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Abstract

Alzheimer’s disease is a worldwide leading dementia affecting millions of life globally. Deposition of
amyloid beta (AB) peptides into extracellular plaques and formation of intracellular neurofibrillary tangles (NFT) are
the pathological hallmarks in Alzheimer’s disease. Aggregation, accumulation, misfolding and cytotoxicity of the
peptide are the key events in the pathogenesis of the neurological illness. Accumulation of misfolded proteins induces
stress to endoplasmic reticulum (ER) which is responsible for the correct folding of newly synthesized proteins. This
phenomenon is generally known as ER stress which is linked with other cellular responses such as release of calcium
ions, inflammation and apoptosis. It has been reported that ER stress may occur by externally added Ap which would
possibly cause similar effect on the cellular processes. I have speculated that exogenous AP may be internalizes into
the cell via endocytic pathway, then causes stress to the organelle. In this dissertation, | aimed to investigate the
important factors mediating the endocytic transport of AB-42. These factors are associated with the risk factors for
Alzheimer’s disease such as aging, oxidative stress, advanced glycation end products (AGEs), diabetes, genetic or
hereditary factors. There is a critical link between Alzheimer’s disease and diabetes where oxidative stress, AGEs etc.
are the common features between these two ailments. Oxidative stress causes lipid oxidation which generates
oxygenated derivatives of cholesterol, known as oxysterols. Recently, oxysterols have been recognized as risk factors
for Alzheimer’s disease which can be generated by enzymatic oxidation of cholesterol. Thus, in this study role of
oxysterols in Alzheimer’s disease was emphasized with other factors involved in the endocytic transport of the peptide.

Accumulating evidence have suggested that interaction of Ap with cell membranes has important role in
these processes. Biomimetic and biological membranes possessing different levels of complexities were employed to
achieve the aim of this dissertation. 7-ketocholesterol (7-KC) and 25-hydroxycholesterol (25-OHC) were the two
oxysterols used to substitute the membrane cholesterol level among which latter is produced by reactive oxygen
species (ROS) and former gets generated on the enzymatic oxidation to make the transport of cholesterol from brain
in form of its derivatives. Notably, toxicity of A depends upon its isoforms and their state of aggregation, thus based
on the current understanding, protofibrillar AB-42 was used throughout the study.

In the heterogeneous biomimetic membranes, after substituting the cholesterol level with 25-OHC, | have
found that the localization of protofibrillar AB-42 was influenced in comparison to the membrane without substitution.
Predominantly, it occurred in the liquid-disordered phase of lateral compartments of the membrane. Next, | assess the
aggregation kinetics of the peptide in the presence and absence of oxysterol. As oxysterols are cytotoxic in nature,
thus presumably, they would enhance the toxicity induced by AP peptide. So as happened after the addition of 25-
OHC, more toxic species were formed sine the fibrillation of AB-42 was restricted to form oligomers and protofibrils
as compared to less toxic monomers and mature fibrils.

Studies on biological membranes, using Jurkat T cells, a leukemic cell line were performed to assess the
effect of oxysterols on the interaction of the peptide with cell membranes. With previous understanding about the
oxysterols which suggested induction of peptide insertion into the membrane, increase in excess surface area, enhance
surface interaction of AP with the membranes. This dissertation have clearly shown that 25-OHC mediates the
endocytic transport of protofibrillar AB-42 in the cell in correspondence of negative curvature induction by cholera
toxin B subunit and GM1 interaction. After insertion of AB-42, they were transported to ER via microtubules within
the cell. As a result, intracellular calcium ions release was observed which induced after disruption of calcium
homeostasis by the action of AB-42 and oxysterols in a concentration dependent manner. Although AB-42 and
oxysterols are cytotoxic in nature but they could not cause severe damage to the Jurkat cells under used conditions.

Undifferentiated human neuroblastoma SH-SY5Y cell line which is an analogue of neuronal cells was used
to investigate the AB-induced toxicity in the progression of Alzheimer’s disease. To assess the effect of concentration
of peptide, | used different concentrations of protofibrillar AB-42 and observed that toxicity of the peptide was
dependent upon the concentration of AB-42 protofibrils. This was in accordance with a previous study which proposed
that the aggregation of peptide varies with its density. At higher concentrations, A3-42 was lethal to cells whose effect
was increased in the presence of both oxysterols in a time-dependent experiment. Lower concentration of the peptide
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was used to analyze the internalization affected by oxysterols at different incubation times. Higher amount of
protofibrillar AB-42 was internalized into the cells in the presence of oxysterols. After internalizing into the cell,
protofibrillar AB-42 was localized into the ER which indicates the induction of ER stress after accumulation of
misfolded proteins in the lumen of ER which was the inspiration and speculation of this study.

In conclusion, use of biomimetic and biological membranes provided an advantage to further our
understanding about the mechanism behind changes induced by AP in Alzheimer’s disease. Through the findings of
this dissertation, a clear view about the risk factors for the disease was represented. Oxysterols, glycosyl chains in the
membrane, nano-structures of the peptide were the risk factors studied here. Thus, prevention of oxidation of
cholesterol, fibrillation of AB-42 and avoiding glycation may be a substantial approach in the treatment of Alzheimer’s
disease.

Keywords: Amyloid-beta (AB-42), oxysterols, toxicity, endoplasmic reticulum, biomimetic membranes, biological
membranes.
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Chapter 1:

General Introduction

Abstract

Background of the study, with close review of related literature was introduced in this
chapter. Importance of amyloid beta (Ap), its toxic forms and their role in the pathology of
Alzheimer’s disease (AD) which is known as an age-related dementia, was discussed. Additionally,
risk factors of AD were explained. Role of oxygenated derivatives of cholesterol (oxysterols) in
neurodegenerative disorders was explained with a general overview of their structural and
functional aspects. Presence of oxysterols has been reported at significant and consistent levels in
AD brains makes them relevant to the study. Integral function of cholesterol and its derivatives in
endocytic transport of AP through biological membranes were studied. Based on the literature

background and factual details, objectives of the study were proposed.

Keywords: Oxysterols, amyloid beta, endocytic transport, membrane, Alzheimer’s disease.
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1.1. Pathology in Alzheimer’s disease- cellular toxicity induced by Ap
1.1.1. Alzheimer’s disease (AD)

Alzheimer’s disease (AD) is the worldwide old age dementia increasing at an alarming rate.
Accumulation, aggregation, misfolding of amyloid beta (Ap) is the pathological hallmark in AD.
This illness was introduced in 1906 by Dr. Alois Alzheimer (1). It is a chronic neurological
disorder which accompanies with memory loss, cognitive decline etc. It is characterized with
intracellular neurofibrillary tangles of phosphorylated tau protein, extracellular amyloid plaques,
and vascular damage resulting from extensive plaque deposition, neuronal cells and synapse loss.
Foremost damage occurs in the hippocampus area of the brain which is responsible for memory
functioning. It has been divided into three stages such as mild, moderate and severe stages of the
ailment. Mild AD involves short term memory loss. This will progress into long memory loss,
cognitive disabilities known as moderate AD. It is followed by severe AD where difficulties in
communication and loss of body functions apparently leads to death (2). Furthermore, AD can be
characterized into familial AD and late-onset AD. Familial AD is also known as early-onset AD
which affects people in their 40s to 50s, it is possible due to genetic abnormalities. Late-onset AD
often called as sporadic AD, affecting people after the age of 65. It is associated with aging and
contributes majorly with the disease (3).

Now, AD has become a global life threat to human health, specially influencing health of
aged people. It is the leading dementia, accounts for around 60 to 80 percent of the total dementia
cases. Only in United States, roughly 5.4 million people are already fighting with AD. It is among
six leading causes of death in the continent. On the gender basis, women has been found to be
affected more than men (4). According to World Health Organization, there is a sharp increase in
the number of people suffering from the dementia, in 2006, it was around 35.6 million in the world.
This number is predicted to rise to 75.6 million in coming 13 years and 135.5 million by 2050 (5).
Due to its wide-spreading approach, AD has come out to be an imminent threat to human health

and healthcare system over the globe (6).
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1.1.2. Different approaches in Alzheimer’s disease

There are multiple hypothesis about the development of AD in the brain, plenty of
researches are going on, but the exact mechanism behind the stimulation of disease has not been
cleared yet. Among those multiple approaches amyloid cascade (7), cholinergic (8), oxidative
stress (9), tau protein hypotheses (10) proposed till date, hypothesis suggested by Hardy and
Higgins (1995) is believed to be the most significant proposal (11). It has demonstrated the
formation of plaques through the deposition of amyloid beta (AB) peptides in brain tissues.
Relation of Down syndrome which has trisomy of APP gene and some of these gene mutations
having high chances of AD (12) has given rise to ‘amyloid cascade hypothesis’. This proposal
have shown the AB-induced cytotoxicity and accumulation of peptides is an integral part in the
pathology of AD. This was accepted and supported by numerous studies across the world for more
than two decades, also demonstrated the involvement of AB-42 isoform to be more serious than
40-residue. AP is considered to be the causative agent in AD which amplifies the formation of
neurofibrillary tangles of tau protein, neural cells loss and vascular damages. There are two
pathological events in AD; firstly, production of AP from its precursor protein which is known as
amyloid precursor protein (APP), and next is the toxicity induced by A to neuronal cells and the
formation of neurofibrillary tangles of tau. In the proposal, a number of causes have mentioned for
the production, deposition and toxicity of AP peptides, which constitutes many important
biological processes such as genomic, metabolic, histopathologic, inflammatory, cholinergic
conditions and oxidative stress. After all these studies and proposal, it is still a challenge to unravel

the exact mechanism behind the activation or appearance of AD in humans.
1.1.3. Generation of A from amyloid precursor protein (APP)

Amyloid precursor protein abbreviated as APP, generates AP peptides on enzymatic
cleavage. APP is a transmembrane protein (~100-130 kDa) possessing large extracellular domains
(13, 14). Its gene; APP gene gives instructions for the processing of APP. APP gene locates in
chromosome 21 (12) which undergoes alternative slicing to produce 8 different isoforms (15).
There are three common isoforms; 695-, 751- and 770-residue which resides in central nervous
system (CNS), among them the first one is expressed superiorly while the other two are expressed

pervasively.
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APP processing takes place using two different pathways; amyloidogenic and non-
amyloidogenic. Amyloidogenic pathway, first uses beta-site APP cleaving enzyme (BACE) and
then y-secretase to produce soluble N-terminal ectodomains (sAPPp), the identical intracellular C-
terminal (AICD) and AP peptides. Non-amyloidogenic pathway uses a-secretase for protein
cleavage in the extracellular domain and then y-secretase in the transmembrane domain. Products
obtained in this pathway are: sAPPa, P3 peptides and AICD as shown in figure 1.1 (16). Among
the two pathways, non-amyloidogenic is more common type of processing for proteolysis of APP
which takes place in cell membranes. Amyloidogenic pathway occurs primarily in the trans-Golgi
network and endosomes due to the presence of BACE in the intracellular compartments (14, 15,
17). After the formation of AP, it is then released into extracellular spaces by the process of vesicle

recycling (15).

Amyloidogenic Pathway Non-Amyloidogenic Pathway
Gene regulation Intracellular
AICD+Fe6S Qz‘;.
+Tip60
+MEDI2+? &
p-secretase a-secretase AICD
¢ 1 _>
: g 000 000
| I | | R 1
L y-cleavage site y-cleavage site 1" 1
ecooes! oy S EOBE6ES
a-cleavage site
P-cleavage site (sAPPa + CTF83) I
(SAPPj + CTF99
p3
)
. AP oligomers 4 g5 |
\ g y sAPPa
‘»;/"5 » 57 Senile plaques:
3 e % AP fibrils + other X
Neuroprotection ; T proteins (eg. Neuroprotection
A AChE)
Extracellular

Figure 1.1. Processing of AP by amyloidogenic and non-amyloidogenic pathways (15).

When there are genetic and/or metabolic abnormalities in the body, it causes modifications
in APP processing which concomitantly produce AP in excess amount or alters the ratio of its

isoforms. In metabolic abnormalities, alterations in lipid composition of membranes changes
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normal activities of cleaving enzymes in processing of APP since they are membrane-linked
proteins, which influences the amyloidogenic pathway for APP processing (14, 15). On the other
hand, in genetic mutations, genes associated with AD are affected. In Down syndrome, APP gene
number increases to three times as compare to normal physiological conditions, thus these mutant
APP genes changes the residue next to cleavage site of BACE and promotes formation of Ap (18).
Presenilin (PS-1) and PS-2 are other genes which are components of enzyme, y secretase,
mutations in these genes enhances the production of more toxic residue (-42 isoform) than AB-40
(19).

Large amount of APP is synthesized in neurons. APP is considered significant in cell
signaling, cognitive and synaptic functions, cell and synaptic adhesion, synapotropic and
neuroprotection (20). Nascent proteins swiftly internalizes into the cell membranes after they are
transported with the help of endosomes. Endosomes takes proteins from Golgi apparatus to cell
membranes. They can also take back the proteins to the cell surface or lysosomes, for degradation
(17). In general physiological conditions, cells can get rid of excess of AP using three different
mechanisms. Pathways for clearance of AP in the brain are as follows, i) insulin-degrading
enzymes-induced extracellular degradation, ii) AP peptide release from CNS to blood, and iii)
intracellular proteolytic degradation in microglia and astrocytes. If these clearance pathways are

hindered, production of AP peptides significantly increases, resulting in accumulation of peptides
in the brain (21).

1.1.4. Structure and aggregation of AP peptides

APP processing produces A peptides, comprising of 39-43 amino acids, among which 40
and 42 residues are the superior isoforms. Estimated weight of A is around 4.5 kiloDalton (kDa)
with hydrodynamic radius of 0.9+£0.1 nm (22). Under normal physiological conditions, ratio of
two isoforms of AP is 9:1 (14, 23). AP peptide comprises a hydrophobic C-terminal (residues 28-
43) and hydrophilic N-terminal (residues 1-27) molecule, thus it is an amphiphilic molecule.
Central region of the peptide also constitutes a hydrophobic core (residues 16-22). In its N-terminal,
there are acidic and basic amino acids. Thus, AP is negatively and electrically neutral at
physiological and weakly acidic pH, respectively (24). The peptide is present in a helix-turn-helix-
like conformation in its native state in APP (23) which gets converted into soluble form after

amyloidogenic APP processing. Previous studies have shown that A monomers exhibited random
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coil structure in aqueous environment (25). On the contrary, some other studies proposed about
forming a partly a-helical (26) or a B-sheet form (23). Hence, changes in temperature, pH and
concentration influences the conformation of AB monomers which plays phenomenal impact on

amyloidogenicity (23, 27).

All amyloid peptides are prone to aggregate and form fibrils. In vitro studies reported
concentration to be at UM range for impetuous aggregation (28). Commonly, AP aggregation
considered as a nucleation-dependent polymerization. There are two crucial steps in this
polymerization process which are i) nucleation and ii) fibril elongation (29, 30). Formation of
nuclei from soluble monomers is the first step where unfolded/a-helix-enriched structure changes
to B-sheet-enriched structure. This conformational transition is an important step in nuclei
formation, occurring at high peptide concentration or acidic pH. Hydrophobic C-terminal and
central region are also thought to be important for the transition (23). It also depends upon the
ionic strength, presence of some ions and cell membranes (23-27). B-sheet enriched structure tends
to aggregates on its own (31) and produces dimers, trimmers and finally nuclei (30-32).
Intermediate species of A, including oligomers and protofibrils were reported to appear during
AP fibrillation. According to few researchers, oligomeric species serves as a nuclei of fibril growth
(33, 34). These oligomeric species are found to present as prefibrillar oligomers comprising beta-
sheet structure (35, 36) globulomers having globular shape, or pentamers (disc-shaped) composed
of loosely aggregated strands (34). Thus oligomers are present in different size (37) and structure.
Small elongated oligomers are known as protofibrils (38) which are considered as the precursor of
fibrils. Fibrils are generally longer and straight than protofibrils (33). Oligomers and protofibrils
have been demonstrated as the primary toxic species of AP peptides (36). Ap oligomers exhibits a
great degree of polymorphism with various biophysical, structural, and cytotoxic properties.
Specifically, oligomeric species of the peptide have been categorized as A+ and A- oligomers,
stating A- to be less toxic than A+ oligomers, probably as a culmination of exposure of
hydrophobic residues which would be important in their interaction with the plasma membrane
(39, 40).

In the process of fibril elongation, nuclei of AP peptides polymerize to form fibrils which
exhibits B-sheet conformation (32, 34). In residue-40 isoform (Ap-40), residues 1-10 is

unstructured while conformation of residues 11-40 is B-strand-turn-p-strand, with side chain
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packing between Phe 19 and Ile32, Leu34 and Val36, and between GInl15 and Val36. On the other
hand, in isoform AB-42, residues 18-42, B-turn-f structure is observed from the bindings between
Phel9 and Gly38 and between Met35 and Ala42 (41). It was demonstrated that Phel19 and Leu34,
GIn35 and Gly37, and His13 and GIn15 can create the side chain packing in AB-42 (34). Moreover,
when B-strand bends at Glu22, Asp23, and Lys28, the conformation acquires stability by salt
bridge among residues in both isoforms and hydrophobic interactions (see figure 1.2) (34). Two
additional hydrophobic amino acids in AB-42 cause faster aggregation as compare to AB-40 (33).
Different states of aggregated A peptides induces varied neurotoXicity, thus aggregation is crucial
aspect in AP (30).
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Figure 1.2. Sequence and structure of the monomer of AB-40 and AB-42. (a) Sequence of AB-42,
derived from human APP. (b) Structural constraints in AB-40 and AB-42. NMR measurements of
AP40 fibrils have shown that residues 1-10 are unstructured and residues 11-40 adopt a B-turn-
fold19, 20. Side chain packing is observed between Phel19 and lle32, Leu34 andVal36 and between
GInl5 and Val36 as well as between His13 and Val40 (blue dashed lines). In AB-42, residues 1—
17 may be unstructured (in gray), with residues 1842 forming a B-turn-f fold14. Molecular
contacts have been reported within the monomer unit of AB-42 fibrils between Phel9 and Gly38
(red dashed line) 14 and between Met35 and Ala42 (orange dashed line) 18. In both AB-40 and
AB-42, the turn conformation is stabilized by hydrophobic interactions (green residues) and by a
salt bridge between Asp23 and Lys28 (black dashed line) (33).
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1.1.5. Toxicity of AP peptide to living cells

In the brain, A accumulation activates a cascade of toxic processes including synapse
dysfunction, neuron loss, cognitive impairment and dementia (12, 18). AB shows many harmful
effects on synapse and neurons. Among different aggregates species of AP, oligomers and
protofibrils are reported as dominantly toxic species where AB-42 exhibit adverse nature than Af-
40 (33, 36).

It was observed that when AP was incubated with glucose or fructose, elevation in
oligomeric species was observed at the expense of fibrillar species (42). Since mechanism behind
Ap-induced toxicity is direct correlated with the conformation of AP, it may be leading to increase
the cell viability due to the formation of stable oligomers whereas the fibrillar species ae reported
to be more toxic than the soluble oligomers (43). On the other hand, in vitro and in vivo studies
have suggested the toxicity of soluble oligomers (44, 45). Cellular toxicity induced by A
oligomers can be explained by the fact that same peptide may produce structurally different
oligomers depending on the hydrophobic residues, growth conditions, compactness, possessing
different stability and cytotoxicity (46).

Accumulation of AP in endoplasmic reticulum (ER) triggers ER stress, which enhances
calcium efflux from ER to cytosol (47). In addition, AB induces dyshomeostasis of Ca?* which is
considerable in learning, memory, neuron survival and death. Level of Ca?* in cytosol is increased
by the changes induced by AP in calcium pumps and ion channels in cell membranes (48). Another
effect of peptide is disruption of ionotropic glutamate receptors (membrane receptors) (49) that are
important to synaptic activities (50). Alteration in synaptic activities triggers neuron apoptosis.
The peptide is also able to induce dysfunction of mitochondrial which promotes ROS production
(48). Moreover, AP peptide impairs the activity of GTP-binding proteins, ion-motive ATPases,
(18, 51) glucose and glutamate transporters which increase cellular oxidative stress and thus, cause
oxidation of lipids (49). Combination of AB with Fe?* and Cu?* (redox-active metals) potentially

oxidizes lipids in the membrane (52).

Neuroinflammation is another major consequence of A accumulation. Enough evidences
have shown that AP activates microglia that are important to initial responses of CNS to injuries,
and astrocytes, another glia cells. Astrocytes are responsible for multiple functions such as injury

response, organization of brain, and blood-brain-barrier formation. Under normal physiological
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conditions, microglia and astrocytes are capable of these cells, which leads to production of
inflammatory factors (cytokines). Neurotoxic effects such as synaptic damages and neuron

apoptosis are induced by these cytokines (53).

As mentioned earlier, appearance of AP extracellular plaques and intracellularly tangles
are characterizes as pathological hallmarks of AD. Accumulation of AP peptides has been
demonstrated to induce formation of tangles of hyperphosphorylated tau proteins, present as paired
helical filaments. Activity of several kinases and phosphatases changes in AP} accumulation, which
facilitates the phosphorylation of tau and neurofilaments that eventually leads to the formation of
neurofibrillary tangles. Tau protein is mainly found in the cytosol and occurs unfolded in its native
state (50). Tangles of tau protein induces cytoskeletal disruption, activate apoptosis proteins such

as caspase-3 and finally cause apoptosis of neuronal cells (51, 54).

1.2. Risk factors of Alzheimer’s disease
1.2.1. Leading risk factors for Alzheimer’s disease

AD is a worldwide leading dementia which can be advanced with the help of some factors.
They are known as risk factors of AD, including age, genetics and family history. The biggest
known risk factor for AD is aging, mostly affected people are above 85 years of age. Aging leads

to accumulation of reactive oxygen species which cause lipid peroxidation.

There are mainly two types of genes associated with AD that are risk genes and
deterministic genes. Risk genes increase the chances to attain AD, apolipoprotein E-e4 (ApoE-e4)
is the most influential risk gene which holds substantial effect in the disease. Basically in APOE
there are three common genes; APOE-e2, APOE-e3, APOE-e4. Among these forms, APOE-e4 is
the most vulnerable form which have tendency to prepone the possibility of AD in younger age.
Other than risk genes, deterministic genes are the risk factors for AD; APP gene, PS-1 and PS-2
falls under the category of deterministic genes. APP gene was the first gene known to involve in
AD, investigated first in 1987. As mentioned before, mutations in PS-1 and PS-2 have relevance

with the early-onset of AD.
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1.2.2. Diabetes: manageable risk factor for Alzheimer’s disease

The above mentioned risk factors are uncontrollable but there are others factors related to
AD which occurs after the damage in blood and heart vessels. It includes blood pressure, high
cholesterol, cardiac diseases and diabetes. Diabetes results from the impairment in the regulation
of insulin protein. Emerging evidence have demonstrated that signaling by impaired insulin
probably contribute to the pathogenesis of AD. It was reported that diabetes (Type 2) increase the
risk by two times of a patient having dementia and patients on insulin had four times the risk.
When insulin attains remarkably high level, Ap peptides that are accumulated in senile plaques,
varies. When elevation in insulin levels in plasma is observed exaggeratedly, it induces an increase
in AP peptide in the cerebrospinal fluid, leading to memory loss. Diabetes and AD have signs of
increased oxidative stress and advanced glycation end products (AGESs) (discussed later in detail).
AGEs accumulation is associated with the pathological features of AD such as formation
of neurofibrillary tangles and amyloid plaques in AD brains. Thus, diabetic patients have a higher
risk for AD.

Researchers at Northwestern University found the AB-derived diffusible ligands (ADDLS)
have been implicated as a cause of impaired insulin signaling. ADDLs may contribute to decrease
the insulin resistance and levels in AD brains. They are small oligomers that are more diffusible
and thus considered as more harmful than AB. Under normal physiological conditions, insulin
binds to a receptor at a synapse that leads to memory formation. It was demonstrated that ADDLs
disrupt the mechanism and itself binds and alters the shape of the synapse. Since the shape is
changed, insulin can no longer binds to the synapse. This dysfunction the synapse and disrupts
signal transduction, resulting in insulin resistance. It has been proposed that insulin resistance in
the brain of AD’s patients, is a response to ADDLs due to the fact that they appear to influence the
insulin receptor signaling in neurons. It induces a neurological form of diabetes. Neurons without
ADDLSs exhibit sufficient number of insulin receptors. These ligands have been linked to AD since
they induce synapse loss, produce oxidative damage, and reduce the plasticity of the synapse,
leading in AD-like tau hyperphosphorylation.

Another hypothesis which establishes a bio-chemical link between diabetes and AD is
cholinergic hypothesis. It suggests that AD is the result of insufficient production of acetylcholine

which may also links to insulin resistance and blood sugar abnormalities. Acetylcholine is an
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important neurotransmitter for cognition, present at synapses, at neuromuscular junctions, and at
a variety of sites within the CNS. Additionally, it has been shown that the enzyme responsible for
acetylcholine synthesis, choline acetyltransferase (CAT), gets activated by insulin, thus insulin
contributes in neurological function. Hence, alteration in insulin levels and impairment in its
receptor sensitivity can cause a decrease in acetylcholine, which bridges the possibility of diabetes
and AD.

1.2.3. AGEs and Oxidation — Common link between Diabetes and AD

Another key to link diabetes with AD is that both diseases shares common characteristics
that are increased production of AGEs and oxidative stress. AGEs are the products first identified
in 1912, obtained after consequent steps resulting in the modification of the protein by a process
known as glycation. Reducing sugars such as glucose, fructose, and ribose etc. react with the
amino groups of proteins to produce cross-linked complexesand unstable compounds,
thus modifies the structure and functions of the proteins. This is a non-enzymatic process and also
known as Maillard reaction (55). Since it occurs after their translation of new proteins, called as
post-translation modifications. The association between vascular dementia and AGEs is already
established, whereas novel evidence proposed a link between AGEs and AD. AGEs enhances the
accumulation and aggregation of AP peptides and are also known to modify plaques
and neurofibrillary tangles, both implicated in AD. These products have been recognized in Af
containing senile plaques and neurofibrillary tangles composed of phosphorylated tau.

Type 2 diabetes found to accelerate the production of AGEs, thus it is another
influential factor in the development of AD. Analysis of toxic AGEs in the serum or cerebrospinal
fluid have been proposed as an inherent bio-marker for early detection of AD. AGEs have been
detected in different organs including retinal vessels, kidneys, peripheral nerves, and the CNS of
diabetic patients. Combination of AGEs with free radicals tend to induce oxidative damage, which
in turn leads to cellular injury. Thus, diabetic patients acquires a higher risk of AD than normal
individuals. AGEs also produce by oxidative stress, creating a vicious cycle. More extensive and
detailed researches are needed to be done to implicate these risk factors and their acquired
knowledge in the treatment strategies. The information that there is a depression in the sensitivity
to insulin in AD patients who are not ApoE4-positive indicates that regulation of blood sugar
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levels may produce medicinal benefits. For example, use of insulin-sensitizing agents in the setting
of early AD.

1.3. Cholesterol, its oxygenated derivatives (oxysterols) and AGEs in Alzheimer’s disease
1.3.1. Cholesterol: structure, metabolism and function

Cholesterol is a sterol, a type of lipid, first identified in 1769 which is composed of four
fused and nonplanar rings (56). It is structured by the fusion of a tetracyclic ring known as the
common nucleus in all sterols, hydroxyl group attached to the tetracyclic ring at the carbon
positioned at 3" place, and a branched iso-octyl side chain at C17 of the ring (see figure 1.3.).
Cholesterol is a weak amphiphilic molecule possessing hydrophobic rings and hydrocarbon tail
along with hydrophilic head group. It is synthesized from acetate, involving a series of various
enzymatic reactions taking place primarily in the liver and rest in reproductive organs, intestines
and adrenal glands. By receptor mediated endocytosis, liver cells can intake cholesterol form our
diet.
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Figure 1.3. Structure of Cholesterol

Cholesterol synthesized in liver and other organs are used for regular cellular processes
and digestion in all cells. But brain has its own biological synthesis for cholesterol. Brain is the
most abundant cholesterol containing organ (57). Cholesterol in CNS is separated from all the
other tissues by blood-brain-barrier block the efflux of lipoproteins in plasma to CNS and to

impede the lipoproteins of CNS to the blood streams of peripheral system (58) . On the other hand,
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recently it was reported that there is a small transfer of cholesterol to CNS from peripheral system
(59). Moreover, excess cholesterol in CNS oxidizes at 24-C and converts to 24-hydroxycholesterol

(24-OHC) which has the potential to move across the blood-brain-barrier (60).

All animal and plant cell synthesize cholesterol as it is the key component of the cell
membranes, used in various cellular processes. Solely in plasma membrane, cholesterol comprises
30-40% of total lipid composition of the membrane (61). In lipid bilayers, cholesterol is aligned in
perpendicular direction to the bilayers, the sterol nucleus interact with the hydrocarbon chains of
other lipids present in the bilayers and reduces their ability to move, leading to a strong lipid
packing. It has been shown that cholesterol modulates the fluidity and permeability of membranes
(62).

In addition, cholesterol has an integral role in the development and metabolism of the body.
Steroid hormones which controls various biological processes and bile acids, which are essential
for the fat-absorption and digestion in the intestines (63), are formed from cholesterol as the
starting moiety. Even in the embryonic development, cholesterol has major significance in
neuronal functions such as generation and plasticity of synapse and neurotransmission (64). Thus,
hindrance in the proper regulation of cholesterol has been related to the impairment of cellular
functions leading to the development of several disease such as cardiac diseases, stroke and

neurodegenerative disorders.
1.3.2. Oxygenated products of cholesterol: oxysterols

Cholesterol oxidation causes the formation of compounds, known as oxysterols. Lipid
peroxidation, caused by aging which is one of the leading risk factor for AD. Cholesterol may
oxidizes enzymatically or non-enzymatically to produce oxygenated derivatives of cholesterol (65).
In enzymatic oxidation, side chain of the cholesterol oxidizes to produce 24-hydroxycholesterol
(24-OHC), 25-hydroxycholesterol (25-OHC) and 27-hydroxycholesterol (27-OHC), compounds
bearing an extra polar hydroxyl group. In the case of non-enzymatic reactions, reactive oxygen
species (ROS) cause oxidation of cholesterol to produce 7-ketocholesterol (7-KC) baring an extra
oxygen. It occurs as the result of oxidative stress which is primarily affected by aging and other
exogenous factors. These oxysterols have been found to have notable impact in the pathogenesis
of AD where they were detected in the plasma at a considerable concentration (66). Since

oxysterols contains extra oxygen in their structure, they exhibit different hydrophilicity and
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distinguished orientation than cholesterol. They have a tendency to expose both —OH group to the
polar interface of membrane leading to a horizontal alignment of the side chain and tilted
conformation of the oxidized sterol nucleus (67, 68). Since oxysterols are more permeable than
cholesterol, they can cross the plasma membrane relatively easier than cholesterol (69). Unlike
cholesterol, oxysterols do not stiffens the lipid packing and alters properties of membrane more

profoundly.

Kandutsch and Chen have demonstrated that some oxysterols inhibits the biological
synthesis of cholesterol in vitro and suppresses the activity of controlling enzyme, 3-hydroxy-3-
methylglutaryl coenzyme A (HMG-CoA) reductase in the synthesis (70, 71). Oxysterols shows
different characteristics and impact in multiple biological processes, they serves as intermediate
products in the transport of cholesterol and thus, homeostasis and metabolism of cholesterol.
Oxysterols are inherently involved in modulation of gene expression, as an example, generation
of sterol regulatory element binding protein (SREBP) was restrained by 25-OHC, SREBP is the
transcription factor of genes in the synthesis of cholesterol. In addition, oxysterols exhibit
cytotoxic effects and at elevated concentrations ultimately leads to cell death (66, 72). Oxysterols
have been indicated as pathological factors in various illnesses such as cancer, atherosclerosis,
cataract, sickle cell disease and neurological disorders. Their detrimental outcomes may be
ascribed to their potential to alter membrane properties (73) which has evolved oxysterols in the
pathogenesis of human disease.

1.3.3. Role of cholesterol and its derivatives in the toxicity induced by A

Cholesterol has been contemplated as an essential factor in AD, although it was found to
have significant effects in the production and aggregation of AP and also influences the
cytotoxicity, but effect of cholesterol as a promoter or inhibitor is still a matter of discussion among
the researchers (74, 75). ApoE, genes present in the cholesterol, reported to induce accumulation
of AP peptide in the brain (76). On the contrary, it was suggested that depletion of cholesterol
induces interaction of AR with the neuronal cell membranes (77), increases AP production (78).
Various reports on the interaction of AP with the membranes have been proposed in the recent
years. It was indicated that cholesterol cause conformation change in monosialoganglioside (GM1)
to make it able to bind with AP, thus increasing the interaction of Ap with the membrane (79, 80).

Another report suggested that formation of GML1 cluster induces by cholesterol and thus it
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facilitates the binding of AP with GM1 (81, 82). Elevated levels of cholesterol were found to
change the membrane properties thus enhancing the interaction of AB with lipid bilayers (83). On
the other hand, a group of researchers have demonstrated that AP will find and interacts with

cholesterol after inserting into membranes and not essential for the binding with membranes (84).

Additionally, researchers are aiming to study the role of oxysterols in the generation,
aggregation and cytotoxicity of AP in the brain. 24-OHC and 27-OHC serves as modulators in
cholesterol biosynthesis in the brain and mediators in traversing of cholesterol between peripheral
and central nervous system. It was shown that these two oxysterols adverts Ap generation by
reducing APP processing in the brain (85). Another oxysterol, 22(R)-OHC was proposed to
decrease AP production by destabilizing C-terminal of APP (86). Moreover, effect of oxysterols
in the clearance of AP has been studied. ApoE gene is related with the release of cholesterol and
AP from the brain (21) and oxysterols such as 22(R)-OHC, 24-OHC, 25-OHC and 27-OHC are
known as crucial modulators of ApoE gene and ligands of Liver X activated receptors (LXR) (87).
Among all oxysterols, 22(R)-OHC and its derivatives taken as therapeutic candidate in AD (88).
As it was mentioned that oxysterols exhibit dual behavior, they tend to produce detrimental effects
in AD. Potential of 27-OHC was shown to induce AP generation (89), its elevation was observed
at the expense of 24-OHC in AD brains (90).

1.3.4. Advanced glycation end products (AGES)

AGEs are the oxidant compounds with significant role in diabetes, AD and other chronic
diseases, commonly called as glycotoxins (91-96) . Although generation of AGEs is a regular
metabolic activity, but they are threatening when produced in excess amount and release in tissues
and blood streams (92). Since AGEs binds with proteins and cell surface receptors, they are able
to stimulate oxidative stress and inflammation in the body (97-99). Since, proteins in deposits of
amyloid commonly found in glycated forms, it indicates that there is a relation between formation
of amyloid and glycation of protein (100-106). Moreover, glycation may interferes in the process
of protein degradation (107), advancing aggregation of proteins (108-110) and identified to cause
misfolding of the proteins. Derivatives of methyl-glyoxal and N6-carboxymethyllysine are the
most common AGEs detected and they can be derived from lipid glycoxidation and protein (111,
112).
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In addition, the AGE-modified proteins plays major role in physiological and pathological
mechanisms. Usually, AGEs binds with particular cellular receptors resulting in the stimulation of
various signaling pathways. RAGE (receptor for advanced glycation end products), possessed by
the immunoglobulin superfamily is a multiple ligand receptor and is the most popular AGE
receptor (113-115). Stimulation of RAGE modulates crucial cellular processes such as autophagy,
inflammation, proliferation and apoptosis. According to current researches, RAGE has been found
to co-relate with the pathology of amyloidosis (116, 117). RAGE is the binding site for Ap on the
surface in different cells such as endothelial, glial and neuronal cells and intervenes the
pathogenesis of Alzheimer's disease (116, 118, 119). Upregulation of RAGE has been found to
arbitrate oxidative stress caused by AP, stimulate transcription factor Nf-kB, and finally led to
apoptosis (120, 121). According to a recent report, this upregulation and stimulation of death-

signaling pathways are aggravated by incubation of AB with methylglyoxal (122).

It was found that senile plaques of amyloid in AD brains contains AGEs three times more
than in normal brains (108). Furthermore, it was observed in immunohistochemical studies that
AGEs have been detected as primary constituents in those senile plaques of amyloid in the brain
(123). As previously mentioned, aggregation of AP is a two-Step process; formation of the nuclei
followed by its growth phase. It was demonstrated that AGE-modified-Af peptide nuclei
accelerates the aggregation of the soluble AP peptide in comparison with unchanged AP nuclei
(108). Under normal conditions, nucleus formation occurs in a reversible manner which depends
on the number of AP monomers, therefore, it is possible that at an inadequate concentration,
process may be initiated in an irreversible manner which involves cross-linking of AGE-modified
monomers (108). Moreover, AGEs, promoting nucleation were indicated as primary glycated
species that are formed after the interaction with glucose. In addition, fructose too induces
aggregation of AP peptide in in vitro studies. Thus, both steps involved in the aggregation process
are being influenced by AGE-modified peptide (42, 124).

Additionally, glycation can also influence the physiological, chemical and structural
aspects of AP oligomers, thus interaction of A with the cell membrane may be affected and as a
consequence, caused different cellular toxicities. AGEs produced by methylglyoxal induces the
synthesis of -sheets, oligomers, and protofibrils in peptide. Enlargement of oligomers was also

observed indicating towards increase in inter and intramolecular interactions that cause stability in
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aggregated species (125). Apparently, contradictive results about cellular toxicities induced by
glycated AP can be related to the information that process of glycation is associated with two
different kinds of mechanisms: sudden cyto-protective effect due to different structural properties
of the oligomers, and cytotoxic effect at longer incubation times due to formation of AGEs.

Although formation of AGEs takes place inside the body, they also exist in food products.
Animal studies have shown that intake of food products containing AGEs cause elevation of AGEs
in tissues, blood and increase chances of kidney diseases (126) and atherosclerosis (127). And
constraining the AGEs form the diet helps to promote insulin sensitivity (128, 129), avert the
possibilities of kidney and vascular dysfunction (126, 127), enhance wound healing (130) and
diabetes type 1 or type 2 (131). AGEs in diet have been shown to have linked with AGEs in the
blood stream, such as CML and MG, with oxidative stress (132). In addition, reduction in the
intake of AGEs comprising diet reduces oxidative stress in diabetics (133), patients of kidney
disease (134, 135) and in the healthy individuals (136). Thus these findings are beneficial to help
in circumventing the food products containing AGEs from our diet to defer aging and chronic
diseases in living beings (94).

1.4. Previous studies with biomimetic and biological membranes
1.4.1. Cell membranes: structure and function

Cell membranes possesses highly intricate structure, most popular model of cell membrane
was given by Singer and Nicolson in 1972, known a fluid mosaic model. In this model, membranes
are composed of two-dimensional lipid bilayers and floating proteins within these bilayer (see
figure 1.4.) (62). Usually, cell membranes constitutes plasma membrane and other cell organelles
membranes. Membranes are made up of lipids stated in decreasing order in their availability in the
membranes: glycerophospholipids, sphingolipids and cholesterol. Glycerophospholipids acquires
glycerol, 1 phosphate group and two unsaturated or saturated hydrocarbon tails. Glycerol is a 3-
carbon backbone which acts a polar moiety in these lipids.
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Figure 1.4. Structure of plasma membrane proposed by fluid mosaic model (61).

Although like other lipids, glycerophospholipids are insoluble in water, but due to their
distinctive geometry, they aggregate into bilayers without any external energy. Sphingolipids are
made up of sphingosine molecules and fatty acid chains. Mostly, these fatty acid chains are
saturated and their head-groups are longer than those of glycerophospholipids (62). In the lipid
bilayers, head-groups of the lipids are exposed to the interface of water and hydrophilic part of
lipid and side chains which are hydrophobic, hide inside. Three types of interactions are present
among the molecules of lipid which are a) hydrophilic interactions at the interface of water and
hydrocarbon, b) hydrophobic interaction of hydrocarbon chains and repulsion of hydrophilic head-
groups (see figure 1.5.). There is an asymmetric orientation of lipid molecules among the two
layers. Altogether, lipids ascribes for around 50% of total mass of cell membranes. Cholesterol is
about 20% of the total lipid content in the plasma membranes. But it is not present in other
membranes such as bacterial or mitochondrial membranes. Composition of lipid, primarily
cholesterol, regulates different membrane properties, fluidity and phase behavior of the membrane.
Hence alterations in lipid composition induces notable effects on properties and functions of
membrane.
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Figure 1.5. The hydrophobic and hydrophilic interaction between phospholipids of bilayer.

As previously indicated in fluid mosaic model, in addition to lipids, membranes composed
of freely floating proteins. Approximately, 50% mass of most cellular membranes is accounted for
proteins. Some of the proteins are emerging from both sides of the membrane and rest are
embedded into the membrane, they are known as transmembrane proteins. They traverse across
the membrane several times, attributed to the interaction between hydrocarbon chains of lipids and
hydrophobic moiety of proteins (see figure 1.6.). Thereby, this combination of lipids and proteins
that forms a cellular membrane depends on biophysical properties to form and function. Many
proteins cannot move on their own in living cells and generally stabilized in a place within the cell

membrane.
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Figure 1.6. The glycerophospholipid bilayer embedded with transmembrane proteins (137).
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In 1997, Simons and Ikonen suggested another model of membrane structure, called as
‘Lipid raft model’ (see figure 1.7.) (137). They had proposed that lipids are laterally organized in
the membrane and forms microdomains of lipids, named lipid rafts. Lipid rafts are cholesterol and
sphingolipids-rich area in the membrane. Thickness of lipid rafts is more than other parts of bilayer
and these domains act as binding sites for the proteins. Integral role of lipid rafts has been

demonstrated in signal transduction and membrane trafficking (137).

Cell membranes perform essential roles in different biological processes. Membranes
separates the cell from near surroundings and thus protect them. Cell membranes are semi-
permeable, so it allows selective molecules, which are necessary for cell survival, to diffuse across
the lipid bilayer. Small hydrophobic molecules and gases may cross membranes swiftly. However,
transport of highly charged molecules, such as ions, and molecules such as sugars and amino acids
is restricted. Their movement across the membranes depends on particular transport proteins

resides in the membrane.
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Figure 1.7. Lipid raft model of cell membrane (137).

Membranes play important part in intercellular communication and communication of cell
with extracellular environment. Most of the membrane proteins are signaling receptors.
Additionally, cell membranes are involved in ion conductivity, cell adhesion and act as foundation
for cytoskeleton in the cell (62). Previous studies have demonstrated the importance of membrane

in the pathology of several disease. Thus, finding the mechanism behind the membrane response
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is of major interest, knowledge about specific interaction of membrane with proteins would be

implicated to find out treatment of some protein-related illnesses.
1.4.2. Interaction of AP with cell membranes through different pathways

AD was introduced in 1906, since then a lot of researchers are trying to find out its cause,
effects and mechanism. Apart from many remarkable achievements and progress in the area, still
lots of unanswered questions are remained yet. So far, it is known that AP interacts with cell
membranes through different pathways. These pathways involves interaction of AB with lipid
bilayer (138), membrane receptors, including glutamate receptors, prion protein (139) and
ganglioside GM1. GM1 is a kind of sphingolipid in the membrane and AP preferentially binds
with GM1 (140). Since most of GML1 is distributed in the lipid raft of cell membranes, thus lipid
rafts are known as binding sites of AB. AP undergoes conformational change when binds with

GM1, ultimately leads to fibrillation of peptide (141).
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Figure 1.8. Proposed membrane-mediated cytotoxicity of Ap (73).

Although in interaction with lipid bilayers, AP adsorbed on the surface of membranes but
insertion of AP is also possible. Hydrophobic interaction between hydrocarbon tail of lipid and
hydrophobic C-terminal of AP can induce the internalization of AP (142). Previous studies have
proposed involvement of AB-cell membrane interaction in aggregation and cytotoxicity of the

peptide (see figure 1.8.).
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Additionally, AP is able to make pores to internalize into the lipid bilayer which is
accompanied with dyshomeostasis of calcium ions. In the interaction of AP with cell,
internalization or endocytosis involves absorption of peptide which induces toxicity to other cell
organelles (28, 143). Since composition and properties of membrane influence the interaction of
membrane with AP peptides (139), it is crucial to understand role of different components present

in the membrane.
1.4.3. Use of biomimetic (model) membranes

Biomimetic membranes are synthetic or model membranes, have been used as model for
the biological membranes. They are similar in size, composition, structure with bio-membranes.
Since they are composed of only lipids, are simpler than their biological counterpart. Therefore, it
is a good option to understand the mechanism relatively at easier platform by neglecting the
intricate structure of biological membranes. At the same time, use of biomimetic membranes

broadens the understanding about cellular processes with high precision.
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Figure 1.9. Representation of Lipid vesicle (spherical lipid bilayer) with diameter of 10 um (13).

These membranes have been categorized into four types: monolayers (144), Supported
lipid bilayer (SLB) (145), hybrid membranes (146, 147) and cell-sized lipid vesicles. Lipid vesicles
are spherical membranes, also known as liposomes contains bilayers, and similar in size with a
cell, having diameter >10 pm (figure 1.9.) (14). They can be heterogeneous (more than one lipid
phase) or homogenous (single lipid phase), where in heterogeneous vesicles, lipids distributes

themselves into lateral compartments of the membrane (148). Other than size, composition and
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bilayer structure. Lipid vesicles exhibit features such as transformation and curvature. Due to their
properties, lipid vesicles have been widely used in the studies of membrane response and dynamics,
to confine large molecules inside the membranes. In the recent times, model membranes have been
used to understand the mechanism behind AD. My group have investigated the localization of AP
peptide using heterogeneous lipid membranes (149). Incorporation of cholesterol and oxysterols
was demonstrated to alter the composition of membrane and observed membrane response to AP

exposure (150) .

1.5. Research objectives and thesis overview
1.5.1. Research objectives

According to the previous knowledge, it was shown that there are multiple factors in the
pathology of AD. Interaction of AP with the cell membrane, importance of cholesterol,
involvement of oxygenated derivatives of cholesterol, change in membrane composition,
importance of glycosyl chains, aggregated species of AP and other factors associated with
endocytic transport of the peptide hold their individual importance. Moreover, combination of
above mentioned factors is equally important. All these factors are related to the risk factors for
AD. Based on this understanding, this thesis was an advancement to the past study and it was

performed with toxic species of AP peptide, oxysterols, biomimetic and biological membranes.

This dissertation aimed to investigate the essential factors for endocytic transport of A which was

conducted into following steps:

1. Investigation of influence of oxysterols on the localization of AB-42 using biomimetic
membranes and impact of oxidized derivatives on the aggregation kinetics of the peptide.
2. Elucidation of the important factors involved in the endocytic transport of protofibrillar
AB-42 in Jurkat cells, which were used as a mimic to neuronal cells. Using biomimetic
membranes and Jurkat cells provided an advantage to find out the components necessary
for the internalization of peptide before the use of undifferentiated human neuroblastoma
SH-SYS5Y cells. Introduction of oxysterols in the membranes allows the physiological

changes in the membrane which could facilitate higher interaction of Ap-42 with the cells.
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3. Estimation of toxicity induced by the peptides on the undifferentiated human
neuroblastoma SH-SY5Y cells.

4. Investigation of the pathway chosen by AB-42 to internalize into the membrane and it could
affect in the presence of oxysterols such as 7-KC and 25-OHC at different concentrations

at varied time intervals.

1.5.2. Outline of thesis
This thesis has been divided into five chapters:

Chapter 1 gives the overview of the complete research. It is the background of the study,
explaining about the pathologies of AD, importance of amyloid cascade hypothesis, production of
AP, risk factors involved in AD. Further detail about different risk factors such as aging, advanced
glycation end products, related vascular and metabolic conditions. In the latter part, | have
discussed about the use of biomimetic and biological membranes and their interaction with A3

peptides we have known so far.

Chapter 2 explains the localization of AB-42 in the lateral compartments of the
heterogeneous model membranes and tells about the toxicity induced by 25-OHC which facilitates
the aggregation of the peptide in toxic species.

Chapter 3 includes the factors important to induce endocytic transport of AP peptides. Here,
Jurkat cell line was used as a model before using neural cells. It helped to understand the possible
mechanism behind the internalization of peptides in cells. It was shown that combination of
oxysterols (25-OHC), GM1 and protofibrillar species of AB-42 creates an appropriate system
which caused A peptides to internalize into through the cell membrane of Jurkat cells. This
transfer was demonstrated to be cytoskeleton dependent where AP peptides swayed through

microtubules and reaches to ER. These factors were closely related to the risk components of AD.

Chapter 4 shows the use of undifferentiated human neuroblastoma SH-SY5Y cell line to
determine the toxicity induced by protofibrillar AB-42 at different concentrations and with multiple
incubation periods. It was also compared in the presence of oxysterols (7-KC and 25-OHC) in the

cell membrane. In addition, internalization of the peptides was observed at basal cholesterol level
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and after altering the composition of the membrane by changing the time duration of treatment.
Moreover, localization of protofibrillar AB-42 was observed in the ER which support the

hypothesis in this dissertation.

Chapter 5 comprises all the conclusions obtained throughout the study. These findings were
helpful to unravel the mechanism behind AD involving endocytic transport of AP peptides which
is possible using primary toxic species of peptides and to deepen our understanding about the risk
factor for AD. For the advancement of study, it will be interesting to investigate the effect of 7-

KC and 25-OHC together in a single system.
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Chapter 2:

Localization and aggregation of amyloid-beta (Af-42)
under the influence of 25-hydroxycholesterol in

biomimetic membranes

Abstract

Lipid organization is an integral feature in the structure and functions of membranes, where
alteration in the assembly of lipids may cause disturbance in their homeostasis. Dyshomeostasis
of lipids is observed in the pathology of Alzheimer’s disease (AD). I have shown that the alteration
of organization of lipids in heterogeneous membranes influences the association of amyloid beta
(AB) with the membrane. Specifically, the peptides are localized in the liquid-disordered region of
the membrane in the presence of 25-hydroxycholesterol (25-OHC). In addition, aggregation of A
is closely related to the toxicity induced by peptide. This property of AP is affected by the
incorporation of oxysterols in the lipid membrane which I have shown by introduction of 25-OHC.
Fibrillation of AB-42 hindered by 25-OHC to cause the production of more toxic species. Thus,
oxidation of cholesterol enhances the association and cellular toxicity induction by Alzheimer’s

amyloid protein.

Keywords: Amyloid beta-42, 25-hydroxycholesterol, localization, liquid-disordered phase,

liquid-ordered phase, aggregation, biomimetic membranes.
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2.1. Introduction

Interaction between AP and the cell membrane has been proposed as a key event in the
pathogenesis of AD (1, 2). Cell membrane possesses different structural and functional properties;
one of the important membrane structural property is lateral heterogeneity. Different lipid species
exhibit different phase behavior, thus it has been proposed that lipid domains present in membranes
exhibit difference in composition, function and physical properties (3). Simons and Ikonen
hypothesized in their ‘lipid raft model’ that cholesterol preferentially binds to sphingolipids and
forms cholesterol-sphingolipid clusters. These clusters are termed as lipid raft domains which are
more ordered than other parts of the membrane. In addition to cholesterol and sphingolipids,
unsaturated-phosphatidylcholines (PC) are also present which corresponds to liquid phase of lipid
bilayers (4).

Cholesterol is an integral component of lipid rafts, has implicated in the pathology of AD
(5-7). The importance of cholesterol in AD is ascribed to the potential of cholesterol to change
physiochemical properties of cell membranes which modulates the production (8-10), aggregation,
and cytotoxicity of AB-42 peptide, the neurotoxic species involved in AD (8, 9, 11). Cholesterol
constitutes 30-40% of the total lipid composition of the membrane (12). Hence, modulates the
packing of membrane lipids, affects the fluidity, permeability, and phase separation of membrane
(13, 14). Oxidation of cholesterol influences the cytotoxicity induced by AP peptide. Cholesterol
produces different derivatives (oxysterols) depending on the type of oxidation which may be
enzymatic oxidation which gives 24-hydroxycholesterol (24-OHC), 25-hydroxycholesterol (25-
OHC), 27-hydroxycholesterol (27-OHC) etc. Oxysterols are more hydrophilic than cholesterol due
to an extra oxygen group in the structure, which makes them less capable in the packing (15, 16).
Thereby, can influence the fluidity and induces peptide insertion into the biomimetic (model)

membranes (16-18).

Previous reports have shown that lipid rafts serves as the sites for binding and aggregation
of AP peptides (19). AP preferentially binds to glycosphingolipid GM1 of lipid rafts (20), which
is facilitated by cholesterol (21) where it promotes the formation of GM1 clusters which are highly
recognized by the peptides (22). In addition, lateral compartments of model membranes have been

reported to interact with AP depending on their structure and properties (23, 24). Since cholesterol
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modulates the structure and features of membrane domains, it may affect the association of the

peptide with the domains present in the bilayer of lipid membrane.

Aggregation of AP is a crucial event in the neuronal damage in AD. Peptide aggregation is
a two-step nucleation-dependent polymerization process: (i) formation of nucleus and (ii) fibril
elongation (25). Firstly, soluble monomeric AP, generated from the amyloidogenic processing of
amyloid precursor protein (APP), changes its conformation from random coil to $-sheet structure
(26, 27) and/or interchanges between o-helical to p-sheet conformation depending upon the
conditions (28). Particularly, B-sheet self-aggregates to produce dimers, trimmers, and finally
nuclei (n-mers) (25). Subsequent step involves the formation of intermediate species of Af that
are oligomers or protofibrils (29) which concomitantly joins together end-to-end or laterally,
finally leads to the formation of insoluble fibrils (25, 30). These fibrils accumulates as extracellular
amyloid plaques that are characterized as pathological hallmarks in AD (31). Aggregated species
of AP indicates towards the cellular toxicity produced by the peptide. Monomers and insoluble
fibrils are less toxic than oligomeric and protofibrillar species of AP (30, 32, 33). It is attributed to
the fact that oligomers and protofibrils can modulate integrity of the membrane by interacting with
cell membranes (34). In addition, these intermediate species may cause dysfunction of
mitochondria and disturb synaptic function (35) by internalizing into cells (36). Thereby,
regulation of aggregation of AP} and the formation of neurotoxic species has emerged as a treatment
in the progression of AD (37, 38).

There is a phenomenal association between cell membranes and AP aggregation.
Membranes serve as an aggregation matrix which seeds and promotes formation of AB-42 into
fibrils (39, 40). Subsequent changes in the conformation of the peptide into f-sheet structure,
induce association and fibrillation of AP (41-43). Aggregation mediated by membrane depends
upon different factors such as peptide density (42) and composition of lipid membrane (42, 44). In
addition to GM1, other lipids also have been suggested to affect the rate of A assembly. The
peptide accumulates preferentially in positively charged (DOTAP) lipid bilayers than negatively
charged (DOPG) or neutral (DOPC, DPPC) systems (8). Furthermore, rate of accumulation of
peptide depends upon the oxidation of phospholipids where oxidized phospholipids induced faster
accumulation than non-oxidized ones (12). AP fibrillation was attempted by few researchers but

the results were contradicting (45, 46). Elucidation of influence of oxysterols on AP aggregation
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important to understand the effect of oxidation of cholesterol in AB-induced toxicity. 25-OHC is
an important derivative of cholesterol which is produced by enzymatic oxidation, whereas 7-
ketocholesterol (7-KC) is a dominantly produced by oxidation of cholesterol by reactive oxygen
species (ROS). In addition, protofibrillar AB-42 showed higher reactivity towards membrane in
comparison to AB-40 (18). Thus, | used 7-KC, 25-OHC and protofibrillar AB-42 for my further

studies.

This chapter aims to investigate the effect of cholesterol derivative, 25-OHC on the
localization of protofibrillar AB-42 in phase-separated heterogeneous membranes. Previously, my
group has suggested that 25-OHC and 7-KC prominently influenced the interaction between A
peptide and homogeneous biomimetic membranes. Moreover, | have investigated the kinetics of
AB-42 aggregation in the presence of 25-OHC. My results have revealed that 25-OHC significantly
influences the localization of AB-42 in Ld phase of the membrane and it promotes the appearance

of toxic species of AB-42.

2.2. Experimental procedures

2.2.1. Materials-

Membrane lipids such as 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-
dipalmitoyl-sn-glycero-3phosphocholine (DPPC) and cholesterol (Chol) were purchased from
Avanti Polar Lipids (USA). 25-hydroxycholesterol (25-OHC) and 7-ketocholesterol (7-KC) were
obtained from Sigma-Aldrich (USA). Amyloid beta protein (Human, 1-42) (AB-42) was from
Peptide Institute Inc. (Japan). Hilyte Fluor™ 488-labelled (Aex=503 nm, Aem=528 nm) Ap-42
(fluorescent AB-42) and Thioflavin T were from Anaspec, Inc. (USA) and Tokyo chemical
industry co. (Japan), respectively. Rhodamine b 1,2-dihexadecanoyl-sn-glycero-3-
phosphoethanolamine triethylammonium salt (Rho-DHPE) (Aex=560 nm, Aem=580 nm) was from
Invitrogen (USA). Chloroform, methanol, and Tris(hydroxymethyl)aminomethane (Tris) were

purchased from Takara Bio Inc., Kanto-Chemical, and Nacalai Tesque (Japan).
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2.2.2. Preparation of biomimetic membranes-

Heterogeneous and homogeneous biomimetic membranes or liposomes were prepared by
the natural swelling method (21). Lipid mixture was dissolved in chloroform/methanol (2:1, v/v)
at the final concentration of 0.1 mM. A gentle N2 stream was used to evaporate the solvent. The
tube was subsequently dried in a desiccator for a period of 3 h, resulting in a thin lipid film at the
bottom of tube. The film was swollen with Tris buffer-HCI (1.25 mM, pH = 7.4) overnight at 37
°C to form the liposomes. Lo/Ld liposomes was prepared with Chol 30%
(DOPC/DPPC/Cholesterol = 35/35/30, molar ratio) and to study the effect of oxysterols, 25-OHC
and 7-KC, cholesterol was partially replaced with oxysterols at 75/25 (Chol/25-OHC or 7-KC)
molar ratio. Concentration of cholesterol was kept at 30% in Lo/Ld liposomes because this
cholesterol concentration is nearly similar to that in biological membranes (47). To visualize
membrane lateral compartments, Rho-DHPE, a specific probe of DOPC, was added into lipid
mixture at 0.05% (mol/mol) concentration. Homogeneous membranes were formed at DOPC (100),
DOPC/Chol (50/50) and DOPC/Chol/Oxy (50/40/10) where oxy= 7-KC or 25-OHC.

2.2.3. Preparation of protofibrillar AB-42-

AB-42 (200 pM) solutions were prepared by dissolving AB-42 powder in 0.02% (v/v)
ammonia solution and stored the vials at -80 °C. Peptide solution was diluted and later incubated
with biomimetic membranes in the ratio of 5:4 (membranes/peptide) at 80 uM for different
incubation periods (0, 6, 12, 24, 36, and 48 h). For localization experiments, fluorescence-labelled
AB-42 and AB-42 were mixed at 1:2 (fluorescence-labelled AB42/AB-42) molar ratio. The mixture
was diluted in Tris buffer (20 mM, pH 7.4) at 80 puM concentration, subsequently incubated at 37
°C for 12 h. The morphology of AB-42 was demonstrated by atomic force microscopic observation
(48).

2.2.4. Observation of protofibrillar AB-42 localization in heterogeneous model membranes-

Fluorescence-labelled Ap-42 were added to suspension of lipid vesicles at final
concentration of 5 uM. The resultant mixture was immediately poured into a silicon well (0.01
mm) placed on a glass slide and was observed using confocal microscopy (Olympus FV-1000,
Japan) at room temperature (~ 21.5 °C) within 2 min. This observation period is short enough to

avoid the effect of fluorescence quenching as reported previously (39). Lateral compartments of
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the membrane and protofibrillar AB-42 were labeled with Rho-DHPE and fluorescence-labelled
AB-42, respectively. The intensity of fluorescent AB-42 was subsequently analyzed and used to
evaluate localization of AB-42 peptide in membranes. The data were expressed as means + SE of
three independent sets of experiments.

2.2.5. Observation of aggregation of AB-42 in the presence of 25-hydroxycholesterol-

To assess the aggregation of AB-42, ThT assay was used. 5 uM ThT solution was used as
working concentration, diluted in the Tris buffer (20 mM). 100 pL solution containing AB-42, ThT
solution, buffer was added to the 96-well microtiter plate and fluorescence intensity was measured
using Varioskan flash spectral scanning multimode reader at excitation at 440 nm and emission

wavelength at 484 nm at temperature 37°C for a period of 24 h.

2.3. Results and discussion

2.3.1. Localization of protofibrillar amyloid—beta (Ap-42) in 25-OHC added biomimetic

membranes

Oxidative stress plays important role in the pathology of AD (49). Previously, it was
reported that 7-KC enhances the association of AP with homogeneous and heterogeneous
membranes (18, 50). Thus, | assessed the effect of 25-OHC in the localization of protofibrillar Ap-
42 in membrane lateral compartments. Here, | used heterogeneous biomimetic membranes,
composed of lipids (cholesterol, unsaturated and saturated phospholipid). There are three phases
in these membranes, which are, a liquid-disordered (Ld) phase, solid-ordered (So) domains and
liquid-ordered (Lo) domains, co-exists depending on the concentration fraction of cholesterol (51).
It has been reported that Lo domains are lipid raft-like domains while Ld and So are considered as
liquid and gel states of biological membranes (52). Lo/Ld heterogeneous membranes were used
with 30% cholesterol concentration because this is closer to the concentration in biological
membranes (47). 25-OHC was introduced to the above stated membranes at 7.5 mM
concentrations which is similar to the one used for 7-KC (50), corresponding to the level detected
in rat hippocampus after kainite excitotoxicity (53). Confocal microscopy was used to observe
chol-containing and 25-OHC containing membranes (figure 2.1A), the amount of protofibrillar
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AB-42 localizing in Lo/Ld membrane systems was remarkably increased by the substitution of
membrane cholesterol with 25-OHC (figure 2.1B). The elevation in the localization of the peptides

was much higher in the Ld phase of 25-OHC-containing membranes.
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Figure 2.1. Effect of 25-hydroxycholesterol on localization of amyloid beta (1-42) protofibrils in
membranes. A) Confocal microscopy images of lipid membranes, and B) Fluorescence intensity
values reflecting the amount of AB-42 in Lo/Ld phase-separated membranes. Red and black
regions indicate Ld and Lo domains, respectively. The values are mean + SE of three independent

experiments. Scale bars are 5 pum.
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The interaction of protofibrillar AB-42 with Lo domains was slightly changed in the
presence of 25-OHC in comparison with cholesterol-containing membrane. This indicated that the
oxysterol exert influence in the association of the peptide predominantly with Ld phase of
heterogeneous membranes. To draw a comparison between 25-OHC and 7-KC, | have shown
figure 2.2., where it can be seen that the above results are in good agreement with the previous
report that 7-KC influences the localization of AB-42 in heterogeneous biomimetic membranes,
that too significantly in Ld phase of the heterogeneous membranes (50). Both oxysterols showed
prominent effect in the association of AB-42 with the membranes in Ld phase, whereas impact
produced by 25-OHC was more than that of 7-KC. Nevertheless, 25-OHC slightly affected the
localization of the peptide in Lo region too unlike 7-KC which showed almost similar effect to that

of cholesterol.
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Figure 2.2. Effect of cholesterol, oxysterols (25-hydroxycholesterol and 7-ketocholestrol) on
localization of amyloid beta (AB-42) protofibrils in membranes. Fluorescence intensity values
reflecting the amount of AB-42 in Lo/Ld phase-separated membranes. The values are mean = SE

of three independent experiments.
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2.3.2. Aggregation of amyloid beta (Af-42) in the presence of 25-hydroxycholesterol

To assess the aggregation kinetics of A in the presence of 25-OHC, ThT assay was used.
It is a popular method, where ThT exhibit fluorescence on binding with the B-sheet of amyloid
peptide at 483 nm while free ThT is observed at 445 nm (54, 55). ThT assay shows the degree of
fibrillation as a function of time. Fibrillation of AP occurs in a two-step process where nucleus
formation takes place which is followed by the elongation of fibrils. Previously, my group have
observed that presence of lipid vesicles influences fibrillation of AB-42. DOPC systems facilitates
amyloid nucleus formation and inhibits fibril elongation whereas, cholesterol-containing vesicles
strongly inhibited the kinetics of nucleus formation and promotes AB-42 to grow in toxic species
(unpublished data). Although, partial substitution in the composition of membrane with 7-KC
influences the aggregation kinetics of AB-42 in an identical manner as in DOPC systems, 7-KC-
containing lipid bilayers remarkably impede elongation of the fibrils as compared to DOPC

bilayers.
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Figure 2.3. Fibrillation curve showing the aggregation kinetics of AB-42 in the absence and
presence of 25-hydroxycholesterol. Fluorescence intensity values of ThT reflecting the degree of
the peptide over 24 h and monitored using varioskan flash spectral scanning multimode reader at
EX/Em=440/484 nm.
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Fibrillation of AB-42 from monomers in the absence and presence of the oxysterol as a
function of time as shown in figure 2.3. Aggregation of the peptide exhibited a typical profile as
shown previously (25, 56). In general, nucleus formation is reflected in the initial part of curve,
known as lag phase, subsequently proceeds by the elongation phase which corresponds to the fibril
growth, and finally saturation phase appears when most of the peptide in solution has aggregated
into fibrils (57). Concentration of the peptide is an important variable in the process of nucleation
(25). After addition of 25-OHC, the lag phase of the curve could not be observed very clearly,
while the speed of elongation was lowered remarkably (figure 2.3.).

According to previous reports, cholesterol accelerates the fibrillation of aggregated species
of AB-42 on sphingomyelin (SM)/cholesterol bilayers (58) and 1,2-dipalmitoyl-snglycero-3-
phosphocholine (DPPC)/cholesterol (59). Oxysterols (7-KC) induced an increase in nucleation
rate constant whereas lowered the elongation rate constant. These results indicated that 7-KC in
the membrane could maintain the existence of AB-42 in intermediate toxic species (oligomers and
protofibrils) by impeding fibril growth and promoting nucleus formation. A number of studies
have shown the aggregation of Af-42 on the surface of membrane (41, 43), where a research group
have demonstrated that incubation of AP for a day with DOPC bilayers produces less fibrils in

comparison with incubation in buffer for the same time (8).

Molecular mechanism of aggregation of the peptide has been proposed in the absence of
GML1 in the lipid bilayers (8, 58). They suggested that binding of hydrophilic terminal of the
peptide to hydrophilic head group of the lipid results into the adsorption of peptide onto the bilayer
of lipids, Hydrophilic residues may forms strong hydrogen bonds with carbonyl and phosphate
oxygen groups of the phospholipids. And hydrophobic carbon residues would place into the
hydrophobic interior of lipid bilayers by hydrophobic interaction. Subsequent changes of the
peptide will result into a conformational transition from a-helix-rich to B-sheet-rich structures
which then initiate the nucleus formation and fibril growth (8). Aggregation of AB-42 is influenced
by its insertion into the lipid bilayer where DOPC is in fluid phase (58).

Three lipid vesicles systems were studied in the previous study and AB-42 without any
vehicle was used as the control. DOPC and 7-KC lipid vesicles impeded the fibrillation of Ap-42,
on the other hand cholesterol-containing membranes promoted the process. Effect of oxysterol was

more than DOPC whereas, cholesterol facilitated possibly due to its ability to lower the association
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of the peptide with the membrane (50). On the contrary, after nuclei formation, speed of elongation
increases (45) ascribed to the fact that after the incorporation of cholesterol in the membranes,
peptide may not be able to insert deeply into the lipid bilayer and AB-42 remains adsorbed on to
the surface of the membrane.

As demonstrated in a previous study, cholesterol promotes interaction between AP and
GM1 which seeds the nucleus for aggregation of the peptide (41), then cholesterol is also able
accelerate the fibrillation process by influencing the interaction of AB with membrane lipid bilayer.
This was in accordance with the induction of high fluidity and higher association with the
membrane (18). In addition, previous studies on the morphology and association of AB-42 with
cell membranes have shown that cholesterol-containing membranes promoted the formation of
fibrillar AB-42, while oxysterols containing membranes enhanced the appearance of more toxic
protofibrils. | have observed the similar effect of oxysterols, inhibiting the growth of fibrils and
inducing the formation of more harmful species of AB-42. Hence, these findings proposed that the
oxidation of membrane cholesterol induced by oxidative stress may enhance AB/membranes

interaction, thus being a risk factor of AB-induced toxicity in AD’s pathology.

2.4. Conclusions

In conclusion, biomimetic membranes were useful for the observation of localization of
AB-42 in different compartments of membrane. | have shown that the oxysterols influences the
association of the peptide with the membrane. Particularly, 25-OHC showed higher recruitment of
protofibrillar AB-42 in the Ld region of the membrane which indicates towards changes in the
fluidity of the membrane. In accordance with the previous results about homogeneous and
heterogeneous membranes, it is certain the oxidation of cholesterol induced by enzymatic or non-
enzymatic processes is harmful for the membrane and affects its physiochemical properties.
Moreover, oxysterols facilitates the cytotoxicity induced by AB-42 as 25-OHC hindered the
fibrillation and promote the formation of toxic species. Hence, oxidized derivatives of cholesterol
are potential risk factor in peptide-induced toxicity ascribed to their potential to impede the

aggregation from more toxic protofibrils to fibrils.
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Chapter 3:

Intracellular transport of amyloid beta (Af-42) mediated
by cholera toxin B subunit and 25-hydroxycholesterol in
Jurkat T cells

Abstract

Amyloid beta (AP) peptide is responsible for the Alzheimer’s disease. Misfolding and
accumulation of the peptide lead to neural cell apoptosis through Endoplasmic reticulum (ER)
stress. This stress could also be the result of exogenous AP which eventually leads to same
neurotoxicity and apoptosis to those by endogenous peptide. | have proposed endocytic transport
of AP to be the cause of ER stress. Previously it was shown that oxysterols, in particular, 7-
ketocholesterol (7-KC) induced higher surface interaction than cholesterol between Ap and Jurkat
T cells. Although, it was not sufficient to induce intracellular transfer of the peptide. Here in,
primary interest was to investigate the effect of another oxysterol, 25-hydroxycholesterol (25-
OHC) in the membrane raft dependent transport of AB-42 in Jurkat T cells. Interestingly,
intracellular transfer of AB-42 was observed in the presence of 25-OHC only after inclusion of
cholera toxin B subunit (CT-B), used for the detection of raft domain. Furthermore, CT-B together
with GM1 provided negative curvature which positively results into endocytic transport of ApB-42.
Notably, I have used protofibrillar species of AB-42 in the study. | have demonstrated that the
transport was microtubule dependent since it could not be observed in depolymerized state of
microtubule. I have demonstrated important factors for internalization such as oxysterols, glycosyl
chains of membranes and nano-structures of the peptide. These components are associated with
aging and advanced glycation which are the risk factors involved in AD. Thus, this study will be

beneficial to improve the understanding of the pathology of the disease.

Keywords: Amyloid beta-42, 25-hydroxycholesterol, Cholera toxin subunit B, endocytic transport,
T cells, GM1.
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3.1. Introduction

Aggregation and accumulation of Amyloid beta (AP) is the pathological pathway of
neurological disorder commonly known as Alzheimer’s disease (AD). Amyloid precursor protein
(APP) is a transmembrane protein (Type 1) which undergoes different catabolic pathways at three
main cleavage sites. Though APP is present in every tissue but highly expressed in brain. It is
believed to be the precursor protein for AP, produced on cleavage of APP through BACE (beta
site APP cleaving enzyme) and y-secretase. Endoplasmic reticulum (ER) is responsible for proper
folding or processing of newly synthesized proteins. When misfolded form of proteins accumulate
in endoplasmic reticulum (ER) they cause stress to the organelle. This phenomenon is called as
ER stress. Usually ER homeostasis can be altered by physiological changes which results in
accumulation of misfolded proteins in the lumen of ER. These physiological changes could be
high protein demand, viral infections, inflammatory cytokines etc. According to the previous
reports, externally added amyloid in primary neurons could cause ER stress (1-3). Oligomeric
species of AB-42 found to induce ER stress. | speculated that this could be also result of
exogenously added amyloid beta. Inflammation and apoptosis are eventual outcomes of this stress.
ER stress also occurs when ER homeostasis is disturbed, which is related to other
neurodegenerative diseases and diabetes. Diabetes is linked with AD and known as a risk factor
for AD’s patients. There are some risk factors which increases the chances of AD, including aging,
advanced glycation end products (AGEs), genetic and metabolic abnormalities. For example,
aging, higher the prospects of development of AD through production of reactive oxygen species
(ROS) which cause oxidation of lipids. In this study, | have taken these factors into consideration
and explored their role in endocytic movement of AP peptides. Latest studies suggested about
different mechanisms for the internalization of A; such as endocytic mechanisms, pore forming
protein perforin and receptor mediated pathways (4). Endocytic transport or endocytosis is a
membrane phenomenon and basic structure of membrane is lipid bilayer which is majorly
composed of cholesterol, sphingolipids and glycerophospholipids (5) .

Major cholesterol [25%] of our body is present in the brain (6) which gets oxidized
enzymatically and non-enzymatically to produce, either, side chain oxygenated derivatives with
an additional hydroxyl group such as 24-hydroxycholesterol (24-OHC), 25-hydroxycholesterol
(25-OHC) and 27-hydroxycholesterol (27-OHC) or with an extra oxygen group resulted after
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ROS-induced oxidation such as 7-ketocholesterol (7-KC), 7p-hydroxycholesterol (7p-OHC) etc.
Recent reports demonstrates the importance of oxysterols in AD progression due to altered
cholesterol metabolism and oxidative stress (7). 24-OHC and 25-OHC control cholesterol
metabolism through binding to Liver X receptor a (LXR o). Yamanaka et al. found that 24S-OHC
caused necroptosis of neural cells in a concentration dependent manner (8). Accumulation of AP
was suggested to be higher in cholesterol-poor domains in biological membranes (9, 10).

25-OHC was reported to induce higher thermosensitivity than cholesterol and 7-KC in lipid
membranes (10). 25-OHC was shown to be most cytotoxic in comparison with other oxysterols
such as 7B-OHC, 7-KC, 19-OHC, 22(R)-OHC and 22(S)-OHC (11) and reported to induce
cytotoxicity to various cell types (12—-15) . With other oxysterols, consistent levels of 25-OHC was
found in mouse brains (16). It was also reported that 25-OHC opened mitochondrial permeability
transition pore and increased the production of ROS, which resulted in release of cytochrome ¢
and further activation of caspase-3 and -9 (15).

| have performed a comparative study about interaction of the peptide with membranes.

Inspired from studies about peptide AP using its two isoforms AB-40 and AB-42 in biomimetic
membranes (9, 10, 17, 18). Among the two isoforms of protein, I had used AB-42 which is more
hydrophobic and toxic than AB-40. Considerably, | have used protofibrillar (elongated oligomers)
species, which is considered to be primary toxic species of Ap-42 along with oligomers (19).
In the current study, | have used Jurkat T cells (leukemic cells). They have been reported as a target
of AP (20) and also express a certain level of caspase-8, a key mediator of the extrinsic apoptotic
pathway (21). Jurkat cell line is a potential candidate in study of AD since their plasma membrane
is rich in sphingomyelin (SM) possessing functional and structural diversity of neural cells having
GM1 rich domains (22). Using Jurkat T cells provides an opportunity to deepen the knowledge
about essential factors involved in endocytic mechanism.

It was reported that inclusion of 7-KC resulted in greater surface interaction of
protofibrillar AB-42 with Jurkat T cells (18). Although, transport of peptides was not observed.
Thus, for the present study, | choose 25-OHC to investigate the role of oxysterols in the endocytic
movement of AB-42 in Jurkat T cells and compared its effect from cholesterol and 7-KC. To
achieve the target, | had studied cellular toxicity induced by peptide, membrane-peptide interaction,
changes in intracellular calcium level and mechanistic pathway of protein in 25-OHC added cells.

I have found that 25-OHC alone was also not good enough to induce the endocytic transport of the
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peptide, thus | have added CT-B which binds with GM1 and suggested to provide negative
curvature to the membrane (23). GM1 clusters are reported to binds and accelerate the formation
of toxic A fibrils (24).

In this chapter, | sought to investigate that 25-OHC together with CT-B was important for
endocytic vesicular transport of AB-42 in Jurkat T cells. It will be the basis to understand the
mechanism involved in AD. In best of my knowledge, this is the first study to investigate

mechanism involving in the endocytic transport of AB-42 which could be a cause of ER stress.

3.2. Experimental procedures
3.2.1. Materials-

25-hydroxycholesterol (25-OHC), 7-ketocholesterol (7-KC) bovine serum albumin (BSA),
and trypan blue were obtained from Sigma-Aldrich (USA). Amyloid beta protein (Human, 1-42)
(AB-42), Hilyte FluorTM 488-labeled (Aex=503 nm, Aex=528 nm) AB-42 and HiLyte Fluor-555-
labeled (Aex= 551 nm, Aex= 567 nm) AB-42 were from Peptide Institute Inc. (Japan) and Anaspec,
Inc. (USA), respectively. ER-Tracker Blue-White DPX, Oregon Green 488 taxol, Roswell Park
Memorial Institute 1640 (RPMI11640) medium, fetal bovine serum and Alexa Fluor 555 conjugated
cholera toxin subunit B (CT-B) (Aex= 555 nm, Aem= 565 nm) were from Invitrogen (USA).
Phosphate buffer salts (PBS), and Tris (hydroxymethyl) aminomethane (Tris) were purchased

from Takara Bio Inc. and Kanto-Chemical (Japan), respectively.

3.2.2. Cell Culture-

Jurkat human leukemic T cells (Riken Cell bank, Japan) were cultured in medium
containing RPMI 1640 supplemented with 10 % fetal bovine serum in a humidified incubator at
37°C in the presence of 5% CO..

3.2.3. Preparation of protofibrillar AB-42 —

200uM AB-42 solutions were prepared by dissolving AB-42 powder in 0.02% (v/v)
ammonia solution and stored at -80°C. Before experiments, AB-42 solution was diluted to 80 uM
concentration with Tris buffer (20mM, pH 7.4), and subsequently incubated at 37°C for 12 h (10).
To prepare the protofibrillar species, fluorescence labeled AB-42 and normal AB-42 was mixed at

1:2 molar ratio before the incubation (9).
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3.2.4. Measurement of cell viability-

Trypan blue exclusion assay was used to estimate Jurkat cell viability upon the effect of
AB-42 protofibrils (25, 26). Untreated (Control) and 25-OHC added cells cultured in 48-well plate
were exposed to 10 uM protofibrillar AB-42 for 24 h. Thioflavin T assay showed that the
confirmation of protofibrillar AB-42 did not significantly change in this condition (data was not
shown). The cells were then washed with PBS and treated with trypan blue at the final
concentration of 0.01% (v/v) in PBS for 10 min at room temperature. The number of dead cells
and viable cells were counted using a hemocytometer. The cell having a clear cytoplasm defined
as a viable cell, while a dead cell is the one with a blue cytoplasm (27). Cell viability was calculated
following the formation: cell viability=total viable cells/total cells. Data is expressed as mean *
standard deviation of at least three independent experiments.

3.2.5. Lipid raft staining and observation of AB-42-

Membrane cholesterol level was altered by treating the cells with 25-OHC in PBS at two
different concentrations such as 5 uM and 10 uM for 10 min at 37°C. Lipid rafts were labelled by
treating cells with 1 pg/ml CT-B, which specifically binds to GML1 in lipid rafts (28), and 0.02%
(v/v) BSA in PBS at 0°C for 30 min, followed by an incubation at 37°C for 10 min. Then cells

were washed with PBS buffer.

3.2.6. Staining and depolymerization of microtubule-
To stain microtubule, Oregon Green® 488 Taxol was used. For depolymerization, cells
were treated with 20 pg/ml nocodazole for 10 min at 37°C in a humidified incubator in the presence

of 5% CO,. Then cells were washed twice with PBS.

3.2.7. Staining of Endoplasmic Reticulum-

ER organelle was labelled by treating cells with 1 pg/ml ER-Tracker (Blue-White DPX
dye) in 0.02% BSA, followed by an incubation at 37 °C for 30 min. Then cells were washed with
PBS buffer.
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3.2.8. Microscopy-

Fluorescence labelled AB-42 was added to T cell suspension at the final concentration of 5
MM. The resultant mixture was placed in a glass bottom dish and observed using Confocal Laser
Scanning Microscope (Olympus FV-1000, Japan) with 60X oil immersion lens at room
temperature within 2 min. The observation period is short enough to avoid the effect of fluorescent

quenching (10).
3.2.9. Measurement of intracellular calcium level-

The intracellular Calcium level was measured using a visible Ca?* fluorescent probe, Fluo-
3-AM (29). Untreated (Control), 25-OHC added cells were cultured in 48-well plates,
subsequently exposed to 10 uM protofibrillar AB-42 for 60 min (30). Then washed with RPMI
1640 (non-serum) and load with 4 uM Fluo-3-AM with 20% (v/v) plorunic F127 in addition with
PBS at 37°C for 20 min. 0.01% (w/v) BSA in PBS was added to dilute the cells five times and
incubated further for 40 min. Probe loaded cells were washed and re-suspended in HEPES buffer.
Calcium level was measured at an excitation of 488 nm (31) using confocal laser scanning

microscopy.
3.2.10. Statistical analysis-

Data is expressed as means + standard deviations of three independent experiments.

3.3. Results and discussion

3.3.1. Incorporation of 25-hydroxycholesterol in the membranes of Jurkat T Cells

The oxysterols are derivatives of cholesterol and considered to have substantial biological
effects. Role of different oxysterols such as 7-KC, 24-OHC, 22-OHC, 7B-OHC in AD has been
studied in the past. They are attribute to modulate the cell permeability (32, 33), regulate the
cholesterol homeostasis (34—-36), gene expression (37, 38) and act as receptors in cell signaling
(39-41). 27-OHC and 24-OHC are reported to involve in AD (8, 42) and AMD (43) and 25-OHC
which possesses similar structure, was suggested to interpose the transcription factors related to

synthesis of cholesterol and fatty acid (44). Previously, it was shown that interaction of A-42 with
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cells was enhanced after inclusion of 7-KC in the cellular membrane (18). Last study, was a
comparison among basal level cholesterol, excessively added cholesterol and 7-KC added cells. In
either of the cases, endocytic transport of peptides could not be observed. In the present study, role
of another oxysterol i.e. 25-OHC was studied. Herein, | had focused on the requirement of 25-
OHC in the endocytic transport of AB-42 in Jurkat cells.

I have investigated the interaction of AB-42 with the Jurkat T cells in presence of 25-OHC
(see figure 3.1.). Observation was done with cells having basal cholesterol level and 25-OHC was
added in cells at two different concentrations such as 5 uM and 10 uM. Confocal laser scanning

microscope was used to observe the cells. Even this system was not good enough to induce

endocytic transport of AP peptide.

DIC AB-42 Merge

Control

Figure 3.1. Microscopic images of control (basal cholesterol level) and 25-hydroxycholesterol (5
MM and 10 pM) added Jurkat T cells after the exposure of protofibrillar AB-42. Green fluorescence
represents HiLyte fluor labeled AB-42 (488 nm). Gray images are differential interference contrast
image, fluorescent images are from confocal laser scanning and merge is overlapping of two. Scale

bars=10 um.
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3.3.2. Involvement of GM1 in endocytic transfer of Ap-42 in Jurkat T Cells

Dhingra et al. have demonstrated that interaction of GM1 and CT-B facilitates the
endocytic movement and transformation in the membrane (23). Thus, CT-B which binds with
GM1 was used to highlight the lipid raft. This interaction was efficient for the endocytic movement
of AB-42. After the inclusion of CT-B in the 25-OHC added cells, endocytic vesicular transport of
AB-42 was observed (see figure 3.2). Involvement of CT-B appeared to be necessary for the
transport of protein as in the absence of CT-B, AB-42 was not internalized into the membrane.
GM1 and CT-B induces negative curvature which resulted in the endocytic transport of AB-42. At
5 UM 25-OHC, AB-42 was internalized and co-localized with the raft which could be called as
raft-dependent endocytosis. But at 10 uM, AB-42 appeared without raft, called as raft-independent
endocytosis. It might be possible that at higher concentration of 25-OHC, raft is de-stabilized but
I still need to clarify the reasons more precisely. Clustering of AB-42 inside the cellular spaces was
shown with the help of stacking images. Cross-sectional images of a cell from top to middle portion
are shown in (see figure 3.3.). It ensured the presence of AB-42 inside the cells.

| had changed the composition of the membrane by adding 25-OHC and compared the data
with results obtained with the inclusion of excess cholesterol and 7-KC in Jurkat cells. Excessive
cholesterol caused higher accumulation of AB-42 on the cell surface (18). In comparison with
oxysterols, cholesterol addition showed weaker interaction of AB-42 and cells. Alteration with 7-
KC showed stronger surface interaction of AB-42 with Jurkat cells. Internalization of protofibrillar

AB-42 was observed in the presence of 25-OHC in Jurkat cells.
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Ap-42 Raft Merge

Control

Figure 3.2. Microscopic images of control and 25-hydroxycholesterol (5 uM and 10 uM) added
Jurkat T cells. Green and red fluorescence represents HiLyte fluor labeled AB-42 (488 nm) and
CT-B (555nm), respectively. Scale bars=10 pm.

In addition to 25-OHC, CT-B was also needed in the internalization of A peptides. CT-B
binds with GM1, GM1 is a widely distributed sphingolipid present in all types of tissue. Highest
concentration of GML is present in central nervous system (CNS). Interaction of GM1 and CT-B
suggested to affect membrane curvature and surface, changes the processes of surface interaction
(23), as a result of negative curvature produced by CT-B and GM1, endocytic movement of A
occurs. Incorporation of GM1 and CT-B causes membrane deformations and endocytic formations
in model membranes. Enough evidence had suggested integral role of membrane lipids in the
accumulation and formation of A fibrils (45). They are reported to accumulate in GM1 rich
regions which itself is highly concentrated in CNS. Proteins associated with lipid rafts play crucial
part in the internalization of the peptide, trafficking and signal transduction (46). Originally,
association of AP with lipid rafts was first discussed in cholesterol studies (46). It was found that

oligomeric species of AP co-localized with CT-B in cervical sympathetic neurons, thus it was
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proposed that internalization of A takes place at lipid rafts, probably after binding with GM1 (47).
These facts strengthen the theories involved in the onset of AD which is a neurological disorder.
According to previous reports, 25-OHC has potential to induce profound morphological changes
with AB-42 in model membranes (10). AB-42 peptides are reported to internalize via raft-

dependent endocytosis in the neuroblastoma cells (48).

Top< *» Middle

Figure 3.3. Sliced images of 25-hydroxycholesterol added cells showing internalized Ap-42.
Green and red fluorescence represents HiLyte fluor labeled AB-42 (488 nm) and CTB (555nm),
respectively. Scale bars=10 um.

3.3.3. Effect of oxysterols with Af-42 on cell viability

To measure effect of toxicity induced by AB-42 in oxysterol-added cells, cell viability was
measured using Trypan blue exclusion test. Cells were treated with protofibrillar AB-42 [10 uM]
for 24 h which cause a mild decrease in cell viability. Alteration of membrane composition with
25-OHC at 5 uM and 10 uM cause further decrease in the viability of cells. Effect of 25-OHC was
higher than 7-KC which was used at similar concentrations and incubation time (see figure 3.4.).
Though inclusion of oxysterol and exposure to AB-42 was harmful for the cells but it was not so
much significant at the specified conditions for Jurkat cell line. Similar concentrations of 25-OHC
was lethal for neural cells (12, 49) which had resulted into death of ~35-40% of cells. Cytotoxic
effects of 7-KC and 25-OHC was demonstrated at 5 pM in EL4 lymphoma and K36 leukemic cells
after 48-72 h of incubation with the oxysterols (50). In my case, incubation time was 24 h after the
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addition of AB-42 in the system, so it could be possible that cells survived and viability was more

at the time of observation.

100

Cell Viablility (%) vs control

Figure 3.4. Cell viability of control (basal level cholesterol), 7-ketocholesterol and 25-
hydroxycholesterol (5 uM and 10 puM) added cells after exposure to protofibrillar AB-42 for 24 h.
Viability was measured using Trypan blue exclusion assay as described in “Experimental

procedures”. The values are mean of three independent set of identical experiments.

| have checked the viability of cells after exposure to AB-42 and oxysterols. 25-OHC
decreased the cell viability to 61% after 3 days treatment on PC 12 cells (12). Though the changes
induced by 7-KC and 25-OHC are not highly significant in Jurkat cells, 25-OHC showed larger
decrease in cell viability than 7-KC (see figure 3.4.). Previously, 25-OHC stimulates apoptosis of
oligodendrocyte and arouse the expression of SPLA2-11A (51) . Possibly, in 24 h, 25-OHC together
with AB-42 could not produce prominent effect on cell viability as it is reported to induce apoptosis
in lymphoma cells (RDM4) at 5 and 10 puM in 48 h treatment (52).
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3.3.4. Role of Microtubules in the transfer of Ap-42

Cytoskeleton is very important for cell and it is comprised into three parts, one of them is
known as microtubule which is the longest filament. After endocytic transport of AB-42, it must
follow some pathway to move up to endoplasmic reticulum. 1 have used Oregon green to stain
microtubule and to depolymerize them, nocodazole which is a depolymerizing agent, was used.
In the Figure 3.5., it is shown that in untreated cells, AB-42 could not be observed inside the cells.
Though in the presence of 25-OHC, AB-42 appeared inside the cells along with microtubules.
Afterwards, in depolymerized state, AB-42 could not be observed. Hence, it is possibly true that
AB-42 internalized and reaches to the ER via microtubules. It was suggested that the delivery of
proteins to their specified destination is ensured by microtubules, sorting signals and motor
proteins in neural cells.

After observation of internalization of AB-42, it was interesting to know about the pathway
used by peptides to transport into the cell. Thus, analysis of cytoskeleton was chosen to determine
the mode of transport mechanism. To evaluate whether internalization is cytoskeleton dependent
or independent, nocodazole was used. Nocodazole is a chemical used to depolymerize
microtubules, internalization of Ap-42 could occur in polymerized state and not in the
depolymerized one. Internalization of AB-42 could occur in polymerized state, not in the
depolymerize one. Microtubule stabilizes the structure of cell and they are organized by tau protein,
the other protein involved in AD. Disruption of microtubules is an integral feature in AD’s patients.

Primary mechanism implicated in these changes is still unknown.
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Polymerized State De-polymerized State

Microtubule ApB-42 Microtubule Ap-42

Control

25-OH
(S uM)

25-OH
(10 pM)

Figure 3.5. Microscopic images of untreated (used as control) and 25-hydroxycholesterol (5 uM
and 10 pM) added Jurkat T cells after the exposure of protofibrillar AB-42. Polymerized state of
microtubule (top) and de-polymerized state of microtubule (bottom). Red and green fluorescence
represents Hilyte fluor labeled Amyloid beta-42 (555nm) and Oregon green (488nm), respectively.
Scale bars=10 pum.

3.3.5. Transfer of Ap-42 to Endoplasmic reticulum

ER is responsible for the synthesis of one-third of total body proteins. Excess accumulation
of proteins or externally misfolded proteins may cause ER stress. This stress cause cell death and
accompanied by release of calcium ions as ER is known to be a calcium reservoir. Although, this
increase in intracellular calcium ions could be result of release of calcium ions from other reservoir
such as mitochondria. Here, | assess the localization of AB-42 when it gets internalized into the

membrane. Using confocal scanning microscopy, single-cell observation was accomplished when



green and blue fluorescence indicating towards the peptide and ER, respectively as shown in figure
3.6. AB-42 was co-localized with ER in Jurkat T cells. Co-localization of AB-42 and ER indicates
that after internalizing into the cell, AB-42 reaches to ER. In comparison to cholesterol, 25-OHC

swiftly transports from cell membrane to the ER (53).

AB-42 ER Merge

Figure 3.6. Microscopic images of control (basal level cholesterol) and 25-hydroxycholesterol (5
uM and 10 uM) added Jurkat T cells after the exposure of protofibrillar AB-42. Blue and green
fluorescence represents ER (DAPI filter) and Hilyte flour labeled (488nm) Amyloid beta-42. Scale
bars=10 pm.

Ilustration of the endocytic transport of AB-42 in the 25-OHC substituted membrane in
the presence of CT-B binding with GML1 is shown in figure 3.7. After internalizing into the
membrane peptide has reached to ER where it may cause stress to the organelle. In general, it is
known that microtubules are the carrier of the protein and finally delivers the protein to its specified
destination which could be ER. Thus, AB-42 was carried form the vicinity of the plasma membrane

by microtubules and delivered to the ER as depicted in the illustration.
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Figure 3.7. Illustration of the intracellular transport pathway of protofibrillar AB-42 in 25-
hydroxycholesterol added cells and not in 7-ketocholeserol added cells in the presence of CT-B
which binds with GML1.

3.3.6. Intracellular calcium release in presence of oxysterols and Af-42

Toxicity produced by AP peptides have been linked with different processes and
mechanisms, changes induced in the intracellular calcium ions is one of them and have been
closely related with the pathology of AD (54-56). Commonly, calcium dyshomeostasis is
interrelated with cellular apoptosis and excess phosphorylation of major proteins. As mentioned
in the previous section, ER has storage for the intracellular calcium ions. Since the concentration
of free calcium ions in cytosol (~ 10-4 mM) differs from that of in extracellular spaces (~ 1-2 mM),
a calcium gradient establishes across cell membranes (57). This gradient has major function in a
number of different biological processes, including inflammatory responses (57), neuron survival
and apoptosis (55). Calcium ions acts as a signaling molecule in human body. AP, protein
responsible for AD, has been reported to accelerate influx of calcium ions (58, 59), thereby

disrupting the calcium homeostasis of the cells.
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Figure 3.8. A) Microscopic images of untreated (used as control) and 25-hydroxycholesterol
added cells with and without exposure to protofibrillar AB-42 for 1 h and then loaded with Fluo-
3-AM to measure the calcium release. B) Graphical representation of effect of 25-
hydroxycholesterol (5 uM and 10 uM) in Intracellular calcium release. Values are represented as

means + SE. Scale bars=10 pum.
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Thereby, | assessed the possible outcomes after treating the Jurkat cells with AB-42
protofibrils. In addition, to understand whether oxysterols (7-KC and 25-OHC) changes the effect
of protofibrillar AB42 on Jurkat cells, I evaluated AB-42-induced changes in cytosolic calcium ions
level with and without the oxysterols. Jurkat cells with 7-KC and 25-OHC at 5 and/or 10 uM were
cultured in RPMI medium which contains ~0.425 mM calcium concentration and exposed to A-
42 protofibrils. For the purpose, a fluorescent calcium indicator (29), Fluo-3-AM, was employed
to measure intracellular calcium level. In general, this indicator emits fluorescence after binding
to calcium ions and that intensity indicates the amount of cytosolic calcium ions.

Firstly, I determined the changes induced by protofibrillar AB-42 on cytosolic calcium
levels of Jurkat cells having basal cholesterol (control cells). There was an increase in the cytosolic
calcium level when cell were exposed to the peptides as shown in fig 3.8. This increase was an
indication towards the disruption in intracellular calcium homeostasis by protofibrillar AB-42. This
changes is similar as mentioned in the previous reports where AB-42 was exposed to neuronal and
fibroblast cells (58, 60).

When Jurkat cells were treated with 7-KC and 25-OH at 5 and/or 10 pM and then with the

peptides, calcium level changed. Notably, addition of AB-42 peptides was done at the time of
measurement. The results demonstrated that effect of oxysterols enhanced the changes induced by
protofibrillar AB-42. Evangelisti et al. have suggested that oligomeric species of AB-42 results in
calcium dyshomeostasis of fibroblasts from AD patients. Similarly, changes induced by 25-OHC
was due to its potential to facilitate the peptide to insert through the cell membrane.
Recent studies proves that exposure to AP induces elevation in the cytosolic calcium level of cells
by affecting the ion channels present in the membrane of calcium storing organelles and in plasma
membranes. Furthermore, AP has potential to form pores in cell membranes, selectively for
calcium ions (61). It has been reported that changes induced by cholesterol in the membrane
fluidity allows it to advert AB-induced changes in intracellular calcium level in neurons (62) due
to the fact that membrane fluidity is associated with pore formation in the membrane.

Previously, my group gave demonstrated that the 7-KC induces increase in the membrane
fluidity, and thereby, could facilitates the peptide for pore-formation in membranes. In addition,
7-KC induced higher surface interaction between AB-42 and Jurkat cells. Moreover, it has been

proposed that AP induces release of calcium ions from ER (63), where high accumulation of the
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peptides causes ER stress, resulting in alteration in calcium channels in ER membrane, thereby,
led to increase efflux of calcium ions (64) .

| have observed a remarkable increase in calcium level after addition of 25-OHC in Jurkat
cells as shown in figure 3.8. In comparison with 7-KC, 25-OHC caused a greater release of the
ions (see figure 3.9.). Thus effect of 25-OHC was more profound than 7-KC. In case of 24-OHC,
mild increase in Ca?* release was observed which was suggested to be from the cytoplasm after
24-OHC induced toxicity (65). 25-OHC elevates the calcium permeability in biological
membranes (66, 67). Presumably, this permeability is the subsequent act on back and forth
movement of 25- OHC between the leaflets of lipid bilayer (68). 25-OHC was found to produce

toxicity in aortic smooth muscle cells which followed a calcium-dependent mechanism (69).
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Figure 3.9. A) Microscopic images and B) Graphical representation of Intracellular calcium
release after and before exposure of protofibrillar AB-42 for 1h in Untreated (used as control), 7-
ketocholesterol and 25-hydroxycholesterol added cells using Flow cytometer (Beckmann Quanta
SC). Scale bar=10 pm.

3.3.7. Risk factors for Alzheimer’s disease

To summarize the findings of my study, | want to emphasize on the risk factors of

Alzheimer’s disease. It is an old age dementia, thus primarily, aging is the one of the most
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important factors which gives rise to ROS as a primary factor. It will cause formation of lipid
peroxidation products, specifically cholesterol derivatives (oxysterols). Oxysterols are known to
be potential markers in neurological disorders. Previously, it was shown that 7-KC which caused
greater surface interaction and now, | have demonstrated that 25-OHC helped in the endocytic
transport of AP peptides.

Other than aging, changes in structure and function of proteins could cause their
accumulation and misfolding. These changes in proteins can be achieved by a process known as
glycation where reducing sugars are forming advanced glycation end-products (AGE). In vitro
studies have shown that glycated AP peptides tend to aggregate faster as compare to its non-
glycated form. Consequently, size of the aggregated species is larger which thus form stabilized
AP peptides. These aggregated and misfolded peptides cause cell dysfunction and apoptosis.
Receptor for advanced glycation end products (RAGE) are reported to involve highly in the
endocytic transfer for AP peptides. It is highly expressed in brains of the patients of Alzheimer’s
disease. Production and accumulation of AGE species are also involved in metabolic conditions
such as diabetes which is known to be a risk factor in the development of Alzheimer’s disease.
Diabetes is an ailment which is caused by glycation of insulin. Commonly, insulin is present in
brain as an essential growth factor.

Thus, dysregulation in it may contribute to high blood sugar level in brain or damage to
blood vessels which makes diabetes relevant to neurological disorders such as Alzheimer’s disease
and Parkinson disease. Monomeric forms of insulin advances amyloid aggregation. Similarly,
glycosyl chains of GM1 which binds with AP peptides, reported to induce growth of Ap.
Internalization of AP in neural cells is relevant to the fact that GM1 is abundantly present in
nervous system, comprising 6% of total phospholipids. In my study, GM1-CT-B interaction
induced the negative curvature and thus endocytic transport of peptides.

AGE species are also correlated with aging and production of ROS, it was found that
ribosylated amyloid aggregates caused a significant increase in ROS species and cell death, when
exposed to cells (70). These products are found to increase in aged people and thus, prominent
factor in age-related diseases such as diabetes and Alzheimer’s disease. In particular, aging,
oxidative stress, production of ROS and AGE species are integral parts in pathology of diabetes

and Alzheimer’s disease.
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In my study, I have implicated oxysterols, aggregated species of AP peptides, glycosyl chains
interaction which are found to be risk factors in Alzheimer’s disease. I have demonstrated the
importance of these factors in endocytic transport of AP peptides which will be the cause of ER
stress. Next, | have used human neuroblastoma SH-SY5Y cell line to deepen the knowledge about

role of oxysterols in the progression of Alzheimer’s disease.

3.4. Conclusions

I have shown the important factors for the endocytic transport of the AB-42 using Jurkat
cell line which appeared as an optimized model to understand the behavior of neural cells in AD.
Notably, I had used protofibrillar species of peptide. My study was a comparative study involved
use of different oxysterols to alter the composition of membrane. Use of CT-B was proposed when
addition of oxysterols was not sufficient to observe endocytic transport of peptide. GM1
interaction with CT-B provided a negative curvature which helped in endocytosis in model
membrane proven an important factor in living cells as well. Thus, 25-OHC and GM1-CT-B are
considered to be vital for internalization of peptide inside the cell. This internalization of peptide
was proved to proceed via microtubule (cytoskeleton) of the cell. Afterwards, AB-42 was co-
localized with ER suggesting the final destination of the peptide to be ER. Role of these oxysterols
in the progression in neurodegenerative studies such as Alzheimer’s disease will further the

understanding about the dementia affecting people in older age.

References

1. sSong, S., Lee, H., Kam, T.-1., Tai, M. L., Lee, J.-Y., Noh, J.-Y., Shim, S. M., Seo, S. J.,
Kong, Y.-Y., Nakagawa, T., Chung, C.-W., Choi, D.-Y., Oubrahim, H., and Jung, Y.-K.
(2008) E2-25K/Hip-2 regulates caspase-12 in ER stress—mediated AP neurotoxicity. J. Cell
Biol. 182, 675-684 [online] http://jcb.rupress.org/content/182/4/675 (Accessed 2008).

87



10.

11.

12.

Resende, R., Ferreiro, E., Pereira, C., and Oliveira, C. R. (2008) ER stress is involved in
AB-induced GSK-3 activation and tau phosphorylation. J. Neurosci. Res. 86, 2091-2099
Costa, R. O., Ferreiro, E., Cardoso, S. M., Oliveira, C. R., and Pereira, C. M. (2010) ER
stress-mediated apoptotic pathway induced by AP peptide requires the presence of
functional mitochondria. J. Alzheimer’s Dis. 20, 625-636

Lana, E., Khanbolouki, M., Degavre, C., Samuelsson, E.-B., Akesson, E., Winblad, B.,
Alici, E., Lithner, C. U., and Behbahani, H. (2016) Perforin Promotes Amyloid Beta
Internalisation in Neurons. Mol. Neurobiol., 1-14 [online]
http://dx.doi.org/10.1007/s12035-016-9685-9 (Accessed 2016).

McMullen, T. P., Lewis, R. N., and McElhaney, R. N. (2004) Cholesterol-phospholipid
interactions, the liquid-ordered phase and lipid rafts in model and biological membranes.
Curr. Opin. Colloid & Interface Sci. 8, 459-468 [online]
http://dx.doi.org/10.1016/j.cocis.2004.01.007 (Accessed 2004).

Bjorkhem, 1., and Meaney, S. Brain cholesterol: long secret life behind a barrier. [online]
http://atvb.ahajournals.org/content/24/5/806.short.

Gamba, P., and G Testa, S. G. Oxidized cholesterol as the driving force behind the
development of Alzheimer’s disease. [online]
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4473000/.

Yamanaka, K., and Y Saito, T. Y., Y. Urano... 24 (S)-hydroxycholesterol induces neuronal
cell death through necroptosis, a form of programmed necrosis. [online]
http://www.jbc.org/content/286/28/24666.short.

Morita, M., Hamada, T., Tendo, Y., Hata, T., Vestergaard, M. C., and Takagi, M. (2012)
Selective localization of Alzheimer\textquotesingles amyloid beta in membrane lateral
compartments. Soft Matter 8 [online] http://dx.doi.org/10.1039/c2sm07185a (Accessed
2012).

Phan, H. T. T., and T Hata, M. M., T. Yoda, T. Hamada... The effect of oxysterols on the
interaction of Alzheimer’s amyloid beta with model membranes. [online]
http://www.sciencedirect.com/science/article/pii/S0005273613002101.

Chang, J. Y., and KD Phelan, J. C. Neurotoxicity of 25-OH-cholesterol on sympathetic
neurons. [online] http://www.sciencedirect.com/science/article/pii/S0361923097004619.
Chang, J. Y., and KD Phelan, L. L. Neurotoxicity of 25-OH-cholesterol on NGF-

88



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

differentiated PC12 cells. [online]
http://link.springer.com/article/10.1023/A:1022437000893.

Wohlfeil, E. R., and Campbell, W. B. 25-hydroxycholesterol increases eicosanoids and
alters morphology in cultured pulmonary artery smooth muscle and endothelial cells.
[online] http://atvb.ahajournals.org/content/19/12/2901.short.

Chang, J. Y., and JA Chavis, L. L., PD Drew Cholesterol oxides induce programmed cell
death in microglial cells. [online]
http://www.sciencedirect.com/science/article/pii/S0006291X98992373.

Choi, Y. K., Kim, Y. S., Choi, I. Y., Kim, S.-W., and Kim, W.-K. (2008) 25-
Hydroxycholesterol induces mitochondria-dependent apoptosis via activation of glycogen
synthase kinase-3f in PCI12 cells. Free. Radic. Res. 42, 544-553 [online]
http://dx.doi.org/10.1080/10715760802146062 (Accessed January 1, 2008).

Ahonen, L., and FBR Maire, M. S., J. Kopra... Analysis of oxysterols and vitamin D
metabolites in mouse brain and cell line samples by ultra-high-performance liquid
chromatography-atmospheric pressure - [online]
http://www.sciencedirect.com/science/article/pii/S0021967314013703.

Morita, M., and M Vestergaard, T. H., M. Takagi Real-time observation of model
membrane  dynamics induced by  Alzheimer’s amyloid beta. [online]
http://www.sciencedirect.com/science/article/pii/S0301462209002403.

Phan, H. T. T., and MC Vestergaard, K. B. Localization of amyloid beta (Ap1-42)
protofibrils in membrane lateral compartments: Effect of cholesterol and 7-Ketocholesterol.
[online] http://onlinelibrary.wiley.com/doi/10.1016/j.febslet.2014.08.007/full.

Kayed, R., and E Head, J. T., TM Mclntire... Common structure of soluble amyloid
oligomers implies common mechanism of pathogenesis. [online]
http://science.sciencemag.org/content/300/5618/486.short.

Town, T., and J Tan, R. F.,, M. Mullan T-cells in Alzheimer’s disease. [online]
http://link.springer.com/article/10.1385/NMM:7:3:255.

Hitomi, J., and DE Christofferson, A. N., J. Yao, A. Degterev... Identification of a
molecular signaling network that regulates a cellular necrotic cell death pathway. [online]
http://lwww.sciencedirect.com/science/article/pii/S0092867408013822.

Kiyokawa, E., and T Baba, N. O., A. Makino... Spatial and functional heterogeneity of

89



23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

sphingolipid-rich membrane domains. [online]
http://www.jbc.org/content/280/25/24072.short.

Dhingra, S., and M Morita, T. Y., MC Vestergaard... Dynamic morphological changes
induced by GML1 and protein interactions on the surface of cell-sized liposomes. [online]
http://www.mdpi.com/1996-1944/6/6/2522/htm.

Fukunaga, S., and H Ueno, T. Y., Y. Yano... GM1 cluster mediates formation of toxic Ap
fibrils by providing hydrophobic environments. [online]
http://pubs.acs.org/doi/abs/10.1021/bi300839u.

Strober, W. Trypan blue exclusion test of cell viability. [online]
http://onlinelibrary.wiley.com/doi/10.1002/0471142735.ima03bs111/full.

Dong, H., and SE Strome, D. S., H. Tamura... Tumor-associated B7-H1 promotes T-cell
apoptosis: a potential mechanism of immune evasion. [online]
http://www.nature.com/nm/journal/v8/n8/abs/nm730.html.

Evangelisti, E., and D Wright, M. Z. Lipid rafts mediate amyloid-induced calcium
dyshomeostasis and  oxidative stress in  Alzheimer’s disease. [online]
http://www.ingentaconnect.com/content/ben/car/2013/00000010/00000002/art00004.
Blank, N., and M Schiller, S. K., G. Wabnitz... Cholera toxin binds to lipid rafts but has a
limited specificity for ganglioside GML1. [online]
http://www.nature.com/icb/journal/v85/n5/abs/7100045a.html.

Takahashi, A., Camacho, P., Lechleiter, J. D., and Herman, B. (1999) Measurement of
intracellular calcium. Physiol. Rev. 79, 1089-1125

Evangelisti, E., and C Cecchi, R. C., C. Sgromo... Membrane lipid composition and its
physicochemical properties define cell vulnerability to aberrant protein oligomers. [online]
http://jcs.biologists.org/content/125/10/2416.short.

Yu, K., and Y He, L. Y., PKS Lam, RSS Wu... DE-71-induced apoptosis involving
intracellular calcium and the Bax-mitochondria-caspase protease pathway in human
neuroblastoma cells in vitro. [online]
http://toxsci.oxfordjournals.org/content/104/2/341.short.

Olsen, B. N., and Schlesinger..., P. H. Perturbations of membrane structure by cholesterol
and cholesterol derivatives are determined by sterol orientation. [online]
http://pubs.acs.org/doi/abs/10.1021/ja8095224.

90



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Kulig, W., and P Jurkiewicz, A. O., J. Tynkkynen... Experimental determination and
computational interpretation of biophysical properties of lipid bilayers enriched by
cholesteryl hemisuccinate. [online]
http://www.sciencedirect.com/science/article/pii/S0005273614003678.

Tall, A. R., and P Costet, N. W. Regulation and mechanisms of macrophage cholesterol
efflux. [online] http://www.jci.org/articles/view/16391.

Wolf, G. The role of oxysterols in cholesterol homeostasis. [online]
http://search.proquest.com/openview/99853e121485b6e16e8f01038fee8410/17pq-
origsite=gscholar.

Bjorkhem, 1. Do oxysterols control cholesterol homeostasis?  [online]
http://www.jci.org/articles/view/16388.

Joseph, S. B., and A Castrillo, B. L., DJ Mangelsdorf... Reciprocal regulation of
inflammation and  lipid metabolism by liver X  receptors. [online]
http://www.nature.com/nm/journal/v9/n2/abs/nm820.html.

Kim, S. M., and CW Lee, B. K., YS Jung, SK Eo... 27-Oxygenated cholesterol induces
expression of CXCL8 in macrophages via NF-«xB and CD8S8. [online]
http://www.sciencedirect.com/science/article/pii/S0006291X15301285.

Leonarduzzi, G., and S Gargiulo, P. G., G. Testa... S3-2-Modulation of cell signaling
pathways by  oxysterols in  age-related human  diseases. [online]
http://www.sciencedirect.com/science/article/pii/S0891584914013380.

Wang, P., and J Weng, R. A. OSBP is a cholesterol-regulated scaffolding protein in control
of ERK1/2 activation. [online] http://science.sciencemag.org/content/307/5714/1472.short.
Vurusaner, B., and P Gamba, G. T., S. Gargiulo... Survival signaling elicited by 27-
hydroxycholesterol through the combined modulation of cellular redox state and ERK/Akt
phosphorylation. [online]
http://www.sciencedirect.com/science/article/pii/S0891584914003438.

Wang, H., Yuan, L., Ma, W., Han, J., Lu, Y., Feng, L., and Xiao, R. (2016) The cytotoxicity
of 27-hydroxycholesterol in co-cultured SH-SY5Y cells and C6 cells. Neurosci. Lett. 632,
209-217 [online] http://www.sciencedirect.com/science/article/pii/S0304394016306565
(Accessed October 6, 2016).

Dasari, B., and Prasanthi..., J. R. P. The oxysterol 27-hydroxycholesterol increases [3-

91



44,

45.

46.

471.

48.

49,

50.

51.

52.

amyloid and oxidative stress in retinal pigment epithelial cells. [online]
https://bmcophthalmol.biomedcentral.com/articles/10.1186/1471-2415-10-22.

Brown, M. S., and Goldstein, J. L. Cholesterol feedback: from Schoenheimer’s bottle to
Scap’s MELADL. [online] http://www.jlr.org/content/50/Supplement/S15.short.
Gorbenko, G. P., and Kinnunen, P. K. J. (2006) The role of lipid—protein interactions in
amyloid-type protein fibril formation. Chem. Phys. Lipids 141, 72-82 [online]
http://dx.doi.org/10.1016/j.chemphyslip.2006.02.006 (Accessed June 2006).

Vetrivel, K. S., and Thinakaran, G. (2010) Membrane rafts in Alzheimer’s disease beta-
amyloid production. Biochim. et Biophys. Acta 1801, 860-867 [online]
/lwww.sciencedirect.com/science/article/pii/S1388198110000636  (Accessed  August
2010).

Saavedra, L., Mohamed, A., Ma, V., Kar, S., and Chaves, E. P. de (2007) Internalization
of -Amyloid Peptide by Primary Neurons in the Absence of Apolipoprotein E. J. Biol.
Chem. 282, 3572235732 [online] https://doi.org/10.1074%2Fjbc.m701823200 (Accessed
October 2007).

Singh, T. D., and SY Park, J. B., Y. Yun, YC Bae... MEGF10 functions as a receptor for
the uptake of amyloid-p. [online]
http://onlinelibrary.wiley.com/doi/10.1016/j.febslet.2010.08.050/full.

Choi, Y. K., and YS Kim, I. C., SW Kim, WK Kim 25-Hydroxycholesterol induces
mitochondria-dependent apoptosis via activation of glycogen synthase kinase-3 3 in PC12
cells. [online] http://www.tandfonline.com/doi/abs/10.1080/10715760802146062.
Hwang, P. L. H. Inhibitors of protein and RNA synthesis block the cytotoxic effects of
oxygenated sterols. [online]
http://www.sciencedirect.com/science/article/pii/0167488992900770.

Trousson, A., and S Bernard, P. P., P. Liere... 25-hydroxycholesterol provokes
oligodendrocyte cell line apoptosis and stimulates the secreted phospholipase A2 type 11A
via LXR beta and PXR. [online] http://onlinelibrary.wiley.com/d0i/10.1111/j.1471-
4159.2009.06009.x/full.

Christ, M., and B Luu, J. M., I. Moosbrugger, P. Bischoff Apoptosis induced by oxysterols
in  murine  lymphoma cells and in normal thymocytes. [online]
http://www.ncbi.nlm.nih.gov/pmc/articlessPMC1421833/.

92



53.

54.

55.

56.

S7.

58.

59.

60.

61.

62.

63.

Lange, Y., and J Ye, F. S. Movement of 25-hydroxycholesterol from the plasma membrane
to the rough endoplasmic reticulum in cultured hepatoma cells. [online]
http://www.jlr.org/content/36/5/1092.short.

Blanchard, B. J., Chen, A., Rozeboom, L. M., Stafford, K. A., Weigele, P., and Ingram, V.
M. (2004) Efficient reversal of Alzheimer’s disease fibril formation and elimination of
neurotoxicity by a small molecule. Proc. Natl. Acad. Sci. United States Am. 101, 14326—
14332

Mattson, M. P. (2004) Pathways towards and away from Alzheimer’s disease. Nature 430,
631-639 [online] http://dx.doi.org/10.1038/nature02621 (Accessed August 5, 2004).
Kawahara, M., Kuroda, Y., Arispe, N., and Rojas, E. (2000) Alzheimer’s -amyloid,
human islet amylin, and prion protein fragment evoke intracellular free calcium elevations
by a common mechanism in a hypothalamic GnRH neuronal cell line. J. Biol. Chem. 275,
14077-14083

Alberts, B., Johnson, A., Lewis, J., Raff, M., Roberts, K., and Walter, P. (2002) Molecular
biology of the cell. new york: Garland science; 2002. Class. Textb. now its 5th Ed.
Mattson, M. P., and Chan, S. L. (2003) Neuronal and glial calcium signaling in Alzheimer’s
disease. Cell Calcium 34, 385-397

Le, Y., Gong, W., Tiffany, H. L., Tumanov, A., Nedospasov, S., Shen, W., Dunlop, N. M.,
Gao, J.-L., Murphy, P. M., and Oppenheim, J. J. (2001) Amyloid 342 activates a G-protein-
coupled chemoattractant receptor, FPR-like-1. J. Neurosci 21

Evangelisti, E., Zampagni, M., Cascella, R., Becatti, M., Fiorillo, C., Caselli, A., Bagnoli,
S., Nacmias, B., and Cecchi, C. (2014) Plasma membrane injury depends on bilayer lipid
composition in Alzheimer’s disease. J. Alzheimer’s Dis. 41, 289-300

Anekonda, T. S., and Quinn, J. F. (2011) Calcium channel blocking as a therapeutic
strategy for Alzheimer’s disease: the case for isradipine. Biochim. et Biophys. Acta 1812,
1584-1590

Kawahara, M., and Kuroda, Y. (2001) Intracellular calcium changes in neuronal cells
induced by Alzheimer’s B-amyloid protein are blocked by estradiol and cholesterol. Cell.
Mol. Neurobiol. 21, 1-13

Ferreiro, E., Oliveira, C. R., and Pereira, C. M. (2008) The release of calcium from the

endoplasmic reticulum induced by amyloid-beta and prion peptides activates the

93



64.

65.

66.

67.

68.

69.

70.

mitochondrial apoptotic pathway. Neurobiol. Dis. 30, 331-342

Popugaeva, E., and Bezprozvanny, I. (2013) Role of endoplasmic reticulum Ca2+ signaling
in the pathogenesis of Alzheimer disease. Front. Mol. Neurosci. 6

Kolsch, H., and D Lutjohann, A. T., I. Bjorkhem, ML Rao The neurotoxic effect of 24-
hydroxycholesterol on  SH-SY5Y  human  neuroblastoma cells.  [online]
http://www.sciencedirect.com/science/article/pii/S0006899398012748.

Boissonneault, G. A., and Heiniger, H. J. 25-Hydroxycholesterol-induced elevations in
45Ca uptake: Permeability changes in P815 cells. [online]
http://onlinelibrary.wiley.com/doi/10.1002/jcp.1041250316/full.

Holmes, R. P., and Yoss, N. L. 25-Hydroxysterols increase the permeability of liposomes
to Ca2+ and other cations. [online]
http://www.sciencedirect.com/science/article/pii/0005273684900671.

Theunissen, J. J. H., and RL Jackson, H. K. Membrane properties of oxysterols. Interfacial
orientation, influence on membrane permeability and redistribution between membranes.
[online] http://www.sciencedirect.com/science/article/pii/0005273686904992.

Ares, M. P., and Porn, M. I. Ca2+ channel blockers verapamil and nifedipine inhibit
apoptosis induced by 25-hydroxycholesterol in human aortic smooth muscle cells. [online]
http://www.jlr.org/content/38/10/2049.short.

Kong, F. L., and W Cheng, J. C., Y. Liang D-Ribose glycates p 2-microglobulin to form
aggregates with high cytotoxicity through a ROS-mediated pathway. [online]
http://www.sciencedirect.com/science/article/pii/S0009279711002559.

%94



Chapter 4:
Role of 7-ketocholesterol and 25-hydroxycholesterol in

the internalization of amyloid beta in SH-SY5Y cells

Abstract

Accumulation of amyloid beta (AP) in the intracellular spaces have been a major
pathological feature in the progression of Alzheimer’s disease (AD). Possibly, it may occur after
uptake of the peptides form extracellular spaces of cell. Currently, it has become a new method in
the pathogenesis of the disease. In this chapter, I have shown that externally added AP exhibit
toxicity to the undifferentiated human neuroblastoma SH-SY5Y cell line in a time and
concentration dependent manner. Exogenous AP have been associated with endoplasmic reticulum
(ER) stress, possibly after internalization of the peptides with the aid of lipid rafts which are rich
in cholesterol. I have also used cholesterol derivatives (oxysterols) to change the composition of
the membrane and observed the changes induced by them on internalization of the peptides in
undifferentiated SH-SY5Y cells. These findings will suggest the importance of oxysterols in the

toxicity induced by amyloid peptides which will benefit in the pathology of AD.

Keywords: Amyloid beta-42, 25-hydroxycholesterol, 7-ketocholesterol, toxicity, internalization,

undifferentiated human neuroblastoma SH-SY5Y cells, endoplasmic reticulum.
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4.1. Introduction

Internalization of amyloid beta (AP) peptides is a crucial event in understanding the
mechanisms of the pathology of Alzheimer’s disease (AD), which is a neurodegenerative disorder
that is one of the leading dementia affecting the world. Classically, intercellular AB-induced
toxicity was given importance in the studies related to AD. But recently, uptake of extracellular
AP peptides and then accumulation of AP within the cells have observed as an important step in
the progression of AD. In the pathology of AD, it is still a question that whether AP peptides
deposits straight within the cell or they come from outside the cell via internalization.
Internalization of AP can proceed via multiple pathways: endocytic transport of the peptides,
phagocytosis, pinocytosis, pore formation in the membrane, receptor-mediated endocytosis, via
lipid rafts and their associated proteins. Lana et al. have suggested endocytosis to be the most
dominating pathway for internalization of AB peptides (1). They have demonstrated suppression
in the intake of AP peptides in both of its isomers after deterring the endocytic pathway in
differentiated SH-SY5Y cells and human primary cortical neurons (hPCN). Another study have
suggested micro-domains in the membrane, termed as lipid rafts, to be the major mechanism used
by AP to internalize into the neurons (2).

Since lipid rafts are associated with internalization of proteins, components of these micro-
domains (raft) in the membrane have substantial effect on the transport of protein through the
membrane. Lipid rafts are composed of cholesterol, sphingolipids and phospholipids where levels
of cholesterol have been linked with the high prevalence of AD in in vitro and in vivo studies (3
6) and GM1(monosialoganglioside) which is a sphingolipid bind to AP peptides and promotes
their growth via seeding and acceleration by GM1-Ap (7, 8). It was demonstrated that damage
induced in lipid rafts could save cultured pheochromocytoma cells against toxicity induced by
AP oligomers (9, 10). Among two isoforms of AP, AB-42 is more hydrophobic than AB-40,
attributed to its hydrophobicity and thus possesses higher propensity to aggregate, which makes
AB-42 more toxic. The hydrophobicity of peptides facilitates them to target neuronal cells;
AP aggregates reported to interact with cell membranes, leading to pore formation in the bilayer
(11). In addition, oligomeric and fibrillar species of Ap bind to many membrane proteins, resulting
in modification of protein function (12). AB-induced toxicity can generate via aggregation of the

peptide at lipid rafts which in turn can cause membrane disruption or deformation by oxidative
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damage (13, 14). In addition, GM1-Ap interaction decreases membrane fluidity and activates APP
processing, finally leading to excess production of the peptides (15).Moreover, oxidative damage
has been associated with reactive oxygen species (ROS) which in turn is related with aging, risk
factor in AD. Oxidative stress constitutes a crucial role in inflammation, apoptosis and
neurodegeneration (16, 17). ROS, which is primarily produced in the mitochondria, leads to the
free radical attack of membrane phospholipids and produces oxidative species of cholesterol.
ROS also induces the loss of mitochondrial membrane potential, which causes the
intermembrane protein, such as cytochrome c, expelled out of the mitochondria and finally
stimulates caspase-3 (18, 19). Activation of caspase-3 has been linked to tailoring of DNA and
thus, cell death.

In my study, | have focused on the role of oxidized derivatives of cholesterol in the
endocytic transport of AB-42. | have incorporated oxysterols such as 7-ketocholesterol (7-KC) and
25-hydroxycholesterol (25-OHC) in the membrane of undifferentiated human neuroblastoma SH-
SY5Y cells. In the previous chapter, biomimetic membranes and Jurkat cells were used a mimic
to study the mechanism of AB-induced toxicity, whereas in this chapter, neuroblastoma SH-SY5Y
cell line was employed. This cell line is a subclone from another cell line, SK-N-SH, and derived
from bone marrow of a 4 year old female child (20). SH-SY5Y cells exhibit vigorous proliferation
of cells attributed to their capability for regression (21). They have characteristics to present as
adherent and floating cells in the medium.

There are a number of different risk factors which are intertwined in the development of
AD, including upregulation in the production and polymerization of AP, aging, oxidative stress,
advanced glycation end-products, hypertension, inflammation and hypercholesterolemia (ref).
Among the risk factors in the pathology of AD, oxidative stress is linked with the accumulation of
free cholesterol, previously found in AD brains. High concentration and accumulation of
cholesterol may result in the production of oxidative products of cholesterol (oxysterols)
enzymatically or by reactive oxygen species (ROS). Oxysterols have been suggested to exhibit
toxic and pro-inflammatory effects. They have been found to produce disruption in smooth muscle
cells (22, 23), endothelial cells (24, 25) and fibroblasts (26, 27). According to previous reports,
24(S)-hydroxycholesterol (24S-OHC) was found at high levels in AD patients (28). On the
contrary, 27-hydroxycholesterol (27-OHC) and 24S-OHC exhibited neuroprotective and

neurotoxic effects at different concentrations, in the presence of other toxic stimulant in
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undifferentiated SH-SY5Y cells (29). In addition, oxysterols were suggested to decrease cell
viability in leukemic T-cells, lymphoma cells and thymocytes (30-32) and also in neuronal cells
(33, 34). Thus, toxicity induced by oxysterols depends on multiple conditions such as type and
concentration of oxysterol used, cell line and incubation time. In addition, 7-KC, known as a
neurotoxin (35) , decreased cell viability by 50% after 48 h incubation at 50 uM (36) . This sterol
has a major contribution in atherosclerosis (37) and found to promote insertion of Af peptides into
lipid bilayer .7-KC bears potential to accelerate exocytosis and enhances neurotransmitter release,
thus causes neuroinflammation (38). It was also demonstrated as an inhibitor in the raft formation
(39). On the other hand, 25-OHC is among the most important oxysterols produced via enzymatic
oxidation. Oxidation in the alkyl chain present in the cholesterol produces compounds bearing
additional -OH group possibly which makes them capable of crossing blood-brain-barrier (BBB).
Although, 24S-OHC is the form which can cross BBB instead of cholesterol, 25-OHC shares
similar structure with it. 25-OHC has been known as a potential regulator of biosynthesis of
cholesterol (40) and suggested to be highly toxic at high concentrations (41). Specifically, 25-OHC
lowers cell viability of thymocytes and RDM4 cells by 45% and 90%, respectively, at 10 uM in
24 h (30). In addition, this oxysterol reported to induce DNA fragmentation in these cells after
overnight treatment. Moreover, it also exhibits an integral role in immune system and induces
cytotoxicity in PC12 cells (34).

Another than oxysterols, when AP internalizes into the membrane it leads to toxicity,

aggregation and increase in calcium ions. Previously, Demuro et al. reported about increase in
intracellular calcium levels after AP introduction in SH-SY5Y cells (42). This increase in calcium
ions can be associated to the release of ions from ER when the organelle is under stress.
With these understandings, | have used 7-KC and 25-OHC in my study with protofibrillar species
of AP and undifferentiated human neuroblastoma SH-SY5Y cell line. In this chapter, | have
demonstrated that protofibrillar AB-42 induces cytotoxicity in SH-SY5Y cells which efficiently
enhanced in the presence of oxysterols in the membrane. In addition, AB-42 internalizes into the
cell which promotes with longer incubation time and with incorporation of 7-KC and 25-OHC.
Moreover, the peptides are co-localized with ER and possibly, chose microtubules as a pathway
for peptide trafficking.
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4.2. Experimental procedures

4.2.1. Materials-

25-hydroxycholesterol (25-OHC), 7-ketocholesterol (7-KC), bovine serum albumin (BSA),
and trypan blue were obtained from Sigma-Aldrich (USA). Amyloid beta protein (Human, 1-42)
(AB-42), Hilyte FluorTM 488-labeled (Aex=503 nm, Aex=528 nm) AB-42 and HiLyte Fluor-555-
labeled (Aex= 551 nm, Aex= 567 nm) AB-42 were from Peptide Institute Inc. (Japan) and Anaspec,
Inc. (USA), respectively. ER-Tracker Blue-White DPX, Oregon Green 488 taxol, Dulbecco’s
modified eagle medium (DMEM)/ F-12 (1:1), fetal bovine serum, peniciilin, streptomycin, Alexa
Fluor 555 conjugated cholera toxin subunit B (CT-B) (Aex= 555 nm, Aem= 565 nm) and NucRed
® Live 647 (Aex=638 nm, Aem=686 nm) were from Invitrogen (USA). Phosphate buffer salts
(PBS), and Tris (hydroxymethyl) aminomethane (Tris) were purchased from Takara Bio Inc. and
Kanto-Chemical (Japan), respectively.

4.2.2. Cell Culture-

Human neuroblastoma SH-SY5Y cell line, a gift from Doshisha University (Kyoto, Japan)
were cultured in medium containing DMEM/F-12 (1:1 mixture) supplemented with 10 % heat-
inactivated fetal bovine serum and antibiotics (100 units/mL penicillin and 100 pg/mL
streptomycin, in a humidified incubator at 37°C in the presence of 95% air and 5% CO.. Cell were
grown in 35X10 mm dishes at density of 2X10° cells/ml and passaged twice a week using 0.25 %
trypsin followed by EDTA treatment after 80% confluency. Cultures were grown in subcultures
in 35 mm glass bottom dishes for microscopic observations, 96-well plates for intracellular

calcium ions measurements and 24-well plates for cell viability experiments.

4.2.3. Preparation and addition of oxysterols-
Stock solution of oxysterols is prepared in ethanol and was diluted in non-serum medium
as working solution. For the experiments, cells were treated with oxysterols for 24 h, 37°C to alter

the membrane cholesterol level.
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4.2.4. Preparation and addition of protofibrillar AB-42 —

200 uM APB-42 solutions were prepared by dissolving AB-42 powder in 0.02% (v/v)
ammonia solution and stored at -80°C. Before experiments, AB-42 solution was diluted to 80 uM
concentration with Tris buffer (20 mM, pH 7.4), and subsequently incubated at 37°C for 12 h. To
prepare the protofibrillar species, fluorescence labeled AB-42 and normal AB-42 was mixed at 1:2
molar ratio before the incubation. SH-SY5Y cells were incubated with protofibrillar AB-42 at
different concentrations for 2 and 24 h in humidified incubator at 37°C.

4.2.5. Measurement of cell viability-

Trypan blue exclusion assay was used to estimate cell viability upon the effect of AB-42
protofibrils. Untreated (Control), 7-KC and 25-OHC added cells cultured in 24-well plate were
briefly washed with PBS, exposed to 100 nM and 1 puM protofibrillar AB-42 for 2 and 24 h.
Thioflavin T assay showed that the confirmation of protofibrillar AB-42 did not significantly
change in this condition (data was not shown). The cells were then trypsinized shortly and washed
with PBS and treated with trypan blue at the final concentration of 0.01% (v/v) in PBS for 5 min
at room temperature. The number of dead cells and viable cells were counted using a
hemocytometer. The cell having a clear cytoplasm defined as a viable cell, while a dead cell is the
one with a blue cytoplasm. Cell viability was calculated following the formation: cell
viability=total viable cells/total cells. Data is expressed as mean + standard deviation of at least

three independent experiments.

4.2.6. Nucleus staining-
After treatment of AP, cells were washed with DMEM/F-12 (non-serum) and treated with
NucRed Live 647, which binds with DNA, added 1 drop per mL for 15-20 min at 37°C.

4.2.7. Lipid raft staining and observation of Ap-42-
Lipid rafts were labelled by treating cells with 1 pg/ml CT-B, lipid raft marker which binds
with GM1 in lipid rafts, and 0.02% (v/v) BSA in PBS, followed by an incubation at 37°C for 10

min. Then cells were washed with PBS buffer.
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4.2.8. Staining of microtubule-
To stain microtubule, Oregon Green® 488 Taxol was used for 5 min at 37°C in a

humidified incubator in the presence of 5% CO>. Then cells were washed twice with PBS.

4.2.9. Staining of Endoplasmic Reticulum-

ER organelle was labelled by treating cells with 1 pg/ml ER-Tracker (Blue-White DPX
dye) in 0.02% BSA, followed by an incubation at 37 °C for 30 min. Then cells were washed with
PBS buffer.

4.2.10. Microscopic observations-
After staining, glass bottom dishes were observed using Confocal Laser Scanning
Microscope (Olympus FV-1000, Japan) using 60X oil-immersion objective lens at room

temperature within 2-4 min at room temperature (RT).

4.2.11. Image processing and statistical analysis-

Images obtained by microscopic observations are processed using Olympus fluoview
Version 4.2 and Image J software. Data is expressed as means * standard deviations of three
independent experiments. Statistical analysis of data was performed by ANOVA test and then with
Bonferroni’s test wherever applicable, P-values <0.05 were considered to be statistically

significant.
4.3. Results and discussion
4.3.1. Changes in cell viability induced by amyloid beta (Af-42) and oxysterols-

To investigate the effect of toxicity induced by protofibrillar species of AB-42, cell viability
was measured using trypan blue exclusion assay (43, 44). Trypan blue is one of those dyes which
penetrates into the dead cell and turns the cytoplasm blue to distinguish the dead cells from live

cells. It is a good and fast method to check the cell viability. It was assessed manually with

haemocytometer and phase contrast microscope or with automated cell counter countess 11 FL.
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Different concentrations of AB-42 were used to check its effect on the cell viability of
undifferentiated neuroblastoma SH-SY5Y cells.

I had compared the effect of Ap at 100 nM and 1 uM at different incubation times such as
2 and 24 h, incubation of protofibrils was carried out at 37°C (physiological temperature of human
body). In the preceding chapters, | have used liposomes (biomimetic membranes) and Jurkat cells
to understand the endocytic mechanism of AB-42. Although in Jurkat cells, toxicity induced by the
peptides was not very prominent, but in undifferentiated neuroblastoma SH-SYS5Y cells, AB-42
was harmful to cells at 1 uM after 2 h exposure which increased significantly when incubation
period was 24 h as shown in fig. 4.1. When cells were incubated with AB-42 (1 uM) for a day,
approximately 14% depression was observed in the cell survival. It was observed that after 2 h of
incubation with AB at 100 nM could not cause severe damage in the undifferentiated
neuroblastoma SH-SH5Y cells, which turned out to be slightly toxic and caused a small loss in the
cell viability. According to previous reports, around 57% of the cells died after exposure to ApB-42

peptides used as a mixture of fibril, protofibrils and oligomers (45).
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Figure 4.1. Cell viability of undifferentiated human neuroblastoma SH-SY5Y cells in control cells
(basal cholesterol level), with and without the exposure of protofibrillar Af-42 at 100 nM and 1
MM after 2 and 24 h of incubation of cells with the peptides.
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Then to determine the changes produced by alteration in the membrane cholesterol level, |
had used oxysterols, 7-KC and 25-OHC at the concentration of 10 uM. Undifferentiated
neuroblastoma SH-SYS5Y cells were treated with the oxysterols for 24 h and since AB-induced
toxicity was more pronounced at 24 h, thus cells were then treated in the presence and absence of
amyloid peptides at 1 uM and 100 nM for 24 h. Incorporation of only oxysterols also lowers the
cell viability of undifferentiated neuroblastoma SH-SY5Y cells (data was not shown). Previously,
7-KC and 25-OHC (at 5 pM) have proposed to lower cell viability within 48-72 h treatment in
murine cancer cell lines (32). In addition, there was a further decrease in the cell viability when
treated with oxysterols and AB-42 (1 pM) as shown in fig.4.2. On the contrary, in Jurkat cells,
addition of oxysterols (7-KC and 25-OHC) and AP-42 could not reduce the cell viability
effectively (as mentioned in Chapter 3), but alteration of membrane cholesterol in undifferentiated
neuroblastoma SH-SYSY cells increase AB-induced toxicity. Both of these oxysterols have
exhibited toxicity which caused further 10-15% decrease in the cell viability where 7-KC together
with AB-42 resulted total 25% decrease in the cell viability and 25-OHC exhibited almost 30%
depression in the cell survival in the presence of AB-42 (1 uM). Chang and Liu have demonstrated
the effect of oxysterols on the cell viability of cerebral granule cells, where they found 7-KC at 20
pg/mL causes 18% decrease in the number of viable cells when treated cells with the sterol for 48
h. In addition, 25-OHC killed 44% of the total cell population at 5 pg/mL in the exposure of 2 days
(35). Moreover, in an experiment with sympathetic neurons, 25-OHC lowers cell viability to 50%
at 4 pg/mL in 36 h (41).
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Figure 4.2. Cell viability of undifferentiated human neuroblastoma SH-SY5Y cells in control cells
(basal cholesterol level), cells pretreated with 7-ketocholesterol and 25-hydroxycholesterol at 10
uM for 24 h, with and without the exposure of protofibrillar AB-42 at 100 nM and 1M, after 24

h of incubation of cells with the peptides.

Notably, AB-42 at 100 nM was not very toxic to the undifferentiated neuroblastoma SH-
SY5Y cells. Thus to avoid the malfunctions of the cell and its organelles while microscopic
observations, 100 nM ApB- 42 was used for the further experiments. Later, | had observed the
changes in the cell viability in time-dependent experiments. Cells were pretreated with 7KC and
25-OHC for 24 h followed by incubation with protofibrillar AB-42 (100 nM) for 2 and 24 h. This
particular concentration of the peptides was apparently non-toxic to the cells and so as in the case
when cells were pretreated with oxysterols (Fig. 4.3.). After incubation periods, 2 and 24 h, cell

viability remained ~99-96% and ~97-94% respectively.
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Figure 4.3. Cell viability of undifferentiated human neuroblastoma SH-SY5Y cells in control cells
(basal cholesterol level), cells pretreated with 7-ketocholesterol and 25-hydroxycholesterol at 10

MM for 24 h, with and without the exposure of protofibrillar AB-42 at 100 nM, after 2 and 24 h of
incubation of cells with the peptides.

Thus, exogenous AB-42 peptide is also harmful to the undifferentiated neuroblastoma SH-
SY5Y cells in a concentration and time-dependent manner. This effect is enhanced in the presence
of oxysterols in the cell membrane. Then to support this finding, next, 1 had observed the

internalization of protofibrillar AB-42 in the presence and absence of oxysterols.
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4.3.2. Internalization of amyloid beta (Af-42) in undifferentiated neuroblastoma SH-SY5Y cells-

Accumulation of AP peptides is a pathological hallmark in AD and the toxicity induced by
these peptides is crucial in the progression of this neurological disorder. Recently, toxicity induced
by AP peptides present in the extracellular spaces after their internalization considered to play an
important role in the pathology of AD. Thus, I had observed influence of protofibrillar AB-42 on
undifferentiated neuroblastoma SH-SY5Y cells. For the purpose of observation with confocal laser
scanning microscope, cells were stained with NucRed dye which intercalates with the strands of
DNA and emits red fluorescence. Samples were observed after 2 and 24 h of incubation with
fluorescent species of AB-42 which exhibits green fluorescence. Unlike in the Jurkat cells,
protofibrillar AB-42 was observed inside the undifferentiated SH-SY5Y cells after 2 h of
incubation period as shown in fig 3.4A. In T cells, accumulation of peptides was observed on the
surface of the cell membrane only. After 2 h, uptake of AB-42 was observed in ~25% of the total
cell population. On the contrary, peptides were observed even after 15 min incubation with the
cells sporadically (data was not shown). Previously it was reported that 7-KC induces higher
accumulation of protofibrillar AB-42 than additional cholesterol and basal level cholesterol on the
surface of Jurkat cell membrane (46). And as mentioned in Chapter 3, | found that 25-OHC
together with CT-B caused endocytic transport of the peptides through Jurkat cell membrane. After
the addition of oxysterols: 7-KC and 25-OHC in the undifferentiated SH-SY5Y cell membrane,
there was an increase in the uptake of the peptides and then AB-42 was found in ~32-24% of the
cells.

Later, when undifferentiated SH-SY5Y cells were incubated with the peptides for a longer
period i.e. 24 h, protofibrillar AB-42 was internalized into 41% cells in cells with basal level of
cholesterol. In addition, with pretreatment with oxysterols (7-KC and 25-OHC) for 24 h prior to
incubation with AB-42 for 24 h, peptides were internalized in more cells as shown graphically in
fig 4.4B. This increment may be attributed to the incorporation of oxysterols in the membrane. P.
Gamba et al. have demonstrated that oxysterols (27-OHC, 24-OHC and 7p-OHC) elevates the
adherence of AP-42 peptides at 1 uM in differentiated SK-N-BE cells after 48 h treatment with
oxysterols succeeded by the incubation with AB-42 for 8 h (47).
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Figure 4.4. A) Microscopic images of the cells where AB-42 (HiLyte flor 488 nm), nuclei (Cy5)
are represented by green and red fluorescence, respectively. B) Internalization of AB-42 (100 nM)
in undifferentiated human neuroblastoma SH-SY5Y cells in control cells (basal cholesterol level),
cells pretreated with 7-ketocholesterol and 25-hydroxycholesterol at 10 uM for 24 h, after 2 and
24 h of incubation of cells with the peptides. Scale bars = 10 pum.
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4.3.3. Internalization of amyloid beta (A-42) in the presence of cholera toxin B subunit (CT-B)-

Internalization of AP peptides have been associated with different pathways, one of them
is through lipid rafts and lipid raft-associated proteins. Lipid rafts have been demonstrated as the
binding site for exogenous peptides (12, 48) and Matsuzaki et al. have shown that GM1 accelerates
the aggregation of AP peptides (49). | have also discussed the integral factors for endocytic
transport of the peptide and discussed the crucial role of glycosyl chains involved in this
phenomenon due to the fact that GM1-CT-B cause induction of negative curvature (50).

Here, using undifferentiated human neuroblastoma SH-SY5Y cell line, after the treatment
with protofibrillar AB-42 for 2 and 24 h, cells were treated with lipid raft marker, CT-B. It was
found that the peptides were internalized into ~17.6% after 2 h which increase with time and after
24 h of treatment, ~39% of the cells recruited AB-42 (fig 4.5.). A group of researchers have also
suggested that only those oligomeric forms of amyloid which are adhered with the membrane have
internalized into the cell. They have also focused on the aggregated species of the peptide where
oligomers were internalized more prominently than fibrils (51). Another researchers have
proposed that internalization of A takes places at lipid rafts, probably after binding with the
sphingolipid, GM1(52). Later, prior to treatment with the peptides, undifferentiated SH-SY5Y
cells were treated with oxysterols (7-KC and 25-OHC at 10 uM) for 24 h. Then after brief washing,
cells were incubated in medium containing protofibrillar AB-42 in time dependent experiment (for
2 and 24 h). In the presence of both oxysterols, in Jurkat cells, 7-KC enhanced the interaction of
peptides at the surface of the cell membrane (46), whereas in 25-OH, with CT-B-GM1 interaction,
AB-42 peptides were internalized into the cell. In the case of undifferentiated human
neuroblastoma SH-SY5Y cells, both oxysterols showed similar behavior where AB-42 peptide
were internalized into ~20% of total population in the presence of 7-KC and ~23% in 25-OHC
added cells after 2 h of incubation with the peptides. Later, when incubation period lasted up to 24
h, AB-42 protofibrils were recruited into the cells in higher amount, ~40% of the total cells under
the influence of 7-KC and ~47% in 25-OHC. These results were different from my expectation as
AB-42 peptides were recruited in less cell as compare to when CT-B was not present. This can be
attributed to the inhibitory effect of CT-B for the internalization of AB-42.
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Figure 4.5. A) Microscopic images of the cells where AB-42 (HiLyte flor 488 nm), lipid raft (CT-
B, 555 nm) are represented by green and red fluorescence, respectively. B) Internalization of Ap-
42 (100 nM) in the presence of cholera toxin B subunit (CT-B) in undifferentiated human
neuroblastoma SH-SY5Y cells in control cells (basal cholesterol level), cells pretreated with 7-
ketocholesterol (7-KC) and 25-hydroxycholesterol (25-OHC) at 10 uM for 24 h, after 2 and 24 h

of incubation of cells with the peptides. Scale bars=10 pum.
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4.3.4. Co-localization of amyloid beta (45-42) with microtubules

Microtubules constitutes of heterodimers which are highly dynamic in nature, a- and -
tubulin are the components of microtubules which form hollow cylindrical structures.
Microtubules are primarily involved in the motility of cells, regulates cell growth and plays key
role in intracellular trafficking. Among various roles of microtubules, one of the important function
is to deliver the protein to the cell organelles. In my study, AP peptides are added externally and
supposedly they may reach to ER. In Jurkat cells, it was found that the peptides were using the
microtubules as trail to reach ER. So, if in undifferentiated SH-SY5Y cells, AB-42 is localized
with the microtubules, possibly in the neural cells, pathway chosen by peptide is via microtubules,
even if proteins are added externally.

Thus, I have stained microtubules using Oregon green taxol (which is represented by green
fluorescence) in pretreated cells with the peptides (represented by red fluorescence) and observed
the presence of AB-42 along with microtubules (shown with the help of merge images) as shown
in fig 4.6. The co-localization of protofibrillar AB-42 was observed in oxysterol added SH-SY5Y
cells as well. It supports the fact that microtubules are responsible for protein trafficking when

they are present in the interphase of the cell cycle.
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Figure 4.6. A) Microscopic images of the cells where AB-42 (HiLyte flor 555 nm), microtubule

(Oregon green, 488 nm) are represented by red and green fluorescence, respectively. B) Co-
localization of AB-42 (100 nM) with microtubules in undifferentiated human neuroblastoma SH-
SYS5Y cells in control cells (basal cholesterol level), cells pretreated with 7-ketocholesterol (7-KC)
and 25-hydroxycholesterol (25-OHC) at 10 uM for 24 h, after 24 h of incubation of cells with the

peptides. Values shown are means +SE values. Scale bars=10 pm.

4.3.5. Localization of amyloid beta (Af-42) in endoplasmic reticulum (ER)-

Proteins like AP gets synthesized in our body, homeostasis of these proteins is very
important, since dysfunction in the structure and functions of proteins will result into the
progression of several diseases like AD. Endoplasmic reticulum (ER) is the principal organelle for
appropriate folding of newly synthesized proteins where about 30% of total body proteins are
formed. Whenever misfolded proteins accumulate in the lumen of ER, due to upregulation, in
defense ER initiated Unfolded Protein Response (UPR), when these processes are uncontrollable
organelle comes under stress which is known as ER stress. Thus presence of Af in ER has become
a considerable marker in the pathology of AD. After treating the cells with 1 uM protofibrillar AB-
42 for 2 and 24 h, | stained ER with Blue-white ER tracker for 30 min at 37°C.
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Figure 4.7. A) Microscopic images of the cells where AB-42 (HiLyte flor 488 nm), endoplasmic
reticulum (ER) (DAPI filter) are represented by green and blue fluorescence, respectively. B)
Internalization of AB-42 (100 nM) in endoplasmic reticulum (ER) in undifferentiated human
neuroblastoma SH-SY5Y cells in control cells (basal cholesterol level), cells pretreated with 7-
ketocholesterol (7-KC) and 25-hydroxycholesterol (25-OHC) at 10 uM for 24 h, after 2 and 24 h
of incubation of cells with the peptides. Scale bars=10 pum.

112



It was observed that amyloid peptides (represented by green fluorescence) were
internalized into the ER of undifferentiated SH-SY5Y cells. Thus after penetrating into the cells,
AB-42 reaches to ER where it may cause ER stress. It was reported that AP can cause ER stress
even when added externally in the cell (53-55). In addition, it may cause dysfunction in the
mitochondria as it is closely related with ER. According to my speculation, this internalization
may occurs through endocytic pathway. In Jurkat cells, it happened by the aid of 25-OHC and
GM1-CT-B interaction.

After 2 h treatment of undifferentiated SH-SYS5Y cells with AB-42, ~35% of the peptide
was co-localized with ER which had increased to ~37% after 24 of incubation as shown in fig. 4.7.
Since it was demonstrated that effect of oxysterols in the membrane is more prominent as compare
to cholesterol as transport of oxysterols is much faster than that of cholesterol in the brain due to
their rearrangement in the leaflets of the cell membrane attributed to the presence of additional
hydroxyl group (-OH) (56), I had compared the influx of AB-42 in the presence and absence of
oxysterols.

So I have pretreated the cells with two oxysterols (7-KC and 25-OHC) and then treated them with
protofibrillar AB-42 for 2 and 24 h. It was observed that accumulation of exogenous Ap-42 was

increase in the presence of oxysterols after 2 h by 3-10% and 7-11% after incubation of 24 h.

4.4. Conclusions

As per general understanding, major pathway followed by extracellular AB-42 peptides to
internalize into the membranes follows endocytosis. In my study, | have used undifferentiated
human neuroblastoma SH-SY5Y cell line and altered level of cholesterol in the membrane using
7-KC and 25-OHC. Toxicity induced by AB-42 is associated with the concentration and aggregated
species of the peptide, while in Jurkat cells, viability loss was not substantial. But, in SH-SY5Y
cells, AB-42 induced prominent decrease in the viability of cells which was enhanced by the
introduction of oxysterols in the membrane. Amount of internalized AP increased inside the cells
which was more pronounced after addition of oxysterols (7-KC and 25-OHC) in the SH-SY5Y
cells increased with higher incubation period. After internalizing into the cells, Ap-42 was co-

localized with ER which varies in a time-dependent manner. Thereby, aggregated species of the
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peptide, type of oxysterols, kind and extent of glycosyl chains can be regarded as essential factors

in the pathology of AD and facilitates the understanding about the mechanism behind the disease.
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Chapter 5:
General conclusions and future prospects

5.1. General conclusions

This study demonstrates several important risk factors for Alzheimer’s disease (AD) such
as aging, advanced glycation end products, different species of amyloid-beta (AB). These
components are closely related with the necessary factors for the endocytic transport of Ap. In this
dissertation, role of membrane lipids in the interaction of AP with biomimetic and biological
membranes have been discussed in detail. Oxysterols could facilitate the insertion of peptides with
the cooperation of other factors. In general, toxicity, aggregation and internalization of Ap peptide

were enhanced in the presence of oxysterols.

In chapter 1, present facts about different risk factors for AD where part of membrane lipids,
specifically oxysterols and aggregation of AP peptide and AB-induced toxicity were reviewed.
Controversial studies about role of cholesterol and its oxygenated derivatives as cytoprotective
and cytotoxic effect were discussed. AB-induced toxicity and its co-relation with the internalization
of the peptide was explained to clarify the mechanism of internalization which pre-dominantly
could occur via endocytosis. Based on this literature background, | proposed the research

objectives of this study.

In chapter 2, use of model or biomimetic membranes showed that aggregation of Ap is
promoted by 25-hydroxycholesterol (25-OHC) to maintain the neurotoxic species of the peptide
since rate of fibrillation was decreased in the presence of oxysterols. In addition, AB-42 localized
into liquid disordered (Ld) region of the phase-separated membrane, thus enhanced the association

of the peptide with the membranes.

In chapter 3, Jurkat T cells, type of leukemic cells were used as a mimic of neuronal cells
to investigate the role of oxysterols, in the intracellular transport of the peptide. It was known that
externally added AP could cause stress in the cell organelle, endoplasmic reticulum (ER) and 1

proposed that possibly it could occur when AP gets internalized in the cells through endocytic
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mechanism. | have shown that presence of 25-OHC in the membrane promotes the insertion of
AB-42. However, only 25-OHC was not sufficient to induce this transport, negative curvature
induction was important which was achieved with the incorporation of cholera toxin B subunit
(CT-B) in the system. Viability of the cells were affected by addition of oxysterols which increased
the toxicity induced by AB-42. Perturbations in the calcium homeostasis was also observed which
remarkably enhanced on the exposure of AB-42 and oxysterols where effect of 25-OHC was more
than 7-ketocholesterol (7-KC) at similar conditions. Peptides were shown to be localized in ER
and possibly transported via microtubules which are known to be responsible for the intracellular

trafficking of the proteins (cytoskeleton).

In chapter 4, undifferentiated human neuroblastoma SH-SY5Y cells were used to assess
the role of AB-induced toxicity by varying the reaction-time and concentration of the peptide. In
addition, role of oxysterols such as 7-KC and 25-OHC in the Ap-induced toxicity was
demonstrated. | have shown enhanced effect of oxysterols in the peptide induced toxicity.
Moreover, internalization of Ap was shown to increase after the addition of both of the oxysterols
which increased with longer incubation periods. In accordance with my hypothesis, | have shown
that the peptide would reach to ER after internalizing into the cells. Use of these cells ensured the

role of these oxysterols to be involved critically in the pathology of AD.

Use of biomimetic and biological membranes in the study have given me the opportunity
to understand the mechanism behind A interaction with the membranes in a better way. I have
shown that oxysterols, glycosyl chains and nano-structures of the peptide are the risk factors in the
pathology of AD. The findings of this study are beneficial to demonstrate the role of oxidative
stress in cytotoxicity and neuroinflammation induced by A peptides in AD pathology. It has been
reported that the counteraction on oxidative stress by antioxidants and decrease in ROS generation

may be a potential approach in the treatment of Alzheimer’s disease.
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5.2. Prospects of dissertation

From the findings obtained in this study, I propose further research prospects which would

be benefit and advance the current understanding about neurodegenerative disorders like AD.

1. Investigating the effect of other oxygenated derivatives of cholesterol on AB-induced toxicity
to neuronal cells. My studies have demonstrated the mediating role of oxysterols in Af interaction
with model membranes and toxicity to Jurkat cells and undifferentiated human neuroblastoma SH-
SY5Y cells. Further studies with differentiated cells could offer additional important information

to advance our understanding about the role of oxysterols in AB-induced toxicity.

2. Unravelling the role and effect of multiple oxysterols by introducing them at one time could
offer better understanding about the biological processes in the human body. It is known that
oxysterols exhibit cytotoxic and cytoprotective properties, thus it will be interesting to study

cooperative or competitive role of these compounds.

3. Elucidating the potential of antioxidants (natural polyphenols, capsaicin) to protect against the
oxidation by metal such as copper which holds substantial impact in AB-induced toxicity.
Antioxidants such as resveratrol, epigallocatechin gallate etc. have been reviewed as potential
therapeutic candidates for AD (1-4). Capsaicin has been reported to promote the amyloidogenic
pathway for APP production in in vivo studies (5). However, the mechanism behind the action of

antioxidants against the metals in the progression of AD have not been studied in detail.
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