB2s-35 with rutin co-treatment in normoxia and hypoxia for 24 hours. Cell
lysates were mixed with thiobarbituric acid (TBA) and allowed to react at a temperature of 95-
100°C for 60 minutes. MDA reacted with TBA, forming the MDA-TBA adduct, which was

measured colorimetrically at 532nm using a microplate reader.
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From the results in Figure 3.18A, in normoxia conditions, the MDA level significantly increased
in cells treated with 30 uM Ap2s.35 compared to the control (mean = 0.100 + 0.07). Cells treated
with rutin 100 uM showed a significant decrease in MDA level compared to those treated with 30

uM AP2s.35 (mean = 0.071 £ 0.05).

In hypoxia conditions (Figure 3.18B), the MDA level significantly increased in cells treated with
30 uM AP2s-35 compared to the control (mean = 0.126 + 0.01), and the level of MDA was higher
than that in normoxia. Cells treated with rutin 100 pM showed a significant decrease in MDA level

compared to those treated with 30 uM A2s.35 in hypoxia, with a mean of 0.094 + 0.001.
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Figure 3.18 . Effects of rutin treatment on lipid peroxidation caused by Af2s.35 on PC12 cells in
normoxia. Figure 3.18A shows the effects of rutin treatment on lipid peroxidation caused by A4f2s.
35 on PC12 cells in normoxia. Data were presented as mean + SEM (n=3). # represents significant
difference P<0.001, between (30 uM Af»s-35) vs. the control group (1% DMSO + water) in

normoxia. *** represents significant difference P<0.001, between rutin treatment group at (100
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uM plus 30 uM Af2s-35) VS. (Af2s-35 30 uM + 1% DMSO). Treatment with rutin at 100 uM
significantly decreased the MDA level compared to the Af2s.35 treatment group (P<0.001). ***
represents a significant difference (P<0.001) between the rutin treatment group at 100 uM plus a
30 uM concentration of Af2s-3s and 30 uM Af2s-35 alone in normoxia. Figure 3.18B shows the
effects of rutin treatment on lipid peroxidation caused by 4/25-35 on PC12 cells in hypoxia. Data
were presented as mean £ SEM (n=3). # represents significant difference P<0.001, between (30
uM ApPas3s) vs. the control group (1% DMSO + water) in hypoxia. *** represents significant
difference P<0.001, between rutin treatment group at (100 uM plus 30 uM ApB2s-35) vs. AB2s-35 (30
uM) + 1% DMSO in hypoxia. Treatment with Af2s35 for 24 hours in hypoxia significantly
increased the MDA level compared to the control (P<0.001), and the increase is higher than that
in normoxia. Treatment with rutin at 100 uM significantly decreased the MDA level compared to
the Af25-35 treatment group (P<<0.001). *** represents a significant difference (P<0.001) between

the rutin treatment group at (100 uM plus 30 uM of Af2s-35) and 30 uM Ap2s-35 alone in hypoxia.

207



3.3 DISCUSSION

The AP peptide is a primary component of senile plaques and plays a vital role in neuronal and
synaptic dysfunction during the progression of Alzheimer's disease (AD). During AD
pathogenesis, Ap monomers assemble into various unstable oligomeric species. Oligomeric AP
further aggregates to form short, flexible, irregular protofibrils, which ultimately elongate into
insoluble fibrillar assemblies with B-strand repeats oriented perpendicularly to the fiber axis

(Walsh and Selkoe, 2007; Aleksi¢, 2017).

Several studies have shown that the aggregated form of AB2s.35 becomes toxic. Some experimental
research reports have used deionized water to dissolve Ap2s.as or AB1-42, followed by incubation
at 37 degrees Celsius for 3, 4, or 7 days (Xian et al., 2012, 2016; Li et al., 2008; Wang et al., 2012).
In this research experiment, 1 mM stock of AP was dissolved in sterile water and incubated for 4
days at 37°C. Thioflavin T (ThT) fluorescence assay was performed to confirm Aa2sas

aggregation.

This study further evaluated the cytotoxicity of Afzsss on PC12 cells in both normoxic and
hypoxic conditions, as well as its induction of apoptosis. The MTT assay, based on cellular
nicotinamide adenine dinucleotide phosphate (NADPH)-dependent oxidoreductase activity, was
used. Mitochondrial NADPH plays a crucial role in protecting against redox stress and cell death
by maintaining the pool of reduced glutathione (GSH) and thioredoxin, which are imperative for
the cellular antioxidant defense system (Bradshaw et al., 2019). Depletion of NADPH has been

implicated in neurotoxicity and neurodegeneration (Bradshaw, 2019).

This study revealed a reduction in MTT activity of PC12 cells induced by Ap2s.35 under normoxic
conditions. This finding is consistent with previous studies by Abir et al. (2020), Balu et al. (2011),

Yan-fang et al. (2013), and Yuna et al. (2017), which showed that exposure of cells to different
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concentrations of Apzs.ss for 24 hours resulted in a concentration-dependent decrease in cell
viability, indicating that AB2s-3s inhibits neuronal cell viability. The 1C50 was also determined.
Additionally, the reduction in MTT activity appeared to be more pronounced during hypoxic
conditions, suggesting that PC12 cells are more susceptible to AP peptide toxicity during hypoxia.
This is in line with the findings of Green and Peers (2001) and Webster (2006), which state that
hippocampal neurons are more vulnerable to AP peptide toxicity during hypoxia, and chronic
hypoxia enhances calcium ion (Ca®") entry and mitochondrial Ca®* content, potentiates
posttranscriptional trafficking of L-type Ca?* channels, and creates transition pores in the
mitochondrial membrane through which cytochrome C can be released, initiating pro-apoptotic

signaling pathways.

The LDH enzyme is a soluble cytosolic enzyme present in eukaryotic cells and is released into the
culture medium during cell death due to cell membrane rupture. In this study, the LDH assay
showed a significant increase in LDH activity in AB2s.3s treated cells compared to the control,
indicating that A2s.3s is cytotoxic to PC12 cells. This suggests that Ap in neuronal cells exhibits
toxicity, which may be due to the interaction of iron with A, leading to the generation of reactive
oxygen species (ROS). This finding is consistent with the study by Merelli et al. (2018), which
states that abnormal iron metabolism generates hydroxyl radicals through the Fenton reaction,
triggers oxidative stress, and ultimately leads to cell death. Iron also promotes A aggregation, and
the interaction between iron and A exhibits toxic effects. Furthermore, the increased cell toxicity
was significantly amplified during hypoxia, indicating that hypoxia exacerbates AP peptide-
induced neuronal death. This suggests that during hypoxia, the overexpression of HIF-1a binds to
BACE1 mRNA and increases its expression. This is consistent with the findings of Sun et al.

(2006) and Zhang et al. (2007), which show that hypoxia can alter amyloid precursor protein (APP)

209



processing, increase the activity of B- and y-secretases, and significantly up-regulate BACE1 gene

expression, resulting in increased f-, y-secretase activity.

Oxidative stress increases with age through alterations in ROS generation or ROS elimination
(Barja, 2004). The free radical hypothesis of aging suggests that the accumulation of ROS leads to
damage of major cell components, including the nucleus, mitochondrial DNA, membranes, and
cytoplasmic proteins (Harman, 2012). The imbalance between ROS generation and antioxidants
has been termed oxidative stress and has been proposed as a cause of AD. The brain is particularly
susceptible to oxidative stress due to its high consumption of oxygen, increased levels of
polyunsaturated fatty acids, and low levels of antioxidants (Mattson, 2012). Oxidative stress and
AP are closely related since AP aggregation induces oxidative stress in vivo and in vitro (Mattson,
2014; Zhu, 2004), and oxidants increase the production of AP (Murray, 2007; Tong, 2005).
Transition metals, such as Cu (11), Zn (11), and Fe (III), enhance the neurotoxicity of AP through
their reduction, which produces hydrogen peroxide (H202). Density functional theory calculations
have revealed that the AB residue Tyr-10 is crucial for driving the catalytic generation of H202
by AP peptides in the presence of Cu (I1). The phenoxy radical of Tyr-10, produced by the reaction
with ROS, causes neurotoxicity and leads to the formation of dityrosine, which accelerates the
aggregation of AP peptides (Barnham, 2004). Another important AP residue is Met-35;
substitution of Met-35 with cysteine resulted in no protein oxidation in a C. elegans model.
Additionally, inhibition of cytochrome c oxidase by AB42 involves the formation of a redox-active
methionine radical (Crouch, 2006). Lipid peroxidation induced by AP peptides impairs the
function of ATPases, glucose and glutamate transporters, and GTP-binding proteins due to
covalent modification of the proteins by the aldehydic end products, such as 4-hydroxynonenal

(HNE) (Mattson, 2004). Furthermore, AP peptides promote Ca2+ influx into neurons by inducing
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membrane-associated oxidative stress, rendering neurons vulnerable to excitotoxicity and
apoptosis (Bezprozvanny and Mattson, 2008). On the other hand, oxidative stress may also
contribute to AP accumulation. Oxidant agents and oxidative products increase APP expression
(Chen and Trombetta, 2004; Patil, 2006) as well as intracellular and secreted AP levels in neuronal

and non-neuronal cells (Murray, 2007; Tong, 2005).

Several lines of evidence suggest that mitochondrial dysfunction is involved in AD pathogenesis
(Abolhassani, 2017). Ap accumulates in mitochondria in the AD brain, accompanied by altered
mitochondrial structure, decreased mitochondrial respiratory function and ATP generation,
impaired mitochondrial dynamics, and increased mitochondria-associated oxidative stress. A has
been detected in the mitochondria of AD patients and AD mouse models, and mitochondrial A
levels correlate with abnormalities in mitochondrial structure and function. Reduced
mitochondria-associated energy metabolism has been observed in brain regions associated with
amyloid plaques. AP also triggers abnormalities in mitochondrial dynamics, with aberrant changes
observed in mitochondrial fusion and fission due to reduced energy production. Af} exposure also
results in the enrichment of proteins associated with increased mitochondrial fission and decreased

mitochondrial fusion (Ebenezer, 2010; Wang, 2009).

It has been proposed that oxidative insults significantly contribute to AD pathogenesis (Butterfield,
2010). In AD, oxidative stress manifests early, supporting the notion that oxidative stress may
drive AB-induced AD pathogenesis (Wang, 2014). Mitochondria are the primary source of
intracellular ROS. AP peptides can induce ROS production from mitochondria, leading to the
release of cytochrome ¢ and apoptosis-inducing factor, thereby driving mitochondrial dysfunction,
cell apoptosis, and neuronal loss (Moreira, 2010). Furthermore, a mitochondrial protein called

appoptosin has been identified as a vital regulator for Ap-induced neuronal cell death. In AD, the
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expression of appoptosin is upregulated, activating the intrinsic caspase pathway. Remarkably,
downregulation of appoptosin can protect against AB-induced neurotoxicity. Other mitochondrial
proteins, such as amyloid-binding alcohol dehydrogenase and cyclophilin D, have also been shown

to play a role in mitochondrial dysfunction (Du, 2008; Du, 2011).

From this experiment, ROS significantly increased in AB2sss-induced PC12 cells in normoxia,
indicating an increase in free radicals and oxidative damage. This finding agrees with the studies
of Hong-Mei et al. (2017), Yue et al. (2018), Jordan et al. (2011), and Eri et al. (2020), which
indicate that AP peptides can increase ROS generation and promote cell death through the
mitochondrial pathway and/or death receptor pathway. Additionally, the results revealed a
significant increase in ROS levels during hypoxic conditions. This suggests that mitochondria-
derived ROS stabilize and activate HIF-1o during hypoxia. This finding agrees with Emerling et
al. (2005) and Mylonis et al. (2006), which show that mitochondrial ROS can activate signaling
pathways upstream of HIF-1, such as the extracellular signal-regulated mitogen-activated kinase
(ERK) and p38 stress-activated MAPK pathways, leading to the phosphorylation and increased

transcriptional activity of HIF-1a.

On the other hand, Annexin V (or Annexin A5) is a member of the annexin family of intracellular
proteins that binds to phosphatidylserine (PS) in a calcium-dependent manner. PS is normally
found on the intracellular leaflet of the plasma membrane in healthy cells, but during early
apoptosis, membrane asymmetry is lost, and PS translocates to the external leaflet, where it binds
to annexin V. Fluorochrome-labeled Annexin V can be used to specifically target and identify
apoptotic cells. However, Annexin V binding alone cannot differentiate between apoptotic and
necrotic cells. To distinguish between necrotic and apoptotic cells, a 7-amino-actinomycin D (7-

AAD) solution is used. Early apoptotic cells exclude 7-AAD, while late-stage apoptotic cells stain
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positively due to the passage of these dyes into the nucleus, where they bind to DNA. 7-AAD has
a high DNA binding constant and is efficiently excluded by intact cells, making it useful for DNA
analysis and discriminating dead cells during flow cytometric analysis. When excited by 488 laser

light, 7-AAD fluorescence is detected in the red range of the spectrum (650 nm long-pass filter).

The use of flow cytometry provides rapid analysis of multiple characteristics of single cells,
including cell size, cytoplasmic complexity, DNA or RNA content, and a wide range of membrane-
bound and intracellular proteins. Flow cytometry can be used to detect and quantify the level of
apoptosis in a population of cells at static points or in a time course. It allows the study of all
aspects of apoptosis, from induction via surface receptors to late stages where DNA fragmentation
occurs. In a flow cytometer, cells in suspension are drawn into a stream created by a surrounding
sheath of isotonic fluid, enabling the cells to pass individually through an interrogation point. At
the interrogation point, a beam of monochromatic light, usually from a laser, intersects the cells.
Emitted light is given off in all directions and is collected via optics that isolate specific wavelength
bands. The light signals are detected by photomultiplier tubes and digitized for computer analysis.
Forward-scattered light represents cell size, while side-scattered light represents the complexity or

granularity of the cells.

PC12 cells were used in Annexin V and 7-AAD double stain by flow cytometry to detect cellular
apoptosis because PC12 cells are suspension cells that can easily move through the flow cytometer
tube during the experiment. In Annexin V and 7-AAD double stain by flow cytometry, PC12 cells
treated with Ap2s.3s showed a significant level of early apoptosis. This indicates that AP2s-3s
induced cellular apoptosis, which could be due to an increase in ROS, leading to oxidative damage
to cellular proteins and DNA. This finding agrees with the studies of Yuna et al. (2018) and

Pengjuan et al. (2015), which indicate that AP treatment results in a sudden burst of ROS, leading
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to cellular, protein, and DNA oxidative damage and subsequent apoptosis. The results also indicate
that cells undergoing early apoptosis induced by Apas-3s are significantly increased during hypoxic
conditions. This suggests that hypoxia may increase ROS levels by affecting mitochondrial
membrane potential. This finding is in line with the studies of Bell et al. (2007), Klimova et al.
(2008), which state that hypoxia increases ROS generation through electron transfer from
ubisemiquinone to molecular oxygen at the Qo site of complex 111 of the mitochondrial transport

chain.

There is significant evidence that oxidative stress induced by ROS overproduction, combined with
the low antioxidative capacity of cells, plays an important role in AD. Lipid peroxidation resulting
from excessive oxidative stress affects the function of nerve cells and leads to nitration of proteins
and damage to nucleic acids. These combined negative effects ultimately lead to the functional
impairment or loss of neurons. Lipid peroxidation is the main contributor to free radical-mediated
damage to the neuronal membrane, and the secondary oxidation products, such as MDA and HNE,
can cause further cellular damage. The presence of oxidized lipoprotein resulting from the

presence of amyloid B is a primary hallmark of AD during disease progression.

This study evaluated MDA as a lipid peroxidation indicator to show the level of oxidative damage
in AB2s-3s-induced PC12 cells under both normoxia and hypoxia conditions. The results indicated
a significant increase in MDA levels when PC12 cells were induced with Ap2s.3s in normoxia,
suggesting Ap2s-3s-induced lipid peroxidation and the generation of free radical-mediated damage
to the neuronal membrane, leading to oxidative stress. Abnormal iron metabolism can generate
hydroxyl radicals through the Fenton reaction, triggering oxidative stress reactions, lipid
peroxidation, and damage to cellular proteins and DNA, ultimately leading to cell death. This

finding is consistent with the studies of Kunjathoor et al. (2004), Shao-wei et al. (2012), Peng-Xin
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et al. (2014), and KASTHURI (2013). Furthermore, the lipid peroxidation induced by Ap2s.35 was
significantly higher in hypoxic conditions than in normoxia. This supports the notion that
intracellular ROS paradoxically increase under hypoxia. This is in line with the findings of
Chandel et al. (1998), Mansfield et al. (2004, 2005), Guzy et al. (2004), and Emerling et al. (2005),
which state that mitochondria are the source of ROS involved in the hypoxic response and that
ROS is necessary and sufficient to stabilize and activate HIF-1a, and mitochondrial ROS regulate

HIF-1a stability during hypoxia.

It has been revealed that a history of stroke increases AD prevalence by approximately twofold in
elderly patients (Schneider, 2003). The risk is higher when stroke is linked with atherosclerotic
vascular risk factors (Jellinger, 2003). A common vascular component between the AD risk factors
is hypoperfusion, and hypoxia is a direct consequence of hypoperfusion. Recently, it was revealed
that hypoxia can modify APP processing, increasing the activity of - and y-secretases. Research
indicated that hypoxia significantly up-regulates BACE1 gene expression, and this increases [-
secretase activity (Sun, 2006). Additionally, it was revealed that hypoxia increases AP deposition
and neuritic plague formation, as well as memory deficit, in Swedish mutant APP transgenic mice.
These findings provide a molecular mechanistic link of vascular factors with AD. It has been
revealed that overexpression of HIF-1a in neuronal cells increases BACE1 mRNA and protein
levels, while down-regulation of HIF-1a reduces the levels of BACE1 (Zhang, 2007). Hypoxic
conditions were also shown to increase y-secretase activity. HIF-1a binds to the anterior pharynx-
defective phenotype (APH-1) promoter to up-regulate its expression. The activation of HIF-1a
induced by hypoxia increases the expression of APH-1 mRNA and protein, resulting in an
increased y-cleavage of APP and Notch (Li, 2009). Furthermore, hypoxia has also been linked to

neuronal and glial-cell calcium dysregulation through the formation of calcium-permeable pores,
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dysregulated glutamate signaling, and intracellular calcium-store dysfunction. Hypoxia has also
been strongly linked to neuroinflammation (Rahul, 2019). It has been confirmed by many research
studies that hypoxia facilitates AD pathology (Shiota, 2013; Liu, 2015; Zhang, 2017). Research
has shown that hypoxia may increase the level of ROS (Zhang and Le, 2010), Ap production (Li,
2009), enhance tau phosphorylation (Gao, 2013), and induce neuroinflammation (Smith, 2013).
The mitochondria-derived ROS can activate hypoxia-inducible factor-la (HIF-1a) through
different mechanisms, including post-translational modification (Bruick and McKnight, 2001),
and p38 mitogen-activated protein kinase (Emerling, 2005). The levels of intracellular ROS
unexpectedly increase in hypoxia (Guzy, 2005). It has been suggested that NADPH oxidase might
be an important ROS-generating cellular oxygen sensor because it is expressed in tissues
associated with systemic hypoxic responses (Marshal, 1996). On the other hand, it has been
suggested that mitochondria are the source of ROS involved in the hypoxic response. The electron
transport chain consists of five multiprotein complexes. Complexes | and Il oxidize the energy-
rich molecules NADH and FADH2, respectively, and transfer the electrons to ubiquinol, which
carries them to complex IIl. Complex IIl then transports the electrons across the inner
mitochondrial membrane to cytochrome c, which carries them to complex 1V. Complex IV uses
the electrons to reduce oxygen to water. Besides transporting the electrons, complexes I, Il, and
I11 generate ROS (Klimova and Chandel, 2008). It has now been established that hypoxia increases
ROS through the transmission of electrons from ubisemiquinone to molecular oxygen at the Qo
site of complex Il of the mitochondrial transport chain (Bell, 2007). The mitochondria-derived
ROS are both required and necessary to stabilize and activate HIF-1a. It has been confirmed that
antioxidants reverse hypoxia-induced HIF-1a activation (Aminova, 2008). Antitumorigenic

effects of antioxidants have been attributed to the inhibition of HIF-1a-dependent events (Gao,
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2007). Furthermore, the addition of oxidants, such as H202, induces HIF-1a activity up-regulation
in normoxia (Page, 2008). Mitochondrial ROS regulate HIF-1a stability on hypoxia through
different mechanisms. These probably involve the PHDs, the oxidases involved in the post-
translational modification that signals HIF-1o for degradation (Bruick and McKnight, 2001).
Under hypoxic conditions, mitochondrial ROS can also activate signaling pathways upstream of
HIF-1, such as the p38 stress-activated MAPK pathways. ERK2 phosphorylates HIF-1a in vitro
and in vivo and increases its transcriptional activity (Mylonis, 2006). Under hypoxic conditions,
regulation of HIF-1a stability is modified by the phosphatidylinositol 3 kinase (P13K)-protein
kinase B (PKB/ALkt) signaling pathway (Shaw and Cantley, 2006). Several studies revealed that
generation of ROS can activate this pathway and lead to the enhancement of HIF-1a in cancer

cells (Zhou, 2007; Flu, 2007).

The increase in the aging population and the significant financial impact on the healthcare system
necessitate the development of novel diagnostic, prevention, and treatment strategies for AD.
Currently, symptomatic therapies are the only available treatment strategies for AD. Thus, there is
an urgent need to identify a new treatment strategy for the cure of AD. Research has recognized

flavonoids as a unique class of therapeutic molecules for the cure of AD.

Rutin is a naturally occurring flavonoid glycoside found in many foods and fruits, and it has
numerous pharmacological functions such as antioxidant, anti-inflammatory, and cytoprotective
properties. Several experimental studies have revealed that rutin has neuroprotective effects,
possibly due to its antioxidant activities. Numerous mechanisms have been found to be responsible
for the antioxidant activities of rutin in both in vitro and in vivo models. It has been revealed that
its chemical structure can scavenge reactive oxygen species (ROS) directly. The main functional

groups in the rutin molecule are the hydroxyl groups at positions 5 and 7 of the A ring, as well as
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the double bond in the C ring of the quercetin-polyphenolic component, which are responsible for
its antioxidant activity (Cos, 1998). It is also assumed to increase the production of GSH and
upregulate cellular oxidative defense systems by increasing the expression of various antioxidant
enzymes such as CAT and SOD (Al-Enazi MM, 2014). Additionally, rutin inhibits xanthine
oxidase, which is involved in ROS generation (Kosti¢ et al., 2015). It also scavenges ROS by
donating hydrogen atoms to superoxide anions, peroxy radicals, and hydroxyl radicals (Caglayan,
2019). Research has revealed that rutin effectively reduces the level of malondialdehyde (MDA)
while increasing CAT, GPX, SOD, GSH, and the nuclear factor erythroid 2—related factor 2 (Nrf2)
levels in colistin-induced neurotoxicity (Xu et al., 2014). Rutin inhibits enhanced activity of
xanthine and NADPH oxidase (NOX), which are the primary cellular enzymes responsible for the
generation of superoxide radicals. It facilitates peroxide degradation, including lipid peroxides, by
regulating the level of GSH and effectively protects phospholipids from peroxidation. Several in
vivo studies have revealed that rutin treatment significantly attenuates the decrease in the levels
and activities of GSH and GSH-dependent enzymes (GSH-Px and GSSG-R) in rats (Javed, 2012).
In addition, rutin-facilitated regulation of the redox balance in fibroblasts prevents the decrease in
non-enzymatic antioxidants, including vitamins E and C, after UV irradiation (Gegotek et al.,
2016). Rutin significantly reduces cisplatin-induced oxidative stress by inhibiting lipid
peroxidation and increasing antioxidant activity (Aksu et al., 2017). Collectively, rutin reduces
ROS production, NOX activity, and oxidative products like MDA and thiobarbituric acid reactive
substances, while increasing antioxidant status such as SOD, GSH, GPX, and CAT (Geetha et al.,
2017; Huang et al., 2017; Imam et al., 2017; Panchal et al., 2011; Saklani et al., 2016; Singh et al.,

2015; Liu et al., 2018).
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This study investigated the effect of rutin on ABzs-3s-induced toxicity and apoptosis of PC12 cells
under both normoxia and hypoxia conditions. The MTT and LDH assays were used to determine
cell viability and cytotoxicity, and the IC50 of rutin was also evaluated. The results showed stable
cell viability as the dose of rutin increased, and the IC50 was approximately 108 uM, suggesting
that rutin is safe to use. Therefore, in the experimental study, a concentration of 100 uM
(approximately 1x EC50) was used for the remaining rutin experiments on PC12 cells. The study
investigated whether rutin treatment could inhibit PC12 cell cytotoxicity after the induction of
AP2s.35 in both normoxia and hypoxia conditions. The study further investigated whether rutin
treatment could inhibit AB2s3s-induced apoptosis of PC12 cells in both normoxia and hypoxia
conditions. Results revealed that rutin inhibits Afzs-ss-induced cytotoxicity of PC12 cells in both
normoxia and hypoxia. Rutin was found to significantly increase cell viability and decrease cell
cytotoxicity in AP2s-3s-induced PC12 cells under normoxia. This implies that rutin protects PC12
cells against Ap2s-3s-induced cytotoxicity by inhibiting cellular damage. The result is in line with
the finding of Shao-wei (2012), which states that rutin is a multifunctional flavonoid that can
inhibit AP aggregation and cytotoxicity. Additionally, rutin significantly increased cell viability
and reduced cell cytotoxicity in A2s-3s-induced PC12 cells under hypoxia conditions. Therefore,
since HIF-1 has been shown to participate in hypoxia-induced adaptive reactions to restore cellular
homeostasis, rutin, as an iron chelator, may activate HIF in addition to iron chelation. This implies
that rutin may have pharmacological functions in HIF stabilization, which may serve as a

neuroprotective mechanism and be explored as an adjunctive therapy for AD.

The mechanisms of apoptosis are highly complex, involving an energy-dependent cascade of
molecular events. There are two linked apoptotic pathways: the extrinsic or death receptor pathway

and the intrinsic or mitochondrial pathway, where molecules in one pathway can influence the
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other (Igney and Krammer, 2002). There is an additional pathway that involves T-cell mediated
cytotoxicity and perforin-granzyme-dependent Killing of the cell. The perforin/granzyme pathway
can induce apoptosis via granzyme B or granzyme A. The extrinsic, intrinsic, and granzyme B
pathways converge on the same terminal or execution pathway, which starts with the cleavage of
caspase-3 and results in DNA fragmentation, degradation of cytoskeletal and nuclear proteins,
cross-linking of proteins, formation of apoptotic bodies, expression of ligands for phagocytic cell
receptors, and finally uptake by phagocytic cells. Caspase-dependent apoptotic cell death occurs
due to the inactivation of survival pathways, like the PI3K (phosphatidylinositol 3-kinase)/Akt

(protein kinase B) pathway (GomezSintes, 2016; Snigdha, 2012).

Bcl-2 (B-cell lymphoma 2) inhibits intrinsic apoptosis by binding to the proapoptotic proteins Bax
and Bcl-2 homologous antagonist/killer (Bak) (Khodapasand, 2015). The granzyme A pathway
activates a parallel, caspase-independent cell death pathway via single-stranded DNA damage

(Martinvalet, 2005).

Rutin has been shown to reduce p53 expression, a protein involved in the activation of DNA repair
mechanisms and induction of apoptosis in response to DNA damage (Gegotek, 2019). Rutin
administration has been found to attenuate "ischemic neural apoptosis™ due to the suppression of
p53 expression and lipid peroxidation, along with an increase in endogenous antioxidant defense
enzymes (Khan, 2009). Another study showed that rutin exhibited neuroprotective potential due
to the reduction in neuroapoptosis (Man, 2015). Rutin reduces apoptotic cells in ischemic-
reperfusion-induced apoptosis in both in vivo and in vitro models, as well as in doxorubicin- and
pirarubicin-induced cardiotoxicity, by suppressing caspase-3, -7, and -9 protein expressions
(Jeong, 2009; Kim, 2010). Reduction of caspase proteins by rutin is related to an increase in Bcl-

2 and a decrease in Bax proteins (Ma, 2017; Wang, 2018). This suggests that rutin may prevent
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apoptosis via the Bcl-2-regulated apoptotic pathway, but the exact mechanisms by which rutin can

modulate Bcl-2, Bax, and caspases proteins are still not understood.

This research further investigated the effect of rutin on Ap2s-ss-induced cellular apoptosis by
annexin V and 7AAD double stain through flow cytometry analysis in both normoxia and hypoxia.
The results revealed that the level of apoptosis was significantly reduced in normoxia, indicating
that rutin can inhibit cellular apoptosis, possibly through a decrease in ROS levels and inhibition
of cellular, protein, and DNA oxidative damage. Additionally, the results revealed that the level of
apoptosis was also significantly reduced in hypoxia condition, implying that rutin, as an
antioxidant, may reverse hypoxia-induced HIF-1a activation, suppressing neuronal cell death

caused by hypoxia or oxidative stress, and also protect against AP peptide toxicity.

Free radicals attack polyunsaturated fatty acids, leading to the production of lipid peroxidation and
resulting in membrane damage and the generation of MDA, which serves as a key indicator of
lipid peroxidation induced by free radicals (Yang, 2012). Products of lipid peroxidation like 4-
hydroxynonenal (HNE) are increased in the brain of AD patients (Arlt, 2002). Therefore,

scavenging free radicals and increasing antioxidant enzyme activity can reduce oxidative damage.

The Lipid Peroxidation Assay Kit is a robust and sensitive kit for the detection of malondialdehyde
(MDA) produced as an end product of lipid peroxidation. In this assay, free MDA present in the
sample reacts with Thiobarbituric Acid (TBA) and generates an MDA-TBA adduct, which can
easily be quantified colorimetrically (OD 532 nm) or fluorometrically (Ex/Em = 532/553 nm). It
detects MDA levels as low as 0.1 nmol/well in the fluorometric MDA in the samples. This kit
detects free MDA, which forms adduct with TBA. If bound to collagen or other proteins, it will
not be detected unless released. The acid treatment in the assay, however, precipitates all proteins,

so most of the MDA present in the sample should be free, and hence total MDA is detected.
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From this experiment, rutin (a bioflavonoid antioxidant) significantly reduces ROS levels when
compared with Ap2s-35 treatment group in normoxia condition. This implies that rutin can scavenge
free radicals, thereby protecting neuronal cells from oxidative damage, demonstrating its
antioxidant potential. This is in line with the findings of Xiao, 2015; Karim, 2011; and Shao-wei,
2012. Additionally, it also significantly reduces ROS levels in hypoxia condition. This indicates
that rutin may have the ability to chelate iron and stabilize HIF-1, which maintains the
mitochondrial membrane potential and cytosolic accumulation of cytochrome C. This can
inactivate caspase-9 and caspase-3, and thus prevent neuronal death in the AD brain, thereby

inhibiting oxidative stress.

Additionally, MDA, a lipid peroxidation indicator, was measured to show the level of oxidative
damage in both normoxic and hypoxic conditions. The results indicate that the level of MDA was
significantly reduced when Apas.ss-induced PC12 cells were treated with rutin in normoxia,
indicating its antioxidative effects. This is in line with the findings of Shao-wei, 2012, and Peng-
Xin, 2014. The results also indicate that the level of MDA was significantly reduced when Afas.
3s-induced PC12 cells were treated with rutin in hypoxia. This implies that rutin, as an iron
chelator, has neuroprotective potential by inhibiting the generation of free radicals derived from

iron, and may also upregulate the hypoxia rescue genes via HIF stabilization.

Conclusion

In conclusion, this research study discovered dose-dependent toxicity of ABs.3s aggregates in
PC12 cells. AB2s-35 aggregates induced apoptosis and increased the levels of ROS and lipid
peroxidation in PC12 cells under normoxia conditions. Furthermore, the combined treatment of
AP2s-35 aggregates and hypoxia significantly enhanced the toxic effects of APs.3s aggregates,

possibly due to increased ROS during hypoxia.
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Additionally, in both normoxia and hypoxia conditions, rutin was found to be neuroprotective
against APzs.3s-induced cytotoxicity in PC12 cells. Rutin treatment significantly reduced Apa2s-3s-
induced cell apoptosis, ROS levels, and lipid peroxidation, thereby inhibiting cellular damage. The
results suggest that rutin attenuates or reverses Apzs-3s-induced cytotoxicity and apoptosis in PC12
cells, potentially through scavenging of free radicals due to its antioxidant effects. Therefore, rutin
may serve as a novel drug for the treatment of Alzheimer's disease, due to its ability to scavenge

free radicals, inhibit oxidative stress, chelate iron, and its potential role in HIF stabilization.
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Chapter 4
RUTIN PROTECTS PRIMARY NEURONS FROM A2s-3s TOXICITY IN BOTH
NORMOXIC AND HYPOXIC CONDITIONS
4.1. Introduction
Alzheimer's disease (AD) is the most common neurodegenerative disease, affecting approximately
26 million people worldwide (Brookmeyer et al., 2018). The pathogenesis of AD is believed to be
triggered by the excessive accumulation of the toxic amyloid beta (AP) (Prasansuklab and
Tencomnao, 2013). Recently, a molecular link between ischemia/hypoxia and amyloid precursor
protein (APP) processing has been established (Salminen et al., 2017). Brain regions susceptible
to AD pathology display a significant decline in cerebral blood flow during the phase of mild
cognitive impairment that precedes AD diagnosis (Attems et al., 2004; Jeynes and Provias, 2006).
In response to ischemia/hypoxia, the brain stabilizes hypoxia-inducible factor (HIF). However,
there is compelling evidence that HIF-1a activates both  and y secretases, thereby augmenting
APP processing and AP production under hypoxic conditions. Nevertheless, there are few studies
on the effects of hypoxia on AB-induced neurotoxicity. Furthermore, current research on AD
treatment is primarily conducted under normoxic conditions, which does not fully reflect the AD

pathogenesis.

Rutin is a naturally occurring flavonoid glycoside found in many foods and fruits, known for its
pharmacological effects such as antioxidant, anti-inflammatory, and cytoprotective functions.
Rutin is a common dietary flavonol glycoside composed of quercetin and disaccharide rutinose
(Kreft et al., 1999). It is a bioflavonoid found in fruits, especially citrus fruits (e.g., orange,
grapefruit, lime, and apple), as well as berries (e.g., mulberry, cranberries). Rutin is one of the

primary flavonoids found in numerous multivitamin preparations and herbal remedies (Kreft et al.,
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1999), and it is a constituent of over 130 registered medicinal preparations (Chua, 2013). Rutin
exhibits several pharmacological properties, including reducing oxidative stress, preventing
inflammation, cardiovascular and neuroprotective effects, and demonstrating anti-cancer and
antidiabetic activities (Aldhabi et al., 2015; Riaz et al., 2018). Within the brain, rutin exerts
numerous neuroprotective actions, such as protecting neurons against injury induced by
neurotoxins, suppressing neuroinflammation, and potentially enhancing memory (Kamalakkannan
et al., 2006). Rutin scavenges free radicals, inhibits superoxide radical production, and enhances
the activity of antioxidant enzymes like glutathione peroxidase and reductase to maintain levels of
reduced glutathione, a biological antioxidant (Kamalakkannan et al., 2006). Rutin has therapeutic
potential for the treatment of neurodegenerative diseases associated with oxidative stress (Park et
al., 2014; Motamedshariaty et al., 2014). It also possesses vaso- and cardioprotective properties
(Kim et al., 2005; Riaz et al., 2018). Rutin may strengthen blood vessel walls, reduce capillary
permeability, and improve blood concentration. Additionally, by having antiplatelet functions and
decreasing the cytotoxicity of oxidized low-density lipoprotein cholesterol, rutin may reduce the

risk of atherogenesis (Sheu et al., 2004).

The aim of this study is to characterize the effects of hypoxia on AB-induced neurotoxicity in
primary neurons and evaluate the neuroprotective potential of rutin against AP toxicity under

normoxic and hypoxic conditions. The main objectives of the study include:

1. Studying dose-related Ap2s-3s-induced toxicity in primary neurons under both hypoxic and

normoxic conditions.

2. Characterizing the neuroprotective effects of rutin against Ap2s-ss-induced toxicity in primary

neurons under both hypoxic and normoxic conditions.
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4.2 MATERIAL AND METHOD

Primary rat cortical neurons were cultured according to the procedures described in Section 2.2.

4.2.1 Treatment

Confluent PC12 cells and primary neuronal cultures were used for experiments. The complete
media (100%) was aspirated, and the cells were washed twice with media prior to experiments.
AP2s-35 was prepared in an aggregated form and applied to the cells. Cell viability and cytotoxicity
were determined by MTT and LDH assays, respectively. Once the EC50 was determined, a single
dose of AP2s-35 aggregates was used for the study of toxicity mechanisms, as well as for the rutin

treatment study.

Rutin was initially dissolved in DMSO and subsequently diluted in the appropriate culture medium
to the indicated concentrations for treatment. For the vehicle control group, a final concentration
of 1% DMSO was used throughout. We investigated the effect of rutin on AB2s-35 and AB2s.35 plus
hypoxia (0.3% O2)-induced toxicity and apoptosis in primary rat neurons. Rutin (100 uM) was co-

administered with AB2s.3s aggregates in the cells.

The treatment procedure is the same as that of PC12 cells, except for the graded doses of Af2s.35

used for viability and cytotoxicity studies below.

Treatment for determination of EC50:

The treatment is divided into two groups: Group A (normoxia) and Group B (hypoxia).

Group A (normoxia):

Group 1: Negative control (H20)

Group 3: Graded doses of ABs.35 (0.03-32 uM)
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The cells were coated in a 96-well plate, with experiments involving 3-8 well replicates per plate.
The experiments were replicated at least three times. After the treatment, the cells were
immediately incubated in a standard incubator with a humidified atmosphere containing 21% 02

and 5% CO2 at 37°C for 24 hours.

Group B (hypoxia):

Group 1: Negative control (H20)

Group 3: Graded doses of AB2s.35 (0.03-32 uM)

The cells were coated in a 96-well plate, with experiments involving 3-8 well replicates per plate.
The experiments were replicated at least three times. After the treatment, the cells were
immediately incubated in a purpose-built INVIVO2 400 humidified hypoxia workstation (0.3%
02, 5% CO2, 94% N2) at 37°C. The media in filter-capped flasks was placed within the hypoxia

workstation for 24 hours before use to deplete oxygen.

After 24 hours of treatment in both conditions, the viability and cytotoxicity were evaluated by

MTT and LDH assays, respectively.

4.2.2 Data analysis:

Studies performed with primary neuronal cultures, n represents studies performed on cells derived
from different rats. For each biological replicate, at least three technical replicates were performed.
In experiments employing 96-well plates, at least 8 well replicates were performed on each plate.
The dataset obtained for each treatment condition was independent of other conditions (i.e.,
independent sampling; one rat, one number). The data obtained from each of the biological
replicates were averaged. The data were represented as mean + standard deviation (S.D.). The data
were tested for normality using the Anderson-Darling normality test. For normally distributed data,
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one-way or two-way ANOVA with Tukey's post hoc analysis was performed. For data that were
not normally distributed, the non-parametric Kruskal-Wallis test was used. PRISM version 8
(Graph Software Inc, CA, USA) for Windows version 10 was used for all data analysis. Values of

p < 0.05 were considered statistically significant.

4.3 RESULTS

4.3.1 Primary rat neuron culture

The primary rat neuron culture was characterized by immunofluorescence staining with Tujl, a
neuron-specific stain found in the cell bodies, dendrites, axons, and axonal terminals. A typical
healthy culture (Figure 4.1) consisted of 65.84% = 7.23% Tuj1+ nuclei. Healthy neurons exhibited

numerous long axons (Tujl staining).

Figure 4.1 Fluorescence micrographs of a typical primary rat cortical neuronal culture. A
representative double-merged micrograph of Tujl (FITC) and DAPI stained neuronal culture is
shown. A healthy culture consists of neurons (Tujl+) with numerous axons. A typical healthy

culture consists of 65.84%x7.23% Tuj1+ nuclei.
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4.3.2: Dose-dependent Azs-35 on primary neurons in normoxia and hypoxia conditions

4.3.2.1: Dose-dependent Af2s-3s on primary neurons - (MTT assay) in normoxia and

hypoxia, and 1C50 determination

Different concentrations of Af2s.3s, including 3 uM, 5 uM, 10 uM, 20 uM, 30 uM, 40 uM, and 50
uM, as well as 60 uM and 70 uM, were used for PCI12 cells. However, in neurons, the
concentration range of 50-70 puM induced high levels of neuronal toxicity. Therefore, a

concentration range of (0-32 uM) was used to determine the IC50.

As shown in Figure 4.2, neuronal cells were exposed to different concentrations of AB2s-35 ranging
from (0-32 uM) for 24 hours under normoxia and hypoxia conditions, and their viability was
assessed using MTT assays. Treatment of neuronal cells with AB2s-35 for 24 hours under normoxia
conditions resulted in a significant decrease in MTT activity (Figure 4.2A). There was a
statistically significant decrease in MTT activity between the control group and the variable
concentrations of Ap2s.35 treatment groups in normoxia (P<0.001, n=5), figure 4.2A (i). Figure
4.2A (ii) represents cells treated with various AB2s3s concentrations (0.03, 0.1, 0.3, 1, 3, 10, 32
uM) and quantified on a normalized response curve, which significantly decreased the MTT
activity (p < 0.001). The mean top value was 78.89, the mean IC50 was 31.32 uM, and the mean

LogIC50 was 1.497 uM.

Treatment of neuronal cells with AB2s3s for 24 hours under hypoxia conditions resulted in a
significant decrease in MTT activity, (figure 4.2B). There was a statistically significant decrease
in MTT activity between the control group and the variable concentrations of AB2s.3s treatment
groups, and the reduction in MTT activity was higher than that in normoxia (P<0.001, n=5), with
the following mean values: 0.032 uM (mean=49.74+0.48), 0.1 pM (mean=47.85+0.38), 0.3 uM

(mean=44.81+0.29), 1uM  (mean=43.54+0.96), 3uM  (mean=41.77+2.12), 10uM
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(mean=38.25+1.78), and 32 uM (mean=28.61+0.93), Figure 4.2B(i). Neuronal cells treated with
the various AP2s-35 concentrations (0.03, 0.1, 0.3, 1, 3, 10, 32 uM) were quantified on a normalized
response curve, which significantly decreased the MTT activity (p < 0.001). The mean top value

was 47.06, the mean IC50 was 16.27 uM, and the mean LogIC50 was 1.211 uM (Figure 4.2B (ii).
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Figure 4.2 Percentage viability (MTT assays) induced by A4f2s.35 on neurons in normoxic and
hypoxic conditions. Figure 4.2A (i) shows effect of 4f»s3s-induced toxicity on neuronal cell
viability (MTT assays) in normoxia. There was a statistically significant decrease in MTT activity

between the control group and the variable concentrations of 4f2s.35 treatment groups (0.03, 0.1,
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0.3, 1, 3, 10, 32 uM) (P<0.001, n=5). *** represents a significant difference (P<0.001) between
the control group (H20) and the variable doses of 4f25.35 in normoxia. Figure 4.2A (ii) shows
Neuronal cells treated with various Af2s-3s concentrations (0.03, 0.1, 0.3, 1, 3, 10, 32 uM) were
quantified on a response curve, and there was a significant decrease in MTT activity (p < 0.001).
Figure 4.2B indicates effect of Af2s-3s-induced toxicity on primary neuron cell viability (MTT
assays) in hypoxia. Figure 4.2B (i) indicates that there was a statistically significant decrease in
MTT activity between the control group and the variable concentrations of 4f2s.35 treatment
groups (0.03, 0.1, 0.3, 1, 3, 10, 32 uM) (P<0.001, n=5). *** represents a significant difference
(P<0.001) between the control group (H20) and the variable doses of Af2s-35 in hypoxia. Figure
4.2B (ii) shows neuronal cells treated with various 42s.35 concentrations (0.03, 0.1, 0.3, 1, 3, 10,

32 uM) were quantified on a response curve, and there was a significant decrease in MTT activity

(p < 0.001).

4.3.2.2: Dose-dependent Apzs-35 on primary neurons - (LDH assay) in normoxia and

hypoxia, and 1C50 determination.

As shown in Figure 4.3, neuronal cells were exposed to different concentrations of Af2s.35 ranging
from (0-32 uM) for 24 hours in normoxia and hypoxia conditions, and their cytotoxicity was
assessed using LDH assays. AP2s-35 induced LDH release on neurons in normoxia for 24 hours
(figure 4.3A). There was a statistically significant increase in LDH activity of neuronal cells in
normoxia at concentrations of AB2s.3s (0.3, 1, 3, 10, 32 uM) for 24 hours (P<0.001, n=5), (Figure
4.3A (i). This cells treated with various Apzs-35 concentrations (0.03, 0.1, 0.3, 1, 3, 10, 32 uM) in
normoxia, were quantified on a response curve, and there was a significant increase in LDH
activity (p < 0.001) with (Mean top value: 66.79, mean EC50: 11.86 uM, mean LogEC50: 1.074

uM), (figure 4.3A (ii).
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Furthermore, AB2s.35 induced LDH release on neurons in hypoxia for 24 hours (figure 4.3B). There
was a statistically significant increase in LDH activity of neuronal cells in hypoxia in the treatment
group (10, 32 uM) of AP2s-3s for 24 hours (P<0.001), and LDH levels were higher than in
normoxia, (figure 4.3B (i). This cells treated with the various Apzs-35 concentrations (0.03, 0.1,
0.3, 1, 3, 10, 32 uM) were quantified on a normalized response curve, and there was a significant
increase in LDH activity (p < 0.001) with (Mean top value: 72.79, mean EC50: 0.618 pM, mean

LogEC50: 0.618 uM - 0.208 uM, (Figure 4.3B (ii)).
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Figure 4.3 Percentage cell cytotoxicity (LDH assays) induced by 4f525-35 on neurons in normoxia
and hypoxia.There is a statistically significant increase in LDH activity of neurons in normoxia in
the treatment group at concentrations of Afzs3s (0.03, 0.1, 0.3, 1, 3, 10, 32 uM) for 24 hours
(P<0.001). *** represents a significant difference (P<0.001) between the control group (H20)
and the variable doses of 4/25-35 in normoxia, (Figure 4.3A (i). Neurons were treated with various
AP2s35 Concentrations (0.03, 0.1, 0.3, 1, 3, 10, 32 uM) and quantified on a normalized response
curve, showing a significant increase in LDH activity (p < 0.001), (Figure 4.3A (ii). There is a

statistically significant increase in LDH activity of neuronal cells in hypoxia in the treatment group
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at concentrations of 4f2s.35 (0.03, 0.1, 0.3, 1, 3, 10, 32 uM) for 24 hours (P<0.001), and the
increase is higher than that in normoxia. *** represents a significant difference (P<0.001)
between the control group (H20) and the variable doses of 4f2s.35 in hypoxia, (Figure 4.3B (i).
Neurons treated with various Apfzs.3s concentrations (0.03, 0.1, 0.3, 1, 3, 10, 32 uM) were
quantified on a normalized response curve, showing a significant increase in LDH activity (p <

0.001), (Figure 4.3B (ii).

4.3.3: Effects of A2s-3s-induced apoptosis on neurons in both normoxia and hypoxia.

Hoechst 33258 staining was used to specifically stain the nuclei of the cells in order to distinguish
the compact chromatin of apoptotic nuclei and sort cells based on their DNA content. It
characterizes the degree of AP2s-3s-induced cell apoptosis (Figure 4.4). Neurons treated with 30
uM of AB2s-35 in normoxia for 24 hours exhibited nuclei fragmentation (Figure 4.4C), and nucleus

fragmentation was higher in hypoxia compared to normoxic conditions (Figure 4.4D).

Figure 4.4A Figure 4.4B Figure 4.4C Figure 4.4D
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Figure 4.4 Neuronal cells stained with Hoechst 33258. Morphological analysis of chromatin in
(Figure 4.4A), control in normoxia, (Figure 4.4B), control in hypoxia, (Figure 4.4C), Af2s-35
treatment in normoxia, and (Figure 4.4D), Af2s.35 treatment in hypoxia. (Figure 4.4E), graph
represents the percentage of apoptotic cells with nucleus fragmentation (n=3). *** represents a
significant difference (P<0.01) between 30 uM of Af2s-3s and their respective controls in both

normoxia and hypoxia conditions.

4.3.4. Immunofluorescence images of primary rat neurons after treatment in normoxia and
hypoxia.

Figure 4.5 shows Immunofluorescence images of primary rat neurons after Apzs.3s treatment in
normoxia and hypoxia. Tujl and DAPI staining of nuclei were used to assess cell morphology and
functions. A healthy neuron consists of numerous long axons (Tujl staining) and bright nuclei
(DAPI staining) in the control normoxia group (Figure 4.5 (Ai). Figure 4.5 (Aii) shows the control

group in hypoxia. Neurons treated with 30 uM of A2s-35 in normoxia for 24 hours becomes shorter
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with fewer neurites and reduced cell densities compared to the control (Figure 4.5B). These effects

are further enhanced in hypoxia conditions (Figure 4.5C).

Figure 4.5 (Ai) Control normoxia Figure 4.5 (Aii) Control hypoxia

Figure 4.5 B. AB2s-35 (30puM) in normoxia Figure 4.5 C. AP2s-35 (30uM) in hypoxia

Figure 4.5. Representative double-merged immunofluorescence images (FITC-labeled neuron-
specific Tujl and DAPI-stained nuclei) of primary rat neurons following 4f2s.35 treatment in
normoxia and hypoxia conditions. Figure 4.5 (Ai): Control normoxia group. This shows a healthy
neuron which consists of numerous long axons (Tuj1 staining) and bright nuclei (DAPI staining).

Figure 4.5 (Aii): Control group in hypoxia. This shows a reduced healthy neuron consisting of
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decreased long axons when compared with normoxia. In Figure 4.5B, neurons treated with 30 uM
of Af2s-35 in normoxia for 24 hours shows shorter and fewer neurites when compare with control
in normoxia. Figure 4.5C depicts neurons treated with 30 uM of Af2s-35 in hypoxia for 24 hours,

exhibiting even significantly shorter and fewer neurites compared to control in hypoxia conditions.

4.3.5. Dose-dependent Ap2s-3s plus rutin (100 pM) on primary neurons in normoxia and

hypoxia conditions.

4.3.5.1. Dose-dependent Ap2s-3s plus rutin (100 pM) on primary neurons - MTT assay in
normoxia and hypoxia, with 1C50 determined.

Neuronal cells were exposed to different concentrations of Ap2s.35 (ranging from 0 to 32 uM) plus
rutin (100 uM) for 24 hours in both normoxia and hypoxia conditions. Cell viability was assessed
using MTT assays. Treatment of neuronal cells with AB2s.35 (ranging from 0 to 32 uM) plus rutin
(100 uM) for 24 hours in normoxia resulted in a significant decrease in MTT activity at
concentrations of 0.1, 0.3, 1, 3, 10, and 32 uM compared to the control (P<0.001, n=5) (Figure
4.6A). Figure 4.6B represents the quantification of different concentrations of ABas.3s (ranging
from 0 to 32 uM) plus rutin (100 uM) for 24 hours in normoxia, showing a significant decrease in
MTT activity (p < 0.001) and presenting the mean top value (91.76), mean IC50 (~6618 pM), and
mean LogEC50 (~5.821 uM). Figure 4.6C illustrates the EC50 shift of AB2s.35 (ranging from 0 to
32 uM) versus AP2s-35 plus rutin treatment, indicating a shift of the curve to the right. Therefore,
there is a significant increase in cell viability in the AB2s.35 plus rutin (100 uM) treatment group

compared to the Az2s-35 (ranging from 0 to 32 uM) treatment group in hormoxia.

Treatment of neuronal cells with AB2s.35 (ranging from 0 to 32 pM) plus rutin (100 uM) for 24
hours in hypoxia resulted in a significant decrease in MTT activity at concentrations of 0.3, 1, 10,

and 32 uM compared to the control (P<0.001, n=5) (Figure 4.7A). Figure 4.7B represents the
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quantification of different concentrations of ABzs-3s (ranging from 0 to 32 uM) plus rutin (100 pM)
for 24 hours in hypoxia, showing a significant decrease in MTT activity (p < 0.001) and presenting
the mean top value (98.05), mean IC50 (~8869 uM), and mean LogEC50 (7.948 uM). Figure 4.7C
illustrates the EC50 shift of APB2s-35 (ranging from 0 to 32 uM) versus AP2s-35 plus rutin treatment,
indicating a shift of the curve to the right. Therefore, there is a significant increase in cell viability
in the AP2s-35 plus rutin (100 uM) treatment group compared to the AP2s-35 (ranging from 0 to 32

uM) treatment group in hypoxia.

1504 =
Il Control (rutin (100uM) +H,0) = .
el U009 dose congentration (Neurons). MTT
0.03uM Ap25-35+ g
100 FRE ok o rutin (100pM) 6 1001
0.1uM Ap25-35+

rutin (100uM)

954
0.3uM Ap25-35+ { E E
|
tin (100uM;
rutin (100pM) 50

1uM AP25-35+

o
t=3
1

% mtt activity (Neurons) normoxia

TTresponse Neufrons (N
[ee]
[$2
1

o rutin (100pM)
5D DD DD D m SHMAR25-35+
AF S S (1004
SRS 10uM AP25-35+ 80
Q@\* &x\(’;@\ RS &'x@ & \§° rutin (100yM)
TR R 32uM AB25-35+
R L e R m 3 T = T 1
\0\\\ ?&’ﬁl\?&m Y&’L Ygz’f’ Y&'f’ Y&'ﬁ” v§ﬁ° rutin (100uM) -2 -1 % 0 1 2
3\
01&&“ be§ S @§ ,@“ AB 2835, M+100uMrutin
Figure 4.6(A) Figure 4.6(B)
EC50 shift
©
<
g 100
5 AB 25-35uMMean
I\.\% -8~ MTTresponse Neurons
’2“ 3 (Normoxia)
S 601 ¢ AB 25-35.M+rutin100uM
2 -8 Mean MTTresponse
N 40+ Neurons (Normoxia)
2 20
Q
©
I T E T 1
-2 1g 0 1 2
AB 25-35uM
Figure 4.6(C)

Figure 4.6 Effects of rutin on Af2s-3s-induced cytotoxicity in primary neuron cells under normoxia.
Neuronal cells were treated with various concentrations of 4f2s.35 (0.03, 0.1, 0.3, 1, 3, 10, 32 uM)
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+ rutin (100 uM) co-administration for 24 hours. Rutin (100 uM) + H>O was considered 100%,
and the data were normalized against that. *** represents a significant difference (P<0.001)
between the control group (Rutin 100 uM + H>0) and the variable concentrations of 4/25.35 (0-32
uM) plus rutin (100 uM) for 24 hours under normoxia. In Figure 4.6B, viability was evaluated
using the MTT assay and quantified on a normalized response curve. Figure 4.6C indicates the
EC50 shift of Af2s5.35 (0-32 uM) versus Af2s-35 (0-32 uM) + rutin treatment group. There is a shift

of the curve to the right.
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Figure 4.7 Effects of rutin on Af2s.3s-induced cytotoxicity in primary neuron cells under hypoxia.
Neuron cells were treated with 4f2s.35 at various concentrations (0.03, 0.1, 0.3, 1, 3, 10, 32 uM)
+ rutin (100 uM) co-administration for 24 hours. Rutin (100 uM) + H>O was considered 100%,
and the data were normalized against that. *** represents a significant difference (P<0.001)
between the control group (Rutin 100 uM + H>0) and the variable doses of 4f25.35 in hypoxia. In
Figure 4.7B, viability was evaluated using the MTT assay and quantified on a normalized response
curve. Figure 4.7C indicates the EC50 shift of 4f2s-35 (0-32 uM) versus Afas-3s (0-32 uM) + rutin

treatment group. There is a shift of the curve to the right.

4.3.5.2. Dose-dependent Af2s-3s + rutin (100 pM) on primary neurons (LDH assay) in

normoxia and hypoxia, and EC50 determined.

Neuronal cells were exposed to different concentrations of Apzs.3s ranging from (0-32 uM) plus
rutin (100 uM) for 24 hours under normoxia and hypoxia conditions, and their cytotoxicity was
assessed by LDH assays. Treatment of neuronal cells with AB2s-35 ranging from (0-32 uM) plus
rutin (100 uM) for 24 hours under normoxia conditions resulted in an increase in LDH activity as
the dose of AP2s-3s increased (Figure 4.8A). Figure 4.8B represents different concentrations of
AP2s.35 ranging from (0-32 uM) plus rutin (100 uM) for 24 hours in normoxia quantified on a
normalized response curve (P < 0.001) (mean top value: 149, mean EC50: 318 uM, mean
LogEC50: 9.50 uM). Figure 4.8C shows the EC50 shift of AB2s-35 (0-32 uM) versus Af2s-35 (0-32
uM) + rutin (100 uM). There is a shift of the curve to the left, indicating a significant decrease in

cell cytotoxicity.

Treatment of neuronal cells with AP2s-35 ranging from (0-32 uM) plus rutin (100 uM) for 24 hours
under hypoxia conditions resulted in an increase in LDH release as the dose of A2s.35 increased

(Figure 4.9A). Figure 4.9B represents different concentrations of AB2s-35 ranging from Apa2s.35 (0-
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32 uM) plus rutin (100 uM) for 24 hours in hypoxia, quantified on a normalized response curve
(P <0.001) (mean top value: 63.24, mean EC50: 101.8 uM, mean LogEC50: 2.008 uM). Figure
4.9C shows the EC50 shift of AP2s-3s (0-32 uM) versus AP2s-3s5 (0-32 uM) + rutin (100 pM)
treatment group under hypoxia. There is a shift of the curve to the left, indicating a significant

decrease in cell cytotoxicity.
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Figure 4.8 Effects of rutin on Ap»s.3s5-induced cytotoxicity of primary neuron cells in normoxia.
Neuron cells were treated with A at various concentrations (0.03, 0.1, 0.3, 1, 3, 10, 32 uM) +
rutin (100 uM) co-administration for 24 hours. Rutin (100 uM) + H>O was considered 100%, and

the data were normalized against that. *** represents a significant difference (P < 0.001) between
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the control group (Rutin 100 uM + H>0) and the variable doses of Afzs.3s + Rutin 100 uM in
normoxia. In Figure 4.8B, cytotoxicity was evaluated using the LDH assay and quantified on a
normalized response curve. Figure 4.8C indicates the EC50 shift of 4f825.35 (0-32 uM) versus Afos.

35 (0-32 uM) + rutin treatment group. There is a shift of the curve to the left.
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Figure 4.9 Effects of rutin on Af2s.3s-induced cytotoxicity of primary neuron cells in hypoxia.
Neuron cells were treated with AP at various concentrations (0.03, 0.1, 0.3, 1, 3, 10, 32 uM) +
rutin (100 uM) co-administration for 24 hours. Rutin (100 uM) + H>O was considered 100%, and
the data were normalized against that. *** represents a significant difference (P < 0.001) between
the control group (Rutin 100 uM + H>0) and the variable doses of Afs.35 + Rutin 100 uM in

hypoxia. In Figure 4.9B, viability was evaluated using the LDH assay and quantified on a
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normalized response curve. Figure 4.9C indicates the EC50 shift of 4f825.35 (0-32 uM) versus Afos.

35 (0-32 uM) + rutin treatment group. There is a shift of the curve to the left.

4.3.5.3. Combined analysis of the variable doses of AB2s-35 plus rutin (100 pM) on primary

neurons - LDH assay in hypoxia and normoxia results (Figure 4.8 and 4.9) above
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Figure 4.10 : Effects of rutin on variable doses of 4f25.35-induced cytotoxicity of primary neuron

cells in normoxia and hypoxia. Neuron cells were treated with Af at various concentrations (0.03,
0.1, 0.3, 1, 3, 10, 32 uM) + rutin (100 uM) co-administration for 24 hours in both normoxia and
hypoxia. Rutin (100 uM) + H>O in normoxia and hypoxia were considered 100%, and the data
were normalized against those, respectively. # represents a significant difference (P < 0.001)
between the control group (Rutin 100 uM + H>QO) and the variable doses of 4f25-35 + Rutin 100
UM in normoxia. *** represents a significant difference (P < 0.001) between the control group

(Rutin 100 uM + H,0) and the variable doses of 42535 + Rutin 100 uM in hypoxia.
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4.3.6. Effects of Rutin against Ap2s-ss-induced apoptosis of primary neurons in normoxia

and hypoxia.

4.3.6.1. Effects of Rutin against Ap2s-3s-induced apoptosis of primary neurons under

normoxia conditions.

Hoechst 33258 staining was used to assess alterations in cellular morphology in order to
characterize the degree of AP2s-3s-induced cell apoptosis (Figure 4.11). Primary neurons treated
with 30 uM of A2s-35 in normoxia for 24 hours showed nuclei fragmentation (Figure 4.11B), while

treatment with 100 uM rutin for 24 hours significantly reduced nuclei fragmentation (Figure

4.11C).

Figure 4.11A Figure 4.11B Figure 4.11C
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Figure 4.11 Primary neurons stained with Hoechst 33258. Morphological analysis of chromatin
in (Figure 4.11A) control, (Figure 4.11B) Af2s-35 treatment in normoxia, and (Figure 4.11C) Ap2s-
35 treatment plus rutin-treated cells. In Figure 4.11B, cells showed nuclei fragmentation following
Aps3s treatment. Figure 4.11C shows that rutin treatment markedly reduced nuclei
fragmentation. The graph represents the percentage of apoptotic cells, which had nuclei
fragmentation (n=3). # represents a statistically significant difference (p < 0.01) between 30 uM
Ap2s-35 against the control (H20), and *** represents a significant difference (p < 0.001) between
the rutin treatment group at 100 uM plus 30 uM concentration of Af2s-35 and 30 uM Af2s-35 alone

in normoxia (Figure 4.11D).

4.3.6.2. Effects of Rutin against AB2s-3s-induced apoptosis in primary neurons in hypoxia.
In Figure 4.12, primary neurons treated with 30 uM of AP2s-35 in hypoxia for 24 hours showed
higher nuclei fragmentation compared to that in normoxia (Figure 4.12B). However, treatment

with 100 uM rutin for 24 hours significantly reduced nuclei fragmentation (Figure 4.12C).
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Figure 4.12 Primary neurons stained with Hoechst 33258. Morphological analysis of chromatin
in (Figure 4.12A) control, (Figure 4.12B) Af2s-35 treatment in hypoxia, and (Figure 4.12C) Ap2s-
35 treatment plus rutin-treated cells. In Figure 4.12B, cells showed nuclei fragmentation following
Afs-35 treatment in hypoxia. Figure 4.12C shows that rutin treatment markedly reduced the nuclei

fragmentation. The graph represents the percentage of apoptotic cells, which had nuclei
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fragmentation (n=3). # represents a statistically significant difference (p < 0.01) between 30 uM
Afs-35 against the control (H20) group, and *** represents a significant difference (p < 0.001)
between the rutin treatment group at (100 uM plus 30 uM concentration of Af2s-35) and 30 uM

Af2s-35 alone in hypoxia (Figure 4.12D).

4.3.7. Immunofluorescence images of primary rat neurons treated with Ap2s-35s and rutin in

normoxia and hypoxia.

Double merged immunofluorescence (FITC-labeled neuron-specific Tujl and DAPI-stained
nuclei) images of Tuj1 and DAPI staining of nuclei in primary rat neurons treated with AB2s.35 and
rutin are shown in figure 4.13. Neurons became healthier with numerous, long axons (Tujl

staining) and bright nuclei (DAPI staining) after co-treatment of 30 uM AP2s-35 with 100 uM rutin

in both normoxia and hypoxia for 24 hours.

Figure 4.13A Figure 4.13B
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Figure 4.13C
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Figure 4.13D

Figure 4.13F
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Figure 4.13. Representative double merged (FITC-labeled neuron-specific Tuj1 and DAPI-stained
nuclei) immunofluorescence images of primary rat neurons following A4f2s-35 plus rutin (100 uM)
in normoxia and hypoxia conditions. Figure 4.13A and Figure 4.13B show healthier controls in
normoxia and hypoxia, respectively. Figure 4.13C indicates neurons with significant shorter and
fewer neurites after treatment with 30 uM ApB2s-35 in normoxia for 24 hours when compared with
control in normoxia. Figure 4.13D indicates neurons with significant shorter and fewer neurites
after treatment with 30 uM ApBas3s in hypoxia for 24 hours compared with control in hypoxia.
Figure 4.13E shows significant healthier neurons with numerous, long axons (Tujl staining) and
bright nuclei (DAPI staining) after co-treatment of 30 uM Af25-35 with 100 uM rutin in normoxia
for 24 hours, compared to the treatment group of 30 uM Af»s.35 in normoxia (Figure 4.13C).
Figure 4.13F shows significant healthier neurons with numerous, long axons (Tujl staining) and
bright nuclei (DAPI staining) after co-treatment of 30 uM Af25-35 with 100 uM rutin in hypoxia for
24 hours, compared to the treatment group of 30 uM Af2s-35 alone in hypoxia (Figure 4.13D).
Figure 4.13G represents the mean £ SE (n=3) for all the measurements shown in the graph. *
represents a statistically significant difference (p < 0.01) between 30 uM Af25-35 in normoxia and
hypoxia against their respective control (1%DMSO + H»0), and *** represents a significant
difference (p < 0.001) between the rutin treatment group at (100 uM plus 30 uM concentration of

AP2s-35) in both conditions and 30 uM Af2s-35 alone in both normoxia and hypoxia.

4.4 DISCUSSION

Alzheimer's disease (AD), which is a progressive neurodegenerative disease, is the most common
type of dementia. Several hypotheses have been proposed for AD pathogenesis, including the
amyloid cascade, tau hyperphosphorylation, neurotransmitters, and oxidative stress. However, the

underlying causes and ideal treatment plans are still not fully understood. Currently, only a few
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drugs are available that improve symptoms but do not delay the progression of the disease. New
theories on the pathogenesis of AD from different perspectives are being discovered, such as
gamma oscillations, prion transmission, cerebral vasoconstriction, growth hormone secretagogue
receptor 1a (GHSR1a)-mediated mechanisms, and infection. Advances in these areas may help

explain the pathological mechanisms of AD and lead to potential effective treatment strategies.

Among the hallmarks of AD pathology, such as the deposition of extracellular amyloid- plaques
and intracellular tau protein tangles, along with functional disturbances in synapses and
mitochondria, vascular disorders, and aberrant changes in microglia and astrocytes, the molecular
link between ischemia/hypoxia and amyloid precursor protein (APP) processing has only recently
been established. Neuroimaging techniques have revealed that many brain regions predisposed to
AD pathology exhibit a significant decline in cerebral blood flow, even at the stage of mild
cognitive impairment preceding AD diagnosis. This brain hypoperfusion reduces oxygen and
glucose delivery, leading to local hypoxia, which in turn stimulates AP} production in endothelial
cells and neighboring neurons, promoting the generation of cerebral amyloid angiopathy (CAA).
It has been reported that sporadic AD could be initiated by ischemic episodes that activate APP
processing and increase AP production. There is convincing evidence that hypoxia-inducible
factor-1a (HIF-1a) activates both B and y secretases, enhancing APP processing and A production

in hypoxia.

This study evaluated the cytotoxicity of primary neurons induced by Ap2s.3s in normoxic and
hypoxic conditions and also examined the apoptosis of primary neurons under these conditions.
Findings revealed a reduction in MTT activity of primary neurons induced by Ap2s.35 in normoxia,
which is consistent with previous findings indicating that Ap2s-3s inhibits neuronal cell viability in

a concentration-dependent manner. The 1C50 was also determined. Furthermore, the reduction in
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MTT activity appeared to be more pronounced during hypoxic conditions, suggesting that primary
neurons are more susceptible to AP peptide toxicity during hypoxia, in line with previous research

showing increased vulnerability of hippocampal neurons to AP peptide toxicity during hypoxia.

Additionally, the LDH assay showed a significant increase in LDH activity between the control
and AP2s-3s treated cells, indicating that AB2s-3s was cytotoxic to primary neurons. This suggests
that AP exhibits toxicity in neurons, possibly due to the interaction between iron and AP, leading
to toxic effects and generation of reactive oxygen species (ROS). Moreover, the increase in cell
toxicity appeared to be significantly higher during hypoxia, indicating an interplay between
hypoxia and A peptide, exacerbating neuronal death. This can be attributed to the overexpression
of HIF-1a, which binds to BACE1 mRNA and increases its expression. Hypoxia can also alter
APP processing, increasing the activity of B and y secretases, and significantly up-regulating

BACEI gene expression, resulting in increased § and y secretase activity.

Oxidative stress, resulting from an imbalance between the generation of reactive oxygen species
(ROS) and antioxidants, has been proposed as a cause of AD. The brain is particularly susceptible
to oxidative stress due to its high oxygen consumption, elevated levels of polyunsaturated fatty
acids, and low levels of antioxidants. Oxidative stress and AP are closely related, as AP

aggregation induces oxidative stress both in vivo and in vitro.

Apoptosis, a form of programmed cell death, has been suggested as an important mechanism of
neurodegeneration in AD pathogenesis, supported by evidence of apoptotic cell death in
postmortem AD brains and cultured neurons incubated with AP peptides. AP peptide-triggered
neuronal cell death may involve different pathways, including stress kinase activation, membrane
receptor-mediated response, calcium imbalance, and oxidative stress, ultimately leading to the

activation of caspases.
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This study evaluated Ap2s-3s-induced apoptosis of primary neurons using Hoechst 33342 staining
under both normoxic and hypoxic conditions. Cells undergoing apoptosis exhibit nuclear
condensation and DNA fragmentation, which can be detected through Hoechst 33342 staining and
fluorescence microscopy (Allen, 2020). The nuclei of healthy cells are generally spherical, with
evenly distributed DNA. During apoptosis, the DNA becomes condensed, distinguishing it from
necrosis. Nuclear condensation can be observed using DNA-binding dyes like Hoechst 33342 or
4', 6-diamidino-2-phenylindole (DAPI) under a conventional fluorescent microscope that emits
light at ~350 nm and transmits light at ~460 nm. Hoechst stains are a family of fluorescent dyes
used for labeling DNA in fluorescence microscopy. This dye is excited by ultraviolet light at
around 350 nm and emits blue/cyan fluorescence light with a maximum emission at 461 nm.
Hoechst stains can be used on live or fixed cells and are often an alternative to other nucleic acid
stains like DAPI. The key difference is that Hoechst 33342, with an additional ethyl group, is more
lipophilic and can readily cross intact cell membranes. It also appears to be less toxic than DAPI,
ensuring higher cell viability. Hoechst 33342 preferentially binds to adenine-thymine (A-T)
regions of DNA, allowing it to observe nuclear condensation and distinguish apoptotic cells from

healthy and necrotic cells.

Primary neurons treated with AB2s-35 exhibit distinct nuclei fragmentation, indicating changes in
cellular morphology and significant induction of apoptosis. This aligns with the findings of Zhi-
kun (2012), which state that AB2s-35 can induce apoptosis in neurons. Moreover, primary neurons
treated with Ap2s.3s under hypoxic conditions show higher levels of nuclei fragmentation
compared to normoxic conditions, suggesting increased cellular apoptosis. This indicates that
AP2s-35 induces cellular apoptosis, which can be enhanced by the increased production of reactive

oxygen species (ROS) during hypoxia, leading to oxidative damage of cellular components,
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proteins, and DNA. This agrees with the findings of Yuna (2018) and Pengjuan (2015), which
suggest that A treatment leads to an abrupt increase in ROS levels, resulting in cellular, protein,

and DNA oxidative damage and subsequent apoptosis.

Tujl is a tubulin protein specifically used during the differentiation of neuronal cell types (Lee,
1990). Tubulins are the main building blocks of microtubules, which are structural components of
the cytoskeleton involved in cell structure maintenance, intracellular transport, and cell division.
In immunohistochemical staining, Tujl is found in the cell bodies, dendrites, axons, and axon
terminals of immature neurons. Tujl is particularly useful for detecting injury-related changes in
the somatic cytoskeleton composition (Geisert, 1989). Immunofluorescence images of primary rat
neurons, representative of double-merged (FITC-labeled neuron-specific Tujl and DAPI staining
of nuclei), were evaluated to assess cellular morphology and functions. Neurons treated with Af2s.
35 in normoxic conditions exhibited shortened length, fewer neurites, and reduced cell densities,
which were further increased under hypoxic conditions. This suggests that AB2s.35 induces loss of
cell structure and functions, resulting in cellular, protein, and DNA oxidative damage, ultimately

leading to apoptosis.

It has been revealed that a history of stroke increases the prevalence of AD by approximately
twofold in elderly patients (Schneider, 2003). The risk is higher when stroke is associated with
atherosclerotic vascular risk factors (Jellinger, 2003). Hypoperfusion, a common vascular
component among AD risk factors, leads to hypoxia. Recent findings indicate that hypoxia can
modify amyloid precursor protein (APP) processing, increasing the activity of B- and y-secretases.
Hypoxia significantly upregulates BACE1 gene expression, thereby enhancing [3-secretase activity
(Sun, 2006). Hypoxia also promotes AP deposition, neuritic plaque formation, and memory

deficits in Swedish mutant APP transgenic mice. These findings provide a molecular mechanistic
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link between vascular factors and AD. Overexpression of HIF-1a in neuronal cells increases
BACE1 mRNA and protein levels, while downregulation of HIF-1a reduces BACEI levels
(Zhang, 2007). Hypoxic conditions have also been shown to increase y-secretase activity. HIF-1a
binds to the anterior pharynx-defective phenotype (APH-1) promoter, upregulating APH-1
expression. Hypoxia-induced activation of HIF-la increases APH-1 mRNA and protein
expression, leading to increased y-cleavage of APP and Notch (Li, 2009). Furthermore, hypoxia
has been linked to dysregulation of neuronal and glial-cell calcium, dysregulated glutamate
signaling, intracellular calcium store dysfunction, and neuroinflammation. Multiple research
studies confirm the facilitation of AD pathology by hypoxia (Shiota, 2013; Liu, 2015; Zhang,
2017). Hypoxia has been shown to increase ROS levels (Zhang and Le, 2010), AB production (Li,
2009), enhance tau phosphorylation (Gao, 2013), and induce neuroinflammation (Smith, 2013).
Mitochondria-derived ROS can activate HIF-1a through post-translational modification or p38
mitogen-activated protein kinase (MAPK) pathways. Intracellular ROS levels unexpectedly
increase under hypoxic conditions (Guzy, 2005). NADPH oxidase has been suggested as an
important ROS-generating oxygen sensor expressed in tissues associated with systemic hypoxic
responses (Marshal, 1996). Alternatively, mitochondria have also been implicated as the source of
ROS involved in the hypoxic response. The electron transport chain, consisting of five multiprotein
complexes, generates ROS during the oxidation of NADH and FADH2 (derived from energy-rich
molecules) and their transfer to ubiquinol. These complexes generate ROS while transporting
electrons. Complexes I, 11, and 1l are involved in ROS generation (Klimova and Chandel, 2008).
It has been established that hypoxia increases ROS production through the transmission of
electrons from ubisemiquinone to molecular oxygen at the Qo site of complex Il in the

mitochondrial transport chain (Bell, 2007). Mitochondria-derived ROS are required to stabilize
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and activate HIF-1a. Antioxidants have been shown to reverse hypoxia-induced HIF-1a activation
(Aminova, 2008). Antitumorigenic effects of antioxidants are attributed to the inhibition of HIF-
la-dependent events (Gao, 2007). Additionally, the addition of oxidants like H202 induces HIF-
la activity upregulation even in normoxic conditions (Page, 2008). Mitochondrial ROS regulates
HIF-1a stability during hypoxia, possibly involving the phosphatidylinositol 3 kinase (PI3K)-
protein kinase B (PKB/Akt) signaling pathway (Shaw and Cantley, 2006). Studies suggest that
ROS generation can activate this pathway, leading to HIF-10 enhancement in cancer cells (Zhou,

2007; Flu, 2007).

Rutin is a common dietary flavonol glycoside composed of quercetin and the disaccharide rutinose.
Rutin exhibits several pharmacological properties, such as reducing oxidative stress and
preventing inflammation (Aldhabi et al., 2015; Riaz et al.,, 2018). It exerts numerous
neuroprotective actions within the brain, including protecting neurons against injury induced by
neurotoxins, suppressing neuroinflammation, and potentially enhancing memory. Rutin scavenges
free radicals, inhibits superoxide radical production, and enhances the activity of antioxidant
enzymes such as glutathione peroxidase and reductase to maintain the levels of reduced
glutathione, which is a biological antioxidant (Kamalakkannan et al., 2006). Rutin has therapeutic
potential for the treatment of neurodegenerative diseases associated with oxidative stress (Park et
al., 2014; Motamedshariaty et al., 2014). Research has shown that rutin significantly attenuated
memory deficit in AD transgenic mice, decreased oligomer AP levels, increased superoxide
dismutase (SOD) activity and the glutathione (GSH)/glutathione disulfide (GSSG) ratio, reduced
GSSG and malondialdehyde (MDA) levels, downregulated microgliosis and astrocytosis, and

decreased IL-Ip and IL-6 levels in the brain (Xu et al., 2014). This indicates that rutin is a
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promising agent for AD treatment due to its antioxidant, anti-inflammatory, and Ap oligomer-

reducing activities (Xu et al., 2014).

This study investigated the effect of rutin on Ap2s-3s-induced toxicity and apoptosis in primary rat
neurons under both normoxia and hypoxia conditions. MTT and LDH assays were used to
determine cell viability and cytotoxicity, and the IC50 of rutin was also evaluated. The results
showed stability of cell viability as the dose of rutin increased, and the IC50 was around 100 puM,
indicating that rutin is safe to use. Therefore, a concentration of 100 uM was used for the remaining
experiments involving rutin on primary neurons. The study investigated whether rutin treatment
could inhibit primary neuron cytotoxicity after the induction of AP2s.3s under normoxia and
hypoxia conditions. Results revealed that rutin inhibits AB2s-3s-induced cytotoxicity in primary
neurons under both normoxia and hypoxia. Rutin was found to significantly increase cell viability
and decrease cell cytotoxicity in ABzs-ss-induced primary neurons under normoxia. This implies
that rutin protects neurons against AP2s-3s-induced cytotoxicity by inhibiting cellular damage. The
results are consistent with the findings of Shao-wei (2012), which states that rutin is a
multifunctional flavonoid that can inhibit AP aggregation and cytotoxicity. Additionally, rutin
significantly increased cell viability and reduced cell cytotoxicity in Apzs-3s-induced primary
neurons under hypoxia conditions. Thus, rutin may activate HIF, indicating its potential

pharmacological function in HIF stabilization.

This research study further investigated the effect of rutin on AB2s-3s-induced cellular apoptosis by
Hoechst 33258 staining under both normoxia and hypoxia. The results revealed a significant
reduction in the level of apoptosis in normoxia, suggesting that rutin can inhibit cellular apoptosis,
possibly through a decrease in ROS and by inhibiting cellular, protein, and DNA oxidative

damage. Additionally, the results revealed a significant reduction in the level of apoptosis under
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hypoxia conditions, indicating that rutin, as an antioxidant, may reverse hypoxia-induced HIF-1a
activation, suppress neuronal cell death caused by hypoxia or oxidative stress, and protect against

AP peptide toxicity.

Immunofluorescence images using double merged (FITC-labeled neuron-specific Tujl and DAPI
staining of nuclei) revealed healthier neurons with longer and more neurites when Ap2s.3s-induced
neurons were treated with rutin under both normoxia and hypoxia conditions. This shows that rutin
can inhibit the loss of cell structure and functions, further confirming the cytoprotective effects of

rutin.

In conclusion, this study discovered dose-dependent AP2s3s aggregates toxicity on primary
neurons. AP2s-35 aggregates induced apoptosis in primary neurons under normoxia conditions.
Furthermore, the combined treatment of AP2s.35 aggregates and hypoxia significantly enhanced
toxicity and apoptosis, possibly due to an increase in ROS during hypoxia. Additionally, in both
normoxia and hypoxia conditions, rutin was found to be neuroprotective against Af2s-3s-induced
cytotoxicity in primary neurons. Rutin treatment also significantly reduced Apas-3s-induced cell
apoptosis, thus inhibiting cellular damage. This results indicate that rutin attenuates Apos.3s-
induced cytotoxicity and apoptosis in primary neurons, possibly through its scavenging of free
radicals and antioxidant effects. Therefore, rutin may serve as a novel drug for AD treatment, given
its ability to scavenge free radicals, inhibit oxidative stress, chelate iron, and potentially stabilize

HIF.

257



Chapter 5
RUTIN REDUCES THE INFLAMMATORY RESPONSE OF BV-2 MICROGLIA
CELLS IN THE PRESENCE OF LPS IN ALZHEIMER’S DISEASE
5.1 INTRODUCTION
Inflammation is the response of tissues to chemical or mechanical injury and infection, often
caused by various bacteria (Hu, 2013). It manifests with features such as swelling, redness, heat,
and pain and is a crucial defense response against injury, tissue ischemia, autoimmune responses,
or infectious agents. However, the inflammatory response can also cause significant damage to the
individual. Lipopolysaccharide (LPS), a constituent of the outer membrane of gram-negative
bacteria, triggers cellular responses that play critical roles in the pathogenesis of inflammatory
responses (Wang, 2011). LPS induces an acute inflammatory response to pathogens and has been
widely used to establish inflammatory models due to its ability to stimulate the release of
inflammatory cytokines such as interleukin (IL)-8, IL-6, and IL-1p in various cell types (Zhou et
al., 2016; Tong et al., 2019). Inflammation is a major contributing factor to the damage observed
in autoimmune diseases, as it activates the production of inflammatory mediators like Kinins,
cyclooxygenases, and cytokines. LPS has been shown to promote the secretion of TNF-o and IL-
6 in a dose-dependent manner. TNF-a is an early endogenous mediator of inflammation, and 1L-6
is a major pro-inflammatory cytokine involved in the acute-phase response (Hu et al., 2013). These

inflammatory factors can be used as markers to assess the degree of inflammation.

Alzheimer's disease (AD) is a degenerative, progressive, and terminal neurological disease. The
neuro-pathogenesis of AD is believed to be triggered by the excessive accumulation of toxic beta-
amyloid (AB), which leads to neurotoxicity, neuroinflammation, oxidative stress, and neuronal cell

death (Prasansuklab and Tencomnao, 2013). Microglia, the resident immune cells in the brain,
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normally remain in a resting state but become activated in response to pathogens, toxins, or cellular
damage. Microglia-mediated neuroinflammation, characterized by excessive microglial activation
and overproduction of pro-inflammatory cytokines and chemokines, is a significant component of
AD. While it initially functions as a defense mechanism against A deposition in the brain, it can
also lead to neurodegeneration (Mosher and Wyss-Coray, 2014). Excessive activation of microglia
not only releases inflammatory cytokines but also synthesizes and releases cytotoxic factors like
nitric oxide and reactive oxygen species, causing significant neuronal cell damage (Mosher and
Wyss-Coray, 2014). Inhibition of microglia-mediated inflammatory responses could have a
potential therapeutic role in the treatment of AD. Additionally, AP inhibits long-term potentiation
(LTP), a promising cellular mechanism for memory formation, and microglia are involved in this
inhibition (Wang et al., 2014). Therefore, besides direct neuronal cell death, AP also induces
neuronal cell death through neuroinflammation and inhibition of synaptic plasticity. Activated
microglia release pro-inflammatory mediators, including nitric oxide (NO), inducible NO synthase
(iNOS), interleukins (IL), tumor necrosis factor-alpha (TNF-a), and toxic free radicals, leading to
progressive damage in neurodegenerative disorders, including Alzheimer's disease (Kim et al.,
2004; Hyun Kang, 2014). In vitro studies have shown that microglia can be activated by
lipopolysaccharide (LPS), which is used to study neuroinflammatory mechanisms (Kim et al.,
2004; Hyun Kang, 2014). LPS-activated BV-2 microglia cells increase the production of immune-
related cytotoxic factors and pro-inflammatory cytokines (Park et al., 2013). Therefore, agents that
reduce microglial activation and their pro-inflammatory responses could be important therapeutic
strategies for treating neuroinflammatory disorders. Given the existing literature supporting the

role of microglial activation in neurodegenerative disorders, there is considerable interest in
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identifying compounds from natural sources that can reduce or prevent neuroinflammation and

could be beneficial in neurodegenerative diseases, including AD.

Rutin is a naturally occurring flavonoid glycoside found in many foods and fruits, and it possesses
various pharmacological functions, including antioxidant, anti-inflammatory, and cytoprotective
effects. It is a common dietary flavonol glycoside composed of quercetin and the disaccharide
rutinose. Rutin is present in fruits such as oranges, grapefruits, limes, apples, berries (e.g.,
mulberries, cranberries), and is one of the primary flavonoids found in numerous multivitamin
preparations and herbal remedies (Kreft, 1999; Chua, 2013). Rutin exhibits several
pharmacological properties, including reducing oxidative stress, preventing inflammation, and
exerting cardiovascular and neuroprotective effects (Aldhabi, 2015; Riaz, 2018). It attenuates
oxidative stress, decreases the production of nitric oxide (NO) and pro-inflammatory cytokines in
vitro, inhibits amyloid B (AP) aggregation and cytotoxicity (Wang et al., 2012). Rutin exerts
numerous neuroprotective actions within the brain, including its ability to protect neurons against
injury induced by neurotoxins, suppress neuroinflammation, and potentially enhance memory. It
scavenges free radicals, inhibits superoxide radical production, and enhances the activity of
antioxidant enzymes such as glutathione peroxidase and reductase to maintain reduced glutathione
levels, which is a biological antioxidant (Kamalakkannan et al., 2006). Rutin has therapeutic
potential for the treatment of neurodegenerative diseases associated with oxidative stress (Park et

al., 2014; Motamedshariaty et al., 2014).

Xu et al. reported that rutin decreases B-amyloid plaque aggregation, nitric oxide production, pro-
inflammatory cytokines, cytotoxicity, and oxidative stress in vitro. They also investigated its in
vivo neuroprotective effects on Alzheimer's disease transgenic mice, observing attenuation of

memory deficits, increased antioxidant parameters such as reduced glutathione and superoxide
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dismutase, decreased lipid peroxidation levels (indicated by malondialdehyde), as well as
decreased brain interleukin-1p and interleukin-6 levels (Xu et al., 2014). Habtemariam reported
that rutin can modify both cognitive and behavioral symptoms associated with neurodegenerative
diseases by crossing the blood-brain barrier and acting as an antioxidant in neuronal cells and an
anti-inflammatory drug. It has also shown effects on amyloid beta (Ap) aggregates and processing
in Alzheimer's disease (Habtemariam, 2016). Enogieru et al. reported the use of plant-derived
bioactive components like rutin in many neurodegenerative diseases. They attributed its
mechanism of action to the amelioration of antioxidant enzymes, decrease in pro-inflammatory
cytokines, anti-apoptotic effects, restoration of complex enzyme activity in mitochondria, and
activation of the MAPK cascade, thereby aiding in neuronal survival (Enogieru et al., 2018).
Jiménez-Aliaga et al. reported the effects of rutin in vitro in decreasing AP2s-3s fibril formation
and accumulation, thus decreasing neurotoxicity (Jiménez-Aliaga et al., 2011), while Wang et al.
reported the inhibition of AP aggregation and cytotoxicity by rutin, as well as the prevention of
mitochondrial damage, reduction in the production of pro-inflammatory cytokines (TNF-o and IL-
1) in vitro, and increased levels of catalase, superoxide dismutase enzymes, and reduced
glutathione levels (Wang et al., 2012). Interestingly, the administration of (Congo red/rutin)
magnetic nanoparticles intravenously in transgenic mice resulted in the amelioration of neurologic
changes and a decrease in memory deficits in their brains (Hu et al., 2015). Additionally, Xu et al.
showed that rutin reduced oligomeric AP, IL-1, and IL-6 levels in the brains of transgenic mice
(Xuetal., 2014). Ramalingayya et al. reported that rutin improved recognition in a dose-dependent
manner against scopolamine-induced memory deficits in an Alzheimer's model without any
disturbance to locomotor activity (Ramalingayya et al., 2016). Javed et al. stated that rutin

improved cognition and attenuated streptozotocin-induced inflammation in another Alzheimer's
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model by decreasing the expression of IL-8, COX-2 enzyme, NF-kB, as well as inducible iNOS

and ameliorating hippocampal histological abnormalities (Javed et al., 2012).

Symptomatic therapies are the only treatment strategy available for AD. The standard medical
treatments include AChE inhibitors and a partial NMDA antagonist. Psychotropic medications are
often used to treat secondary symptoms of AD, such as depression, agitation, and sleep disorders
(Madhusoodanan, 2007). These treatments are aimed at slowing the advancement of the disease
and improving the quality of life; however, they do not cure the disease (Alzheimer’s Association,

2018). Therefore, there is an urgent need to identify new treatment strategies for the cure of AD.

The aim of this study is to evaluate the anti-inflammatory potential of rutin on BV2 microglia cells

and determine the mechanisms of action.

5.2 Material and Methods

5.2.1 Immortal cell lines

BV-2 cells are an immortal cell line frequently used as a substitute for primary microglia (PM) in
pharmacological studies. They originate from raf/myc-immortalized murine neonatal microglia
and are cheaper and faster to work with compared to PM (Henn, 2009; Lund, 2005). BV-2 cells
express NADPH oxidase, which is associated with microglial-induced neuronal damage (Wu,
2006; Yang, 2007). BV-2 cells are currently the most accurate immortal cell line for studying

microglia, exhibiting many similarities in behavior to PM, such as cytokine secretion (Lund, 2005).

5.2.2 Functional assays
Nitric oxide production is frequently used as a neuroinflammatory marker in PM and BV-2 clonal

cell lines. This is because lipopolysaccharide (LPS) stimulates inducible nitric oxide synthase
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(iNOS) to produce NO in these cell lines, resulting in the upregulation of iINOS gene expression

and the subsequent production of NO, which marks the inflammatory response.

The upregulation of INOS gene expression and the subsequent production of NO are well-
established markers of neuroinflammation in numerous in vitro and in vivo models. Studies
investigating the role of NO in the pathogenesis of diseases such as multiple sclerosis (MS) and
Alzheimer's disease have shown increased NO production by microglia and its contribution to the
inflammatory response and neuronal damage (Lassmann et al., 2015; Colton CA et al., 2013).
Therefore, measuring NO production in PM and BV-2 clonal cell lines in response to inflammatory
stimuli such as LPS is a useful tool to evaluate the activation of inflammatory pathways and the
potential contribution of NO to the pathogenesis of neuroinflammatory diseases. Other markers
such as pro-inflammatory cytokines, chemokines, and reactive oxygen species are also used to

broadly evaluate neuroinflammation in different experimental settings.

In this study, functional assays such as the Griess assay, cell viability assays (MTT and LDH
assays), and Enzyme-linked immunosorbent assay (ELISA) were used according to the procedures

described in Section 2.4-2.5.

Treatment

BV-2 microglial cells were cultured with culture medium containing LPS (0.001-100 ng/mL)
and/or Rutin (7.8125 uM-100 uM) for 24 hours. After the 24-hour incubation, two sets of 50 uL.
were transferred to two fresh 96-well plates to measure nitrate concentration (Griess assay) and to
measure cell viability (MTT assay) and cytotoxicity (LDH assay). Each treatment had at least three

technical replicates for each experiment, and each experiment was carried out at least three times.
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5.3. RESULTS

5.3.1. Effects of LPS on BV2 cells

5.3.1.1 Effects of LPS on BV2 cell viability (MTT assay)

BV-2 cells were treated with LPS at various concentrations (0.03, 0.1, 0.3, 1, 3, 10, 100 ng/mL)
for 24 hours. The cell viability in the culture supernatant was evaluated using the MTT assay, as
shown in Figure 5.1. The results indicate that there is no significant increase or decrease in cell

viability as the dose increases, which suggests the stability of BV2 cells when treated with LPS.
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Figure 5.1 Effect of LPS dose response on cell viability in BV-2 microglial cells. BV-2 cells were
treated with LPS at various concentrations (0.001, 0.03, 0.1, 0.3, 1, 3, 10, 100 ng/mL) for 24 hours.

There is no significant increase or decrease in cell viability as the dose increases.

5.3.1.2. Effects of LPS on BV2 cell cytotoxicity (LDH assay)
BV-2 cells were treated with LPS at various concentrations (0.001, 0.03, 0.1, 0.3, 1, 3, 10, 100

ng/mL) for 24 hours. The LDH in the culture supernatant was evaluated using LDH assays. As
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shown in Figure 5.2, BV2 cells were exposed to different concentrations of LPS. There was no

significant increase or decrease in cell cytotoxicity as the dose increases.
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Figure 5.2. Effects of LPS on BV2 cell cytotoxicity. BV2 cells were exposed to different

concentrations of LPS, as indicated by LDH release, which induces cytotoxicity. In Figure 5.2A,

there was no significant increase or decrease in cell cytotoxicity as the dose increased. The LDH

release was quantified on a normalized response curve, and Figure 5.2B shows the mean dose-

response curves.

5.3.1.3. Effects of LPS on BV2 cell nitric oxide (NO) production (Griess assay)

To investigate nitric oxide formation, nitrite (NO2 —) is measured, which is one of the two primary,

stable, and non-volatile breakdown products of NO. This assay relies on a diazotization reaction

originally described by Griess in 1879. The Griess Reagent System is based on a chemical reaction

that uses sulfanilamide and N-1-napthylethylenediamine dihydrochloride (NED) under acidic
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(phosphoric acid) conditions. This system can detect NO2 — in various biological and experimental

liquid matrices such as plasma, serum, or tissue culture medium.

In the assay, nitrite is reduced to nitrogen oxide. Then, nitrogen oxide reacts with Griess Reagent,
forming a stable product that can be detected by its absorbance at 540 nm (A540). The assay is
simple, fast, and can detect nitrite levels as low as 1 nmol/well. To ensure accurate NO2 —
quantitation, a reference (standard) curve is prepared according to the protocol, using the Nitrite
Standard for each assay, with the same matrix or buffer used for experimental samples (Figure

5.3A).

BV-2 cells were treated with LPS at various concentrations (0.001, 0.03, 0.1, 0.3, 1, 3, 10, 100
ng/mL) for 24 hours. The nitrite in the culture supernatant was evaluated using Griess reagent. As
shown in Figure 5.3B & C, BV2 cells were exposed to different concentrations of LPS. The dose
response ranges from 0.001 to 100 ng/mL, as indicated by nitrate production, which induces
inflammation and is quantified on a normalized response curve. Cells treated with various LPS
concentrations (1, 3, 10, 100 ng/mL) significantly increased the NO levels (*** p < 0.001) when
compared with the control. The nitrite in the culture supernatant was evaluated using Griess
reagent and quantified on a normalized response (mean top value: 1.006, mean EC50: 3.02, mean

LogEC50: 0.47).
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Figure 5.3 Effect of NO Production in LPS-stimulated BV-2 microglial cells. Figure 5.3A
represents a typical nitrite standard curve. In Figure 5.3B, BV-2 cells were treated with LPS at
various concentrations (0.03, 0.1, 0.3, 1, 3, 10, 100 ng/mL) for 24 hours. Cells treated with various
LPS concentrations (1, 3, 10, 100 ng/mL) significantly increased the NO levels. The ** represents
a significant difference (p < 0.001) between the treatment groups (1, 3, 10, 100 ng/mL) when

compared with the control. The nitrite in the culture supernatant was evaluated using Griess
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reagent and quantified on a normalized response. Figure 5.3C shows the mean dose-response

curves.

5.3.1.4. Effects of LPS (10 ng/mL) on BV?2 cell inflammatory cytokine gene and protein

expression.

The effect of LPS-induced inflammation in BV-2 microglial cells was evaluated. BV-2 cells were
treated with LPS (10 ng/mL) for 24 hours. Data were presented as the mean + S.E.M. (n = 3) for
three independent experiments. In Figure 5.4, LPS induced the production of pro-inflammatory
cytokines in microglial cells. The mRNA levels of pro-inflammatory cytokines TNFa and IL-6

were up-regulated by LPS challenge (Figure 5.4A and 5.4B).

In Fig 5.4C, LPS increased NOS2 production in microglial cells. The mRNA levels of NOS2 were
up-regulated by LPS challenge. The protein levels of the pro-inflammatory cytokine TNFa were

up-regulated by LPS, and this was measured by an ELISA kit (Figure 5.4D).
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Figure 5.4. RT-gPCR. Effects of LPS on BV2 cell inflammatory gene expression. The mRNA levels
of pro-inflammatory cytokines TNFa and IL-6 were up-regulated by LPS (Figure 5.4A and 5.4B).
LPS induced a large fold change in TNFa and IL-6 cDNA, with a 48-fold and 50-fold increase
compared to the control, respectively (, p < 0.001). The mRNA levels of NOS2 were also up-
regulated by LPS, showing a 40-fold increase in NOS2 cDNA compared to the control (, p <0.001)
(Figure 5.4C). The protein levels of the pro-inflammatory cytokine TNFa were up-regulated by
LPS, showing a significant difference compared to the control (*, p < 0.001), and this was

measured by an ELISA kit (Figure 5.4D).

5.3.2. Rutin on BV2 cells

5.3.2.1. Dose-dependent effect of rutin on BV2 cell viability (MTT assays) and

determination of 1C50

BV-2 cells were treated with rutin at various concentrations (7.8125, 15.625, 31.25, 62.5, 125,
250, 500, 1000 uM) for 24 hours. The cell viability in the culture supernatant was evaluated using
MTT assays. As shown in Figure 5.5, the MTT activity did not show statistically significant

changes.
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Figure 5.5 . Effect of rutin dose response on cell viability in BV-2 microglial cells. BV-2 cells were
treated with rutin at various concentrations (7.8125, 15.625, 31.25, 62.5, 125, 250, 500, 1000 uM)
for 24 hours. The figure shows the mean dose response curves and is quantified on a response

scale.

5.3.2.2. Effects of rutin on BV2 cell cytotoxicity (LDH assay)

BV-2 cells were treated with rutin at various concentrations (7.8125, 15.625, 31.25, 62.5, 125,
250, 500, 1000 uM) for 24 hours. The LDH in the culture supernatant was evaluated using LDH
assays. As shown in Figure 5.6, BV2 cells were exposed to different concentrations of rutin, but

no statistically significant difference was observed.
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Figure 5.6. Effects of rutin dose on BV2 cell cytotoxicity. BV2 cells exposed to different
concentrations of rutin (7.8125, 15.625, 31.25, 62.5, 125, 250, 500, 1000 uM) and evaluated by

LDH assays. No statistical significant difference was observed.

5.3.2.3. Effects of rutin on BV2 cells nitric oxide (NO) production (Griess assay)

BV-2 cells were treated with rutin at various concentrations (7.8125, 15.625, 31.25, 62.5, 125,
250, 500, 1000 uM) for 24 hours. The nitrite in the culture supernatant was evaluated using Griess
reagent. As shown in Figure 5.7, no significant differences were observed as the dose increased.
The EC50 value was calculated and the results are as follows: mean top value: 1.184, mean EC50:

324.1, mean LogEC50: 2.511.

The EC50 (half-maximal effective concentration) value represents the concentration of a drug
required to achieve a response halfway between the baseline and maximum level. In this case,
since the EC50 of rutin is around 324, it means that half-maximal effect can be achieved at a
concentration of 324 units. Based on this information, we chose a range of rutin concentrations
around this value (100 to 1000 uM) to test its effect on BV2 cells. Therefore, 100 uM of rutin was
chosen for the rest of the experiments in this study.
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Figure 5.7. Effect of rutin dose response on NO Production in BV-2 microglial cells. BV-2 cells
were treated with rutin at various concentrations (7.8125, 15.625, 31.25, 62.5, 125, 250, 500, 1000
mg/mL) for 24 hours and the nitrite was evaluated using Griess assays. There was no statistical

significant difference observed.

5.3.3. Rutin plus LPS on BV2 cells

5.3.3.1. Rutin dose response plus LPS (10 ng/mL) on BV2 cells nitric oxide (NO) production
(Griess assay) and EC50 Determined

BV-2 cells were treated with rutin at various concentrations (7.8125, 15.625, 31.25, 62.5, 125,
250, 500, 1000 uM) with LPS (10 ng/mL) for 24 hours. The nitrite in the culture supernatant was
evaluated using Griess reagent. As shown in Figure 5.8A and 5.8B, BV2 cells stimulated with LPS
(10 ng/mL) were exposed to different concentrations of rutin. Cells treated with various rutin
concentrations (31.25, 62.5, 125, 250) plus LPS showed a slight reduction in NO levels, while
cells treated with (0, 7.8125, 15.625, and 500, 1000 pM) exhibited an increase in NO levels in the
presence of LPS. Figure 5.8C shows the EC50 shift of rutin versus rutin + LPS, indicating a

rightward shift of the curve.
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Figure 5.8. Effect of rutin dose + LPS response on NO Production in BV-2 microglial cells. BV-2
cells were treated with rutin at various concentrations (7.8125, 15.625, 31.25, 62.5, 125, 250, 500,
1000 puM) + LPS (100 ng/mL) co-administration for 24 hours. The nitrite in the culture
supernatant was evaluated using Griess reagent. Figure 5.8B shows the EC50 shift of rutin vs

rutin + LPS, indicating a rightward shift of the curve.

5.3.3.2. LPS dose response plus rutin (100 uM) on BV2 cells NO production

BV-2 cells were treated with LPS at various concentrations (0.03, 0.1, 0.3, 1, 3, 10, 100 ng/mL)
with rutin (100 puM) for 24 hours. The nitrite in the culture supernatant was evaluated using Griess
reagent. As shown in Figure 5.9A and 5.9B, BV2 cells were exposed to different concentrations
of LPS with rutin at 100 uM. Figure 5.9B shows the EC50 shift of LPS vs LPS + rutin,

demonstrating a rightward shift of the curve.
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Figure 5.9 Effect of LPS dose + rutin response on NO Production in BV-2 microglial cells. BV-2
cells were treated with LPS at various concentrations (0.03, 0.1, 0.3, 1, 3, 10, 100 ng/mL) + rutin
(100 pM) co-administration for 24 hours. The nitrite was evaluated using Griess reagent and
quantified on a normalized response curve (mean top value: 1.061, mean EC50: 6.061, mean
LogEC50: 0.08100). Figure 5.9A shows the mean dose-response curves. Figure 5.9B shows the

EC50 shift of LPS vs LPS + rutin, indicating a rightward shift of the curve.

5.3.3.3. Effects of LPS plus rutin (100 uM) on BV?2 cell cytokine gene and protein

expression

5.3.3.3.1 Effects of LPS plus rutin (100 uM) on BV2 cell cytokine gene

The effect of inflammatory gene expression of LPS plus rutin on BV-2 microglial cells was
evaluated. BV-2 cells were treated with LPS (10 ng/mL) plus rutin (100 uM) co-treatment for 24
hours. In Figure 5.10, rutin downregulates pro-inflammatory cytokine gene expression in LPS-

induced microglial cells. The mRNA levels of pro-inflammatory cytokines TNFa and IL-6 were
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significantly downregulated by rutin (Figure 5.10A and Figure 5.10B), with a fold change in TNFa

and IL-6 cDNA of 16 and 3, respectively, compared to LPS treatment (***p < 0.001).

In Figure 5.10C, rutin (100 uM) decreases NOS2 production in LPS-induced BV2 microglial cells.

The mRNA levels of NOS2 were downregulated by rutin, with a fold change in NOS2 cDNA of

19-fold decrease compared to LPS treatment (***p < 0.01).
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Figure 5.10 . Rutin inhibits the expression of pro-inflammatory cytokines in LPS-induced BV-2

microglial cells. The mRNA levels of pro-inflammatory cytokines TNFa and IL-6 were significantly

downregulated by rutin in (Figure 5.10A and Figure 5.10B). The mRNA levels of NOS2 were also
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downregulated by rutin (Figure 5.10C). Data were presented as the mean = S.E.M. (n = 3) for
three independent experiments. #p < 0.001 when compared with the control group; ***p < 0.001

when compared with the LPS group.

5.3.3.3.2 Effects of LPS plus rutin (100 uM) on BV2 cell cytokine protein expression

The effect of inflammatory cytokine protein expression, specifically TNF-a, in LPS plus rutin-
treated BV-2 microglial cells was evaluated. Protein levels of TNF-o were measured using an
ELISA kit. BV-2 cells were treated with LPS (10 ng/mL) plus rutin (100 pM) co-treatment for 24
hours. In Figure 5.11, rutin downregulates the level of inflammatory protein expression in LPS-

induced microglial cells. (Figure 5.11).
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Figure 5.11 : Rutin inhibits the expression of inflammatory cytokine proteins of TNFa in LPS
(10ng)-induced BV-2 microglial cells. The levels of TNF-a, an inflammatory protein, were
significantly down-regulated by rutin (100uM) (Figure 5.11). The protein levels of TNF-a were

measured by ELISA. Data are presented as the mean + S.E.M. (n = 3) for three independent
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experiments. #p < 0.001, when compared with the control group; **p < 0.001, compared with the

LPS group.

5.4. DISCUSSION

Inflammation is one of the first lines of defense against harmful stimuli (Pereira, 2014). Acute
inflammation leads to homeostasis, while uncontrolled inflammation occurs during chronic
inflammation, such as allergies, asthma, arthritis, atherosclerosis, multiple sclerosis, metabolic

syndromes, and obesity (Mohan and Gupta, 2018).

While convincing evidence shows that AD has a multifactorial etiology (Gong et al., 2018; De
Roeck et al., 2019), neuroinflammation plays a central role in its etiopathogenesis (Sala Frigerio
et al., 2019), due to its capacity to exacerbate AP and tau pathologies (Ising et al., 2019). In vivo
positron emission tomography (PET) studies provide direct indication of increased microglia
activation (inflammation) in the brains of AD patients (Yao and Zu, 2020). Neuroinflammation is
vital in the CNS (Yang, 2016; Mo, 2020). Microglial cells are resident immune cells, which
account for 15-20% of cranial nerve gliacytes in the CNS, and are significant in removing injured
nerves, cellular fragments, and toxic substances (Schneble, 2017). Microglial cells in the CNS
exhibit the first line of defense following infection, inflammation, and other pathophysiological
stimuli (Hopp, 2018). Microglial cells are converted from an inactive state into an active state
during injury, infection, cerebral trauma, or ischemia (Salvi, 2017; Huang, 2020). Activation of

microglia may lead to alterations in cellular phenotypes and functions.

LPS is a prominent cell wall component of gram-negative bacteria that is a strong stimulator of
immune cells, including microglia (Xu, 2018). Various in vitro and in vivo studies have revealed

that LPS activates glial cells, resulting in neuroinflammation and neurodegeneration (Johansson,
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2014; Qin, 2015; Khan, 2017). The synthesis of NO from L-arginine and molecular oxygen is
catalyzed by NO synthases (NOS). The iNOS is found to be expressed in macrophages, microglia,
astrocytes, and some other cell types in response to inflammatory mediators such as LPS (Pacher,

2007; Silva, 2017).

In this study, the effect of Lipopolysaccharide (LPS) and LPS plus rutin on nitric oxide-induced
BV2 cells was evaluated. As expected, LPS-treated BV-2 cells caused an inflammatory response,
which was significantly reduced by rutin in terms of nitrate production using the Griess assay. The
results showed a decrease from a mean top value of 99.85% to 64.42%, with P < 0.001, indicating
statistical significance. The mean EC50 was 3.2ng/ml for LPS alone and 6.441 when rutin was
added, with P < 0.001, showing a statistically significant difference. Therefore, since BV2
microglia were stimulated by LPS, there was an increase in the expression of iNOS, and the
combination of LPS and rutin attenuated the induction of these enzymes due to the decrease in
LPS. This implies that rutin may have potential therapeutic benefits for the treatment of
inflammatory diseases by modulating iINOS expression, and hence it can play a role in inhibiting
neuroinflammation in Alzheimer's disease. This agrees with the findings of Kim et al. (2014),
which shows that rutin significantly decreased the expression of INOS in LPS-stimulated
macrophages, suggesting that rutin may have anti-inflammatory effects through the inhibition of
INOS expression. This also agrees with the findings of Lv et al. (2016), which revealed that the
combination of LPS and rutin significantly decreased the expression of iINOS compared to LPS
alone, suggesting that rutin may have potential therapeutic benefits for the treatment of
inflammatory diseases by modulating iINOS expression. It also agrees with the findings of Abdel-
Hamid et al. (2019), which show that rutin significantly decreased the expression of iNOS and

inhibited the production of nitric oxide (NO) in LPS-stimulated liver tissue. Under normal
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physiological conditions, NO plays an essential role as a second messenger with a crucial role in
intracellular communication and intracellular signaling in the nervous system. However, it can be

cytotoxic in large amounts (Gibbons and Dragunow, 2006).

The results of the expression of nitric oxide in BV2 microglial cells treated with rutin somehow
remained constant, indicating minimal nitrate production compared to the control cultures. Rutin
doses alone showed no significant effect on BV2 microglial NO production. This indicates that
rutin on its own has no effect on the microglial cells and does not cause inflammation. However,
when LPS was added to variable doses of rutin, at the beginning of low doses of rutin with a
constant concentration of LPS in the cell medium, there was high nitrate production, as expected.
But as the rutin concentration continued to increase, nitrate production started to decrease,

confirming the anti-inflammatory effect of rutin.

In the LDH and MTT assays, rutin revealed its non-cytotoxic effects on BV2 cells at the doses
used. The LDH and MTT levels did not change significantly. There was also no significant change
in the LPS-treated group. This indicates that there was no increased cell death in the BV2 cells
used, as shown by the constant level of LDH found in the cell medium in this assay. These findings
agree with the findings of Owona (2013), who found that stimulating the N9 microglial cell line

with LPS did not result in cytotoxicity to these cells.

The regulation of the neuroinflammatory response represents a potential therapeutic strategy for
the treatment of neurodegeneration. It has been established that activated microglia are major
cellular elements of neuroinflammatory responses, affecting specific immune functions to
maintain physiological homeostasis (Ransohoff and Perry, 2009; Gemma, 2010; Dhama, 2015; Li,
2018). Microglia can be phenotypically polarized into a classical (pro-inflammatory; M1) or an

alternative (anti-inflammatory; M2) phenotype in response to various microenvironmental
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disturbances (David and Kroner, 2011; Saijo and Glass, 2011; Joseph and Venero, 2013;

Mantovani, 2013; Li, 2018).

The activated microglial cells typically indicate two distinct phenotypes known as M1 and M2.
M1 microglial cells can cause neurotoxicity by releasing cytotoxic substances and inflammatory
factors, including matrix metalloproteinases, which can destroy the blood-brain barrier, thus
aggravating cerebral injury. M1 microglial cells have been found to cause partial or extensive CNS
injury, and the M1 phenotype serves as a histopathological marker for neurodegeneration,
including AD (Hopp, 2018; Sternberg, 2019). Conversely, M2 microglial cells protect neurons.
Macrophages perceive and react to pathogens through pattern-recognition receptors (PRRS)
containing toll-like receptors (TLRs) and thus control the inflammatory response (Lee, 2017).
Microglia and astrocytes are the first line of defense in the CNS and initiate immune responses to
injuries and pathogens (Stephenson, 2018). In the normal brain, microglia play important functions
in neuroprotection and also phagocytose cell debris and damaged neurons (Neumann, 2009).
However, abnormally activated microglia and astrocytes release a variety of pro-inflammatory
cytokines (Zhang and Xu, 2018). Specifically, this abnormally activated microglia produce a
variety of inflammatory mediators (COX-2 and iNOS) and inflammatory cytokines (IL-1p, IL-6,
and TNF-a). This over-activated microglia, which secrete excessive pro-inflammatory mediators,
can lead to neuroinflammation and neurodegenerative diseases such as AD (Akiyama et al., 2000;

Teismann et al., 2003; Infante-Duarte et al., 2008; Piirainen et al., 2017).

In general, activated M1 microglia are characterized by an increase in the levels of pro-
inflammatory cytokines, including IL-1B, TNF-a, and IL-6, as well as an increase in the levels of
INOS, CD16, CD68, and other markers (David and Kroner, 2011; Saijo and Glass, 2011; Joseph

and Venero, 2013; Mantovani, 2013; Li, 2018). On the other hand, M2 microglia are characterized
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by an increase in M2 phenotype markers, such as Arg-1, CD206, Ym-1/2, and TGF-B, among
others (David and Kroner, 2011; Saijo and Glass, 2011; Mantovani, 2013; Li, 2018).
Physiologically, the M1 phenotype worsens neuronal injury and hinders cellular repair during
trauma and CNS disorders. In contrast, the M2 microglia is neuroprotective and promotes recovery
and remodeling (David and Kroner, 2011; Saijo and Glass, 2011; Mantovani, 2013; Li, 2018).
Therefore, inhibiting the M1 phenotype and promoting the M2 stage is considered a better strategy
for the treatment of neuroinflammatory disorders compared to solely inhibiting M1 activation (Hu,
2015). However, only a few compounds have been reported to regulate microglia polarization

toward the M2 phenotype (Lu, 2010; Zhou, 2014).

Based on the cytokine gene and protein expression analysis of this study, the gene expression of
NOS, TNF-a, and IL-6, as well as the protein levels of TNF-a following LPS stimulation was
evaluated. Our findings revealed a significant increase in mMRNA levels of cytokine genes and
protein levels after 24 hours of LPS challenge. This indicates that LPS increased the mRNA levels
of TNF-o, IL-1B, IL-6, and iNOS, thereby promoting the production of pro-inflammatory
cytokines. This is consistent with a study by Qian et al. (2018), which demonstrated that
inflammatory cytokines and chemokines peak after brain injury, while the levels of NO, TNF-a,
IL-1B, and IL-6 reach their maximum at 24 hours of LPS stimulation. These results demonstrate
that cytokine production was induced by culturing microglia in the presence of LPS. The microglia
stimulated with LPS also exhibited an M1 phenotype, characterized by increased levels of TNF-a
and IL-6. Pro- and anti-inflammatory cytokines play a key role in protecting against the
pathogenesis of various pathologies. Pro-inflammatory cytokines are primarily produced to

amplify inflammatory reactions and activate the immune response to the inflammatory stimulus.
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Oxidative stress is a significant inducer of inflammation (Yang, 2016). High levels of reactive
oxygen species (ROS) can lead to a substantial reduction in antioxidant defense mechanisms,
resulting in DNA, protein, and lipid damage (Khurana, 2018). Additionally, ROS regulate
intracellular redox-sensitive signaling and nuclear transcription factors, including NF-xB and
nuclear factor erythroid 2-related factor 2 (Nrf2), in LPS-challenged macrophage activation (Xu
et al., 2015). Nrf2 signaling is widely expressed in various cell types and tissues and constitutes
one of the most prominent cellular defense mechanisms against xenobiotic damage and oxidative
stress (Chiou et al., 2016). Moreover, Nrf2 is a major transcription factor regulating heme
oxygenase-1 (HO-1), an antioxidant enzyme induced by oxidative stress. Overexpression of HO-
1 prior to stimulation with LPS has been shown to inhibit the generation of subsequent
inflammatory mediators, such as NO, interleukin-6 (IL-6), and monocyte chemoattractant protein-
1 (MCP-1) (Jin et al., 2016). Therefore, antioxidants serve as the first line of defense against
oxidative damage by scavenging radicals and maintaining optimum wellbeing (Khatua and

Acharya, 2018).

Drugs that modulate microglial activation and the release of pro-inflammatory cytokines,
effectively inhibiting inflammation, represent a promising therapeutic strategy for
neuroinflammation and neurodegeneration-related diseases. Flavonoids are low molecular weight
natural chemical compounds that belong to a class of secondary metabolites produced by plants.
They are found in fruits, leaves, flowers, and seeds and are widely distributed in the plant kingdom,
especially in angiosperms (Lopes, 2013). Studies have demonstrated the antioxidant and anti-
inflammatory properties of flavonoids and their significance as dietary supplements (Ruijters,
2014). Flavonoids have been shown to sensitize the microglial response by exerting antioxidant

and anti-inflammatory effects on LPS-stimulated microglia (Lee, 2016). Rutin, in particular, has
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demonstrated the ability to inhibit beta-amyloid aggregation and cytotoxicity, reduce NO
production and pro-inflammatory cytokines, and attenuate oxidative stress in vitro (Wang et al.,
2012). Rutin has also been shown to ameliorate damage associated with spinal cord injury (Zhang
et al., 2015). Pre-treatment with rutin in chronic dexamethasone-administered mice attenuated
cognitive deficits and brain impairment (Tongjaroenbuangam et al., 2011). Numerous studies have
indicated that rutin analogues can inhibit -amyloid aggregation and neurotoxicity, prevent
oxidative stress induced by B-amyloid, reduce p-amyloid42 levels in mutant human APP
overexpressing cells, and decrease senile plaques in the brains of APP transgenic mice (Lee et al.,
2009; Bieschke et al., 2010; Dragicevic et al., 2011; Pocernich et al., 2011; Ansari et al., 20009;
Rezai-Zadeh et al., 2005). Rutin has also been shown to inhibit beta-amyloid aggregation and
cytotoxicity, inhibit the production of nitric oxide (NO) and pro-inflammatory cytokines, and
attenuate oxidative stress in vitro. Furthermore, rutin has been indicated to inhibit damage
associated with spinal cord injury (Zhang et al., 2015). However, little is known about the
mechanisms of microglial activation by rutin and its effects on the regulation of cytokines and

chemokines associated with inflammatory responses in the CNS.

Based on this results, rutin treatment attenuated the mMRNA expression of NOS, TNF-a, and IL-6,
as well as the secreted protein levels of TNF-o. This suggests that rutin may have potential
therapeutic benefits for the treatment of inflammatory diseases by modulating the expression of
pro-inflammatory cytokines. These findings are consistent with studies by da Silva et al. (2017)
and Sun et al. (2021), which demonstrate that rutin induces a decrease in the mRNA levels of TNF-
a, IL-1B, IL-6, and INOS, thereby reducing the production of IL-6, TNF-a, and NO. These findings
also agree with the results of Lv et al. (2016) and Kim et al. (2014), which show that rutin

significantly decreases the expression of TNF-a, IL-1B, and IL-6 at both the gene and protein
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levels. This implies that rutin may have therapeutic potential for the treatment of inflammatory

diseases by modulating the expression of pro-inflammatory cytokines.

In this study, the effect of rutin on resting and LPS-stimulated microglia and characterization of
its modulation towards an activated M1 phenotype or an alternatively activated M2 phenotype was
evaluated. Results showed that the gene expression levels of NOS were upregulated when BV2
microglial cells were treated with LPS. However, rutin treatment downregulated the upregulation
of NOS production, suggesting that rutin may inhibit microglia-mediated neuroinflammation via
an NO-dependent mechanism. This study suggests that rutin can facilitate the polarization of
microglia from an M1 to an M2 phenotype through a mechanism associated with the
downregulation of NO. Furthermore, this results imply that rutin significantly inhibits the
activation of TLR4/NF-«B signaling, indicating that NF-«xB signaling might be an important target
for rutin during this biological process. These findings are in line with the study of de Silva et al.
(2017), which indicates that rutin has the ability to induce microglial polarization to the M2
phenotype when cells are stimulated with LPS, suggesting that flavonoids can be an alternative in

the treatment or prevention of neurodegenerative disorders.

CONCLUSIONS

In conclusion, this study demonstrated that rutin, in the presence of LPS, effectively reduces
neuroinflammation in BV-2 cells by decreasing nitrate production. Furthermore, rutin significantly
decreased the LPS-induced elevation of pro-inflammatory cytokine levels in BV2 microglial cells
and downregulated NOS expression. These findings indicate that rutin has the ability to shift
microglial polarization from the M1 to M2 phenotypes, thereby attenuating microglia-related
neuroinflammation. However, to obtain more conclusive results regarding the effects of rutin on

neuroinflammation, further investigations are required, including experiments conducted in
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primary microglia and animal models. These additional studies will help to better understand the

role of rutin in microglial polarization.
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Chapter 6

6.1 Major Findings

Our study established an in vitro AD model using PC12 cells and primary rat neurons to evaluate
the effects of rutin, in normoxic or hypoxic conditions as discussed in chapter 2. The aim of the
study was to characterize the neuroprotective and anti-inflammatory potentials of rutin in an in
vitro model of AD and determine the mechanisms of action. The research investigated whether
hypoxia enhances AB-induced toxicity and apoptosis in primary neurons and PC12 cells, and
evaluated the mechanism of action. The effect of rutin on Ap2s-35 induced toxicity and apoptosis
on primary neurons and PC12 cells in both normoxia and hypoxia conditions were evaluated as in

shown in chapter 2.

Results revealed a dose-related reduction in MTT activity and an increase in LDH release when
PC12 cells and primary neurons were exposed to different concentrations of ABzs-ss for 24 hours
in both normoxia and hypoxia. The IC50 in normoxia was determined as 30 uM/L. Combined
treatment of AP and hypoxia further reduced MTT activity and increased LDH release, indicating
that both primary neurons and PC12 cells are more vulnerable to AP peptide toxicity during
hypoxia. This was confirmed by the study of Webster (2006), which states that there is an increased
vulnerability of hippocampal neurons to AP peptide toxicity during hypoxia and that chronic

hypoxia enhances Ca2+ entry and mitochondrial Ca®* content.

In both normoxia and hypoxia, a significant number of cells were undergoing early apoptosis after
24 hours of treatment with 30 uM Af2s-35 in normoxia, and combined treatment with both AP and
hypoxia for 24 hours further aggravated the effects. AB2s-35 treatment in normoxia increased the

levels of reactive oxygen species (ROS) and lipid peroxidation in PC12 cells, and combined

286



treatment with both AB and hypoxia for 24 hours significantly exacerbated the outcomes, possibly
due to increased ROS during hypoxia. This implies that Ap can increase ROS generation, which
can stimulate cell death through the mitochondrial pathway or death receptor pathway, and that

mitochondria-derived ROS can stabilize and activate HIF-1a during hypoxia.

Furthermore, rutin significantly increased MTT activity of PC12 cells and primary neurons after
treatment with 30 pM AP2s-35 for 24 hours in both normoxia and hypoxia. Rutin also significantly
reduced LDH release in both normoxic and hypoxic conditions. This implies that rutin can protect
PC12 cells and neurons against AB2s-3s-induced cytotoxicity by inhibiting cellular damage. Since
HIF-1 has been shown to participate in hypoxia-induced adaptive reactions to restore cellular
homeostasis (Figure 6.1), rutin may activate HIF in addition to iron chelation, thus having a
pharmacological function in HIF stabilization. Additionally, rutin significantly reduced the
number of apoptotic/necrotic cells in both normoxia and hypoxia. Moreover, rutin significantly
reduced the levels of ROS and lipid peroxidation induced by Af2s.35 in both hypoxia and normoxia
conditions. This suggests that rutin can scavenge free radicals, thus protecting neuronal cells from
oxidative damage, and it also has the ability to chelate iron and stabilize HIF-1, maintaining the
mitochondrial membrane potential and cytosolic accumulation of cytochrome C, thereby

inhibiting oxidative stress and preventing neuronal death.

Additionally, an in vitro BV-2 cell model of neuroinflammation was evaluated as detailed in
chapter 2. The results revealed that rutin treatment was not toxic to microglial cells. Rutin, in the
presence of LPS, was shown to reduce neuroinflammation in BV-2 cells by decreasing nitrate
production. Rutin treatment also induced a decrease in the mRNA levels of TNF, IL6, and NOS2,
indicating a decrease in the production of pro-inflammatory cytokines. Our studies revealed that

the upregulation of NOS genes by LPS was downregulated by rutin treatment, suggesting that rutin
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may inhibit microglia-mediated neuroinflammation via an NO-dependent mechanism. These
studies suggest that rutin can facilitate the microglial polarization from an M1 to an M2 phenotype
through a mechanism associated with the downregulation of NO. Rutin also induced a decrease in
the mRNA levels of TNF, IL6, and NOS2 and reduced the production of IL6, TNF, and nitric
oxide. This shows that rutin exhibits anti-inflammatory potential and promotes the polarization of

microglia towards the M2 phenotype.

6.2 Amyloid p Toxicity

Amyloid B, which is the major component of senile plaques, plays a vital role in Alzheimer's
disease progression (Pereira, 2004; Zhi-kun, 2012). AP is generated from the intracellular cleavage
of the APP by two proteolytic enzymes, B-secretase and y-secretase, and is a 4.2 kDa short peptide
of 4042 amino acids. The 40- and 42-amino acid residue peptides, Ap1-40 and AB1-42, are the
predominant species, with the latter being less abundant but much more toxic (Benilova, 2012).
Studies have shown that amyloid beta induces neuronal death through the mechanism of apoptosis
(Clementi, 2006). AP2s-35 has been shown to be the shortest fragment of A among the fragments
studied and is processed in vivo by brain proteases (Kubo, 2002). This peptide is the functional
domain of AP required for neurotoxic effects, retaining the toxicity of the full-length peptide. It is
highly cytotoxic to neuronal cells (Giunta, 2004) and is widely used in both in vitro and in vivo

experiments (Kosuge Y., 2006; Zhi-kun, 2012).

AP toxicity has been shown to be mediated by several mechanisms, including oxidative stress,
mitochondrial dysfunction, alterations in membrane permeability, inflammation, and synaptic
dysfunction (Butterfield, 2007). The progression mechanism of AP toxicity in AD is not well
understood. Researchers have proposed various hypotheses, including the amyloid hypothesis,

oligomer cascade hypothesis, Tau hypothesis, metal ion hypothesis, and oxidative stress
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hypothesis (Karran, 2013). Among these, the amyloid hypothesis is the well-known and generally
accepted hypothesis, proposing that excess AP production, aggregation, and deposition in the brain
as plaques are the main causes of AD progression. Conversely, the oligomer cascade hypothesis
suggests that AP oligomers are highly toxic compared to fully grown fibrils and could be a trigger
for AD (Hayden and Teplow, 2013). The metal ion hypothesis is a well-received pathway that
contributes considerably to the neuropathogenesis in AD. The presence of high concentrations of
metal ions such as Cu2+, Zn2+, and Fe2+ matched with the AP peptide in senile plagues indicates
their robust contribution to AP aggregation and its toxicity (Budimir, 2015; Rajasekhar, 2015).
Metal binding to AP stabilizes the toxic oligomeric form, which is involved in ROS generation
and causes synaptic breakdown, leading to neuronal cell death (Savelieff, 2013). Sequestration of
physiologically important metal ions by AP disturbs metal ion homeostasis in the brain
(Rosenberg, 2003). Disturbance of AB—metal interactions via metal chelators has been used to
decrease neurotoxicity initiated by the AB—metal complex and to restore metal ion homeostasis in
the brain (Hegde, 2009; Rajasekhar, 2015). Desferrioxamine B was the first metal chelator used to
dissolve metal-directed AP aggregates and enhance cognitive ability in a mouse model. However,
its use was constrained by its poor BBB permeability and rapid in vivo degradation, along with

other adverse side effects.

6.2.1. AP and Hypoxia Interplay in AD

Recent studies have revealed that a history of stroke can increase the prevalence of AD by 2-fold
in elderly patients (White, 2002). Patients with stroke or cerebral infarction exhibit reduced
cognitive performance and have a higher severity of clinical dementia (Heyman et al., 1998; Sun
et al., 2006). Hypoxia resulting from hypoperfusion is a common vascular component among AD

risk factors and may play a significant role in AD pathogenesis. Hypoxia-inducible factor 1 (HIF-
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1) is the principal molecule regulating oxygen homeostasis (Huang et al., 1999). HIF-1, a member
of the basic helix-loop-helix transcription factor family, binds specifically to the SRCGTG
hypoxia-responsive element (HRE) in gene promoter regions. HIF-1a. is rapidly degraded through
the ubiquitin-proteasome pathway under normoxic conditions but is quite stable under hypoxic
conditions (Huang and Bunn, 2003; Sun et al., 2006). The hypoxia signal transduction pathway
plays a major role in vascular development, ischemia, and neurodegeneration (Pugh and Ratcliffe,
2003). When oxygen is in short supply, HIF-1 binds to HRE in promoters or enhancers, thereby
activating a broad range of genes involved in angiogenesis, erythropoiesis, cell death, and energy
metabolism (Sharp and Bernaudin, 2004; Sun et al., 2006). Activation of the HIF-1 pathway by
risk factors such as stroke, age, and cerebral vascular atherosclerosis may contribute to AD

pathogenesis by facilitating AP deposition.

Sequence analysis and gel shift studies have revealed that HIF-1 binds to the promoter of B-
secretase 1 (BACEL), and overexpression of HIF-1a in neuronal cells increases BACE1 mRNA
and protein levels, while down-regulation of HIF-1a reduces the levels of BACE1. HIF-1 also
binds to the promoter of anterior pharynx-defective phenotype (APH-1), up-regulating its
expression and leading to an increase in y-cleavage of amyloid precursor protein and Notch (Lall

etal., 2019).

On the other hand, HIF-1 has been proposed as a neuroprotective factor with the ability to suppress
neuronal cell death caused by hypoxia or oxidative stress and to protect against A peptide toxicity
(Zheng et al., 2015; Ashok et al., 2017; Merelli et al., 2018). HIF-1 increases glycolysis and the
hexose monophosphate shunt, maintains mitochondrial membrane potential and cytosolic
accumulation of cytochrome C, thereby inactivating caspase-9 and caspase-3, and preventing

neuronal death in the AD brain. Oxidative damage caused by AP peptide induces mitochondrial
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dysfunction, which is a major characteristic of neuronal apoptosis. HIF-1 is the major transcription
factor that increases capillary network density and improves blood circulation in living tissue by
regulating protein expression, such as erythropoietin, glucose transporter 1 and 3, and vascular
endothelial growth factor. Erythropoietin is able to block AB-generated neuronal apoptosis, while
glucose transporters 1 and 3 increase glucose transport into brain nerve cells. Therefore, HIF-1
participates in hypoxia-induced adaptive reactions to restore cellular homeostasis and postpone the

progression of AD.

A group of agents that can upregulate HIF levels in normoxia are termed hypoxia mimetic agents
(Chen et al., 2018). These agents include HIF hydroxylase inhibitors and iron chelators (Figure

6.1).
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Figure 6.1 Schematic diagram describing the effects of hypoxia and hypoxia mimetic agents on
neurons in Alzheimer's disease (AD) process. Hypoxia-inducible factor (HIF), a key mediator of
oxygen homeostasis, generates numerous pleiotropic protective effects under hypoxia but also
participates in apoptosis. Hypoxia mimetic agents, including iron chelators and HIF prolyl

hydroxylase (PHD) inhibitors, can remove reactive oxygen species (ROS) and reduce
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neuroinflammation, in addition to activating HIF. Pharmacological stabilization of HIF can be
neuroprotective and explored as an adjunctive therapy for chronic ischemic/hypoxic diseases (Lall

et al., 2019); (Hassan and Chen, 2021).

Severe and/or chronic hypoxia can lead to amyloid beta (AB) peptide formation and aggregation,
Ca2+ dyshomeostasis, reactive oxygen species (ROS) formation in neurons, as well as
neuroinflammation (Chen, 2018). Mild, moderate, and/or intermittent hypoxia have been found to
induce protective adaptations in the brain (Lall, 2019). Hypoxia-inducible factor (HIF), a key
mediator of oxygen homeostasis, generates numerous pleiotropic protective effects but also
participates in AP peptide formation and aggregation. Hypoxia mimetic agents, including iron
chelators and HIF prolyl hydroxylase (PHD) inhibitors, can remove ROS and reduce
neuroinflammation, in addition to activating HIF. Pharmacological stabilization of HIF can be

neuroprotective and could be explored as an adjunctive therapy for AD.

Based on this research findings, the reduction in cell viability and cytotoxicity induced by Ap2s.35
under normoxic conditions appeared to be facilitated during hypoxia. This indicates that both
primary neurons and PCI12 cells are more susceptible to AP peptide toxicity during hypoxia.
Moreover, during hypoxia, the overexpression of HIF-1a can bind to BACEI mRNA and increase
its expression, which is in line with the studies by Sun et al., 2006, and Zhang et al., 2007. This
effect may also be due to an increase in Ca2+ entry into mitochondrial Ca2+ content, leading to
the opening of transition pores in the mitochondrial membrane, through which cytochrome C can
be released and pro-apoptotic signaling pathways initiated. This finding is consistent with the
studies by Green and Peers, 2001, and Webster et al., 2006. Rutin significantly increases cell
viability and reduces cell cytotoxicity in AB2s-3s-induced PC12 cells and primary neurons under

both normoxic and hypoxic conditions. Therefore, since HIF-1 has been shown to participate in
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hypoxia-induced adaptive reactions to restore cellular homeostasis, rutin, as an iron chelator, may
also activate HIF-1, in addition to its iron chelation properties. This indicates that rutin may have

pharmacological functions in HIF stabilization.

Apoptosis (Type | programmed cell death) is a significant mechanism of neurodegeneration in AD
pathogenesis, as evidence for apoptotic cell death has been observed in postmortem AD brains
(Eckert, 2003). Cultured neurons incubated with AP peptides also undergo apoptosis (Yu, 2004).
AP peptide-triggered neuronal cell death may involve different pathways, including stress kinase
activation (Suen, 2003), membrane receptor-mediated response (Li, 2004), calcium imbalance,

and oxidative stress, resulting in the activation of caspases (Allen, 2001).

In this studies, AP2s-3s-induced primary neurons and PC12 cells in normoxia showed a significant
increase in cell apoptosis, which appeared to be augmented during hypoxia. This indicates that
AP2s-35 induces cellular apoptosis, which may be due to increased ROS levels. Furthermore,
hypoxia may further increase ROS production by affecting the mitochondrial membrane potential,
leading to cellular, protein, and DNA oxidative damage. This agrees with the findings of Bell et
al., 2007. Additionally, the results revealed that the level of apoptosis was significantly reduced
by rutin under both normoxic and hypoxic conditions. This implies that rutin, as an antioxidant,
can scavenge free radicals, thereby protecting neuronal cells from oxidative damage and
maintaining the mitochondrial membrane potential and cytosolic accumulation of cytochrome C.
Rutin also has the ability to chelate iron and may stabilize HIF-1, which plays a role in oxygen
homeostasis. Moreover, ROS and lipid peroxidation were significantly increased in AP2s.3s-
induced PC12 cells under normoxic conditions, and these effects were even more pronounced
during hypoxic conditions. This suggests that mitochondria-derived ROS stabilize and activate

HIF-1o. during hypoxia. Furthermore, the level of ROS and lipid peroxidation was also
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significantly reduced by rutin under both normoxic and hypoxic conditions. This implies that rutin
may play a role in HIF-1 stabilization and maintain the mitochondrial membrane potential and

cytosolic accumulation of cytochrome C.

6.3. Neuroinflammation in AD

Microglia-mediated neuroinflammation, characterized by excessive microglia activation and
overproduction of pro-inflammatory cytokines and chemokines, is an important factor in AD. It
begins as a defense mechanism against AB deposition in the brain but can also lead to
neurodegeneration (Giovannini, 2002). Excessive activation of microglia results in the release of
inflammatory cytokines, synthesis and release of cytotoxic factors such as nitric oxide and reactive
oxygen species, leading to significant neuronal cell damage (Mosher and Wyss-Coray, 2014).
Microglia produce both pro-inflammatory and anti-inflammatory cytokines and can exhibit a
classically activated M1 phenotype or an alternatively activated M2 phenotype (Geissmann et al.,
2008). Therefore, inhibition of the inflammatory responses of microglia can play a prospective
therapeutic role in the treatment of AD. However, upon stimulation, these cells can also produce
growth factors and chemokines (Butovsky et al., 2005). The production of pro-inflammatory
cytokines by microglia is commonly associated with the generation of reactive oxygen species
(ROS), nitric oxide-dependent activation, and reactive nitrogen species (RNS) (Taupin, 2010). The
brain is particularly vulnerable to excessive generation of ROS and RNS, and microglia have been
associated with the pathophysiology of age-related diseases (Harry, 2013), excitotoxicity-induced
neurodegeneration (Vinet et al., 2012), glioma (Li and Graeber, 2012), and modulation of their

response has been considered a therapeutic strategy (Cartier et al., 2014).

The inhibition of important enzymes involved in inflammation explains the anti-inflammatory

effect of rutin. Rutin has been found to alleviate ROS-induced oxidative stress and inflammation
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in rats by targeting p38-MAPK, i-NOS, NF«kB, COX-2, TNF-a, and IL-6 (Nafees et al., 2015). It
has also been shown to decrease brain damage and improve neurological dysfunctions through its

anti-inflammatory properties (Hao et al., 2016).

Based on our research, gene expression analysis revealed that rutin significantly reduced the
MRNA expression of NOS, TNF-a, and IL-6. This implies that rutin inhibits pro-inflammatory
cytokine genes and reduces NO synthesis, indicating its anti-inflammatory role. Moreover, rutin
is capable of shifting microglial state from the M1 to M2 phenotype, attenuating microglia-related
neuroinflammation. Rutin has been observed to inhibit High Mobility Group Box 1 (HMGB1)
release, down-regulate HMGB1-dependent inflammatory responses in human endothelial cells,
and inhibit HMGB1-mediated hyperpermeability and leukocyte migration in mice (Yoo, Ku, Baek,
and Bae, 2014). HMGB1 protein acts as a late mediator of severe vascular inflammatory
conditions. Additionally, treatment with rutin resulted in a reduced cecal ligation and puncture-
induced release of HMGBL and sepsis-related mortality, indicating that rutin could be a candidate
therapeutic agent for the treatment of various severe vascular inflammatory diseases through
inhibition of the HMGBL1 signaling pathway (Yoo, Ku, Baek, and Bae, 2014). Rutin has been
shown to reduce the levels of NF«B and its transcriptional activity products, such as TNF-a, in
UV-irradiated fibroblasts (Banu et al., 2009). NFkB levels are dependent on prostaglandins, s0
diminished levels of prostaglandin derivatives, such as F2a isoprostanes, observed after rutin
treatment, and may lead to decreased NF«B levels. Decreases in this pro-inflammatory factor were
also observed in numerous tissues of rutin-treated rats and were accompanied by secretion of pro-
inflammatory cytokines after LPO-induced inflammation (Yeh et al., 2014). Studies have revealed
that rutin suppresses phosphorylation of NF«xB by inhibiting MAPK in lung tissue, in addition to

decreasing the expression and cytoplasmic relocation of NFkB (Yeh et al., 2014). Rutin has been
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shown to exert anti-inflammatory effects in UVB-irradiated mouse skin by inhibiting COX-2 and
INOS expression via suppression of p38/MAPK (Choi et al., 2014). Research results also revealed
that rutin suppresses p38 levels (Sancho et al., 2003). Inhibition of NF«B activity may also be
associated with decreases in fibroblast endocannabinoid levels (Sancho et al., 2003). Rutin also
possesses anti-inflammatory properties (Enogieru, Haylett, Hiss, Bardien, & Ekpo, 2018). In a
carfilzomib-induced cardiotoxicity model, pretreatment of rutin at 20 and 40 mg/kg in rats led to
a significant downregulation of NFkB mRNA expression by increasing its inhibitory protein, IkB-
o (Imam et al., 2017), which further reduced the expression of numerous pro-inflammatory
cytokines such as interleukin-6 (IL-6), C-reactive protein (CRP), and TNF-a (Dong, Jimi, Zeiss,
Hayden, & Ghosh, 2010). Rutin has been shown to potently inhibit pro-inflammatory TNF-a and
IL-1p release from monocytes (Yuandani, Jantan, & Husain, 2017). In general, rutin is believed to
directly scavenge free radicals by chelating metal iron ions (Huang et al., 2017; Yang, Guo, &

Yuan, 2008), thereby reducing oxidative stress and inflammation.

In this research study, rutin in the presence of LPS, was shown to reduce neuroinflammation in
BV-2 cells by reducing nitrate production. Additionally, rutin significantly reduced the LPS-
mediated increase in pro-inflammatory cytokine levels in BV2 microglial cells and downregulated
NOS expression. Therefore, this illustrated that rutin is capable of shifting the microglial state from

the M1 to M2 phenotypes, attenuating microglia-related neuroinflammation.

6.4. Pharmacological properties of rutin, with particular attention to its treatment in AD

Rutin exhibits several pharmacological properties, such as reducing oxidative stress, preventing
neuroinflammation, possessing anti-diabetic properties, and reducing neurodegeneration. It also
has cardio-protective, wound healing, radio-protective, nephron-protective, hepatoprotective,

antiplasmodial, anti-arthritic, antiviral, improved endothelial, and anti-nociceptive activities (Riaz,
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2018). The established pharmacological effects of rutin are mainly due to its antioxidant and anti-
inflammatory properties, as well as its cytoprotective ability connected with anti-aging and anti-
cancer properties (La, 2000). Rutin has vaso- and cardio-protective properties (Kim et al., 2005;
Riaz et al., 2018). It strengthens the blood vessel walls, diminishes the permeability of capillaries,
improves blood concentration, and has antiplatelet functions. By decreasing the cytotoxicity of

oxidized low-density lipoprotein cholesterol, it may reduce the risk of atherogenesis (Sheu, 2004).

Rutin decreased oxidative stress and lipid peroxidation via an increase in antioxidant enzyme
activities and a decrease in TNF-o and IL-1p in an AD cell model (Wang et al., 2012). It improved
memory, decreased oxidative stress and lipid peroxidation, decreased GFAP, increased antioxidant
enzyme and acetylcholine esterase activities in a Huntington's disease rat model (Suganya and
Sumathi, 2017). Rutin upregulated anti-apoptotic and genes relevant to dopamine biosynthesis,
reduced caspase-3 and caspase-9 in a Parkinson's disease cell model (Magalingam et al., 2015). It
improved cognitive deficits, reversed B-secretase, p-STAT3, and post-synaptic density protein 95
to normal levels in a high-fat diet rat model (Cheng et al., 2016). Rutin pre-treatment reduces
infarct size and neurological deficits in rats after middle cerebral artery occlusion and protects
antioxidant enzymes in the brain (Khan et al., 2009). Rutin also protects the brain tissue of Wistar
male rats from cerebral ischemia (Abd-El-fatah et al., 2010). It has been revealed that rutin can
improve both the cognitive and behavioral symptoms associated with neurodegenerative diseases
due to its ability to cross the blood-brain barrier, act as an antioxidant in neuronal cells, and exhibit
anti-inflammatory effects. Furthermore, it has effects on AP aggregates and processing in AD

(Habtemariam, 2016).

Rutin can inhibit aggregation and cytotoxicity of A, inhibit damage to mitochondria, and decrease

the production of reactive oxygen species (ROS) (Wang et al., 2012). Several studies have
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demonstrated that rutin can interfere with the aggregation and toxicity of AP, inhibit oxidative
stress induced by AP, and reduce AB42 levels in mutant human APP-overexpressing cells. It has
also been shown to reduce senile plaques in the brains of APP transgenic mice (Jimenez-Aliaga et
al., 2011; Xuetal., 2014; Yu et al., 2015). It has been revealed that polyphenol compounds exhibit
inhibitory effects on AP42 aggregation by binding to hydrophobic B-sheet channels with their
aromatic structure, and at the same time, disturb the formation of A hydrogen bonds through the
action of hydroxyls as electron donors (Porat, 2006; Porzoor et al., 2015; Velandera et al., 2017,
Phan et al., 2019). Rutin is chemically composed of an aromatic core with polyhydroxyl groups
and may function through the mechanisms described above (Pu et al., 2007). Rutin also reduces
APa2-induced cytotoxicity by interacting with AP to modify the structure of AP oligomers and then
inhibiting their cytotoxicity. It has been revealed that rutin decreases AP2s 35 fibril formation and
accumulation in vitro, thereby decreasing neurotoxicity (Jiménez-Aliaga et al., 2011), as well as
decreasing AP plaque aggregation, nitric oxide production, pro-inflammatory cytokines, and

oxidative stress in vivo (Xu et al., 2014).

Neuroinflammation is a complex response to brain injury involving the activation of glia, release
of inflammatory mediators such as cytokines and chemokines, and generation of ROS (DiSabato
et al.,, 2016). Inflammatory responses in the brain are associated with increased levels of
prostaglandins (PGs), particularly PGE2. Elevated PGE2 and inflammatory mediators are also
characteristic of the aging brain. An increased state of neuroinflammation renders the aged brain
more susceptible to the disruptive effects of both intrinsic and extrinsic factors such as infection,
diseases, toxicants, or stress (DiSabato et al., 2016). In AD, microglia secrete proinflammatory
cytokines, PGs, ROS, and NOS, which result in chronic stress and, over a prolonged period,

neuronal death (Calsolaro and Edison, 2016; Rawlinson et al., 2020). Reduction of
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"neuroinflammation” in a rat model of AD (Javed et al., 2012) and neuroprotective effects in
dexamethasone-treated mice were observed upon rutin administration (Tongjaroenbuangam et al.,
2011). Studies have shown that rutin decreased TNF-a and IL-1p generation in microglia (Wang
et al., 2012). Additionally, research has reported the inhibition of AP aggregation and cytotoxicity
by rutin, in addition to the prevention of mitochondrial damage, reduction of pro-inflammatory
cytokine production (TNF-a and IL-1), and increase in the levels of catalase (CAT) and superoxide
dismutase (SOD) (Wang et al., 2012). Sodium rutin attenuated neuroinflammation, enhanced
microglia-mediated A clearance, ameliorated synaptic plasticity impairment, and reversed spatial

learning and memory deficits in two mouse models of AD (Pan et al., 2019).

Rutin exerts its neuroprotective potential by interacting with critical protein and lipid kinase
signaling cascades, such as PI3K/Akt, protein kinase C, and MAPK, in the brain, resulting in the
inhibition of apoptosis triggered by AP and promoting neuronal survival and synaptic plasticity. It
has beneficial effects on the vascular system, leading to changes in cerebrovascular blood flow
through angiogenesis and neurogenesis (Xu et al., 2014). Research has shown that oral rutin
administration may protect the CA3 region of the hippocampus in rats and have an impact on their
behavior, decreasing the impairment of memory due to trimethyltin toxicity (Koda et al., 2008,
2009). Rutin exerted an antidepressant-like effect partially through a neuroprotective effect on the
hippocampus by acting on NMDA receptors (Anjomshoa et al., 2020). Rutin pre-treatment reduces
infarct size and neurological deficits in rats after middle cerebral artery occlusion and protects the
antioxidant content of enzymes in the brain (Khan et al., 2009; Abd-El-fatah et al., 2010). Rutin
protected against the neurodegenerative effects of prion accumulation by increasing the production

of neurotrophic factors and inhibiting apoptotic pathway activation (Aldhabi et al., 2015). Rutin
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has potential anticonvulsant and antioxidant activities against oxidative stress in kainic acid-

induced seizures in mice (Nassiri-Asl et al., 2013).

Rutin attenuates age-related memory deficits in mice (Kishore, 2005). It improves the learning and
memory of normal, aged, and experimentally-induced amnesic mice, possibly due to its potent
antioxidant action (Kishore and Singh, 2005). Rutin protected against spatial memory impairment
induced by trimethyltin and synaptophysin in AD transgenic mice (Xu et al., 2014). Rutin
significantly attenuated memory deficits in AD transgenic mice, decreased oligomer AP levels,
increased SOD activity and GSH/GSSG ratio, reduced GSSG and MDA levels, downregulated
microgliosis and astrocytosis, and decreased IL-Ip and IL-6 levels in the brain (Xu et al., 2014). It
improved memory and behavior in open-field tests, elevated plus and Y-mazes tests, probably due
to its reduction in neuro-apoptosis (Man et al., 2015). Rutin prevented cognitive deficits and
morphological changes in the hippocampus, attenuated lipid peroxidation, COX-2, GFAP, IL-8,
iNOS, and NF«B in a rat model of sporadic dementia (Javed et al., 2012). It also prevented memory
deficits and ameliorated oxidative stress, apoptosis, and neurite growth in a rat model for cognitive
dysfunction (Ramalingayya et al., 2017). Rutin inhibits apoptosis by decreasing oxidative stress,
Bax/Bcl-2 ratio, caspase-3 and -9 activation, and c-Jun and p38 phosphorylation in a dopaminergic

cell model (Park et al., 2015).

6.5. Pharmaceutical Properties of Rutin

Rutin is poorly absorbed in the small intestine, and it reaches its peak plasma metabolites nine
hours after ingestion (Hollman, 1997). This is because the sugar moiety (rutinose) present in rutin
needs to be hydrolyzed by colonic microflora before the liberated quercetin can be absorbed from
the colon or further degraded to phenolic compounds by gut microorganisms (Olthof et al., 2000).

Once absorbed, quercetin undergoes glucuronidation, methylation, and sulfation processes in
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enterocytes and hepatocytes before entering the bloodstream for transportation to other tissues
(Boyle et al., 2000). Quercetin conjugates in the blood are carried and distributed by aloumins, the
main blood proteins, to various tissues, including the brain, as quercetin can cross the blood-brain
barrier (BBB). Animal studies have shown the presence of quercetin in the colon, liver, kidneys,
muscles, lungs, and brain (Deboer et al., 2005). Quercetin and its metabolites are eliminated by
the kidneys and excreted through urine (Olthof et al., 2003). The relative bioavailability of rutin is
approximately 20% of that of quercetin glucosides (Graefe et al., 2005), and its elimination half-
life ranges from 11 to 28 hours for all glycosides (Manach et al., 2005). Accumulation of rutin in
plasma requires repetitive intakes. However, quercetin conjugates are not the only beneficial
metabolites of rutin. The majority of rutin metabolites, produced by colonic microorganisms, are
mainly in the form of phenylacetic acids, which exhibit antioxidative activity similar to that of

vitamin E (Olthof et al., 2003).

Although rutin has poor water solubility and low bioavailability, it is capable of crossing the BBB.
Studies have reported a peak plasma concentration (Cmax) of rutin to be 262.85 + 6.15 ng/ml after
oral administration of a 35 mg dose of rutin to rabbits (Ramaswamy, 2017), and a serum
concentration of approximately 300 ng/ml after 2 hours of oral administration of 100 mg/kg rutin
to mice (Pan, 2019). Following intravenous (i.v.) administration of a dose of 10 mg/kg to rats, the
Cmax of rutin in plasma and brain homogenate was 1511.24 + 46.92 ng/ml and 111.57 + 12.01
ng/ml, respectively (Ahmad, 2016; Xiao-ying, 2021). Various strategies have been developed to
enhance the solubility and bioavailability of rutin to extend its clinical application. The sodium
salt of rutin, for example, has shown significantly improved water solubility, enhanced
bioavailability, and the ability to cross the BBB (Pan, 2019; Xiao-ying, 2021). In AD patients, the

concentrations of total-tau in cerebrospinal fluid (CSF) were approximately 700 pg/ml (Karikari,
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2020; Xiao-ying, 2021). Rutin has been found to cross the BBB and reach CSF concentrations
high enough to neutralize pathological tau, suggesting its potential direct effects on tau pathology

in the brain.

Due to its low bioavailability resulting from high metabolism, further studies aimed at improving
its bioavailability and investigating its protective activities in additional AD models would provide

a solid foundation for its use in clinical trials.

6.6. Bioavailability and Blood-Brain Barrier Penetration of Rutin

Rutin is a flavonoid glycoside that is abundantly found in various fruits, vegetables, and herbs. It
has been extensively studied for its potential health benefits, including its anti-inflammatory,
antioxidant, and anticancer effects. However, rutin's bioavailability is relatively low due to its poor

solubility and absorption in the gastrointestinal tract.

Several studies have investigated the bioavailability of rutin in humans and animals. One study
examined the bioavailability of rutin in healthy volunteers who consumed a single dose of 500 mg
of rutin in tablet form. The study showed that only 20% of the ingested dose was absorbed and
excreted in the urine, indicating low bioavailability (Vennat et al., 1996). Another study conducted
on rats revealed that rutin’s bioavailability was low due to its rapid metabolism and elimination in
the liver and kidneys (Kim et al., 2005). Additionally, a research study evaluated the bioavailability
of rutin in rats after oral administration of a rutin-rich extract from tartary buckwheat. The results

indicated poor absorption of the compound, with a bioavailability of only 0.13% (Kim et al., 2014).

However, several factors can affect the bioavailability of rutin, such as the form of administration

(oral vs. intravenous), co-administration with other compounds, and the presence of enzymes that
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can break down rutin in the body. Co-administration of rutin with quercetin has been found to

increase its bioavailability in rats (Li et al., 2013).

Various methods can be employed to improve the bioavailability of rutin, including encapsulation,
complexation with cyclodextrins, and incorporation into nanoemulsions. Studies have shown that
encapsulating rutin in chitosan nanoparticles significantly increased its bioavailability (Zhao et al.,
2016). Rutin possesses several pharmacological activities, including antioxidant, anti-
inflammatory, and neuroprotective effects, making it potentially useful for treating neurological
disorders. However, its ability to cross the blood-brain barrier (BBB) is limited. The BBB is a
selective barrier that separates the brain from the systemic circulation, regulating the exchange of
nutrients and waste products while preventing the entry of foreign substances. Rutin has been
reported to penetrate the BBB through passive diffusion (Gao et al., 2013). Several studies have

investigated the BBB penetration of rutin.

In a rat model used to evaluate BBB penetration, rutin was found to cross the BBB and accumulate
in the brain, albeit at a low concentration. Conjugating rutin with a peptide derived from
apolipoprotein E was shown to enhance BBB penetration and neuroprotective effects in a mouse
model of Alzheimer's disease (Wu et al., 2016). Another study loaded rutin into liposomes, which
significantly increased its accumulation in the brain and showed promising results in a rat model
of traumatic brain injury (Zhang et al., 2018). In vitro BBB models were also used to study the
transport of rutin across the BBB, and it was found that rutin was poorly transported, with a
permeability coefficient of 1.36 x 10"-6 cm/s. However, co-administration of rutin with quercetin
significantly increased its transport across the BBB (Ishisaka et al., 2011). In vivo studies using a
rat model also demonstrated BBB penetration of rutin after intravenous administration, with a

brain-to-plasma concentration ratio of 0.42, indicating moderate BBB penetration. Co-

304



administration with quercetin further enhanced BBB penetration (Kim et al., 2014). Additionally,
a study using liquid chromatography-mass spectrometry (LC-MS) to measure rutin levels in rat
brain tissue after oral administration revealed that rutin could cross the BBB and accumulate in
the brain, with peak concentration observed around 2 hours after administration (Li et al., 2016).
An in vitro model investigating BBB permeability of rutin demonstrated that rutin could pass
through the BBB model, with a permeability coefficient of 2.85 x 107-6 cm/s (Liu et al., 2014).
Recent studies evaluated the BBB penetration of rutin in a mouse model of cerebral ischemia-
reperfusion injury, and it was found that rutin could cross the BBB and accumulate in the brain,

with peak concentration observed around 4 hours after oral administration (Guo et al., 2020).

Although rutin can penetrate the BBB, its concentration in the brain remains limited. Therefore,
strategies to improve its BBB penetration, such as conjugation with peptides or loading into
liposomes, may enhance its therapeutic potential for neurological disorders. Additionally,
strategies to improve the solubility and bioavailability of flavonoids could extend their clinical
applications, especially for central nervous system diseases. In a recent study, rutin was converted
to Sodium rutin (NaR), which exhibited high water solubility and bio-absorption in vivo. NaR, a
salt formation of rutin, demonstrated increased water solubility, bioavailability, and BBB
penetration. NaR was able to penetrate the BBB in mice, and treatment with NaR significantly

reduced AP deposits in the brain of AD mice (Pan et al., 2019).

The accumulation and deposition of AP in the brain have been postulated as major drivers of the
pathogenic cascades of Alzheimer's disease (AD) (Hardy and Selkoe, 2002). Microglia, the
resident immune cells of the brain, play a key role in responding to AP accumulation and
phagocytosis (Fu et al., 2016; Pan et al., 2019). Impairment of AP clearance during AD progression

is attributed to a decrease in the phagocytic capacity of microglia due to aging (Hickman et al.,
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2008). NaR treatment increases microglial recruitment around AP plaques and enhances CD68+
phagosome expression in AD mice, indicating that NaR treatment restores microglial phagocytic

capacity and stimulates AP clearance (Pan et al., 2019).

Impairment in the expression or trafficking of different phagocytic receptors can lead to
neurodegeneration, as phagocytosis plays a crucial role in maintaining brain homeostasis by
removing cellular debris and misfolded proteins (Lucin et al., 2013). Up-regulation of these
receptors is significant in the phagocytosis of aggregated proteins like AP and can delay
neuropathology (Lee et al., 2018). NaR has been shown to enhance microglial AB phagocytosis by
increasing the expression of microglial phagocytic receptors. Additionally, NaR accelerates the
recycling of Trem2 in cultured microglial cells. NaR treatment can rescue microglial phagocytic
dysfunction caused by Trem2 knockout or individual knockdown of phagocytic receptors,
suggesting that microglial phagocytic receptors are not essential for the NaR-mediated

enhancement of AP phagocytosis and clearance (Pan et al., 2019).

Microglial phagocytosis requires a large amount of energy for dynamic cytoskeletal reorganization
(Kalsbeek et al., 2016). In AD pathology, a metabolic switch from mitochondrial oxidative
phosphorylation (OXPHOS) to anaerobic glycolysis occurs in microglia, particularly in cells
surrounding A plaques, to increase ATP production for AP phagocytosis (Wendeln et al., 2018).
However, anaerobic glycolysis only produces two ATP molecules from each glucose molecule
and is accompanied by the generation of toxic metabolites like lactate (Kalsbeek et al., 2016).
Targeting microglial metabolic reprogramming could be a potential approach for AD treatment. It
has been demonstrated that proinflammatory stimulation with lipopolysaccharide (LPS) increases
microglial anaerobic glycolysis and inhibits mitochondrial OXPHOS, which can be rescued by

NaR treatment. NaR treatment significantly decreases microglial M1-type inflammatory cytokines
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(including IL-1p, IL-6, and TNF-a)) and increases the expression of microglial M2-type factors
(including IL-4 and IL-10) in AD mice (Pan et al., 2019). These findings suggest that NaR
treatment can switch the metabolic program from anaerobic glycolysis to mitochondrial OXPHOS,
promote microglial M2 polarization, reduce neuroinflammation, and enhance A clearance in the

AD brain.

In conclusion, NaR treatment increases the expression and recycling of microglial phagocytosis-
related receptors, promotes a metabolic switch from anaerobic glycolysis to mitochondrial
OXPHQOS, and provides sufficient energy (ATP) through an efficient metabolic pathway. NaR
treatment stimulates microglial recruitment to AP plaques, enhances AP phagocytosis, and
alleviates AP burden and associated pathological features, including neuroinflammation, synaptic
loss, and impairment of plasticity. Therefore, NaR treatment reverses learning and memory deficits

in AD mice, suggesting that NaR may be a promising drug candidate for AD treatment.

Why normal rutin was choosen in this studies, rather than more bioavailable formulation

| choosed to use normal rutin rather than bioavailable formulation because of its cost and
availability. Normal rutin is usually more readily available and cost-effective compared to
bioavailable formulations. Therefore, it is easier to obtain it in sufficient quantities and give greater
flexibility in experimental design and replication. Additionally, I choosed standard rutin because
of experimental Control. Normal rutin gives better control, because using more bioavailable
formulations may contain additional components or modifications that can introduce confounding
variables into the study. Thus, by using normal rutin, the effects of rutin itself can be isolated and
its mechanisms of action can be well recognised. In addition, using normal rutin in this study, gives
easier comparison with previous studies and established literature. This is because, bioavailable

formulations may have different pharmacokinetics, bioavailability, or metabolic pathways, which
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can make it challenging to directly compare the results with existing research. Thus, standard form
of rutin was used, so that it can be easier to build upon previous knowledge and establish a more

coherent understanding of its effects.

In general, | choosed normal rutin before progressing to bioavailable formulations, and this have
supported me to establish a foundation of knowledge and better understanding of its effects and
behavior before moving on to more complex formulations. Therefore, since the basic effects and
mechanisms of normal rutin have been established, further studies using bioavailable formulations
becomes necessary to explore its therapeutic potential in clinical settings. Bioavailable
formulations can enhance its absorption, distribution, and stability, possibly improving its efficacy
and bioactivity. Thus, transitioning to bioavailable formulations can be a logical next step in this

research studies, particularly when considering future clinical applications.

6.7. General conclusions

In conclusion, this study established an in vitro Alzheimer's disease (AD) model using PC12 cells
and primary rat neurons and evaluated the effects of rutin in normoxic or hypoxic conditions. The
study revealed that AP2s-35 induced cytotoxicity and apoptosis in PC12 cells and primary neurons,
and increased the levels of reactive oxygen species (ROS) and lipid peroxidation. Combined
treatment of AP with hypoxia for 24 hours significantly ameliorated the effects. Therefore, since
HIF-1 is the principal molecule regulating oxygen homeostasis during stroke or cerebral vascular
atherosclerosis, activation of the HIF-1 pathway during hypoxia may further contribute to AD

pathogenesis by facilitating AB deposition and toxicity.

In addition, rutin was found to significantly attenuate the effects in both hypoxic and normoxic
conditions. This implies that rutin, as an iron chelator, attenuates or reverses Apzs-3s-induced

cytotoxicity, apoptosis, ROS, and oxidative damage on primary neurons and PC12 cells. The
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possible mechanism can be attributed to its antioxidant effects and a potential role in HIF
stabilization. Furthermore, rutin was found to reduce pro-inflammatory cytokine levels in BV2
microglial cells and downregulate NOS expression. It was also revealed that rutin, by reducing
nitrate production, can attenuate microglia-related neuroinflammation and shift the microglial state
from the M1 to M2 phenotypes. This suggests a possible alternative in the treatment or prevention

of neurodegenerative disorders.

Thus, rutin may serve as a novel drug for the treatment of AD due to its ability to scavenge free
radicals, inhibit oxidative stress, and its potential role in HIF stabilization. Further experimental
research should focus on investigating other molecular targets and signaling pathways of rutin
using primary neurons and PC12 cells. Additionally, more investigations on primary microglia
and animal models are needed to further understand the role played by rutin in neuroinflammation.
Further experimental models are needed to understand AD pathogenesis and conduct preclinical
testing of novel therapeutics. Moreover, advanced studies to improve its bioavailability would

provide a solid foundation for its use in clinical trials.

6.8. Limitations of the Study

Hypoxia chambers are a standard tool used to induce hypoxia by reducing oxygen levels in the in
vitro culture environment. However, the use of hypoxia chambers or incubators has several
limitations. One major limitation is that the environmental oxygen concentration does not
necessarily correspond to the oxygen concentration at the cellular level (Pavlacky and Polak, 2020;
Rinderknecht et al., 2021). Another limitation is the difficulty in accurately measuring pericellular
oxygen levels in the chambers during hypoxia, which can make it challenging to determine the
oxygen concentration in the control group and lead to result interpretation issues (Chanana et al.,

2016; Zhou et al., 2017).
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To mitigate this limitation, a slight change in the medium of the control group can be made to
achieve a fast onset of hypoxia. It has been observed that partial changes in the medium are
required for all hypoxia induction methods, allowing for a rapid onset of hypoxia. Some methods,
such as the enzymatic system, can induce hypoxia in less than two minutes, providing an advantage
(Baumann et al., 2008). Additionally, there are alternative methods available to induce or mimic
hypoxia without reducing environmental oxygen concentrations, which do not require special
equipment. For example, the increase of the medium height method reduces the partial oxygen
pressure at the cellular site through oxygen consumption by the cells. The CoCI2 method is also
recognized as a strong HIF-1 inducer in cellular systems, mimicking the cellular response to
hypoxia to some extent. However, all hypoxia induction methods have their drawbacks and

limitations, and combining two methods may lead to more promising results in hypoxia induction.

It has been observed in evaluation of apoptosis using annexin V/7-AAD of PC12 cells exposed to
control in both normoxia and hypoxia conditions as well as in control group of ROS generations
exposed to both normoxia and hypoxia conditions that the effect of hypoxia appears to have no
significant change between the control group in hypoxia and normoxia. But during the experiment,
a lot of significant difference in the medium of this two-control group was observed, in which the
medium of the control in hypoxia appeared to be yellowish at 24 hrs, which indicates a drop in
PH, while the medium of control in normoxia conditions is pink. This can be due to lack of oxygen
supply to the cells during hypoxic condition, which make the cells to absorb almost all the oxygen
within the medium in other to maintain homeostasis. But when 30 uM of AB2s-35 was added to the
cells for 24 hrs to the treatment group, toxicity and apoptosis is significantly higher to this group
in normoxia, and much significantly higher during hypoxia, and this shows failure of the cells to

maintain homeostasis at certain level of increased toxicity. This implies that the toxicity and
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apoptosis in hypoxia control group is still higher during hypoxia than in normoxia, due to clear
change in colour of the medium between the two conditions, because during the cell culture, if the
medium need to be change (after 3-4 days) the medium becomes yellow and this was observed in
control hypoxia group in just 24hrs within the chamber. This implies that the toxicity and apoptosis
in the hypoxia control group are still higher during hypoxia compared to normoxia, as evidenced
by the clear change in the color of the medium between the two conditions. Additionally,
significant changes were observed between the normoxia and hypoxia control groups when
assessing alterations in cellular morphology using Hoechst 33258 staining and Tuj and DAPI
staining of nuclei. In Hoechst 33258 staining, neurons in the normoxia control group showed no
nuclei fragmentation, while neurons in the hypoxia control group exhibited some nuclei
fragmentation. In the normoxia control group (Tuj and DAPI staining), neurons had numerous
long axons and bright nuclei and appeared to have longer axons and brighter nuclei than those in

the hypoxia control group.

In the primary neuron studies, there are several limitations in determining neuron purity using Tuj1

immunofluorescence staining, including:

1. Cross-reactivity with non-neuronal cells: Tujl can cross-react with non-neuronal cells, such as
fibroblasts and endothelial cells, leading to false-positive results and overestimation of neuron
purity (Kim et al., 2005).

2. Variable expression of Tujl: The expression of Tujl in neurons can vary depending on the
stages of development, differentiation state, and cell type. Therefore, the sensitivity and
specificity of Tujl staining for identifying neurons can vary depending on the experimental

conditions.
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3. Co-localization with glial cells: Tuj1 staining can co-localize with glial cells, such as astrocytes
and oligodendrocytes, which can lead to inaccurate estimation of neuron purity.

4. Post-translational modifications of Tujl: Tujl is subject to post-translational modifications,
such as phosphorylation, acetylation, and glycosylation, which can affect its specificity and

sensitivity in detecting neurons.

In future studies, these limitations can be addressed by using additional markers, such as neuronal-
specific nuclear protein (NeuN), MAP2, or synaptophysin, to confirm the identity and purity of

neurons in immunofluorescence staining experiments.

Another limitation is the use of BV2 cells in the experiment. BV-2 cells are an immortal cell line
commonly used as a substitute for primary microglia (PM) in pharmacological studies. They are
cheaper and faster to use than PM and originate from raf/myc-immortalized murine neonatal microglia
(Henn, 2009; Lund, 2005). BV-2 cells express NADPH oxidase, which is associated with microglial-
induced neuronal damage, making them suitable for studying neuroinflammation (Wu, 2006; Yang,
2007). BV-2 cells are currently the most accurate immortal cell line for microglia, exhibiting
similarities in behavior to PM, such as cytokine secretion (Lund, 2005). However, a significant
limitation of microglial cell lines is their poor proliferation, necessitating fresh isolation for each
experiment (Henn, 2009). PM, on the other hand, are mainly obtained from adult mice or neonatal pup
brains and are harder to obtain for in vitro studies (Baker, 2002; Giulian & Baker, 1986). PM cells are
harvested from neonatal brains (Henn, 2009), which may not fully represent adult microglia and may
result in inaccurate responses. Furthermore, PM microglia exhibit heterogeneity within the brain, so
they may not represent all microglial cells present (Mahe, 2001; Guilleman & Brew, 2004). PM cell
lines are prophylactically treated with antibiotics, which can affect certain experimental results

(Kuhlmann, 1993).
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Another limitation is the use of rutin in BV2 cells under both normoxia and hypoxia conditions.
Initially, the experiment aimed to investigate the anti-inflammatory effect of rutin and its
mechanism of action using LPS, which was induced under normoxia conditions. In the second
phase of the research, Amyloid 2535 was used to induce inflammation in BV2 cells under both
normoxia and hypoxia conditions, and rutin was tested for its anti-inflammatory effect. However,
due to the impact of COVID-19, the experiment was interrupted, and the generated data was
insufficient for presentation. The viability and toxicity assays, evaluation of nitrate production by
the Griess assay, and RNA extraction of Af were started but not completed in both normoxia and

hypoxia. Future experimental studies can focus on addressing these limitations.

Another limitation is the bioavailability of rutin. Rutin has relatively low bioavailability due to its
poor solubility and absorption in the gastrointestinal tract. Several studies have investigated the
bioavailability of rutin in humans and animals. For example, a study with healthy volunteers who
consumed a single dose of 500 mg of rutin in tablet form showed that only 20% of the ingested
dose was absorbed and excreted in the urine, indicating low bioavailability (Vennat et al., 1996).
In rats, rutin was found to have low bioavailability due to its rapid metabolism and elimination in
the liver and kidneys (Kim et al., 2005). Another study in rats after oral administration of a rutin-
rich extract from tartary buckwheat revealed a bioavailability of only 0.13%, indicating poor

absorption of rutin (Kim et al., 2014).

However, several factors can affect the bioavailability of rutin, such as the form of administration
(i.e., oral vs. intravenous), co-administration with other compounds, and the presence of enzymes

that can break down rutin in the body.

Co-administration of rutin with quercetin has been found to increase the bioavailability of rutin in

rats (Li et al., 2013). It has been reported that the rapid metabolism of flavonoids can be overcome
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by their methoxylation, which also improves their intestinal absorption, bioavailability, and
stability (Mostafa et al., 2018). The bioavailability of rutin can be improved through various
methods such as encapsulation, complexation with cyclodextrins, and incorporation into
nanoemulsions. It has been shown that the bioavailability of rutin was significantly increased when
encapsulated in chitosan nanoparticles (Zhao et al., 2016). Additionally, loading rutin onto a novel
nanoparticle-lipid polymer hybrid has shown efficacy for targeting rutin delivery to the brain.
These nanoparticles were found to be both biocompatible, as tested by a hemolysis test, and
bioavailable (Ishak et al., 2017). Moreover, rutin can penetrate the blood-brain barrier (BBB), but
its concentration in the brain is limited. Therefore, strategies to improve its BBB penetration, such
as conjugation with peptides or loading into liposomes, may enhance its therapeutic potential for
neurological disorders. Strategies to improve the solubility and bioavailability of flavonoids could

extend their application for clinical use, especially for central nervous system diseases.

Several studies have been conducted to investigate the BBB penetration of rutin. A rat model used
to evaluate the BBB penetration of rutin revealed that rutin can cross the BBB and accumulate in
the brain, albeit at a low concentration. Research to improve the BBB penetration of rutin by
conjugating it with a peptide derived from apolipoprotein E revealed that the conjugate enhanced
BBB penetration and neuroprotective effects in a mouse model of Alzheimer's disease (Wu et al.,
2016). In another recent study, rutin was converted to sodium rutin (NaR), which gives it high
water solubility and bioabsorption in vivo. A salt formation of rutin (NaR) was generated with
high water solubility, bioavailability, and BBB penetration. NaR could penetrate the BBB in mice,

and NaR treatment markedly reduced AP deposits in the brain of AD mice (Pan et al., 2019).

314



6.9. Future studies

In this study, rutin has shown promising outcomes using an in vitro model of AD. Thus, future
studies should be directed towards studying its effect in vivo. In vivo studies would be beneficial
to study the overall effect of rutin on AD in both normoxia and hypoxia conditions. Although in
vitro cell model systems are cheaper, performed in a controlled environment, simpler to acquire,
and the pharmacodynamics of the experiments are easy to evaluate, their major weakness is their
failure to capture inherent organ complexity. Additionally, due to the simplicity of this model,
reliable pharmacokinetic data cannot be generated, although initial toxicity studies can be carried
out (Blaikie et al., 2022). Studying the effect of rutin in vivo addresses these limitations and can
evaluate safety and efficacy on organ systems. Transgenic and non-transgenic animal models of
AD can be developed to mimic the pathological changes related to the human disease. Generally,
mammalian models such as mice and rats are used for AD studies, though non-mammals including
C. elegans (Caenorhabditis elegans) and fruit flies (Drosophila melanogaster) can be used and are
highly beneficial as they are subject to less strict ethical standards and have lower costs
(Alzheimer’s Association, 2019). In general, animal models will allow profound studies of the
pathogenesis of AD and can reproduce the main hallmarks of the disease (Chierrito et al., 2017,
Blaikie et al., 2022). In comparison to the in vitro model, animal models are also essential for safe
assessments of novel therapeutics as their multifaceted systems give a better replication of human
pharmacokinetics and thus enhanced prediction of toxicity. However, the complexity of animal
models leads to a lack of control over experimental conditions (Arantes-Rodrigues et al., 2013),
and strict ethical standards and higher costs are also associated with animal models compared to
in vitro models. Therefore, models involving clinical studies of individuals with AD and healthy

controls can be investigated in the future. Clinical studies of individuals with AD and healthy
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controls can be instrumental in identifying risk factors and biomarkers associated with the disease.
These studies can also help validate our findings from these cell culture models and investigate
the clinical, cognitive, and behavioral changes associated with the disease, as well as the

underlying biological mechanisms.

Examples of some human studies that can contribute to a better understanding of AD pathogenesis

are as follows:

Neuroimaging studies: These studies use various neuroimaging techniques, such as MRI and PET,
to examine brain structure and function in individuals with AD and healthy controls. They have
revealed structural and functional changes in the brain associated with AD, such as hippocampal

atrophy and increased amyloid and tau deposition (Scheltens et al., 2016).

Longitudinal studies: These studies follow individuals with AD and healthy controls over time and
allow researchers to observe changes in cognitive function, behavior, and brain structure and
function. They help identify early biomarkers of AD and elucidate the progression of the disease

(Jack and Holtzman, 2013).

Genetic studies: These examine the effect of genetic factors in AD pathogenesis. They have
identified several genetic risk factors for AD, such as the APOE gene, and provide detailed

descriptions of the molecular mechanisms underlying the disease (Guerreiro and Bras, 2015).

Biomarker studies: These studies examine biological markers, such as AP and tau levels in CSF.
They contribute to the development of diagnostic tools for AD and the evaluation of potential

therapies (Blennow et al., 2010).

Clinical trials: These studies evaluate the safety and efficacy of potential therapies for AD in
human participants. They have contributed to the approval of several drugs for the treatment of
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AD, such as cholinesterase inhibitors and memantine, and continue to be critical for the

development of new treatments (Cummings et al., 2020).

All these experimental models can provide valuable insights into the mechanisms underlying AD
pathogenesis, but each model has its limitations. Therefore, a combination of different
experimental models is often used to gain a more comprehensive understanding of AD

pathophysiology.

In the future of this experimental research study, investigation of other molecular targets and
signaling pathways of rutin can be implemented. Rutin exerts its neuroprotective and neurotrophic
effects on primary neurons and PC12 cells through multiple signaling pathways, including the
PI3K/Akt, CREB, ERK, p38 MAPK, and Nrf2 pathways. Rutin has been shown to induce neurite
outgrowth and promote differentiation of PC12 cells into a sympathetic neuron-like phenotype
through the activation of the extracellular signal-regulated kinase (ERK) and p38 mitogen-
activated protein kinase (MAPK) signaling pathways (Fu et al., 2019). Rutin also protects PC12
cells from oxidative stress-induced apoptosis by upregulating antioxidant enzymes such as
superoxide dismutase (SOD) and catalase through activation of the nuclear factor erythroid 2-
related factor 2 (Nrf2) pathway. Rutin has been shown to modulate several signaling pathways that
are involved in AD pathology. For example, rutin activates the Nrf2/ARE signaling pathway,
which regulates antioxidant and detoxification enzymes (Jianget et al., 2016). Rutin also inhibits
the JNK and p38 MAPK pathways, which are involved in neuroinflammation and apoptosis.
Hence, rutin has multiple molecular targets and signaling pathways that contribute to its
therapeutic effects in Alzheimer's disease, but further research is required to fully understand the

mechanisms underlying its effects on the treatment of AD.
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In the future, advanced studies are required to improve the bioavailability of rutin for its use in
clinical trials. Rutin's low bioavailability has limited its effectiveness in clinical trials. To improve

the bioavailability of rutin, several advanced studies can be conducted, including:

Formulation development: This approach involves the development of novel formulations, such
as nanoparticles, liposomes, or microemulsions, which can enhance the solubility, stability, and
absorption of rutin. These formulations can protect rutin from degradation in the gastrointestinal
tract, increase its permeability across the intestinal membrane, and target specific tissues or organs.
For example, rutin-loaded polymeric nanoparticles have been shown to increase the bioavailability
of rutin by 1.5-fold in rats (Li et al., 2014). Similarly, solid lipid nanoparticles loaded with rutin
have been shown to increase the bioavailability of rutin by up to 4.5-fold in rats (Jaiswal et al.,

2015).

Complexation with cyclodextrins: Cyclodextrins are cyclic oligosaccharides that can form
inclusion complexes with rutin. These complexes have been shown to improve the solubility and
bioavailability of rutin. For example, a study showed that the bioavailability of rutin was increased

by 2-fold when it was complexed with hydroxypropyl-p-cyclodextrin (Li et al., 2016).

Co-administration with enhancers: In this approach, rutin is co-administered with other substances
that can enhance its absorption, such as piperine, quercetin, or vitamin C. These substances can
inhibit the enzymes that break down rutin, increase its uptake by the intestinal cells, and improve

its transport in the bloodstream (Chang et al., 2017).

Modification of chemical structure: Another approach is to modify the chemical structure of rutin
to increase its bioavailability. For example, acylation, glycosylation, or methylation of rutin can

change its physicochemical properties, such as lipophilicity or charge, and enhance its absorption
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or retention in the body. For example, a study showed that rutin-PEG conjugates had a 3-fold

higher bioavailability than free rutin in rats (Patel et al., 2012).

Animal and human studies: Once the advanced studies have been conducted, animal studies can
be performed to evaluate the safety and efficacy of the new formulations of rutin. If the results are
promising, human studies can be conducted to test the bioavailability, pharmacokinetics, and
therapeutic potential of the new rutin products. Even though improving the bioavailability of rutin
can be a challenging but important task, it requires interdisciplinary approaches and advanced
techniques that can be evaluated. If successful, it can enhance the clinical application of rutin and

improve human health outcomes.

There are a few clinical trials that have investigated the use of rutin in AD treatment. For example,
a randomized, double-blind, placebo-controlled trial revealed that rutin supplementation (500
mg/day for 12 weeks) improved cognitive function and reduced oxidative stress in AD patients.
The study also found that rutin supplementation decreased levels of beta-amyloid in AD patients
(Khalatbary et al., 2017). Another study investigated the effects of rutin on brain function and
structure in AD patients with mild cognitive impairment (MCI) and found that rutin
supplementation (500 mg/day for 6 months) improved cognitive function and increased the
thickness of the hippocampus (Mokhtari-Zaer et al., 2020). Additionally, another study revealed
that rutin supplementation (1000 mg/day for 12 weeks) improved cognitive function and reduced

levels of inflammation in AD patients (Akhondzadeh et al., 2020).

These studies suggest that rutin may have potential therapeutic effects in AD treatment, mainly in
improving cognitive function and reducing oxidative stress and inflammation. However, further
research is required to confirm these findings and determine optimal dosages and treatment

durations.
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In the future of this research study, investigation on whether hypoxia enhances LPS-induced
toxicity and neuroinflammation using BV2 cells can be applied. Further research can investigate
if hypoxia enhances AP-induced toxicity and neuroinflammation in BV2 cells and primary
microglia. Additionally, the effect of rutin on AB-induced toxicity and neuroinflammation in BV2

cells and primary neurons in both normoxia and hypoxia conditions can be examined.

Therefore, more research studies are required to fully understand the anti-inflammatory effect of
rutin in both normoxia and hypoxia conditions on primary microglia and animal models, to further

understand the role played by rutin in neuroinflammation.
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