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ABSTRACT

Along with an increasing life expectancy in the population comes more incidences of age-
associated disorders like Parkinson’s disease (PD), affecting 1% of the population over the
age of 60 to as high as 5% over the age of 85. At the molecular level, PD is characterized by
the gradual loss of dopaminergic neurons and the presence of protein aggregates in the
affected surviving cells. These aggregates consist of misfolded a-Synuclein (a-Syn), a protein
located in presynaptic terminals of neurons, existing in an equilibrium between soluble and
membrane-bound form. It is proposed that the membrane-bound form of the protein also
modulates its aggregation propensity, making the lipid membrane an interesting focus of PD
research. As aging is the most well-established risk factor for developing the disease, this
thesis aimed to search for age-related changes to the lipid composition of neurons, which

could help explain why old cells are more prone to a-Syn misfolding and aggregation.

To mimic the molecular characteristics of the aging cell, cellular senescence was induced in
the neuroblastoma SH-SYSY cell line using the cytotoxic anticancer agent etoposide. Lipid
profiling was achieved using a combination of solution-phase *'P NMR and LC-MS/MS. As a
result, interesting findings were made, including a 37% and 19% senescence-related increase
in the abundance of phosphatidylinositol (PI) and phosphatidylserine (PS), which are
negatively charged lipids implicated in a-Syn binding. Additionally, LC-MS/MS detected a
senescence-related decrease of 10.4% in the overall polyunsaturated fatty acid (PUFA)
content, in particular the polyunsaturated omega-6 fatty acid arachidonic acid (AA, 20:4), a
fatty acid involved in the growth and repair mechanisms of neurons. Other interesting
findings regarding the fatty acid composition were a 14.0% decrease in the stearic/oleic acid
(18:0/18:1) ratio, as some researchers now claim that oleic acid may worsen a-Syn pathology.
Some slight changes were also observed in the overall length of the fatty acids, of which short
acids of 10-12 carbons were observed in the senescence-induced cells and not in the untreated
cells, a result which also could be of relevance for PD as misfolding of a-Syn has reported to
only occur in the presence of short hydrocarbon chains. Overall, our findings were in line
with existing knowledge regarding age-induced lipid changes. Although few of these findings
were significant or alone can explain why aging poses the greatest risk factor for developing
PD, they do suggest that aging changes the lipid environment in neurons, possibly to one that

is more susceptible for the neuronal toxicity mechanisms associated with PD.



1. INTRODUCTION

Neurodegenerative disorders are among the most prevalent and least understood conditions of
our time, making them an important target of research. Neurodegeneration is the progressive
loss of neuron integrity, potentially leading to death of the cell. As most neurons do not
reproduce or replace themselves, their loss can cause irreversible physical or cognitive
disability in a manner dependent on the population of neurons affected. In many
neurodegenerative diseases, a mutual pathological hallmark is the accumulation of misfolded
proteins !. Upon misfolding, the exposure of buried hydrophobic regions within these proteins
can drive their aggregation - creating oligomeric molecular entities that are toxic to the cell?.
Having a limited capacity to clear out misfolded proteins, neurons are particularly vulnerable
to these toxic accumulations, explaining why most of these protein misfolding diseases occur
in the brain®. Some of the most common neurodegenerative disorders associated with protein
misfolding are Alzheimer’s disease (AD) and Parkinson’s disease (PD), both mainly
occurring in the elderly. Although there is a growing body of research regarding the
aggregation mechanism of these proteins, the correlation between the aging cell and the
misfolding process is still poorly understood. This knowledge could be crucial in the
understanding of the fundamental molecular origin of these diseases and contribute in the

quest to search for a cure.

1.1 Parkinson’s Disease

PD is the second most common neurodegenerative disorder after AD, and it is estimated that
7-10 million people worldwide suffers from this disease to which there is no cure or efficient
methods for early diagnosis*®. Typical symptoms associated with PD include shaking,
stiffness and problems with movement. Additionally, a variety of non-motor symptoms can be
observed as early as 12-14 years before the patient experiences any of the typical PD
symptoms. This period is referred to as the prodromal phase and symptoms include obesity,
sleep disturbance, constipation, depression and fatigue®. Although most prevalent amongst
the elderly, some people are diagnosed before the age of 50, in which the disease is referred to
as early-onset PD. According to the American Parkinson Disease Association, early-onset PD
accounts for 10-20 % of all diagnosed with the disease, and about half of those are diagnosed

before the age of 40.



1.1.1 Risk Factors for Developing PD

Even though the exact cause of PD is still unknown, scientists have discovered several factors
increasing a person’s risk of developing the disease including age, gender, race, diet,
environmental factors, head traumas and genetic factors’-!°. Among these, age poses the
greatest risk factor by far (Figure 1.1.1). Table 1.1.1 presents an overview and explanations of

the most common risk factors associated with PD.
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Figure 1.1.1. Global prevalence of Parkinson’s disease in 2016. Prevalence of the disease is represented
as the percentage of the global population affected. Most people with the disease are between 85-90 years
old, and the greater proportion of the affected are men (orange). Shading indicates 95% uncertainty
intervals. The figure is retrieved from an article in Lancet Neurol 2018, by Parkinson’s Disease
Collaborators''.

Table 1.1.1 — Description of risk factors associated with PD

Risk factors Prevalence

Age Prevalence of PD increases from 1% of the population over the
age of 60, to as high as 5% over the age of 85'°, making getting
older the greatest risk factor for developing PD, by far.




Gender

There is significant differences in the prevalence of PD by sex,
being 3.2 times more prevalent in men than in woman!2, Theories
to explain these differences include (i) a protective effect of
estrogen in woman, (ii) differences in lifestyle (higher rate of
head trauma and more frequent exposure to occupational toxins

in men) or (iii) genes on the sex chromosomes!>.

Race

PD is twice as common in Whites compared to Blacks and
Asians, with Hispanics having the highest incidences of PD
world wide'®. These findings argue for differences in genetic

susceptibility to PD.

Diet

A growing body of evidence suggests that calorie restrictions

have a definite neuroprotective effect!’

. Polyunsaturated fatty
acids (PUFAs), coffee and tea have also been linked to
neuroprotection, whilst dairy products have been suggested to

have the opposite effect’.

Environmental factors

Urban areas have higher prevalence of PD, suggesting a
relationship between the exposure to various environmental
factors and the development of the disease'®. Indeed, several
studies have found associations between the exposure to

pesticides and PD incidences'®!7.

Head traumas

Although research results have been somewhat inconsistent, a
number of studies have shown a link between PD and trauma to
the head and neck. In a twin study, of whom only one had PD,
the disease more often appeared in the twin who had previously
suffered a head injury®. Even more interesting, the association

was stronger in monozygotic than in dizygotic twins.

Genetic factors

Several genetic mutations have been associated with PD,

including mutations in the LRRK2, GBA and SNCA genes'®. The




resulting mutants alter signal transmission (LRRK?), disturb the
degradation of proteins — leading to protein accumulation (GBA)
and causes elevated levels and/or altered function of o-Syn
(SNCA). At least 30 associated mutations have been identified
within the SNCA gene alone, emphasizing the role of a-Syn in
PD!8,

1.1.2 Neuropathological Hallmarks of PD: a-Synuclein Aggregates and Dopaminergic
Neuronal Loss

At the molecular level, hallmarks of PD include the gradual loss of dopaminergic (DA)
neurons in the substantia nigra (SN) and the presence of protein aggregates termed “Lewy
bodies” in the affected surviving cells!®. The SN is a part of the brain important for
controlling movement and reward, and the loss of its DA neurons leads to the motor-
dysfunctional symptoms associated with PD. There is also a great amount research suggesting
that the disease may affect the lower brainstem structures before spreading to the SN,

explaining the non-motor symptoms in the prodromal phase of PD®.

Lewy bodies mainly consist of a small, intrinsically disordered protein called a-Syn'®2°, In
neurons, 0-Syn is predominantly found in presynaptic terminals and is thought to be involved
in neurotransmitter release through interactions with the lipid membrane 2!. Although its exact
biological role is still somewhat unclear, a-Syn seems to regulate vesicle packaging and
trafficking??. Structurally, a-Syn consists of three distinct regions including (i) an amphipathic
N-terminal region, (ii) a central hydrophobic region, as well as (iii) a highly acid C-terminal
tail”®. Among these, the central hydrophobic region, called the non-amyloid-B

component (NAC) region, seems to be involved in protein aggregation®.

Under normal physiological conditions, monomeric o-Syn exists in equilibrium between
water-soluble and membrane-associated form, both functional?. This folding propensity is
due to the proteins intrinsically disordered nature, meaning it does not have a distinct tertiary
structure and can adopt numerous conformations depending on its environment. However,

this structural characteristic also allows these proteins to easily interact with other monomers



of themselves, potentially leading to oligomerization and subsequently fibril formation

(Figure 1.1.2).
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Figure 1.1.2 - o-Syn fibril-formation. At normal conditions, monomeric a-Syn exists in an equilibrium
between water-soluble and membrane-associated (1) and water-soluble form (2). Upon pathogenesis,
misfolded monomers interact with each other, creating toxic oligomers (3) and subsequently fibrils (4). The
illustration is created in BioRender.com.

Regarding their degenerative effect, several toxicity mechanisms have been proposed - many
of which concerning interactions with the lipid membrane. /n vitro cell experiments have
demonstrated that a-Syn oligomers can create pores in the lipid bilayer thereby increasing
permeability and causing a depolarization of the cell membrane, presumably due to an influx

of ions from the exterior of the cell*®

. While the native monomeric protein normally exists in
the presynaptic terminals of neurons, fibrils and their oligomeric intermediates can be found
throughout the cell body, possibly disrupting membranes of multiple organelles — in addition
to the plasma membrane?®. Although still debatable, oligomers seem to be more toxic than

both a-Syn in monomeric and fibrillary form 7.

1.2 The Role of the Lipid Membrane in Protein Misfolding Diseases

Accounting for half of the brain’s dry weight, lipids are an important area of research when
investigating brain-related issues. In the body, these molecules have multiple functions
including storing energy, acting as messengers in signaling and being structural components

of cell membranes®®. As there is virtually no energy storage in the brain, most brain lipids

10



have signaling and structural roles, being components of the bilayer surrounding cells and

organelles.

Due to the wide span of functions performed by the human brain, cells of the nervous system
show great functional and structural diversity. This diversity is partly achieved by the unique
lipid profiles of the individual populations of neurons?®?°. In membranes, lipid composition
affects curvature, charge and fluidity - enabling a diversity of membrane structures with
varying functions. However, this differing lipid composition of neuronal membranes could
also explain why some neurons are more vulnerable to degeneration than others. More
specifically, why the SN is the brain region affected by a-Syn aggregates, and why the most
affected region in AD is the CA1 region of the hippocampus®°. Unfortunately, studies trying
to find a link between these particular brain regions and protein misfolding propensity,
generally do not look at the lipid membrane even though it may be involved in two central
parts of the disease by (i) catalyzing the misfolding process and (ii) being a target for the toxic

effects of the aggregates®®3!.

1.2.1 Brain Lipid Composition

Membrane lipids is a collective term for all lipids involved in forming the double-layered
surface of all cells, termed the lipid bilayer. There are three major classes of membrane lipids

132, Among these, phospholipids are the

including phospholipids, glycolipids and cholestero
most abundant components and consist of one or two long hydrocarbon chains (hydrophobic)
linked to a phosphorylated head group (hydrophilic), resulting in an amphiphilic characteristic
necessary for forming the lipid bilayer. These head groups consist of either glycerol or
sphingosine, giving rise to phosphoglycerides and sphingomyelin (SM), respectively.
Examples of phosphoglycerides are phosphatidic acid (PA), phosphatidylcholine (PC),
phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidylglycerol (PG),
cardiolipin (CL) and phosphatidylinositol (PI). Quantitatively, the most abundant

phospholipids in the brain are PE (~35-36%), followed by PC (~30%) and PS (~17%)?>.

Concerning their hydrocarbon chains, phospholipids of cell membranes have a high content of
polyunsaturated fatty acids (PUFAs)*2. Neuronal cell membranes are particularly enriched in
long PUFAs, mainly docosahexaenoic acid (DHA, 22:6) and arachidonic acid (AA, 20:4).
Although primarily esterified to phospholipids, these fatty acids (FAs) can be released from

11



the membrane and function as highly active signaling molecules. As PUFAs are derived from
diet, changes in dietary intake can alter brain levels and thus the signaling pathways they

regulate’.

1.2.2 a-Synuclein-Membrane Interaction

In regard to PD, lipids are becoming increasingly relevant as accumulating amount of studies
now emerge on the relationship between the lipid membrane and the aggregation process of
a-Syn. As mentioned in section 1.1.2, a-Syn normally exists in an equilibrium between water-
soluble and membrane-associated form (Figure 1.1.2) and although the latter appears to
contribute to the protein’s functional role, membrane binding has also been shown to
modulate its aggregation propensity>>. Soluble and disordered a-Syn binds to the membrane
by interacting with lipid head groups — causing a conformational change in the protein with
some regions forming a-helical structures (Figure 1.2.2)3¢%7. This conformational change
happens due to the presence of five potential amphipathic a-helices identified in the N-
terminal region of a-Syn?**. Four of these five helices are structurally similar to lipid-binding
motifs found in apolipoproteins - the proteins that bind lipids to form lipoproteins,
transporting lipids in the blood, cerebrospinal fluid and lymph. These helixes allow binding to
a variety of lipid assemblies including lipid vesicles, membranes and micelles®>. As the N-
terminal of a-Syn is a positively charged region, the protein prefers membranes with a highly

negatively charged lipid content’**°, Other membranes that have an increased likelihood of o-

41,42

Syn binding include those with lipid packing defects and membranes in fluid phase

Disordered protein

C
el \
N

Amphipathic helices

Figure 1.2.2 — The membrane-binding process of a-Syn. The positively charged N-region of natively
unfolded a-Syn interacts with negatively charged lipids of the membrane, adapting an amphipathic helical
structure. The illustration is created in BioRender and is inspired by a figure by Mori et alt *®.
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1.2.3 Parameters Affecting Aggregation Propensity

While the binding mechanism of a-Syn to the membrane is well described, it is still not fully
understood how this binding can modulate the aggregation process of the protein. Three
parameters seem to be the main contributors to this propensity: the chemical properties of the

lipids, their physical state and the protein/lipid ratio®.

Although evidence shows that o-Syn preferably binds to negatively charged lipids and
membranes in fluid phase, it is uncertain whether or not these factors affect the aggregation
propensity or just the binding affinity’®3. In fact, some studies have actually found that a more
fluid membrane prevents a-Syn from aggregating, suggesting a positive correlation between
membrane fluidity and protein homeostasis**. Nevertheless, a greater correlation has been
drawn between the length of the lipid’s FA chains and the protein aggregation tendency.
Indeed, when using model systems composed of various anionic lipids, membrane-induced
aggregation was only enhanced in the presence of lipids with short FA chains*'. Although
these chemical properties definitely are of high pathological relevance, more recent

experiments suggest that the lipid/protein ratio may be of even more importance***,

In environments with high protein concentrations compared to lipids, the presence of
negatively charged lipids seem to induce aggregation®> (Figure 1.2.3). This may be due to an
insufficient amount of available binding places on the lipid membrane, leaving a-Syn
monomers to compete for binding, resulting in a local up-concentration of the protein.
Already bound a-Syn could then serve as a nucleation site by using these extra monomers to
promote oligomerization. Also, it is believed that the lack of distance between these bound a-
Syn can bring their exposed NAC-regions in close proximity, further accelerating the fibril
nucleation process*’. At opposite ratios, on the other hand, no fibril formation is observed
seeing as all soluble monomers have been adsorbed at the membrane surface?. In regards to
early-onset PD, this is interesting seeing as many of these cases are caused by a-Syn gene

duplication — possibly increasing the protein/lipid ratio®,

13
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Figure 1.2.3 - Parameters affecting a-Syn membrane binding and aggregation propensity. Four
scenarios are depicted showing the probability of fibril formation with regard to membrane surface charge
and accessibility. In membranes of low negatively charged lipid content (panel A and C), an equilibrium
between soluble and membrane bound a-Syn monomers occurs, which seems to have limited effect on
nucleation and fibril formation. In a scenario with high surface charge combined with a low protein/lipid
ratio, most monomers are absorbed to the membrane surface, leaving no free monomers available for fibril
formation (panel C). In contrast, in a combination of high protein/lipid ratio and surface charge (panel D),
the lack of distance between the bound monomers can bring several monomers in close proximity,
promoting the fibril nucleation process. The high protein/lipid ratio also means that free monomers are

available for fibril elongation on the already bound monomers. The figure is made in BioRender.com and is

inspired by a figure made by Viennet et al**.

1.2.4 Implications for Synaptic Transmission

In addition to its barrier function, this bilayer enclosing cells serves many important roles
including cellular signaling. Synaptic transmission is a common form of cellular signaling and
occurs when a nerve impulse is transferred to an adjacent neuron by the release of
neurotransmitters — like dopamine*. Vesicles loaded with these neurotransmitters fuse with
the cell membrane and thereby release its content to the exterior of the cell. This process
largely depends on synaptic proteins, making them a target of research in synaptic
transmission. However, the importance of the lipid environment in which they operate, it is
now becoming clearer. Lipid composition at synapses differs from the rest of the cell
membrane, suggesting that synaptic proteins require specific habitats for optimal function*’.
In regards to PD this is interesting seeing as synaptic abnormalities occur long before the
actual loss of cell bodies?>. Changes in lipid membrane composition could possibly change
synaptic structure and function thus altering signaling transmission, eventually leading to the

decline in dopamine levels. Establishing factors responsible for these changes in lipid
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composition could therefore provide great insight into understanding the pathogenic causes of
protein misfolding diseases. Looking at the greatest risk factor of them all, aging may be an

important phenomenon to consider.

1.3 The Aging Brain

Being the main risk factor for developing PD, it is important to study the pathological changes
to the aging brain at a molecular level, including any changes to lipid composition. Although
no single cause of biological aging has yet been identified, researchers have proposed several
theories, mainly falling into two categories: programmed and damage related. In the DNA
damage theory of aging, it is proposed that aging merely is a consequence of accumulating
DNA damage over time*. In this context, “damage” is referred to as naturally occurring
alterations to the genetic material, resulting in dysfunctional gene products, which in turn
causes an accumulation of problems at the molecular, cellular and organism level. Proponents
of programmed aging, on the other hand, propose that aging is more complex and involves a
number of pre-programmed aging-factors, following a predetermined set of instructions, such
as certain hormones like growth hormone (GH) and insulin-like growth factor I (IGH-1)

which both decline with age*->°

. Seeing as the brain regulates the production of these
hormones, some popular theories of aging propose that the brain acts as the master clock of
each life stage, regulated by hormonal changes®'. However, between those that argue for one
or the other mechanism, there is some agreement concerning the biological changes that

correlate with aging.

In the brain, the process of aging is associated with several structural, chemical and functional
changes. Structural changes include loss of neuronal circuits and brain plasticity, changes in
cell morphology and an overall decrease in brain mass®2. Regarding the chemical changes,
there seems to be an age-related reduction in levels of various neurotransmitters including
dopamine, serotonin and glutamate®’. Seeing as neurons use these chemical messengers to
communicate, a decline results in numerous functional impairments including problems with
movement, memory and learning difficulties, insufficient mood regulation and sleep

disturbance.
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Part of why the brain experiences so many age-related impairments, is because the nervous
system is mainly composed of non- or infrequently replicating cells. Neurons for instance,
have permanently blocked their capacity to proliferate once they are differentiated>*, which
means that dead neurons may not get replaced. This can result in permanent cell loss and, if
not properly repaired, cell damage in the remaining cells. For instance, as aging diminishes
the body’s repair mechanisms, damaged proteins may not get degraded by the proteasome,
leaving misfolded proteins to accumulate in the cells®. Indeed, similar to PD brains, the
presence of Lewy bodies and the progressive DA neuronal loss can also be observed in the
SN of normal aging brains®. This brain region shows more pathological changes with normal
aging compared to other regions like the hippocampus and hypothalamus, suggesting neurons
in this region are especially vulnerable for degradation!®. As previously mentioned, this
varying vulnerability could be correlated to the differing lipid composition of individual cell

types found in the brain.

1.3.1 Age-related Changes in Lipid Composition

All cells experience changes with aging, and these changes are also reflected in their lipids.
Brain analysis reveals that the total amount of lipids decreases with age, but that this decrease
is not evenly distributed throughout the brain regions or among the lipid species®’. In one
study, two lipids especially stood out, with an almost two-fold decrease compared to other
lipids, and these were ethanolamine plasmalogen (PPE) and sphingomyelin (SM)®. Lipids
like PI, PE and PC reveal a more moderate decrease of just 10% between the age of 40 and

1005859,

Not only does the total amount of lipids change with age, but also the chemical properties of
the molecules, which are largely dependent on their FAs. Many of these changes are caused
by nonenzymatic molecular modifications like lipid peroxidation, which is the oxidative
degradation of lipids. In this process, highly reactive free radicals attack lipids in the cell
membrane by “stealing” their electrons, forming FA radicals that in turn react with other FAs,
subsequently producing lipid peroxides®®. As PUFAs contain multiple double bonds, these
FAs are at most risk at losing their electrons. Concerning aging, free radicals accumulate in
cells as we age, increasing the rate of molecular modifications like lipid peroxidation. Indeed,

several studies regarding age-related changes in FA composition, have observed an overall
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decrease in PUFA simultaneously with an increase in monounsaturated fatty acids

(MUFA)®2,

Most of these lipidomic studies use samples from a limited number of deceased individuals in
the age group 20-100 years. One main concern using cells from test subjects is the cellular
variation among the population as a result of different lifestyles, especially diet, and some
genetic factors that may affect the lipid composition. Another consideration is the condition of
the cells at the time the sample is taken as decomposing processes start radar rapidly after a
person is deceased. These processes have been shown to also affect the lipids®. For example,
some lipids are hydrolyzed shortly after death by lipases, freeing the FAs from their
backbone®. As degradation continues, lipids are reduced to a mixture of saturated and
unsaturated FAs, making it hard to conduct a precise composition study. One possible
solution to eliminate these natural variations is to create a model system in vitro mimicking

the aging cell.

1.3.2 Correlations Between Cellular Senescence and Aging

One of the hallmarks of cellular aging is the accumulation of senescent cells in various tissues
throughout the body. Cellular senescence is defined as irreversible cell cycle arrest, meaning
the cell is permanently unable to divide®>®. Senescence occurs in response to damaging
stimuli to prevent the replication of damaged DNA which can be harmful to the cell. These
stimuli include telomere shortening, oncogenic signaling and various forms of DNA damage®’.
With aging, telomere shortening is the main cause of cellular senescence, referred to as
“replicative senescence”. The biomolecular basis behind this type of senescence is that the
sequence at the end of chromosomes, called telomeres, gets shorter for each division causing
the cell to have limited replication potential. After a certain number of divisions, critically

short telomeres initiate a DNA damage response triggering senescence®.

In addition to their lack of ability to divide, senescent cells are characterized by several other
factors including metabolic and morphological changes, chromatin reorganization and altered
gene expression®’. For instance, genes encoding proteins involved in the regulation of the cell
cycle are upregulated in order to initiate the cell cycle arrest. Among these proteins are the

cyclin-dependent kinases p16 and p21, of which their upregulation can be used as biomarkers
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of senescence®’. Regarding cell morphology, these cells display an irregular, flattened and
enlarged shape compared to normal dividing cells, presumably due to larger cell
components®. Higher lysosome content has also been reported in senescent cells, resulting in
an elevated content of B-galactosidase, a eukaryotic hydrolase localized in the lysosome. This
enzyme has an acidic pH optimum of 4.0-4.5, close to the natural milieu of the lysosome®’.
However, the increased enzyme activity in senescent cells makes it possible to detect the
enzyme at a suboptimal pH of 6, referred to as senescence-associated B-galactosidase activity
(SA-B-gal)®. X-gal, an analog of lactose, can be used for the identification of senescent cells
in cell cultures, as this compound can be hydrolyzed by the enzyme resulting in an insoluble
and intensely blue product’. Other cell components affected by senescence are lipids as
several studies have associated senescence with an accumulation of specific triacylglycerols
(TAGs), containing unsaturated, long fatty acyl chains. Regarding alterations to lipids of the
cell membrane, on the other hand, less information is available, although replicative

senescence is thought to be accompanied by several membrane-related phenotypic changes’!.

The fact that neurons are non-dividing cells means that they do not enter a state of replicative
senescence — at least not in the same manner as their dividing counterparts. Still, there seem to
be many similarities at the cellular level between aging and the process of senescence,
suggesting that replicative senescence can be used as a model system for aging. Additionally,
studies have emerged and accumulated on the correlation between astrocyte senescence and
neurodegenerative diseases’. Astrocytes are non-neuronal support cells of the central nervous
system, responsible for providing support and protection for neurons. Astrocytes are also
thought to be involved in the secretion and absorption of neurotransmitters’3. When astrocytes
enter a state of senescence, they secrete metabolites of a senescence-associated secretory
phenotype which is proposed to affect neighboring cells, like neurons, driving them to adopt a

similar phenotype’?.

1.4 Methods for Lipid Analysis

In order to analyze changes in the lipid content of cells, a number of considerations have to be
taken into account. For instants, given the structural diversity in lipid classes, it is not possible
to accommodate all classes with a one-method-fits-all approach to lipid extraction, separation

and detection.
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1.4.1 Solvent Extraction of Lipids

When it comes to approaches used to extract lipids from biological samples, these can be
divided into mechanical and chemical methods. Examples of mechanical methods are
microwave-assisted extraction, oil press and ultrasonic-assisted extraction, whereas chemical
methods include supercritical fluid extraction and solvent extraction’®. Regarding the latter,
the choice of solvents is highly dependent on the polarity of the lipid molecule of interest.
Phospholipids, the main components of lipid membranes, are lipids of intermediate polarity
and are typically extracted using a combination of organic solvents and water. This biphasic
system allows water-soluble components like proteins and carbohydrates to be separated from

the lipids, which remain in the organic phase.

The most commonly used solvent extraction methods are undoubtedly the Folch method and
the Blight & Dyer method’>7®. Both approaches are based on a biphasic separation system
consisting of chloroform/methanol/water at varying ratios amongst the two methods.
Chloroform and water make up the two phases, whilst methanol is added to improve the
solubilization of membrane lipids by disrupting hydrogen bonding and electrostatic
interactions between protein-lipids and lipid-lipids. After the lipid fraction has been collected,

the solvents are removed using vapor, nitrogen gas or a combination of the two.

1.4.2 Nuclear Magnetic Resonance

An emerging powerful analytical tool for lipidomic studies is Nuclear Magnetic Resonance
spectroscopy (NMR). The NMR principle is based on observing the behavior of excited
nuclei after they are subjected to radiofrequency radiation’”. This technique can only be used
to study atomic nuclei with an odd number of protons and/or neutrons, giving them intrinsic
nuclear magnetic movement and the possession of nuclear spins’®. Moreover, the isotopes
need to be naturally abundant or experimentally enriched in the molecules studied. In both
hydrogen and phosphorus, the most abundant naturally occurring isotopes are magnetically

susceptible. These isotopes are 'H and *'P and are both frequently used in NMR studies.
NMR as a method offers a very large array of techniques that have found use in practically all

molecular disciplines, including analytical chemistry, metabolomics and lipidomics. One

strength of NMR is the ability to uniquely resolve nuclei, even in complex samples. Under
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certain conditions, it can also be used for absolute concentration determination of a given
compound. Another advantage of NMR is that its non-destructive, allowing several analyses
to be carried out on the same sample’’. Nevertheless, one main disadvantage of NMR is its
relatively low sensitivity, reflected in all the adaptations required to explore several lipid
classes as well as the large amount of sample required for conducting the analysis. For this
reason, NMR is primarily used to quantify the 3'Phosphorus-containing phospholipids. 3'P is
a medium sensitivity nucleus that yields sharp lines and has a wide chemical shift range.
When analyzing a 3'P NMR spectrum, moieties are matched with expected chemical shifts,
expressed in parts-per-million (ppm). These chemical shift ranges of phosphorus are

dependent on their chemical environment.

1.4.3 Mass Spectrometry

Another technique commonly used to analyze lipids is mass spectrometry (MS). MS can
determine the mass of a molecule by measuring the mass-to-charge ratio (m/z) of its ions”’.
The results are presented in a mass spectrum — a plot of intensity as a function of m/z. Unlike
NMR, the sensitivity of MS is high and detection limits reach nanomolar whilst only
requiring a small amount of sample. Another advantage of MS is that it can be used for both
selective (targeted) and nonselective (nontargeted) analysis, whereas NMR is generally used
for nontarget analysis — like determining the overall composition of the sample. However, the
method does have its limitations including more demanding sample preparation, lower

resolution and no sample recovery.

In tandem mass spectrometry (MS/MS), an additional reaction step is performed to increase
the ability to resolve and analyze the signals of complex samples. MS/MS combines two mass
analyzers in one mass spec instrument. The first spectrometer (MS1) separates precursor ions
according to their m/z ratio. lons of particular m/z-ratios are then selected and split into
smaller fragments before being introduced into MS2, which in turn separate and detect these
fragments”. As each lipid has a unique fragmentation pattern, this additional fragmentation
step allows for the separation and identification of compounds of very similar m/z-ratios
(from MS1). Nevertheless, when the target molecule exists in a very complex mixture, MS
alone may not be sufficient to perform the separation as several compounds may have similar

molar mass and fragmentation patterns. This can be resolved by combining MS with another
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separation process, such as liquid chromatography (LC). In LC-MS/MS, the sample is first
injected into the LC-column where the different components of the solution travel at different
speeds due to differing affinities for the stationary (coating on the inside of the column) and
the mobile phase (the solvent passing through) of the column’. The resulting effluent is then
ionized and directed into the MS/MS for detection. Seeing as MS can perform its actions in
order of seconds, this detection can happen while LC is performing the initial chemical
separation®’. However, as many phospholipids will elute at almost the same time, many ions
of different m/z-ratios will be ionized at the same time, but only a few can be selected for
fragmentation in a single injection. As a consequence, some less abundant lipid species may
be masked by lipids of higher concentrations at the same retention time (the time used for the
lipid to pass through the chromatography column). One solution is the “iterative exclusion”
(IE) strategy, which involves repeating the analysis on the same sample, excluding the

previously selected ions®!.

LC-MS/MS data outputs include total ion chromatograms (sum of MS1 intensities over time),
full MS1 spectra at different retention times and MS2 fragmentation spectra. To help interpret
these data, scripts are often utilized. Scripts are basically just text files containing a set of
commands and comments to help simplify the identification process. For instance, as each
lipid species has a particular m/z value (based on the structure of the molecule) as well as a
unique predicted fragmentation pattern, all of this information can be included to the script to

help identify lipids of this origin.
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2. AIMS

In order to get a better understanding of why age poses the greatest risk factor for developing
several neurodegenerative disorders, including PD, one has to look for age-related alterations
to the human brain at a cellular and molecular level. For this thesis, the target of research was
age-related changes to the lipid composition of neurons. To form the aim several assumptions

were taken into consideration:

1. There is a connection between the phospholipid composition of neurons and the
misfolding process of a-Syn
2. Membrane lipid composition changes with age

3. Cellular senescence can be used as a model system for aging

Taking these assumptions into account, this thesis hypothesizes that the lipid composition of
neuronal cells changes during aging and that these changes may contribute to the misfolding

process of a-Syn.
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3. MATERIALS

3.1 Instruments and Equipment

Table 3.1.1 - Instruments and equipment

Name Application Manufacturer
Allegra X-15R Centrifugation Beckman Coulter
BioSpin NEO600 Spectrometer NMR Bruker

Culturing dishes Cell cultivation Sarstedt

Dionex Ultimate 3000 UPLC

Eclipse Ts2 Inverted Microscope
Heraeus Pico 21

Micro Star 17R

Rotavapor R-100

TC10™ Cell Counter

Thermo Q-Exactive Mass Spectrometer
TMS-F Microscope

Alpha 1-2 LD plus

LC-MS/MS

Cell visualization
Centrifugation
Centrifugation

Solvent evaporation
Automatic cell counting
LC-MS/MS

Cell visualization

Freeze drying

Thermo Fisher
Nikon

Thermo Scientific
VWR™

Buchi

Bio-Rad

Thermo Fisher
Nikon

Christ

3.2 Reagents and Chemicals

Table 3.2.1 — All chemicals and reagents used

Name Chemical formula Supplier Cat. #

Ammonium acetate NH4CH3CO2 Merck 1116

Acetonitrile CH:CN Merck 00029

Citric Acid CsHsO7 - -

Dichloromethane CH2Cl» Thermo Fisher 113460025
Scientific

Dimethylformamide (DMF) (CH3)NC(O)H - -

Dimethyl sulfoxide (DMSO) (CH3)2S0O Sigma-Aldrich D8418
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Disodium phosphate
Dulbecco's Modified Eagle's
Medium
Ethylenediaminetetraacetic acid
(EDTA)

Etoposide

Fetal bovine serum (FBS)
Guanidinium chloride
Hydrochloric acid
Isopropanol

Magnesium Chloride
Methanol

Nitrogen gas

Penicillin streptomycin (PS)
Potassium chloride

Potassium hypophosphite
Potassium ferrocyanide
Sodium chloride (NaCl)
Sodium deoxycholate (DOC)
Sodium hydroxide

Sodium dodecyl sulfate (SDS)
Thiourea

Triethylammonium ions (TEAC)
Trimethylamine

Trypsin

Polysorbate 20 (Tween-20)
X-Gal

Na,HPO*

Ci0H16N20g

C29H32013
CHeCING3
HCl
C3HsgO
MgCl,
CH;0H
N

KCl
KH>PO»
K4[Fe(CN)s]
NaCl
C24H4004
NaOH

CH:s (CH2) 11S04Na

SC(NH2)2
CeHigN*
CsHoN

CssH114026

C14H15BI‘CINO6

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich
Sigma-Aldrich

Sigma-Aldrich
Merck
Merck
Praxair
Sigma-Aldrich
Sigma-Aldrich

VWR
Sigma-Aldrich
Merck

Sigma-Aldrich

F7524

EDS

E1383
F7524

34863
05833
06035
500743
P0781
P9541

27810
D6750
06498
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3.3 Buffers and solutions

Table 3.3.1 - Prepared buffers and solutions

Dulbecco's Modified Eagle Medium (DMEM)

e 4500 mg/l Glucose, Sodiumpyruvate and
Sodiumbicarbonat

e 10%FBS

e 3% L-glutamine

e 1 9% Penicillin Streptomycin (Pen Strep)

Guanidinium Chloride Thiourea (GCTU)

CUBO solvent
e 800 uM Guanidine chloride
dissolved in DMF and TEA

e  75% Dimethylformamide (DMF)
e 25% Trimethylamine (TEA)

4% Paraformaldehyde (PFA)

e 6 M Guanidinium
e 1.5 M Thiourea

10x Phosphate-buffered Saline (PBS)

¢ 1 M Sodium hydroxide
e 10x PBS
e 1 M Hydrochloric acid

1x Dulbecco’s PBS (D-PBS)

e 80 g/l Sodium chloride

e 2 g/l Potassium chloride

e 20 g/l Sodium phosphate dibasic dihydrate
e 4 g/l Potassium hypophosphite- pH 7.4

RIPA Buffer

e 1xPBS
e 0.1 g/l Calcium chloride
e 0.1 g/l Magnesium Chloride

Sen-B-Gal Staining Solution

e 150 mM Sodium chloride

e 5mMEDTA, pH 8.0

e 1% (v/v) NP-40

e 0.5% (w/v) Sodium deoxycholate (DOC)
e 0.1% (w/v) Sodiumdodecyl sulfate (SDS)
e 50 mM Tris, pH 8.0

Buffer A (LC-MS/MS)

e 1 mg/ml X-Gal

e 40 mM Citric Acid/Sodium
Phosphate- pH 6.0

5 mM Potassium Ferrocyanide
150 mM Sodium Chloride

2 mM Magnesium Chloride

Buffer B (LC-MS/MS)

e 40% acetonitrile
e 60% water
e 10 mM ammonium acetate

e 10% acetonitrile
e 90% isopropanol
e 10 mM ammonium acetate



3.4 Cell lines

Table 3.4.1 — The human cell lines used in the experiments

Cell line Species Tissue Cell type Supplier
SH-SYS5Y Human Neuronal Neuroblast DSMZ: ACC-209
A-431 Human Epidermis/skin  Epithelial ATTC:CRL-1555

3.5 Software

Table 3.5.1 - Computer software and online resources used for result processing and analysis

Name Use

Bruker TopSpin™ 4.0.7 NMR data processing and analysis
BioRender.com lustrations

LipMat script (Martin Jakubec et al.) LC-MS/MS data processing
Imagel Cell image processing
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4. METHODS

The main goal of this thesis was to study age-related changes to the lipid composition of
neurons using a combination of 3'P NMR and LC-MS/MS, in hope of finding a correlation
between aging, phospholipids and neurodegenerative disorders like PD. Figure 4.1 presents a

schematic outline of the workflow in this thesis.

A) Untreated B) Senescence

x10 x10

| y

. Drug treatment
Cell lysis g

l L

Drug removal

Freeze-drying l 7 days
(Lypophilization)

|

Lipid isolation

l Coverslip
s / \4 Confirmation of senescence

v

g

3P NMR LC- MS/MS X-gal staining

Figure 4.1 - Schematic overview of the main methodical steps in this thesis. A)
Neuroblastoma SH-SYSY cells were cultured, lysed and freeze-dried before the lipid fraction
was extracted using a biphasic solvent system. 3'P NMR and LC-MS/MS was then performed
for lipid profiling. B) For the induction of senescence, SH-SYS5Y cells were incubated for 48h
in etoposide followed by additional 7 days of incubation in fresh medium, in order to develop
a senescent phenotype. X-gal staining was performed on coverslips to confirm the presence of
senescent cells in the treated sample. The same procedure as in A) was then conducted on the
senescent cells. The illustration is made in BioRender.com.
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4.1 Cell Culture

The human-derived SH-SY5Y neuroblastoma cell line was chosen for this study, which is a
cell line commonly used in PD research due to its intact neuronal properties, dopaminergic
characteristics and ease of maintenance®?>. SH-SY5Y is a trice-subcloned cell line derived
from the SK-N-SH cell line established from metastatic cells found in the bone marrow of a
four-year-old girl in 19702, Cultures of the SH-SY5Y cell line contain two distinct cell types:
epithelial-like (flattened shape) and neuronal-like (stretched shape) (Figure 4.1.1).

Furthermore, the cultures include both adherent and floating cells — both viable®®.

. ) e b AQ B N\ -
Figure 4.1.1 - Morphology of undifferentiated SH-SY5Y cells. The human neuroblastoma SH-SY5Y
cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma), supplemented with 10%
(v/v) fetal bovine serum (FBS, Sigma) and 1% (v/v) PenStrep (PS, Sigma). The culture contains epithelial-
like (black arrowheads) and neuronal-like cells (red arrowheads), as well as both adherent and floating cells
(yellow arrowheads). Cells are visualized under an Eclipse Ts2 Inverted Microscope (Nikon), using a 10x
objective.

The epidermoid carcinoma A-431 cell line was used as a control line, in order to compare the
phospholipid composition amongst different cell types. This cell line is derived from an 85-

year old female and contains cancerous epithelial cells.
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4.1.1 Cell Cultivation

Both cell lines were initially plated on 10 cm culture dishes before switching to 15 cm dishes
as the cell count increased. For the 10 cm plates, cells were covered in 10 ml Dulbecco’s
Modified Eagle’s Medium (DMEM, Sigma) high glucose, supplemented with 10% (v/v) fetal
bovine serum (FBS, Sigma) and 1% (v/v) PenStrep (PS, Sigma) and left to grow in an
incubator at 37°C supplied with 5% CO;. Upon reaching a confluency of approximately 80-
90% after 2-4 days, cells were detached by means of trypsinization and sub-cultured at ratios
ranging from 1:2-1:4, depending on cell growth. Prior to the trypsinization, the old medium
was discarded, and cells were washed once with 1XxPBS to remove traces of the medium (as
DMEM deactivates trypsin). For the SH-SYSY cell line, each 10 cm cell plate was incubated
in 2 ml trypsin (diluted 1:2 in PBS) for roughly 5 minutes before the trypsin was deactivated
by the addition of 4 ml medium. The same amounts were added to the A-431 cells, but due to
their connective nature, these cells required 15 min of trypsin incubation in order to detach.
For the 15 cm culturing dishes, the amount of growth medium and trypsin was increased to 20

ml and 4 ml, respectively.

To ensure healthy growth conditions, cells were handled and kept in a sterile environment and
frequently examined under a light microscope to monitor growth and check for abnormalities.
Additionally, growth medium was replaced every other day, in order to provide the cells with

a constant supply of nutrients.

4.1.2 Cell Lysate Preparation for Lipidomic Analysis

While the cells were on ice, the medium was removed, and the cells were subsequently
washed twice with cold 1xPBS. After this, ice-cold 1xPBS was added to the plates and the
cells were harvested using a cell scraper and directly transferred to a 50 mL tube. The cells
were then pellet by centrifugation at 900xg for 5 min. The resulting supernatant was discarded,
and the cell pellet was resuspended with 1 mL of 1xPBS and lysed by adding 333 pL of
3xGCTU. The lysate was subsequently vortexed and stored at -80°C before being freeze-dried

overnight and stored at -20°C until further use.
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4.2 Senescence Assay

Cellular senescence was induced in the SH-SYSY cell line by treating the cells with etoposide,
a cytotoxic anticancer agent that induces DNA damage and consequently cellular senescence.
Before treating the cell-quantities needed to prepare NMR and MS samples (ten confluent 15

cm plates) a low-scale senescence-assay was conducted, optimizing treatment conditions.

4.2.1 Induction of Senescence

Optimal treatment conditions were determined by testing different cell densities and drug
concentrations in 24-well plates. Cell counts of 100 000, 150 000, 250 000 and 300 000 per
well were seeded out and left to grow overnight at 37°C. Etoposide concentrations of 5 uM,
10 uM, 15 pM and 20 uM was then examined using the cell count that provided a confluency
of 70-80 % after 24 hours.

Cellular senescence was induced by treating ten confluent cell plates (15cm) with 5 pM
etoposide diluted in DMEM growth medium for 48 hours before replacing the drug with pure
growth medium and leaving them to incubate at 37°C for seven days whilst developing a
senescence phenotype. Growth medium was replaced every other day, and cell death and

morphology were frequently monitored and documented under a TMS-F Microscope (Nikon).

4.2.2 Identification of Senescence: [f-Galactosidase Staining

Prior to staining, etoposide-treated cells were carefully washed twice with pre-warmed D-PBS
(PBS supplemented with magnesium and calcium to prevent cell detachment, as senescent
cells do not adhere to surfaces as strongly as young cells) and fixated in 4% PFA for 15 min
on a rocker. Fixed cells were then washed in pure PBS to remove remnants of salt crystals
from the D-PBS, and thereafter incubated in Sen-B-Gal staining solution for 24 hours at 37°C,
tightly wrapped in parafilm to prevent the CO; from reducing the PH of the staining solution.
After 24 hours cells were examined under an Eclipse Ts2 Inverted Microscope, to check for

B-Galactosidase activity, represented as blue colored cells.
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For the low-scale establishing assay, cells were fixed and stained directly in the 24-well plates
in which they were grown, whereas for the NMR and MS samples, staining was conducted on
coverslips added to the 15 cm plates prior to cell cultivation, and used as a verification of

senescence before proceeding with the experiment.

4.3 Lipid Isolation

4.3.1 Solvent Extraction of Lipid Fraction

Lipids were extracted from the freeze-dried cellular matter using a biphasic solvent system
consisting of dichloromethane/methanol/water, a modified version of the traditional Bligh &
Dyer method, which uses chloroform instead of dichloromethane”™. The cause of this
replacement was to minimize lipid degradation, a side effect of using chloroform as an
organic solvent. Additionally, triethylammonium ions (TEAC) were added as a counter-ion to

facilitate the migration of phospholipids into the organic phase.

First, the sample was dissolved and homogenized in 20 mL of an organic solvent mixture
(dichloromethane/methanol/TEAC 3:1:0.0005, v/v/iw, 75% 28% 25%) before being
transferred to a glass flask for phase separation. Additional 20 mL of methanol was then
added to improve the solubilization of membrane lipids by disrupting hydrogen bonding and
electrostatic interactions between protein-lipids and lipid-lipids. By subsequently adding
water (water/organic solvent 1:2), two phases were formed: one organic phase containing
dichloromethane and one aqueous phase containing water and ethanol. Lipids were
transferred into the organic phase by carefully shaking the solution whilst frequently draining
out the gas developed during the process. Next, one uniform phase was made by adding 20
mL of methanol and again shaking the solution to solubilize additional lipids. After
incubating the monophasic solution for 15 min, two phases were made by adding 20 mL of
the organic solvent dichloromethane and collecting the lower organic phase containing the
lipids in an Erlenmeyer flask. Several washing steps with dichloromethane was performed in
order to transfer as many soluble non-lipid components to the aqueous phase as possible.

Lastly, isopropanol was added to the collected organic phase to uniform the solution.
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4.3.2 Solvent Removal: Rotavapor and Nitrogen Gas

Solvents used to extract the lipids were removed from the sample by evaporation, using a
Rotavapor R-100 (Buchi). Evaporation was achieved by transferring the organic phase,
collected from the extraction step, to a rotary evaporation flask kept under vacuum (500 mpa)
in a water bath of 40°C. As the solvent vaporized, the pressure was gradually lowered
manually, always keeping the solution right below boiling point. When the solution tolerated
a pressure of 40 mpa, the rotavapor was set in an automatic mode at 40 mpa for 20 min,
removing the last traces of fluid. After all the liquid had evaporated, the resulting lipid
crystals were dissolved with a mixture of 1:3 dichloromethane/methanol and transferred to a
small vial (4 ml) for the NMR sample. 100 pl of this solution was transferred to another vial,
for the LC-MS/MS analysis. Both vials were then kept under a continuous stream of nitrogen

gas, to remove the solvents, and thereafter stored at -20°C until further use.

4.4 3P NMR

4.4.1 3P NMR sample Preparation

Prior to resuspension, the frozen lipid films were thawed at room temperature to avoid any
water contamination in the sample. Afterwards the dried lipids were dissolved in 650 pL
CUBO solution (supplemented with TMP) and transferred to an Eppendorf tube. Salts and
other cellular debris were removed by centrifugation at 15200xg for 2 min, and the
supernatant containing the lipids was transferred to an NMR glass tube. More CUBO was
added to the NMR tube if needed, to compensate for insufficient amounts of supernatant. The
NMR tube was immediately placed in the NMR machine for analysis. Four individual
experiments were analyzed for the untreated cells, and three for the senescence-induced cells.
CUBO was used as a solvent for all NMR experiments due to its good chemical shift

reproducibility and chemical stability when working with phospholipids®+%3.
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4.4.2 Solution-Phase 3P NMR

Bruker BioSpin NEO600 spectrometer, equipped with a cryogenic probe operating at 300 K,
was used to collect compositional information about the lipid isolates. The pulse program
used was “zgig” and “DQD” was the acquisition mode. A list of the most important

parameters used to obtain the *'P NMR spectra are presented in table 4.4.2.

Table 4.4.2 — List of 3'P NMR parameters used in this study

Parameter Value Description

Size of fid (TD) 32768 Hz Number of points to be digitalized.

Number of scans (NS) 2560 Several scans are carried out to improve the
quality of the spectrum.

Spectral width 54.1617 ppm, A measure of the width of the frequency

13157.895 Hz

spectrum to be analyzed. Signals whose
frequency falls within the spectral width
will be detected.

Acquisition time

1.2451839 sec

The time needed to acquire one scan.

Duration of 3'P pulse (P1)

40 psec

Power level for P1 pulse

17.342 watts

Recycling delay 8 sec To insure relaxation of the 3'P nuclei
between scans.

Dwell time (DW) 38.00 psec The delay before data acquisition after
pulse.

Receiver gain (RG) 101 Digital amplification of signal.
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4.4.3 3P NMR Spectral Processing

To analyze the data obtained from the solution-phase 3'P NMR, a software termed TopSpin
4.0.7 (Bruker) were utilized. The main goal was to determine the relative concentration of the
individual lipids by comparing their signal integrals with one another, allowing for accurate
ratio determination. Before assigning phospholipids to the detected peaks and determining
their relative abundance, several spectral processing steps were conducted. First, automatic
phase correction was applied, which is the process of adjusting the shape of the peaks, so they
all have an absorptive, positive line-shape®®. Next, the baseline was brought to zero by
applying a 5-degree polynomial baseline correction. The spectra were then calibrated by
setting PC, the highest abundant signal, to 0 ppm. Afterwards, all identified peaks were
manually picked and deconvoluted, which is the process of decomposing peaks that overlap in
order to extract information about “hidden peaks” (Figure 4.4.3). A list containing the ppms
of all picked peaks, as well as their signal areal, were then extracted from TopSpin and
processed further in Microsoft Excel to calculate the abundance of each lipid. Peak

assignment was done by comparing identified values with previously published work®7-%.

2 4 4 Integral
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1 | 1 |

Intensity
w
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Original spectrum Deconvolution Signal quantification

Figure 4.4.3 — NMR spectral deconvolution and integration. Deconvolution of the spectra is performed
to identify the presence of hidden peaks (yellow). Integrals of each peak area are then calculated to
determine the relative abundance of the individual peaks/lipids. The illustration is created at Biorender.com.

4.5 LC-MS/MS

4.5.1 LC-MS/MS Sample Preparation

The combination of liquid chromatography (LC) and tandem mass spectrometry (MS/MS)
was achieved using a Dionex Ultimate 3000 UPLC coupled with a Thermo Q-Exactive mass
spectrometer (Thermo Fisher, USA). Before analyzing the structural identity of the individual

components with MS/MS, LC was performed to separate the multiple components in the
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mixture. LC conditions were set according to previously published work®®, and was aimed to

elute the phospholipids as narrow peaks.

Dry lipid films were dissolved in a mixture of water, dichloromethane and acetonitrile (2:2:1)
with 10 mM ammonium acetate. Next, the analytes were separated by injecting 20 pL into a
UPLC C18 column with 1.7 um particle size, at 318 K at a rate of 0.4 mL/min. Mobile phase
A consisted of 40% acetonitrile and 60% water and mobile phase B consisted of 10%
acetonitrile and 90% isopropanol. To improve the analyte ionization and thus the separation
and detection of lipids, 10 mM ammonium acetate was added to both phases. A multistep
gradient from 40 to 100% of solvent B was then used to separate the lipids. Lipid detection
and identification was then achieved with MS/MS by monitoring the ions in scan ranges of
300-2000 m/z with a resolution of 140.000 at m/z = 200. Peaks detected in MS1 were
fragmented for the second MS detector (MS2) using a collision energy of 24. The MS2
spectrum was collected with a resolution of 17,500 at m/z = 200 and an isolation window of

0.4 m/z, with the dynamic exclusion parameter set to “auto”.

To ensure the detection of all lipid species occurring at the same retention time, an iterative
exclusion (IE) protocol was utilized, which involved running each sample 3 times. Four
independent experiments were analyzed for the untreated cells, whereas only one experiment
was analyzed for the senescence-induced cells due to time restrictions (two more samples

were isolated and ready to be analyzed but remained in the freezer due COVID-19-shutdown).

4.5.2 LC-MS/MS Data Processing

In order to analyze the amount of data obtained from LC-MS/MS, a script developed by
Martin Jakubec et al., referred to as the “LipMat script”, was utilized®®. LipMat was made in
Matlab 2017b and comprises a library of lipid species and predicted lipid fragmentation
patterns (see section 1.4.3 for more background information about LC-MS/MS and scripts).
Generated LipMat-outputs included (i) a table of identified lipid species with their
representative total score (Swtal) and their retention time, (i) MS2 fragmentation spectra with
identified fragments highlighted in red, and (iii) chromatogram plots of the most abundant

lipid species within each lipid head group.
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Using LipMat, intact ion masses from MS1 were compared with the lipid library and in the
case of a match, the MS2 spectrum of this hit were loaded and evaluated by the script to
confirm the identity of the lipid. To achieve this confirmation, the MS2 spectra of each hit
were given a score based on the presence of corresponding fragments and their intensity
(Stotal). As a result, LipMat generated a list of identified lipid species as well as their scoring.
This list was then manually evaluated and only lipid species with a total score above 20 was
processed further. For most lipids, the presence of both FA-chains (FA1 and FA2) was also
needed for lipid conformation. One exception was SM, which only has one FA chain. All
lipid species that did not meet these requirements, was excluded from further processing.
Relative abundance of FAs within each head group was then calculated from the confirmed
lipids and presented in bar charts. A schematic overview of the LC-MS/MS data processing

steps are presented in Figure 4.5.2.

FA abundance,

List of s .
L. Lipid lipid X
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their MS2
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Figure 4.5.2 - Schematic overview of LC-MS/MS data processing. Experimental data from LC-MS/MS

are processed using the LipMat script®®

, which compares intact ion masses from MS1 with a lipid library.
MS?2 spectrum of hits are then loaded and scored based on the presence of corresponding lipid fragments®s.
LipMat generates a list of identified lipid species and their scoring which are then manually evaluated. Hits
with sufficient score value and detected fragments (Fal and Fa2) are then further processed in Microsoft

Excel, where bar charts of the most abundant fatty acid chains within each lipid head group are created.
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5. RESULTS

5.1 Induction of Senescence

The hypothesis of this thesis is that age-related changes to the lipid composition of neuronal
cells contributes to the misfolding process of o-Syn, leading to the harmful aggregates
associated with PD. In order to test this hypothesis, cellular senescence was induced in the
SH-SYS5Y neuroblastoma cell line by treating cells with the cytotoxic anticancer agent
etoposide. Finding the proper cell density prior to treating cells with etoposide was important
as cells with too low confluency could risk not managing the toxic effect of the drug, resulting
in massive cell death. On the other hand, over-confluency could result in reduced toxicity of
the cytotoxic drug and false-positives in the senescence-confirmation assay (section 4.2.3).
An optimal amount of etoposide was a drug concentration that affected as many cells as
possible whilst keeping a low death rate. To determine optimal treatment conditions, various
cell densities and drug concentrations were tested in 24-well plates, including a DMSO

control.

Concerning cell density, wells containing 200 000 cells and above (250 000, 300 000), were
over-confluent after 24 hours. The well containing 150 000 cells, on the other hand, revealed
a confluency of 70-80% after 24 hours, a more appropriate density for further treatment. Thus,
this cell seeding amount was therefore used for further experiments. Drug concentrations of 5
pM, 10 uM, 15 uM and 20 uM were tested on wells of 70-80% confluency and senescent
cells were identified with the B-Galactosidase Staining assay (section 4.2.2). As seen in
Figure 5.1.1 blue colored cells appeared at all drug concentrations, indicating 3-Galactosidase
activity at pH 6 and thus a successful induction of senescence. In contrast, only a few blue
cells were visible in the control plates, possibly due to over-confluency and not cellular
senescence. At a drug concentration of 5 uM, most cells were affected whilst still being viable,
contrary to cells treated with drug concentrations of 15 uM and 20 puM, where major cell
losses were observed. Based on this, optimal treatment conditions were to treat cells of 70-80%

confluency with a drug concentration of 5 uM.
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Control, DMSO Control, 0 uM

5 uM 10 uM

15 uM 20uM

Figure 5.1.1 - Senescence-associated B-galactosidase activity in SH-SY5Y cells after treatment with
etoposide. Cells of 70-80 % confluency were incubated with various drug concentrations (5, 10, 15 and 20
uM of etoposide diluted in DMSO) for 48h followed by further 7 days of incubation in fresh growth
medium (DMEM, high glucose). X-gal was used for staining and B-galactosidase activity (represented as
blue colored cells) was detected at pH 6 under an Eclipse Ts2 Inverted Microscope (Nikon), using an
objective of 10x magnitude. Enzyme activity was detected at all drug concentrations, with the 5 uM having
the lowest cell-death counts.

Figure 5.1.2 illustrates the changes in morphology between the untreated and etoposide-
treated SH-SYSY cells (day 7 after removing the drug). Looking at morphology of the
neuron-like cells, the treated cells revealed a 2.5-fold increase in cell length compared to the

untreated cells (calculated by Imagel). Additionally, treated cells displayed a more
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outstretched, irregular shape in contrast to their untreated counterparts, indicating a state of

cellular senescence.

A) Untreated

Figure 5.1.2 - Changes in cell morphology of etoposide-induced SH-SYS5Y cells. A) Untreated cells of
70-80% confluency. B) Cells treated with 5 uM etoposide on day 7 after removing the drug. When
comparing the neuron-like cell between the cell cultures, a 2.5-fold increase in length was measured for the
treated cells using ImagelJ. These cells also revealed a more irregular shape compared to the untreated cells,
indicating the development of a senescent phenotype. Both pictures are taken under an Eclipse Ts2
Inverted Microscope (Nikon), with a 10x objective.
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5.2 Lipid Identification and Quantification by 3P NMR

3P NMR was used for the identification and quantification of the various phospholipids
present in the cell samples (see section 4.4.1 - 4.4.3 for experimental details). As only
compounds containing phosphorus are detectable in the 3'P NMR spectrum, this method
eliminates the disturbance of signals from other lipids. For this experiment, CUBO solvent
was used to dissolve the lipids, due to its ability to spread the phospholipid resonances over a
broad range of ppm while keeping linewidths at a minimum® 84, For each sample, data was
acquired using a BioSpin NEO600 Spectrometer (Bruker), fitted with a probe able to detect
signals from the 'P nucleus. The *'P NMR-data was processed in TopSpin 4.0.7 (Bruker) and
lipid assignment was accomplished by comparing detected ppm with previously published

work38:90,

5.2.1 Lipid Composition of Untreated and Senescence-Induced SH-SY5Y Cells

For the SH-SYSY cell line, 3'P NMR was performed on lipid isolates from untreated and
etoposide-treated cells. Phospholipids detected and identified from one of the untreated SH-
SYSY lipid isolates are presented in Figure 5.2.1a, panel A. The spectra revealed a broad
range of phospholipids occurring with different intensities, including PC, PS, PE, CL, SM, PI
and PG as well as two low intensity PA-signals at around 5 ppm, indicating minimal sample
degradation - as lipids often are reduced to their PA precursor when exposed to various
degradation processes. Among these, the PC signal was the most prominent, and was used to
calibrate the *'P chemical shift scale (this signal was set to 0 ppm). The spectra also revealed
a high peak at around 2.5 ppm, representing the phosphorus probe molecule (TMP) added to
the CUBO solvent solution. This very large signal may have disturbed the other signals and
perturbed the spectrum slightly, as most of the lipids had ppm values a little above their
literature values. In order to perform a statistical comparison between different sets of
samples, four biological replicates were prepared, acquired on, and analyzed (see

supplementary 8.1 for spectra of all replicates).

One of the 3'P NMR spectra of phospholipids identified in the senescence-induced SH-SY5Y
cells are shown in Figure 5.2.1a, panel B. The same range of phospholipids as for the
untreated samples, were detected in these samples, as well as a low PA-signal at 5 ppm

indicating minimal sample degradation. Unlike the untreated samples, no signal for PG was
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visible in the senescence-induced ones. The signal for TMP (ppm 2.5) was much less
dominant in these samples, which was made with an older CUBO solution containing a lower

TMP concentration. For these cells, lipid analysis was performed on lipid isolates from three

independent experiments (see supplementary 8.2 for all spectra).
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Figure 5.2.1a — Representative *'P NMR spectra of phospholipid composition. Two *'P NMR spectra
are depicted in the figure, presenting the phospholipid composition in (A) untreated and (B) senescence-
induced SH-SYSY cells. Cellular senescence was induced with 5 uM etoposide. In both cases, PC (the
highest abundant lipid) was used to calibrate the axis (set to 0 ppm). PA, phosphatic acid; PC,
phosphatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PI, phosphatidylinositol;
PS, phosphatidylserine; SM, sphingomyelin; CL, cardiolipin.
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A bar chart comparing the relative abundances of phospholipids in the untreated and
senescence-induced samples are presented in Figure 5.2.1b. For both samples, the most
abundant lipid species by far were PC lipids, with a total abundance of 49 + 4.7% for the
untreated and 57.6 = 9.1% for the senescence-induced cells. In the untreated sample, the
second most abundant lipid was PE (19.8 = 5.2%), followed by PI (8.0 £ 1.6%). For the
senescence-induced cells, this order was the opposite with PI being the second most abundant
lipid of 12.7 + 3.6% abundance, followed by PE (12.3 + 7.5%). When comparing the samples,
a significant reduction of 58% (Welch t-test, p = 0.02) was detected in the senescent cell’s
abundance of SM. Although not significant, the results also indicated a senescence-related
increase in abundance of the negatively charged lipids PI and PS of 37% (Welch t-test, p =
0.12) and 19% (Welch t-test, p = 0.75), respectively. No signal for PG was detected in the
senescence-induced cells. However, it is worth mentioning that NMR suffers from lack of
sensitivity when little sample material is available, so it is possible that PG was present in the
sample but in too low quantities to be detected. Seeing as etoposide is toxic for the cells, some

cells probably died during the culturing process, leaving less material available for the NMR.
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Figure 5.2.1b - Abundance of phospholipids identified in SH-SY5Y lipid isolates. *'P NMR was used
to profile phospholipids extracted from untreated (grey) and senescent-induced (blue) SH-SYSY cells. For
both samples the most abundant lipid was PC. A statistical hypothesis test (Welch’s t-test) found a
significant decrease of 58% (p = 0.02%*) in the abundance of SM, when comparing the two samples. Results
from both the untreated and senescence-induced sample are representative of four biological replicates.
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5.2.2 Lipid Composition of A-431 Cells

As previous studies have discovered that the phospholipid composition of lipid membranes
differs between cell types®!, an epithelial A-431 cell line was used as a comparable control to
the neuroblastoma SH-SYSY cell line. Phospholipids detected and identified in the A-431
lipid isolates are presented in a 3'P NMR spectrum (Figure 5.2.2a). The same phospholipids
as for the SH-SYSY cell line were identified also in this cell line, but at slightly different
intensities. In addition to these, an unidentified signal was detected at 3.1 ppm, accounting for
4.3% of the total lipid abundance. Unfortunately, due to time limitations, only one A-431
sample was analyzed with 3'P NMR.
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Figure 5.2.2a — Representative *'P NMR spectrum of phospholipid composition in A-431 cells. Lipid
assignment was done after deconvolution of the spectrum, and the PC signal (the highest abundant lipid)
was used to calibrate the axis (set to O ppm). PA, phosphatic acid; PC, phosphatidylcholine; PE,
phosphatidylethanolamine; PG, phosphatidylglycerol; PI, phosphatidylinositol; PS, phosphatidylserine; SM,
sphingomyelin; CL, cardiolipin.
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A bar chart comparing the total abundance of phospholipids identified in the A-431 and SH-
SYSY cells are presented in Figure 5.2.2b. In the A-431 cells, the most abundant lipid, PC,
accounted for 57.7% of total abundance, followed by PI (12.5%) and PE (10.5%). The least
abundant lipids were PG and CL with a total abundance of 0.3% and 1%, respectively, which
constitutes a decrease of 92.8% and 73.7% when comparing to the PG and CL content
detected in the SH-SYSY cell line. The same was observed with PE, which revealed a
reduction of 47.0%. PI and PC abundance on the other hand, were 54.5% and 17.6% higher in
the A-431 cell line compared to the SH-SYSY cells. For SM, no major differences were

observed amongst the two samples.
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Figure 5.2.2b - Abundance of phospholipids identified in A-431 and SH-SYS5Y lipid isolates. Each
column represents the relative abundance of an individual phospholipid detected with *'P° NMR.
Phospholipid composition of A-431 cells (green) are aligned with the composition of SH-SY5Y cells (grey),
for comparison. For the latter, the bars are representative of four independent experiments, whereas only
one experiment was made with the A-431 cells due to time limitations. PC, phosphatidylcholine; PE,
phosphatidylethanolamine; PG, phosphatidylglycerol; PI, phosphatidylinositol; PS, phosphatidylserine; SM,
sphingomyelin; CL, cardiolipin.
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5.3 Fatty Acid Analysis by LC-MS/MS

More information about the lipids, including their FA sidechains and the range of lipid
isoforms present, was acquired with LC-MS/MS. Data were processed using a script called
the LipMat®® script, and only lipids species with a Sioa1 > 20 was included. Unfortunately, as
only one replicate of the senescence-induced cells was analyzed with LC-MS/MS, no

statistical analysis could be performed when comparing these samples.

5.3.1 Fatty Acid Composition in Untreated SH-SY5Y Cells

An example of a LC-chromatogram LipMat-output are presented in Figure 5.3.1a, panel A.
The chromatogram shows the five most abundant PC lipid species identified in one of the
untreated SH-SYSY samples. The area for each lipid is plotted against the retention time. At
the top is “PC-CH3CO> 16:0/18:1” which had the highest signal among the PC lipid species,
thus were the most abundant. Panel B shows the MS2 spectrum of “PC-CH3CO; 16:0/18:1”.
Looking at the spectrum, both FAs were identified, in addition to a fragment at 462.3 m/z —
representing a demethylated FA2. The MS2 spectrum were given total score of 40.7 (Stotat),

well above the 20-limit set for confirmation.
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Figure 5.3.1a — LC-MS/MS analysis of SH-SYSY lipid isolates. A) Example of a LC-chromatogram output
showing the five most abundant lipid species for PC. The signal intensity (y-axis) of each molecule is plotted
against their retention time (x-axis, min). B) MS2 spectrum of the most abundant PC species “PC-CH3CO2
16:0/18:1”. The spectrum shows the MS2 fragmentation pattern of the molecule, and identified fragments are
highlighted in red. Based on this lipid’s intensity and MS2 spectrum, MatLab calculated a Siotas = 40.7 for this
hit.
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Representative bar charts showing the most abundant FA chains within PC, PI, SM, PE, PG
and PS, from the untreated SH-SY5Y-sample, are presented in Figure 5.3.1b. Concerning CL,
LC-MS/MS did not detect enough FA chains to present a plot. In most of the lipid head
groups presented, the most abundant FA chains included stearic acid (18:0), palmitic acid
(16:0) as well as their monounsaturated derivatives oleic acid (18:1) and palmitoleic acid
(16:1). In PG, the polyunsaturated omega-6 fatty acid arachidonic acid (ARA, 20:4) was the
most abundant of all, accounting for 27.1+ 7.9% of the total FA content. For SM, the only
FAs occurring in all four samples, were 16:1 and 18:0, which were distributed 50:50 in all the

detected lipids. A total of 84, 116, 154, 94 lipid species were confirmed in the four individual

experiments.
PC o PI SM
40
$ 30 =, 30 I = _
= I ) o
o = S 40
S 20 = 20 { I =
o] I = o
2 5 5 20
E 10 I I 2 10 2
2 <
0 0 0
18:1 16:0 15:0 18:0 18:1 20:4 18:0 20:3 16:1 18:0
PE PG PS
40 20 80
SN ] S X 60
% 0 Y E L i S o
- £ 20 I = |
EE - = =
10 20
3 E 10 3 "B
< < <
0 0 0

Figure 5.3.1b — Fatty acid distribution within lipid head groups in SH-SY5Y cells. The individual bar
charts represent the most abundant FA chains within PC, PI, SM, PE, PG and PS, detected with MS/MS
and evaluated using the LipMat script®. For cardiolipin (CL), there was insufficient amount of identified
FA chains to be presented. PC, phosphatidylcholine; PE, phosphatidylethanolamine; PG,
phosphatidylglycerol; PI, phosphatidylinositol; PS, phosphatidylserine; SM, sphingomyelin.
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5.3.2 Fatty Acid Composition in Senescence-induced SH-SY5Y Cells

Graphical representation of the LC-MS/MS analysis, showing the FA abundance in the

senescence-induced SH-SYSY cells, are presented in Figure 5.3.2. Similar to the untreated

cells, the most abundant FA chains in most of the lipid head groups included 18:0, 16:0, 18:1

and 16:1. There was, on the other hand, a higher proportion of the monounsaturated form of

the mentioned FAs in the senescence-induced cells, with 18:1 being the overall most abundant

FA in both PC, PE, PG and PS. Thus, in PG, 20:4 (12.5%) was replaced with 18:1 (29.2%)

for the most abundant FAs. A total of 318 confirmed lipid species were detected for this

sample.
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Figure 5.3.2 —Fatty acid distribution within lipid head groups in senescence-induced SH-SYS5Y cells.
Cellular senescence was induced in SH-SYSY cells with etoposide (5uM) and information about the FA
chains were detected using MS/MS and evaluated using the LipMat script developed by Martin Jakubec et
al®®. The most abundant FA chains within PC, PI, SM, PE, PG and PS are represented in individual bar
charts. Concerning cardiolipin (CL), no FA scored above 20 in LipMat to present a plot. PC,
phosphatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PI, phosphatidylinositol;

PS, phosphatidylserine; SM, sphingomyelin.
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5.3.3 Comparison of Degree of Saturation in Untreated and Senescence-induced Cells

When comparing the two cell samples, the senescence-induced cells revealed an overall
decrease of 10.4 + 2.6% in the abundance of PUFAs with a similar increase in MUFAs of

13.8 + 1.2% (Figure 5.3.3a). No remarkable changes were observed in the total amount of

SFAs, revealing a decrease of 2.5 + 1.5 %.
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Figure 5.3.3a - Graphical comparison of PUFA, MUFA and SFA content in SH-SY5Y cells. Bar charts
were constructed for visualizing the total amount of polyunsaturated (PUFA), monounsaturated (MUFA)
and saturated (SFA) fatty acid (FA) sidechains in untreated (grey) and senescence-induced (blue) SH-
SYS5Y cells, after detection with MS/MS. In the senescence-induced sample, the plot reveals a reduction in
PUFAs with an inversely correlated increase in MUFAs.

Two PUFAs implicated with aging is AA and DHA. Graphical comparison of their total
abundance in the untreated and senescence-induced samples are presented in 5.3.3b, panel A.
As shown in the figure, AA abundance were inversely correlated with cellular senescence,
revealing a decrease of 45.8 + 2.2%, whereas no remarkable difference was found in the DHA
abundance. Looking closer at AA abundance, this FA revealed a decrease in all the lipid head
groups it was identified in, including in PG (-57.7 + 4.4%), PI (-63.3 + 5.6%), PE (-22.6 £
1.0%) and PC (-39.5 £ 2.1%) (Figure 5.3.3b, panel B).
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Figure 5.3.3b — AA and DHA abundance in senescence-induced SH-SY5Y cells. A) Comparison of
20:4 (arachidonic acid, AA) and 22:6 (docosahexaenoic acid, DHA) abundance in untreated (grey) and
senescence-induced (blue) SH-SYSY cells. B) Differences in AA abundance within phosphatidylglycerol
(PG), phosphatidylinositol (PI), phosphatidylethanolamine (PE) and phosphatidylcholine (PC).

As mentioned in section 5.3.2 and visualized in Figure 5.3.2, the senescence-induced cells
revealed an overall increase in the abundance of the monounsaturated acids 18:1 and 16:1
compared the saturated acids 18:0 and 16:0. A graphical comparison of the total abundance of
these acids in the untreated and senescence-induced cells are presented in Figure 5.3.3c.
Regarding the 18:0/18:1 ratio, the senescent cells revealed an ratio of 0.74 + 0.11 compared to
0.63 in the senescence-induced cell, implying an increase of 14.0 £ 1.36% in the 18:1 content
(Figure 5.3.3c, panel A). When comparing the 16:0/16:1 ratio, an increase of 64.7 + 44.3% in

the 16:1 content was observed.
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Figure 5.3.3c - 18:0/18:1 and 16:0/16:1 ratio in senescence-induced SH-SY5Y cells. A) Comparison of
the 18:0/18:1 (stearic/oleic acid) ratio in untreated (black) and senescence-induced cells (white). B)
16:0/16:1 (palmitic/palmitoleic acid) ratio in untreated (black) and senescence-induced (white) cells. Both
results (A, B) are a graphical representation of LC-MS/MS fatty acid analysis.
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5.3.4 Comparison of Fatty Acid Chain Length in Untreated and Senescence-induced Cells

Graphical comparison of the abundance of various FA chain-lengths ranging from 10-24
carbon atoms, are presented in Figure 5.3.4. Most of the phospholipids in both samples
contained FAs of 16-18 carbons of length, accounting for 64.0 = 5.8% (untreated) and 59.4%
(senescent) of the total FA content. When comparing the samples, no major differences was
found between the abundance of the individual FA chain lengths. One exception was the
abundance of FAs with chains between 10-12 of length, in which LC-MS/MS did not detect

any species of this length in the untreated cells compared to 2.2% in the treated cells.
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Figure 5.3.4 — Graphical comparison of fatty acid chain length abundance. Columns represents the
abundance of fatty acid (FA) chains of 10-12, 13-15, 16-18, 19-21 and 22-24 carbons identified in
untreated (grey) and senescence-induced (blue) SH-SYSY cells using LC-MS/MS.
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6. DISCUSSION

This thesis aimed to investigate age-related changes to the lipid composition of neurons in
hopes of finding a correlation between the aging cell and the development of
neurodegenerative disorders like PD. The choice of objective was based on the importance of
aging in regard to the development of PD, combined with emerging studies connecting lipids
to the aggregation process of a-Syn. In order to mimic old neurons, cellular senescence was
induced to the neuroblastoma SH-SYS5Y cell line using the cytotoxic anticancer agent
etoposide. Confirmation of senescence was achieved with Senescence-associated f3-
Galactosidase Staining (SA-B-gal) and a combination of solution-phase *'P NMR and LC-
MS/MS was used for lipid profiling.

6.1 Cellular Senescence as a Model System for Aging

Based on the findings that cells induced with 5 M etoposide revealed a 2.5 increase in length
(Figure 5.1.2) as well as a high degree of 3-Galactosidase activity at pH 6 (Figure 5.1.1), it is
reasonable to conclude that cellular senescence was successfully induced in the SH-SYSY cell
line. Another finding supporting this assumption was the 37% (Welch t-test, p = 0.12)
increase of PI-content identified with *'P NMR (5.2.1b). Phosphorylated forms of PI, called
phosphoinositides, plays key roles in cell signaling e.g via the PI3K/AKT/mTOR pathway, an
intracellular signaling pathway important in regulating the cell cycle®?. Seeing as cellular
senescence is dependent on signal transduction to initiate and maintain the cell cycle growth

arrest, it is not unlikely that there is a connection between senescence and PI metabolism.

One of the assumptions for conducting the study was that cellular senescence could be used as
a model system for aging. Seeing as neurons are non-dividing cells carrying important
information for the individual, the only way to study age-related changes to these cells are to
examine brains of deceased in which natural variations among the population as well as
decomposing processes has to be taking into account. There seems, however, to be similarities
between the aging process and the process of cellular senescence, suggesting the latter could
be used a model system for aging. Indeed, by comparing the lipids from untreated SH-SY5Y
cells with those induced with cellular senescence, several discoveries corresponding with

literature about neuronal aging were made in this thesis.
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Using 3'P NMR, a significant reduction of 58% (Welch t-test, p = 0.02*) in SM levels were
detected in the senescent cells when comparing to the untreated ones (Figure 5.2.1b). Similar
findings have been made by studying brain lipids of deceased individuals at age 20-100 years,
in which SM revealed an almost twice as fast age-related decrease in abundance, compared to

other lipids®*.

Additionally, by analyzing FA composition with LC-MS/MS, there was an overall decrease of
10.4% in the abundance of PUFASs, combined with a similar increase of 13.8% in MUFAs
(Figure 5.3.3a). The levels of AA in particular, were altered in all the lipid head groups it was
identified in, resulting in a total decrease of 45.8% (Figure 5.3.3b). Other LC-MS/MS
observations made, were changes to the 18:0/18:1 acid ratio, where the untreated cells were
more abundant in 18:0 compared to its monounsaturated derivate, whilst the opposite was
observed in the senescent cells, which were more abundant in 18:1 (Figure 5.3.3¢). Consistent
with all of these results are FA analysis obtained from brain tissues of human subjects aged
29-80 years at time of death, published in a study by McNamara et a/®!. This study found that
age inversely correlated with the amount of PUFAs, especially AA, simultaneously with an
increase in stearoyl-CoA desaturase activity, resulting in elevated MUFAs levels. McNamara
et al. also observed an age-related progressive decrease in the 18:0/18:1 acid ratio combined
with an increase in stearoyl-CoA-desaturase (SCD) activity — the enzyme responsible for the
conversion of 18:0 into 18:1. Altogether, these findings indicate a high degree of similarities
between the aging cell and the state of cellular senescence, thus making it a suitable model

system for neuronal aging.

6.2 Lipid Profile Comparison of the A-431 and SH-SY5Y Cell Lines

To find out if the lipid composition of DA neurons differed from that of other cell types, the
epithelial A-431 cell line was used as a comparable control to the SH-SYSY line. One
interesting difference detected with 3'P NMR, was the 73.7% decrease in CL abundance in the
A-431 cell line (Figure 5.2.2b) as CL is almost exclusively located in the inner mitochondrial
membrane of cells®®. Therefore, this result implies that the SH-SYSY cells contain more
mitochondria than the epithelial cells, thus making them particularly energetically active.

Another result backing up this assumption is the 92.8% decrease in PG as it appears that the
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primary role of PG in animal membranes is being a precursor for mitochondrial CL?°. Based
on the high energy requirements of the brain tissue (consuming 20% of the body’s total
oxygen), it makes perfect sense that brain cells are more enriched in mitochondria than
epithelial cells. Nevertheless, these major differences may also reflect the cancerous origin of
the neuroblastoma SH-SYSY cell line, as mitochondrial biogenesis often is upregulated in

cancers’®.

6.3 Findings with implications for Parkinson’s disease

6.3.1 - Increase in PS and Pl Content

In order to draw connections between the lipid composition of aged cells and the aggregation
propensity of a-Syn, changes detected in the senescent cells have to be compared to literature
about a-Syn binding and aggregation. Previous studies have observed that a-Syn preferably
binds to membranes of a highly negatively charged lipid content. This knowledge is aligned
with the 3'P NMR results in this thesis, as senescent cells revealed a 37% (Welch t-test, p =
0.12) and 19% (Welch t-test, p = 0.75) increase in the abundance of the negatively charged
lipids PS and PI (Figure 5.2.1b). It is not certain that these negatively charged lipids directly
affect the aggregation propensity or just the binding affinity. However, C. Galvagnion et al.
did discover that at high lipid/protein ratios, the presence of negatively charged lipids
increased the aggregation rate*!. Seeing as aging generally increases the likelihood of
mutations, it is reasonable to assume that aging also increases the possibility of mutations in
genes implicated in PD, resulting in elevated a-Syn levels or a lack of being able to remove
distorted proteins. Combined, the age-related elevation in a-Syn and PS/PI content could

possibly affect the aggregation propensity of a-Syn.

6.3.2 — Decrease in PUFA Content

LC-MS/MS revealed an overall decrease of 10.4 £ 2.6% in the abundance of PUFA
simultaneously with a 13.8 £ 1.2% increase in MUFAs (Figure 5.3.3a). This decrease in
PUFA content may result in a more compact and less fluid membrane, which again can have

implications for the development of PD as fluid membranes seem to play a key role in a-Syn
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homeostasis by preventing the protein from aggregating . Furthermore, these FAs do have
important roles in brain health including regulation of cell survival, neurogenesis, brain
inflammation, and synaptic function, suggesting that any compositional alterations may have
implications for these functions®’. Indeed, the beneficial effects of omega-3 PUFAs have been
reported in a range of disorders of the nervous system. In one long-term clinical study, over
5000 subjects were evaluated for the risk of developing PD in relation to their dietary intake
of FAs?!. After 6 years, a correlation between high PUFA consumption and decreased risk of
PD was observed, proposing low-PUFA intake as a potential risk factor for neurodegenerative
disorders. Several other studies have come to the same conclusions®®, emphasizing the
importance of diet in regard to lipid membrane composition and possibly the likelihood of

developing neurodegenerative disorders.

6.3.3 - Decrease in the 18:0/18:1 Ratio

The senescence-related increase in MUFAs were reflected in the 14.0 = 1.36% decrease in the
treated cells 18:0/18:1 ratio. In the context of PD, this is yet another interesting finding as
some researchers now claim that 18:1 may worsen a-Syn pathology by causing aggregates of
the protein to build up in the cytoplasm, promoting cell death®. In a study published in the
Courtesy of Molecular Cell, Fanning et al. pointed out SCD, the enzyme responsible for the
conversion of 18:0 into 18:1 as a potential new drug target to preserve neuronal health®. The
team hypothesized that high levels of 18:1 promoted the binding of a-Syn to the cell
membrane, increasing toxicity. Interestingly, it seemed like the relationship between a-Syn
and 18:1 was a vicious circle, as high levels of a-Syn promoted the production of the FA. By
inducing yeast with human a-Syn, Fanning ef al. found that these cells overproduced 18:1, up
to 60-fold excess”. Furthermore, the addition of exogenous 18:1 to the yeast cultures
provoked cell death in the a-Syn positive cultures and not in the wild-type yeast. Cells were,
however, rescued by turning off the yeast ortholog of SCD. The experiment was repeated in
several cell lines, including patient cell lines and mouse models of familial PD. All cell lines
gave the same result, clearing indicating oleic acid as a mediator of a-Syn toxicity. These
findings suggest that age-related elevations in oleic acid may contribute to a-Syn aggregation,

ultimately leading to the toxic oligomers and fibrils found in PD brains.
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LC-MS/MS also found a senescence-related decrease in the 16:0/16:1 ratio, but due to the

high standard deviation (64.7 £ 44.3%), no conclusion could be drawn from these results.

6.3.4 - Decrease in Arachidonic Acid Content

Another LC-MS/MS result that could have implications for PD, is the 45.8 + 2.2% decrease in
AA detected with LC-MS/MS (Figure 5.3.3b). This polyunsaturated omega-6 FA servs many
important functions in the brain, including an involvement in synaptic signaling, neuronal
firing, neurotransmitter release, the sleep cycle, and appetite control'®. Many of these
functions are altered in neurodegenerative diseases, suggesting a connection between brain
AA metabolism and PD. Indeed, a study by P. Teismann et al. discovered that PD is
associated with an upregulation of cyclooxygenase type 2 (COX-2), an enzyme responsible
for the conversion of AA into the precursor of several prostanoids, which are mediators of

inflammatory reactions 01,

The study further suggested that the neurodegenerative
consequence of elevated COX-2 levels was increased oxidative damage. Assuming the same
phenomenon occurs with aging, increased COX-2 activity could explain the decrease in AA
found in the senescent cells. And as a consequence, altered AA metabolism could have

implications for the AA-associated neuronal functions mentioned above.

6.3.5 — Presence of Short Fatty Acid Chains (10-12 carbons)

Although no major differences were observed in the overall length of the FAs between the
samples, some short-chained FAs (10-12 carbons) were detected in the senescent cells and not
in any of the four untreated samples (Figure 5.3.4). This result is yet another finding which
could be implicated in a-Syn pathology as membrane-induced aggregation only seems to be
enhanced in the presence of lipids with short FA chains*!. Moreover, some researchers have
discovered a possible connection between gut microbes and a-Syn pathology, involving short-
chained FAs'%2, The researchers proposed that short-chain FAs, produced by the microbes,
mediated the disease cascade by escalating neuroinflammation. Furthermore, when
inoculating PD-induced mice with fecal bacteria taken from human PD patients, their
symptoms worsened. These findings suggest that gut microbes may accelerate the course of

the disease by secreting enough FAs to active a neuroinflammation response.
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6.4 How the COVID-19 Pandemic Affected This Thesis

The sudden disruption of laboratory work, due to the outbreak of the COVID-19 virus, left
several already readily prepared lipid isolates in the -20°C freezer. These samples included
three A-431 samples for *'P NMR, one senescence-induced SH-SY5Y sample for *'P NMR,
four A-431 samples for LC-MS/MS, and three treated SH-SYSY samples for LC-MS/MS.
Some of the LC-MS/MS samples were run after the lab had reopened, but no lipids were
detected in any of the samples, most likely due to lipid degradation during the lab-shutdown.
Another experiment affected by the time-restrictions of COVID-19 was a Western Blot (WB)
to determine the upregulations of p21 and p16 in the treated cells — another confirmation of
cellular senescence. Several WB was attempted but needed to be optimized to get the proper
results. A toxicity assay was also attempted, but as with the WB, that would require more lab-

time to be optimized.
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6.3 Conclusion

Altogether, there seem to be several age-related alterations to the lipid composition of neurons
that could increase a person’s likelihood of developing neurodegenerative disorders like PD.
These alterations include an increase in the abundance of negatively charged lipids like PS
and PI (Figure 5.2.1b), a decrease in the abundance of AA (Figure 5.3.3b), changes to the
18:0/18:1 ratio (Figure 5.3.3¢c) and a decrease in the total amount of PUFAs with a similar
decrease in MUFAs (Figure 5.3.3a). Although none of these findings alone can explain why
age poses the greatest risk factor for developing PD, they do reveal the major impact aging
has on the lipidome. Furthermore, the striking similarities between the normal aging process
and the development of PD suggest that aging provides a cellular environment more
susceptible to the neuronal toxic mechanisms associated with PD. One example of this, is the
increase in the PI and PS content. Although negatively charged lipids alone do not increase
the probability of a-Syn aggregation, in combination with elevated protein levels they may
induce aggregation. Moreover, if PUFA (in particular AA) levels also are altered, affecting
neuronal repair and health, this may further implicate the toxic consequence of the newly
formed aggregates. Nevertheless, seeing as PD is not a normal part of aging, there seems to be
a necessity for an additional cause, possibly mutations in genes implicated in cellular
homeostasis, in order to develop the disease. As aging increase mutation rates on a general
basis, the combination of mutations and age-related lipid alterations may be the key to the

vast prevalence of PD among the elderly (Figure 6.3.1).
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Figure 6.3.1 — Findings with implications for the development of PD. Changes detected in senescence-
induced SH-SYS5Y cells which could increase a person’s risk of developing PD, including a reduction in
the abundance of polyunsaturated fatty acids (PUFAs), reduction in arachidonic acid (AA), increase in the
abundance of phosphatidylinositol (PI) and phosphatidylserine (PS).
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6.4 Future perspective

Based on the results in this study, it would be interesting to gain more information about the
individual findings by looking at the gene expression of enzymes involved in lipid
metabolism using qPCR or RNA sequencing. More specifically, looking at enzymes involved
in PI and PS metabolism, COX-2 involved in AA metabolism as well as SCD, responsible for
the conversion of 18:0 into 18:1. One could also look for enzymes involved in the conversion
of long FA into short-chained acids. Knowledge about all of these enzymes would help
support the initial findings made in this thesis. Another interesting experiment could be a
toxicity assay, comparing the viability of senescent and untreated cells after incubation with

toxic a-Syn oligomers.

Also, to ensure that the results are relevant in a biomedical context, it would be smart to
quality-check and optimize the SH-SY5Y cell line used in this study. Seeing as these cells
originate from cancer cells an idea could be to investigate if their lipid composition
corresponds to those of healthy neuronal cells, possibly by comparing the lipid profile of SH-
SYSY cells with dopaminergic neurons obtained from brain tissues of human subjects. The
next step could be an optimization of the cell line, as the cell cultures used for these
experiments contain a mixture of undifferentiated neurons-like and epithelial-like cells. A
way to accomplish this could be the combination of serum starvation and the addition of
retinoic acid, as the former has been shown to induce apoptosis in epithelial cells, whilst the
latter activates tyrosine receptor B in neuronal cells, leading to cell survival'®®. By
subsequently introducing the cells to extracellular matrix proteins and neurotrophic factors,
the neuron-like cells start to differentiate, resulting in a homogeneous population of mature

104 105 However, although this could be achieved in theory, in practice the

neurons
combination of the two treatments (etoposide and differentiation) could be too tough for the

cells.

Another limitation of this study is the use of whole-cell lipid fractions instead of membrane
isolates. To get more precise data regarding changes to the membrane lipid composition, the
membrane would have to be isolated and the experiments repeated on the membrane isolates.
Also, more replicates would have to be made to get reliable results. That being said, the
results do provide some interesting insights into the similarities of the normal aging process

and the pathology of PD.
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Figure 8.1 - P NMR spectra of untreated SH-SYSY cells. Spectra of four biological experiments are
presented in A, B, C and D.
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Figure 8.2 - 3'P NMR spectra of senescence-induced SH-SY5Y cells. Spectra of three biological experiments
are presented in A, B and C.

67



