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Abstract 
 

 

There is no cure for Alzheimer’s disease (AD), and the negative implications of having AD 

were further exacerbated in recent years, as patients with dementia are at the highest risk for 

mortality upon contracting COVID-19. The amyloid cascade theory postulates that AD is caused 

by toxic aggregates of amyloid beta (Aβ) peptide. The main objective of this project was to design, 

synthesize and evaluate a library of fatty acid derivatives based on docosahexaenoic acid (DHA), 

oleic acid (OA), eicosapentaenoic acid (EPA), linoleic acid (LNA), and α-linolenic acid (ALA) as 

inhibitors of Aβ42 aggregation. 10 fatty acid derivatives were synthesized, characterized, and 

evaluated for Aβ42 aggregation inhibition activity using thioflavin T-based Aβ42 aggregation 

kinetics assays. The methyl ester derivatives were found to be the most promising inhibitors, with 

the LNA derivative methyl (9Z,12Z)-octadeca-9,12-dienoate (2a) being the most potent (61% 

inhibition at 25 μM). Transmission electron microscopy (TEM) experiments confirmed the anti-

aggregation activity of 2a, and computational modeling studies suggest that the evaluated fatty 

acid derivatives bind in a narrow channel at the interface of the N- and C-termini in the Aβ42 

pentamer model. Furthermore, the fatty acid derivatives were not toxic to HT22 mouse 

hippocampal cells (cell viability ~94–104% at 25 μM). Our secondary objective was to evaluate 

amyloidogenic peptide fragment FKNIDGYFKI derived from the SARS-CoV-2 spike protein for 

its ability to promote Aβ42 aggregation. Interestingly, the decapeptide was found to inhibit Aβ42 

aggregation at all tested concentrations (~37–52%). In summary, thesis outcomes demonstrate that 

fatty acid derivatives and spike peptide fragment exhibit anti-Aβ42 activity by direct binding and 

have the potential to be used as novel pharmacological tools to study Aβ aggregation and to design 

novel therapies to treat AD. 
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Chapter 1: Introduction 
 

1.1 Background on Alzheimer’s Disease 

Dementia is a general term used to describe a group of symptoms related to a decline in 

cognitive function such as impaired memory, thinking and problem-solving.1 There are over 50 

million cases of dementia worldwide, with this number predicted to increase to 75.6 million by 

2030.2,3 This predicted large increase in cases has been mainly attributed to the growing aging 

population, as age is the most important risk factor for dementia.4 After the age of 65, the risk for 

developing dementia doubles every five years.5 Alzheimer’s disease (AD) is the most common 

type of dementia, making up about 60% of cases.2 As of 2020, AD was the ninth leading cause of 

death in Canada and over 500,000 Canadians were diagnosed with dementia.6 This number is 

predicted to increase to 1.7 million by 2050.7 The rapidly growing number of cases, lack of 

treatments and the significant impact dementia has had on health, the economy, and families, have 

made it one of today’s largest health care challenges. 

 The impaired cognitive function associated with dementia can be caused by a variety of 

factors which are investigated during the diagnosis process. Diagnosing dementia involves 

evaluating a patient’s medical history, cognitive ability, and impairment during daily activities.8 

Clinicians look for changes in language, memory, attention, special orientation and mood over 

time. Additionally, physical exams, laboratory tests, and imaging can help clinicians determine 

which type of dementia could be present.8 For example, magnetic resonance imaging (MRI) scans 

can be used to generate images of the brain and identify blood vessel abnormalities that lead to the 

cognitive impairment in vascular dementia.9 Vascular dementia is the second most common type 

of dementia and occurs when the blood supply to the brain is damaged, causing brain cells to die.10 

AD is characterized by the presence of amyloid plaques and neurofibrillary tangles (NFTs) in the 
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brain, and it is generally diagnosed when other possible health conditions such as vascular 

dementia, frontotemporal dementia, and Lewy body dementia have been ruled out.11 AD diagnosis 

can only be confirmed during an autopsy by checking for the presence of amyloid plaques, 

neurofibrillary tangles, and atrophy of the cerebrum.11 However, neurological imaging and tests 

for biomarkers of AD in the blood and cerebrospinal (CSF) fluid can provide a strong indication 

if AD is present.12 In recent years, blood tests have become more accurate and can test for AD 

biomarkers like the toxic form of the protein, amyloid beta (Aβ), that leads to formation of the 

plaques.13 These tests are minimally invasive and could help with early diagnosis of AD before 

symptoms have emerged.13 

 

Figure 1.1: Illustration displaying the differences between healthy neurons of the CNS and 

neurons of AD. Hallmarks of AD include intracellular neurofibrillary tangles and extracellular 

amyloid plaques.  

Hallmarks of AD include extracellular amyloid plaques, intracellular NFTs, and shrinkage of 

the cerebral cortex (Figure 1.1).11,14 The extracellular senile plaques seen in patients with AD are 
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formed by an accumulation of Aβ protein. The neurofibrillary tangles found inside neurons are 

composed of a form of tau protein that has been hyperphosphorylated abnormally.14,15 Both Aβ 

and tau contribute to the deterioration of neurons that leads to the synaptic loss, abnormal levels 

of neurotransmitters, and inflammatory signalling that are observed in patients with AD and 

associated with cognitive decline.14,16 The exact disease process is unknown, however there are 

several theories giving possible explanations for AD pathogenesis.  

The cholinergic hypothesis is one of the oldest and well-studied theories and the basis of most 

available AD therapies.17 The cholinergic pathway serves an important role in cognitive functions 

such as memory and attention, and this pathway has been shown to be impaired or abnormal in 

patients with AD.18,19 This theory postulates that the cognitive decline observed in patients with 

AD is due to damage to this pathway in the central nervous system (CNS).19,20 Acetylcholine 

(ACh) is the neurotransmitter in this pathway and lower levels of ACh release and the enzyme that 

produces it, choline acetyltransferase, are generally observed in the brains of AD patients.18,19 This 

hypothesis led to the development of cholinesterase inhibitor medications for treatment of AD.21 

Cholinesterases are enzymes that break down ACh and inhibiting them permits increased ACh 

levels.21,22 Three of the four drugs approved in Canada for treatment of AD are cholinesterase 

inhibitors that can be taken orally (donepezil, galantamine, and rivastigmine).23 They have been 

shown to provide some symptomatic relief; however, they do not inhibit the disease process and 

lose efficacy in later stages of dementia.17,21  

The fourth and final approved medication in Canada for treatment of AD is memantine, an N-

methyl-D-aspartate (NMDA) receptor antagonist.23 Contrary to ACh, the neurotransmitter 

glutamate is found at generally higher levels in the brains of patients with AD which can cause 

impaired cognitive function.24 Memantine works by preventing activity of the neurotransmitter 
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glutamate by blocking its binding to the NMDA receptor.25,26 Like the cholinesterase inhibitors, 

memantine is taken orally and can provide symptomatic relief and stabilization to AD patients, 

however it does not stop disease progression.26  

Aducanumab and lecanemab are monoclonal antibody treatments that recently received 

accelerated approvals in the United States for mild AD that have the potential to change disease 

progression.27 They both target Aβ aggregates to reduce plaques in the brains of AD patients. 

Lacanemab binds most strongly to a form of Aβ peptide aggregates called protofibrils, and 

aducanumab targets Aβ plaques and high molecular weight oligomers.27 Lacanemab has been 

shown to slow cognitive decline by 27% over 18 months, however aducaneumab has had 

inconsistent results.28-31 For both drugs, adverse effects like brain bleeding or swelling are common 

(>10% each), and further trials are underway to determine whether the drugs have long-term 

benefits on patient outcomes.28,30,31 

Discovering a disease-modifying medication that can slow down or halt the progression of AD 

has been challenging since the disease process is complex and not fully understood. However, with 

the growing prevalence of AD and the immense impact it has on patients, families, and the health 

care system, improved treatment options are needed more than ever.3  

 

1.2 The Amyloid Cascade Hypothesis 

The disease process for AD is complex, and there have been several hypotheses for the etiology 

of AD presented.32 However, AD research still lacks a theory that explains the full disease 

development and all the pathologies observed in patients.33 The amyloid cascade hypothesis is the 

primary theory for AD and the basis for development of many novel AD therapeutics, although it 

does have its limitations.34-36 This theory was developed in 1998 and suggested that deposition of 
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Aβ peptide into amyloid plaques is the causative agent for the central nervous system (CNS) 

damage and cognitive decline observed with AD.37 Although the amyloid cascade hypothesis has 

not been able to explain all aspects of the disease process, it is the primary model for AD 

pathogenesis and hypothesized to be fundamental in AD development.36,38  

1.2.1 Production and Clearance of Aβ Peptide 

The amyloid plaques found surrounding neurons in the brains of patients with AD are mainly 

composed of Aβ peptide.39 This 4 kDa Aβ peptide is found throughout the body and derived from 

cleavage of a protein called amyloid precursor protein (APP). APP is a large integral membrane 

that is present in tissues all over the body, with a high concentration in the synapses of neurons in 

the brain.39 The primary function of APP is unknown; however, it has been shown to be involved 

in various roles such as synaptic plasticity, brain development, and memory.16,40,41 APP is cleaved 

by secretase enzymes to produce soluble Aβ peptide monomers that aggregate and contribute to 

the pathogenesis of AD.42 Two pathways for APP cleavage are the amyloidogenic and non-

amyloidogenic pathways (Figure 1.2).43 In the amyloidogenic pathway, APP is initially cleaved 

by β-secretase, and in the non-amyloidogenic pathway, APP is initially cleaved by α-secretase. 

The amyloidogenic pathway produces the Aβ peptide that can aggregate to form neurotoxic 

complexes.43 
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Figure 1.2: Illustration displaying two pathways for APP processing: the non-amyloidogenic and 

the amyloidogenic pathways. The amyloidogenic pathway produces Aβ peptide which can 

aggregate to form toxic oligomers which aggregate further to form amyloid plaques.  

In the amyloidogenic pathway, APP is cleaved by β-secretase. This produces soluble amyloid 

protein precursor β (s-APPβ) and a 99-amino acid C-terminal APP fragment (C99).36,44 Next, C99 

is cleaved by γ-secretase to release the Aβ peptide and the APP intracellular domain (AICD) which 

is theorized to translocate to regulate gene expression in the nucleus.44 The Aβ peptide monomers 

can then aggregate together to form higher order structures and form the extracellular plaques 

observed in the brains of AD patients. On the contrary, the non-amyloidogenic pathway involves 

the initial cleavage of APP by α-secretase instead of β-secretase to produce soluble amyloid protein 

precursor α (s-APPα) and an 83-amino acid C-terminal fragment (C83). Then, C83 is cleaved by 

γ-secretase, to produce the p3 peptide and AICD.44 
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Mutations in APP are associated with early-onset familial AD and have been shown to cause 

increased levels of Aβ peptide, and an altered ratio of Aβ peptide isoforms.45 Additionally, a 

disproportionate number of patients with Down syndrome develop early onset AD, which is 

hypothesized to be due to the overexpression of the gene coding for APP which is found on 

chromosome 2145,46 This information served as strong evidence in support of the amyloidogenic 

hypothesis when it was initially developed.37 

Enzymes of the amyloidogenic pathway can be targeted to reduce the production of Aβ peptide, 

and subsequently reduce formation of aggregates. β-secretase, specifically β-site APP cleaving 

enzyme 1 (BACE-1), is a promising drug target for AD treatment, as its inhibition could slow 

down production of Aβ peptide. However, development of BACE-1 inhibitors that can cross the 

blood-brain barrier (BBB) and are also well tolerated has not been possible thus far.47 

Additionally, modulating the entry and clearance of Aβ into the brain has been another 

approach for AD drug development. Levels of Aβ are heavily influenced by the activity of low-

density lipoprotein 1 (LRP1) and receptor for advanced glycation end products (RAGE).48 LRP1 

is a lipoprotein that binds to APP and Aβ peptide to transport them out of the brain through the 

BBB.49 RAGE is a membrane protein that facilitates transportation of Aβ through the BBB and 

into the brain.48 Both LRP1 and RAGE are potential drug targets for treatment of AD, as 

modulating their activity could lower levels of Aβ peptide in the brain and thus lower the potential 

for amyloid aggregation.48,50,51 

1.2.2 Aβ Peptide Structure and Aggregation 

Amyloids are protein aggregates that have a distinctive fibrillar morphology and beta sheet 

structure.52 Aβ peptide is one of many proteins that can form amyloids. These aggregates can be 

found in various locations in the body and are associated with many different human diseases such 
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as Parkinson’s disease and Huntington’s disease.53 Monomers are the singular peptides, and when 

concentrations of the peptide increase, they can self-assemble to form various conformations.39,52 

These conformations include dimers, oligomers, protofibrils and mature fibrils.39 Oligomers are 

formed by monomers of an amyloidogenic peptide that undergo a conformational change and form 

a multi-peptide complex containing β-sheet structures.52,54 These sheets contain strands of the 

peptide aligned in a parallel or antiparallel manner with hydrogen bonds forming between adjacent 

strands and stabilizing them. Once the oligomers have formed, more peptides are added to form 

protofibrils and finally mature fibrils.39 Amyloid fibrils are long filaments with high β-sheet 

content.52 The oligomers are soluble, however the protofibrils and mature fibrils are not.39 The 

amyloid plaques found in the brains of AD patients are mainly composed of the insoluble mature 

fibrils of Aβ peptide.55 

Monomers of Aβ peptide in their native state are non-toxic. Suggested physiological roles for 

the peptide include preventing excessive activation of synapses and protection against 

infection.56,57 During the misfolding and aggregation process, the peptide transitions from an α-

helical and/or unordered structure to higher order structures rich in β-sheets.58 Most information 

about Aβ peptide structure has come from nuclear magnetic resonance (NMR) spectroscopy and 

molecular dynamics studies, as the peptide cannot be crystallized using common methods.39 

Recently cryogenic electron microscopy (cryo-EM) and solid-state NMR studies have provided 

the structures of fibrils.59-61 Aβ peptide contains hydrophobic regions and metal-binding domains 

that are involved in aggregation into higher-order structures.62 The Aβ peptide can vary in length 

and is found mainly in the 40-amino acid Aβ40 form, and less frequently, the 42-amino acid Aβ42 

form (Figure 1.3).63 The Aβ42 form tends to aggregate at a higher rate, giving it a greater 
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propensity to form amyloids. This is due to the C-terminus of Aβ42 being more structured and less 

flexible, making it less soluble and more prone to aggregation.39,63  

 

Figure 1.3: APP cleavage by α-secretase followed by γ-secretase produces Aβ peptide. Aβ peptide 

is most frequently found in its 40-amino acid, Aβ40, and 42-amino acid, Aβ42, forms. 

Aggregation of the Aβ peptide occurs through a nucleated polymerization model.62,64-66 This 

model involves three phases that follow sigmoid kinetics: the nucleation phase (lag phase), growth 

phase (exponential phase), and saturation phase (plateau phase) as shown in Figure 1.4.62,66,67 In 

the nucleation phase, proteins undergo a conformational change and come together to form an 

oligomeric nucleus. Formation of the oligomeric nucleus is a thermodynamically unfavourable 

process and slow.66 After this, the elongation of the nuclei begins to occur to form protofibrils 

during the growth phase and this occurs until they are saturated and form mature fibrils. The 

oligomeric nuclei act as seeds from which the fibrils grow, and their formation is the limiting factor 

for formation of the fibrils.67 
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Figure 1.4: The aggregation process of Aβ peptide to form mature fibrils from the monomeric 

species. This process occurs through a nuclear polymerization model that follows sigmoid kinetics 

with a lag phase, growth phase, and saturation phase. 

1.2.3 Impact of Aβ Aggregation 

The oligomeric species of Aβ peptide are believed to be the most neurotoxic conformations of 

the peptide and the main players in initiating amyloid plaque formation.67,68 Plaques were 

originally thought to be the cause of the neuronal cell death and cognitive decline observed with 

AD; however, this has not been shown to be the case.34,37 These amyloid plaques are also found in 

elderly individuals without AD.34 It is the soluble Aβ aggregates that have been shown to interact 

with many different receptors in neurons and glial cells to increase inflammation and oxidative 

stress, disrupt calcium homeostasis, and induce neuronal cell death (Figure 1.5).69  
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Additionally, the amyloid cascade hypothesis postulates that the pathogenic aggregation of Aβ 

peptide leads to the hyperphosphorylation of tau, a microtubule-associated protein.70 The 

microtubule system is part of a cell’s cytoskeleton and involved in many functions. When tau is 

hyperphosphorylated it is no longer able to function properly causing damage to the microtubule 

system and neuronal structural integrity.34,70 Furthermore, the abnormally phosphorylated tau 

forms fibrils within cells which aggregate to form neurofibrillary tangles (NFTs) within neurons. 

There is evidence that using Aβ peptide immunotherapy can clear hyperphosphorylated tau 

aggregates and that Aβ40 fibrils can induce formation of NFTs in mice.71,72 Aβ peptide has been 

shown to be involved in the hyperphosphorylation of tau by activating kinases involved in the 

pathway.73 

 

Figure 1.5: Based on the amyloid cascade hypothesis of AD, soluble Aβ oligomers can cause 

oxidative stress, tau phosphorylation and NFT formation, cell membrane disruption, mitochondrial 

dysfunction, and inflammation. All these factors contribute to the cognitive decline observed in 

AD patients. 
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The damage due to Aβ peptide aggregates causes a decline in the health and function of the 

neurons, which leads to further disruption in the balance of the amyloidogenic and non-

amyloidogenic pathways and increased levels of Aβ peptide. Thus, the aggregation of Aβ peptide 

is theorized to be a positive-feedback loop, leading to further deterioration of neuronal function as 

the disease progresses.36,74 

Inhibition of Aβ peptide aggregation has been a popular approach in AD drug development.75 

Two monoclonal antibody treatments, aducanumab and lecanemab are Aβ aggregation inhibitors 

recently approved by the United States Food & Drug Administration (FDA) through an accelerated 

approval program. These drugs have the potential to change disease progression and clinical trials 

are underway, however, their safety is of concern with a high rate of complications in treatment 

groups.27 Additionally, researchers speculate whether treating AD patients who are showing 

symptoms with Aβ aggregation inhibitors may be ineffective because the disease process starts 

long before symptoms begin to show. Accumulation of oligomeric Aβ has been found to occur 

over 20 years before symptoms of AD appear.76 The results from a clinical trial with lecanemab 

were promising as the treatment slowed cognitive decline by 27% over 18 months.29 As the trials 

are currently being completed, more data on the efficacy and safety of these FDA-approved 

aggregation inhibitors will be available soon. This will provide valuable information on the 

viability of Aβ aggregation inhibitors as an approach for AD treatment. 

 

1.3 Background on COVID-19 

COVID-19 is an infectious respiratory illness caused by SARS-CoV-2, a coronavirus.77,78 

COVID-19 was first discovered in December 2019 in Wuhan, China, where several cases of 

pneumonia were reported with an unknown cause.77 SARS-CoV-2 is the seventh known human-
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infecting coronavirus, and a close relative of SARS-CoV, the virus responsible for the 2003 SARS 

outbreak in China.78 COVID-19 commonly presents with fever, cough and fatigue. Many patients 

are asymptomatic; however, some patients develop serious complications such as pneumonia, 

acute respiratory distress syndrome (ARDS), respiratory failure and organ failure.79 Increased age 

and underlying conditions such as diabetes and hypertension cause increased risk for 

complications with the disease.80 

COVID-19 has rapidly spread across the world with over 600 million cases and over 6 million 

deaths reported worldwide at the time of writing.81 In Canada alone, there have been over 4 million 

cases and over 40,000 COVID-19-related deaths reported.82 As a result of the rapidly spreading 

nature of the disease and its associated complications, many countries instated lockdowns and 

other measures to manage the spread of COVID-19. The disease and measures to prevent its 

transmission have led to major social, economic, and health impacts.  

1.3.1 Coronaviruses 

Coronaviruses are a group of RNA viruses that cause disease in mammals and birds. Their 

genomes vary between approximately 26,000 and 32,0000 bases, which are the largest genomes 

of all RNA viruses.83 Four genera of coronaviruses exist, including alpha- (α-CoV), beta- (β-CoV), 

gamma- (γ-CoV), and delta- (δ-CoV) coronaviruses. SARS-CoV-2 is classified as a beta 

coronavirus.84 Viruses belonging to this genus infect mammals, and the disease reservoir for this 

group are commonly bats and rodents. SARS-CoV-2 derived its name from SARS-CoV, another 

beta coronavirus that it is closely related to.85 OC43 and HKU1 are also beta coronaviruses, 

however they cause a less severe illness, the common cold.86 

There are four main structural proteins found in coronaviruses. These include the envelope (E) 

protein, membrane (M) protein, nucleocapsid (N) protein, and the spike (S) protein.87 Spike 
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proteins are found on the surface of the virus. They are generally glycoproteins with a dimeric or 

trimeric structure that are believed to play a vital role with host cell entry. Their role in host cell 

entry also makes them important for host range of virions and immune responses in the host 

organism.87,88 

1.3.2 SARS-CoV-2 Cell Entry Mechanism 

Evidence suggests that SARS-CoV-2 begins its cell entry mechanism via interactions with the 

human angiotensin converting enzyme 2 (ACE2) receptor through its spike protein (Figure 

1.6).89,90 Coronavirus spike proteins commonly have S1 and S2 subunits located in the ectodomain 

segment.91,92 The SARS-CoV-2 spike protein contains a trimeric S2 stalk and three S1 heads. The 

C-terminal domain of the S1 segment contains the receptor-binding domain (RBD) of the protein.93 

For the virus to enter host cells, the spike protein is cleaved which allows for binding of the S1 

subunit to the ACE2 receptor. The enzymes theorized to be involved in the spike protein priming 

process include furin, cathepsin L, and TMPRSS2.94,95 After cleavage of the spike protein with 

host cell enzymes into S1 and S2, S1 can mediate binding to the ACE2 receptor and S2 is cleaved 

further allowing it to facilitate membrane fusion.94-96 SARS-CoV-2 can then enter the host cell 

through an endosome and the viral RNA is released into the cell once the viral and lysosomal 

membranes fuse. Once the viral genetic material is released in the cell, translation of the RNA 

genome begins into polypeptide chains pp1a and pp1ab using host cell machinery.96 After cleavage 

of the polypeptide chains, active proteins including RNA-dependent RNA polymerase (RdRP) or 

viral polymerase is released which replicates the genomic RNA.94,96 The genomic RNA can then 

be packaged into the nucleocapsid of new virions, and it is also translated into the viral structural 

proteins. Subsequently, the virions are put together and released by the host cell to infect new hosts 

(Figure 1.6).93,94 
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Figure 1.6: The SARS-CoV-2 infection mechanism and the targets of Canadian-approved drugs 

and vaccines. 

1.3.3 COVID-19 Drugs and Vaccines 

There are several drugs and vaccines approved in Canada for use against COVID-19. The most 

common types of COVID-19 vaccines are the mRNA (Pfizer-BioNTech and Moderna) and vector 

vaccines (AstraZeneca and Johnson & Johnson).97 Both vaccine types deliver genetic instructions 

for building SARS-CoV-2 spike protein, and once the protein is built the body creates antibodies 

against the S protein which can be used to inhibit SARS-CoV-2 entry into cells upon exposure.98 

Vaccination has proven to be an effective strategy at reducing severity of COVID-19 cases, and 

over 80% of Canadians have received at least one dose.99-101 However, vaccination still faces 

challenges as a strategy to combat the disease. There has been shown to be a decrease in vaccine-

induced immunity over time and the vaccines are less effective against the growing number of 

variants of SARS-CoV-2 many of which have been shown to have high-frequency mutations in 
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the spike protein.88,101,102 Additionally, with the evolving nature of the SARS-CoV-2 virus, staying 

protected against new variants of the disease warrants staying up to date with boosters of the 

vaccine to prevent breakthrough infections.103,104 

The drugs approved for treatment in Canada include monoclonal antibody treatments and small 

molecule drugs.97 The monoclonal antibody treatments are used predominantly for patients who 

are immunocompromised or have severe cases of COVID-19.105 All of these monoclonal antibody 

treatments except one, tocilizumab, target the spike protein of SARS-CoV-2 and face a similar 

issue with mutation-mediated resistance in variants as a result of mutations in the spike 

protein.105,106 Tocilizumab is a human monoclonal antibody against the interleukin-6 receptor and 

acts as an immunosuppressive drug.107 The approved small molecule COVID-19 treatments 

include the intravenous drug remdesivir, and the oral drugs nirmatrelvir and andritonavir 

(Paxlovid®) which are taken together.97 Remdesivir is believed to inhibit viral RNA polymerase, 

which reduces production of viral RNA. Its efficacy has been in debate due to mixed results in 

studies, and it is currently approved for use in hospitalized adults or high-risk adults who are 

positive for COVID-19.108,109 The nirmatrelvir component of Paxlovid® is an inhibitor for Mpro, 

the main protease found in coronaviruses.110 Mpro cleaves the two viral polyproteins and is crucial 

for the viral replication process.111 Additionally, Mpro is distinct from human proteases, making it 

a promising drug target. Ritonavir, the second component of Paxlovid®, is a cytochrome P450 

3A4 inhibitor and enhances levels of nirmatrelvir in the blood.110 Paxlovid® has been authorized 

for treatment of high-risk adults with mild to moderate COVID-19 and it can be taken at home.112 

The rapidly changing nature of viruses like SARS-CoV-2 means they continue to pose a threat 

despite the available drugs and vaccines. Additionally, the pathophysiological mechanisms that 

put patients with diseases such as diabetes, hypertension, and dementia at higher risk of severe 
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illness and death when infected with COVID-19 is a research area that warrants further 

exploration. 

 

1.4 Alzheimer’s Disease & COVID-19 

COVID-19 is primarily regarded as a respiratory illness; however, it can impact multiple organ 

systems and its severity varies largely.113 Some patients experience no symptoms, and others 

develop life-threatening complications such as ARDS and organ failure.114,115 Advanced age and 

the presence of other conditions such as dementia, hypertension and diabetes heighten the risk for 

developing a severe case of COVID-19.116 People with dementia also tend to be advanced in age, 

making them likely to experience severe complications for both reasons.117 The link between 

COVID-19 and AD is an area currently being explored to get a better understanding of how the 

diseases interplay and how we can better protect these patients. 

COVID-19 patients with dementia are the highest risk group for experiencing hospitalization 

and death.118,119 Additionally, neurological symptoms in AD patients tend to get worse while 

fighting the infection, with one study showing that over 50% of dementia patients diagnosed with 

COVID-19 experience delirium and decreased functional status as symptoms.120 This is dissimilar 

to the typical COVID-19 presentation in patients without dementia, suggesting that COVID-19 

could impact dementia patients differently. However, even patients without dementia can 

experience neurological symptoms from COVID-19 such as headache, brain fog, and loss of 

smell.121 The neurological symptoms can be long-lasting and there is evidence that COVID-19 

activates pathways that can accelerate the development of AD.122,123 Additionally, COVID-19 has 

been shown to be associated with changes in brain structure in a longitudinal imaging study.124 In 

this study, brain images of patients before and after infection with COVID-19 were compared, and 
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there were significant and deleterious changes observed. The effects were mainly seen in the 

orbitofrontal cortex, parahippocampal gyrus, and regions that connect to the primary olfactory 

cortex. Furthermore, there was an overall reduction in brain size and cognitive decline observed 

that was greater in patients with COVID-19 compared to those without.  

Inflammation is likely to play a large role in the relationship between COVID-19 and its impact 

on the CNS. COVID-19 patients describe having neurological symptoms, and studies suggest this 

could be caused by inflammation of the CNS.117 Infection with SARS-CoV-2 activates the immune 

system, and in severe cases of COVID-19, patients develop cytokine storm which is a systemic 

inflammatory syndrome.125 The immune system becomes pathologically hyperactivated which can 

lead to organ failure and death. Dysregulated inflammation of the CNS is also theorized to play a 

large role in the disease pathogenesis of AD, both in its cause and progression.126,127 Thus, COVID-

19 infection exacerbates the already-dysregulated inflammation in the CNS of AD patients, and 

this could be the cause of the worsened neurological symptoms observed upon COVID-19 

infection (Figure 1.7).117 

 

Figure 1.7: SARS-CoV-2 can cause ARDS, increase inflammation and possibly enter the CNS. 

This can result in CNS inflammation and hypoxia which could cause neurological symptoms and 
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brain structure changes in COVID-19 patients. In AD patients, CNS inflammation and 

neurological symptoms are further exacerbated. 

In addition to the indirect impact that COVID-19 has on AD through inflammation, there is 

evidence that SARS-CoV-2 can enter the CNS.121 SARS-CoV-2 RNA and antigens have been 

found in the brain samples of COVID-19 patients.128 Two possible routes for SARS-CoV-2 entry 

into the CNS include the olfactory nerve and the BBB.122 This could be facilitated by SARS-CoV-

2 binding of ACE2 which initiates cell entry. ACE2 levels were found to be higher in the brains 

of people with AD, which could impact their viral load and response upon infection with SARS-

CoV-2.129 Additionally, the Aβ42 peptide was found to bind strongly to the SARS-CoV-2 spike 

protein S1 subunit and increase its attachment to ACE2.130 This could mean an enhanced ability 

of SARS-CoV-2 to enter cells which could impact the severity and length of infection. Upon entry, 

SARS-CoV-2 can cause BBB dysfunction and activate microglial cells.122 Microglia are the 

immune cells of the CNS, and their activation can exacerbate inflammation and lead to worsened 

symptoms in AD patients.131 BBB dysfunction is also connected with increased inflammation in 

the CNS.132 Thus, SARS-CoV-2 may worsen outcomes of AD patients by increasing inflammation 

indirectly through the production of inflammatory signalling molecules, and directly through 

interactions with cells of the CNS. Additionally, ARDS caused by COVID-19 can result in hypoxia 

which could worsen cognitive impairment in AD patients.122,133 

According to the amyloid cascade hypothesis, increased levels of Aβ peptide and their 

aggregation are the main players behind development and progression of AD.36 There is evidence 

that increased inflammation and oxidative stress as a result of COVID-19 infection could increase 

the neurotoxicity of Aβ peptide.36,134 Interestingly, one study found that two peptides from the 

proteome of SARS-CoV-2 were able to form amyloid aggregates and that the aggregates were 
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toxic to neuronal cells.135 Another study found that a peptide fragment from the spike protein of 

SARS-CoV-2 that may be produced at sites of viral infection is also amyloidogenic.136 The 

interactions of human and viral proteins in the context of amyloid formation has been a topic of 

interest, particularly in the context of neurological diseases.137,138 Herpes simplex virus type 1 

(HSV-1) has been found to promote aggregation of Aβ peptides, and there are several other viruses 

that have demonstrated interaction with the peptide.137 Researchers suggest that human protein and 

viral interactions may have implications in the COVID-19 disease process and why symptoms can 

be long-lasting for some patients.137-139 

Whether COVID-19 impacts AD disease progression is inconclusive, as some studies have 

showed that disease progression during the pandemic has increased, meanwhile others show no 

difference.117 It is important to note that the impact of COVID-19 beyond the disease itself could 

have impacted the outcomes of patients with AD due to the stress and isolation caused by the 

lockdowns, which have been shown to have a negative effect on neurological symptoms of AD.117 

More studies on the relationship between COVID-19 and AD are urgently needed to gain a better 

understanding of the connected disease processes and how to best treat patients. 

 

1.5 Fatty Acids 

Fatty acids are carboxylic acids with long hydrocarbon tails that serve a variety of 

physiological roles. They are vital starting materials for production of fat, cell signalling molecules 

and cell membranes. There is evidence that different types of fatty acids and the ratio consumed 

from diet play an important role in immune modulation and the prevention of diseases like 

cardiovascular disease and cancer.140 
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Figure 1.8: The omega-3 polyunsaturated fatty acids DHA and EPA. The omega-3 double bond 

is highlighted in red. 

The omega-3 polyunsaturated fatty acids (PUFAs), particularly docosahexaenoic acid (DHA) 

and eicosapentaenoic acid (EPA), have been shown to be modulators of immune response and 

cytokine release.141 DHA and EPA are associated with decreased markers of inflammation and 

soluble adhesion molecules.142 Omega-3 fatty acids are suggested to compete with the same 

enzymes that use arachidonic acid to produce pro-inflammatory eicosanoid mediators, and thus 

reduce their production.141 Additionally, they replace arachidonic acid in the phospholipids of cell 

membranes, which changes the physical properties of the membrane and signalling pathways.141 

Dysregulated inflammation is believed to play a role in the development of AD and severe cases 

of COVID-19.113,127 The impact of omega-3 PUFA supplementation has been investigated for both 

diseases and has shown the possibility of a positive impact, which will be described in further 

detail in this section.  

DHA is found in high levels in neuronal synapses of the brain and plays an important role in 

brain development and health.143 AD patients show decreased levels of DHA, and normal aging 

leads to lower levels of omega-3 fatty acids as well.143 Observational studies have shown that high 



 22 

levels of unsaturated fats in diet and plasma are associated with a reduced risk of development of 

dementia.143-146 Furthermore, randomized control trials that supplemented omega-3 fatty acids to 

patients who have mild cognitive impairment, a precursor to AD, showed a positive effect on 

cognitive function.143,144,147 However, the improvement was not observed in patients who already 

have AD that has progressed, suggesting early intervention is important for improvement to occur. 

Omega-3 fatty acids have also been studied for their impact on COVID-19 severity and 

symptoms. Severe cases of COVID-19 and ARDS are related to hyper-activation of the immune 

system and the role of omega-3 fatty acids as immune system modulators.141,148 They have been 

shown to improve symptoms in patients with COVID-19 and ARDS.149-151 Adverse outcomes from 

COVID-19 have been observed for patients who are lower on the omega-3 index or that have 

omega-3 fatty acid deficiency.151-153 Additionally, omega-3 fatty acids were able to inhibit binding 

of SARS-CoV-2 and ACE2 in an in vitro study.154 EPA, linoleic acid (LNA), and α-linolenic acid 

(ALA) showed the highest binding affinity to spike protein. LNA and EPA also inhibited binding 

and entry of a SARS-CoV-2 pseudovirus in A549/hACE2 cells by 15-100%.154 The mechanism 

of the interactions of fatty acids with SARS-CoV-2 spike protein are not well understood. Several 

clinical trials are in progress to determine the preventative and therapeutic potential of omega-3 

PUFAs in the context of COVID-19. There is a need to understand the complex interplay between 

AD and COVID-19 infection to learn how to provide optimal care for patients, and to better 

understand the risks of comorbidity and mortality. The interactions of fatty acids and COVID-19 

in relation to the disease process of AD were investigated in this study.  
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Chapter 2: Objectives & Hypothesis 
 

Omega-3 PUFAs such as DHA (docosahexaenoic acid) and EPA (eicosapentaenoic acid) 

are commonly used as dietary supplements. Studies have demonstrated the potential benefit of 

DHA to reduce the risk of dementia and improve cognitive function.143,144,147,155 For example, 

DHA is known to reduce the accumulation of both Aβ and tau aggregates in the 2 x Tg-AD 

transgenic mouse model.156 The molecular mechanisms of DHA-mediated benefits in AD are 

complex and include i) promotion of neurogenesis, ii) improving the antioxidant status, iii) 

reducing apoptosis and iv) formation of neuroprotective metabolites.155,157  

 

Figure 2.1: The structures of proposed fatty acid derivatives as inhibitors of Aβ42 aggregation. 

In a previous study, Nekkar Rao lab demonstrated certain fatty acids can undergo direct 

interactions with Aβ and reduce their aggregation.158 Both DHA and were oleic acid (OA) were 
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identified as inhibitors of Aβ aggregation. This project aims to develop a library of compounds 

derived from DHA, OA, eicosapentaenoic acid (EPA), linoleic acid (LNA) and α-linolenic acid 

(ALA) as Aβ42 aggregation inhibitors (Figure 2.1). A computational modeling study of the DHA 

methyl ester in the oligomer model of Aβ42 shows that the DHA methyl ester was oriented in a 

perpendicular fashion in the Aβ42 pentamer model and was primarily undergoing several 

hydrophobic contacts with N- and C-terminal amino acids (Figure 2.2). The S-shaped Aβ42 

pentamer model forms a narrow hydrophobic channel at the interface between the N- and C-

terminal consisting of amino acids Leu16, Leu17 and Leu34. The molecular docking study shows 

that the DHA methyl ester was in contact with side chains of these nonpolar amino acids (distance 

< 5Å), which suggests that the molecule can stabilize the pentamer assembly and reduce its further 

aggregation. Overall, this computational modeling study suggests that fatty acid derivatives have 

the potential to interact at the hydrophobic N- and C-terminal interface formed by the Aβ42 

pentamer. Therefore, we hypothesize that the DHA, OA, EPA, LNA and ALA-derived compounds 

will bind in this hydrophobic channel and reduce Aβ42 aggregation. The primary objective of this 

study is to design, synthesize and evaluate a library of fatty acid derivatives based on DHA, OA, 

EPA, LNA and ALA as inhibitors of Aβ42 aggregation (Figure 2.1). The terminal carboxylic 

substituent of the fatty acids will be replaced with other bioisosteres such as the OMe, NH2 and 

piperidine substituents to investigate their effect on Aβ42 aggregation and obtain structure-activity 

relationship (SAR) data. It is anticipated that the lipophilicity and hence brain penetration of 

proposed ester derivatives of PUFA (R = OMe) would be better than the corresponding carboxylic 

acids. Increased CNS penetration of carboxylic acid-containing drugs has been demonstrated when 

they are administered as ester and amide prodrugs.159,160 It is expected that these fatty acid 

derivatives will exhibit direct binding to Aβ42 aggregates and reduce their self-assembly into toxic 
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forms. The proposed experiments include a) synthesis and characterization of fatty acid derivatives 

by proton nuclear magnetic resonance (1H NMR) and liquid chromatography mass spectrometry 

(LC-MS) studies, b) in vitro Aβ42 aggregation kinetic studies using the fluorescent dye thioflavin 

T (ThT) based fluorescence spectroscopy, c) transmission electron microscopy (TEM) studies to 

determine the morphology of Aβ42 aggregates in the presence of fatty acid derivatives, d) 

determination of cytotoxicity of synthesized fatty acid derivatives toward HT22 hippocampal 

neuronal cells using cell counting kit 8 (CCK-8) via UV spectroscopy and e) computational 

modeling studies using the software Discovery Studio Structure-Based Design to understand the 

binding interactions of  fatty acid derivatives with Aβ42. These investigations will enhance our 

understanding on the chemical features required to design novel PUFA derivatives as Aβ42 

aggregation inhibitors 

 

Figure 2.2: (A) The binding interactions of DHA methyl ester in the Aβ42 pentamer model (PDB 

id: 5KK3); (B) 2D interaction map of DHA methyl ester in the Aβ42 pentamer model.  

Furthermore, the secondary objective of this proposal is to investigate the interactions of 

Aβ42 peptide with the COVID-19/SARS-CoV-2 spike protein fragment. In a recent study, 

Nystrom and coworkers, were able to discover the aggregation propensity of fragments of SARS-
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CoV-2 spike protein.136 Their study demonstrated that the decapeptide sequence FKNIDGYFKI 

(segment 194-203, Figure 2.3), derived from the spike protein was prone to undergo self-assembly 

into amyloidogenic fibrils. Their study also suggests that this segment is involved in COVID-19 

associated amyloid formation which has implications in viral infection and inflammatory 

pathways. Therefore, another objective of this proposal was to understand the interactions of this 

amyloidogenic fragment of spike protein with Aβ42 peptide to investigate the role of these 

interactions in promoting cytotoxicity. It is hypothesized that the COVID-19 spike protein 

fragment will promote Aβ42 fibrillogenesis and will act in a synergistic fashion by direct binding 

to Aβ42 and increase Aβ42-mediated cytotoxicity. The proposed experiments include a) 

investigating the effect of FKNIDGYFKI decapeptide on Aβ42 aggregation kinetics which will be 

monitored by ThT-based fluorescence assay, b) TEM studies to determine the effect of 

FKNIDGYFKI decapeptide on Aβ42 morphology, and c) determination of cytotoxicity of the full-

length spike protein toward HT22 cells using CCK-8 via UV spectroscopy. 
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Figure 2.3: The structure of COVID-19 spike protein derived amyloidogenic sequence 

FKNIDGYFKI. Only the key regions of Aβ42 in contact with the ligand are shown. 
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Chapter 3: Methodology 
 

All chemicals and reagents were obtained from commercial vendors (Sigma-Aldrich, Thermo 

Fisher Scientific, Acros Organics, TCI Chemicals, Cayman Chemicals, AA Blocks). Reagents 

used for chemical synthesis had a minimum purity of 95% and were used without further 

purification. The spike protein fragment uncapped FKNIDGYFKI peptide was synthesized by 

Celtek Peptides, TN, USA and was >95% pure. The recombinant SARS-CoV-2 spike protein was 

obtained from Cusabio, Wuhan, China (product code: CSB-MP3324GMY). 1H NMR (300 MHz) 

spectra were recorded on a Bruker ® Avance 300 MHz series spectrometer, and all NMR samples 

were prepared using CDCl3. Coupling constants (J values) were recorded in hertz (Hz) and the 

abbreviations used for multiplicity of NMR signals are: s = singlet, d = doublet, t = triplet, m = 

multiplet, and br = broad. The melting points of final products were determined on a Fisher-Johns 

instrument and are uncorrected. Derivatives were purified using Merck 230-400 mesh silica gel 

60, and all products showed a single spot on thin-layer chromatography (TLC) performed on 

Merck 60 F254 silica gel plates (0.2 mm). TLC was performed using the following solvent 

systems: 100% EtOAc, n-hexane/EtOAc 1:1, n-hexane/EtOAc 3:1, and n-hexane/EtOAc 3:2. 

TLCs were stained with a vanillin stain (15g vanillin, 250 mL ethanol, 2.5mL conc. sulfuric acid) 

for visualization of derivatives. The purity of compounds was measured using an Agilent 6100 

series single quad LC-MS connected with an Agilent 1.8 μm Zorbax Eclipse Plus C18 (2.1 x 50 

mm). The general method used for LC-MS was 20% of MeOH to 80% of 0.1% formic acid in 

acetonitrile at a flow rate of 0.5 mL/min and detection at 208 nm by UV.   
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Figure 3.1: Nucleophilic acyl substitution.  

3.1 Synthetic Chemistry  

Synthetic routes used to produce the fatty acid derivatives were adapted from literature and 

modified to optimize synthesis and yields. After the fatty acid derivatives were purified, their 

identity was confirmed by 1H NMR and LC-MS. The purity of compounds (>95%) was confirmed 

using LC-MS before they were used in the in vitro experiments. The general mechanism for 

forming the fatty acid derivatives was nucleophilic acyl substitution, illustrated in Figure 3.1. 

 

 

 

3.1.1 General Method to Synthesize Methyl Ester Derivatives (1a, 2a, 3a, 4a, 5a)161 

 

Scheme 3.1: General method to synthesize methyl ester derivatives (1a, 2a, 3a, 4a, 5a)  

0.283 g of OA (1.0 mmol) or LNA (1.0 mmol) or ALA (0.7 mmol) or EPA (1.0 mmol) or 

DHA (1.0 mmol) was dissolved in 15 mL of dry MeOH. The mixture was stirred as a few drops 

of catalytic HCl were added to the flask. The mixture was stirred overnight at reflux (65 °C) and 

then cooled to room temperature before extracting with DCM (3 x 5 mL). The mixture was washed 

with water (3 x 10 mL) and brine (1 x 10 mL), and then dried over MgSO4. The product was 

purified by column chromatography using n-hexane/EtOAc (7:1) to yield derivatives 1a, 2a, 3a, 

4a, and 5a. (47–98% yield) 
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3.1.2 General Method to Synthesize Amide Derivatives (1b, 2b, 3b)162 

 

Scheme 3.2: General method to synthesize amide derivatives (1b, 2b, 3b)  

0.283 g of OA (1.0 mmol) or LNA (1.0 mmol) or ALA (0.7 mmol) was dissolved in 2 mL 

of DCM. 0.2 mL of oxalyl chloride (2.5 mmol) was added to the solution, and refluxed for 30 

minutes at 70°C. The reaction mixture was cooled to room temperature, and solvent was removed 

under reduced pressure. The mixture was then cooled to 0 °C and 2 mL of 28-30% NH3 in H2O 

(38.6 mmol) was added dropwise with vigorous stirring for 5 mins. The mixture was extracted 

with EtOAc (3 x 10 mL) and dried over MgSO4. The product was purified by column 

chromatography using n-hexane/EtOAc (1:1) to yield derivatives 1b, 2b, and 3b. (21–41% yield) 

 

3.1.3 General Method to Synthesize Piperidinyl Amide Derivatives (1c, 2c)163 

 

Scheme 3.3: General method to synthesize piperidinyl amide derivatives (1c, 2c)  

0.283 g of OA (1.0 mmol) or LNA (1.0 mmol) was dissolved in 10 mL of dry DCM. At 0 

°C, 0.2 mL of oxalyl chloride (2.5 mmol) was added to the solution, followed by a few drops of 

catalytic DMF. The mixture was stirred at room temperature for 3 hours, and solvent was removed 

under reduced pressure. Then, 5 mL of DCM was added to the reaction mixture and followed by 
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the addition of 0.172 g of piperidine dissolved in 5 mL of DCM. The mixture was stirred overnight, 

and then an ice-water mixture was added followed by extraction with DCM (3 x 10 mL). The 

organic layer was then washed with 2N HCl (1 x 5 mL), saturated HCO3 (1 x 5 mL), water (2 x 5 

mL) and brine (1 x 5 mL). The product was dried over MgSO4 and purified by column 

chromatography using n-hexane/EtOAc (1:1) to yield derivatives 1c and 2c. (20% yield) 

 

3.2 ThT-Based Aβ Aggregation Kinetics Assay164,165 

 The ThT-based Aβ aggregation kinetics assay was used to investigate the effect of the fatty 

acid derivatives (1a-c, 2a-c, 3a, 3b, 4a and 5a) and SARS-CoV-2 spike decapeptide 

FKNIDGYFKI on aggregation of Aβ42. The aggregation of Aβ can be monitored in this assay by 

measuring fluorescence in the presence of thioflavin T (ThT). ThT is a benzothiazole dye that 

gives a strong fluorescence signal at 482 nm upon binding to fibrils of Aβ peptide when excited at 

450 nm.165 The aggregation of amyloidogenic proteins in this assay follows sigmoid kinetics as 

shown in Figure 3.2. 

 

Figure 3.2: The typical aggregation curve of amyloidogenic proteins when monitored in a ThT-

based aggregation kinetics assay. 
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Black Costar 384-well plates with clear bottoms were used for this assay. All buffers and 

solutions were prepared using ultra-pure water (UPW). 215 mM phosphate buffer was prepared 

and adjusted to a pH of 7.4. ThT solution (8.25 µM, pH 7.4) was freshly prepared on the day of 

the assay in 50 mM glycine buffer. Stock solutions of the fatty acid derivatives, spike decapeptide, 

and reference compounds (resveratrol, methylene blue) were prepared in DMSO or phosphate 

buffer.  Then the stock solutions were diluted to desired concentrations in phosphate buffer, 

keeping the final concentration of DMSO in wells under 2.5%. ThT solution, buffer, compounds 

and DMSO were added to wells before preparation and addition of Aβ42. The following plating 

procedure was used: 

Table 3.1: Plating Procedure for ThT-Based Aβ42 Aggregation Kinetics Assay 

 

 
ThT Buffer DMSO Aβ42 Compound 

ThT Background 

 
11 μL 28 μL 1 μL, 2.5% - - 

Compound 

Background 

 

11 μL 25 μL - - 4 μL 

Aβ42 Control 

 
11 μL 12 μL 1 μL, 2.5% 16 μL - 

Compound + 

Aβ42 

 

11 μL 9 μL - 16 μL 4 μL 

  

Aβ42 hexafluoro-2-propanol (HFIP) (rPeptide, USA) was dissolved in 1% NH4OH to achieve 

a concentration of 1 mg/mL, before diluting with 215 mM phosphate buffer to a concentration of 

25 μM. The final concentration of Aβ42 in wells was 10 μM. Plates were sealed with transparent 

films, and the excitation and emission were measured at 440 nm and 490 nm respectively while 

incubating the plate at 37 °C with shaking. Readings were taken every 5 minutes by the Biotek 

Synergy H1 microplate reader over 24-h. ThT background and compound background relative 

fluorescence intensity (RFU) values were subtracted from wells with Aβ42 to account for any 
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interference if required. The results were presented as average percent inhibition based on two 

independent experiments (n = 3). These samples were also used to prepare TEM grids. 

 

3.3 Transmission Electron Microscopy (TEM) 

TEM experiments were carried out to examine the effect of fatty acid derivatives (1a, 2a, 

3a, 4a and 5a) and SARS-CoV-2 spike decapeptide FKNIDGYFKI on the formation and 

morphology of Aβ42 fibrils. The TEM studies were conducted on a Philips CM 10 transmission 

electron microscope at 60kV (Department of Biology, University of Waterloo) with a 14-

megapixel AMT camera.  20 μL was drawn from appropriate wells from the ThT-based Aβ 

aggregation kinetics assay containing Aβ42 co-incubated with compounds, and wells with Aβ42 

alone (24-h incubation at 37 °C). The aliquots were placed on copper coated formvar-carbon grids 

(400 mesh) and samples were air-dried overnight. The samples were then washed with 20 μL of 

UPW two times, and filter paper was used to quickly remove the water each time. The samples 

were allowed to air-dry for a few hours before staining them with 20 uL of 2% phosphotungstic 

acid (PTA) for 10 seconds, and then removing the PTA with filter paper. The samples were washed 

with 20 μL of UPW two times, quickly removing the water with filter each time. The grids were 

air-dried for at least 24 hours before scanning them.  

 

3.4 Molecular Docking Studies  

3.4.1 Fatty Acid Derivatives with Aβ42 Oligomer Model 

The molecular docking experiments were conducted using the computational software 

Discovery Studio (DS), Structure-Based-Design software program Biovia 2019 (Dassault 

Systemes, Biovia Corp. 2019, San Diego, USA). The 3D coordinates of Aβ42 peptide was obtained 
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from the protein data bank (Aβ42 pdb id: 5KK3). The pentamer model of Aβ42 was prepared by 

extracting the pentamer (Aβ42) assembly and the protein was prepared using CHARMm force 

field for docking via the Macromolecules module in DS. The binding site of Aβ42 dimer 

assemblies was defined by a sphere of 20 Å radius each. The fatty acid derivatives 1a, 2a, 2b, 3a 

and 5a were initially prepared in 2D using the software ChemDraw, minimized in ChemBio3D 

and were opened in DS. CHARMm force field was applied at pH 7.4 and minimized using the 

Smart Minimizer protocol (RMS gradient of 0.01 kcal/mol) and a distance-dependent dielectric 

constant to obtain the 3D structures of fatty acid derivatives. The docking of the derivatives was 

carried out using the LibDock algorithm by employing 100 hotspots, a docking tolerance of 0.25 

Å, and an implicit solvent model, with a distance dependent dielectric constant and CHARMm 

force field. The binding poses obtained were further energy minimized using Smart minimizer 

(1000 steps and an RMS gradient of 0.001 kcal/mol) and ranked using the LibDock scoring 

function. The ligand binding interactions for the top ranked poses were evaluated by measuring 

the distance parameters for various intermolecular polar and nonpolar interactions with the ligand 

and the Aβ42 oligomer. 

 

 

3.4.2 Spike Protein Fragment FKNIDGYFKI with Aβ42 Oligomer Model 

The molecular docking experiments were conducted using the computational software 

Discovery Studio (DS), Structure-Based-Design software program Biovia 2019 (Dassault 

Systemes, Biovia Corp. 2019, San Diego, USA). The 3D coordinates of Aβ42 peptide was obtained 

from the protein data bank (Aβ42 pdb id: 5KK3). The pentamer model of Aβ42 was prepared by 

extracting the pentamer (Aβ42) assembly and the protein was prepared using CHARMm force 

field for docking via the Macromolecules module in DS. The binding site of Aβ42 dimer 
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assemblies was defined by a sphere of 30 Å radius each. The spike protein uncapped decapeptide 

FKNIDGYFKI was extracted from the cryo-EM structure of SARS-CoV-2 spike protein (pdb id: 

6VXX) and was prepared using CHARMm force field at pH 7.4. The docking of uncapped 

decapeptide FKNIDGYFKI was carried out using the LibDock algorithm by employing 100 

hotspots, a docking tolerance of 0.25 Å and an implicit solvent model, with a distance dependent 

dielectric constant and CHARMm force field. The binding poses obtained were further energy 

minimized using Smart minimizer (1000 steps and an RMS gradient of 0.001 kcal/mol) and ranked 

using the LibDock scoring function. The ligand binding interactions for the top ranked pose was 

evaluated by measuring the distance parameters for various intermolecular polar and nonpolar 

interactions with the ligand and the Aβ42 oligomer. 

 

3.5 Cell Culture & CCK-8 Assay164 

HT22 mouse hippocampal neuronal cells were grown in 1:1 Dulbecco’s modified eagle 

media (DMEM) and Ham’s F12 with the addition of glutamate (2.5 mM), supplemented with 10% 

(v/v) fetal bovine serum (FBS), and 1% (v/v) 10,000 U/mL penicillin-streptomycin. The cells were 

incubated at 37°C under 5% CO2 and passaged at 80% confluence.  

To test the cytotoxicity of the fatty acid derivatives and SARS-CoV-2 spike protein, the 

HT22 cells were seeded into a 96-well plate at a density of 5000 cells/well and incubated for 24 

hours. The stock solutions of the fatty acid derivatives, spike protein, and reference compounds 

(resveratrol, quercetin) were freshly prepared in DMSO or 1:1 DMEM/F12 and then diluted to 

desired concentrations (25 μM for fatty acid derivatives, 5 and 10 ng/mL for spike decapeptide) in 

DMEM/F12 1:1. The final concentration of DMSO was kept under 0.5% in wells. Cells were 

incubated with treatments for 24 hours before analyzing cell viability with the CCK-8 assay. The 
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CCK-8 assay is a colorimetric assay that can be used to determine measure relative cell viability 

after treatment. The kit contains a water-soluble tetrazolium salt (WST-8) which produces a water-

soluble formazan dye upon reduction with cellular dehydrogenases which is correlated with the 

amount of living cells (Figure 3.3). After cells had been incubated with treatments for 24 hours, 

the media was removed and replaced with 100 μL of 1:1 DMEM/F12 and 10 μL of the CCK-8 

solution was added to each well. The cells were incubated for 2 hours before absorbance was 

measured at 450 nm using a BioTek Synergy H1 microplate reader. Percent viability was 

calculated based on the absorbance values in cells that received treatment relative to untreated 

cells. The results were expressed as average percent cell viability based on two independent 

experiments (n = 6). 

 

Figure 3.3: Simplified mechanism for production of formazan in CCK-8 assay. 
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Chapter 4: Results & Discussion 
 

This project investigated the interactions of fatty acid derivatives and the SARS-CoV-2 spike 

fragment (FKNIDGYFKI decapeptide) on Aβ42 aggregation. A library of 10 fatty acid derivatives 

were synthesized from DHA, OA, EPA, LNA and ALA. The effect of fatty acid derivatives and 

spike protein fragment (FKNIDGYFKI decapeptide) on Aβ42 aggregation was assessed by ThT-

based aggregation kinetics experiment and TEM imaging studies. The binding interactions of fatty 

acid derivatives and the spike protein fragment was investigated by molecular docking studies to 

understand the key regions and binding modes of fatty acid derivatives in the Aβ oligomer model. 

Additionally, the cytotoxicity profiles of the synthesized fatty acid derivatives and SARS-CoV-2 

spike protein were evaluated in mouse hippocampal neuronal cell lines (HT22).  

 

4.1 Synthesis and Characterization of Fatty Acid Derivatives 

The methyl esters of the fatty acids were synthesized by Fisher esterification and the amide 

derivatives were obtained by coupling the acids with corresponding amines. The ester derivatives 

1a, 2a, 3a, 4a and 5a were synthesized by refluxing the corresponding acids OA, LNA, ALA, EPA 

and DHA with methanol under acidic conditions to afford the target compounds (Scheme 3.1). 

The amide derivatives 1b, 1c, 2b, 2c and 3b were prepared by treating the corresponding acids 

OA, LNA and ALA with oxalyl chloride and then adding ammonium hydroxide or piperidine 

(Scheme 3.2 and Scheme 3.3). The final compounds were either purified by silica gel column 

chromatography or were obtained without further purification at >95% purity. They were 

characterized by 1H NMR and LC-MS analysis (Appendix). 1a, 2a, 3a, 4a and 5a were not stable 

under LC-MS conditions, however the 1H NMR data was consistent with their structures. The 

analytical data of the synthesized compounds is given below: 
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4.1.1 1H NMR Data for Fatty Acid Derivatives  

Methyl oleate (1a): Yield: 0.25 g, 98%. The product was obtained as a yellow oil. 1H NMR (300 

MHz, CDCl3) δ: 5.32 (m, 2H), 3.64 (s, 3H), 2.28 (t, J = 5.7 Hz, 2H), 1.98 (m, 4H), 1.58 (m, 2H), 

1.26 (m, 20H), 0.86 (t, J = 6.0 Hz, 3H). C19H36O2. Purity: 95% 

 

Oleamide (1b): Yield: 0.04 g, 21%; MP: 73-75°C. The product was obtained as a white solid and 

purified using n-hexane/EtOAc (1:1). 1H NMR (300 MHz, CDCl3) δ: 5.34 (m, 2H), 2.24 (t, J = 6.0 

Hz, 2H), 1.99 (m, 4H), 1.61 (m, 2H), 1.27 (m, 20H), 0.86 (t, J = 6.0 Hz, 3H). LRMS (ESI) m/z 

calc for C18H35NO ([M + H]+; 282.3. Purity: 98% 

 

(Z)-1-(piperidin-1-yl)octadec-9-en-1-one (1c): Yield: 0.07 g, 20%. The product was obtained as 

a yellow wax and purified using n-hexane/EtOAc (1:1). 1H NMR (300 MHz, CDCl3) δ: 5.35-5.38 

(m, 2H), 3.46 (m, 4H), 2.31 (t, J = 7.5 Hz, 2H), 2.00-2.04 (m, 4H), 1.55-1.66 (m, 8H), 1.29-1.43 

(m, 20H), 0.90 (t, J = 3.9 Hz, 3H). LRMS (ESI) m/z calc for C23H43NO ([M + H]+; 350.4. Purity: 

98% 

 

Methyl (9Z,12Z)-octadeca-9,12-dienoate (2a): Yield: 0.29 g, 98%. The product was obtained as 

a yellow oil. 1H NMR (300 MHz, CDCl3) δ: 5.33 (m, 4H), 3.65 (s, 3H), 2.75 (t, J = 5.7 Hz, 2H), 

2.28 (t, J = 7.5 Hz, 2H), 2.02 (m, 4H), 1.60 (m, 2H), 1.33 (m, 14H), 0.87 (t, J = 6.9 Hz, 3H). 

C19H34O2. Purity: 99% 

 

(9Z,12Z)-octadeca-9,12-dienamide (2b): Yield: 0.10 g, 37%. The product was obtained as a 

yellow wax and purified using n-hexane/EtOAc (1:1). 1H NMR (300 MHz, CDCl3) δ: 5.34 (m, 
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4H), 2.75 (t, J = 6.0 Hz, 2H), 2.20 (t, 2H), 2.02 (m, 4H), 1.62 (m, 2H), 1.30 (m, 14H), 0.87 (t, J = 

3.0 Hz, 3H). LRMS (ESI) m/z calc for C18H33NO ([M + H]+; 280.3. Purity: 97% 

 

(9Z,12Z)-1-(piperidin-1-yl)octadeca-9,12-dien-1-one (2c): Yield: 0.07 g, 20%. The product was 

obtained as a yellow wax and purified using n-hexane/EtOAc 1:1. 1H NMR (300 MHz, CDCl3) δ: 

5.36-5.43 (m, 4H), 3.50 (t, J = 3.3 Hz, 4H), 2.79 (t, J = 5.7 Hz, 2H), 2.34 (t, J = 7.2 Hz, 2H), 2.06-

2.10 (m, 4H), 1.57-1.70 (m, 8H), 1.27-1.42 (m, 14H), 0.91 (t, J = 6.6 Hz, 3H). LRMS (ESI) m/z 

calc for C23H41NO ([M + H]+; 348.3.Purity: 96% 

 

Methyl (9Z,12Z,15Z)-octadeca-9,12,15-trienoate (3a): Yield: 0.15 g, 72%. The product was 

obtained as a yellow oil. 1H NMR (300 MHz, CDCl3) δ: 5.34 (m, 6H), 3.64 (s, 3H), 2.79 (m, 4H), 

2.28 (m, 2H), 2.03 (m, 4H), 1.63-0.97 (m, 10H), 0.96 (t, J = 6.0 Hz, 3H). C19H32O2. Purity: 99%. 

 

(9Z,12Z,15Z)-octadeca-9,12,15-trienamide (3b): Yield: 0.08 g, 41%. The product was obtained 

as a yellow wax and purified using n-hexane/EtOAc (1:1). 1H NMR (300 MHz, CDCl3) δ: 5.32 

(m, 6H), 2.79 (m, 4H), 2.20 (m, 2H), 2.04 (m, 4H), 1.62 (m, 2H), 1.30 (m, 8H), 0.96 (t, J = 6.0 Hz, 

3H). LRMS (ESI) m/z calc for C18H31NO ([M + H]+; 278.3. Purity: 98%. 

 

Methyl (5Z,8Z,11Z,14Z,17Z)-icosa-5,8,11,14,17-pentaenoate (4a): Yield: 0.25 g, 78%. The 

product was obtained as a yellow oil and purified using n-hexane/EtOAc (7:1). 1H NMR (300 

MHz, CDCl3) δ: 5.35-5.45 (m, 10H), 3.67 (s, 3H), 2.81-2.86 (m, 8H), 2.34 (t, J = 7.5 Hz, 2H), 

2.07-2.14 (m, 4H), 1.73 (m, 2H), 1.0 (t, J = 7.5 Hz, 3H). C21H32O2. Purity: 96% 
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Methyl (4Z,7Z,10Z,13Z,16Z,19Z)-docosa-4,7,10,13,16,19-hexaenoate (5a): Yield: 0.16 g, 47%. 

The product was obtained as a yellow oil and purified using n-hexane/EtOAc (7:1). 1H NMR (300 

MHz, CDCl3) δ: 5.33-5.46 (m, 12H), 3.70 (s, 3H), 2.81-2.87 (m, 10H), 2.39 (m, 4H), 2.07-2.12 

(m, 2H), 1.0 (t, J = 6.3 Hz, 3H). C23H34O2. Purity: 97% 

 

4.2 ThT-Based Aβ42 Aggregation Kinetics Assay 

4.2.1 Effect of Fatty Acid Derivatives on Aβ42 Aggregation 

The anti-Aβ42 aggregation activity of fatty acid derivatives (1a-c; 2a-c; 3a, 3b; 4a and 5a) 

at 25 μM was assessed using ThT-based fluorescence kinetic assays over a period of 24-h (Levine 

1993). The parent fatty acids (OA, LNA, ALA, EPA, and DHA) were also tested for comparison. 

Known Aβ42 aggregation inhibitors methylene blue (MB) and resveratrol were kept as reference 

compounds. The Aβ42 aggregation inhibition data for the compounds are provided in Table 4.1. 

Table 4.1: ThT-based Aβ42 Aggregation Inhibition Data for Fatty Acid Derivatives 

Class of Compounds Compound % Inhibition (25 μM)a 

OA Derivatives (1) 

1a (R = OMe) 44.9 ± 2.5 

1b (R = NH2) 27.4 ± 8.9 

1c (R = Piperidine) 21.5 ± 34.2 

OA (R = OH) 72.2 ± 3.6 

LNA Derivatives (2) 

2a (R = OMe) 61.4 ± 9.3 

2b (R = NH2) 40.9 ± 4.6 

2c (R = Piperidine) 34.0 ± 15.2 
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LNA (R = OH) 2.9 ± 10.5 

ALA Derivatives (3) 

3a (R = OMe) 51.3 ± 9.6 

3b (R = NH2) 26.9 ± 17.6 

ALA (R = OH) 20.2 ± 8.5 

EPA Derivatives (4) 

4a (R = OMe) 22.5 ± 3.8 

EPA (R = OH) 68.0 ± 7.6 

DHA Derivatives (5) 

5a (R = OMe) 47.5 ± 11.0 

DHA (R = OH) 43.6 ± 3.4 

Controls 

Methylene Blue (MB) 98.1 ± 0.3 

Resveratrol 91.7 ± 2.6 

aThe percent inhibition values are based on the inhibition of ThT fluorescence intensity and 

expressed as the average ± the standard deviation of two independent experiments (n = 3). The 

values are obtained from ThT-based 24-h aggregation kinetics assay using Aβ42 (10 μM) at pH 

7.4 and 37 °C in phosphate buffer. 

OA derivatives 1a (R = OMe), 1b (R = NH2) and 1c (R = piperidine) demonstrated anti-

Aβ42 activity and showed 21–45% inhibition at the 24-h time point (Table 4.1). The OA methyl 

ester (1a, R = OMe) exhibited the most potent inhibition (~45%). However, its anti-aggregation 

activity was ~1.6-fold less as compared to the corresponding acid OA (~72% inhibition). This 

shows that the modification of the acid functionality was able to retain the anti-aggregation 

activity, but it led to a decline in its inhibition properties. In contrast, modifying the acid moiety 

in LNA led to a significant increase in its anti-aggregation activity with the ester derivative 2a (R 
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= OMe) exhibiting maximum inhibition (61%) at the 24-h time point whereas the parent LNA (R 

= OH) itself was inactive (~3% inhibition, Table 4.1). Modifying the LNA to the amide (2b, R = 

NH2) or piperidine (2c) substituent provided 41% and 34% inhibition respectively (Table 4.1). 

Evaluating the anti-Aβ42 activity of ALA derivatives (3a, R = OMe and 3b, R = NH2) also shows 

that the ester derivative exhibited superior activity (51% inhibition, Table 4.1) and was a better 

inhibitor compared to the parent ALA (20% inhibition, Table 4.1).  The piperidine derivatives 

exhibited weaker inhibition (21% and 34% inhibition for compounds 1c and 2c, Table 4.1). These 

studies suggest that modifying the acid moiety of these fatty acids with an ester substituent could 

provide better inhibition activity. Accordingly, methyl ester derivatives of EPA and DHA were 

evaluated. These studies show that replacing the acid moiety with ester (4a, R = OMe), led to a 

significant decline in its anti-Aβ42 activity (22% inhibition), compared to the parent EPA (68% 

inhibition at 24-h, Table 4.1). Replacing the acid moiety with a methyl ester in DHA, provided 

similar inhibition (5a, R = OMe, ~47% inhibition at 24-h, Table 4.1) as the parent DHA (43% 

inhibition). None of the fatty acids were able to exhibit similar activity as the reference agents MB 

and resveratrol at 25 μM, 24-h (98% and 92% inhibition respectively, Table 4.1). The anti-Aβ42 

activity profile was of the order 2a (R = OMe) > 3a (R = OMe) > 5a (R = OMe) ~ 1a (R = OMe) 

> 4a (R = OMe). These studies show that ester derivatives of the fatty acids were able to reduce 

Aβ42 aggregation. Among the tested compounds, methyl ester derivatives of LNA and ALA (2a 

and 3a) were able to exhibit superior inhibition compared to their acid counterparts.  The percent 

inhibition of Aβ42 aggregation by the fatty acids and derivatives in the ThT-based 24-h 

aggregation kinetic assays are displayed in Figure 4.1. 
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Figure 4.1: The percent inhibition of Aβ42 (10 μM) aggregation in the presence of 25 μM of the 

fatty acid derivatives (1a-c, 2a-c, 3a, 3b, 4a, 5a), fatty acids (OA, LNA, ALA, DHA, EPA), MB, 

and resveratrol after 24 hours. This data is based on inhibition of fluorescence intensity in a ThT-

based Aβ42 aggregation kinetics assays with pH 7.4, 37 °C and phosphate buffer. 

 The effect of fatty acid derivatives and resveratrol on Aβ42 aggregation kinetics over a 24-

h time period are shown in Figures 4.2–4.7. In the absence of either fatty acid derivative or 
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resveratrol, Aβ42 exhibits a typical sigmoid curve with a short lag phase of less than 2 hours before 

aggregation accelerates during the growth phase (Figure 4.2). This phase of rapid acceleration 

occurs until about 8 hours when aggregation begins to slow down at the saturation phase. 

Resveratrol showed 92% inhibition at 25 μM (Figure 4.2). It is clear from the kinetic aggregation 

curve that resveratrol is a potent inhibitor of Aβ42 aggregation and can interact and reduce the 

self-assembly of Aβ42 monomers, dimers and other lower order aggregates formed early during 

the self-assembly process.  

 

Figure 4.2: ThT-based aggregation kinetics curve of Aβ42 (10 μM) curve with 25 μM of 

resveratrol over 24 hours at pH 7.4, 37 °C and phosphate buffer.  

The effect of OA and its ester derivative 1a on Aβ42 aggregation kinetics over a 24-h time 

period is shown in Figure 4.4. The shape of the aggregation curves of OA and 1a are different. 1a 

shows a sigmoidal shape similar to the Aβ42 control curve (Figure 4.4 Panel A), whereas OA 

shows a much flatter curve which indicates its better inhibition and better interaction with lower 
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order aggregates of Aβ42 assemblies that are formed early during their self-assembly (Figure 4.3 

Panel B). These observations suggest that the polar and ionic COOH group of OA plays and 

important role in its binding interactions and inhibition of Aβ42 aggregation. 

 

Figure 4.3: ThT-based aggregation kinetics curves of Aβ42 (10 μM) with 25 μM of 1a (Panel A) 

and OA (Panel B) over 24 hours at pH 7.4, 37 °C and in phosphate buffer.  

 LNA is an omega-6 polyunsaturated fatty acid with two double bonds along its 

hydrophobic tail. The synthesized LNA derivatives (2a-c) showed inhibition of ThT-monitored 

Aβ42 aggregation from 31–64%. The inhibition by 2a-c was higher than the inhibition shown by 

LNA which was only 3% or inactive. However, this is contrary to a previous study by the Nekkar 

Rao lab where LNA showed much stronger inhibition of Aβ420.158 This contrasting finding is 

suspected to be caused by potential solubility issues during dilution steps with phosphate buffer 

and also during the storage process which can lead to compound precipitation. In this study, methyl 

ester 2a showed the greatest inhibition activity at 64%, which was the highest among all the 
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screened synthetic fatty acid derivatives. The Aβ42 aggregation kinetic curves of 2a and LNA at 

25 μM are displayed in Figure 4.4. 2a largely suppressed the growth phase of the Aβ42 aggregation 

curve, whereas LNA shows a very similar curve to the Aβ42 control and appears to have no anti-

Aβ42 activity. The aggregation kinetic curve for 2a shows that it was able to reduce both Aβ42 

fibril load and fibrillogenesis during the 24-h time period.   

 

Figure 4.4: ThT-based aggregation kinetics curves of Aβ42 (10 μM) with 25 μM of 2a (Panel A) 

and LNA (Panel B) over 24 hours at pH 7.4, 37 °C and in phosphate buffer.  

 ALA is an omega-3 polyunsaturated fatty acid, and it was found to inhibit Aβ42 

aggregation by 20%. ALA was also shown to be an inhibitor of Aβ42 aggregation in the previous 

study by the Nekkar Rao lab.158 3b showed similar aggregation inhibition (21%) to ALA. 3a, the 

methyl ester derivative of ALA, showed increased inhibition activity (57%) compared to ALA. 3a 

appears to lengthen the lag phase and suppress the growth phase in the Aβ42 aggregation curve 
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(Figure 4.5 Panel A). Clearly, 3a was able to reduce Aβ42 aggregation. The ThT-based Aβ42 

aggregation kinetic curve of ALA is shown in Figure 4.5 Panel B for comparison. 

 

Figure 4.5: ThT-based aggregation kinetics curves of Aβ42 (10 μM) with 25 μM of 3a (Panel A) 

and ALA (Panel B) over 24 hours at pH 7.4, 37 °C and in phosphate buffer.  

 EPA, an omega-3 polyunsaturated fatty acid, was previously shown to be an inhibitor of 

Aβ42 aggregation.158 EPA strongly inhibited Aβ42 aggregation in this study (68%), and its methyl 

ester derivative 4a, also showed inhibition activity (23%), however it was weaker than the original 

acid. However, the aggregation kinetics curve for 4a shows that it did not affect the lag phase, 

growth phase or saturation phase to a significant extent whereas the parent fatty acid EPA shows 

a strong suppression of the growth phase compared to the Aβ42 control curve. A comparison of 

the Aβ42 aggregation kinetics curves of 4a (Panel A) and EPA (Panel B) are shown in Figure 4.6. 
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Figure 4.6: ThT-based aggregation kinetics curves of Aβ42 (10 μM) with 25 μM of 4a (Panel A) 

and EPA (Panel B) over 24 hours at pH 7.4, 37 °C and in phosphate buffer.  

DHA is an omega-3 polyunsaturated fatty acid, and it has the longest hydrophobic tail and 

number of unsaturated bonds out of all the fatty acids evaluated in this project. DHA and its methyl 

ester derivative, 5a, show similar inhibition of Aβ42 aggregation at 44% and 48% respectively. 

This suggests that replacement of the carboxyl group did not affect its anti-Aβ42 activity, and 

possibly that there are similar interactions happening with Aβ42 to suppress aggregation despite 

the change in functional group. Both compounds show a reduction in the growth phase of the Aβ42 

aggregation curve in comparison to the Aβ42 control (Figure 4.7).   
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Figure 4.7: ThT-based aggregation kinetics curves of Aβ42 (10 μM) with 25 μM of 5a (Panel A) 

and DHA (Panel B) over 24 hours at pH 7.4, 37 °C and in phosphate buffer.  

Overall, all the fatty acid derivatives show Aβ42 aggregation inhibition activity, with the 

methyl ester functional group displaying the most inhibition across compound classes. 1a, 2a, and 

3a all displayed the highest Aβ42 aggregation inhibition activity when compared to the amide 

derivatives of the same class (45–61%). 2a was the most potent inhibitor of Aβ42 aggregation 

from the derivatives tested, showing a 61% decrease in Aβ42 aggregation. When comparing the 

Aβ42 aggregation inhibition activity of the parent fatty acids to that of their methyl ester 

derivatives, inhibition was enhanced for LNA (3% to 61%) and ALA (20% to 51%), a decline is 

activity for both OA (72% to 45%) and EPA (68% and 22%), and there was little change for DHA 

(44% to 48%). The difference in number of double bonds, length of the hydrophobic tails and the 

terminal functional group could affect their binding interactions with Aβ42 and consequently their 

inhibition profiles.  
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Interestingly, it should be noted that esters of fatty acids can serve as prodrugs. Masking 

the polar COOH group with a more lipophilic ester is a common strategy to increase the oral 

absorption, bioavailability, metabolic stability and in vivo half-life of polar drugs, as well as 

increase CNS penetration.159,160 In this regard, the parent fatty acids exhibit CLogP values ranging 

from 6.8–7.5 which suggests that the fatty acids can get across the CNS as these values are much 

higher than the Lipinski’s rule (CLogP values of 5 or less) for potential drug candidates.166 The 

ester derivatives of the fatty acids are expected to be much more lipophilic compared to the parent 

fatty acids. The results from this study demonstrate that the esterification of fatty acids not only 

offers a potential prodrug concept, but also shows that even the ester derivatives also possess anti-

Aβ activity thereby providing additional SAR optimization strategies to develop novel molecules. 

4.2.2 Effect of SARS-CoV-2 Spike Fragment on Aβ42 Aggregation 

ThT-based fluorescence kinetic assays were used to determine the effect of the SARS-

CoV-2 spike decapeptide, FKNIDGYFKI on Aβ42 aggregation over a 24-h time period.  This is 

the first report where the effect of the amyloidogenic fragment of spike protein was evaluated in 

the Aβ42 aggregation kinetics assay. The spike protein fragment was tested at 1, 5, 10, 25, and 

50 μM concentrations. Resveratrol, a known inhibitor of Aβ42 aggregation, was also tested at the 

same concentrations for comparison. The Aβ42 aggregation inhibition data at 24-h for the spike 

protein fragment and resveratrol are shown in Table 4.2. 
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Table 4.2: ThT-based Aβ42 Aggregation Inhibition Data for Spike Protein Fragment 

Compound 

% Inhibition 

(1μM)a 

% Inhibition 

(5 μM)a 

% Inhibition 

(10 μM)a 

% Inhibition 

(25 μM)a 

% Inhibition 

(50 μM)a 

Spike Protein 

Fragment 

52.3 ± 4.5 49.3 ± 10.2 45.4  ± 11.6 37.4 ± 4.3 40.3 ± 0.3 

Resveratrol 77.0 ± 4.5 80.6 ± 4.7 88.5 ± 4.7 91.1 ± 3.4 93.4 ± 1.6 

aThe percent inhibition values are based on the inhibition of ThT fluorescence intensity and 

expressed as the average ± the standard deviation of two independent experiments (n = 3). The 

values are obtained from ThT-based 24-h aggregation kinetics assay using Aβ42 (10 μM) at pH 

7.4 and 37 °C in phosphate buffer. 

Interestingly, SARS-CoV-2 spike protein fragment showed inhibition of Aβ42 aggregation 

at all concentrations (37–52%). This did not appear to be a concentration dependent effect, as at 1 

μM, the peptide showed the highest inhibition of Aβ42 aggregation (52%, Table 4.2). The Aβ42 

aggregation kinetic curves in the presence of 1, 5, 10, 25, and 50 μM spike decapeptide (Panel A), 

and the same concentrations of the reference compound resveratrol (Panel B) are displayed in 

Figure 4.8.  
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Figure 4.8: ThT-based aggregation kinetics curves of Aβ42 (10 μM) with 1, 5, 10, 25, and 50 μM 

spike decapeptide (Panel A) and resveratrol (Panel B) over 24 hours at pH 7.4, 37 °C and in 

phosphate buffer.  
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In the presence of the spike protein fragment, the lag phase of Aβ42 aggregation was 

increased at all the tested concentrations (Figure 4.8 Panel A). There was ~2 h extension of the lag 

phase. Furthermore, the spike protein fragment was able to suppress the growth phase as well at 

all the tested concentrations. These results show that the spike protein fragment was able to reduce 

Aβ42 fibrillogenesis at all the tested concentrations. These results were in contrast with our 

proposed hypothesis, as we expected that the amyloidogenic nature of this decapeptide would work 

in a synergistic fashion and promote the aggregation of Aβ42. The opposite was observed with up 

to a 52% decrease in Aβ42 fibrillogenesis upon incubation with the decapeptide. However, this is 

not surprising, as the KLVFF peptide which is another amyloid-forming peptide derived from Aβ, 

has also been shown to inhibit the formation of Aβ42 fibrils.167 The similarity in the structures of 

these amyloid-forming peptides could allow them to bind to one another and inhibit the formation 

of higher-order structures like fibrils. Furthermore, the lack of concentration-dependent effect of 

the spike protein fragment on Aβ42 aggregation suggests the possibility of the interaction of the 

shorter spike peptide aggregates with the longer Aβ42. These results demonstrate the ability of the 

spike peptide fragment to inhibit Aβ42 aggregation, and the need for further exploration of the 

interactions of these peptides to gain insight on their role in SARS-CoV-2 and AD comorbidity. 

Additionally, structural features of the spike peptide can be exploited when designing novel Aβ42 

aggregation inhibitors. 

 

4.3 Transmission Electron Microscopy (TEM) Studies 

TEM studies were used to examine the effect of the lead fatty acid derivatives that exhibited 

anti-Aβ activity in the ThT based fluorescence assay. The effect of 25 μM of derivatives 1a, 2a, 

3a, 4a, 5a on Aβ42 aggregation morphology was determined after 24-h incubation. A similar study 
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was also carried out with the SARS-CoV-2 spike decapeptide (50 μM) to determine its effect on 

the aggregation morphology of Aβ42 after 24-h. These studies further support the anti-Aβ42 

activity observed in the ThT-based Aβ42 aggregation kinetic assays. 

4.3.1 TEM Studies of Fatty Acid Derivatives with Aβ42 

Incubation of Aβ42 (10 μM) alone over a 24-h period led to the formation fibril-rich, dense 

aggregates (Figure 4.10, Panel A). In contrast, when Aβ42 (10 μM) was incubated with 25 μM of 

the fatty acid derivatives (1a, 2a, 3a, 4a and 5a), there was a significant decline in the fibril 

formation compared to Aβ42 control image (Figure 4.10 Panels A–F).  

 
Figure 4.9: The chemical structures of the fatty acid derivatives used in the TEM experiments (1a, 

2a, 3a, 4a and 5a). 
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Figure 4.10: TEM images of Aβ42 (10 μM) incubated for 24 hours alone (Panel A), with 25 μM 

of 1a (Panel B), 2a (Panel C), 3a (Panel D), 4a (Panel E), and 5a (Panel F). 100 nm scale. 

TEM images obtained show that all lead compounds (1a, 2a, 3a, 4a and 5a) showed a 

reduction in the formation of fibrils compared to the Aβ42 control (Panel A) as displayed in Figure 

4.10. Particularly, the images with 1a (Panel B) and 2a (Panel C) show a large reduction in the 

Aβ42 fibril formation. These results support findings from the ThT-based Aβ42 aggregation 

kinetics assays and confirm the ability of these lead compounds to inhibit aggregation of Aβ42 

into higher order structures. 
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4.3.2 TEM Studies of Spike Protein Fragment with Aβ42  

TEM assessment was also conducted with the SARS-CoV-2 spike decapeptide 

FKNIDGYFKI at 50 μM in the presence of Aβ42 (10 μM). for 24-h. When comparing the images 

of the Aβ42 control (Panel A, Figure 4.11) to that with Aβ42 and 50 μM decapeptide (Panel B, 

Figure 4.11), there was a significant reduction in fibril formation as shown in in Figure 4.11. These 

images support the findings from the ThT-based Aβ42 aggregation kinetics assays and provides 

further evidence that the spike protein fragment can inhibit Aβ42 aggregation.  

 

 

Figure 4.11: TEM images of Aβ42 (10 μM) incubated for 24 hours alone (Panel A), and with 50 

μM of SARS-CoV-2 spike decapeptide FKNIDGYFKI (Panel B). 100 nm scale. 

 

4.4 Molecular Docking Studies 

The interactions of fatty acid derivatives that exhibited over 40% inhibition of Aβ42 

aggregation (1a, 2a, 2b, 3a and 5a) were investigated with molecular docking studies. The top 

docked ligand pose obtained was analyzed by studying binding modes, conformation, and polar 

and non-polar contacts in the Aβ42 oligomer model. The solid-state NMR structure of an Aβ42 

amyloid fibril was used to obtain the Aβ42 oligomer model.168 A similar study was carried out to 

A B 
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determine the binding interactions of the uncapped spike protein fragment FKNIDGYFKI. These 

computational investigations provide further insights on the ability of these ligands to reduce Aβ42 

fibrillogenesis. 

4.4.1 Molecular Docking Studies of Fatty Acids in the Aβ42 Oligomer Model 

The solved structures of Aβ42 fibrils show that it exhibits a horseshoe or S-shape.61,168 In 

solution, Aβ42 can exist either as a pentamer or hexamer and we used the Aβ42 pentamer model 

to carry out molecular docking studies of fatty acid derivatives that exhibited greater than 40% 

inhibition of Aβ42 aggregation based on the ThT-based aggregation kinetics experimental 

data.169,170 

The docked pose of 1a (OA derivative, 45% inhibition) shows that it was able to orient at 

the narrow interface between the N- and C-termini (Figure 4.12). The alkyl tail was interacting 

with non-polar regions consisting of amino acids Gln15, Leu17 and Leu34. The methyl, methylene 

and the alkene groups of 1a, underwent a number of van der Waals and hydrophobic interactions 

with side chains of Leu34 (distance < 5 Å). The ester substituent was oriented closer to the polar 

amino acid His14 at the N-terminus. The backbone NH of His14 underwent hydrogen bonding 

interaction with the oxygen atom of OMe (distance = 2.0 Å), Figure 4.12). 
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Figure 4.12: The binding interactions of 1a (ball and stick) in the Aβ42 pentamer model (pdb id: 

5KK3). The pentamer is shown as a ribbon diagram with the N- and C-termini color coded as blue 

and red respectively. The hydrogen atoms were removed to enhance clarity (LibDock Score = 

115.60). Only the key regions of Aβ42 in contact with the ligand are shown. 

 

The docking of the LNA ester derivative (2a, 61% inhibition) in the Aβ42 pentamer model 

shows that it was also able to bind in the narrow channel formed by the N- and C-termini (Figure 

4.13). 2a exhibited a linear extended conformation and underwent a number of van der Waals and 

hydrophobic contacts with side chains of Leu17 and Leu34 (distance < 5 Å). The ester moiety was 

oriented in a different region compared to 1a and was surrounded by Lys16, Leu17 and Val18 

(distance < 5 Å). The OMe of ester was in contact with Val18 side chain via hydrophobic 

O

OMe
1a



 59 

interactions and the C=O of ester was forming a hydrogen bond with the backbone NH of Val18 

(distance = 1.9 Å, Figure 4.13). 

 

 

Figure 4.13: The binding interactions of 2a (ball and stick) in the Aβ42 pentamer model (pdb id: 

5KK3). The pentamer is shown as a ribbon diagram with the N- and C-termini color coded as 

blue and red respectively. The hydrogen atoms were removed to enhance clarity (LibDock Score 

= 103.51). Only the key regions of Aβ42 in contact with the ligand are shown. 

The interactions of the corresponding amide derivative 2b (LNA derivative, 41% 

inhibition) shows that the amide substituent was oriented closer to a polar region in the Aβ42 

pentamer model, whereas the alkyl tail was oriented in the narrow N- and C-termini interface 

(Figure 4.14). One of the amide hydrogens underwent hydrogen bonding interaction with 
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backbone C=O of Gln15 (distance = 2.1 Å), whereas the amide C=O was in contact with the 

backbone NH of His14 (distance = 2.5 Å, Figure 4.14). The alkyl tail underwent a number of van 

der Waal’s and hydrophobic interactions with Leu17 and Leu34 side chains (distance < 5 Å). 

 

 

Figure 4.14: The binding interactions of 2b (ball and stick) in the Aβ42 pentamer model (pdb id: 

5KK3). The pentamer is shown as a ribbon diagram with the N- and C-termini color coded as blue 

and red respectively. The hydrogen atoms were removed to enhance clarity (LibDock Score = 

107.78). Only the key regions of Aβ42 in contact with the ligand are shown. 

The binding interactions of the ALA derivative 3a (51% inhibition) was investigated using 

the Aβ42 pentamer model (Figure 4.15). This study shows that similar to 1a and 2b, the methyl 

ester group was oriented toward a polar region consisting of His13 and His14 (Figure 4.15), 

O
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whereas the alkyl tail was interacting with nonpolar amino acids Leu17 and Leu34 (Figure 4.15). 

The OMe of the ester group was in van der Waal’s contact with the aromatic ring of His13 (π-

alkyl, distance < 5 Å). The ester C=O was in contact with backbone NH of His14 (distance = 2.6 

Å). The methyl, methylene and alkene groups were in hydrophobic contact with Leu17 and Leu34 

side chains (distance < 5 Å). 

 

 

Figure 4.15: The binding interactions of 3a (ball and stick) in the Aβ42 pentamer model (pdb id: 

5KK3). The pentamer is shown as a ribbon diagram with the N- and C-termini color coded as blue 

and red respectively. The hydrogen atoms were removed to enhance clarity (LibDock Score = 

105.85). Only the key regions of Aβ42 in contact with the ligand are shown. 
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Figure 4.16 shows the docked pose of 5a (DHA derivative, 47.5% inhibition) in the Aβ42 

pentamer model. 5a contains a long lipophilic tail made up of 22-carbons and this was oriented in 

narrow groove lined by nonpolar amino acids Leu17, Leu34 and Met35 where it underwent van 

der Waal’s and hydrophobic interactions (distance < 5 Å). The ester OMe was in contact with side 

chains of Leu17 and Leu34 (distance < 5 Å). 

 

 

Figure 4.16: The binding interactions of 5a (ball and stick) in the Aβ42 pentamer model (pdb id: 

5KK3). The pentamer is shown as a ribbon diagram with the N- and C-termini color coded as 

blue and red respectively. The hydrogen atoms were removed to enhance clarity (LibDock Score 

= 115.60). Only the key regions of Aβ42 in contact with the ligand are shown. 
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The molecular docking studies of fatty acid derivatives show that they all bind in a common 

region at the interface between the N- and C-termini in the Aβ42 pentamer model. This region is 

fairly hydrophobic due to the presence of Leu16, Leu17, Leu34 and Met35 at the C-terminus. All 

the derivatives possessing long alkyl chains primarily interact with side chains of Leu17 and 

Leu34, and also with Gln15 side chains, closer to the N-terminus. The ester groups of the 

derivatives can orient in polar region such as His13 and His14, or near Lys16 or Val18 where they 

undergo polar interactions. The binding of the fatty acid derivatives to the Aβ42 pentamer can 

stabilize it and reduce its oligomerization into more toxic species. The 19-carbon LNA ester 

derivative 2a exhibited maximum inhibition of Aβ42 aggregation (61%) in the ThT-based Aβ42 

aggregation kinetics studies and its binding to Aβ42 pentamer shows that it was able interact in 

the entire region of the narrow interface and that its carbon chain was not exposed to solvent. This 

shows that 2a can exhibit efficient binding which supports its better inhibition activity among the 

evaluated fatty acid derivatives. This information is useful, as the SAR data for the fatty acid 

derivatives can be used for designing novel Aβ42 aggregation inhibitors, as well as better 

understanding the interactions of Aβ42 and fatty acids. 

 

 

 

 

 

 

 

 



 64 

4.4.2 Molecular Docking Studies of Spike Protein Fragment in the Aβ42 Oligomer Model 

 

 

Figure 4.17: The binding interactions of the spike protein fragment FKNIDGFYKI (ball and 

stick) in the Aβ42 pentamer model (pdb id: 5KK3). The pentamer is shown as a ribbon diagram 

with the N- and C-termini color coded as blue and red respectively. The hydrogen atoms were 

removed to enhance clarity (LibDock Score = 180.63). Only the key regions of Aβ42 in contact 

with the ligand are shown. 

The binding interactions of spike protein fragment FKNIDGFYKI was investigated in the 

Aβ42 pentamer model (Figure 4.17). The decapeptide was interacting in the entire narrow channel 

formed between the N- and C-terminal in the pentamer assembly and exhibited a perpendicular 

orientation along the fiber axis. The spike peptide underwent several polar and nonpolar contacts 

with the Aβ42 pentamer. The Lys194 side chain (FKNIDGFYKI) was forming a hydrogen bonding 
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interaction with Gln15 amide side chain (CONH2, distance = 1.6 Å, Figure 4.17) closer to the N-

terminal. Amino acids Gly199, Phe200 and Tyr201 (FKNIDGFYKI) were in contact with Leu34 

and Met35 side chains via π-alkyl and hydrophobic interactions (distance < 5Å) near the C-

terminal. Furthermore, additional hydrophobic contacts were seen with Ile203 (FKNIDGFYKI) 

and side chains of Phe19 and Ile32 at the C-terminal (distance < 5Å), and the Gln15 side chain of 

Aβ42 was in contact with Phe193 (distance = 2.7 Å). These interactions stabilize the pentamer 

assembly and reduce the conversion of Aβ42 into more toxic species. This study also shows that 

aromatic amino acids (eg: phenylalanine and tyrosine) along with polar amino acids (eg: lysine 

and glutamine) present in the spike protein decapeptide fragment, play a key role in their binding 

and inhibition of Aβ42 aggregation. These structural features can be exploited to design novel 

peptide and small molecule-based inhibitors of Aβ42 aggregation. 

 

4.5 Cell Viability Assays 

Cell counting kit-8 (CCK-8) was used to examine the effect of the library of fatty acid 

derivatives on mouse hippocampal HT22 neuronal cell viability over a 24-h time period. A similar 

experiment was carried out using the full-length SARS-CoV-2 spike protein to determine its effect 

on HT22 cell viability. The cells were incubated with treatments for 24-h, after which CCK-8 was 

used to assess the cell viability for each treatment group compared to untreated cells by measuring 

absorbance at 450 nm using the microplate reader.  

4.5.1 Effect of Fatty Acid Derivatives on Cell Viability 

HT22 cells were incubated with 25 μM of the synthesized fatty acid derivatives (1a-c, 2a-

c, 3a, 3b, 4a and 5a) for 24-h. Resveratrol was used as a reference compound. The results of the 

HT22 cell viability assay are listed in Table 4.3. 
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Table 4.3: HT22 Cell Cytotoxicity Assay Data for Fatty Acid Derivatives 

Compound (25 uM) % Cell Viabilitya 

1a (R = OMe) 94.4 ± 10.5 

1b (R = NH2) 104.1 ± 9.4 

1c (R = Piperidinyl) 98.1 ± 0.3 

2a (R = OMe) 100.8 ± 0.1 

2b (R = NH2) 103.2 ± 5.5 

2c (R = Piperidinyl) 104.3 ± 3.7 

3a (R = OMe) 103.8 ± 7.6 

3b (R = NH2) 120.4 ± 14.7 

4a (R = OMe) 92.8 ± 7.7 

5a (R = OMe) 96.4 ± 1.4 

Resveratrol 94.5 ± 8.1 

aThe percent cell viability values are based on the inhibition of absorbance values relative to 

untreated cells and expressed as the average ± the standard deviation of two independent 

experiments (n = 6). The values are obtained from CCK-8 assays on HT22 cells. 

 Cell viability studies show that the fatty acid derivatives were not toxic to HT22 mouse 

hippocampal neuronal cells and exhibited viability in the range of 93–120% at 25 μM (Table 4.3). 

Resveratrol was also not toxic to HT22 cells. A summary of cell viability data for the fatty acid 

derivatives and resveratrol at 25 μM is displayed in Figure 4.18. These cell viability studies 

demonstrate that the changing the acidic moiety to esters did not affect their cytotoxicity to HT22 

hippocampal neuronal cells. 
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Figure 4.18: HT22 cell cytotoxicity assay data after 24-hour incubation with 25 μM of 1a-c, 2a-

c, 3a, 3b, 4a, 5a, and resveratrol. 

4.5.2 Effect of of Full-Length SARS-CoV-2 Spike Protein on Cell Viability 

HT22 cells were incubated with 5 ng/mL and 10 ng/mL of full-length SARS-CoV-2 spike 

protein for 24 hours. Quercetin at 10 μM was used as a reference compound. The results of the 

HT22 cell viability assay are shown in Table 4.4. 

Table 4.4: HT22 Cell Cytotoxicity Assay Data for Spike Protein 

Treatment % Cell Viability 

Spike Protein 5 ng/mL 101.4 ± 13.9 

Spike Protein 10 ng/mL 112.4 ± 11.5 

Quercetin 10 μM 102.3 ± 24.1 
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aThe percent cell viability values are based on the inhibition of absorbance values relative to 

untreated cells and expressed as the average ± the standard deviation of two independent 

experiments (n = 5). The values are obtained from CCK-8 assays on HT22 cells. 

 Based on these results and contrary to our hypothesis, full-length spike protein did not 

show toxicity to HT22 cells at the 5 ng/mL and 10 ng/mL concentrations. Relative to untreated 

cells, viability for the treated cells was greater than 100%. Thus, at the 5 ng/mL and 10 ng/mL 

concentrations and 24-h incubation time, the spike protein did not show a decrease in cell counts 

relative to untreated cells. The control compound quercetin was also non-toxic to HT22 cells. The 

cell viability assay data is displayed in Figure 4.19. It should also be noted that the spike protein 

might cause a concentration-dependent effect on cell viability. In addition, spike protein is known 

to increase the cell permeability and promote the formation of proinflammatory mediators which 

can lead to time-dependent cytotoxicity to cells. Therefore, further investigation is required to 

study the cytotoxicity of spike protein to brain cells.171 
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Figure 4.19: HT22 cell cytotoxicity assay data after 24h incubation with 5 ng/mL and 10 ng/mL 

full length SARS-CoV-2 spike protein, and quercetin. 
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Chapter 5: Conclusion & Future Directions 
 

 

Figure 5.1: Chemical structures of lead fatty acid derivatives with anti-Aβ42 activity (1a, 2a., 3a, 

5a). 

The primary objective of this thesis was to synthesize and evaluate novel fatty acid 

derivatives that can exhibit Aβ42 aggregation inhibition. A library of 10 fatty acid derivatives were 

synthesized and the carboxylic acid group was replaced with methyl esters, amides, or cyclic 

piperidine substituents. These fatty acid derivatives were characterized by 1H NMR and LC-MS. 

Their anti-Aβ42 activity was evaluated in vitro using ThT-based aggregation kinetic studies which 

led to the identification of derivatives 1a, 2a, 3a and 5a (Figure 5.1) that exhibited moderate to 

good inhibition activity of Aβ42 aggregation (45–61% inhibition at 25 μM). 2a, the methyl ester 

of LNA showed the greatest inhibition of Aβ42 aggregation at 61%. Investigating the Aβ42 

morphology by TEM studies also confirmed the anti-Aβ42 activity of the leading compounds. 
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Therefore, changing the fatty acids to their corresponding methyl esters led to retention of anti-

Aβ42 activity. Furthermore, cell culture studies demonstrated that the derivatives were not toxic 

to HT22 mouse hippocampal cells (cell viability ~94–104% at 25 μM). Additionally, methyl esters 

could serve as potential prodrugs for their corresponding acids. Computational modeling studies 

suggest that the ester derivatives of the fatty acids are more lipophilic and can interact with a 

hydrophobic surface in the Aβ42 pentamer assembly which helps in preventing further conversion 

of the pentamer into more toxic oligomers.  

The secondary objective of this proposal was to determine the interactions of the 

amyloidogenic peptide fragment derived from the SARS-CoV-2 spike protein, decapeptide 

FKNIDGYFKI. The ThT-based aggregation kinetic studies showed that this peptide was acting as 

an inhibitor of Aβ42 aggregation at all the tested concentrations, which did not align with our 

original hypothesis. This is a novel and interesting discovery which suggests that the spike protein 

decapeptide sequence offers a unique opportunity to discover both peptide- and small molecule-

based novel Aβ42 aggregation inhibitors. Additionally, full-length SARS-CoV-2 spike protein did 

not show toxicity to HT22 cells. Our results further emphasize that the risk of increased mortality 

in AD patients with COVID-19 is a complex topic and that several factors are at play including 

triggering of inflammatory mediators by the SARS-CoV-2 spike protein as well as the existing 

neuroinflammatory events in AD patients, and further research is needed to understand their 

relationship. 

The results of this study provide evidence that both the synthesized fatty acid derivatives, 

and unexpectedly, a SARS-CoV-2 peptide fragment, are inhibitors of Aβ42 aggregation. This 

information is valuable for studying Aβ42 aggregation and designing both small molecule-based 

and peptide-based novel inhibitors of Aβ42 aggregation. Additionally, this research sheds light on 
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the interactions between Aβ42 and SARS-CoV-2 spike protein and emphasizes the need to expand 

research in this field to gain a better understanding of the mechanisms behind AD and COVID-19 

as well as how they interact in order to provide the best treatment options to patients. 

 

 

 

Figure 5.2: Proposed modification of fatty acids as novel inhibitors of Aβ42 aggregation. 

To expand on this research, other acidic bioiosteres such as PO3H or SO3H groups can be 

explored to investigate their impact on Aβ42 aggregation and whether they can maintain the 

inhibitory activity of their parent fatty acids. In addition, other cyclic and acylic amines with 

various electronic and steric properties can be incorporated to study their effect on Aβ42 

aggregation (Figure 5.2). More proposed studies include the evaluation of promising fatty acid 

derivatives to protect HT22 hippocampal cells from Aβ42-induced neurotoxicity, and to carry out 

similar experiments with the spike protein decapeptide fragment. Other peptides from SARS-CoV-



 72 

2 can also be investigated for their impact on Aβ42 aggregation to shed more light on the complex 

relationship between AD and COVID-19.  

The results from this study and future studies will provide insight on the Aβ aggregation 

mechanism and the disease process of AD. Additionally, this study has provided novel data on the 

interactions of Aβ42 with spike protein fragment and fatty acids, which are biologically relevant 

molecules. Furthermore, the SAR data obtained from these studies will be useful for identifying 

promising structural features when designing both peptide and small-molecule-based novel Aβ 

aggregation inhibitors. 
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Appendix 

 
Representative 1H NMR and LC-MS data for compounds 2a, 2b and 3b. Under LC-MS 

conditions, MeOH showed absorbance and its peaks were removed when processing data. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2a was not stable under LC-MS conditions. 
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Additional Info : Peak(s) manually integrated
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Acq. Operator   : SYSTEM

Sample Operator : SYSTEM

Acq. Instrument : LCMS                            Location :   P1-B-09

Injection Date  : 8/27/2021 7:36:51 PM

                                                Inj Volume : 10.000 µl

Acq. Method     : C:\Chem32\1\Methods\20% MeOH, 80% FA in ACN.M

Last changed    : 8/24/2021 7:23:09 PM by SYSTEM

Analysis Method : C:\CHEM32\1\METHODS\SW-10 piper-thiomorpholine dioxide iso.M

Last changed    : 10/6/2021 4:55:07 PM by SYSTEM

                  (modified after loading)

Sample Info     : After 2nd column

                  20% MeOH 80% ACN

                  0.5 ml/min

Additional Info : Peak(s) manually integrated
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Table A: Calu-3 Cell Cytotoxicity Assay Data for Fatty Acids 

Compound (25 uM) % Cell Viabilitya 

OA 100.8 ± 8.6 

LNA 110.3 ± 5.8 

ALA 102.3 ± 12.4 

EPA 86.3 ± 15.0 

DHA 94.1 ± 13.8 

Quercetin 98.8 ± 16.9 

aThe percent cell viability values are based on the inhibition of absorbance values relative to 

untreated cells and expressed as the average ± the standard deviation of one experiment (n = 6). 

The values are obtained from CCK-8 assays on Calu-3 cells. 
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Table B: SARS-CoV-2 and ACE2 Binding Inhibition Assay Data for Fatty Acids 

Compound (50 uM) % Activitya 

OA 112.0 ± 1.4 

1a (R = OMe) 115.2 ± 14.0 

1b (R = NH2) 119.6 ± 1.4 

1c (R = Piperidinyl) 121.4 ± 15.4 

LNA 113.4 ± 8.3 

2a (R = OMe) 113.4 ± 7.7 

2b (R = NH2) 114.4 ± 13.1 

2c (R = Piperidinyl) 118.3 ± 20.5 

ALA 108.5 ± 10.8 

3a (R = OMe) 107.1 ± 8.0 

3b (R = NH2) 111.5 ± 6.5 

aThe percent activity values are based on the inhibition of absorbance values relative to a positive 

control and expressed as the average ± the standard deviation of three experiments (n = 6). The 

values are obtained from a SARS-CoV-2 inhibitor assay kit by Acrobio. 
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