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Abstract

The negative ways in which diabetes affects the brain, and the role of neural insulin and glucose is an interesting research
topic as research has shown a correlation between neurodegenerative diseases and diabetes. This thesis focuses on how
polyunsaturated fatty acids (PUFAs) induce neuroprotective effects in a Palmitic Acid (PA) model of Diabetes Mellitus
Type 2, commonly known as Type 2 Diabetes. Palmitic acid was administered to SHSY-5Y cells with the intention of
modelling type 2 diabetes by means of insulin impairment, and an autoimmune response. The role of fatty acids was
explored by administering 3 concentrations of docosahexaenoic acid (DHA), eicosapentaenoic acid (EPA), or alpha-
lipoic acid (ALA\) either before or after a dose of PA which was administered at different concentrations. Additionally,
pharmacological inhibitors of DHA signalling pathways were utilised to characterise the potential DHA signalling
pathways involved in the DHA-mediated neuroprotection. The results showed that DHA (but not EPA or ALA) was
able to both prevent, and reverse damage caused by a palmitic acid model of neurodegeneration. Additionally,
antagonists of the DHA pathway successfully prevented damage caused by palmitic acid, providing a greater insight

into the DHA pathway.
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Introduction

The Effect of Diabetes on the Brain

Diabetes and Insulin

Diabetes is a common disease which affects the ability to produce and use insulin effectively. There are two categories:
type 1 diabetes, and type 2. Type 1 diabetes is an autoimmune disease causing the immune system to attack the cells in
the pancreas that produce insulin. Type 1 has a genetic link and is not associated with age, diet, or obesity unlike type
2. Itisusually diagnosed in childhood and insulin injections must be taken regularly in order to keep the levels of glucose
in the body balanced. Type 2 is slightly different; in the case of type 2 diabetes, the body can produce insulin, but it does
not produce enough and the cell signalling pathways for insulin are non functioning. Although insulin injections are
regularly used to treat diabetes type 2, some believe that eating low-carbohydrate diets after being diagnosed can also
be effective — although many studies have shown inconsistent results (Meng et al., 2017). Diabetes mellitus type 2
(DMT?2) causes impairment of insulin release via pancreatic cells, resulting in an inability to maintain normal blood
sugar levels. Whilst patients with DMT2 can live a healthy life style, through monitoring of blood sugar levels,
stimulation of endogenous insulin release, and/or application of exogenous insulin (Olczuk and Priefer, 2017); there are
significant associated pathologies that remain currently untreated. Although much is known about DMT2, how it affects
the pancreas, and how to treat and manage diabetes, little is known about whether diabetes affects the brain. It is well
known that all parts of the body require glucose to produce energy; however, due to the presence of the blood brain
barrier, insulin and glucose cannot enter the brain through the blood stream passively. This has raised many questions
about whether the brain uses insulin and glucose, and if it does, how they get into the brain. Studies have found that
there is insulin and glucose inside of the brain (first discovered by Havrankova, Roth and Brownstein, 1978).
Consequently, leading researchers to investigate the role of neural insulin and whether signalling impairment could lead

to a ‘brain related diabetes,” that could potentially have harmful effects on brain cells. Although significant studies have
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focussed on the role of insulin in the brain, little insight remains as to whether insulin impairment can lead to disease

and neurodegeneration.
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Figure 1 The cascadic events of insulin signalling pathways as explained by Boucher, Kleinridders and

Kahn, 2014. This image clearly displays the many functions and roles of insulin.

Insulin is a hormone that is vital in metabolism in animal cells. It works by controlling the amount of glucose transported
into cells, which is then used to release energy; it is essential that this process is not disrupted (Lee et al., 2016). Insulin
is secreted by [ cells which together with a, vy, 8, and € cells make up the Islets of Langerhans, located in the pancreas.
It is the B cells that secrete insulin, along with amylin, a hormone important for slowing down the digestive process. As
glucose is secreted in the body, the role of insulin is to ensure that the amount that is transported to cells is highly
controlled as it is vital for respiration (Khan et al., 2018; Nirmalan and Nirmalan, 2017). As blood-glucose concentration
increases, signalling encourages insulin to be secreted by f cells to bring blood-glucose levels into the optimum range,
and as glucose concentrations then begin to fall, the role of insulin is inhibited by glucagon, a hormone released from a
cells in the Islets of Langerhans which is also involved in the homeostasis of glucose (Wild et al., 2016). Insulin and
glucagon are also important for regulating the amount of glucose released by the liver, where glucose is stored (Banks,
Owen and Erickson, 2012). Other hormones involved in glucose metabolism are: somatostatin, secreted by 6 cells that
inhibit the release of insulin and glucagon, ghrelin which is released by e cells and regulates appetite, and pancreatic
polypeptide secreted by y cells which regulate exocrine and endocrine function (Khan et al., 2018; Nirmalan and

Nirmalan, 2017). Many of the roles and functions of insulin signalling pathways can be seen in Fig. 1.

To enable glucose to enter a cell, it must pass through a protein within the cell membrane known as glucose transporters

which allows for facilitated diffusion of glucose (Nirmalan and Nirmalan, 2017; Wild et al., 2016). There are 13 glucose
4
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transporters which allow for diffusion of glucose inside of the cell, most common of which being the primary class
which contains GLUT1-4. GLUT-1 is found on the surface of mainly endothelial cells and is activated when the level
of glucose outside of the cell is lower than that inside of the cell. Found in the liver and pancreatic cells, GLUT-2 allows
glucose to diffuse both in and out of the cells. GLUT-3 however, is found inside of the brain and allows glucose to get
into neurones. GLUT-4 is found in fat cells (Bell et al., 1990). The other classes and types of glucose transporters are
mainly found in specific organs and some are activated under certain events, such as when glycogen is being broken
down. When insulin is needed, levels of calcium ions (Ca?*) are increased, which is detected by synaptotagmins, which
complex with synaptosomal-associated receptor proteins (SNARES). This causes vesicles containing insulin to fuse
with the cell plasma membrane causing the release of insulin (Miyazaki et al., 2009; Nirmalan and Nirmalan, 2017).
During this event, the precursor protein of insulin, proinsulin, is cleaved to form insulin and C-peptide. Although the
role of insulin is well documented, the role of C-peptide remains uncertain (Nirmalan and Nirmalan, 2017). Insulin
carries out its functions by signalling through various receptors and associated pathways (Posner, 2017). One main
pathway is the insulin receptor substrate (IRS) phosphatidylinositol 3-OH (PI3K)-Akt pathway which involves a large
cascade of signalling molecules. The purpose of this pathway is to decrease glucose production, inhibit glycogenolysis,

and stimulate gluconeogenesis, all of which is important for metabolism (Copps and White, 2012; Yan et al., 2017). As
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Figure 2 The ‘Minardo Plot’ produced by Ma et al., 2015 which shows the complex cascade of events that happens after digestion of food in

order for metabolism to be carried out.
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insulin binds to an insulin receptor, this causes phosphorylation of proteins inside of the cell. This phosphorylation

signals to the cell which functions to turn on and off.

As insulin binds to receptors, it stimulates GLUT-4 receptors which causes upregulation and high activity of GLU-4
along the plasma membrane. These GLUT-4 receptors are responsible for allowing glucose to move from outside of
the cell to the inside of the cell. Following the cascade of phosphorylation events, glucose begins to be turned into fat
storage through processes called glycogenesis and lipogenesis. While this is happening, protein synthesis and gene

madification also occurs. An indepth description of this can be seen in Fig. 2.

Insulin is an extremely important hormone for metabolism. However, there is a large gap in research about the functions
of insulin in the brain and whether disruption of this can lead to disease. In recent years, not only has there has been a
significant increase in the number of diabetes diagnoses, but also dementia. The increase in dementia has been thought
to have accrued as life expectancy has increased. However, it is possible that the two correlations could be associated
as recent research has suggested a link between DMT2 and neurodegenerative diseases. This is a novel area of research

that is currently being investigated (Verdile, Fuller and Martins, 2015).

Insulin Signalling in the Brain

Insulin in the Brain and its Receptors

It was once believed that insulin was not present in the central nervous system (CNS) due to the presence of the blood
brain barrier (BBB) which stops many types of molecules from entering the brain. However, recent research has
discovered the presence of insulin and insulin receptors inside of the brain and their role is being explored (Banks, Owen
and Erickson, 2012; Griffith et al., 2018; Havrankova, Roth and Brownstein, 1978). This was originally discussed when
GLUT-1 receptors were present on the membranes of endothelial cells which line the blood-brain barrier. As more
research in this area has accumulated, more is known about the role of neural insulin. Neural insulin has been found to
be involved in many aspects of cognition and impairment may contribute towards symptoms of neurodegeneration,
such as memory loss. Research by Fine et al., (2017) found that intranasal deferoxamine, which has been shown to
reduce oxidative stress and up-regulates insulin and glucose signalling, improves memory in a rat model of Alzheimer’s
Disease (AD) by signalling through insulin receptors in the brain (Ito et al., 2016). The results showed that the treated
rats had significantly shorter latency times in a Morris water maze. Furthermore, analysis of the brain tissue showed
that the treated rats also had a reduction in oxidation of the cells. Thus showing that symptoms related to

neurodegeneration, such as memory loss and oxidation of neural cells were reduced by using a drug that acts through
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insulin receptors, further suggesting that insulin impairment may be involved in the onset of neurodegenerative diseases

and insulin acting and signalling drugs may be a new target for therapy.

The hippocampus, hypothalamus, and the cerebellum of the brain have all been shown to contain GLUT-4 receptors,
which are insulin sensitive, suggesting that GLUT-4 receptors are involved in metabolism in brain cells (Fernandez et
al., 2017). They have been shown to be involved in transporting glucose to neuronal cells via insulin and are found high
in concentration in areas associated with cognition (Jurcovicova, 2014). Insulin in the brain has also been shown to be
involved in learning and memory, as well as the formation of cells, and their development; its role in areas important
for cognition suggests a potential link with plasticity (Zhao and Alkon, 2001). Although much of the literature shows
that insulin is involved in many of these mechanisms, there is little known about potential mechanisms of action and
signalling pathways and the consequences of long-term insulin disruption (Banks et al, 2012). In addition to GLUT-4
receptors, another insulin associated receptor also found in the brain is insulin receptor kinases (IRK) which are involved
in both long-term and short-term effects of growth and development, such as growth of cells, and long-term potentiation
(LTP) (Gralle, 2016; Zhao et al., 2017). Specifically, these types of receptors have been found in large quantities in the
hippocampus, suggesting that they have a role in learning and memory; aiding LTP (Zhao and Alkon, 2001). While
some studies have shown that insulin impairment in the brain leads to cognitive deficits, some studies have revealed
that the IRK are not involved in this (Ferrario and Reagan, 2017). This suggests that insulin resistance may be involved
in other mechanisms when cognitive deficits are displayed. Alternatively, the deficits seen in insulin resistance may be
due to impairments not involving the IRK receptors. A study by Schubert et al., (2004) found that neurone specific
insulin receptor knockout mice displayed a deficit of insulin mediated activation of phosphatidylinositol 3-kinase as
well as inhibition of apoptosis. However, there were no cognitive deficits in these mice which was assessed through
various tasks such as the Morris water maze, vertical pole test, upside-down grid, and placing response tests. Other
studies have found cognitive deficits when the mice also exhibit tau phosphorylation, suggesting that insulin resistance

through IRK receptors may interact with other pathways in the brain (Schubert et al., 2004).

Is Insulin Important in the Brain?
The role of glucose regulation in the brain is not clearly understood, with contrasting evidence supporting the regulatory

role of insulin. Systemically, insulin is vital for metabolism in every cell, and although researchers have shown that
insulin and insulin receptors are high in concentration in areas associated with learning and memory, their role in glucose
metabolism in brain cells remains unclear. A study conducted by Hwang et al (2017) investigated the effect of DMT2
on brain glucose levels. In the study, 9 healthy participants, 10 obese patients, and 6 poorly controlled DMT2 patients

had their intracerebellar glucose concentrations measured. They found that those with poorly controlled DMT2
7
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exhibited lower levels of neural glucose, consequently suggesting that glucose entry into the brain may be dependent
on insulin levels as those with DMT2 showed lower levels of glucose. However, this does not mean that glucose entry
is completely dependent on insulin, as there may be an insulin signalling impairment, meaning that other receptors could
be involved in this process. Furthermore, the study also has implications for research in DMT?2 in the brain and the

potential consequences thus giving more insight into the potential roles of insulin (Hwang et al., 2017)

Insulin however, has also been shown to be important for neuronal survival. Signalling through the IRK receptor has
been shown to stimulate cell survival in the presence of glucose and oxygen deprivation which is shown by a study by
Mielke, Taghibiglou and Wang, (2006). In this study, cells were exposed to oxygen-glucose deprivation (OGD) and
were then investigated for changes in insulin binding. They had found that during OGD, insulin failed to stimulate the
phosphorylation of the IR B subunit, suggesting that insulin does play a role in glucose signalling in the brain. However,
this is opposed by an earlier study by Clarke and Raizada, (1986). In this study, the researchers attempted to investigate
the role of insulin, and its possible binding sites using 1-day old rat brain primary cell cultures. They had found that the
addition of insulin had no effect of glucose uptake in the cells. This however, was not found in their previous study,
where they had found that insulin increased glucose uptake twofold in astrocytes (Clarke et al., 1984). This study
suggests that the role of insulin in glucose uptake may only be present in glial cells. Overall, the presence of
contradictory research shows the complexity of the brain, thus making it difficult to obtain a definitive answer regarding

the role of neural glucose and insulin.

In addition, insulin has also shown to prevent apoptosis in a range of cells. For example, research by Qian et al., (2001)
reported that high concentrations of insulin prevented apoptosis in cardiomyocytes through blocking TNFa (tumour
necrosis factor). Increased levels of TNFa returned the normal level of apoptosis in the cells (Qian et al., 2001). This
suggests that insulin may be involved in blocking the role of TNFo during apoptosis. However, it is uncertain that this
will be the same for neuronal cells. If insulin is involved in glucose uptake by neuronal cells, then it could be that
reduction of insulin would lead to cell death. Supporting evidence provided in a study conducted by Song et al., (2015)
showed that impairment of selected insulin receptors leads to apoptosis of neuronal cells. Additionally, this impairment
also leads to inhibition of neurite outgrowth. The authors suggest that these findings conclude that insulin receptor
impairment contributes towards neurodegeneration and cognitive impairment. This research could therefore have many

implications for the understanding of DMT?2 in the brain, and neurodegeneration.
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Learning and Memory
A range of studies have demonstrated the effect of insulin on both long, and short-term memory. One of the symptoms

of low blood sugar in DMT2 is memory loss, which suggests that DMT2 consequently effects cognition in the brain.
Studies have found that insulin signalling plays a vital role in cognition and memory. An earlier study by Marks et al.,
(2009) investigated how insulin affects cognition in mice. They discovered that after 1 week of intranasal insulin
administration, there was an increase in the expression of the potassium ion channel Kv1.3 in the olfactory bulb. This
is significant because the olfactory bulb has been shown to have the highest level of insulin receptors than any other
area of the brain (Baskin et al., 1983), suggesting that intranasal insulin may have had an effect in insulin signalling,
and consequently caused an increase in the Kv1.3 potassium ion channels. Furthermore, the potassium ion channel
Kv1.3 is involved in the inhibition of action potentials through glucose binding to insulin receptors. The study also
found that mice treated with insulin had better short- and long-term memory in object memory recognition, and
increased odour discrimination. This suggests that insulin may play a signalling role between different areas of the brain
as insulin receptors are found to be in high quantity in the olfactory bulb, and these mice also had learned to discriminate
between a larger variety of odours. However, in pre-diabetic mice, insulin was not effective. This further suggests that
insulin is important in plasticity, as it has shown to positively effect learning and memory. It also suggests that DMT2
may impair insulin in learning and memory, however the study used pre-diabetic mice which have higher than

considered healthy blood sugar levels but are not classed as diabetic.

Evidence suggests that insulin has a role in the hippocampus; the primary site in the brain for learning and memory. A
study by Dou, (2005) found that during spatial learning (using the Morris maze), IRK expression increased in the CAl
area of the hippocampus, but not the CA3 area. They also found that in rats exposed to DMT2 had only minor cognitive
impairment. This suggests that although the IRK receptors play a role in spatial learning, insulin itself may not be
important as there was no significant cognitive impairment. However, there could also be other pathways in the
hippocampus that protect the cells from insulin impairment, although more studies would have to be carried out targeting

the hippocampus to find out why this happens (Dou, 2005).

There are also high concentrations of the GLUT-4 receptor in the hippocampus, further suggesting a role of glucose and
insulin in learning and memory. A study by Pearson-Leary et al., (2017) had found that when insulin was delivered to
the hippocampus, inhibiting the GLUT-4 receptor prevented cognitive enhancement during spatial working memory
tasks. This again suggests that insulin has a role in learning and memory, and if this were impaired, possibly by DMT2,

cognition is also impaired.
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Other studies have found that insulin works as a neurotransmitter and influences the activity of NMDA, AMPA, and
GABA-A receptors which are all involved in LTP, a vital mechanism of learning and memory. Neural insulin levels
are also affected by synaptic activity which was found in a study by Zhao et al., (1999) who established that there was

an increase in insulin receptors (IR) protein and mRNA in the CAL area of the hippocampus measured by synaptic
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Figure 3 A graph taken from Zhou, Xiao and Nicola (2001) that shows an increase of FM1-43 uptake in the
control vs the presence of insulin. Application of insulin was able to enhance endocytosis and internalization
of AMPA receptors in neurones.

membrane fraction following water maze training; suggesting a role in plasticity. Insulin signalling has shown
importance for regulating AMPA receptors; specifically, the GIuR2 subunit used in long term depression (LTD)
plasticity (Ahmadian et al., 2004; Schmitz et al., 2018). This suggests that insulin is important for LTD, a type of
plasticity which allows for downregulation of unnecessary connections in the brain. More evidence for this comes from
astudy by Zhou, Xiao and Nicola (2001) who showed that insulin is important for endocytosis in the synapse. As insulin
concentration increased, so did endocytosis. This is displayed in Fig. 1. which was taken from Zhou, Xiao and Nicola
(2001). However, endocytosis was not enhanced by the addition of glutamate (which is what would have been expected
due to the role of glutamate in AMPA receptors at the synapse), further suggesting that insulin has vital roles in the
brain. Further research should aim to investigate what happens when the levels of insulin are disrupted. This could lead
to additional knowledge about brain disease, specifically in neurodegenerative diseases in which research has already

shown a relationship with insulin.

Evidence has also shown that insulin is important for producing GIuR1 when they are needed (Adzovic and Domenici,
2014). This proposes that insulin plays an important role in synaptic activity as GIUR1 are an important component of
AMPA receptors as they are a site of phosphorylation during synaptic plasticity (Boehm et al., 2006). Research by
Adzovic and Domenici, (2014) has revealed that insulin stimulates phosphorylation of the GIuR1 subunit of AMPA

receptors. The results of this study are particularly interesting as they reveal insight into insulin signalling pathways;

10
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insulin induces the over-expression of protein kinase M zeta (PKM() and phosphorylation of MAPK Erk1/2 (signalling
proteins). This leads to the phosphorylation of AMPA receptors, an important step in synaptic plasticity. Another very
interesting result of this study was that amyloid beta 42 (Apa2) significantly decreases the effects of insulin in this
specific signaling pathway (Adzovic and Domenici, 2014). This has implications in neurodegenerative research as AP

is a biomarker for AD and this research suggests that this has an effect on insulin signalling.

A significant downfall to a lot of the research that has been carried out assumes that the connection between insulin and
glucose in the brain is not mutually exclusive. Many of the researchers have found deficits when insulin is impaired but
this does not mean that glucose also plays a role, as it does in the rest of the body. Glucose administration is required in
order to definitively conclude that insulin and glucose are both involved in memory and cognition and disruption of one

leads to the disruption of the other.

Diabetes in the Brain

Diabetes and Alzheimer’s Disease
Alzheimer’s disease (AD) is one of the most prevalent neurodegenerative diseases, and the most common cause of

dementia (Snyder et al., 2018). As the length of human life has dramatically increased over the last hundred years due
to improvements in not only the quality of human life, but also health care, the rate of neurodegenerative diseases has
increased; specifically, AD (Shao, Peng and Wang, 2017; Snyder et al., 2018). AD can be familial (having a genetic
cause; known genes involved are APOE e3, PSEN-1, PSEN-2, and APP) which can result in early on-set, or sporadic
(where the on-set usually begins at a later stage of the patient’s life) (Utamek-Koziot et al., 2016). Apolipoprotein E
(APOE) is coded for a gene found on chromosome 19 and it is involved in fat metabolism and is important for the
breakdown of AP. The varients of this gene do not break down AP as efficiently, leading to plaque formation. The E3
and E4 variants of APOE carry the largest risk for onset of AD (Jiang et al., 2008). Some of the consequences of AD
are cognitive impairment and memory loss as well as changes in personality and behaviour (Sevinger et al., 2017). There
is a great deal of research which has aimed to and continues to find the causes of AD and what can be done to prevent
and treat this. Some of the biomarkers include amyloid beta (specifically ABs which is a fibrillogenic isoform) plaques,
and neurofibrillary tangles, and even biomarkers of DMT2 have shown a strong correlation with AD (Chen, Sawa and

Mobley, 2018; Li et al., 2018; Shao, Peng and Wang, 2017).
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AB plaques begin with amyloid precursor protein
(APP) which is a protein found in the cell
membrane that is involved in growth and repair
of neurons. APP is usually cleaved using o
secretase as well as y secretase to produce AB
(Crane et al., 2018). However, sometimes f3
Secretase is used with o secretase to cleave the
protein. This produces a more dangerous isoform
of AP known as ABs. APs monomers stick to
each other and form harmful plaques which can
impair signaling between neurons and produce an

immune response which results in inflammation
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2019)
Wang, 2017).

Neurofibrillary tangles are caused by hyperphosphorylation of tau. Tau is a protein that is responsible for holding
together microtubules inside of neurons. A plaques outside of the cell can activate kinases inside of the cell (Theofilas
et al., 2018). These kinases are responsible for transporting phosphate groups to the tau proteins. When the kinases are
over stimulated, hyperphosphorylation of the tau proteins occur thus causing them to change shape so that they can no
longer support the microtubules. Additionally, the newly shaped tau proteins clump together and form tangles. This
leads to apoptosis of the cell (Hu et al., 2016). The formation of AP plaques and neurofibrillary tangles and how they

lead to cell death can be seen in Fig. 4.

In addition to AP plaques and tau aggregation, another factor which has been implicated in the onset of AD is excessive
caspase activation. Caspases are enzymes which are involved in programmed cell death. However, overactivity of these
enzymes can lead to unnecessary cell death and neuronal inflammation, resulting in mass loss of neurons. Research
such as that carried out by Flores et al., (2018) discovered that inhibition of capsase-1 leads to a decrease in cognitive

impairment in a mouse model of AD. This is also discussed in an article by Rohn, (2010).

Although there has been significant research into the different biomarkers found in AD, recent research has begun to
find a link between the presence of DMT2 and AD as a consequence of insulin signaling impairment in the brain

(Shinohara and Sato, 2017). For example, insulin impairment has consequences for metabolism and signaling systems
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in the brain. This can eventually lead to cell death that is seen in neurodegenerative diseases. Furthermore, insulin has
also been seen to play a role in LTP which is a component of memory. Loss of memory is one of the most prevalent

symptoms in many neurodegenerative diseases.

Previously, research has focused on investigating the role of insulin in the brain, but now, research has started to examine
what happens when insulin function is impaired and whether this is considered as a brain specific type of diabetes;
consequently, resulting in neurodegeneration. DMT2 has been shown to cause neurodegeneration by causing changes
to insulin signalling in the brain, as well as glucose metabolism, which leads to impairments in memory and cognition
(Shinohara and Sato, 2017). Recent research has focused both on discovering the mechanisms in which insulin
impairment may be associated with neurodegeneration, and whether application of insulin into an AD patient may

alleviate the symptoms, reverse the pathology, or even prevent the progression of this disease.

In 2016, Hoscheidt et al., investigated the relationship between insulin resistance, cerebrospinal fluid biomarkers of AD,
and memory in healthy adults with genetic predispositions to AD due to the APOE &4 allele, which has been shown to
increase the risk of late-onset AD (Lyall et al., 2016). The patients were tested for amyloid precursor protein § (SAPP-
B), B amyloids> (APs2), and phosphorylated tau (P-tauie1) in cerebrospinal fluid (CSF) through a lumbar puncture.
Neuropsychological testing was used to assess memory function and homeostatic model assessment (HOMA) was used
to assess insulin resistance. Interestingly, higher HOMA-IR was associated with higher levels of SAPP-f3, and Apao,
suggesting that insulin resistance has a relationship with AD biomarkers. Further research should aim to find out the

mechanics of what causes this relationship.

A further study by, Li et al., (2018) also showed similar results; in this study, biomarkers of AD such as A4, in CSF
were found to be correlated with DMT2. In their study, it was found that DMT2 was positively correlated with Apa,.
Although the link between DMT2 and AD has already been established, the mechanisms of the link are still being
investigated. While some studies have found that insulin resistance has an effect on cognition, recent studies have shown
that the presence of diabetes is correlated with biomarkers of AD. This suggests that insulin resistance may cause some
of the pathological properties of AD and that insulin impairment in cells has a negative pathological effect (Li et al.,

2018).

An alternative way in which insulin may be a part of AD pathology is through the mammalian target of rapamycin
(mTOR) pathway. Norambuena et al., (2017) investigated how impaired insulin in the brain might affect mTOR and
neuronal cell cycle reentry. One of the causes of neuron death in AD is cell cycle reentry which is mediated by AP

oligomers and tau hyperphosphorylation (Kuhla et al., 2015). Cell cycle reentry (CCR) is a mechanism found in AD
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pathology which causes DNA damage and apoptosis (Folch et al., 2011). Af oligomers cause this by activation of
MTORC1, a protein kinase involved in the growth and survival of cells which forms complexes (nTORC1 and
MTORC?2) (Lipton and Sahin, 2014). Not only did the AP oligomers activate mTORCI, they also reduced insulin
signaling. Furthermore, insulin stimulation was found to prevent CCR. This research has clinical implications as it
shows how insulin application prevents one of the pathologies that causes AD (Norambuena et al., 2017). There have
been studies that show that insulin can prevent, and even reverse the onset of AD in animal models, but very few have
shown the mechanisms of how this happens; however this study suggests that insulin could be involved in cell cycle

reentry as this resulted in insulin signaling impairment; the cause and effect of this could be debated.

Due to its discovered link with the pathology of AD, the administration of insulin into animal models, and humans, has
been tested. The results have been positive, showing that insulin not only restores memory and cognition, but also
reduces the biomarkers of AD. One example of this is by Guo et al., (2017) who explored the role of insulin in the brain
in an AD model by investigating whether intranasal insulin would alleviate the symptoms of AD, specifically cognitive
impairment, hyperphosphorylation of tau, and microglial activation. Streptozotocin was used to model diabetes induced
AD in rats due to its toxic affect to beta cells in the pancreas and thus preventing the secretion of insulin. If this is able
to model AD in the brain, then it suggests that insulin is involved in the pathology. When insulin was given intranasally
for 6 weeks, cognition was improved in the rats. Hyperphosphorylation of tau, and microglial activation were also
diminished; a reduction in AD symptoms and biomarkers (Gou et al., 2017). However, interestingly, the levels of
glucose in the rats was not affected which suggests that diabetes in the brain may not specifically be directly associated
with glucose levels and that insulin is involved with different functions. This questions what diabetes of the brain may

actually mean.

A similar study by Chen et al., (2014) found that insulin application restored insulin signaling in the brain, increased the
concentration of synaptic proteins, and reduced APao (another isoform of amyloid beta that is less fibrillogenic than A4,
and not associated with AD) (Yin etal., 2007). In this study, AD was modelled using 3xTg-AD mice which were treated
with intranasal insulin for seven days. Application of insulin intranasally would mean that it is delivered straight to the
brain. After the application period, the mice were euthanized and biochemical and immunohistochemical analysis was
performed using western blot analysis, immune-dot-blot assays, and ELISA kits which were specific for Af antibodies.
They had found that insulin was capable of restoring insulin signaling, reducing Apao, restoring the concentration of
synaptic proteins, and reducing microglia activation. (Chen et al., 2014). This study further suggests that the delivery of

insulin into the brain reduces the biomarkers of AD and could potentially aid in regeneration. This also suggests that
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one of the causes of the biomarkers found in AD is an impairment in insulin signaling, possibly caused by the lack of

insulin, or inability for insulin to bind to specific regions, such as in diabetes.

Diabetes and Parkinson’s Disease
Parkinson’s disease (PD) is a debilitating neurodegenerative disorder that affects the dopaminergic neurones in the

substantia nigra pars compacta (SNpc) of the basal ganglia. This results in both motor and cognitive symptoms. PD is
a progressive disease which is usually in a sporadic form, affecting elderly individuals. However, it can also be familial,
causing onset at an earlier age. The genes involved in familial PD are mutations in the PINK1, PARKIN, or ALPHA
SYNUCLEIN gene (Bentley et al., 2018; Deng, Wang and Jankovic, 2017). One of the features of PD are tremors
which are most commonly found in the hand; referred to as a pill rolling tremor. It is a resting tremor as it is present
during rest and diminishes when the individual moves their hand. Another clinical feature is rigidity which causes
stiffness when moving the arms or legs (Kim et al., 2017). There are three types of movement impairments which are
bradykinesia (slow movement), hypokinesia (lessened movement), or akinesia (absence of movement). It is thought
that many of these physical features of PD are caused by a breakdown in signalling in the SNpc, resulting in impairments
in movement and posture. Other symptoms related to PD are depression (which has been shown to correlate with posture
problems), dementia, sleep disturbances, and difficulty with olfaction (Kim et al., 2017). These types of symptoms are
brought about by impaired dopamine signalling, but the exact locations of this within the brain are unclear. Researchers
have suggested that impairments with other neurotransmitters, such as acetylcholine, may be involved (Rizzi and Tan,
2017). Following post-mortem of a PD brain, Lewy bodies can be seen to aggregate in the SNpc, an area of the brain
responsible for sending signals to the striatum through dopaminergic neurones; this forms the nigrostriatal pathway
which is involved in movement (Dickson, 2018). Lewy bodies are inclusions made up of alpha-synuclein; the function
of which is currently uncertain, but it is believed to be involved in the secretion of dopamine (Castillo-Carranza et al.,

2018).

Recent research has targeted the association between diabetes and neurodegenerative disease due to the complex roles
of insulin and insulin signalling in the brain. There has been a lot of research to show that insulin resistance has a role
in PD, but has not yet shown the mechanisms of how this happens. This is what very recent studies have been aiming
to find out. A paper by Braatz and Coleman, (2015) suggests that insulin resistance is involved in the pathology of
Parkinson’s Disease (PD) and this is caused by inflammation and oxidative stress. This paper proposes a mathematical
model using biochemical systems theory (BST) that can be used to investigate the changes brought about by PD and
identify ways to effectively treat the disease. In this model, a cell with PD and insulin resistance is modelled in a healthy

state (pre PD), a diseased state, and a recovery state. Thus conveying that insulin signalling is impaired by inflammation
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present in PD. The results also show that insulin signalling was recovered during a treatment model. Furthermore,
insulin signalling partially recovered following late treatment (Braatz and Coleman, 2015). While the research made
significant contributions to the understanding of the involvements of insulin resistance in PD, it did not discuss what

the treatment was, or how it was modelled.

The paper failed to describe exactly how their model was made. They had suggested that insulin impairment is present
following biomarkers of PD such as inflammation but did not describe in great detail how the inflammation happens,
and how this is modelled. The model includes ROS (reactive oxygen species) and RNS (reactive nitrogen species)
production, p38 phosphorylation, tau hyperphosphorylation, inflammation, dopamine synthesis and dopamine
degradation, and protein transport (Braatz and Coleman, 2015). However, it does not describe how all of this was
modelled, other than the use of a program called CellDesigner. The study primarily focuses on the result of insulin
signalling impairment due to the PD model. If the paper were to describe how CellDesigner accounts for every
biochemical reaction that results in PD, this could greatly benefit the use of using mathematical models for diseases. A
disadvantage is that mathematical models cannot be used to describe a real-life situation. For example, although much
is known about the pathology of PD, there are many theories as to how the disease initiates. Each theory, with lots of
evidence, cannot describe every single case as there will be biological variability in every PD patient. Although the
model does not accurately depict the pathological growth of PD due to the many possible variables, it does aid in
predicting certain stages of the disease. This can then be used in other types of research, such as cell culture and animal
models, to predict what might happen. Although there are many disadvantages of using mathematical models of diseases,
they can be useful to describe an outline of the different stages of the disease, and what might be expected to happen.
This is also helpful as if different types of research show different results that do not lie within the model, these can be

investigated, providing more research into many of the different variables that affect the onset of PD.

Current research is aiming to find out how an impairment in insulin signalling contributes towards neurodegenerative
diseases such as PD as this is currently unclear. A study that addresses this issue was carried out by Sekar and
Taghibiglou, (2018). This paper explains that it is estimated that 50-80% of patients with PD have shown to have
abnormal glucose tolerance; which suggests that diabetes may play a role in the pathology. While there is a lot of
variation in the figures presented, there is still cause for concern over this association. The research presented in this
paper investigates how insulin signalling and insulin signalling impairment is involved in the SNpc, the area of the brain
most affected by PD. By using post-mortem cadavers of PD patients (and healthy brains as controls), the authors used

nuclear fraction (NF) and tissue homogenate (TH) to investigate the role of insulin. They had found that there were
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raised levels of PTEN and GSK3p, and decreased levels of PI3K p85, Akt1/2/3 and PIP3; all of which are involved in
insulin signalling pathways. Therefore, these results suggest that insulin signalling impairment may play a role in the

onset of PD (Sekar and Taghibiglou, 2018).

A negative outcome of the results is that cause and effect cannot be inferred. These results cannot tell us whether insulin
signalling impairment is a cause of, or a result of PD. Another disadvantage of the methods used encompasses sampling,
where only 4 PD patients were used, thus introducing generalisation issues due to the limited sample size. Although it
can be extremely difficult to obtain samples from human post-mortem brains with PD, 4 samples cannot represent the
whole population of individuals with PD. Furthermore, there is a lot of variability in the pathogenesis of PD, such as
familial and sporadic differences. Therefore, 4 samples do not represent the huge variability between each patient.
Additionally, the paper does not state whether the 4 samples came from familial or sporadic cases, therefore,differences

such as the genes that play a role of familial cases cannot be accounted for.

This research is a start in investigating the roles of insulin signalling impairment in PD (Sekar and Taghibiglou, 2018).
The next stages of research would be to find out whether insulin signalling impairment in the disease is a cause or effect
biomarker. This would make a very large difference in the way in which PD is treated. Furthermore, similar studies
should be carried out to verify the findings that were only found in 4 samples. If more studies find very similar results,
this would suggest that the results are reliable, alongside increase samples to further the representability of the disease

itself.

If insulin signalling impairment were a cause of PD, this could mean that diabetic treatments could be used to treat the
symptoms of the disease. This would also greatly expand the knowledge of the pathogenesis of the disease. However,
if insulin signalling impairment was found to be an effect of PD, more would be known about the importance of insulin

signalling in the brain, and the many roles it plays.

Modelling Insulin Signalling Impairment in Cells
Palmitic Acid

A new method in modelling insulin signalling impairment is through the use of palmitic acid (PA). PA is a naturally
occurring saturated fatty acid found in animals, as well as olive oil, and palm oil, the structure of which can be seen in
Fig. 2. Current interest in the use of PA models in research is due to its ability to alter insulin secretion and suppress
leptin and insulin which was shown in a study by Benoit et al., (2010) which illustrated this using a mouse model. In

this study, PA was delivered directly to the CNS which resulted in an increase of protein kinase C theta (PKC-0). This
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is significant as PKC-0 is a major signalling enzyme involved in many immune responses, the disruption of which has
been known to cause autoimmune attacks (Madouri et al., 2017). In the study by Benoit et al (2010), this increase in
PKC-6 was also associated with impairment of insulin and leptin signalling in the hypothalamus. As research has
highlighted diabetes and insulin resistance as a risk factor for neurodegeneration, new models for this are currently being

produced. One of which is the use of PA.

Palmitic acid (PA)
C16H320;

Figure 5 The structure of palmitic acid taken from Moreno et al., (2012).

The research conducted by Calvo-Ochoa et al., (2017) investigates how different concentrations of PA affect
undifferentiated human neuroblastoma cells from a cell line, and cortical cells from embryonic rats and whether this is
a good model for inhibiting insulin signalling. Using cell counts and western blotting, the authors discovered many
interesting features of the use of PA. 24-hour exposure to 500uM of PA reduced the viability of the undifferentiated
human neuroblastoma cells to 29.72%. Interestingly, 1-hour exposure to 500M of PA increased the metabolic activity,
suggesting that short term application may aid insulin signalling. Additionally, exposure to PA impaired insulin
dependent mitochondrial activity. Exposure to glucose did not alter cell viability in any condition suggesting that insulin
is not responsible for the metabolism of glucose in undifferentiated human neuroblastoma cells (Calvo-Ochoa et al.,
2017). This paper provides evidence for PA reducing insulin signalling in undifferentiated human neuroblastoma cells
and therefore would be able to model diabetes in brain cells. The research also suggests that short term exposure to PA
increased cell viability which is a very interesting result. However, further research is required in order to investigate
why short-term exposure increases cell viability, whereas long-term exposure reduces cell viability. As there is an
increase in interest and research around the idea that diabetes could be responsible for cell death, new models for
diabetes in the brain are very important for current research as it will help to understand and possibly prevent
neurodegeneration. Oxidative stress caused by an increase in ROS is a common complication in diabetes that causes
insulin resistance. If it is not treated, it and can have many negative long-term effects (Giacco and Brownlee, 2010; Dos
Santos, Tewari and Mendes, 2019; Yuan et al., 2019). This pathway is a common target for diabetes treatment, and also

research into the effects of oxidative stress on other cells, such as brain cells.
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Role of Polyunsaturated Fatty Acids in Neuroprotection
Polyunsaturated Fatty Acids

Polyunsaturated fatty acids (PUFASs) are characterised by long chains, with double bonds, which derived from
triglycerides and phospholipids (de Oliveira et al., 2017). PUFAs are part of the phospholipid by-layer that forms the
cell membrane that surrounds cells. Additionally, research suggests that they also play important roles in the brain and

retina by aiding in signal transduction, neurotransmission, and neurogenesis (Kerdiles, Layé and Calon, 2017).

PUFAs are categorised into two groups, methylene-interrupted polyenes, and conjugated fatty acids. Research has
recently paid attention to methylene-interrupted polyenes which are categorised into omega-3, omega-6, and omega-9
(de Oliveira et al., 2017). PUFAs are vital for growth, the development of the brain, and the development of vision.
Numerous studies have shown that the concentrations of PUFASs are increased in prenatal animals, and their off spring.
Studies have also shown that offspring with very low birth weights also have low docosahexaenoic acid (DHA,; a type
of omega-3) concentrations, due to the lack of fat storage. This suggests that PUFAs are important for development (de

Oliveiraetal., 2017).

Humans are capable of synthesising the monomers of fatty acids. However, we do not possess the enzymes that are
needed for the production of omega-3. Therefore, itis vital that these are obtained through diet (Harris and Baack, 2014).
Additionally, some types of PUFAs, such as docosahexaenoic acid (DHA), eicosapentaenoic acid (EPA), and alpha
linolenic acid (ALA) (their structures can be seen in Fig. 3) can also be obtained through eating foods such as fish, seeds,

and nuts. Omega-3 can also be supplemented by ingestion of omega-3 capsules (Harris and Baack, 2014). ALA and

Docosahexaenoic acid (DHA) Eicosapentaenoic acid (EPA) Alpha-linolenic acid (ALA)
C).’HZ.’O2 CJOH3002 C!SHKOO)

Figure 6 The structure of DHA, EPA, and ALA taken from (Moreno et al., 2012).
EPA are both precursor molecules in the formation of DHA,; the formation of which can be seen in the flow diagaram

in Fig. 4.
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Figure 4 A flowchart showing how DHA is formed from its very initial precursor, oleic acid, and its important precursors ALA and EPA. Made using

Microsoft word with information taken from (Banerjee and Roychoudhury, 2014).
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PUFAs have a large range of roles in the body and research has focused on the positive effects of dietary
supplementation of PUFAs (specifically DHA) in our brains; many of which can be seen in Fig. 5 (Tanaka et al., 2012;

Kerdiles, Layé and Calon, 2017; Tang et al., 2018).
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Figure 5 A diagram showing the many roles of DHA inside of the brain. This was adapted from an image in a paper by Tanaka et al., 2012

which describes these roles in more detail and how research has helped to enhance our understanding of them.

Role of Polyunsaturated Fatty Acids in Neuronal Cells

Role of Polyunsaturated Fatty Acids in the Brain
Studies have recently shown that omega-3 has positive effects on the brain, such as restoring LTP, improving memory

and cognition, increasing neurite growth in neurones, and many other protective benefits. However, there are very few
researchers who have investigated this by using omega-3 in clinical trials involving patients with neurodegenerative
diseases. Some research has found that omega-3, in high concentrations, can even decrease cell viability. This is
particularly true for cancer cells. Research by Mandal et al (2010) has even shown that DHA has an ‘anticancer’ effect
on cancerous breast cells which has led to research into what other types of cancerous cells it may be able to eliminate.
One of which is glioblastoma cells in which a study by Ruan et al., (2019) shows that, through transcriptome sequencing
of DHA, DHA caused an anticancer effect as it is cytotoxic to glioblastoma cells and stimulates apoptosis and shows
characteristics similar to other antitumour agents. It is clear that science is on the edge of understanding the positive

effects of DHA and how it may be used in treatment of several diseases in the future.
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The positive effects DHA can have on health are particularly true for the brain and research is now targeting DHA as a
potential way to prevent and treat neurodegeneration. Research by Taghizadeh et al., (2017) investigated whether
supplementation of vitamin E with omega-3 would have an effect on symptoms of PD. Vitamin E was used in the study
as research has shown that patients with PD have significantly lower levels of it. The researchers conducted a double-
blind clinical trial in which 60 patients with PD were either given omega-3 fatty acids (at 1000mg) and vitamin E co-
supplementation or conversely, placebo drugs. After 12 weeks of daily supplementation, the authors reported a
significant improvement of the unified Parkinson’s disease rating stage (UPDRS) (—3.3 + 10.0 vs. +4.4 + 14.9,P=0.02)
(Taghizadeh et al., 2017). The researchers tested for differences in the concentration of many different components.
Interestingly, insulin levels, and beta cell function decreased in the test group. Decreases in insulin in the brain have
been shown to lead to impairments in insulin signalling which has many detrimental consequences such as: apoptosis
and impairments in learning, memory, and cognition. This suggests that the omega-3 and vitamin E supplementation
may have an effect on insulin concentration; providing evidence for the role of insulin impairment in neurodegenerative
diseases, and the effect of omega-3. However, this study suffers from a cause and effect issue; where it is questionable
whether the treatment lowered levels of insulin as it was insulin causing the symptoms, or whether other factors were

perhaps involved

The increase in the UPDRS, although significant, is not very consistent due to the large variability between the scores,
meaning that there is a large overlap between both the control and test group. An additional downfall to the research is
that the patients were given standard omega-3 supplementation, but the paper failed to state specifically what types of
omega-3 the final supplement consisted of (Taghizadeh et al., 2017). This poses as a disadvantage as it means that future
research that builds on from the previous research will not be able to effectively replicate the results without knowing
the exact composition of the supplementation. For example, if the supplementation contains more than 1 type of omega-
3, it may only be 1 type that is having a beneficial effect, or both having an equal effect, but this cannot be investigated.
A final negative feature of this research is that the stage of PD was not considered, posing a problem for the study as
early and late stage PD have different symptoms, biomarkers, and brain environments. This means that the
supplementation may have had a different effect on early and late stage. More studies need to be conducted to find out
why omega-3 decreased insulin concentration in the study by Taghizadeh et al., (2017) and whether this reduction has
negative consequences. Furthermore, future trials need to be giving specific types of omega-3 as supplements so that
the exact mechanisms of the benefits can be investigated. Additionally, future trials should investigate how
supplementation affects early, and late stage PD to see if there are any differences. An interesting investigation would

be to find out whether supplementation could work as a preventative treatment for individuals who are at risk for PD
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(such as those with genetic defects), or early stages of PD. This research is important as it shows that omega-3 may have
a protective role in the brain as the UPDRS scores were seen to decrease in patients with PD, allowing for the potential
of more research to be carried out in order to explore how different types of omega-3 are capable of protecting the brain

from neurodegeneration.

Another area where there is little research is the effects of maternal intake of omega-3 fatty acids in brain development
and cognition of offspring. In a study by Kavraal et al., (2012) the effect of maternal omega-3 supplementation was
studied in rats. Spatial learning and memory were tested using the Morris water maze and field potentials were recorded
from the dentate gyrus. They found that omega-3 supplemented rats had a shorter latency during the Morris water maze
over a 4-day testing period. The supplemented rats also travelled less distance in the maze, indicating that they had
learned the Maze while additionally learning the correct route to the platform. They found no difference between
supplemented rats and the control rats when tested 24 hours after the final trial, suggesting that both groups were able
to retain spatial accuracy. Overall, they found that LTP was improved in the dentate gyrus of rats who came from
maternal omega-3 supplemented rats. However, there was no significant difference between rats with omega-3
supplementation and the controls in the field potential slopes which measured basal synaptic efficacy (Kavraal et al.,

2012).

This study shows the benefits of omega-3 supplementation during gestation of rats and how it might affect the
development of the brain. Rats who had originated from omega-3 supplemented mothers had shown to learn an
environment at a faster rate, suggesting that there was enhanced LTP in the dentate gyrus of the hippocampus. However,
the molecular mechanisms of how omega-3 might have enhanced learning are not investigated in this study. The authors
suggest that due to the enhancement in LTP both in early, and late phases, DHA and EPA may work as transcription
factors and bind to retinoic acid which would promote the synthesis of new proteins needed in late phases of LTP. This
would be another interesting point to explore in further research as many neurodegenerative diseases display cognitive

defects due to impaired LTP.

Further research should aim to measure LTP in different areas of the brain to investigate whether omega-3 also enhances
LTP during different tasks. Additionally, improved methods for measuring LTP could be utilized. Measurement of LTP
in the hippocampus has been an interesting topic in neuroscience research due to its effects on learning and memory
(Patten et al., 2013). However, there is currently little research about LTP in other areas of the brain and the importance

of plasticity and the degradation of this seen in neurodegeneration. Additional research should investigate the role
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omega-3 has on synaptic plasticity, not just in the hippocampus, but in other areas of the brain, as other cell types are

affected by neurodegeneration.

Research into the roles of polyunsaturated fatty acids in the brain has taken a giant leap over the past decade; it has
shown the positives of omega-3 supplementation on learning, memory, and cognition. Research has even shown that
omega-3 may even aid in the development of neurones. A study by Robson et al., (2010) showed that omega-3 increased
the neurite outgrowth of sensory neurones of both developing rats, and in older rats. In this study, primary neurones
from rats of different ages were prepared in culture and incubated with both omega-6 (arachidonic acid) and omega-3
(DHA and EPA). They had found that the effect of PUFAs on neurite growth was present in all ages of tissue.
Specifically, DHA showed to have the most benefits. EPA was shown to have complex results as it decreased the
number of cells without neurites, but increased the amount of cells with growth cones. DHA showed to increase the
maximum and total length of neurite growth and this affect was higher than any other PUFA (Robson et al., 2010). An

overview of the results can be seen in Fig. 6.
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The next steps in research should aim to investigate the mechanisms of how PUFAs aid in neurite outgrowth. Doing so
will determine exactly what types of PUFASs do this, and why. This would also show how PUFAs may be safely used

as treatments in the future.

This research has large implications for the lives of those suffering from neurodegenerative diseases as it shows that
neurite growth can be enhanced even in older, non-developing animals, thus suggesting that there could be possible
treatment properties of PUFAs for neurodegenerative disorders as they promote growth. This could aid in repairing
neurones, replacing lost neurones, or even preventing damage. But this requires further exploration to investigate the

mechanisms of how this works before using it to treat disease.

Effect of DHA in the Brain
Many positive benefits of PUFAs have been identified in recent years but there is a gap in current knowledge that shows

how PUFAs work to protect neurones from neurodegeneration. This has been shown both in cellular, and animal studies,
but the mechanisms of why PUFAs have positive effects remains unclear. Some scientists believe that they may work
as transcription factors which bind to retinoic acid. This would encourage synthesis of proteins needed in LTP which is
described in the paper by Kavraal et al., (2012). However, this has not been investigated in depth in any studies.
Interestingly, decreased levels of DHA are observed in patients with neurodegenerative diseases suggesting that lack of
PUFAs may play a role in the pathogenesis (Sun et al., 2018). However, inversely, it is possible that the disease may be
causing the decrease. Much of the research investigating the roles of PUFASs in the brain have mainly focused on omega-
3 supplementation. However, this can cause issues as the breakdown of what type of PUFAs are in the supplementation
are not considered and therefore the mechanisms cannot be investigated in depth. Therefore, it is not clear whether the
effects have been caused by one fatty acid or the other. The two PUFAs that are commonly found in fish oil (or omega-

3) supplementation are DHA and EPA, in which the roles of both need to be investigated equally.
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A recent study by Ozkan et al., (2016) found that DHA
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performance was assessed through a pole test, locomotor
activity open-field test, and a rotarod test. Tissues from the
brains of the mice were collected at the end of the study. They had found that for all of the motor performance tests in
those given MPTP, performance was increased in those with MPTP+DHA treatment compared to those with just MPTP
treatment showing that the administration of DHA into a chemical model of PD had a neuroprotective effect. Tyrosine
hydrolase was used in immuohistochemical staining and visibly shows that the MPTP+DHA group have a higher
number of viable neurones compared to the group treated with MPTP only. This can be seen in Fig. 7. (Ozkan et al.,
2016). Interestingly, the DHA group shows to have slightly less viable neurones compared to the control group (both

of these groups were not given MPTP). This shows the complexity of DHA and its effects.

The study uses C57BL/6 mice and have noted that these mice are more susceptible to MPTP toxicity (Ozkan et al.,
2016). Although this may be seen as beneficial as it aids in modelling PD, however, it is not representable of the disease.
There are still many unknown risk factors for PD in humans and the exact pathogenesis is still yet to be clearly outlined.
Therefore, using toxins to model a neurodegenerative disease will always have disadvantages. In the conclusion, the
authors discuss how a decrease in fatty acids leads to an increase in free radicals which are thought to play a role in the

pathogenesis of PD, however, this was not investigated or measured in their study.

A decrease in PUFAs has shown to increase the concentration of free radicals and impair the antioxidant system.
Therefore, research should aim to find out how the production of free radicals may play a role in neurodegeneration
caused by oxidative stress. Some research suggests that this might be because of mitochondrial impairment which
produces many reactive oxygen species (ROS) and nitric oxide synthase (NOS) (Hung et al., 2018). Reactive species
have free electrons which are able to quickly react, proving to be a danger for the cells as they could react with vital

components of the cell, damaging them and impairing metabolism (Hung et al., 2018). Furthermore, research into how
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PUFAs may protect against this would also be very interesting and have huge implications for additional research, and
even treatment for neurodegenerative diseases. This research is beneficial for PD research as it suggests that DHA may
be used to protect neurones from the disease. The animals used in this research were not only seen to have a decrease
in PD symptoms, but also showed to have an improved number of viable neurones at the end of testing, compared to

the group that were not given DHA.

Effect of EPA in the Brain
As a DHA precursor, EPA has also been shown to have benefits in the brain. The effects of DHA have clearly been

shown to be beneficial for the brain, however, the effects of EPA are not so clear as little attention has focused on this
particular omega-3 and whether DHA selective signalling pathways are also effective for EPA. Previous work has used
omega-3 in their methods but have not specified which types of omega-3 are being used. Therefore, they do not know
what specifically has caused the effects. Studies have begun to do this by using specifically DHA in their research, but
this has not been done as extensively with other fatty acids such as EPA. There is little known about the effects of EPA
on neurodegenerative diseases. However, there has been a lot of research that suggests that PUFAs have beneficial

effects on the brain.

A clinical trial carried out by Sarbolouki et al., (2013) investigated the effects of EPA on patients with T2DM. Altogether,
67 patients with T2DM were subject to the trial, 32 of which received 2g of EPA every day, while the remaining 35
patients received a placebo drug. The fasting plasma glucose (FPG) levels of the patients, serum insulin levels, and
insulin sensitivity were all recorded. 3 months following daily supplementation of EPA, patients showed a significant
decrease in the FPG score and also showed a decrease in insulin resistance. Supplementation of EPA also showed to

decrease serum insulin levels (Sarbolouki et al., 2013).

This study suggests that daily supplementation of EPA may have positive effects on individuals with T2DM as it showed
to decrease the plasma glucose concentration, as well as decrease insulin resistance (Sarbolouki et al., 2013). This
suggests that EPA may be causing insulin to work correctly. Although this research shows positive effects of EPA, it
does not show exactly how it does this. The next stages of research should aim to look at the mechanisms that cause

EPA to have positive effects and whether it is linked to insulin signalling in the brain.

This research is beneficial as it shows that there is a lot to find out about diseases and how they are treated. It has recently
discovered that insulin signalling impairment may be involved in the onset of neurodegenerative diseases due to the
effects it has on plasticity. If EPA is capable of restoring insulin, it may also help to restore insulin levels in the brain.
Therefore, it is possible that EPA may be able to treat and prevent neurodegeneration.
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Effect of ALA in the Brain
ALA is one of the earlier precursors of DHA, and although its role in the formation of DHA is well documented, its

potential roles as its own fatty acid in the brain have been studied very little. Many receptors involved in the signalling
of DHA have been shown to be selective for DHA only; but there has been limited research to suggest whether EPA or
ALA could have an effect on these pathways as well. In addition, there is very little research that investigates the role
of ALA alone for potential protective effects similar to that of DHA. It is unknown whether DHA obtained through diet
is enough to promote positive effects seen in brain cells, and therefore scientists argue that the precursors of DHA, such
as EPA and ALA, may also have effects in the brain to combat the lack of enough DHA in our diet. A paper by Barcelo-
Coblijn and Murphy, (2009) suggests that dietary supplementation of ALA is critical for maintaining long chain omega-
3 levels as it is turned into DHA via the liver. However, the researched discussed in this paper is outdated and clearly

highlights the need for more research in this area.

One study by Choi, Kim and Kim, (2013) discovered
that instantaneous and long-term administration of
ALA in adult rats following an ischemic injury caused
restorative and protective effects on the cells through
insulin receptor activation. This is shown in Fig. 8
where ALA is clearly shown to have an effect on

glucose activity following 1 week of ALA

administration after ischemic injury. This suggests .¢rol (Day1) sLA(Dayl) Control(1week) aLA (1 week)

that ALA could be used to help prevent cell loss Figure 8 PET scan images of coronal sections of the adult rat brains showing

. o tabolic gl tivity which demonstrate how ALA h iti
following strokes if given immidiately after damage metabolic. glucoss activity which demansirate. Tiow o & Posive

regenerative effect on cells both immediately after ischemic injury, and
has occurred, and up to 1 week (or potentially longer).

following long term administration of ALA (Choi, Kim and Kim, 2013).
Research must not investigate whether ALA could be

used to prevent cells from dying, or restore cell loss following neurodegeneration.
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DHA Signalling Pathways
When studying the roles of PUFAs and their effects on the brain, it is very important to consider their pathways, and

how they enter the cell. This is especially important when exploring the pharmacology of these molecules. There are

three features of the PUFA (specifically DHA) pathway that will be investigated in this thesis. These consist of the:

Irradiation/oxidants  toxins/cytokines calcium-independent phospholipase A2 receptor
@\\% mmﬂmmm uﬂﬁﬁm hﬁ%g W/ (iPLAy), G-coupled protein receptor 40
v GPRA40/free fatty acid 1), and the retinoid x
%a\ PE Pl PS ( t ecid )
Non-enzymatlc Enzymatic receptor (RXR).
Llpld Acyl-CoA cPLA2
peroxidation Lysophospholipid iPLA2 iPLA2
Syianaiitas Phospholipases are enzymes found in
Oxylipins 4-HNE 4-HHE
P AA DHA mammalian cells, pancreatic juices, as well as bee

and snake venoms. Its role is to cleave the tail of

R T

Protein adducts s
DNA adducts Prostanoids Docosanoids i . o ]
Binding to lipids - PE Thromboxanes | | Resolvins fatty acid molecules by hydrolysis. This is vital
Inhibit NF-kB inflammation Lipoxins Neuroprotectins _ _ .
Activate Nrf2/ARE Leukotrienes for a number of important functions in

Figure 9 The signalling pathway of DHA through iPLA, enzymes and their by-  mataholism which includes: signal transduction

products (Sun et al., 2018). . . . .
phospholipid digestion, and the production of

fatty acid precursors (Dennis, 1994). The calcium independent variant of these groups of enzymes was studied by Hazen,
Stuppy and Gross, (1990) who discovered that these enzymes prefer arachidonyl containing phospholipids and are
activated through ATP independently of Ca®*. iPLA, reacts with DHA and is converted to form signalling oxylipin by-
products such as resolvins, seen in Fig. 9 (Sun et al., 2018). It would therefore be assumed that blocking this pathway
would reduce the effects seen by DHA and ALA and EPA would not be turned into DHA. Some positive effects may
be expected as EPA has also been shown to have slight effects on cell survivability (discussed earlier) however, these

would not be as significant as the effects of DHA administration.

iPLA, comes from a large family of enzymes (phospholipase A2) PLA; involved in breaking fatty acids from the
membrane in order to allow fatty acids into the cell (Scott et al., 1990). Additionally, it has been shown that PLA;
enzymes are involved in LTP, as shown in the study by Chabot et al., (1998) in which AMPA receptor activity increases
following high concentration application of PLA; receptors. iPLA; enzymes are known as calcium-independent and are
involved mainly in intracellular signalling. Interestingly, iPLA, seem to be selective for DHA (cleaving precursors of

DHA to produce DHA) (Kudo and Murakami, 2002).
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Research is now beginning to focus on the link between the iPLA; and its selectivity for DHA. A study by Mazzocchi-
Jones (2015) found that when blocking LTP through the iPLA; receptor with bromenol lactone (BEL), LTP was restored
following application of DHA. This strongly suggests that the iPLA; receptor is associated with DHA. There is still
room for research that help to reinforce this result and improve our understanding of how the iPLA; enzyme is selective
for DHA. Using methods to block the iPLA; enzyme may give us a clearer understanding of the DHA pathways, which

is important when trying to solve why DHA has protective effects.

Arachidonyl trifluoromethyl ketone (ATK/AACOCEF3) is another molecule known to block the iPLA; enzyme. ATK
is a molecule structurally similar to arachidonic acid. A study by Khan et al., (2015) investigated the role PLA2 enzymes
in cauda equina compression (CEC) and found that treatment of ATK reduced phosphorylation of PLA,. This was
shown using a Western Blot, by elevated locomotor function of the rats in the rotarod task, and a reduced pain threshold.
The levels of free fatty acids were also lowered suggesting that the enzyme had been blocked from cleaving molecules
into free fatty acids. This experiment focused on the specific role of PLA; enzymes in tissue injury, but this can also be

extended to other diseases in which fatty acids play a role.

Palmityl trifluoromethyl ketone (PTK/PACOCF3) has also been shown to block the activity of the iPLA; enzyme.
Interestingly, PTK is structurally similar to palmitic acid (PA) which will be used in the experiments in this thesis to
model diabetes and cause degeneration (this is discussed later). It has been shown to block the cleaving effect of iPLA;
with a more potent effect compared with ATK. Ackermann, Conde-Frieboes and Dennis, (1995) found that BEL, ATK,

and PTK all block the iPLA; enzyme. PTK was shown to be approximately 4 times more potent than ATK.

It has been demonstrated by the research discussed above that the enzyme iPLA: is clearly indicated in the DHA
pathway. This supports the idea that DHA is produced and used inside of the body. Research has already begun to show
that DHA shows promising effects for protecting cells from damage which leads to the potential use of DHA for
preventing damage to cells by diseases. The next stages in research are to use PUFAs in cell models in order to
investigate whether the toxic effects caused by diseases can be prevented and how the PUFAs do this on a molecular

level.

GPR40
Another receptor that is found in the DHA pathway is the GPR40/FFAR1 (G-coupled protein receptor 40/free fatty acid

receptor 1) receptor. This receptor is found in both the nervous system, and the pancreas and been shown to be involved
in pain (Brown et al., 2012; Nakamoto et al., 2013; Nakamoto and Tokuyama, 2018). Interestingly, GPR40 is expressed
in not only the central nervous system (CNS), but also pancreatic p-cells and are involved in insulin secretion where
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studies show that GPR40 knock-out mice display a 50% reduction in insulin secretion, displaying its importance in
insulin regulation and prevention of diabetes (Nagasumi et al., 2009; Briscoe et al., 2002; Stein et al., 1997). This is
interesting as the role of insulin in the brain and how type 2 diabetes may be involved in neurodegeneration is
investigated in this thesis. These receptors are activated by medium and long chain fatty acids (both saturated and
unsaturated) where longer, more saturated fatty acids are more potent (Ichimura et al., 2009). Because of its abundance
in the pancreatic B-cells, the GPR40 is widely used by pharmaceutical companies as a target for drug therapies that aim
to control type 2 diabetes; this includes agonists such as GW9508, and antagonists such as GW1100 (Ichimura et al.,
2009). In addition to its expression in the pancreatic B-cells, the GPR40 receptor has also been found in high
concentration in the human brain. Specifically, the highest concentrations are found in the substantia nigra, and the
medulla oblongata (both of which areas have also been found to be high in DHA concentration) (Svennerholm, 1968;
Briscoe et al., 2002). It is suggested that lower levels of DHA can be found in diseases such as Alzheimer’s disease, and
Parkinson’s disease and higher levels of DHA, or administration of DHA may cause an increase in phosphatidylserine
(aphospholipid involved in myelination and protecting brain cells) synthesis and gene expression. In order to investigate
the role of the GPR40 receptor and its involvement in the DHA pathway, ways of blocking this receptor must be
investigated and the effects observed. This may lead to a greater understanding of the importance of DHA in specific
areas of the brain and why a disruption of this may lead to neurodegeneration; and potentially how administration of

DHA may prevent neurodegeneration.

One of the inhibitors known to antagonize the GPR40 receptor is DC260126, an antagonist molecule which means it
opposes the effects of agonists; effectively blocking the receptor and stopping it from working. A study by Zhang et al.,
(2010) investigated the role of the GPR40 receptor by using DC260126 to antagonize the effects. In their study, db/db
mice were treated for 21 days with DC260126. Interestingly, they found that the administration of DC260126 has no
effect on the levels of blood glucose in the mice, but it significantly inhibited blood glucose stimulated secretion of
insulin, and reduced the blood insulin levels while also improved insulin sensitivity. These results display a complicated
signaling pathway of the DC260126 as the results shown suggest that this inhibitor causes a reduction of insulin but has
no effect on the blood glucose concentration and therefore the authors suggest that the GPR40 antagonist DC260126
may not be an effective treatment for DMT2. More research is needed to discover the pharmacological mechanisms
and how this inhibitor may demonstrate that GPR40 is involved in diabetes. A later study by Sun et al., (2013) followed
up on these results by repeating these experiments and found similar results; that DC260126 would not improve DMT2,
however, they did find that it could protect against pancreatic -cell dysfunction. Little research is found on the effects

of the DC260126 antagonist on the effects of DHA and DHA signaling. Therefore, it would be interesting to fill the gap
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in this knowledge as DHA has been linked to the GPR40 receptor due to its abundance in the brain. Research must
target the GPR40 receptor with DC260126 to investigate whether this has any effect on DHA uptake in brain cells,

DHA signaling, and DHA synthesis.

Another antagonist of the GPR40 receptor is GW1100. The GPR40 receptor and its agonist DHA have both been shown
to be involved in the pain pathway as seen in research by Nakamoto et al., (2012) and Nakamoto, (2017). These studies
have suggested that the use of GW1100 as an antagonist for the GPR40 receptor blocks these effects and consequently
causes pain. This is shown in the study by Nakamoto et al., (2017) who found that administration of GW1100
exacerbated incision induced mechanical allodynia, and that DHA levels were increased in the hypothalamus two days
after incisions were performed. This is significant as the results of this study suggest that DHA is involved in pain
management, and that the GPR40 receptor is involved in pain; and can be blocked using GW1100. Additionally, a study
by Briscoe et al., (2006) investigated the effects of GPR40 agonists and antagonists on the regulation of insulin and
glucose secretion. They found that while the GW9507 (GPR40 agonist) facilitated the secretion of insulin, the antagonist
GW1100 was found to block these effects. More research is required as a means of investigate these results further, and

in addition, discover whether the same effects can be seen in insulin secretion in the brain.

RXR
The retinoid x receptor (RXR) is a steroid hormone receptor that acts as a transcription factor, controlling the binding

of homodimers and heterodimers (Dawson and Xia, 2012). RXRs are split into 3 different subcategories, these are a, 3,
and v, all of which have slightly different physiologies and functions (Mangelsdorf and Evans, 1995). Due to its ability
to form many heterodimers, RXRs can have pleiotropic effects on many different signaling pathways. One role in which
RXRs are shown to be involved in is forming heterodimers with thyroid hormone receptor (TR), initiating binding of
thyroid hormone response elements as part of the T3 pathway (Hsu, 1995). Interestingly, the T3 pathway is primarily
involved in metabolism. Additionally, acute phase response, caused by inflammation and injury, has shown to cause
oxidation of fatty acids, and endotoxin LPS (an inducer of acute phase response) has shown to downregulate RXRs,
suggesting other important roles (Szanto et al., 2004). Overall, RXR is a complicated transcription factor that has shown

to have multiple roles, and its disfunction has been implicated in some diseases (Kolsch et al., 2009).

An antagonist of the RXR is HX531. DHA has been shown numerous times to have protective effects on cells and in
research by German et al., (2013), it was discovered that activation of the RXRs was important for the protection of
photoreceptors in the retina by DHA against oxidative stress in a rat model. In further studies, the researchers

administered RXR antagonists to the cultures to test whether DHA was still having positive effects. These antagonists
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were HX531 and PA452 and administration of these showed a dampened effect of the DHA’s protective effects against
oxidative stress on the photoreceptors. This showed that the DHA was having an effect through the RXR pathway.
Researchers also used BEL to test whether DHA was having an effect through the iPLA; pathway; interestingly,
inhibition of the iPLA; receptors through the inhibitor BEL also blocked the effects of DHA (German et al., 2013). The
results of this study suggest that HX531 and PA452 are effective antagonists of the RXR and will block positive
protective effects seen by DHA. Additionally, this study further suggests that BEL is an effective antagonist for iPLA;
and this will likewise block effects from DHA. Similar results were shown in a study by Ayala-Pena et al., (2016) in
which the RXR antagonist HX531 was used to block the positive effects of, this time, HX630, from apoptosis in retinal

epithelium cells. This again suggests that HX531 is an antagonist for the RXR.

Interestingly, it has been suggested in a paper by Morishita and Kakuta, (2017) that RXRs may be a candidate for DM T2
treatment due to its involvement in the thyroid hormone control of metabolism. Peroxisome proliferator-activated
receptor gamma (PPARy) are transcription factors that are dependent in the regulation of glucose. Agonists of these
receptors are targeted for DM T2 treatments as they have anti-hyperglycemic effects. Interestingly, it is not just agonists
that can have these effects on PPARy, but also RXRs. This paper reviews the potential of RXR as a treatment for
diabetes and what current research is showing. This is interesting as it could also play a role in glucose metabolism in

the brain and the role of DHA should be investigated following research showing its role in diabetes.

In conclusion, there are many different pathways of the fatty acid DHA that can be seen through numerous studies, and
the effects of DHA can also be reversed by using antagonists to block certain DHA signaling pathways. This can be
used to study the effects DHA has on cells and whether this can be reversed by using inhibitors. Many of the receptors
are selective for DHA and therefore research into whether the precursors of DHA, EPA and ALA, also have an effect.
Additionally, different diseases could be modelled to investigate whether DHA has a protective effect and whether this
can be blocked, thus providing research into how different pathways can be manipulated to prevent cell damage and

apoptosis.

Aims and Hypotheses
The aim of this thesis is to investigate whether DHA, EPA, and ALA have any effects on neurodegeneration caused by
PA to model DMT2 in SHSY-5Y cells and whether application before or after the toxin makes a difference to this effect.
In addition, to explore whether the signalling routes in which DHA does this by, by blocking the iPLA,, GPR40, and
RXR receptors using various antagonists. DHA and EPA will both protect SHSY-5Y cells from a palmitic acid model

of neurodegeneration. It is also predicted that DHA will show increased protective effects on the cells, compared to
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EPA, and ALA. Application of the fatty acids before the toxin will show protective effects and suggest that DHA rich,
or supplemented diets, are beneficial for preventing type 2 diabetes and type 2 diabetes related neurodegeneration. In
addition, treating cells after the toxin with DHA will also show positive effects on cells, suggesting that those with type
2 diabetes could benefit from a DHA rich diet. Finally, it is predicted that blocking the iPLA;, GPR40, and RXR
receptors will diminish the effects of DHA, with the iPLA; receptor antagonists being more efficacious than the GRP40

or the RXR receptor antagonists.
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Materials and Methods

Methods
Cell Culture

The SHSY-5Y human neuroblastoma clonal cell line was used for each experiment of this study (ATCC, USA). Cells
were cultured in T25/T75 flasks (Starstedt, UK) with maintenance media containing 87% F12:DMEM (Gibco, UK),

0.01% GlutaMAX-1 (Life Technologies, UK), 0.01% non-essential amino acids (NEAA,; Life Technologies, UK)),

0.01% Penicillin/Streptomyocin (Sigma-Aldritch, UK), and 10% foetal calf-serum (FCS; Lonza, UK); at 37°C and 5%

CO2.

Cell Plating

When cells were 80% confluent, they were lifted from the flask using 5ml of 0.01% trypsin/EDTA (Sigma-Aldritch,
UK). The resulting cell suspension was centrifuged at 5000RPM for 5 minutes and resuspended with fresh media. To
determine cell suspension density a trypan exclusion cell count was utilised. Briefly, a 100l sample of the cell
suspension was mixed with an equal volume of Trypan blue (Life Technologies, UK). 50pl of the mixed Tryan blue
cell suspension was seeded into a haemocytometer, visualised under light microscopy and subjected to cell counting of
non-blue cells, to calculate cell density. The final cell suspension was diluted to 3x105 cells/ml and seeded into 96-well
plates (Starstedt, UK) for MTT analysis. Cell were subjected to 4 days of retinoic acid (RA) differentiation treatment,

using differention media containing, in addition to the maintenance media, 10uM RA.

Palmitic Acid Treatment

Palmitic acid (PA; Tocris, UK) was used a toxin model of DMT2. 0.1282g of PA was dissolved into 10ml of absolute
ethanol in a water bath at 70°C. 1.1g of bovine serum albumin (BSA) was dissolved into 9.9ml of deionized water in a
water bath at 37°C. Both solutions were then complexed together at a ratio of 9:1 (BSA:PA) and applied for 72 hours
prior to viability measurements. Initially, dose-response curves were generated using PA at concentrations of 0, 20, 40,
60, 80, 100, 200, 400, 600, 800, and 1000 (M); with the lethal-dose 50% (LDsg) calculated. Subsequent experiments

involving fatty acid treatment used the LDs, dose.
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MTT Assay

Cells were plated in triplicate for each condition tissue culture treated 96-well plates (Starstedt, UK). 3-(4,5-Dimethyl-
thiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT: Tocris, UK) was dissolved in sterile phosphate buffered saline
(PBS) at a concentration of 5mg/ml. 20ul of MTT stock solution was added to each well and incubated at 37°C for 3
hours. Media was then removed from each well and 100p1 of DMSO was added to every well. Plates were transferred

to the orbital shaker for 15mins before being processed on a plate reader at 540nm.

Pharmacology

DHA (Tocris, UK), EPA (Tocris, UK) and ALA (Sigma-Aldritch, UK) was dissolved in 100% ethanol at a stock
solution of 10mM, bubbled with nitrogen, and stored at -20°C. Working concentrations of all PUFA’s were made fresh

on each day of experimentation.

Bromoenol lactone (BEL: Sigma-Aldrich, UK), GW1100 (Cambridge Bioscience, UK), Arachidonyl trifluoromethyl
ketone (AACOCEFs;: Tocris, UK), Palmityl trifluoromethyl ketone (PACOCFs: Tocris, UK), DC260126 (Tocris, UK),

PA456 (Tocris, UK), HX531 (Tocris, UK), were dissolved in DMSO at a stock solution of 10mM and stored at -20°C.

Statistics

All data were normalised as viability measured as a percentage of control or vehicle treatments. In all cases, statistical

significance was assessed via Two-way ANOVA and post-hoc Tukey tests in Graphpad Prism 8.
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Results

Palmitic Acid Model
Palmitic acid induces a significant dose-dependant reduction in SH-SY5Y cell viability (P = <0.0001), with an LDs of

848.4 when administered to cells for 72 hours and counted via MTT. The graph shown in Fig. 10A displays a significant

dose-dependent reduction in cell viability which was analysed using an ANOVA.

A t-test was performed to show that there is a statistical significance between cell viability of the control group
and the highest concentration of PA (1000pM). This showed that there was a significant difference (P = 0.0001). This

allowed more studies to be carried out using 1000uM of PA. This difference can be seen in Fig 10B.
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Figure 10 A graph showing the dose response curve of difference concentrations of PA (0, 20, 40, 60, 80, 100, 200, 400, 600, 800, 1000 uM) on SHSY-
5Y cells where n=6 (4). A graph showing the difference between cell viability of the control group (OuM of PA) and the cell viability when highest

concentration of PA (1000uM) was administered with a sigmoidal curve plotted (B).
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Difference Between Fatty Acid Concentrations Administered Before Palmitic Acid
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Figure 11 Graphs that show the difference in concentrations (0.1, 1, 10 uM) of DHA (4), EPA (B), and ALA (C) when administered to SHSY-5Y cells

before the administration of palmitic acid.

To assess the consequence of PUFA pre-treatment on PA induced toxicity, cells were pre-treated with PUFA’s for

24Hrs prior to PA treatment.

24Hrs pre-treatment with DHA demonstrated a significant increase in cell viability at 0.1um (76.20%), 1uM (94.97%),
and 10um (100.75%), compared to cells pre-treated with vehicle. Conversely, there was no significant difference in
viability following 24Hrs pre-treatment with EPA at 0.1um (53.23%), 1uM (58.13%), and 10um (50.27%), compared
to cells pre-treated with vehicle. Further, there was no significant difference in viability following 24Hrs pre-treatment
with ALA at 0.1um (55.48%), 1uM (57.73%), and 10um (54.16%), compared to cells pre-treated with vehicle. These

results can be seen in Fig. 11.

As DHA was the only fatty acid with a significant difference between the PA only group and the DHA administered
group, each concentration was compared against each other. The statistical analysis showed that there was a significant
difference between 0.1uM and 1M (P = 0.0064). There was also a significant difference between 0.1uM and 10uM (P
= 0.0004). Finally, there was not a significant difference between 1uM and 10uM (P = 0.3693). Both time conditions

showed that the protective effects shown by DHA do not get any better if the concentration is given above 1puM.
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Difference Between Fatty Acid Concentrations Administered After Palmitic Acid
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Figure 12 Graphs that show the difference in concentrations (0.1, 1, 10 uM) of DHA (A), EPA (B), and ALA (C) when administered to SHSY-5Y cells

after the administration of palmitic acid.

To assess the consequence of PUFA post-treatment on PA induced toxicity, cells were post-treated with PUFA’s for

24Hrs following PA treatment.

24Hrs post-treatment with DHA demonstrated a no significant difference in cell viability at 0.1um (52.48%), with a
significant increase in cell viability at 1uM (78.20%), and 10um (72.67%), compared to cells post-treated with vehicle.
Conversely, there was no significant difference in viability following 24Hrs post-treatment with EPA at 0.1jum (43.99%),
1uM (48.73%), and 10pm (47.56%), compared to cells post-treated with vehicle. Further, there was no significant
difference in viability following 24Hrs post-treatment with ALA at 0.1um (55.34%), 1uM (44.83%), and 10um

(49.25%), compared to cells post-treated with vehicle. These results can be seen in Fig. 12.

As DHA was the only one that showed a significant difference from the group where only PA was administered, each
concentration of DHA was compared against each other to see whether there is a difference between each individual
concentration. The results showed that there was a significant difference between DHA concentrations of 0.1uM and
1uM (P = 0.0064). There was a significant difference between 0.1uM and 10uM (P = 0.0005). Finally, there was no
significant difference between 1uM and 10uM (P = 0.4697). This suggests that any protective effects of DHA do not

improve past 1M when administered after the toxin.
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DHA Pre-Treatment vs Post-Treatment
To test whether there is a significant difference between the two time

60
variables, firstly, the means of both of the control groups must be q —
compared. If there is no significant difference between the control Eg -

s
groups, this would show that it is highly unlikely that the cells were é 20
more robust in 1 population compared to the other. The results of this Q 0
t-test showed that there was not a significant difference (P = 0.7816) 62;9 Q&A
between the control group of both the ‘after toxin’ and the ‘before @\é\‘é Qs,éée
toxin’ population of cells. This can be seen in Fig. 13. ?\\@@? \\Q@?
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The final test was to analyse the data of the different concentrations ~ PA Cell Population in After Test vs Before Test

between the time variables as a means of investigating whether F19ure 13 A graph showing the cell viability between the

o . o control groups of both populations of cells (post-treatment
administration of DHA worked better to prevent a cell viability
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decrease by the toxin, or to repair cells following a toxin. Each population). Note: After refers to post-treatment (DHA
concentration was compared with the mean data for each time administered after toxin), whereas before refers to pre-

variable. This is seen in Fig. 14. treatment (DHA administered before toxin).
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Figure 14 A graph showing the different concentrations of DHA compared against each time variable, and the control and the PA only administration

group. Note: After refers to post-treatment (DHA administered after toxin), whereas before refers to pre-treatment (DHA administered before toxin).

T-tests were carried out between the means to analyse the data for a significant difference. The results of these t-tests
showed that for 0.1uM of DHA, the difference between the means were significantly different from each other (P =
0.0001) as the pre-treatment of DHA showed a greater response. The difference between the means of the two time

variables when 1uM of DHA was used was not significantly different (P = 0.0755). Finally, when 10uM of DHA was
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used, there was a significant difference between the two time variables, again showing that pre-treatment of DHA had

a greater effect (P = 0.0004).

DHA Signalling Pathway Antagonists
The results for the cell viability of when each antagonist used to block the iPLA, enzyme receptor was administered

was compared against the results of when DHA at 1uM was administered to the cells which is shown in Fig. 15. The
results showed that there was a significant difference between the cell viability of DHA only, and each of the antagonists
(P =0.0206). To test this further, each antagonist was then compared to each other to determine which one was better
at blocking the receptor. An ANOVA was carried out to which showed that there was not a significant difference

between each antagonist (P = 0.0594).

Next, the antagonists for the GPR40 receptor were compared against each other, and the DHA only cell viability. These
results showed that there was a significant difference between the antagonists and when DHA was administered only
(P =0.0091) which can be seen in Fig. 15. An analysis of the separate antagonists showed that there was not a significant

difference (P = 0.8594).

Finally, the antagonists for the RXR receptor were tested. The first test comparing both of the antagonists to the DHA
only cell viability showed that there was a significant difference (P = <0.0001) displayed in Fig. 15. When comparing

each of the antagonists against each other, a significant difference was not shown (P = 0.7977).
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Figure 15 A comparison of DHA only administration, and antagonist administration for the iPLA; receptor (A), GPR40 receptor (B), and the RXR

receptor (C).

Antagonists vs PA
All of the inhibitors showed a significant difference between each antagonist and the cell viability of a DHA only

administration. Therefore, to test whether the inhibitors were having a complete or partial block effect on DHA receptors,
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the inhibitors were tested against a PA only administration cell viability. The results showed no difference between any
of the inhibitors and the PA only; for the iPLA; group (P = 0.1157), GPR40 (P = 0.8992), and RXR (P = 0.3709). This

confirms that the antagonists completely blocked the receptors, not allowing any DHA to have an effect.

Discussion

What Did the Results Show?
The results of this study show several expected findings. Firstly, the PA showed a decrease in cell viability (the

calculated LDsy was 848.4uM). DHA proved to be a better agent for protecting cells against toxic damage when
compared to EPA and ALA. In addition, application of DHA before the toxin showed to be better than application after
the toxin when given at smaller doses (0.1-1uM). Application of DHA above 1uM did not make any difference to cell
viability whether it was administered before or after the toxin. Finally, all of the antagonists used effectively blocked
the respective DHA receptors and produced a result which showed a decrease in cell viability. When tested against each
other, statistical analyses showed no difference in potency between the different antagonists showing that they are
equally as effective in blocking the respective receptors. Finally, comparing each inhibitor to the PA model did not show

any significant difference, showing that the antagonists were successfully blocking the receptors completely.

Palmitic Acid
The palmitic acid model in this study showed a significant decrease in cell viability shown by the MTT results—an LDsg

of 848.4uM was calculated. A similar result was shown in study by Calvo-Ochoa et al., (2017) who showed that palmitic
acid at 500uM for 24 hours caused a big decrease in cell viability to 29.72%. The PA model used in the research in this
thesis did not show a drop in cell viability as low as the decrease shown in the study by Calvo-Ochoa et al., (2017),
perhaps due to the difference in the making of the stock. In the study by Calvo-Ochoa et al., (2017), a stock of 200mM
was made with 10% BSA and PBS. In this study, a stock of 50mM was made with ethanol as PA failed to dissolve in
PBS. 1ml of this stock was then added to 10% BSA ready for dilution. The ethanol may have had an effect on the PA
although further testing would be needed to prove this. Additionally, a decrease was not seen in this study until the PA

had been left on for 72 hours, which is also very different from previous studies; however, this was consistent.

The purpose of using PA was to model type 2 diabetes in the brain. There are many debates and theories of what role
insulin plays in the brain, but research mostly shows that it is used in metabolism, and LTP. A study by Benoit et al.,
(2010) showed that the role of PA in animal cells is to control insulin secretion and suppress leptin. This means that

disruption of PA concentration can have detrimental effects as insulin is vital for maintaining metabolism in all cell
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types — the brain included. PA works by blocking insulin induced metabolic action and activates mTOR kinase. This
results in a higher production of mitochondria ROS (reactive oxygen species) which causes oxidative stress to the cell,
and consequently causes damage and even cell death (Calvo-Ochoaet al., 2017). However, with healthy cell metabolism,
ROS are removed from the cell if the cell is not to undergo apoptosis. During disease however, this process may be

disrupted, resulting in necrosis to cells and surrounding areas. This can be particularly detrimental in the brain.

In this study, PA was used to model DMT?2 as studies have shown that PA is involved in insulin metabolism and too
much PA can produce dangerous amounts ROS. Benoit et al., (2010) also showed that significant amounts of PA can
cause an increase in PKC-0 which is involved in immune responses. Since DMT2 is an autoimmune disease, it is
important to model this as accurately as possible. The results in this thesis thus show a decrease in cell metabolism,
analysed from the results of the MTT which suggests that it can effectively be used as a toxin. The concentration of PA
used to see a significant decrease in cell metabolism was much higher than previous research. For example, in the study
by Calvo-Ochoa et al., (2017), the highest concentration used was 500uM which reduced cell viability in SHSY-5Y
cells to 29.72%. However, in this study, the LDsy was 848.4uM. This could be due to environmental factors such as the
type of media used to maintain the cells, or the way in which cells were plated and treated, or even the way in which
the stock solution was made and stored. In addition, it took 72 hours for cell viability to begin to decrease in this study,
where as the research by Calvo-Ochoa et al., (2017) showed a significant decrease after just 24 hours. More research is
required to find out why there is a difference between the results. Regardless of this, the research by Calvo-Ochoaetal.,
(2017) showed that the PA had reduced cell viability by disrupting insulin metabolism and mitochondrial activity. This
produces ROS which results in oxidative stress, a common complication in diabetes, and consequently cell death,

implying that PA can be used in high concentrations to model cell death via DMT2 in animal cells.

PUFA Treatment
DHA was capable of protecting these cells from the damage caused by PA as the MTT result showed an increase in

metabolism when compared to the PA model. This is as expected as there have been many studies that have shown the
positive effects of DHA on cells. Both EPA and ALA did not show to have any protective effects on the cells. This is
interesting because many studies have shown that EPA protects cells from cell death. Some studies have shown that
fatty acids can be toxic at high concentrations, such as the study by Fenton et al., (2013) which concluded that high
levels of DHA and/or EPA could cause impairments in the immune system. This may explain why EPA and ALA both
showed no protective effects on the cells. However, the lowest concentration used was 0.1uM which still did not produce
any protective effects. More research about the way in which EPA and ALA work is needed to determine why these

results were shown. This also explains why the high levels of DHA (10uM) used in this research did not show to be any
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more protecting of the cells than 1uM. Higher levels of DHA may have started to destroy cells rather than protect them.

The mechanisms for why this happens are however unclear.

Studies have shown that the DHA receptors iPLA,, GPR40, and RXR are all selective for DHA only which can be
inferred from the results of the research in this thesis (German et al., 2013; Kudo and Murakami, 2002; Nakamoto et
al., 2012). Research into the benefits of polyunsaturated fatty acids have mainly focused on animal studies, and tests of
memory. There is a gap in the research that shows why specifically DHA has positive effects within the brain. This
research has shown that on a cellular level, DHA in particular, protects cells from a palmitic acid model of
neurodegeneration by type 2 diabetes. Studies have shown that both EPA and ALA can be found in the brain (albeit in
small quantities) and therefore may have a role other than precursor stages for DHA production. Further studies could
investigate how EPA and ALA act on the brain and the pathways in which these take. In addition, a lot of research can

be found on the benefits of dietary supplementation of -3, however, there is little known about endogenous ®-3.

It is important to consider the possibilities of why DHA had a protective effect on the cells and what mechanisms may
have caused this. DHA showed to have higher protective effects on the cells when it was given before the PA toxin
treatment. This shows that it must be having a protective effect on the cells as oppose to a regenerating effect on dying
cells. A study by Sakai et al., (2017) shows that that DHA has a protective effect against oxidative stress to DNA in
vascular endothelial cells through upregulation of NRF2 facilitated antioxidant response. In the study, H.O, was
administered to cells and immunofluorescence staining for y-H2AX (a characteristic present in DNA damage) was
carried out. They discovered that cells that had been treated with DHA or EPA both showed significantly less y-H2AX
foci formation. In addition, the fatty acids also displayed a reduction of activation of ATM following the toxic treatment.
ATM is a gene involved in DNA damage response of a cell. The study also showed a significant increase in the
concentration of mMRNA of antioxidants in the fatty acid treated group. DHA showed higher protective effects compared
to EPA consistently throughout each analysis. Overall, these findings suggest that DHA helps to protect cells against
damage by raising the levels of antioxidants to eliminate ROS which induce apoptosis. These findings can only be
applicable to vascular endothelial cells and other studies using different cell types, such as different types of brain cell,
are needed to investigate these mechanisms further. Taking this study into consideration, it can be implied that the
reason that the results in this thesis showed that DHA had a higher protective effect if it was given pre-toxin is because

the presence of DHA helps to upregulate antioxidants that are needed to clear ROS during a toxic response.

There are many chronic complications of living with DM2T, such as damage to eyesight, hypertension, neuropathy,

nephropathy, and even risk of heart attack and stroke. While there are no ultimate solutions to decrease the risks
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associated with living with this disease, the results of this thesis imply that a diet rich in omega-3 or an omega-3
supplemented diet may be beneficial for those living with type 2 diabetes as a means of reducing the risk of serious
complications. This is because it has been shown that DHA can work as a protective agent against oxidative stress which

is caused by dysregulation of metabolism related fats, proteins, and hormones such as insulin and palmitic acid.

Signalling Pathways Involved in DHA Mediated Neuroprotection
DHA has been shown to protect cells from cell death by increasing antioxidants in the cell in order to reduce the amount

of ROS produced by toxic stimuli. The receptors in which are involved in the DHA pathway are vital to help our
understanding of how these effects occur. A study by Seleznev et al., (2006) investigates the role of the iPLA; in the
DHA pathway and suggest that damage caused by ROS is repaired in the mitochondria which is rich in polyunsaturated
fatty acids. This is through a cycle called the deacylation-reacylation cycle in which the enzyme iPLA; is heavily
involved. In this pathway, PUFAs can be transferred into cell membranes, particularly in neural cells. A paper by
Farooqui, Horrocks and Farooqui, (2000) suggests that under pathological conditions, this pathway can be disturbed,
leading to a decrease in antioxidants and accumulation of free fatty acids which ultimately leads to degeneration of cells
caused by inflammation and oxidative stress. It is clear that this pathway is involved in degeneration of cells but the
research is not clear on why administration of DHA can protect the cells from oxidative stress. Perhaps the addition of
extra DHA to cells before a toxic stimuli is applied helps to regulate this cycle in order to eliminate ROS. There have
been many studies to show that DHA has positive effects on reducing symptoms of neurodegenerative disease. However,
little research has investigated how this may happen in brain cells and the role DHA would have on protecting cells

from neurodegeneration.

The role of GP40 is to activate insulin secretion when signalling in pancreatic cells and it is a common target for diabetes
treatments as shown in studies that have investigated its roles. One of the studies discussed earlier by Zhang et al., (2010)
found that one of the GPR40 receptor antagonists, DC260126, which was also used in the research in this thesis, did
not affect blood glucose levels but it did, however, inhibit insulin secretion, reduce insulin levels, and improve insulin
sensitivity. This suggests that the GPR40 receptor is involved in the level of insulin in the blood, and the sensitivity of
this insulin in cell signalling. However, little research has shed light on its role in the DHA pathway. Some studies have
found increased levels of the GPR40 receptor in areas of the body where there are high levels of DHA such as the
substantia nigra, and the medulla oblongata (Svennerholm, 1968; Briscoe et al., 2002) Interestingly, untreated diabetes
has been linked to the presence of ROS, causing oxidative stress on cells (Volpe et al., 2018). This suggests that the
GPRA40 receptor may be a binding site for DHA in the deacylation-reacylation pathway that protects cells against

oxidative stress. The results of this study confirm that one of the binding sites of DHA is the GPR40 receptor as when
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this was blocked by multiple antagonists, the protective effects of DHA were abolished when diabetes was modelled
through a toxin. This is significant because it helps to clarify the link between insulin resistance in the brain, and
neurodegeneration while additionally showing that GPR40 is one of the receptors that DHA must act through in order

to produce a protective effect against oxidative stress.

A paper by Morishita and Kakuta, (2017) suggested that RXRs may be used to treat diabetes due to their ability to
activate PPARy, a transcription factor involved in glucose metabolism. In this thesis, RXR antagonists were
administered with DHA with a toxic treatment of PA. If the PA is used as a model for DMT?2 in the cells, and activating
RXR does work as a treatment for diabetes, then it could be suggested that the antagonists would enhance the toxic
effects of PA. However, in this study, it was shown the effects of adding DHA as a protective factor protected the cells
against the toxic effects of PA, but the RXR antagonists blocked this effect. This suggests that DHA may have been
involved in the signalling pathway to stop the RXR antagonists from having a more toxic effect on the cells. With the
role of RXR in mind, other studies must be carried out in order to break down the effects of RXR agonists and

antagonists in diabetes, and then whether DHA is playing a role in either of these pathways.

In addition, RXRs have been implicated in thyroid hormone control in metabolism due to their versatility and many
roles. This suggests that there may be a link between RXR and diabetes, as diabetes is a metabolism related disease.

However, more research is required in order to confirm or refute these association.

A study by German et al., (2013) showed that RXR antagonist HX531 and PA452 stopped DHA from having protective
effects on photoreceptors. These studies, although interesting, have not been repeated on other cell types. The results of
the research in this thesis show that this effect is also shown in SHSY-5Y cells and should now be repeated in other cell
types, or in animal models. It is believed that DHA does this by protecting cells against oxidative stress, but it is not
clear how RXRs are involved in this and whether DHA is involved in RXR receptors directly. Although the research

suggests the role, more is required to make a definite conclusion.

In conclusion, DHA has proven to work as a protective agent when given before a toxic stimuli, such as PA which
models diabetes. Therefore, it may be beneficial for those living with diabetes to eat an omega-3 rich or supplemented
diet as a way of protecting cells against oxidative stress caused by insulin resistance. It would be interesting to carry out
long-term studies in which diabetes patients eat an omega-3 rich diet and study how their symptoms, severity of the
condition, and number of diabetes related complications change over time and whether this would be significantly
different from those who do not eat an omega-3 rich diet. In addition, the results of this study strongly suggest that

iPLA,, GPR40, and RXR are all involved in the DHA pathway as blocking these receptors resulted in non-functioning
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DHA when attempting to protect cells against the PA toxin. It can be inferred from previous studies that DHA protects
cells by upregulating agents which clear ROS, although more studies are needed to show exactly how PA causes a toxic

response on a cellular level and how DHA protects the cells from this.
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