
  

Arylbenzamide and Arylcarboxamide Derivatives as Modulators of Amyloid-Beta Aggregation 

by 

Yusheng Zhao 

 

A thesis 

presented to the University of Waterloo 

in fulfillment of the 

thesis requirement for the degree of 

Doctor of Philosophy 

in 

Pharmacy 

Waterloo, Ontario, Canada, 2024 

© Yusheng Zhao 2024



 ii 

 

Examining Committee Membership 

The following served on the Examining Committee for this thesis. The decision of the Examining 

Committee is by majority vote. 

 

External Examiner    NAME Kagan Kerman 

      Title Professor 

 

Supervisor(s)     NAME Praveen Rao Perampalli Nekkar 

      Title Associate Professor 

 

Internal Member    NAME Mónica Barra 

      Title Associate Professor 

 

Internal Member    NAME Emmanuel Ho 

      Title Associate Professor 

 

Internal-external Member   NAME John Mielke 

      Title Associate Professor 

 

  



 iii 

 

Author’s Declaration 

I hereby declare that I am the sole author of this thesis. This is the true copy of the thesis, including any 

required final revisions, as accepted by my examiners. 

 

I understand that my thesis may be made electronically available to the public. 

  



 iv 

 

Abstract 

Alzheimer’s disease (AD) is a complex neurodegenerative disease with increasing incidence and 

prevalence globally. The current AD therapies based on small molecules offer only symptomatic relief and 

are not curative therapies. The recently launched anti-amyloid monoclonal antibodies hold promise 

although these are new to the market and their long-term benefits and potential disease-modifying effects 

are unknown. The global increases in the aging population and increasing life span mandate the need to 

understand the mechanisms of AD and discover effective and safe therapies. Over the past several decades, 

few hypotheses have been proposed to explain the pathophysiology of AD, among which the amyloid beta 

(Aβ) cascade is now considered as one of the initiating factors that drives the progression and other 

pathological factors of AD. The aggregation of Aβ into oligomers and fibrils together with its downstream 

signaling pathway are neurotoxic. Thus, small molecule modulators that could reduce the overall toxic 

burden of Aβ aggregates are thought to be beneficial in treating AD. 

In this thesis, a library of 72 small molecule derivatives were designed based on the chemical structure 

of chalcone and curcumin, two bioactive natural compounds that are able to modulate Aβ aggregation and 

reduce their neurotoxicity. The derivatives reported in this thesis encompass four different templates, 

namely, N-benzyl (Chapter 2), N-phenethyl (Chapter 3), N-benzyloxy (Chapter 4), and N-phenyl 

(Chapter 5) benzamide and carboxamides. These compounds were synthesized by coupling the amine 

substrates with either acid halides or carboxylic acids to obtain the target compounds in 72-93.6% yields. 

A number of biophysical and biochemical experiments were carried out to determine the ability of these 

small molecules to modulate the aggregation properties of Aβ42. The experiments carried out include i) 

thioflavin T based fluorescence aggregation kinetics experiments; ii) transmission electron microscopy 

studies; iii) 8-anilino-1-naphthalenesulfonic acid based fluorescence spectroscopy; iv) antioxidant assay by 

fluorescence spectroscopy; iv) cell viability studies in mouse hippocampal HT22 neuronal cells and Aβ42-

induced neurotoxicity assay; v) fluorescence microscopy studies to assess the neurotoxicity using 

Proteostat dye, and vi) computational modelling studies to determine the interactions of small molecules 



 v 

 

with Aβ42 aggregates. From this library, 51 aggregation inhibitors were identified (inhibition of Aβ42 

ranging from 7-53.1% at 25 µM). These derivatives were able to provide significant neuroprotection from 

Aβ42-induced cytotoxicity in mouse hippocampal HT22 cells (cell viability ranging from 80.8-96.8% 

versus 38.7% for Aβ42-treated control). Molecular docking studies indicate that these derivatives were able 

to interact with the hydrophobic domains of the Aβ42 oligomer and fibril through hydrophobic interactions. 

In a striking and unusual finding, 8 derivatives were identified as Aβ42 aggregation promotors with the 

ability to promote the aggregation by 1.2-5.1 folds. Two lead promotors 14b (N-benzylbenzofuran-2-

carboxamide) and 14c (N-benzylbenzo[b]thiophene-2-carboxamide) were identified. These two 

compounds were able to rescue HT22 cells from Aβ42-induced cytotoxicity (cell viability 73.8% and 73.9% 

for 14b and 14c versus 19.7% for Aβ42-treated control). These two compounds have the ability to increase 

the surface hydrophobicity of Aβ42 aggregates and promote fibrillogenesis. Molecular docking studies 

suggested that Aβ42 aggregates might undergo conformational change upon binding and thus transit to 

much more stable and less toxic/nontoxic fibrils. Further structure-activity relationship study indicated that 

the hydroxy- and methoxy-disubstituted phenyl moiety was required to possess Aβ42 inhibition activity, 

where the presence of bicyclic aromatic rings such as benzofuran and benzothiophene, and 4-

methoxyphenyl moiety is required for pro-aggregation activity. The results show that these benzamides and 

carboxamides possessing N-benzyl, N-phenethyl, N-benzyloxy, and N-phenyl templates hold promise in 

the design and development of novel small molecules as Aβ42 aggregation modulators. Remarkably 14b 

(N-benzylbenzofuran-2-carboxamide) and 14c (N-benzylbenzo[b]thiophene-2-carboxamide) were able to 

accelerate Aβ42 aggregation and remodel the aggregation pathway to form less toxic/nontoxic aggregates 

suggesting their application as novel chemical tools to understand the mechanisms of Aβ42 aggregation 

cascade. 
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Chapter 1 

Alzheimer’s Disease (AD) 

1.1 Introduction on AD 

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder that considerably hampers the 

function of the central nervous system (CNS). AD mainly affects elder adults who are aged 65 or more. 

Despite that, in rare cases, early-onset AD might happen to people in their 40s.1–4 AD is the main cause of 

dementia and is estimated to account for 60% to 80% of the cases.5 The clinical manifestations of AD 

include memory loss, impaired judgement and decision-making abilities, behavior and mood changes, 

confusion with time and location, difficulty with language, and loss of executive abilities.6–8 Due to the 

increase in the aging population, the prevalence and incidence of AD are predicted to rise dramatically in 

the coming years which makes AD a significant social and economic burden on the healthcare system 

worldwide. Figure 1-1 shows AD dementia statistics worldwide and in Canada. With that being said, 

dementia, including AD, is a major category of non-communicable disease and ranks to be the 7th leading 

cause of death worldwide.9 According to statistics from the World Health Organization (WHO), there are 

46 million people living with dementia.10 This number is rising rapidly with one new case of dementia 

developing every 3 seconds globally. In Canada, it is estimated that over half a million people are living 

with different types of dementia.11 By 2031, this number is predicted to double to 937,000 and women are 

expected to share the major disease burden.12 The prevalence is critically associated with age factors. Based 

on the data from Canadian Chronic Disease Surveillance System, the age-standard prevalence (patients 

with 65 years old and more) of diagnosed dementia is 7.1% with an incidence 14.3 new cases per 1,000 

senior population.13 On the other hand, AD is considered as one of the most expensive diseases given its 

chronic nature. The health impact of dementia is overwhelming, which often involves not only the patients, 
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but also their families, caregivers and health professionals. The economic cost of dementia per year is 

estimated to be 1084 billion CDN worldwide which represents 1.09% of global GDP.14  

 

 

Figure 1-1. AD facts. Global statistics are shown in the right; Canadian statistics are shown in the left. The 

world map was obtained from www.pixabay.com and free for use under Pixabay Content License. The 

figure was generated using PowerPoint.  

 

The story of AD can be dated back to 1906 when Dr. Alois Alzheimer presented his treatment and 

subsequent postmortem brain examination of his 51-year-old female patient Frau Auguste Deter.15 The 

patient manifested severe memory loss and cognitive impairment along with other psychiatric symptoms, 

including hallucination, paranoid and aggressive behaviors. From the autopsy studies, he observed 

extensive brain atrophy and abnormal deposits, namely senile plaques and neurofibrillary tangles, around 

the neurons under the microscope which are unique to other neurological conditions.16 It was not until 1910 

that Kraepelin, for the first time, termed this novel neurological condition as Alzheimer’s disease or AD.17 

In 1968, Blessed and coworkers suggested that the level of cortical burden of both senile plaques and 

neurofibrillary tangles is closely associated with the severity and progression of the disease.18 This is the 

very first and important step towards the understanding of AD pathophysiology. In the following decades, 

efforts were made to identify, purify, and characterize the components of senile plaques and neurofibrillary 

tangles.19 Surprisingly, in 1981, Whitehouse and coworkers found another potential disease mechanism of 

http://www.pixabay.com/
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AD which highlights the cholinergic deficiency hypothesis.20 This is followed by a landmark discovery in 

1984 that amyloid beta (Aβ) is the component of senile plaques.21,22 Two years later, researchers around the 

world successively discovered that tau protein is the major component of neurofibrillary tangles.23,24 So far, 

all three fundamental pathophysiological pathways of AD have been identified. From the late 20th century 

till now, with the help of structural biology and gene engineering, the understanding of Aβ and tau has been 

investigated at a molecular and even atomic level. Several gene mutations have been found associated with 

either familial AD or early-onset AD, such as amyloid precursor protein (APP), presenilin 1, and presenilin 

2.25–27 Moreover, in 1993, apolipoprotein ε4 was found to be an important gene risk factor underlying the 

most common type of sporadic AD, especially in women.28,29 Biomarkers have also been developed to 

facilitate the early diagnosis of AD with better accuracy even before the manifestation of AD symptoms.30–

32 These advances have assisted in defining and developing disease stages and criteria for clinical 

therapy.7,25,32  

 

1.2 AD Pathophysiology  

The complexity of AD is fully illustrated by its multifaceted pathophysiological pathways.  The 

understanding of AD is a retrospective approach where the disease mechanisms were proposed based on 

the observations from biopsy, biomarker, autopsy, imaging, epidemiological, and clinical studies with 

patients. At the early stage, sparse and unrelated biological pathways were proposed as disease mechanisms, 

such as the cholinergic deficiency, Aβ and tau cascades. However, the correlation and relationship between 

different biological pathways was not defined. In the past 20 years or so researchers have realized the 

importance of the interplay between different pathological pathways and their implications in AD 

pathophysiology. Rapid research developments in AD including novel biomarker detection and brain 

imaging technologies have provided great insight into the disease continuum and diagnosis. Herein, in this 

section, several major AD pathophysiological pathways are discussed (Figure 1-2).  
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Figure 1-2. Pathophysiology of AD overview. The neuron illustration was obtained from 

www.pixabay.com and free for use under Pixabay Content License. The figure was generated using 

PowerPoint. 

 

The cholinergic hypothesis was the very first pathological pathway that was addressed by treatment 

options for AD. It is the most widely accepted hypothesis of AD. The core idea of this hypothesis is that 

the loss of cholinergic neurons and the absence of sufficient neurotransmitter acetylcholine (ACh) in the 

neuronal and neuro-muscular regions lead to the development of AD.33,34 The reduced activity level of ACh 

can be a result of either a decreased ACh synthesis or an increased enzymatic degradation by 

acetylcholinesterase (AChE, Figure 1-2).35,36 Based on this, any intervention that can stimulate the level of 

available CNS ACh level or inhibit the enzymatic degradation of AChE would be beneficial. 

Glutamate is another neurotransmitter in CNS with an excitatory nature that plays a key role in brain 

function, including learning process and memory storage. However, excessive glutamate in AD brain leads 

to excitotoxicity which ultimately cause the cell death (Figure 1-2).37 N-methyl-D-aspartate receptor 

(NMDA) is one of the glutamate receptors found in neurons. The increased level of glutamate 

overstimulates the NMDA receptor which can contribute to neuronal damage and cognitive impairment.38–

http://www.pixabay.com/
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40 The glutamate hypothesis has led to the discovery of AD treatment memantine (Namenda®) which is a 

non-competitive NMDA receptor antagonist.  

Two other major hypothesis of AD pathophysiology are Aβ hypothesis and tau hypothesis (Figure 1-2). 

These are proposed based on the findings of senile plaques and neurofibrillary tangles of AD patient brain. 

The identification and purification of Aβ and tau proteins lead to an extensive understanding of these 

disease pathways. The details of Aβ hypothesis will be discussed in Section 1.4. In general, Aβ is a peptide 

that is produced by sequential enzymatic processing from its precursor protein APP. Once generated, Aβ is 

prone to undergo self-aggregation which forms neurotoxic senile plaques.41 Tau protein, on the other hand, 

is a microtubule-associating protein. The hyperphosphorylation of tau makes it lose its ability to attach 

firmly to microtubules. Similarly, phosphorylated tau also undergoes aggregation that leads to the formation 

of toxic neurofibrillary tangles.42–45 Recently, another hypothesis, namely dual cascade hypothesis, puts Aβ 

and tau hypothesis together which emphasizes on the interplay between these two proteins.46–48 The cellular 

processes may simultaneously drive Aβ and tau pathology and Aβ might facilitate the formation of 

phosphorylated tau. In together, Aβ and tau aggregation leads to neurotoxicity, neurodegeneration and 

eventual development of AD. 

Furthermore, the mitochondrial dysfunction hypothesis has also been proposed. Mitochondrial is of great 

significance to neurons, especially at the synapses where it can generate calcium gradient and ATP. This 

process is essential for eliciting membrane potential and enables the process of neurotransmission. The 

function of mitochondria is affected in AD with altered morphology, decreased numbers, increased reactive 

oxygen species (ROS), mitochondrial DNA mutation, and mitochondrial biogenesis.49–54 The reduced 

mitochondrial activity and increase level of oxidative stress can lead to neuronal death.  

In addition, there is the neuroinflammation hypothesis where AD is considered as a chronic inflammatory 

process. The accumulated Aβ and tau aggregates around the neurons can trigger the immune response of 

the CNS.55,56 The activation of immune cells, especially glia cells, releases inflammatory cytokines that 

further dysregulate the biological activities of neurons.57,58 
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All these pathophysiological pathways of AD are not separated, instead they are interconnected closely 

to each other. No single pathological pathway on its own is sufficient enough to lead to the development of 

AD, rather in general several molecular mechanisms happen simultaneously or continuously to initiate the 

disease process. In the next section (Section 1.3), the current treatments of AD based on these hypotheses 

are introduced. This is followed by a detailed explanation and discussion on Aβ hypothesis (Section 1.4) 

which is the main focus of this thesis. Then, the overall macroscopic picture of AD pathophysiology is 

synthesized and discussed (Section 1.5). 

 

1.3 Current Treatment  

Unfortunately, there is no cure for AD so far. There are four small molecule drugs approved by the US 

Food and Drug Administration (FDA) that can be used as treatment of AD (Figure 1-3). These drugs merely 

provide symptomatic relief to the patients, especially cognitive decline, which are unable to alter the disease 

pathophysiology or halter disease progression. The goal of these treatments is not reversing or eliminating 

the disease progress, instead it helps to obtain a better management over the ongoing symptoms of dementia 

without severely influencing the life quality. Based on the modes of action, there are two classes of drugs: 

cholinesterase inhibitors (ChEIs) that target and inhibit the cholinesterase enzymes and the NMDA receptor 

antagonist that can reduce the excessive neuroexcitation. The very first discovered ChEI was tacrine 

(Cognex®). It can increase the CNS concentration of ACh by inhibiting its degrading enzyme AChE.59,60 

However, due to potential liver toxicity and severe side effects, it was withdrawn from the market after 

more than 60 years of usage in 2013.61,62 Currently, three ChEI are being administered to treat symptoms 

of AD, including donepezil (Aricept®), rivastigmine (Exelon®), and galantamine (Razadyne®). Donepezil 

is approved to treat all stages of AD, while rivastigmine and galantamine are approved to treat mild-to-

moderate AD. Patients’ symptoms, such as cognitive decline, language impairment, memory loss, can be 

lessen or stabilized over a limited period of time when taking these medications.63 It seems like the efficacy 

of these three medications toward symptom management are similar. However, the effects are generally 
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modest and the patients’ response to the treatment is variable. There is a certain proportion of patients who 

received ChEI medications did not show any benefit.64 As a result, the cost-effectiveness of these 

medications is generally considered low. The only approved NMDA receptor antagonist is memantine 

(Namenda®).65 Research has shown that the use of memantine is recommended at a later, advanced stage 

of AD where the therapeutic effects can be maximized.66 It is well tolerated in patient population with 

moderate-to-severe AD. The combination of donepezil and memantine, branded as Namzaric
®
, was also 

approved to treat moderate-to-severe symptoms of AD by simultaneously targeting two underlying 

pathologies. These medications, either targeting ACh or NMDA system, modulate the pathological changes 

that happened in the downstream of Aβ and tau cascade, which partially explains why they failed to reverse 

the disease.67 

 

 

Figure 1-3. FDA-approved small molecule drugs for AD. 

 

Intense AD research in the past decade has led to a better understanding of the disease mechanisms which 

is assisting in the discovery of the next generation of treatments.68–70 These parameters include biomarkers, 

clinical trial redesigning, and neurological fluorescence imaging. These new elements help to diagnose AD 

dementia more accurately, to detect disease pathologies earlier, and to assess patients’ response to treatment 
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more precisely. The inclusion of these parameters helps to identify novel AD treatments. In terms of 

immunotherapy approaches to treat AD, there are mainly two types of intervention: active immunization 

and passive immunization. The active immunization mainly involves administering the Aβ/tau or fragment 

of Aβ/tau to activate the human immune response. These vaccines include Aβ1-6 vaccine CAD10671, tau 

vaccine AADvac1 (ADAMANT)72, and Aβ synthetic peptide vaccine UB-311 (UBITh
®
)73. Whereas, the 

passive immunization involves administering antibodies that target Aβ and/or tau aggregates in the human 

body. Recently, two anti-amyloid immunotherapies were approved by FDA to treat MCI and mild dementia: 

aducanumab (Aduhelm
®
) and lecanemab (Leqembi

®
), respectively.74,75 These two medications target the 

Aβ cascades, specifically by enhancing the clearance of Aβ aggregates. They are both anti-amyloid 

antibodies that are able to facilitate the removal of Aβ presented in the CNS by intravenous infusion. Phase 

II/III clinical trials of these two anti-Aβ antibodies were carried out with patients who have been diagnosed 

with MCI or mild dementia due to AD and have shown Aβ pathology indicated by biomarker screening or 

positron emission tomography (PET). The patients seem to benefit from the therapies by showing an 

enhancement in clinical measurements related to cognition and behavioral function.76,77  

 

1.4 Aβ Cascade Hypothesis 

1.4.1 Hypothesis Overview 

As discussed in the previous section, the observation of senile plaques and neurofibrillary tangles from 

AD patients during the postmortem experiments led to the advent of the amyloid cascade hypothesis. Back 

in 1992 when the hypothesis was proposed, it was thought that the deposition of Aβ protein, the main 

component of senile plaques, was the causative agent of AD, and that the other downstream pathological 

events are the direct results of such protein deposition.78,79 Even though the mechanisms and functions were 

not fully understood, the hypothesis was considered as a viable target for drug development. Built upon this 

hypothesis, numerous potential drug candidates started their journey in clinical trials decades ago. However, 
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the results backfired as the majority of the candidates failed to reach clinical endpoints at various stages of 

clinical trials due to safety issues, and lack of effectiveness.48,80,81 Such demotivating real-world data 

inevitably triggered doubts around this hypothesis. With the help of new clinical and experimental 

technologies, the hypothesis has been further refined to explain the controversies found between research 

and real-world data. After more than 30 years of painstaking research, the contents of the hypothesis have 

been expanded largely, which currently includes the entire production and post-production handling 

pathways of Aβ. The accelerated approval of Aβ-specific antibodies, aducanumab and lacanemab, by US 

FDA has put the focus back on the amyloid cascade as viable molecular target in discovering novel disease-

modifying agents to treat AD.   

To start with, the Aβ cascade hypothesis mainly focuses on the imbalance between the formation and 

post-production processing (metabolism and clearance) of Aβ.82 The deposition of various forms of Aβ 

aggregates is the direct outcome of the loss of such biological homeostasis. The accumulation of Aβ 

aggregates is often the very initial event that happens in the disease continuum. It leads to other downstream 

pathological changes as well as clinical manifestations which eventually leads to AD dementia.83 In the 

following sections, the production, aggregation, and toxicity mechanism of Aβ will be explained in detail 

on a molecular level. In order to conceptualize the hypothesis from an overall biological perspective, the 

function of major products and secretases derived from Aβ production, either physiological or pathological, 

will be discussed as well.  

 

1.4.2 Production of Aβ 

1.4.2.1 Post-translational processing of APP 

The term ‘Aβ species’ is used to describe a number of Aβ peptides varying from 38 to 43 amino acids in 

length. Among all these Aβ species, Aβ40 (consists of 40 amino acids) and Aβ42 (consists of 42 amino 

acids) are the two major species implicated in the pathophysiology of AD. These two Aβ species are derived 
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from the post-translational proteolytic processing of their mother protein, so-called amyloid precursor 

protein (APP) which is a larger transmembrane protein with an N-terminal ectodomain, a C-terminal 

intracellular domain and several hydrophobic transmembrane domains.84 The post-translational proteolytic 

processing of APP is executed by α-, β-, and γ-secretases via two different pathways, amyloidogenic 

pathway and non-amyloidogenic pathway (Figure 1-4). It is the amyloidogenic pathway that generates Aβ 

species which then further elicits the aggregation process. For non-amyloidogenic pathway, the APP 

processing is completed through sequential cleaving of α-secretase and β-secretase.85 Firstly, α-secretase 

cleaves APP between lysine 687 and leucine 770 (APP770 numbering) or lysine 16 and leucine 17 

(Aβ40/42 numbering) near the cell membrane (CM) to yield a soluble N-terminal product sAPPα and a C-

terminal fragment 83 (CTF83). Next, CTF83 is further cleaved by γ-secretase to release the APP 

intercellular C-terminal domain (AICD) and a small peptide p3 (3kD). The α-secretase cleaves the APP 

within the amino acids sequence of Aβ and thus no Aβ is produced from this processing pathway. Similarly, 

the amyloidogenic pathway involves the combination of two proteolytic enzymes as well, namely, β-

secretase or β-site APP cleavage enzyme (BACE) and γ-secretase.86 BACE cleaves APP further away from 

CM in the upstream of full Aβ sequence between methionine 671 and aspartic acid 672 (APP770 numbering 

system). This cleavage results in the release of the soluble large peptide sAPPβ and CTF99 which is further 

cleaved by γ-secretase to generate full-length Aβ peptide and AICD (Figure 1-4).  

Under physiological conditions, the majority of APP is processed through non-amyloidogenic pathway. 

Still a certain percentage, although small proportion, of APP is proteolyzed via the amyloidogenic pathway 

which means that extremely low concentration of Aβ species (reported at picomolar level) is present at 

physiological conditions.87 In contrast, under pathological conditions, there is a shift in the processing of 

APP from mainly non-amyloidogenic to mainly amyloidogenic pathway. The transition in the APP 

processing elevates the level of Aβ species in the CNS and thus leads to the aggregation and accumulation 

of various Aβ species.88 However, the mechanism or trigger of such transition is not well defined at the 

molecular level. It is suggested that the trafficking of APP and its downstream products plays a role in this 
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transition. The APP is a transmembrane protein, it is not only localized at CM but also at other cellular 

locations. The maturity of APP involves the constitutive secretory pathway from endoplasmic reticulum 

(ER) to the CM, similar to the biosynthesis of most proteins. The majority of the APP is localized in the 

Golgi complex, while only a small portion of it is being trafficked to CM and internalized.89 However, these 

membrane-bound APP can also be sorted into early endosomes, among which one fraction is recycled back 

to CM and the other fraction is trafficked to the lysosome/endosome system for degradation.90 The precisely 

regulated trafficking pathway of APP provides many opportunities to co-residence with α-, β-, and γ-

secretases. It is the co-residence of APP and its proteolytic enzymes that influences its preference to one of 

the two post-translation processing pathways. As α-secretase is primarily enriched at CM, the 

amyloidogenic pathway is obviously predominant on the cell surface under normal conditions. In 

pathological conditions, increasing levels of APP are being transported into different cell compartments, 

including trans-Golgi network and endosomes where β-secretase is mainly localized.91 The co-residence of 

APP and β-secretase enables efficient β-cleavage of APP and thus a higher level of Aβ is being secreted. 

The slightly acidic pH environment in these cell compartments also facilitates the proteolytic activity of β-

secretase. Research findings also suggest that the trigger of this transition might also be influenced by the 

elevated levels of BACE1 which is the main proteolytic enzyme that produces Aβ. 
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Figure 1-4. Post-translational processing of APP. 

 

To summarize, Aβ species varying in length are produced by the post-translational proteolytic processing 

of APP by β-, and γ-secretases via amyloidogenic pathway at either physiological or pathological conditions. 

The transition of APP processing, from mainly non-amyloidogenic pathway to mainly amyloidogenic 

pathway presumably regulated by APP trafficking, results in the elevated production of Aβ species, 

especially Aβ40 and even more hydrophobic sequence Aβ42. Such shift disrupts the biological balance and 

homeostasis which initiates the downstream pathological changes in AD.  

 

1.4.2.2 Amyloid precursor protein (APP) 

Since the entire post-translational processing routes of APP has been introduced, it is important to 

understand the structural characteristics and function of each involving parties to understand the rationality 

of their existence in such delicate biological systems.  
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APP is a glycosylated integral membrane cell surface protein (Figure 1-5) whose encoding genes are 

located on chromosome 21.92,93 Its unique gene sequence includes in total 18 exons. Due to gene splicing, 

three major isoforms of APP have been found to date, which are APP 695, APP 751, and APP 770 

respectively. APP 695 is the most abundant isoform expressed in neurons which encoding cDNA lacks the 

gene sequence of exon 7 and exon 8.94 It is generally believed that exon 7 encodes a Kunitz-protease 

inhibitor, which is a regulator of platelet aggregation and homeostasis.95,96 On the other hand, exon 8 

contains OX-2 homology sequence whose biological functions have not been deciphered clearly on a 

molecular level. The encoding cDNA of APP 751 or APP-like protein 1 (APLP1) lacks only exon 8, but 

not exon 7.97,98 It is merely expressed in brains and has only been found in mammalian animals.99 Whereas 

APP 770 or APLP2 are encoded by all 18 exons, which is ubiquitously expressed in human body.85  

 

 

Figure 1-5. Illustrative structure of APP and its major domains (colored in blue), proteolytic positions 

(colored in orange). Figure was created with PowerPoint and Chemdraw. 

 

In the context of this thesis, APP preferably refers to APP 695 due to its abundance in CNS. It has a 

larger extracellular region that can be further divided into E1 and E2 domains. These two domains are 

separated by a KPI domain, even though it is not expressed in APP 695. E1 domain is considered as the 

major active surface that is responsible for the interactions for APP/APLP dimerization.100–102 However, the 

biological function of E2 is poorly defined. The transmembrane domain of APP which contains the Aβ 
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sequence is relatively conserved.103 The remaining C-terminal domain is AICD which will be discussed 

later. The biological functions of full-length APP have been explored extensively. It is a cell surface 

receptor that can bind to several substrates, including Aβ, F-spondin, Nogo-66, netrin-1, BRI2.104–108 The 

binding between APP and substrates is facilitated by the extracellular domain of APP. In addition, it also 

plays a role in cell adhesion as E1 and E2 domains can interact with extracellular matrix proteins and itself 

in a parallel or anti-parallel manner to form hetero-dimers (with APLPs) or homo-dimers (with APP 

itself).109,110 It is suggested that APP is also involved in the regulation of neprilysin and transthyretin 

expression which is achieved by the direct binding of AICD to the gene promotors of neprilysin and 

transthyretin. These APP-mediated effects are, in parallel, modulated by BACE1 through which the AICD 

is being produced. Several mutations on genes encoding APP have been found which are closely related to 

early-onset AD or familial AD, including Swedish mutation K670N, M671L, and Osaka mutation.3,111 

These mutations, especially those within the sequence of Aβ, are capable of promoting the production 

and/or aggregation of Aβ. 

 

1.4.2.3 α-Secretase and sAPP-α 

Several A Disintegrin and Metalloproteinase (ADAM) possess α-secretase-like activities, among which 

three of those ADAMs are considered as α-secretase, including ADAM 9, ADAM 10, ADAM 17 

respectively.112 They are type I integral membrane zinc metalloproteases. These proteinases are mainly 

expressed on CM and anchored on the surface of neurons. Therefore, the non-amyloidogenic processing of 

APP predominately occurs on the CM. ADAM 10 is extensively expressed in CNS and responsible for 

constitutive α-cleavage activity.113 Both ADAM 9 and ADAM 17 are more likely involved in the regulation 

of α-cleavage of APP rather than constitutive α-cleavage. The result of α-cleavage is the release of a large 

soluble peptide sequence sAPP-α. Generally, sAPP-α is considered neuroprotective. It plays an important 

role in neuronal plasticity and neuronal stem cell proliferation which is crucial to CNS development.114 It 

can also promote neurite outgrowth, cell adhesion, and the synthesis of new synaptic.115,116 Most 
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importantly, as the cleavage site of α-secretase is within the sequence of Aβ, the up-regulation of α-secretase 

may be beneficial in treating AD. α-Secretase mediated APP cleavage can be activated by several G protein-

coupled receptors and receptor tyrosine kinases.117,118 The activation of α-secretase can also happen when 

the cholesterol synthesis is blocked by statins. However, ADAMs are not APP specific and there are many 

others substates.119 The strategy of promoting non-amyloidogenic pathway by activating α-secretase needs 

to be used under scrutiny.  

 

1.4.2.4 β-Secretase/BACE and sAPP-β 

BACE1 is a 501 amino-acids-long type I transmembrane aspartyl protease with its two active sites on the 

luminal side of the CM.120,121 The first active site is called Asp 1 cleavage site which cleaves APP between 

Met596 and Asp597 to give CTF99. The other active site is called glutamate 11 cleavage site which cleaves 

APP between Tyr606 and Glu607 to give CTF89 from which a truncated type Aβ 11-40/42 is produced.122 

It is generally perceived that the activity of BACE1 is the rate-limiting process in the production of Aβ. 

The maturity of BACE1 includes glycosylation, phosphorylation, and cleavage of its precursor protein, pro-

BACE1. Most of the BACE1 is found to be membrane-bound, but evidence shows that an acidic 

environment is required to exhibit its optimal catalytic activities. BACE1 is expressed in most body tissues 

and the highest level of activity are observed in neurons. Considering its correlation with Aβ generation, 

BACE1 has been suggested as one of the drug targets in treating AD.123–125 Indeed, previous studies 

indicated that elevated levels of BACE1 found in AD patient’s brain and the lack of Aβ generation has been 

accredited to BACE1 inhibition or knocked-out.126 However, recently, some non-APP substrates of BACE1 

have been identified, including the β2 subunit of voltage-gated sodium channel and P-selectin glycoprotein 

ligand 1.127 The side effects of complete blockage of BACE1 in various AD models may be associated with 

this. BACE1 inhibitors that have been discontinued in randomized clinical trials due to futility or safety 

reasons include verubecestat128, atabecestat129, and umibecestat130. The major product of β-cleavage is the 

formation of sAPPβ and CTF99. The CTF99 fragment is an intermediate rather than end product, so the 
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function of this C-terminal fragment is not well understood. However, the function of sAPPβ is considered 

neurotoxic, in opposition to that of sAPPα. Compared to sAPPα, the sAPPβ lacks the Aβ1-16 domain near 

its N-terminus. It participates in mediating axonal pruning and neuronal cell death.131 It is also a ligand of 

death receptor 6 or commonly referred tumor necrosis factor (TNF) receptor which is closely associated 

with cell apoptosis. 

 

1.4.2.5 γ-Secretase and AICD 

The γ-secretase is the enzyme that eventually proteolyzes CTF fragments to generate either Aβ or p3. It 

is a large proteinase complex which includes at least four major components: Presenilin (PS), Presenilin 

enhancer 2, Anterior pharynx-defective 1, and Nicastrin.132 These four components are considered essential 

for the catalytic activity of γ-secretase. Two homologues of PS were found in human body, which are PS1 

and PS2 respectively. Any mutations in these two gene sequences, especially PS1, are causative in most of 

the cases of familial AD. In terms of biological structure of γ-secretase, it is a multi-transmembrane protein 

where the active cleavage site lies within the transmembrane domain. The maturity of γ-secretase involves 

the cleavage between the 6th and 7th transmembrane domain at the cytoplasmic loop.133 The cleavage 

generates an N-terminal and a C-terminal fragment. These two fragments interact with each other, together, 

making γ-cleavage happen. Only a small portion of the γ-secretase complex is located on the CM, while 

the rest mainly localize at ER, Golgi/TGN and endosome.134 Therefore, Aβ can be produced in the 

endosome/lysosome system or on the CM where the mature γ-secretase can be found. Interestingly, γ-

secretase can also mediate cleavage at different sites, namely, ξ-site (to generate Aβ46) and ε-site (to 

generate Aβ49).135,136 Accordingly, various AICDs are generated varying in length (AICD 50, 53, 57, 59). 

Other substrates of γ-secretase are identified as well, including Notch, CD44, and cadherin.137 Similar to 

the above-mentioned α- and β-secretase, the inhibition or complete blockage of γ-secretase as therapeutic 

approach to treat AD is risky due to potential side effects.138  
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The outcomes of γ-cleavage are p3/Aβ and AICD. p3 is a relatively small peptide which is rapidly 

degraded. It is believed to possess no important biological function. The function of Aβ will be discussed 

in detail in the next section. As for AICD, it also undergoes fast degradation so that the information on 

AICD is mostly deduced based on the exogenous system. From a biological structure perspective, few 

conserved regions are discovered, which are YTSI (653-656, APP695 numbering) motif near cell 

membrane, VTPEER (682-687, APP695 numbering) helix capping box, and YENPTY (682-687, APP695 

numbering) respectively.139,140 The biological functions of AICD closely depend on the interaction with its 

binding partners. These conserved motifs are considered as the major contributors to the interaction between 

AICD and other proteins. With that being said, many AICD-binding proteins have been identified, including 

kinesin light chain, APP tail 1, X11, Clathrin, mDab1.141 It is also noted that the interaction of X11 and 

AICD has been suggested as a regulatory factor on the APP trafficking and metabolism which leads to a 

decreased level of Aβ production.142 On the other hand, AICD contains some phosphorylation sites, 

including two threonine residue sites (Thr654, Thr668 based on APP695 numbering) and one serine residue 

site (Ser665 based on APP695 numbering).85 The phosphorylation state of AICD plays a crucial role in the 

binding between AICD and its corresponding binding proteins, so the phosphorylation process is indirectly 

mediating its biological functions. Recently, the interplay between AICD and Aβ has been highlighted as 

it provides more insights into the pathological mechanism of AD. The AICD can be transported to the 

nucleus and acts as gene transcriptional regulator. For example, AICD up-regulates the expression of 

neprilysin, a secreted protease that cleaves Aβ, which leads to a lower Aβ level in the brain.143 The AICD 

can also regulate the expression of transthyretin which is an extracellular protein capable of inhibiting Aβ 

aggregation and ameliorating its neurotoxicity.144 The exact mechanism of how AICD works is still unclear. 

Whether the translocation of AICD to the nucleus is necessary for its biological function is poorly 

understood. But, for sure, AICD can influence Aβ levels in the brain potentially due to its binding to gene 

promotors or proteins. Some studies also suggest that AICD is neurotoxic which is also attributed to the 

binding with its interacting proteins. 
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1.4.3 Aβ Structure and Function 

In this section the structure and function of the major isoforms of Aβ species, namely are Aβ40 and Aβ42, 

will be discussed (Figure 1-6). The Aβ40 consists of 40 amino acids and some regions within this sequence 

are found closely related to its aggregation propensity. Specifically, 16KLVFFA21 fragment (Figure 1-6) 

functions as the center for the nucleation depended aggregation.145 The hexapeptide 16KLVFFA21 alone also 

acts as a steric zipper by undergoing spontaneous aggregation to form assemblies that resemble the core of 

Aβ structures. It can form well-ordered fibers exhibiting nearly all of the properties of its full-length parent 

peptide.146 The 16KLVFF21A region contains mainly apolar amino acid residues which participate in the 

formation of fibril hydrophobic spine.147,148 Another region of interest is the hydrophobic domain near the 

C-terminal end of the sequence, stretching from Isleu32 to the end Val40 for Aβ40.149 Compared to Aβ40, 

there are two extra amino acids located at the C-terminal end of the peptide chain, namely Isleu41, and 

Ala42 which also participate in the formation of hydrophobic domain. It is suggested that the higher 

propensity of Aβ42 to form aggregates is due to the conformational change caused by the extra two amino 

acids.150 These two amino acid sequences are generally regarded as the amyloidogenic core that facilitates 

the aggregation of Aβ. The shorter steric zipper domain may be the driving force for the initial aggregation 

phase, while the larger hydrophobic domain is essential in promoting the formation of higher-ordered 

aggregates, such as protofibrils and mature fibrils. In addition, the histidine residues (His6, His13, His14) 

found in Aβ sequence are known to coordinate with metal ions, such as copper and zinc ions.151 The 

complex formed by Aβ and metal ions is capable of altering the electron-transfer chain in the cells and thus 

generates ROS implicated in the oxidative stress hypothesis of AD pathophysiology. Given the amino acid 

sequence characteristics of Aβ, both Aβ40 and Aβ42 are intrinsically unstructured peptides which do not 

adopt a certain fixed 3D conformation either in the solid state or in the solution phase.152 The 3D structure 

of Aβ is often resolved by co-crystallization of Aβ and its ligand and then analyzed by nuclear magnetic 

resonance (NMR), molecular dynamics (MD), and X-ray diffraction.  
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Figure 1-6. Amino acid sequence of Aβ40 and Aβ42 (above) and the structure of steric zipper KLVFFA 

(below). 

 

The function of Aβ is controversial as the biological effects are strictly concentration dependent. It is an 

ancient molecule which has conserved amino acids in its sequence and has survived millions of years of 

evolution.153 At picomolar physiological level, Aβ has many positive effects on the memory and the entire 

CNS.154 It helps memory consolidation by regulating the synaptic function through the activation of 

nicotinic ACh receptors.155 It also protects the homeostasis of CNS by blocking the leakage of BBB and 

suppression of neuronal tumor growth through the inhibition of the virus. In addition, at this low 

concentration, Aβ is also an antimicrobial peptide which is part of the innate immune system of CNS.156 It 

can inhibit the growth of some most common clinically important pathogens, possibly by disturbing the 

membrane structures of microbes.  However, with higher concentration of Aβ, it becomes neurotoxic and 

is believed to elicit the aggregation process. In the next section, the aggregation process and mechanism of 

Aβ will be described before discussing its toxicity mechanisms. 

 

1-DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV-40

1-DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA-42

Amyloidogenic Core Hydrophobic Domain

16KLVFFA21
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1.4.4 Aβ Aggregation 

After Aβ is produced by cleaving its parent protein APP, it is in its monomer protein state which is 

featured by random-coil-like structure. Under certain circumstances, the native monomer undergoes 

conformational change from random coil to beta-sheet structure. This protein misfolding is one of the 

initiating factors involved in Aβ aggregation process (Figure 1-7). The trigger or reason of protein 

misfolding is still not well understood. However, some events have been found closely associated with 

protein misfolding including Aβ. Firstly, any mutations or errors happened during the protein transcription, 

production and post-translational modification processes will lead to the formation of sequence or modified 

protein conformation that is unable to fold normally.157,158 Secondly, structural modification can be 

produced by environmental changes, such as pH, solvation effect, temperature, and concentration.159 

Generally, the misfolded state of Aβ40 monomer adopts a ‘U’ shape, while the misfolded Aβ42 monomer 

adopts an ‘S’ shape due to the extra amino acids at the C-terminus. The main contributors of Aβ aggregation 

at the initial stage are these misfolded Aβ40/42 monomers. The aggregation cascade is an extremely 

complex thermodynamic and kinetic process determined by its amino acid sequence, which ultimately 

generates more stable aggregates that are lower in overall energy.160 Monomers start to interact with each 

other via the amyloidogenic cores to form dimers, trimers, tetramers, and oligomers mainly through 

hydrophobic interactions. Eventually, these small aggregates grow into protofibrils and mature fibrils with 

layers of paired Aβ40/42 (Figure 1-7). The X-ray diffraction pattern reveals a common structural feature 

of Aβ fibrils which is termed cross-β sheet/motif.161 This is charactered by extended tightly paired β-sheets 

with individual β-strands arranged in the direction perpendicularly to the fibril main axis.162 It is an 

unbranched structure with diameters ranging from 2 nm to 20 nm and length in several μm.163 The spacing 

between strands of β-sheets is approximately 4.8 Å, whereas the spacing between two β-sheets is around 

10 Å.164  
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Figure 1-7. Schematic illustration of Aβ aggregation pathway. 

 

Such structural features give rise of its tinctorial properties. Certain molecular probes can be used to 

monitor the protein state of Aβ during the aggregation. The probes are able to display changes in 

spectroscopic properties once binding to Aβ fibrils. Historically, Congo Red (CR) was the first Aβ 

molecular probe discovered. CR is long and flat in terms of its 3D conformation which can fit into the 

hydrophobic groove of Aβ fibrils.165 Upon binding, the max absorption wavelength changes from 490 nm 

to 540 nm which can be monitored by a typical plate reader.166 However, CR suffers from low sensitivity 

in the detection of Aβ fibrils. Also, CR interferes with aggregation kinetic by either promoting or inhibiting 

the aggregation.167,168 Therefore, it is not recommended to monitor Aβ aggregation in situ. Later on, another 

class of fluorescent molecular probes were identified which includes thioflavin S (ThS) and thioflavin T 

(ThT).169,170 The detection sensitivity is greatly improved with these types of molecular probes and they do 

not interfere with the aggregation process.171 Gradually, ThT became the standard dye used to monitor Aβ 

aggregation. Due to the presence of a rotating single bond between two aromatic ring systems in the 

structure of ThS and ThT, they get locked upon binding to Aβ fibrils rich in β-sheets leading to fluorescence 

shifts. These changes can be monitored by fluorescence (FLR) spectroscopy (Figure 1-8).169 Specifically, 

the unbound ThT shows characteristic FLR at 350 nm excitation and 450 nm emission. While the bounded 

ThT exhibits characteristic FLR at excitation 440 nm and emission 490 nm. These FLR changes can be 

monitored, recorded, and plotted as a function of time.  
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Figure 1-8. ThT probe used to study the aggregation of Aβ. 

 

The aggregation kinetic curve monitored by ThT is in typical sigmoidal shape (Figure 1-9). The shape 

indicates that the aggregation kinetic is a nucleation-elongation mechanism. There are three consecutive 

stages identified. The first stage is the lag phase or nucleation phase as indicated by the initial low FLR. 

This stage mainly involves the formation of Aβ oligomers. Association and disassociation of monomers to 

and from the already-existed Aβ oligomers are both presenting in this stage. The rate of association and 

disassociation is approximately the same. Thus, the lag phase is considered as the rate-limiting process of 

the aggregation. Assembly of transient oligomers serves as seeding nuclei where additional monomeric Aβ 

units can latch to grow the fiber assembly. Simultaneously, due to the structural instability caused by 

transient weak interactions, monomers attached to the seeding nuclei can disassociate again off the 

oligomers. Such equilibrium slowly goes forward toward the formation of longer and bigger oligomer 

aggregates by continuous addition of Aβ monomers. Given the fact that Aβ42 is more prone to aggregation, 

the lag phase of Aβ42 is much shorter than that of Aβ40. Interestingly, the lag phase can also be shortened 

by adding pre-formed aggregates or fibrils into the solution, a process known as seeding.172 The time period 

of lag phase is normally correlated with the exposure time of Aβ oligomers (AβOs) which is considered as 

the most toxic species found during aggregation. The shortening of the lag phase caused by Aβ-targeting 

drugs, to some extent, is considered beneficial as it indicates a shorter exposure time of toxic oligomers. 

The aggregation events in the nucleation phase can be explained by two mechanisms, primary nucleation 

and secondary nucleation respectively.173 One type of primary nucleation involves the aggregation event in 

bulk solution of Aβ monomers. It is considered homogenous as it is the monomers that act as building 

blocks to form AβOs. The other type of primary nucleation is heterogeneous. It is the aggregation process 
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that occurs at the interface between two different surfaces. For example, the association of monomers on 

the surface of the experimental container, other proteins, air-water interface, and bilipid layers of CM. 

Until a certain critical point has reached when there are enough oligomers presented in the solution, the 

second step of aggregation occurs. The second step is called elongation phase or growth phase where a 

drastic rise in FLR can be observed in the kinetic curve (Figure 1-9). Fibrillar structures, termed protofibrils, 

are rapidly formed by monomers, oligomers, and nuclei during this step. The result of elongation is the 

production of more stable protofibrils. Therefore, it is a faster and thermodynamically favorable process. It 

is the fibrillar structures that provide suitable binding pocket for ThT. As a result, more and more ThT gets 

bound to the newly formed protofibrils which display a significant increase in FLR. The slope of elongation 

phase calculated from the curve is a direct indicator of the aggregation rate. A higher slope equals a faster 

elongation process where the toxic AβOs are forming less toxic protofibrils quickly. Similarly, the 

shortening of elongation phase or higher slope is beneficial in terms of counteracting the toxic effects of 

toxic AβO.  
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Figure 1-9. The characteristic sigmoidal curve of the ThT-monitored Aβ aggregation process. 

 

 

The elongation step gets transitioned to the last step of aggregation. This phase is termed saturation phase, 

equilibrium phase or plateau phase where the kinetic curve reaches the highest FLR and stabilizes over time 

(Figure 1-9). The main process in this stage is the assembly of protofibrils into mature Aβ fibrils that are 

featured by the cross-β structure. The final FLR in this step is a direct indicator of the aggregation level. A 

higher FLR means more mature Aβ fibrils are formed, whereas a lower FLR means less Aβ fibrils are 

formed. Compounds or molecules that can lower the FLR of the saturation phase are regarded as 

aggregation inhibitors (AI) which have the potential drug candidates to treat AD. On the other hand, the 

aggregation promotors (AP) that induce a higher saturation FLR is not desirable compared to AI. However, 

research has shown that some of the APs are able to change the conformation of Aβ fibrils and make them 

less toxic or even not toxic.174 Also, some APs are capable of reducing or bypassing the formation of toxic 

Aβ oligomers, even though a higher number of fibrils are formed at the end.175,176 The overall effect is that 

the neurotoxicity and amyloid burden is reduced by APs. All these findings suggest that AβO plays a central 

role in neurotoxicity and disease progression.  
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It is always necessary to think of various protein states found in the aggregation from an energy point of 

view. Not only the aggregation process but also the formation of ligand-Aβ complex are all driven by and 

towards the global energy minimum. Currently, the energy model of Aβ aggregation is summarized as 

‘funnel’ shape with the highest energy form as the corresponding unfolded protein state (Figure 1-10).177 

Any given amino acid sequence has its own folding and aggregation surface funnel. The unfolded protein 

state has the highest Gibbs free energy and highest conformational entropy due to its intrinsically unordered 

polypeptide sequence. The energy funnel profile is highly influenced by i) entropic contributions due to the 

interaction with the aqueous environment; ii) entropic contributions due to the changes in conformational 

freedom; iii) enthalpic contributions due to the interactions between the amino acid residues.178 As for Aβ, 

the folding of native monomer is driven by the decrease in conformational entropy. On the other hand, the 

main driving force of lower-order aggregation is the hydrophobic collapse in aqueous environment.179 The 

formation of hydrophobic interactions between the amyloidogenic core of Aβ, either intermolecular or 

intramolecular, decreases the Gibbs free energy. The resulting hydrophobic core or hydrophobic hollow is 

a result of the system trying to avoid the interactions between Aβ and the aqueous environment. For Aβ 

fibrils, the cross-β spine is maintained by mainly polar interactions consisting of hydrogen bond interactions 

and electrostatic interactions.180 A clear understanding of energy landscape of Aβ aggregation can help with 

the design Aβ-targeting drugs. The energy function score is one of the essential and decisive factors when 

conducting molecular docking and molecular dynamics studies. Various conformations of each drug-Aβ 

complex will be generated based on certain algorithms during molecular docking. They are then ranked by 

the energy function score of the entire system. The complex with the lowest global energy is considered 

more stable and that specific drug candidate has a higher chance to be a potent Aβ aggregation modulator. 

Such computational modeling process can facilitate and direct rational drug research and development.  
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Figure 1-10. Energy landscape of various Aβ species during the aggregation. 

 

1.4.5 Aβ Toxicity and AβO Hypothesis 

The toxicity of Aβ has long been implicated in the pathophysiology of AD. Despite the fact that Aβ is an 

ensemble of various forms of aggregates, more or less every form shows some extent of neurotoxicity, 

including dimers, trimers, tetramers, pentamers, hexamers, oligomers, and fibrils. Lines of experimental 

evidence have shown that Aβ can lead to the downstream signaling pathway and other pathophysiological 

hallmarks of AD. It disrupts cell metabolism and homeostasis, impairs the function of mitochondria and 

electron transfer chain, destroys synaptic plasticity, and induces neuroinflammation. Generally, Aβ42 is 

considered more toxic than Aβ40 as it is more prone to undergo fast aggregation. Studies have demonstrated 

that an increased Aβ42/Aβ40 ratio is often an indicator of the disease severity which often correlates well 

with patients’ clinical symptoms, especially in familial AD (FAD) cases. Herein, some of the widely 

accepted Aβ toxicity mechanisms are summarized (Figure 1-11): 

i. The self-induced aggregation of Aβ on the CM of neurons can generate various toxic molecules, 

including aldehyde 4-hydroxy-2-nonenal, 2-propenal, and hydrogen peroxide.181,182 These 

molecules can migrate to different compartments of neurons and lead to multiple neurotoxic 
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alterations to normal cellular activities. They are chemically reactive and capable of either 

oxidizing proteins or peroxide lipids presented in neurons. The oxidation of CM proteins is 

detrimental to membrane integrity183 whereas the peroxidation can damage the function of 

glucose transporters, glutamate transporters, and ion channel ATPases.  

ii. Aβ aggregation also promotes the release of inflammation-related signaling molecules, such as 

pro-inflammatory cytokines, eicosanoids, and chemokines.184 The release of these signaling 

molecules can induce further harmful inflammation responses of CNS. The sustained high 

levels of Aβ can also activate the chronic response of innate immune system, mainly through 

the stimulation of microglia. In the long run, the activation of immunological toll-like receptors 

can cause extensive neuronal loss. 

iii. The extracellular accumulation of Aβ aggregates can physically hinder the signaling 

transmission of neurons.185 Neuron transmission is a process that happens at the synapse. The 

pre-synaptic terminal releases neurotransmitters to function as molecular messengers, which 

then can bind to post-synaptic cell membrane receptors to elicit further downstream signaling. 

The blockage of such communication mechanism at synaptic cleft caused by large Aβ 

aggregates can disrupt the signal transduction in CNS. The Aβ plaques are mainly deposited in 

hippocampus, amygdala, and entorhinal cortex of the brain. The disruption of signal 

transduction in these regions decreases the synaptic plasticity of neurons and thus influences 

memory formation and storage, learning process, and emotional behaviors. 

iv. Aβ aggregates can bind to AMPA receptors and certain calcium channels, which leads to 

excessive calcium influx into the neurons.186 Such increase of intracellular calcium 

concentration induces cell apoptosis and eventually cell death.  

v. Ions entrapped by Aβ aggregates, especially iron, copper, and zinc, are electrochemically active 

which can produce ROS.187 As discussed earlier, ROS can cause protein oxidation, lipid 

peroxidation and DNA damage. All these oxidative events build up together to cause oxidative 

stress to the neurons.  
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vi. Aβ can also hamper the mitochondrial function. It accumulates in the mitochondrial membrane 

and blocks the translocation of necessary supplies, including inner mitochondrial metabolites 

and proteins.188 Such disruption of the electron-transportation chain leads to mitochondrial 

dysfunction. In turns, Aβ generation will be elevated which is a vicious cycle. Higher Aβ levels 

can also activate the mitochondrial fission protein Fis1 and Drp1 which further induce 

mitochondrial fragmentation.189  

 

 

Figure 1-11. Mechanisms of Aβ toxicity. 

 

Recently, studies have pointed out the significance of AβO as it is regarded as the most toxic species 

during the entire aggregation cascade. It is thought to confer disease-relevant toxic behaviors. In some cases 

of AD, Aβ plaques were not found in the patients’ brain. Instead, AβOs were found extensively distributed 

among brain regions.190 The CSF level of AβO has also been found to be elevated in AD patients. The 

intraneuronal AβO correlates well with cognitive dysfunction. The neurotoxicity of AβO might be due to 
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the fact that it is highly soluble in nature which can diffuse to various cell compartments freely. The toxicity 

of AβO, in general, manifests as the reduction in long-term potentiation and spine density, induction of tau 

pathology, impairment in axonal transport, loss or decrease expression of neurotrophic factors, and neuronal 

death. Based on all these observations, the AβO hypothesis of AD was proposed initially in 1998 and now 

it is an important component of the Aβ hypothesis.191 There is no universal definition of AβO. These 

oligomeric Aβ aggregates are heterogeneous and transient, normally containing less than 100 subunits. The 

formation of oligomers is facilitated by hydrophobic collapse which eventually share the same β-sheet 

structures. However, none of these AβOs have a specific conformation or shape in 3D and they do not have 

cross-β structures as observed in mature Aβ fibrils. Therefore, they can be classified as soluble oligomeric 

Aβ species. There are two subpopulations of AβO: toxic subpopulation and non-toxic subpopulation.153 The 

toxic subpopulation is also referred as type I AβO which has a higher molecular weight, normally above 50 

kDa. This type of AβO is not related to fibrillar Aβ (fAβ) and has no immunological reaction with fAβ 

antibodies. In contrast, the non-toxic or type II AβO has a molecular weight less than 50 kDa which is 

thought to propagate into mature plaques. It is immune-reactive toward fAβ antibodies, but no toxicity has 

been found related to this subtype of AβO. The molecular mechanisms of AβO hypothesis are mainly two-

fold: membrane-related toxicity and receptor-related toxicity.  

i. AβO can deteriorate CM structures through its interactions with CM lipid, ganglioside GM1.192 

Then it can be directly inserted into the CM to create pores that hamper the integrity of CM. 

Downstream signaling pathway of these events include synaptic damage, calcium 

dyshomeostasis, oxidative stress/ER-stress, and cell death.  

ii. AβO are pathogenic ligands of many CM receptors. The AβO/AβO-receptor interactions are 

proposed to generate and transduce neurotoxic signals, leading to cellular defects. Some of the 

AβO receptors are even able to internalize Aβ into neurons which then participate in 

intracellular Aβ aggregation. Some of the AβO receptors are discussed below (Figure 1-12). 
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Figure 1-12. Examples of AβO-binding receptors and downstream signaling pathways. 

 

Cellular prion protein PrPc is a glycosylphosphatidylinositol anchored membrane protein and AβO 

is one of its ligands.193 Upon binding with AβO, it undergoes a conformational change to an infectious, 

pathological state. Such conformational change can activate metabotropic glutamate receptor mGlu5, 

which is a G-protein coupled receptor. The activation of mGlu5 can stimulate sAPPα secretion while 

inducing β-cleavage of APP and thus increase the production of Aβ. Besides, after the mGlu5 has been 

stimulated, proto-oncogene tyrosine protein kinase Fyn is further activated. Fyn leads to the 

phosphorylation of tau protein which triggers the hyper-phosphorylation of NR2B subunit of NMDA 

receptor.194 The outcomes of this signal transduction are excessive calcium influx into neurons, tau 

hyper-phosphorylation, and synaptic dysfunction.195  

NMDA receptor and α7nACh receptor are ion channels found on the CM. At post-synaptic level, 

AβO interacts with NMDA receptor to activate its signaling pathway which leads to calcium 

dysregulation, neuronal death, and synaptic dysfunction.196 AβO is also a ligand of α7nACh receptor 

where the activation can induce the endocytosis of Aβ.197 The Aβ-induced tau phosphorylation is also 

facilitated by the activation of α7nACh receptor mainly via ERK and JNK signaling pathways.198 
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p75 neurotrophin receptor (p75NTR) was initially found as a low-affinity nerve growth factor 

receptor and then various neurotrophins were found able to bound to it. Such neurotrophins include 

nerve growth factor, neurotrophin-3, neurotrophin-4, and brain-derived neurotrophic factor.199 Recently, 

AβO has also been identified as a p75NTR ligand. AβO can bind to both monomer or trimer of p75NTR 

to activate its intracellular signaling pathway. It is shown to induce neuronal apoptosis in experiments. 

In addition, it can also activate caspase 3 and caspase 8 which will produce ROS and eventually leads 

to oxidative stress on neurons.200 Interestingly, AβO can work synergically with cytokines, like TNFα 

and IL1β, to further strengthen the toxic effects of AβO-p75NTR route.201  

AβO can also bind to the allosteric site of α2A receptor which changes the norepinephrine signaling 

and activates glycogen synthase kinase 3β (GSK3β) which then triggers the hyperphosphorylation of 

tau that is implicated in the pathophysiology of AD.202  

Other AβO-binding receptors include: sodium potassium-ATPase α3 subunit, low density 

lipoprotein-related protein receptor (LRP), receptor for advanced glycation endproducts (RAGE), 

tyrosine kinase ephrin type A & type B receptor, leucocyte immunoglobulin receptor B2, triggering 

receptor expressed on myeloid cells (TREM2), toll-like receptor, AMPA receptor, frizzled receptor, 

adrenergic receptor, N-formyl peptide receptor, IgGFc receptor potential melastatin, insulin receptor, 

and Wnt receptor.153  

To summarize, based on the observation of amyloid plaques found in AD patients’ brain, scientists have 

uncovered the composition, physiological and pathological functions, aggregation properties, and toxicity 

of Aβ species. The Aβ aggregation process is not a single-direction process which ultimately transforms all 

Aβ monomers into structurally identical mature fibrils. Instead, it is a very intricate equilibrium with the 

entire balance going forward towards the global energy minimum.203,204 The equilibrium nature of Aβ 

aggregation indicates that the Aβ species, at any given aggregation stage, are heterogeneous in their 

composition. The only difference is which type of Aβ species is taking the dominant proportion at the time. 

Therefore, to understand the toxicity of Aβ species, the best way is to put all the species into a scale of 
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toxicity with the AβOs being the most toxic species, followed by Aβ fibrils, protofibrils, and other lower-

order structures. The goal of intervening in the Aβ aggregation process is not to reduce or eliminate a 

specific type of Aβ aggregates, but the reduction of overall amyloid burden/load and associated toxicity. 

With this being said, the drug designing strategies targeting the Aβ aggregation cascade will be introduced 

in a later section. 

 

1.4.6 Aβ Transportation, Clearance and Degradation 

Aβ monomer is a small peptide with a molecular weight around 4.5 kDa. As mentioned in previous 

sections, even though it is mainly generated by neurons in the CNS, it can be produced by many cells in the 

human body. It gets circulated in plasma, cerebrospinal fluid (CSF), and brain interstitial fluid (ISF). In ISF, 

the monomeric Aβ is stabilized by chemical chaperons, staying in a bounded state which is in equilibrium 

with free unbound Aβ. The Aβ concentration in ISF is strictly regulated by few biological processes: i) the 

rate of Aβ production from APP; ii) receptor-mediated Aβ influx into the brain from blood via blood-brain-

barrier (BBB); iii) receptor-mediated Aβ efflux/clearance into the blood from brain via BBB; iv) enzymatic 

degradation of Aβ. These four processes are closely connected and rigorously regulated by different cellular 

signalling pathways. Together they maintain the balance of Aβ production and clearance at normal 

physiological level. In the case of AD, at least one out of the four processes are dysregulated and thus the 

Aβ level becomes higher and initiates the aggregation cascade.  

The CNS resides in a conserved brain region that is partially insulated from other systems of the human 

body.  It has its own circulation system and neuronal immune system which are also connected to the 

peripherals. However, in order to control the transportation of biological molecules in and out of the CNS, 

three barriers are formed between blood and brain which are the arachnoid barrier, the blood-ISF barrier, 

and most importantly BBB.205 The BBB is the main physical barrier between the peripheral circulation and 

brain micro-circulation. It consists of brain microvascular endothelial cells (BMECs) wrapped by pericyte 

process and astrocyte end feet.206 Tight junctions and adherence junction structures found in between 
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adjacent BMECs further constrain the transportation of biological molecules, including both nutritional 

supplies and brain waste.207 Moreover, the apicobasal polarity and glycocalyx covering of the luminal 

surface of BMECs make the permeability of BBB highly selective.208,209 There are few ways for biologically 

important molecules to cross the BBB. First, nutrients typically go through the BBB from blood to brain by 

transcellular route, even though the intercellular cleft between the BMECs are extremely small. Second, 

small lipophilic molecules with molecular weight less than 500 Da can cross the BBB freely by passive 

diffusion. The size, number of hydrogen bond donor and receptor, and concentration all play an important 

role in passive diffusion. Last but not least, most of the molecules need to cross BBB with the help of 

transporters or carriers located on the BBB, through either facilitated diffusion or active transportation. 

Indeed, the transportation of Aβ across BBB requires the participation of certain transporters, namely 

RAGE and LPR.  

RAGE is a multiligand receptor that belongs to the immunoglobulin superfamily. It is expressed on the 

luminal surface of BMECs where its expression is determined by the level of its ligands. The transportation 

of Aβ in the direction from blood to brain is facilitated by RAGE.210 It is the main Aβ influx transporter 

that binds to soluble monomeric Aβ and thus increases the level of Aβ in the brain. When pathological level 

of Aβ starts to accumulate in the brain, RAGE expression is up-regulated by the increasing concentration 

of Aβ.211 The increasing expression of RAGE, in turns, uptakes more and more Aβ into the brain. This 

provides the potential for exacerbating cellular dysfunction due to the relationship between Aβ and RAGE.  

Under normal physiological conditions, bulk flow of Aβ from brain to blood is the main clearance 

mechanism. It effluxes Aβ from ISF to CSF at a very slow rate. The resulting Aβ in CSF pool will be 

cleared together with CSF turnover which happens every 4-5 h.212 However, in the cases of AD, the major 

Aβ clearance route is LRP-mediated efflux from brain to blood across the BBB.213 LRP is a multifunctional 

scavenger and signaling receptor which belongs to the LDL receptor family. The physiological function of 

LRP is the transportation and metabolism of cholesterol associated lipoproteins.214 It is being synthesized 

as a single polypeptide precursor which is then further cleaved into a heavy extracellular α chain and a light 
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transmembrane, and cytoplasmic β chain. These two chains coupled together to function as a transporter on 

the BBB. The affinity of LRP to Aβ40 is lower than that of Aβ42 which possesses a greater β-sheet content. 

It can also bind to a diverse array of ligands, such as ApoE and α-2-macrolgobulin.215,216 Aβ interacts with 

ApoE containing lipoproteins which are ready to be cleared by LRP into the peripheral blood stream. It is 

found that the expression of LRP and its capacity to bind Aβ is reduced in AD which means that the 

clearance of Aβ is downregulated as a result.217 In addition, the over-accumulation of copper ion in the 

brain also contributes to the decrease of LRP-mediated Aβ clearance.156 In addition, LRP can also interact 

with APP and thus regulates APP regulation and processing.  

The last player in maintaining the homeostasis of Aβ is enzymic degradation. Few Aβ-degrading 

proteases have been identified, including neprilysin, endothelin-converting enzyme (ECE), and insulin-

degrading enzyme (IDE), and plasmin. Neprilysin is a membrane zinc metallo-endopeptidase.218 It is the 

most efficient degrading enzyme of Aβ. The proteolytic degradation of Aβ by neprilysin can be inhibited 

by its potent and selective inhibitor thiorphan and the overexpression of neprilysin leads to the lack of Aβ 

accumulation in the brain.219 ECE is a membrane-bound zinc metalloproteinase belonging to the same 

family of neprilysin, the so-called M3 family. The inhibition of ECE enzymic activity can be inhibited by 

ECE inhibitor phosphoramidon and the overexpression of ECE leads to a reduction of more than 90% of 

secreted Aβ.220 IDE is a zinc metallo-endopeptidease that degrades Aβ and insulin.221 The interplay between 

IDE and AICD is also correlated to its degradation activities. Lastly, plasmin is an important serine protease 

that dissolves fibrin blood clots. Some recent studies discovered that Aβ is also a degrading target of 

plasmin and it can degrade and reduce the neurotoxicity of both monomeric Aβ as well as fAβ.222 

 

1.4.7 Drug Developing Strategies Targeting Aβ Cascade 

The Aβ hypothesis of AD provides several drug targets to develop novel molecules and therapies (Figure 

1-13). The upstream targets include: i) down-regulation of Aβ production by inhibiting APP proteolytic 

enzymes BACE and γ-secretase; ii) modulation of Aβ aggregation process. Structural biology and 
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molecular docking studies have assisted in the development of BACE and γ-secretase inhibitors. Rational 

drug design strategies can be used to design and screen either novel synthetic molecules or natural 

compounds to inhibit the activities of APP proteolytic enzymes. However, selectivity, off-target effects, 

and safety are the major concerns in developing enzyme inhibitors given the fact that these enzymes are 

also involved in other biological pathways.223 In contrast, the modulation of Aβ aggregation is challenging 

due to the highly intricate aggregation mechanism. The drug target is not a single protein or enzyme with a 

well-defined structure or binding pocket. Instead, the aggregation modulators need to interact with a cohort 

of heterogeneous Aβ aggregates that vary in structure, toxicity, solubility, and composition with no well-

defined binding pockets. Besides, the modulation of Aβ cascade is not simply just inhibiting or promoting 

the aggregation process. Aggregation inhibitors are thought to be beneficial as they can convert the more 

toxic fibrils into less toxic monomers or can prevent the aggregation process.  The AβO is the most toxic 

form that is formed during the aggregation process. Therefore, no matter if a drug molecule is aggregation 

inhibitor or promotor, as long as the exposure time or formation of AβO can be reduced, it will be beneficial 

in reducing or preventing Aβ-mediated neurotoxicity. The objective of drug development targeting Aβ 

aggregation is to lessen the overall Aβ toxicity burden rather than simply inhibiting or stimulating the 

process itself per se.   
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Figure 1-13. Summary of drug developing strategies that targeting Aβ hypothesis. 

 

Some other downstream drug targets involved in Aβ hypothesis include: i) modulation of APP and its 

proteolytic product trafficking; ii) stimulation of Aβ degrading enzymes; and iii) upregulation of Aβ 

clearance from CNS.224,225 The trafficking of APP and its proteolytic products, especially Aβ and AICD, 

play an important part in facilitating its neurotoxicity, clearance, and degradation. For example, stimulation 

of molecular pathways that regulate the transportation of Aβ into its degrading cell compartments is 

considered beneficial as it can increase the degradation of Aβ. Another drug development strategy would 

be to use molecules to downregulate molecular pathways that transport APP to the sublocation of the mature 

BACE.226 By inhibiting the colocalization of APP and its proteolytic enzymes, the production of Aβ can be 

lowered. However, these strategies are theoretically correct and feasible but the detailed mechanisms of 

these trafficking routes and regulating factors are poorly defined. Without seeing the whole picture, doing 

so can lead to unwarranted off-target effects that may hamper the normal physiological signaling pathways. 

Some other direct strategies can be considered as well, such as upregulation of LPR activity, 

downregulation of RAGE activity, and stimulation of ECE and IDE. These strategies are making a direct 

influence on the Aβ clearance out of the brain or on the Aβ degradation, and as a result would alleviate the 
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available Aβ burden in CNS to initiate the aggregation cascade. Some immunotherapies can also achieve 

the same goal by administering the active anti-Aβ antibodies by injection. These antibodies are designed to 

selectively target the Aβ oligomers/fibrils and then speed up their removal by activating the innate immune 

system.42  

Early drug development in the area of AD tends to put its focus on alleviating the symptoms of AD 

dementia, including cognitive decline and behavioral changes. With drugs controlling the symptoms being 

used for a few decades, the scientific community is beginning to realize that these types of drugs can not 

cure the disease as they are unable to alter the disease progression. There is an increasing demand for disease 

modifying drugs that target one or more factors of AD pathophysiology. A recent literature reported that 

there are 143 drugs in the AD drug development pipeline with more than 80% of those proposed to act as 

disease-modifying therapies. The list includes disease-modifying biologics and disease-modifying small 

molecules.70 These potential medications target several biological pathways underlying AD, such as 

oxidative stress, gut-brain axis, Aβ hypothesis, synaptic plasticity, tau cascade, inflammation, and 

metabolism.  

 

1.5 AD Disease Continuum 

As implicated by its multifaceted pathophysiological pathways, AD is a complex neurodegenerative 

disorder and the exact cause is unknown. Historically, the clinical diagnostic standard and definition of AD 

went through revisions and modifications a few times. The initial definition was based on the systematic 

exclusion of other potential etiologies that may also cause the same symptoms. Later on, the definition 

primarily depended on the clinical manifestations of  patients. AD is viewed in a series of progressive 

disease stages, defined by Braak staging, evaluated by the level of impairment present in the brain and the 

severity of clinical symptoms.227 However, some recent findings make the traditional view of AD 

controversial. Patients with clear evidence of Aβ plaques and NFTs in the brain were not always exhibiting 
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AD symptoms. In the clinical trials, the severity of the disease, assessed by participants’ symptoms, was 

not correlated well with the severity of Aβ burden.228 All of these observations indicate that 

pathophysiological changes may begin a long time before clinical symptoms. Thus, AD is further classified 

into asymptomatic pre-clinical stage and clinical stage. These two stages are interconnected and happen in 

sequential order without a firm boundary. In the pre-clinical stage, patients are not showing any symptoms, 

instead evidence of pathological changes can be observed. The transition between the stages is described 

by brain and cognitive reserve. Brain reserve is the ability of the brain to withhold pathological changes 

without altering physiological functions. Cognitive reserve refers to the ability to engage alternate neuronal 

networks to function well in terms of cognition. When the brain and cognitive reserve cannot withstand the 

ongoing pathological changes, the transition from pre-clinical to clinical stage occurs. Therefore, it has been 

suggested that AD should be reconceptualized as a clinicopathophysiological condition.229 It highlights the 

necessity of understanding disease progression from pathophysiological, biomarker, and clinical 

perspectives. AD is an assembly composed of multiple interconnected components where these components 

occur individually in parallel in their own trajectory, moving along a certain disease continuum. But the 

overall ultimate result is the progression and worsening of cognitive and functional abilities.  

In this regard, the pathologies of AD can be synthesized. The core idea is that Aβ/AβO and tau/tau 

oligomer are the initiating factors that activate the downstream mechanisms.230 The formation of Aβ/AβO 

and tau/tau oligomer is responsible for all the emerging pathological biomarkers of AD. The first step is 

termed initiating pathogenesis via AβO. Based on the AβO theory, AβO is soluble in nature and is able to 

diffuse across biological membranes. It is produced by cortical neurons which then spread to the entorhinal 

cortex, neocortex, and hippocampal regions of the brain as determined by the afferent and efferent 

projections of neurons. AβO at these regions can seed the aggregation for themselves forming Aβ fibrils 

which then initiate the Aβ cascade. On the other hand, it is thought that AβO can also cross-seed the 

aggregation of tau which then initiates the tau cascade.231,232 The local production, transportation, and 

interplay between Aβ and tau spread the primary pathological factors throughout the brain regions that are 
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responsible for cognitive, behavioral, and functional activities. The next step of pathology is tau oligomer 

driven disease progression. At this stage, there is an extensive distribution of Aβ burden across the brain 

and gradually tau cascade becomes the leading event. The reason why tau burden is more closely related to 

the severity of symptoms is because tau is the major pathological factor that contributes to disease 

pathogenesis and disease continuum. The rapid development of tau cascade can breakthrough the threshold 

of brain reserve and cognitive reserve to worsen the AD symptoms over time. The last step of AD pathology 

is inflammation which contributes to disease progression and pathogenesis. It involves microglial activation, 

phagocytosis of Aβ, and release of inflammatory cytokines which can then initiate other pathological 

signaling pathways of AD. By conceptualizing AD as a disease continuum and summarizing pathological 

events, all the aspects of AD are then synthesized and organized as a whole.  

 

1.6 Design of compound library 

1.6.1 Curcumin 

In the previous sections, the background, pathophysiology, and research and development strategies of 

AD were discussed. The objective of this thesis was to identify novel chemical probes to understand and 

study the aggregation mechanisms of Aβ as well as to develop potent small molecule Aβ aggregation 

modifiers that are able to alleviate the overall toxic burden induced by the Aβ aggregation process. A 

rational design approach was used to identify novel small molecules that can modulate the Aβ aggregation 

cascades. Small molecule compound libraries were investigated by structure-activity relationship (SAR) 

studies. The lead discovery has always been the initial and the most important part of drug discovery. The 

lead refers to chemical structure/template that exhibits potential biological activities towards the drug target 

which is the Aβ peptides in this case. From a medicinal chemistry point of view, various techniques and 

method can be used to identify the lead, including but not limited to serendipity, high throughput screening 

(HTS), virtual screening, de novo drug design, drug re-purposing of FDA-approved drug, and fragment-
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based drug design etc. In this regard, several natural products are known to exhibit anti- Aβ activity. For 

example, extensive studies have demonstrated the Aβ inhibition properties of two of the natural products, 

namely, curcumin and chalcone (Figure 1-14). These two natural products and their derivatives have shown 

promising biological activities towards several factors involved in AD pathophysiology and are known to 

possess anti-oxidant, anti-inflammatory, anti-Aβ aggregation, and anti-tau aggregation activity. Next few 

sections will summarize the chemical, biological, and pharmaceutical nature of curcumin and chalcone.  

 

 

Figure 1-14. Chemical Structure of curcumin (left) and chalcone (right). The aromatic ring systems at the 

ends of the molecule are highlighted in yellow and pink, whereas the linker regions between the rings are 

highlighted in red. 

 

Curcumin or more precisely turmeric is the powderobtained from the rhizome of the plant Curcuma longa. 

It is a yellow pigment that has been historically used as food preservatives, flavoring spices, and traditional 

herbal medicine in some Asian counties.56 The constitutional ingredients of turmeric powder include 

volatile essential oils, fiber, minerals, protein, fat, carbohydrate, and most importantly curcuminoids.233 

Curcuminoids is the term used for the major phytoconstituents of turmeric powder. These curcuminoids are 

diarylheptanoids with a generic structure shown in Figure 1-14. The majority (70%) of curcuminoids is 

made up of the active constituent curcumin, (E, E)-1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-

3,5-dione, and the other two main components are demethoxycurcumin and bisdemethoxycurcumin 

respectively.234  

Previous studies have shown that curcumin can inhibit the aggregation of Aβ and reduce the level of 

toxic Aβ oligomers.235 Its derivatives also have a broad biological activity spectrum, including anti-
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inflammation, metal chelating, anti-oxidation, anti-microbial, enhance wound healing, neuroprotection, 

anti-angiogenic, and anti-cancer.236–245 A plethora of research has been published during the past few 

decades revealing its potential application as drug candidate. An extensive curcumin resource database has 

been built by the scientific community to gather information regarding its biological activities. Curcumin 

and its derivatives, so far, have been discovered to have more than 120 different kinds of biological 

activities which makes it into a privileged structure in medicinal chemistry.246,247 All of the evidence 

supports that curcumin and its derivatives can potentially become a drug candidate that targets the disease 

process of AD. However, there are few drawbacks of curcumin which makes it a challenging drug candidate. 

First, curcumin is chemically unfavorable. The diketone moiety present can undergo keto-enol 

tautomerization in solution. NMR studies have suggested that it is the enol tautomer, not the diketone 

tautomer, as the major form.248 The chemical nature of enol makes curcumin into a planar, intramolecularly 

hydrogen bonded structure which is not ideal to bind and fit specifically with disease target, normally a 

protein or enzyme.249 It is practically insoluble in aqueous environment at neutral pH which proposes 

difficulty for pharmaceutical formulation. It degrades rapidly in aqueous environments via nucleophilic 

substitution or elimination to form vanillin, ferulic acid, and feruloyl methane.250 Studies also suggest that 

curcumin can degrade in cell culture medium used by various in vivo assays and human blood. Curcumin 

is also photoreactive and undergoes photochemical degradation when exposed to sunlight.250 

Approximately 5% of curcumin is subjected to photodegradation during the sample preparation process if 

not protected from light. The photochemical degradation products of curcumin include ferulic aldehyde, 

vanillic acid, 4-hydroxy-3-methoxybenzaldehyde, and 3-(4-hydroxy-3-methoxyphenyl)acrylic acid.251 

Another degradation pathway of curcumin is facilitated by oxidation and the major product is 

bicyclopentadione.252 It is necessary to note that the degradation products of curcumin under biological 

assay conditions and physiological conditions are generally different. Therefore, during the R&D stage, 

researchers should pay attention to the stability of curcumin and its derivatives before assessing their 

putative biological activity.  
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Second, curcumin has a poor pharmacokinetic and pharmacodynamic (PK/PD) profile. The 

bioavailability of curcumin is extremely low with less than 1% if administered orally.253 However, it is 

suggested that curcumin has a poor membrane permeability with a ClogP value ranging from 2.3-3.2.254 In 

the case of AD, the drug has to penetrate through BBB before reaching the disease target. The literature 

data on the distribution of curcumin is of high variability possibly due to its static and dynamic residual 

complexity.255,256 The curcumin parent compound itself, regardless of its various metabolite/degradation 

products, does not distribute and concentrate at any specific organs based on studies conducted in rats.247 

In terms of metabolism, curcumin is extensively metabolized in the liver and intestine.257 Phase I 

metabolism reduces double bonds in the linkage by alcohol dehydrogenase,258 whereas Phase II metabolism 

is the conjugation with glucuronides and sulfates on the phenol group.259,260 Considering all these facts, the 

concentrations where the desired biological effects were observed are so much higher than the actual blood 

drug concentration due to its poor PK/PD properties. Any efforts that try to maximize the biological effects 

by increasing the dosage of curcumin is fruitless as dose related toxicity and side effects might occur. The 

toxicity of curcumin is also a concern for its development. Curcumin and its biological degradation products 

are substrates for a variety of human enzymes which would lead to drug-linked toxicity. It can inhibit 

cytochrome P450 enzyme, UDP-glucuronosyltransferase, and glutathione-S-transferase to name a 

few.261,262 This would facilitate drug-drug interactions and cause potential toxicity. Curcumin can also lead 

to toxicity in terms of generating ROS, induce DNA damage and alterations, iron chelating, and perturbate 

cell membrane.263  

Third, the chemical structure of curcumin has been identified as one of the pan assay interfering 

compounds (PAINS) which may lead to false positive results in biological screening assays and its 

promiscuous biological activities.264 The nature and mechanism of curcumin as PAINS will be discussed 

in detail in Section 1.6.3.  

In summary, curcumin is the major component isolated from natural plant curcumin longa which shows 

a broad biological spectrum in both in vitro and in vivo assays. The chemical structure template of curcumin 



 43 

 

is considered as a privileged structure in medicinal chemistry. Studies on curcumin and its derivatives reveal 

its potential role in the treatment of AD via various mechanisms of actions. However, the development of 

curcumin and its derivatives is complicated by chemical instability, poor PKPD profile, and PAINS nature. 

Several strategies have been made to overcome these above-mentioned drawbacks of curcumin, including 

its formulation as nanoparticles, liposomes, micelle, and phospholipid complex. Besides, piperine, a hepatic 

and intestinal glucuronidation inhibitor, has been used as an adjuvant of curcumin to increase its 

bioavailability and it is being studied in clinical trials. In addition, derivatives of curcumin have been 

rationally designed to keep its biological active template as well as remove the susceptible functional group.  

 

1.6.2 Chalcone 

Chalconoid or so-called chalcone (1, 3-diaryl-2-propen-1-one) is a major class of compounds isolated 

from natural sources. These compounds are important intermediates in the biosynthetic process of 

flavonoids.265 It is an open-chain form of flavonoids which explains the reason why it can be processed by 

plants and microorganisms easily to produce flavonoids.266 Numerous chalcone derivatives were isolated 

from natural sources with hydroxyl and methoxy groups as the most frequently seen substituents.267 

Currently, besides the natural isolated chalcones, many novel synthetic chalcone derivatives with biological 

activities have been developed. These chalcone derivatives have shown a broad biological activity spectrum, 

such as anti-cancer, anti-malarial, antimicrobial, anti-inflammatory, anti-protozoal, anti-oxidant, anti-

diabetic, anti-tuberculosis, anti-virus, neuroprotective activities, and anti-Aβ aggregation activities.268–277 

Chalcone is a styryl ketone that is flanked by two benzene rings at the ends. The carbon-carbon double 

bond can generate cis- and trans- conformations. The trans- conformation possesses lower steric hinderance 

compared with the cis- and thus is more thermodynamically stable. The chemical characteristics of chalcone 

gives it a relatively planar and flat conformation with two aromatic rings connected through the linker. The 

planar conjugated structure gives its fluorescent properties which has been utilized in imaging and target 

identification studies.278  
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In the context of AD, chalcone generic structure has been regarded as the privileged medicinal chemistry 

scaffold. Chalcone derivatives exhibit good activity toward various disease-related factors underlying AD. 

The most prevailing research strategy in this field pertains to the conception of hybrid molecules. By 

combining two or more fragments from different disease-modifying molecules, the hybrid compounds 

display a better biological activity. It is well acknowledged that many naturally inspired chalcone hybrid 

derivatives have anti-inflammatory, anti-Aβ aggregation, anti-oxidant, acetylcholinesterase inhibition, 

metal chelating and neuroprotective activities based on various in vitro and in vivo disease models of 

AD.279–285  

Interestingly, evidence indicates that hybrid chalcone derivatives can intervene in the formation of Aβ 

fibrils. Koneni et al designed, and synthesized a series of novel hybrids incorporating benzofuran and 

chalcone fragments and screened their ability to decrease the Aβ aggregation in a transgenic mice model 

that expressed human Aβ peptide.286 The SAR study revealed that the C6-Cn-C6 arrangement of carbon 

chain in chalcone is essential to the activity, particularly the fused benzofuran ring is the core moiety.287  

In addition, chalcone derivatives have also been investigated for their ability to image Aβ aggregation. 

Due to their flexible chemical structure, chalcone derivatives demonstrate relative higher affinity with Aβ 

fibrils compared with classic reference compounds, such as Congo Red and ThT. Therefore, the isotope-

labeled chalcone derivatives could serve as imaging probes in clinical settings to monitor the level and 

progression of Aβ aggregation. As an example, several studies have shown that radio-iodinated chalcone 

derivatives with various chemical scaffolds selectively bind to Aβ fibrils in both AD brain tissue and 

biodistribution studies in mice.288–292 These chalcone derivatives have the potential to be used in clinical 

diagnosis of AD by positron emission tomography (PET), single-photon emission computed tomography 

technologies. 

To conclude this section, the literature identified the generic chemical structure of chalcone as a favored 

scaffold in medicinal chemistry. Naturally modified and synthetic hybrid chalcone derivatives exhibited 
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multifaceted biological activity toward AD. Specifically, these derivatives showed high affinity toward Aβ, 

exhibited anti-Aβ aggregation properties and were able to reduce cytotoxicity induced by Aβ peptides.  

 

1.6.3 Pan assay interfering compounds 

In the workflow of drug discovery, after the disease target has been identified, confirmed, and validated, 

efforts will be made to screen and identify lead compounds with unique chemical structures from either a 

new synthetic library or a pre-assembled library containing hundreds or thousands of small molecule 

compounds. Various in vitro and in vivo biological assays are conducted to evaluate the modulatory activity 

of small molecules against different disease targets, exclusively disease-related proteins and enzymes. With 

the help of HTS, millions of entries of biological and chemical screening can be done rapidly with 

automated robotic arm and computerized system in parallel. This facilitates the efficient discovery of leads 

from a compound library. However, few observations were made when comparing the hits from different 

HTS campaigns: i) some compounds show up as frequent hits that exhibited promiscuous biological 

activities against numerous disease targets from different classes; ii) similar chemotype but not necessarily 

the identical compound kept appearing in different screening assays; iii) biological activity of some leads 

was not reproduceable in resynthesized or repurified samples; iv) early and promising SAR was dissipated 

for some leads, ending in flat or uninterpretable SAR; and v) when some of the early hits were verified by 

affinity assays, e.g. surface plasmon resonance, and orthogonal target assays, they turned out to be invalid 

and not amenable for further development.293–296 The real drugs modulate the proteins either by inhibition 

or activation by fitting nicely into the binding pocket of the target enzymes. They interact specifically, 

efficiently, and selectively with desired proteins. Unlike real drugs, these frequent hitters are not 

discriminating drugs that satisfy those requirements and often they are merely the results of false positive 

readouts from the biological screening assays.297 They may interact with disease target through non-drug-

like mechanism with no specificity. These compounds are termed PAINS. These hits or PAINS are 

polluting the scientific soil and wasting valuable resources. The relationship between a true hit (true 
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positives) and PAINS (false positives and false hits) is summarized below. The active results (including 

true positives, false positives, and false hits) can arise from the ability of a compound to either modulate 

the target or modulate the readouts (Figure 1-15).298 The former target modulators contain the true hit in 

the context of assays and targets. It can modulate the target by covalent or non-covalent binding to the 

pockets.299,300 These true hits are often optimizable with medicinal chemistry methodologies toward an 

increasing specificity. Another situation of the target modulators is compounds that are inherently reactive 

in chemistry that interfere specifically with target or substrate. This type of target modulator can be 

considered as false hits or “bad actors” which seem to appear as true hits but it cannot be a drug candidate.301 

These false hits can give false positive readouts by indiscriminately binding to certain susceptible amino 

acids in biological molecules or the proteins (e.g. cysteine with appropriate pKa value) or simply can 

influence some other co-factors that the function of proteins heavily depend on (e.g. redox cycle, cytokines, 

metal ions). The latter type of actives, so-called readout modulators, includes false positives in the context 

of either the target or the assay. The readout modulators in the context of the target are those who are able 

to interact non-specifically with target leading to a false positive readouts regardless of the sequence, shape 

or conformation of the target. The other type of readout modulators includes compounds that interfere with 

assay setup or methodology. In this fashion, these compounds disguise as promising hits capable of 

modulating the activity of target, but instead, the results are artefacts.  
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Figure 1-15. General classification of PAINS. 

 

Originally, in 2010, Baell and Holloway established for the first time a PAINS structural filter that 

encompasses around 400 structural classes categorized into 16 easily recognizable groups.302 This PAINS 

filter has been adopted by many drug predicting and discovery softwares (e.g. SwissADME tool) and has 

been mandated by many journals before the submission of a manuscript (American Chemistry Society and 

Journal of Medicinal Chemistry). Some other PAINS filters are ALARM NMR assay based filter, 

AstraZeneca-developed filter, Badapple filter, and promiscuity filter.299,303–307  More or less these filters 

were built upon substructure search and categorization to assign a risk factor statistically to certain groups 

of compounds with similar substructure. For example, Badapple undertakes a hierarchical scaffold analysis 

and reports on the biological promiscuity score with a range 1 to 100 means no indication that the compound 

is PAINS, 100 to 200 indicates a moderate score with weak promiscuity, and a score above 300 points a 

strong suggestion of PAINS. Another delicate example is AstraZeneca’s filter which compares the 

incidence of promiscuity of certain substructures to a control balanced library group (statistically 6.5% 

PAINS incidence rate). The more a substructure class deviates upward from this value, the more 

promiscuous it might be.  
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The identification of PAINS and its structural filters is mainly observational. Over the years researchers 

in the area of medicinal chemistry explored some potential mechanisms that underlie the non-drug like 

properties of PAINS. Herein, several mechanisms are briefly discussed.  

i. Some PAINS are known as covalent modifiers which react with biological thiols mainly via Michael 

addition reactions. Normally, the covalent modifier possesses moieties that can function as Michael 

acceptor, such as an α, β-unsaturated system. Such structure is readily susceptible to nucleophilic 

attack from biological Michael donors such as solvent exposed cysteine within protein or enzyme.308 

ii. Some PAINS can trap either toxic or reactive impurities, such as metals, during the synthesis. If 

such impurity is pivotal to the function or activity of the disease target, false positives may rise 

solely due to the presence of the impurity.297 

iii. Some PAINS are able to produce ROS or interfere with the redox cycle of the target, such as 

hydrogen peroxide and nitric oxide, which in turn deactivate the disease target and masquerade the 

PAINS as protein inhibitors.309 

iv. Some PAINS are fluorescently active and strongly colored whose absorption or emission 

wavelength overlaps with assay monitoring wavelength. In this case, these PAINS will give a false 

positive result even in the absence of proteins.310 

v. Some PAINS are metal chelators, so they can sequester metal ions that is fundamental to protein 

function.311 

vi. Reactive PAINS may interact with cytochrome enzymes and other essential proteins in human body 

irreversibly which leads to undesired drug-drug interaction and toxicity.262,312 

With that being said, the previously mentioned bio-active natural products curcumin and chalcone have 

been proved to be PAINS. Almost all of the underlying PAINS-type behaviors are contributed by the 

presence of an α,β-unsaturated system in their structures. The β-unsaturated ketone has photochromic 

properties that interfere with typical measurements in biological assays.310 The enol-ketone tautomerization 

enables the chelation of ions presumably through the formation of hydrogen bond and thus influences the 
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redox cycling and activity of target proteins.313,314 They are also Michael acceptors that react readily with 

biological thiols to form a covalent bond with the target proteins.315,316 They may also undergo self-

aggregation or form micelles under certain experimental conditions at certain concentrations. All these 

factors flag curcumin and chalcone as PAINS. This doesn’t mean that compounds containing PAINS 

substructure cannot become potential hits. A survey pointed out that a small proportion of FDA-approved 

drugs contain PAINS-recognized substructures and yet they are used as successful drugs.298 Due to the 

structure of curcumin and chalone, the biological assays conducted should be examined to exclude assay 

interference and validated by complementary and affinity assays. The design of curcumin and chalone 

derivatives should make efforts on mimicking the basic generic structure template, in the meantime, 

avoiding the problematic PAINS moieties. This will help in retaining the biological activities without the 

risk of false positives.  

 

1.6.4 Compound library 

To summarize the information from Section 1.6.1, Section 1.6.2, Section 1.6.3, both curcumin and 

chalcone derivatives have the potential to treat AD, especially their ability to inhibit the aggregation and 

ameliorate the toxicity of Aβ peptides. However, the presence of α,β-unsaturated system within the 

chemical structures turns them into PAINS. Numerous studies on curcumin and chalcone derivatives have 

shown that these two represent privileged structures in medicinal chemistry and are able to modulate Aβ 

aggregation which was validated by both in vitro and in vivo animal studies. However, they are considered 

as PAINS which is a drawback for further development of these scaffolds. Based on the previous SAR 

studies, a model has been proposed which suggests the chemical structure requirements to design novel 

small molecule Aβ aggregation modulators. Generally, the binding interactions between small molecules 

and Aβ peptides are favored if the ligands have a C6-Cn-C6 carbon chain structure where C6 refers to the 

existence of an aromatic ring and Cn refers to the linkage between two aromatic ring systems.317 The 

conformation of the ligands tend to be flat and planar with substituted aromatic end groups. At least one 
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polar hydrogen bonding substitution is needed for optimal inhibition of Aβ aggregation. Both curcumin and 

chalcone fit in this model. The difference between these two molecules lies in their linker region (Cn). The 

length and flexibility (estimated by the number of sp3 hybridized carbons) are important factors underlying 

their biological activities. It is believed that these parameters need to be within a reasonable range to 

facilitate the formation of optimal interactions. Nonetheless, no previous study has carried out a 

comprehensive study on modifying these templates.  

In this regard, this thesis aims to propose a small molecule compound library that lacks the PAINS feature 

present in curcumin and chalcone by replacing the α,β-unsaturated system in the linker region to an amide 

bond and possibly rule out assay interference and false positives. The advantages of amide bonds are as 

follows: 

i. The amide bond is a common functional group that can be found in many biologically active 

compounds, including peptides, proteins, chemical probes, FDA-approved drugs, and natural 

products. It rarely interferes with biological assays and possesses high druggability which is not 

considered a PAINS substructure.  

ii. The resonance delocalization of an amide bond provides it with double bond characteristic which 

would restrict the conformation. It is also a bioisostere of α, β-unsaturated carbonyl system 

present in both curcumin and chalcone. Thus, the conformation, flexibility and possible 

biological activities of these compounds would be similar to that of parent compound curcumin 

and chalcone. 

iii. Amide bond is part of mammalian proteins/enzymes and is not prone to Michael addition type 

of reactions in vivo which can largely reduce the possibility of future toxicity in the development. 

iv. From a synthetic chemistry point of view, amide bond eliminates the formation, separation, and 

evaluation of stereoisomers, such as cis/trans or (Z)-/(E)-diastereomers which is possible with 

chalcones.   
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v. Various medicinal chemistry strategies can be used to further optimize the biological activity, 

stability, and selectivity of amide-containing leads, including cyclization and bioisostere 

replacement into hetero-aromatic rings, sulfamides, and carbamtes.  

In this thesis, a series of compounds based on the C6-Cn-C6 template model was synthesized, modified 

and expanded by using amide-containing linkage with different lengths, structure, and flexibility (Figure 

1-16). The first series of compounds (Chapter 2) embraces amide bond with one extra sp3 hybridized carbon 

in the linker region (N-benzylbenzamide series). The second series of compounds (Chapter 3) consists of 

one more sp3 hybridized carbon in the linker region to give N-phenethylbenzamide series. The third series 

of compounds (Chapter 4) is designed by replacing the carbon next to amide nitrogen into oxygen from the 

second series to give N-benzyloxybenzamide series. Whereas the fourth series of compounds (Chapter 5) 

are merely amide bond in the linker region to give N-phenylbenzamide series (Figure 1-16). The SAR was 

also modified to include a wide variety of 5- and 6-membered aromatic and aliphatic rings based on 

bioisosterism. These rings include pyridine, pyrrole, furan, thiophene, naphthalene, quinoline, indole, 

benzofuran, benzo[b]thiophene, piperidine, and pyrrolidine. For comparison and SAR studies, several 

known anti-Aβ aggregation pharmacophores were incorporated into the screening to enhance the biological 

activity of parent compounds. These pharmacophores are (3,4-dimethoxylphenyl), (3,4-difluorphenyl), 3-

methoxyl-4-hydroxylphenyl, and 3-hydroxyl-4-methoxylphenyl moieties.  
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Figure 1-16. Proposed scaffold to study Aβ aggregation (left) and genetic structures of compound series 

(right). 
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Chapter 2  

Design, Synthesis and Evaluation of N-Benzylbenzamide and N-

Benzylcarboxamide Derivatives as Aβ Aggregation Modulators 

Below is a list of publications, manuscripts submitted and in preparation along with author names based 

on this chapter: 

Zhao, Y. Rao, P. P. N. N-Benzyl, N-phenethyl and N-benzyloxybenzamide derivatives inhibit amyloid-

beta (Aβ42) aggregation and mitigate Aβ42-induced neurotoxicity. Med. Chem. Res. (Manuscript under 

revision) 

2.1 Introduction 

This chapter features the first series of compounds in the proposed library, where the three-carbon α,β-

unsaturated system present in the chalcone template was replaced with an amide bioisostere along with an 

sp3 hybridized carbon linker to obtain the N-benzylbenzamide template.318,319 The structure-activity 

relationship (SAR) modifications for this library of 16 derivatives are shown in Figure 2-1. In this series 

of compounds, the N-benzyl moiety was kept constant while the other end of the molecule was modified 

by incorporating various aromatic rings such as benzene (3a), pyridine (3b, 3c), pyrrole (3h), furan (3i), 

thiophene (3j). Furthermore, bicyclic aromatic rings were also included, such as naphthalene (3l), quinoline 

(3m), indole (5a), benzofuran (5b), and benzo[b]thiophene (5c). In addition, aliphatic rings were also 

incorporated including cyclohexane (3f), piperidine (3g), and pyrrolidine (3k). Besides, known 

pharmacophores 3,4-dimethoxylbenzene and 3, 4-difluorobenzene moieties were also incorporated in 

compounds 3d and 3e.320 This chapter describes the synthesis, characterization, and evaluation of N-

benzylbenzamide and N-benzylcarboxamide class of compounds via biophysical (thioflavin T based 
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fluorescence spectroscopy, transmission electron microscopy), biochemical (Aβ42-induced cytotoxicity in 

mouse hippocampal HT22 neuronal cell lines) and by computational modelling studies. 

 

Figure 2-1. N-Benzylbenzamide and N-benzylcarboxamide derivatives (Series A). This series of 

compounds contains an amide bond linked to a sp3 hybridized carbon linker. 

 

2.2 Hypothesis 

The three-carbon α,β-unsaturated system present in the chalcone moiety was replaced with a 

corresponding amide bioisostere along with a carbon spacer to obtain N-benzylbenzamide derivatives that 

lack the PAINS and thus provide novel small molecular templates possessing anti-Aβ42 aggregation 

properties. It is anticipated that these molecules can interact with the 16KLVFFA21 region and the 

hydrophobic C-terminal regions of Aβ42 and thus prevent the formation of toxic Aβ42 aggregates with 

neuroprotective effects. Considering the hydrophobic nature of the amyloidogenic regions of Aβ42, it is 

predicted that compounds with aromatic rings are more efficient than those with aliphatic rings in inhibiting 

the aggregation process, possibly due to the higher chance of forming the hydrophobic interactions between 

the ligand and receptor. Furthermore, compounds with a bicyclic aromatic ring are predicted as the most 

potent aggregation inhibitors in the series given the same considerations. Substituted compounds with 

known pharmacophores (such as R = 3,4-dimethoxylbenzene and R = 3,4-difluorobenzene)320 are expected 
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to demonstrate better inhibition on Aβ42 aggregation due to efficient van der Waals, hydrophobic and 

hydrogen bonding interactions with Aβ42. The SAR was investigated by incorporating monocyclic, 

bicyclic, aromatic, acyclic, 5- and 6-membered rings to study their effect on Aβ42 aggregation (Figure 2-1). 

 

2.3 Results and Discussion 

In this section, the synthesis, purification and characterization of the N-benzylbenzamide and N-

benzylcarboxamide class of compounds (3a-m and 5a-c) are discussed which is followed by biological 

activity screening, including anti-Aβ42 aggregation assay (thioflavin T, ThT, fluorescence spectroscopy), 

fibril morphology study by transmission electron microscopy, cell viability assay against Aβ42-induced 

cytotoxicity in mouse hippocampal HT22 neuronal cells. Representative compounds from this series were 

used in computational modelling studies to understand their interactions with Aβ42 using the solved 3D 

structures to understand the mechanisms of their anti-aggregation properties.  

 

2.3.1 Synthesis 

The retro-synthetic analysis of the compound library suggests that the starting building blocks should be 

coupled to form an amide bond found in the linker region of the template.321 There are a variety of methods 

established to prepare benzamide and carboxamide derivatives. Given the fact that the proposed compounds 

in the library are small molecules, the formation of an amide bond was achieved either by coupling of acid 

halides with primary amines or by coupling of carboxylic acids with primary amines. The choice between 

using the acid halides or the corresponding carboxylic acids was made based on the commercial availability 

and cost of the starting materials. With that being said, compounds 3a-m were synthesized by using a direct 

coupling method A (Scheme 2-1) where the corresponding acid chlorides (2a-m) were coupled with 

phenylmethanamine (1), whereas compounds 5a-c were synthesized via method B where the 

phenylmethanamine (1) was coupled with the corresponding carboxylic acids 4a-c (Scheme 2-2). 
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Scheme 2-1. Synthetic methodology to synthesize 3a-m by coupling phenylmethanamine (1) and 

corresponding acid chlorides (2a-m). Reagents and conditions: (a) TEA, THF, room temperature/reflux 2-

24 h. 

 

 

 

Scheme 2-2. Synthetic methodology to synthesize 5a-c by coupling phenylmethanamine (1) and 

corresponding carboxylic acid (4a-c). Reagents and conditions: (b) EDC•HCl, HOBt, TEA, THF, room 

temperature overnight. 

 

In method A, phenylmethanamine (1) was coupled with corresponding acid halides. The reaction 

mechanism is described as follows322 (Figure 2-2): First, nucleophile 1 attacks the electrophilic carbonyl 

carbon to form a tetrahedron intermediate by nucleophilic addition. Next, the chloride serves as a good 

leaving group. Then the hydrochloric acid is formed in the last step to give the desired products 3a-m. 

Organic base triethylamine (TEA) was used to readily remove the hydrochloric acid in order to facilitate 
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the product formation. The overall yields of these reactions range from 72 to 93.6%. The analytical data 

(1H NMR, MS and purity data obtained through LCMS) for 3a-m are given below. Analytical spectral data 

for all the final compounds are given in Appendix A. 

 

 

Figure 2-2. Nucleophilic acyl substitution mechanism which includes three major steps: (1) addition of 

nucleophile to the electrophilic carbonyl carbon, (2) elimination of the leaving group, (3) loss of proton to 

form the product. 

 

2.3.1.1 N-Benzylbenzamide (3a) 

The product was obtained as a white solid (Yield = 92.8%). 1H NMR (300 MHz, DMSO-d6): δ 9.00 (t, J 

= 5.6 Hz, 1H), 7.90–7.81 (m, 2H), 7.53–7.39 (m, 3H), 7.29–7.10 (m, 5H), 4.45 (d, J = 6.0 Hz, 2H). mp: 

105–108 °C. ESI-MS, m/z calcd for C14H14NO [M+H]+ 212.1, found 212.1. Purity: 100% (LCMS).  

 

2.3.1.2 N-Benzylisonicotinamide (3b) 

The product was obtained as a white solid (Yield = 72.0%). 1H NMR (300 MHz, DMSO-d6): δ 9.33 (t, J 

= 5.3 Hz, 1H), 8.79–8.67 (m, 2H), 7.85–7.75 (m, 2H), 7.34–7.27 (m, 5H), 4.51 (d, J = 6.0 Hz, 2H). mp: 

95–98 °C. ESI-MS, m/z calcd for C13H13N2O [M+H]+ 213.1, found 213.1. Purity: 99.0% (LCMS).  
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2.3.1.3  N-Benzylpicolinamide (3c) 

The product was obtained as a white solid (Yield = 74.3%). 1H NMR (300 MHz, DMSO-d6): δ 9.32 (br 

s, 1H), 8.67–8.65 (m, 1H), 8.10–7.96 (m, 2H), 7.64–7.59 (m,1H), 7.35– 7.20 (m, 5H), 4.50 (d, J = 6.4 Hz, 

2H). mp: 94–97 °C. ESI-MS, m/z calcd for C13H13N2O [M+H]+ 213.1, found 213.1. Purity: 99.6% (LCMS).  

 

2.3.1.4 N-Benzyl-3,4-dimethoxybenzamide (3d) 

The product was obtained as a white solid (Yield = 86.4%). 1H NMR (300 MHz, DMSO-d6) δ 8.90 (t, J 

= 5.9 Hz, 1H), 7.57 – 7.51 (m, 1H), 7.51 – 7.47 (m, 1H), 7.38 – 7.18 (m, 5H), 7.03 (d, J = 8.4 Hz, 1H), 4.47 

(d, J = 6.0 Hz, 2H), 3.81 (s, 3H), 3.80 (s, 3H). mp: 140-143 °C. ESI-MS, m/z calcd for C16H17NO3 [M+H]+ 

272.1, found 272.1. Purity: 99.5% (LCMS).  

 

2.3.1.5 N-Benzyl-3,4-difluorobenzamide (3e) 

The product was obtained as a white solid (Yield = 81.9%). 1H NMR (300 MHz, DMSO-d6) δ 9.10 (t, J 

= 5.6 Hz, 1H), 7.97 – 7.84 (m, 1H), 7.80 – 7.70 (m, 1H), 7.59 – 7.45 (m, 1H), 7.35 – 7.26 (m, 4H), 7.25 – 

7.17 (m, 1H), 4.44 (d, J = 5.9 Hz, 2H). mp: 94–97 °C. ESI-MS, m/z calcd for C14H11F2NO [M+H]+ 248.1, 

found 248.1. Purity: 98.2% (LCMS).  

 

2.3.1.6 N-Benzylcyclohexanecarboxamide (3f) 

The product was obtained as a white solid (Yield = 79.8%). 1H NMR (300 MHz, CDCl3) δ 7.45 – 7.16 

(m, 5H), 5.72 (s, 1H), 4.46 (d, J = 5.6 Hz, 2H), 2.13 (tt, J = 11.7, 3.4 Hz, 1H), 1.98 – 1.87 (m, 2H), 1.87 – 

1.76 (m, 2H), 1.72 – 1.60 (m, 1H), 1.57 – 1.40 (m, 2H), 1.29 (q, J = 10.7, 8.8 Hz, 3H). mp: 117-120 °C. 

ESI-MS, m/z calcd for C14H19NO [M+H]+ 218.1, found 218.1. Purity: 100% (LCMS).  

 



 59 

 

2.3.1.7 N-Benzylpiperidine-1-carboxamide (3g) 

The product was obtained as a white solid (Yield = 82.6%). 1H NMR (300 MHz, CDCl3) δ 7.40 – 7.24 

(m, 5H), 4.69 (s, 1H), 4.45 (d, J = 5.4 Hz, 2H), 3.36 (t, J = 5.1 Hz, 4H), 1.60 (d, J = 4.0 Hz, 6H). mp: 110-

113 °C. ESI-MS, m/z calcd for C13H18N2O [M+H]+ 219.1, found 219.1. Purity: 96.5% (LCMS).  

 

2.3.1.8 N-Benzyl-1H-pyrrole-2-carboxamide (3h) 

The product was obtained as a white solid (Yield = 79.6%). 1H NMR (300 MHz, CDCl3): δ 9.50 (br s, 

1H), 7.51–7.12 (m, 5H), 6.92–6.90 (m, 1H), 6.53–6.51 (m, 1H), 6.23–6.20 (m, 1H), 6.13 (br s, 1H), 4.60 

(d, J = 5.9 Hz, 2H). mp:122–125 °C. ESI-MS, m/z calcd for C12H13N2O [M+H]+ 201.1, found 201.1. Purity: 

96.1% (LCMS).  

 

2.3.1.9 N-Benzylfuran-2-carboxamide (3i) 

The product was obtained as a white solid (Yield = 93%). 1H NMR (300 MHz, DMSO-d6): δ 9.04 (t, J = 

5.8 Hz, 1H), 7.84 (d, J = 3.7 Hz, 1H), 7.36–7.21 (m, 5H), 7.25 (d, J = 6.0 Hz, 1H), 6.62 (d, J = 5.0 Hz, 1H), 

4.46 (d, J = 6.0 Hz, 2H). mp: 120–123 °C. ESI-MS, m/z calcd for C12H12NO2 [M+H]+ 202.1, found 202.1. 

Purity: 99.6% (LCMS).  

 

2.3.1.10 N-Benzylthiophene-2-carboxamide (3j) 

The product was obtained as a white solid (Yield = 78.7%). 1H NMR (300 MHz, DMSO-d6): δ 9.04 (t, J 

= 5.7 Hz, 1H), 7.88–7.81 (m, 1H), 7.39–7.19 (m, 5H), 7.15–7.05 (m, 2H), 4.45 (d, J = 6.2 Hz, 2H). mp: 

115–118 °C. ESI-MS, m/z calcd for C12H12NOS [M+H]+ 218.1, found 218.1. Purity: 99.7% (LCMS).  
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2.3.1.11 N-Benzylpyrrolidine-1-carboxamide (3k) 

The product was obtained as a white solid (Yield = 82.3%). 1H NMR (300 MHz, CDCl3) δ 7.41 – 7.24 

(m, 5H), 4.47 (s, 2H), 3.37 (t, J = 6.6 Hz, 4H), 2.00 – 1.83 (m, 4H). mp: 127-130 °C. ESI-MS, m/z calcd 

for C12H16N2O [M+H]+ 205.1, found 205.1. Purity: 97.2% (LCMS).  

 

2.3.1.12 N-Benzyl-1-naphthamide (3l) 

The product was obtained as a white solid (Yield = 87.6%). 1H NMR (300 MHz, DMSO-d6): δ 9.09 (t, J 

= 5.7 Hz, 1H), 8.22–8.19 (m, 1H), 8.06–7.95 (m, 2H), 7.66–7.53 (m, 4H), 7.38–7.26 (m, 5H), 4.55 (d, J = 

6.2 Hz, 2H). mp: 127–130 °C. ESI-MS, m/z calcd for C18H16NO [M+H]+ 262.1, found 262.1. Purity: 98.3% 

(LCMS).  

 

2.3.1.13 N-Benzylquinoline-2-carboxamide (3m) 

The product was obtained as a white solid (Yield = 93.6%). 1H NMR (300 MHz, DMSO-d6): δ 9.47 (t, J 

= 6.2 Hz, 1H), 8.58 (d, J = 8.5 Hz, 1H), 8.20–8.04 (m, 3H), 7.88 (t, J = 7.6 Hz, 1H), 7.73 (t, J = 7.5 Hz, 

1H), 7.40–7.22 (m, 5H), 4.58 (d, J = 6.2 Hz, 2H). mp: 128–131 °C. ESI-MS, m/z calcd for C17H15N2O 

[M+H]+ 263.1, found 263.1. Purity: 99.5% (LCMS).  

 

Method B was used to synthesize N-benzylcarboxamide derivatives (5a-c, Scheme 2-2). Compared to 

acid chlorides, carboxylic acids are less reactive for nucleophilic acyl substitution due to the electron-

donating nature of the hydroxyl group. This can influence the reaction progress, yield and purity of the 

products. However, this limitation can be overcome by activating the carboxylic acid (4a-c) with the 

assistance of carbodiimide-dehydrating reagents, such as 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

(EDC).323,324 The detailed mechanism is illustrated in Figure 2-3. The carboxylic acids can be transformed 
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into an ester intermediate. In the presence of an activator, such as hydroxyltriazole (HOBt), the nucleophilic 

activator attacks the carbonyl carbon of the ester intermediate so that it can be transformed into an active 

ester (Path a).325 The active ester contains a better leaving group compared to the original carboxylic acid 

so that it can react with phenylmethanamine (1) via nucleophilic acyl substitution as mentioned in the 

previous paragraph. However, in the absence or insufficient amount of the activator HOBt, the ester 

intermediate can undergo rapid self-rearrangement to form a urea by-product (Path b). The by-product as a 

result of using EDC as dehydrating reagent is a water-soluble urea which, therefore, can be washed away 

by aqueous extraction in the post-reaction workup. The overall yields of these reactions range from 75.2% 

to 90.6%. The analytical data (1H NMR, MS and purity data obtained through LCMS) for 5a-c are given 

below. Analytical spectral data for all the final compounds are given in Appendix A. 

 

 

Figure 2-3. Reaction mechanism when using dehydrating agent EDC and activator HOBt for coupling 

phenylmethanamine (1) and corresponding carboxylic acid (4a-c) to obtain 5a-c. 

 

2.3.1.14 N-Benzyl-1H-indole-2-carboxamide (5a) 

The product was obtained as a white solid (Yield = 90.6%). 1H NMR (300 MHz, DMSO-d6): δ 11.56 (s, 

1H), 9.00 (t, J = 6.1 Hz, 1H), 7.57 (d, J = 8.0 Hz, 1H), 7.41 (d, J = 8.2 Hz, 1H), 7.38-7.27 (m, 4H), 7.17–
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7.12 (m, 3H), 7.03–6.98 (m, 1H), 4.49 (d, J = 6.0 Hz, 2H). mp: 229–232. ESI-MS, m/z calcd for C16H15N2O 

[M+H]+ 251.1, found 251.1.Purity: 95.4% (LCMS).  

 

2.3.1.15 N-Benzylbenzofuran-2-carboxamide (5b) 

The product was obtained as a white solid (Yield = 75.2%). 1H NMR (300 MHz, DMSO-d6) δ 9.29 (t, J 

= 5.9 Hz, 1H), 7.81 – 7.75 (m, 1H), 7.69 – 7.63 (m, 1H), 7.58 (s, 1H), 7.51 – 7.44 (m, 1H), 7.38 – 7.29 (m, 

5H), 7.29 – 7.21 (m, 1H), 4.49 (d, J = 6.2 Hz, 2H). mp: 101-104 °C. ESI-MS, m/z calcd for C16H13NO2 

[M+H]+ 252.1, found 252.1. Purity: 97.2% (LCMS).  

 

2.3.1.16 N-Benzylbenzo[b]thiophene-2-carboxamide (5c) 

The product was obtained as a white solid (Yield = 78.9%). 1H NMR (300 MHz, CDCl3 δ 7.41 – 7.24 

(m, 5H), 4.47 (s, 2H), 3.37 (t, J = 6.6 Hz, 4H), 2.00 – 1.83 (m, 4H). mp: 146-149 °C. ESI-MS, m/z calcd 

for C16H13NOS [M+H]+ 268.1, found 268.1. Purity: 94.82% (LCMS).  

 

2.3.2 Modulatory activity on amyloid-beta aggregation  

The modulatory activity of N-benzylethylbenzamide and carboxamide derivatives 3a-m and derivatives 

5a-c on Aβ42 aggregation was evaluated using the ThT aggregation kinetic assay.326–329 It is the golden 

standard used in the field for rapid screening of small molecules to determine their Aβ42 aggregation 

modulation activity.330–333 In this assay, ThT was used as the fluorescent dye which can selectively bind to 

the β-sheet structure of various forms of aggregated Aβ42. Upon binding, ThT gives a characteristic 

increase in the fluorescence reading (FLR) which is directly proportional to the amount of Aβ aggregates 

formed. By comparing the FLR of Aβ42 control and in the presence of various test compounds, the 

percentage inhibition (PI) can be calculated at the end of the assay. If the FLR is lower than that of the 



 63 

 

control, it indicates that the compounds are inhibiting the Aβ42 aggregation. Similarly, if the FLR is higher 

than that of control, it indicates that the compounds are able to promote the Aβ42 aggregation. Compounds 

that are able to inhibit Aβ42 aggregation are termed aggregation inhibitors (AI) and compounds that are 

able to promote Aβ42 aggregation are termed aggregation promotors (AP), whereas compounds that weakly 

modulate the aggregation are termed weak aggregation modulators (WAM). Initially, all the test compounds 

were screened at 25 µM to determine their effect on Aβ42 aggregation. Compounds that show promising 

activity were further evaluated over a concentration range (1, 5, 10, 25 µM) to determine the aggregation 

kinetics. Resveratrol (RVT) which is a known inhibitor of Aβ42 aggregation was also included in the assay 

as the reference compound for comparison. 

In Figure 2-4, the ThT aggregation kinetic curves of N-benzylbenzamide and carboxamide derivatives 

3a-m and 5a-c were shown. In each panel, the blue curve at the bottom is the ThT background readings 

which suggests that ThT has no interference in the FLR in monitoring the aggregation of Aβ42. The red 

curve shows the Aβ42 aggregation curve in the absence of any testing compounds. In this curve, some 

characteristics of Aβ42 aggregation can be observed. It is a sigmoidal curve characterized by a very short 

lag phase (~ 30 min) which is followed by a rapid growth phase spanning the time course from around 0.5 

h to 10 h. Then, the FLR tends to be stable with readings hovering around 8,000 RFUs, indicating the 

aggregation process has reached the equilibrium status or plateau. Such saturation phase was seen until the 

end of the assay at 24 h. Compared to the Aβ42 control curve, other curves, in the presence of different N-

benzylbenzamide and carboxamide derivatives (Figure 2-4, A: 3a-d, RVT, B: 3e-h, C: 3i-l, D: 3m, 5a-c), 

shared similar shapes without any major difference noticed. This observation suggests that none of these 

derivatives are able to alter the aggregation kinetics by either shortening or extending the lag/growth phase. 

However, lower FLR at the saturation phase than Aβ42 control for these curves was observed which 

indicates that some derivatives were capable of reducing the formation of Aβ42 fibrils. When co-incubating 

the reference compound RVT with Aβ42 (Figure 2-4 A), a dramatic decrease in the FLR was noticed in 
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the saturation phase with FLR below 2,000 RFUs after 18 h. Such observation is not a surprise as RVT is 

a very potent Aβ AI.334 

 

 

Figure 2-4. The Aβ42 aggregation kinetic curves for N-benzylbenzamide and carboxamide derivatives (3a-

m and 5a-c) in the ThT-based fluorescence assay. (A) Aggregation kinetic curves for derivatives 3a-d and 

reference compounds resveratrol (RVT). (B) Aggregation kinetic curves for derivatives 3e-h. (C) 

Aggregation kinetic curves for derivatives 3i-l. (D) Aggregation kinetic curves derivatives for 3m, 5a-c. 

The test compounds (25 µM) were incubated with Aβ42 (10 µM) for 24 h at 37 ˚C, pH 7.4 and the ThT 

fluorescence was monitored (excitation = 440 nm, emission = 490 nm). Results were obtained based on 

triplicate readings from three independent experiments. 
 

 

Most of the compound from this library (3a-m, 5a, 14 out of 16 compounds) showed inhibitory activity 

toward Aβ42 aggregation at the 24 h time point, with PIs ranging from 7.0- 27.8 %.  The results are listed 

in Table 2.1. A detailed bar plot of PI is shown in Figure 2-5. Compound 3a (R = phenyl) which has a 

similar structure as the chalcone, except for the lack of the reactive three carbon α, β-unsaturated system, 

showed a PI of 27.1 ± 2.3 % which was identified as the best inhibitor of Aβ42 aggregation from this library. 

When the phenyl ring in 3a was replaced with a more polar 2- or 4-pyridyl substituents in compounds 3b 
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or 3c, the PI decreased to 19.6 ± 5.2 % and 13.3 ± 6.7 % respectively. However, other bioisosteric 

replacements of the phenyl ring, with 5-member heterocycles such as 3h (R = pyrrole), 3i (R = furan), and 

3j (R = thiophene), were able to retain the inhibitory activity with PI ranging from 27.7± 1.03 %, 23.8 ± 

7.6 %, and 23.4 ± 4.7 % respectively. Replacing the aromatic rings with aliphatic rings led to mixed results. 

For example, compound 3f (R = cyclohexane) was able to retain the activity with PI at 24.5 ± 2.7 % which 

is very similar to the prototypic compound 3a. However, the piperidine and pyrrolidine replacements failed 

to retain Aβ42 inhibitory effects with PI at 11.0 ± 4.0 % and 15.4 ± 0.7 % for 3g and 3k respectively. 

Furthermore, replacing the aromatic phenyl ring with planar bicyclic aromatic rings such as naphthalene 

(3l), led to a reduction in the PI to 15.8 ± 1.6 %, whereas the nitrogen-containing quinoline ring in 

compound 3m was able to retain anti-aggregation activity with a PI of 26.7 ± 0.2 %. Interestingly, the 

presence of an indole ring in compound 5a, led to a drastic reduction in its activity with a PI of 7.0 ± 2.6 % 

(Table 2-1). These findings suggest that Aβ42 inhibition activity is dependent on ligand conformation and 

hydrophilicity/hydrophobicity parameters (CLogP, Table 2-1). 
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Table 2-1. Percent inhibition (PI) of N-benzylbenzamide and carboxamide derivatives (3a-m, 5a-c), 

resveratrol (RVT), and chalcone (CHL) at 25 µM on Aβ42 (10 µM) aggregation. 

 

Cmpd % Inhibition 

(PI)a 
CLogPb  Cmpd % Inhibition 

(PI)a 
CLogPb 

3a 27.10 ± 2.33 2.83  3i 23.80 ± 7.67 2.01 

3b 19.58 ± 5.26 1.33 
 

3j 23.45 ± 4.77 2.48 

3c 13.30 ± 6.75 1.68 
 

3k 15.41 ± 0.75 1.91 

3d 13.46 ± 0.11 2.32 
 

3l 15.79 ± 1.58 4.00 

3e 16.04 ± 2.15 3.05 
 

3m 26.75 ± 0.23 3.07 

3f 24.56 ± 2.75 2.98 
 

5a 7.07 ± 2.59 3.16 

3g 11.08 ± 3.99 2.47 
 

5b NAc 3.39 

3h 27.76 ± 1.03 1.78 
 

5c NAc 3.86 

RVT 81.27 ± 5.59 2.83 

 
CHL -112.29 ± 7.13d 3.62 

a Percent inhibition (PI) was calculated at the 24 h time point in the ThT aggregation kinetics assay. The 

results shown are average ± standard deviation of triplicate readings based on three independent 

experiments. 
b CLogP values were calculated with ChemDraw. 
c NA, not active indicating the compounds are WAM. 
d Negative PI indicates the compounds can promote the aggregation. 

 

 

Compound 5b and 5c containing a bicyclic benzofuran and benzo[b]thiophene were not active in 

modulating the Aβ42 aggregation which makes them WAMs (Figure 2-5). This needs further exploration. 

Interestingly, the chalcone (CHL) was able to promote Aβ42 aggregation significantly with PI at -112.29 ± 

7.13 % (Table 2-1). As can be seen in its ThT aggregation kinetic curve (Figure 2-6), when Aβ42 was 

treated with CHL, it underwent rapid elongation with high RFU ~ 16,000 at the saturation phase. Compared 

to inhibitor control, none of the compounds in this library were as potent as RVT (81.3 ± 5.6% inhibition) 

in preventing Aβ42 aggregation. In general, these studies show that the N-benzylbenzamide derivatives are 

able to prevent Aβ42 aggregation. However, they exhibited weak-to-moderate activity in the ThT assay. 

 



 67 

 

 

Figure 2-5. Percentage inhibition (PI) of N-benzylbenzamide and carboxamide derivatives (3a-m and 5a), 

resveratrol (RVT) and chalcone (CHL) at 25 µM on Aβ42 (10 µM) aggregation. 

 

 

Figure 2-6. The Aβ42 aggregation kinetic curve for chalcone (CHL) in the ThT-based fluorescence assay. 

CHL (25 µM) was incubated with Aβ42 (10 µM) for 24 h at 37 ˚C, pH 7.4 and the ThT fluorescence was 

monitored (excitation = 440 nm, emission = 490 nm). Results were obtained based on triplicate readings 

from three independent experiments. 

 

2.3.3 Transmission electron microscopy  

In the next step, transmission electron microscopy (TEM) studies were conducted in order to study the 

morphology of Aβ42 aggregates in the absence and presence of various test compounds to evaluate their 

anti-aggregation properties. The effect of representative N-benzyl benzamide derivatives, 3a, 3h-j, and 3m 

on Aβ42 morphology was investigated. The TEM is a qualitative technique and is often used in conjunction 

with ThT kinetic assays to provide further evidence of small molecules’ modulatory activities on Aβ42 
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aggregation.335,336 The samples taken for TEM studies were obtained from ThT aggregation kinetic assays 

at the end of the incubation period (24 h). The TEM images obtained in the presence of various lead 

compounds were compared to those of Aβ42 control.  

As can be seen in Figure 2-7, the morphology of Aβ42 aggregates (10 µM) showed a combination of 

long, twisted, and unbranched mature fibrils. In the presence of N-benzylbenzamide derivatives (25 µM), 

there was a significant reduction in the formation of Aβ42 fibrils. These fibrils are characterized by the 

presence of sparse, thinner, and lower-ordered fibrils, despite some proto-fibrils and mature fibrils still 

observable in the images. The reduced Aβ42 fibril density seen in the images further validates that these 

lead compounds can inhibit the aggregation of Aβ42. Interestingly, the TEM image (Figure 2-8) for 

chalcone indicated its ability to promote aggregation as higher density and thicker fibrils were found. Such 

a conclusion aligned well with the results of ThT aggregation kinetic studies. Together, these studies 

quantitatively and qualitatively prove that the N-benzylbenzamide derivatives are capable of inhibiting the 

aggregation of Aβ42.  
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Figure 2-7. TEM images of Aβ42 (10 µM) in the absence (Aβ42 control) and presence of N-

benzylbenzamide 3a, 3h-j, and 3m (25 µM). Scale: 200 µm. 

 

 

Figure 2-8. TEM images of Aβ42 (10 µM) in the absence (Aβ42 control) and presence of chalcone (25 

µM). Scale: 200 µm. 
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2.3.4 Neuroprotective effects against Aβ42-induced cytotoxicity 

Based on the anti-aggregation properties of N-benzylbenzamide derivatives observed in the ThT and 

TEM experiments, we investigated the effect of these compounds in preventing A42-induced cytotoxicity 

in mouse hippocampal HT22 neuronal cells. The ability of representative N-benzylbenzamide derivatives 

3a, 3h-j, 3m to prevent Aβ42-mediated cytotoxicity in mouse hippocampal HT22 neuronal cell lines was 

investigated. Initially, the cytotoxicity profile of compounds 3a, 3h-j, and 3m alone to HT22 cells at 25 

µM was determined. The cytotoxicity was evaluated based on cell viability using cell counting kit 8 (CCK-

8) colorimetric assay.337,338 As can be seen in Figure 2-9 A, the results showed that, at 25 µM, these lead 

compounds are not toxic to the cells. The cell viability ranged from 104.0 to109.9 % compared to untreated 

cells. Next, HT22 cells were incubated with Aβ42 (5 µM) in the presence and absence of various lead 

compounds (25 µM) for 48 h to investigate their ability to rescue cells from Aβ42-mediated neurotoxicity 

(Figure 2-9 B). After introducing Aβ42 into the cells, in the absence of testing compounds, there was a 

drastic decrease in the cell viability compared to untreated cells. Incubating the cells with 5 µM Aβ42 led 

to around 60% cell death. When Aβ42 treated cells were co-incubated with N-benzylbenzamide derivatives, 

the cell viability increased significantly. These compounds showed potent neuroprotective effects. For 

example, 3a (R = benzene), 3h (R = pyrrole), 3i (R = furan), 3j (R = thiophene), and 3m (R = quinoline) 

exhibited excellent cell viability profiles (94.9 ± 5.9 %, 95. 8 ± 6.3 %, 85.0 ± 9.0 %, 96.0 ± 13.8 %, and 

80.8 ± 10.3 % respectively) indicating that they were able to rescue HT22 cells from Aβ42-induced 

cytotoxicity. Chalcone was also included in the assay as a reference compound for comparison and the 

results are shown in Figure 2-10. In the absence of Aβ42, chalcone was not toxic to the HT22 cells at 25 

µM with the cell viability around 103%. Then Aβ42-treated HT22 cells were co-incubated with chalcone 

and a slight increase in the cell viability was seen compared to Aβ42-treated control. The cell viability 

increased from 38.73% for Aβ42-treated cells to 58.24% when co-incubated with chalcone indicating that 

chalcone also provided neuroprotective effects against Aβ42-incuded cytotoxicity, although to a lesser 

extent than N-benzylbenzamide derivatives (3a, 3h-j, and 3m). These observations suggest that these N-
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benzylbenzamide derivatives have the potential to convert toxic Aβ assemblies into nontoxic forms. 

Furthermore, the cell culture studies demonstrate their ability to prevent Aβ42-induced cytotoxicity which 

further supports their potential as novel templates to consider in the design of anti-Aβ molecules.  

   

 

Figure 2-9. Neuroprotective effects of N-benzylbenzamide 3a, 3h-j, and 3m (25 µM) on HT22 cells in the 

absence (A) and presence (B) of Aβ42 (5 µM) incubated over 48 h. Cell viability was determined by CCK-

8 based colorimetric assay. The results shown are averages of quadruplicate readings based on three 

independent experiments. *p < 0.01 compared to Aβ42 treated group (One-way ANOVA followed by 

Bonferroni post hoc test). 

 

 

 

Figure 2-10. Neuroprotective effects of chalcone (CHL) (25 µM) on HT22 cells in the absence and presence 

of Aβ42 (5 µM) incubated over 48 h. Cell viability was determined by CCK-8 based colorimetric assay. 

The results shown are averages of quadruplicate readings based on three independent experiments. *p < 

0.01 compared to Aβ42 treated group (One-way ANOVA followed by Bonferroni post hoc test). 
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2.3.5 Molecular docking 

In order to better understand the mechanism of these AIs, molecular docking studies were conducted to 

investigate the interactions between a representative compound from the N-benzylbenzamide series and Aβ 

aggregates. For this purpose, the best N-benzylbenzamide derivative 3a (~27% inhibition of Aβ42 

aggregation in the ThT assay, nontoxic to HT22 cells - cell viability >95% and ~95% cell viability in Aβ42 

treated cells) from this series was used in the docking studies. Compound 3a was docked with both the 

Aβ42 oligomer and fibril model using the CDOCKER algorithm.339The oligomer and fibril models were 

prepared by using the 3D coordinates of the Aβ42 fibril structure (PDB id: 5KK3). This is an atomic 

resolution structure of monomorphic Aβ42 obtained through solid-state NMR.340 The Aβ42 oligomer model 

was prepared from the Aβ42 fibril assembly.341 Previous studies have shown that, in solution, Aβ42 is 

known to exist as either pentamer or hexamer aggregates, indicating these are the smallest forms of 

aggregates that can be detected in solution.342 Therefore, a pentamer model was used as a representative 

example of the oligomer model in docking studies. In the sequence of Aβ42, two regions are responsible 

for its aggregation propensity and the hydrophobic nature of these regions is one of the initiating factors 

driving the aggregation process, namely, hydrophobic core 16KLVFFA21, and C-terminal hydrophobic tail 

32IGLMVGGVVIA42.343 Therefore, our docking method was designed to build a binding sphere (20 Å 

radius) that can accommodate the entire span of these two regions to facilitate the understanding of potential 

interactions in these important regions. The molecular docking was performed using the computational 

software Discovery Studio, Structure-Based-Design, v20.1.0.19295 (Biovia, USA). 



 73 

 

 

Figure 2-11. Molecular docking studies of 3a with the Aβ42 fibril model (PDB ID: 5KK3). (A) Top docked 

pose of 3a; (B) 2D interaction map of the top docking pose of 3a. The hydrogen atoms are removed to 

enhance clarity. Protein is represented in line ribbon with blue indicating the N-terminus and red indicating 

the C-terminus. The small molecule is represented in the ball-and-stick model. Hydrophobic interaction is 

represented in pink dashed line and hydrogen bond interaction is represented in green dashed line. 

 

The docking of 3a and Aβ42 pentamer can be seen in Figure 2-11. The Aβ42 pentamer was shown in 

line ribbon representation color-coded from N- (blue) to C- (red) terminal and the small molecule was 

shown in ball and stick representation with carbon in grey, oxygen in red, and nitrogen in blue. Based on 

our docking method, 10 poses were generated, and they were ranked according to CDOCKER energy and 

CDOCKER interaction energy with the lowest energy (most stable) pose shown in the figure. This top 

binding pose (CDOCKER energy -18.83 kcal/mol and CDOCKER interaction energy -23.76 kcal/mol) of 

3a shows that it was oriented perpendicular to the long axis of the aggregates. Two hydrophobic interactions 

were observed interacting with both hydrophobic regions of Aβ42 pentamer. One of the hydrophobic 

interactions was found between the benzene ring (ring A) of 3a and the alkyl group of A: Leu17 (distance 

~ 5 Å). The other benzene ring (ring B) underwent hydrophobic interaction with the alkyl group of C: Leu34 

(distance ~ 5 Å). These two hydrophobic interactions anchored the compound in the binding pocket which 

explains its ability to inhibit the aggregation process since it can interact with both hydrophobic regions of 

Aβ42. When 3a was docked with the Aβ42 fibril model, the main interactions found were still hydrophobic 

interactions between the aromatic ring with Ala and Val residues within the hydrophobic core region as 

(A) (B)

AB
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shown in Figure 2-12. For the best docking pose, the CDOCKER energy was -17.92 kcal/mol and the 

CDOCKER interaction energy was -22.64 kcal/mol. The benzene ring (ring B) underwent hydrophobic 

interactions with the alkyl group of B: Ala21 (~ 5 Å), B: Val18 (2.64 Å), and C: Ala21 (~ 5 Å). Another 

major interaction was the hydrogen bond established between the carbonyl oxygen and the NH3
+ of C: 

Lys16 with a distance of 2.32 Å, which further constrained the molecule in the hydrophobic core region of 

Aβ42. In summary, the molecular docking studies of 3a in the Aβ42 pentamer and fibril models suggest 

that the hydrophobic interactions between the aromatic rings and the hydrophobic aggregation-prone 

regions play a significant role in determining its anti-aggregation activity observed in the experimental 

work. 

 

 

 

Figure 2-12. Molecular docking studies of 3a with Aβ42 fibril model (PDB ID: 5KK3). (A) Top docked 

pose of 3a; (B) 2D interaction map of the top docking pose of 3a. The hydrogen atoms are removed to 

enhance clarity. Protein is represented in line ribbon with blue indicating the N-terminus and red indicating 

the C-terminus. The small molecule is represented in the ball-and-stick model. Hydrophobic interaction is 

represented in pink dashed line and hydrogen bond interaction is represented in green dashed line. 
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2.4 Summary 

This chapter describes the design, synthesis, and evaluation of a library of 16 N-benzybenzamide and 

carboxamide derivatives 3a-m and 5a-c as Aβ42 aggregation modulators. These compounds were 

synthesized by coupling the benzylamine with either corresponding acid chlorides or carboxylic acids in 

good yields (72-93%). The structures of the compounds were characterized by 1H NMR, MS and the purity 

was determined by HPLC or LCMS. These compounds exhibited weak-to-moderate inhibition on Aβ42 

aggregation as confirmed by ThT-based aggregation kinetic assays. The TEM studies also demonstrated 

their anti-aggregation activity. Among them, 3a, 3h, 3i, 3j, and 3m showed anti-Aβ42 activity with PI 

ranging from 23.4 to 27.8%. These compounds were not toxic to mouse hippocampal HT22 neuronal cells 

and were able to rescue HT22 cells from Aβ42-induced neurotoxicity (cell viability ~40% for Aβ42-treated 

control versus up to ~95% when co-incubated with lead AIs). Compound 3a was identified as the best 

compound from this series (Figure 2-13) and its molecular docking studies in the Aβ42 oligomer and fibril 

models indicate that the aromatic rings underwent important non-polar and polar interactions in the 

aggregation-prone KLVFFA and the C-terminal regions in the Aβ42 pentamer and fibril models. Compared 

to chalcone which is an AP, the lead derivative 3a does not contain a PAINS substurecture and was able to 

inhibit Aβ42 aggregation to provide neuroprotection. 
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Figure 2-13. Summary of N-benzylbenzamide and carboxamide derivatives. (A) 87% (14 out of 16) 

compounds were identified as aggregation inhibitor (AI) and 13% (2 out of 16) compounds were identified 

as weak aggregation modulator (WAM); (B) Key experimental data for lead compound 3a.  

 

2.5 Experimental 

2.5.1 General 

All chemicals and reagents were purchased from various vendors (Sigma Aldrich Missouri USA, Alfa 

Aesar Massachusetts USA, Bio Basic Ontario Canada, AA Blocks California USA, Cayman Chemical 

Michigan USA, Thermo Fisher Massachusetts USA, and Corning New York USA), were >95% pure and 

used without further purification. The Aβ42 1,1,3,3,3-hexafluoroisopropanol (HFIP) >95% pure, was 

purchased from Anaspec California USA (Cat. No. AS-64129) or rPeptide Georgia USA (Cat. No. A-1163-

1). The reactions were monitored by thin-layer chromatography (TLC) using the Merck silica gel 60, F254. 

Column chromatography was carried out using Merck silica gel 230-400 mesh. The spots were visualized 

with short or long wavelengths (254 nm or 365 nm). The melting points of compounds were determined 

using a digital melting point apparatus (REACH Devices, USA). The proton NMR (1H NMR) spectra of 

compounds were obtained using a 300 MHz Bruker Avance spectrometer (Department of Chemistry, 

University of Waterloo). Either CDCl3 or DMSO-d6 were used as solvents. Coupling constants (J values) 

were recorded in Hertz (Hz). Abbreviations used to represent 1H NMR signals were s – singlet, d – doublet, 

t – triplet, m – multiplet, br s – broad singlet. The mass and purity were confirmed on an Agilent 1260 

N
H

O(A) (B)

Lead Compound: 3a

ü CLogP: 2.83

ü Aβ42 PI: 27.10 % 

ü HT22 Cell Viability:

• 3a: 105.90%

• Aβ42: 38.73%

• Aβ42 + 3a: 94.94%

AI, 14, 87%

AP, 0, 0%

WAM, 2, 13%
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Infinity liquid chromatography (LC) module equipped with a 6130 Quadrupole mass spectrometer (Agilent 

6100 series LCMS). The column used on LCMS was a ZORBAX Eclipse AAA, 4.6 × 75 mm, 3.5 micron 

(Agilent Technologies, Canada) column. A mixture of water and acetonitrile 1:1 v/v with 0.1% formic acid 

(1.0 mL/min flow rate), was used as the solvent system to assess compound purity and mass. All final 

compounds were ≥ 95% pure as determined by LCMS analysis.  

 

2.5.2 Chemistry 

For the coupling of acid chlorides and primary amine, phenylmethanamine (1) (1 mmol) was added to a 

50 mL round bottom flask (RBF) containing 15 mL anhydrous tetrahydrofuran (THF). To this mixture, 1.2 

equivalents of TEA and 1.0 equivalent of corresponding acid chlorides with various R groups (2a-m) were 

added.344 The reaction was kept at either room temperature or under reflux for 6-24h and monitored by thin 

layer chromatography (TLC). After the reaction was complete, the solvent THF was evaporated in vacuo 

and the resulting reaction mixture was dissolved in 15 mL ethyl acetate (EtOAc), and then washed with 15 

mL brine solution ( 3). The organic layer was collected and dried over anhydrous MgSO4 and filtered. The 

organic solvent was removed in vacuo and the residue/oil obtained was further purified by silica gel column 

chromatography using a combination of solvent systems (1:1 n-Hexanes:EtOAc or 5:2 n-Hexanes:EtOAc 

or 9:1 dichloromethane (DCM):Methanol (MeOH) or 4:1 DCM:n-Hexanes) to afford the final compounds 

3a-m.  

As for the combination of carboxylic acid and primary amine, phenylmethanamine (1) (1 mmol), was 

added to a 50 mL round bottom flask containing 15 mL THF. Next, 1.0 equivalent carboxylic acid (4a-c), 

1.2 equivalents EDC, 1.5 equivalents HOBt, and 2.2 equivalents TEA were added in sequence. The reaction 

mixture was kept at room temperature overnight or reflux conditions for 6 – 12 h. The solvent was 

evaporated in vacuo and the resulting reaction mixture was dissolved in 15 mL EtOAc and washed with 15 

mL brine solution ( 3). The organic layer was collected, dried over anhydrous MgSO4 and filtered. The 



 78 

 

organic solvent was then removed in vacuo to obtain the residue/oil which was further purified by silica gel 

column chromatography using either 1:1 n-Hexanes:EtOAc or 5:2 n-Hexanes:EtOAc as mobile phase to 

afford compounds 5a-c. 

 

2.5.3 Aβ42 aggregation kinetic assay 

The ability of N-benzylbenzamide and carboxamide derivatives 3a-m and 5a-c to inhibit the Aβ42 

aggregation was evaluated using the thioflavin T (ThT) based fluorescence kinetic assay.345 The 15 M 

ThT solution was prepared in 50 mM glycine buffer using the ultra-pure water (UPW). The pH of the 

solution was adjusted to 7.4 with 50 mM sodium hydroxide solution. The aggregation assay was carried 

out using 215 mM sodium phosphate dibasic heptahydrate buffer prepared in UPW and the pH was adjusted 

to 7.4 by using 50 mM hydrochloric acid solution. The Aβ42•HFIP > 95% pure (Anaspec, USA) was 

treated with 1% ammonium hydroxide solution to afford 1 mg/mL stock solution. The stock solution was 

then vortexed and sonicated for 5 min before being diluted to a 25 M working solution using the assay 

buffer. The stock solutions of the test compounds (3a-m, 5a-c, resveratrol RVT and chalcone) were 

prepared in assay buffer with DMSO as the solubilizing agent (final concentration per well was less than 

2%). The 24 h aggregation kinetics assay was carried out using 384-well plates (Costar, black, clear-bottom), 

by adding 44 L of ThT, 12 L of assay buffer, 16 L of Aβ42 solution (10 M final well concentration), 

and 8 L of test compound dilution (25 M) into each well. The Aβ42 control wells contained ThT, Aβ42 

solution and the assay buffer without any test compound. The plates were covered with a transparent plate 

cover and were incubated at 37 C for 24 h with shaking at 300 cpm between readings for 30 s. The readings 

were taken every 10 min (bottom reading), with excitation wavelength of 440 nm and emission wavelength 

of 490 nm using the BioTek Synergy H1 microplate reader. Each sample was measured in triplicate readings 

and the results were obtained based on three independent experiments. 
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2.5.4 Transmission electron microscopy 

The TEM assay was carried out by first running the Aβ42 aggregation assay by incubating 25 µM each 

of test compounds with 10 M Aβ42 for 24 h at 37 C.327 The TEM grids were prepared by aliquoting 20 

L of each sample from the 384-well plate after the 24-hour incubation period. These samples were loaded 

onto 400-mesh formvar-coated copper grids (Electron Microscopy Sciences, Pennsylvania, USA). The 

grids were air-dried overnight before being washed with 40 L UPW three times. After washing, 20 L 2% 

phosphotungstic acid (PTA) solution was added to the grid and stayed for 1 min to stain the samples. Then 

the PTA solution was absorbed away with filter paper and then the grids were washed with 40 L UPW 

three times. Then the grids were further air-dried overnight. The imaging studies were carried out using a 

Philips CM 10 TEM (Dept. of Biology, University of Waterloo) at 60 kV and the micrographs were 

obtained through a 14-megapixel AMT camera at 64,000X magnification. The samples used to prepare the 

grids were obtained by mixing the triplicate wells from ThT assay and image were taken at a randomized 

view for each grid. 

 

2.5.5 Cell viability assay 

The cell viability assay was carried out in the Aβ42-induced HT22 cell toxicity model.346 The cytotoxicity 

and neuroprotective effects of benzamide/carboxamide derivatives 3a-m and 5a-c toward HT22 cells were 

carried out by using the UV-based cell metabolism assay kit (cell counting kit 8, CCK-8, TargetMol, 

Massachusetts, USA). The HT22 cells were cultured in DMEM/F12 1:1 with the addition of glutamate 

supplemented with 10% FBS and 1% penicillin and streptomycin at 37 C in 5% CO2. The cells were seeded 

at a density of 50,000 cells per mL. After 24 h, the cells were treated with various compounds at 25 M 

prepared in phosphate buffer pH 7.4 and DMSO (less than 2%) and incubated for 48 h. After that, the CCK-

8 reagent was added to each well, and incubated for another 2 h, before measuring the absorbance at 450 

nm as per the manufacturer’s protocol. The neuroprotective effects of test compounds toward Aβ42-induced 
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cytotoxicity were determined by treating the HT22 cells with 5 M of Aβ42•HFIP (>95%, rPeptide, USA), 

and then incubating for 48 h. The cell viability assay was determined by adding the CCK-8 reagent and 

incubating for another 2 h to measure the absorbance at 450 nm. The cell viability was calculated as the 

average percent cell viability based on quadruplicate readings from three independent experiments. For 

statistical analysis, the results were analyzed by one-way ANOVA followed by Bonferroni post hoc analysis 

compared to Aβ control group. ns = not significant, *p < 0.01 compared to Aβ42 control group, **p < 0.01 

compared to Aβ42 control group, ***p < 0.01 compared to Aβ42 control group, ****p < 0.01 compared to 

Aβ42 control group. 

 

2.5.6 Molecular docking study 

The binding interactions of 3a with Aβ42 were investigated by carrying out molecular docking studies 

using the Discovery Studio software program v20.1.0.19295, Structure-Based-Design (BIOVIA Inc. San 

Diego, USA).347 The Aβ42 pentamer model was prepared by extracting the coordinates from the solved 3D 

structure of the Aβ42 fibril (PDB id: 5KK3). 340 A binding sphere of 20 Å radius was selected and defined 

as the ligand binding site which covers the 16KLVFFA21 and the C-terminal 32IGLMVGGVVIA42 

hydrophobic regions of the Aβ42 in the oligomer and fibril models. 343 Compound 3a was built in 3D using 

the Small Molecule module in the software and was subjected to energy minimization protocol (1000 and 

2000 steps of steepest descent followed by conjugate gradient method) using CHARMm force field. The 

CDOCKER algorithm was used to carry out the docking studies. The Receptor-ligand Interactions module 

in the software was used to perform CDOCKER simulations. The docking simulation included 2000 heating 

steps, a heating target temperature of 700 K and 5000 cooling steps and a cooling target temperature of 300 

K. The top ligand binding modes of 3a were analyzed by evaluating the CDOCKER energy and CDOCKER 

interaction energy (in kcal/mol). Further analysis was carried out by determining the polar and nonpolar 

contacts of 3a in the Aβ42 oligomer and fibril models. 



 81 

 

 

Chapter 3 

Design, Synthesis and Evaluation of N-Phenethylbenzamide and N-

Phenethylcarboxamide Derivatives as Aβ Aggregation Modulators 

Below is a list of publications, manuscripts submitted and in preparation along with author names based 

on this chapter: 

Zhao, Y. Rao, P. P. N. N-Benzyl, N-phenethyl and N-benzyloxybenzamide derivatives inhibit amyloid-

beta (Aβ42) aggregation and mitigate Aβ42-induced neurotoxicity. Med. Chem. Res. (Manuscript under 

revision) 

3.1 Introduction 

This chapter features the second series of compounds in the proposed library, where the three-carbon 

α,β-unsaturated system present in the chalcone template was replaced with an amide bioisostere along with 

two sp3 hybridized carbon linker to obtain N-phenethylbenzamide and N-phenethylcarboxamide 

derivatives.318,319  The structure-activity relationship (SAR) modifications for this library of 16 derivatives 

are shown in Figure 3-1. In this series of compounds, the N-phenethyl moiety was kept constant while the 

other end of the molecule was modified by incorporating various aromatic rings such as benzene (7a), 

pyridine (7b, 7c), pyrrole (7h), furan (7i), thiophene (7j). Furthermore, bicyclic aromatic rings were also 

included, such as naphthalene (7l), quinoline (7m), indole (8a), benzofuran (8b), and benzo[b]thiophene 

(8c). In addition, aliphatic rings were also incorporated including cyclohexane (7f), piperidine (7g), and 

pyrrolidine (3k). Besides, known pharmacophores where 3, 4-dimethoxylbenzene and 3, 4-difluorobenzene 

moieties were also incorporated in compounds 7d and 7e.320 This chapter describes the synthesis, 

characterization, and evaluation of N-phenethylbenzamide and N-phenethylcarboxamide derivatives class 

of compounds via biophysical (thioflavin T based fluorescence spectroscopy, transmission electron 
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microscopy), biochemical (Aβ42-induced cytotoxicity in mouse hippocampal HT22 neuronal cell lines) 

and by computational modelling studies. 

 

 

Figure 3-1. N-Phenylethylbenzamide and N-phenylethylcarboxamide derivatives (Series B). This series of 

compounds contains an amide bond and a two carbon sp3 hybridized linker region. 

 

3.2 Hypothesis 

It is hypothesized that replacing the α,β-unsaturated system presented in either chalcone or curcumin 

with an amide bioisostere in the N-phenylethylbenzamide series will remove the presence of a reactive 

Michael acceptor and provide drug-like properties while retaining their Aβ42 aggregation modulation 

properties. The presence of the sp3 hybridized two carbon linker (N-phenethyl) is expected to make the 

scaffold more flexible which would promote additional contacts in the KLVFFA and the C-terminal regions 

of Aβ42. Furthermore, given the hydrophobic nature of the amyloidogenic regions of Aβ, these compounds 

are expected to exhibit better binding compared to the N-benzylbenzamide series (Chapter 2).  In this series 

of compounds, substituted compounds with known pharmacophores (such as R = 3, 4-dimethoxylbenzene 

and R = 3, 4-difluorobenzene)320, is expected to demonstrate better inhibition of Aβ42-aggregation due to 

efficient van der Waals, hydrophobic and hydrogen bonding interactions with Aβ42 and also provide 
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neuroprotection against Aβ42-induced cytotoxicity. The SAR was investigated by incorporating 

monocyclic, bicyclic, aromatic, acyclic, 5- and 6-membered rings to study their effect on Aβ42 aggregation 

(Figure 3-1). It is hypothesized that these SAR studies will provide novel insights on designing Aβ42 

aggregation modulators.  

 

3.3 Results and Discussion 

In this section, the synthesis, purification and characterization of  the N-phenethylbenzamide and N-

phenethylcarboxamide (7a-m and 8a-c) library of the compounds are discussed which is followed by 

biological activity screening, including anti-Aβ42 aggregation assay (ThT-based spectroscopy), fibril 

morphology study (TEM experiment), compound cytotoxicity and neuroprotection in  Aβ42-induced 

toxicity to mouse hippocampal HT22 neuronal cells and computational modeling studies in 3D structures 

of Aβ42 oligomer and fibril models..  

 

3.3.1 Synthesis 

The retro-synthetic analysis of the compound library suggests that the starting building blocks can be 

coupled to form the amide bond using suitable substrates to obtain the N-phenethylbenzamide and N-

phenethylcarboxamide derivatives. This was achieved through either the direct coupling of acid halides 

(2a-m) with primary amines (2-phenylethan-1-amine 6, Method A) or by coupling the carboxylic acids 

with primary amines (2-phenylethan-1-amine 6, Method B). The preference for using the acid halides 

versus carboxylic acids coupling method was made based on the commercial availability and cost-

effectiveness of the starting materials. With that being said, compounds 7a-m were synthesized via Method 

A as shown in Scheme 3-1, whereas compounds 8a-c were synthesized by method B as shown in Scheme 

3-2.  
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Scheme 3-1. Synthetic scheme for 7a-m by coupling 2-phenylethan-1-amine (6) and corresponding acid 

chlorides (2a-m). Reagents and conditions: (a) TEA, THF, room temperature/reflux 2-24 h. 

 

 

 

Scheme 3-2. Synthetic scheme for 8a-c by coupling 2-phenylethan-1-amine (6) and corresponding 

carboxylic acids (4a-c). Reagents and conditions: (b) EDC•HCl, HOBt, TEA, THF, room temperature 

overnight/reflux 4-12 h. 

 

 

In Method A, 2-phenylethan-1-amine (6) was coupled with corresponding acid halides. Considering the 

leaving capability and reactivity, acid chlorides (2a-m) were used in the reactions. The reaction mechanism 

(Figure 3-2) is described as follows: First, the nucleophilic amine 6 attacks the electrophilic carbonyl 

carbon of the acid chloride to form a tetrahedron intermediate by nucleophilic addition; next, chloride serves 

as a good leaving group and then is eliminated from the tetrahedron intermediate; then hydrochloric acid is 
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also formed as the reaction by-product which can neutralize the base triethylamine (TEA) to facilitate 

product formation. 322 The overall yields of these reactions range from 72.8-87.9%. The analytical data for 

7a-m (1H NMR, MS and purity data by LCMS) are given below. Analytical spectral data for all the final 

compounds are given in Appendix B. 

 

 

Figure 3-2. Nucleophilic acyl substitution mechanism which includes three major steps: (1) addition of 

nucleophile to the electrophilic carbonyl carbon. (2) elimination of the leaving group. (3) loss of proton. 

 

3.3.1.1 N-Phenethylbenzamide (7a) 

The product was obtained as a white solid (Yield = 79.8%). 1H NMR (300 MHz, CDCl3): δ 7.78–7.59 

(m, 2H), 7.52–7.28 (m, 5H), 7.24 (m, J = 4.9, 4.4 Hz, 3H), 6.10 (s, 1H), 3.71 (q, J = 

6.9 Hz, 2H), 2.93 (t, J = 6.9 Hz, 2H). mp: 122–125 °C. ESI-MS, m/z calcd for C15H16NO 

[M+H]+ 212.1, found 212.1. Purity: 99.9% (LCMS).  

 

3.3.1.2 N-Phenethylisonicotinamide (7b) 

The product was obtained as a white solid (Yield = 76.0%). 1H NMR (300 MHz, CDCl3): δ 8.71–8.68 

(m, 2H), 7.50–7.48 (m, 2H), 7.36–7.20 (m, 5H), 6.15 (br s, 1H), 3.72 (q, J = 6.6 Hz, 2H), 2.93 (t, J = 6.8 

Hz, 2H). mp: 129-132 °C. ESI-MS, m/z calcd for C14H15N2O [M+H]+ 227.1, found 227.1. Purity: 98.7% 

(LCMS).  
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3.3.1.3  N-Phenethylpicolinamide (7c) 

The product was obtained as a off white solid (Yield = 74.5%). 1H NMR (300 MHz, CDCl3): δ 8.53 (d, 

J = 4.5 Hz, 1H), 8.22 (d, J = 7.8 Hz, 1H), 8.16 (s, 1H), 7.85 (td, J = 7.7, 1.6 Hz, 1H), 

7.44–7.23 (m, 6H), 3.72 (q, J = 7.0 Hz, 2H), 2.97 (t, J = 7.3 Hz, 2H). mp: 39-42 °C. ESI-MS, m/z calcd for 

C14H15N2O [M+H]+ 227.1, found 227.1. Purity: 99.0% (LCMS).  

 

3.3.1.4 N-Phenethyl-3,4-dimethoxybenzamide (7d) 

The product was obtained as a white solid (Yield = 73.9%). 1H NMR (300 MHz, CDCl3) δ 7.42 – 7.22 

(m, 5H), 7.22 – 7.12 (m, 1H), 6.89 – 6.81 (m, 1H), 6.07 (s, 1H), 3.93 (s, 3H), 3.94 (s, 3H), 3.73 (q, J = 6.7 

Hz, 2H), 2.96 (t, J = 6.9 Hz, 2H). mp: 138-141 °C. ESI-MS, m/z calcd for C17H19NO3 [M+H]+ 286.1, found 

286.1. Purity: 99.4% (LCMS).  

 

 

3.3.1.5 N-Phenethyl-3,4-difluorobenzamide (7e) 

The product was obtained as a white solid (Yield = 82.3%). 1H NMR (300 MHz, CDCl3) δ 7.64 – 7.51 

(m, 1H), 7.47 – 7.13 (m, 6H), 6.04 (s, 1H), 3.73 (q, J = 6.6 Hz, 2H), 2.96 (t, J = 6.8 Hz, 2H). mp: 92-95 °C. 

ESI-MS, m/z calcd for C15H13F2NO [M+H]+ 262.1, found 262.1. Purity: 99.2% (LCMS).  

 

3.3.1.6 N-Phenethylcyclohexanecarboxamide (7f) 

The product was obtained as a white solid (Yield = 87.9%). 1H NMR (300 MHz, CDCl3) δ δ 7.36 – 7.12 

(m, 5H), 5.39 (s, 1H), 3.49 (q, J = 6.6 Hz, 2H), 2.79 (t, J = 6.9 Hz, 2H), 2.06 – 1.90 (m, 1H), 1.85 – 1.74 

(m, 1H), 1.80 – 1.68 (m, 3H), 1.68 – 1.59 (m, 1H), 1.45 – 1.33 (m, 2H), 1.33 – 1.20 (m, 1H), 1.24 – 1.11 
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(m, 2H). mp: 116-119 °C. ESI-MS, m/z calcd for C15H21NO [M+H]+ 232.1, found 232.1. Purity: 96.1% 

(LCMS).  

 

3.3.1.7 N-Phenethylpiperidine-1-carboxamide (7g) 

The product was obtained as a white solid (Yield = 75.4%). 1H NMR (300 MHz, CDCl3) δ 1H NMR (300 

MHz, Chloroform-d) δ 7.39 – 7.18 (m, 5H), 4.43 (s, 1H), 3.51 (q, J = 6.6 Hz, 2H), 3.33 – 3.23 (m, 4H), 

2.84 (t, J = 6.9 Hz, 2H), 1.66 – 1.46 (m, 6H). mp: 87-90 °C. ESI-MS, m/z calcd for C14H20N2O [M+H]+ 

233.1, found 233.1. Purity: 97.6% (LCMS).  

 

3.3.1.8 N-Phenethyl-1H-pyrrole-2-carboxamide (7h) 

The product was obtained as a white solid (Yield = 82.8%). 1H NMR (300 MHz, CDCl3): δ 9.38 (br s, 

1H), 7.37–7.26 (m, 2H), 7.26–7.17 (m, 3H), 6.91–6.88 (m, 1H), 6.41–6.38 (m, 1H), 6.20–6.17 (m, 1H), 

5.84 (br s, 1H), 3.66 (q, J = 6.7 Hz, 2H), 2.88 (t, J = 6.9 Hz, 2H). mp:134-137 °C. ESI-MS, m/z calcd for 

C13H15N2O [M+H]+ 215.1, found 215.1. Purity: 98.6% (LCMS).  

 

3.3.1.9 N-Phenethylfuran-2-carboxamide (7i) 

The product was obtained as a white solid (Yield = 75.5%). 1H NMR (300 MHz, CDCl3): δ 7.38–7.20 

(m, 5H), 7.08 (d, J = 3.5 Hz, 1H), 6.46–6.36 (m, 2H), 3.67 (q, J = 7.0 Hz, 2H), 2.90 (t, 

J = 7.0 Hz, 2H). mp: 115-118 °C. ESI-MS, m/z calcd for C12H12NO2 [M+H]+ 216.1, found 216.1. Purity: 

99.7% (LCMS).  
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3.3.1.10 N-Phenethylthiophene-2-carboxamide (7j) 

The product was obtained as a white solid (Yield = 73.2%). 1H NMR (300 MHz, CDCl3): δ 7.41–7.18 

(m, 7H), 7.08–7.01 (m, 1H), 6.00 (br s, 1H), 3.67 (q, J = 7.0 Hz, 2H), 2.90 (t, J = 7.0 

Hz, 2H). mp: 116–119 °C. ESI-MS, m/z calcd for C13H14NOS [M+H]+ 232.1, found 232.1. Purity: 99.8% 

(LCMS).  

 

3.3.1.11 N-Phenethylpyrrolidine-1-carboxamide (7k) 

The product was obtained as a white solid (Yield = 87.4%). 1H NMR (300 MHz, CDCl3) δ 7.35 – 7.14 

(m, 5H), 4.16 (s, 1H), 3.48 (q, J = 6.9, 5.7 Hz, 2H), 3.27 – 3.21 (m, 3H), 2.81 (t, 2H), 1.93 – 1.77 (m, 4H), 

1.68 (s, 1H). mp: 126-129 °C. ESI-MS, m/z calcd for C13H18N2O [M+H]+ 219.1, found 219.1. Purity: 97.4% 

(LCMS).  

 

3.3.1.12 N-Phenethyl-1-naphthamide (7l) 

The product was obtained as a white solid (Yield = 72.8%). 1H NMR (300 MHz, CDCl3): δ 8.20–8.16 

(m, 1H), 7.81–7.75 (m, 2H), 7.50–7.44 (m, 3H), 7.40–7.23 (m, 6H), 5.96 (br s, 1H), 

3.82 (q, J = 6.6 Hz, 2H), 2.99 (t, J = 6.8 Hz, 2H). mp: 125–128 °C. ESI-MS, m/z calcd for C19H18NO 

[M+H]+ 276.1, found 276.1. Purity: 99.2% (LCMS).  

 

3.3.1.13 N-Phenethylquinoline-2-carboxamide (7m) 

The product was obtained as a white solid (Yield = 79.9%). 1H NMR (300 MHz, CDCl3): δ 8.36 (br s, 

1H), 8.27 (s, 2H), 8.04 (d, J = 8.5 Hz, 1H), 7.86 (dd, J = 8.1, 1.5 Hz, 1H), 7.74 

(ddd, J = 8.5, 6.9, 1.5 Hz, 1H), 7.60 (dd, J = 8.2, 6.8 Hz, 1H), 7.36–7.19 (m, 5H), 3.78 (q, J = 7.6 
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Hz, 2H), 2.99 (t, J = 7.3 Hz, 2H). mp: 81-84 °C. ESI-MS, m/z calcd for C18H17N2O [M+H]+ 277.1, found 

277.1. Purity: 99.56% (LCMS).  

 

Method B was used to synthesize N-phenethylcarboxamide derivatives (8a-c, Scheme 3-2). Compared 

to acid chlorides, carboxylic acids are less reactive due to the electron-donating nature of the hydroxyl 

group. This can influence the reaction progress, yield and the purity of the products. However, this 

limitation can be overcome by activating the carboxylic acid (4a-c) with the assistance of carbodiimide-

dehydrating reagents, such as 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC). 323,324 The detailed 

reaction mechanism is shown in Figure 3-3. The carboxylic acids can be transformed into an ester 

intermediate. In the presence of an activator, such as hydroxyltriazole (HOBt), the nucleophilic activator 

attacks the carbonyl carbon of the ester intermediate so that an active ester is formed. 325 The active ester 

contains a better leaving group compared to the original carboxylic acid so that it can react with 2-

phenylethan-1-amine (6) via nucleophilic acyl substitution as mentioned in the previous paragraph. The by-

product urea formed as a result of using EDC as dehydrating reagent is water-soluble and therefore, can be 

washed away by aqueous extraction in the post-reaction workup. The overall yields of these reactions range 

from 80.9 to 87.5%. The analytical data (1H NMR, MS and purity data by LCMS) for compounds 8a-c are 

given below. Analytical spectral data for all the final compounds are given in Appendix B. 
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Figure 3-3. Reaction mechanism when using the dehydrating agent EDC and activator HOBt for coupling 

2-phenylethan-1-amine (6) and corresponding carboxylic acid (4a-c). 

 

 

3.3.1.14 N-Phenethyl-1H-indole-2-carboxamide (8a) 

The product was obtained as a white solid (Yield = 87.5%). 1H NMR (300 MHz, DMSO-d6): δ 11.51 (br 

s, 1H), 8.57 (t, J = 5.6 Hz, 1H), 7.60 (d, J = 7.9 Hz, 1H), 7.43 (d, J = 8.2 Hz, 1H), 

7.34–7.01 (m, 6H), 3.49–3.55 (m, 2H), 2.87 (t, J = 7.4 Hz, 2H). mp: 191-194. ESI-MS, m/z calcd for 

C17H17N2O [M+H]+ 265.1, found 265.1.Purity: 97.6% (LCMS).  

 

3.3.1.15 N-Phenethylbenzofuran-2-carboxamide (8b) 

The product was obtained as a white solid (Yield = 86.1%). 1H NMR (300 MHz, CDCl3) δ 7.69 (d, J = 

7.8 Hz, 1H), 7.52 – 7.23 (m, 9H), 6.71 (s, 1H), 3.78 (q, J = 6.8 Hz, 2H), 2.99 (t, J = 7.0 Hz, 2H). mp: 126-

129 °C. ESI-MS, m/z calcd for C17H15NO2 [M+H]+ 266.1, found 266.1. Purity: 96.5% (LCMS).  
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3.3.1.16 N-Phenethylbenzo[b]thiophene-2-carboxamide (8c) 

The product was obtained as a white solid (Yield = 80.9%). 1H NMR (300 MHz, CDCl3) δ 7.91 – 7.79 

(m, 2H), 7.70 (s, 1H), 7.50 – 7.24 (m, 7H), 3.76 (t, J = 6.8 Hz, 2H), 2.98 (t, J = 6.9 Hz, 2H). mp: 126-

129 °C. ESI-MS, m/z calcd for C17H15NOS [M+H]+ 282.1, found 282.1. Purity: 95.0% (LCMS).  

 

3.3.2 Modulatory activity on amyloid-beta aggregation  

The modulatory activity of N-phenethylbenzamide and carboxamide derivatives 7a-m and 8a-c on Aβ42 

aggregation was evaluated by the ThT aggregation kinetic assay.326–329 It is the golden standard used in the 

field for rapid screening of small molecules to determine their Aβ42 aggregation modulation activity.330–333 

In this assay, ThT was used as the fluorescent dye which can selectively bind to the β-sheet structure of 

various forms of aggregated Aβ42. Upon binding, ThT gives a characteristic increase in the fluorescence 

reading (FLR) which is directly proportional to the amount of Aβ aggregates formed. By comparing the 

FLR of Aβ42 control and in the presence of various test compounds, the percentage inhibition (PI) can be 

calculated at the end of the assay. If the FLR is lower than that of the control, it indicates that the compounds 

are inhibiting the Aβ42 aggregation. Similarly, if the FLR is higher than that of the control, it indicates that 

the compounds are able to promote the Aβ42 aggregation. Compounds that are able to inhibit Aβ42 

aggregation are termed aggregation inhibitors (AI) and compounds that are able to promote Aβ42 

aggregation are termed aggregation promotors (AP), whereas compounds that weakly modulate the 

aggregation are termed weak aggregation modulators (WAM). Initially, all the test compounds were 

screened at 25 µM to determine their effect on Aβ42 aggregation. Compounds that show promising activity 

were further evaluated at a concentration range (1, 5, 10, 25 µM) to determine the aggregation kinetics. 

Resveratrol (RVT) which is a known inhibitor of Aβ42 aggregation was also included in the assay as the 

reference compound for comparison. 334 
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In Figure 3-4, the ThT aggregation kinetic curves of N-phenylethylbenzamide and carboxamide 

derivatives 7a-m and 8a-c were shown. In each panel, the blue curve at the bottom is the ThT background 

readings which suggests that ThT has no interference on the FLR in monitoring the aggregation of Aβ42. 

The red curve shows the Aβ42 aggregation in the absence of test compounds. In these curves, some 

characteristics of Aβ42 aggregation can be observed. It is a sigmoidal curve characterized by a very short 

lag phase (~ 30 min) which is followed by a rapid growth phase spanning the time course from around 0.5 

h to 10 h. Then, the FLR tends to be stable with readings hovering around 8,000 RFU, indicating the 

aggregation process has reached the equilibrium status. Such saturation phase was maintained until the end 

of the assay at 24 h. Compared to the Aβ42 control, other curves, in the presence of different N-

phenylethylbenzamide and carboxamide derivatives (Figure 3-4, A: 7a-d, B: 7e-h, C: 7i-l, D: 7m, 8a-c), 

shared similar shapes without any major differences. This observation suggests these derivatives are not 

able to alter the aggregation kinetics by either shortening or extending the lag/growth phase. However, 

lower FLR at the saturation phase than Aβ42 control for these curves was observed at the 24 h time point 

which indicates that some derivatives were capable of reducing the formation of Aβ42 fibrils. When co-

incubating the reference compound RVT with Aβ42 (Figure 3-4 A), a dramatic decrease in the FLR was 

noticed in the saturation phase with FLR below 2,000 RFUs after 18 h. Such observation is not a surprise 

as RVT is a very potent Aβ AI.334 
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Figure 3-4. The Aβ42 aggregation kinetic curves for N-phenylethylbenzamide and carboxamide derivatives 

(7a-m, 8a-c) in the ThT-based fluorescence assay. (A) Aggregation kinetic curves for derivatives 7a-d and 

reference compound resveratrol (RVT). (B) Aggregation kinetic curves for derivatives 7e-h. (C) 

Aggregation kinetic curves for derivatives 7i-l. (D) Aggregation kinetic curves for derivatives 7m, 8a-c. 

The derivatives (25 µM) were incubated with Aβ42 (10 µM) for 24 h at 37 ˚C, pH 7.4 and the ThT 

fluorescence was monitored (excitation = 440 nm, emission = 490 nm). Results were obtained based on 

triplicate readings from three independent experiments. 

 

Table 3-1 shows the anti-aggregation activity of test compounds as the percentage inhibition (PI) and 

Figure 3-5 shows a bar plot of PI at the 24 h time point. A total of 14 out of 16 compounds from this series 

exhibited anti-Aβ42 activity in the ThT-based fluorescence assay with activity ranging from 17.0- 28.6 %. 

Compound 7a (R = benzene) exhibited 28.6 ± 1.1% inhibition, whereas replacing the benzene ring with the 

more polar pyridine bioisostere in compounds 7b (23.6 ± 5.9% inhibition of Aβ42 aggregation) and 7c 

(18.2 ± 3.4% inhibition of Aβ42 aggregation) still showed anti-aggregation properties although these 

compounds were not as effective as 7a. A similar SAR trend was observed for the N-benzylbenzamide 

series of compounds (3a-c, Chapter 2). Incorporation of the known anti-Aβ pharmacophores in 7d and 7e 

did not improve the activities as expected. The PI for 7d (R = 3, 4-dimethoxylbenzene) and 7e (R = 3, 4-
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difluorobenzene) were 23.2 ± 3.4 % and 17.0 ± 2.8% respectively. Incorporating aromatic 5-member 

heterocyclic rings - showed slightly lower PI than the parent compound 7a, with PI of 22.0 % ± 9.1 % for 

7h (R = pyrrole), 22.0 ± 7.1 % for 7i (R = furan) and 18.1 ± 5.6 % inhibition for 7j (R = thiophene). 

Furthermore, the aliphatic ring containing derivatives exhibited moderate inhibitory activities with PI of 

21.1± 4.9 % for 7f (R = cyclohexane), 17.8± 7.0 % for 7g (R = piperidine) and 19.4 ± 3.9 % inhibition for 

7k (R = pyrrolidine). When the R groups were replaced by bicyclic aromatic rings, mixed results were seen 

regarding their aggregation inhibitory activities. For example, compounds 7l (R = naphthalene) and 7m (R= 

quinoline) were moderate AI (same as 3l and 3m) with PI of 22.3 ± 6.8 % and 17.3± 2.7 % respectively. 

Similarly, both 7a and 8a (R =indole) were WAM and showed PI around 7%, and both 7c and 8c with R 

group as benzo[b]thiophene were not active in modulating the aggregation process. However, the behaviors 

of derivatives with benzofuran as the R group showed different results. Derivative 7b (R = benzofuran) is 

a weak AP with PI around 0.51%, in contrast, derivative 8b turned out to be an AI with PI of 20.5 ± 9.5 %. 

Overall, in this series, adding an additional carbon spacer led to slight improvement in the anti-Aβ42 

activity in most of the compounds including 7a, 7b, 7c, 7d, 7e, 7g, 7i, 7j, 7l, and 8b compared to the N-

benzylbenzamide series (Chapter 2). These results demonstrate that N-phenylethylbenzamide and 

carboxamide scaffolds do exhibit anti-aggregation properties toward Aβ42 in the ThT-based fluorescence 

assay.  
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Table 3-1. Percent inhibition (PI) of N-phenylethylbenzamide and carboxamide derivatives (7a-m, 8a-c), 

resveratrol (RVT) and chalcone (CHL) at 25 µM on Aβ42 (10 µM) aggregation. 

 

Cmpd % Inhibitiona CLogPb  Cmpd % Inhibitiona CLogPb 

7a 28.6 ± 1.1 2.96  7i 22.0 ± 7.1 2.13 

7b 23.6 ± 5.9 1.46  7j 18.2 ± 5.68 2.60 

7c 18.2 ± 3.4 1.81  7k 19.4 ± 3.9 2.16 

7d 23.2 ± 3.4 2.45  7l 22.3 ± 6.8 4.13 

7e 17.0 ± 2.8 3.17  7m 17.3 ± 2.6 3.20 

7f 21.1 ± 4.9 3.05  8a 7.15 ± 4.56 3.29 

7g 17.8 ± 7.0 2.72  8b 20.5 ± 9.5 3.52 

7h 22.0 ± 9.1 1.90  8c NAc 3.99 

RVT 81.3 ± 5.6 2.83  CHL -112.29 ± 7.13d 3.62 

a Percent inhibition was calculated at the 24 h time point in the ThT aggregation kinetics assay. The results 

shown are average ± standard deviation of triplication readings based on three independent experiments. 
b CLogP values were calculated with ChemDraw. 
c NA, not active indicating the compounds are WAM. 
d Negative PI indicates the compounds can promote the aggregation. 

 

 

 
Figure 3-5. Percentage inhibition (PI) of N-phenylethylbenzamide and carboxamide derivatives (7a-m and 

8a-c), resveratrol (RVT), and chalcone (CHL) at 25 µM on Aβ42 (10 µM) aggregation.  

 

 

3.3.3 Transmission electron microscopy  

In the next step, transmission electron microscopy (TEM) studies were conducted in order to observe the 

morphology of Aβ42 aggregates in the absence and presence of various testing compounds. From this series, 
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representative compounds (7a, 7b, and 7j) were selected to study their effects on Aβ42 morphology. TEM 

experiments are often used in conjunction with ThT kinetic assays to provide further evidence to determine 

the anti-Aβ42 aggregation properties of novel molecules. The TEM sample grids were prepared by taking 

samples from the ThT aggregation kinetic assays at the end of the 24 h incubation period. The TEM images 

obtained in the presence of compounds 7a, 7b, and 7j were compared to those Aβ42 control.  

 

 

Figure 3-6. TEM images of Aβ42 (10 µM) in the absence (Aβ42 control) and presence of N-

phenylethylbenzamide 7a, 7b, and 7j (25 µM). Scale: 200 µm. 

 

As can be seen in Figure 3-6, the morphology of Aβ42 showed a combination of long, twisted, and 

unbranched mature fibrils. In the presence of N-phenylethylbenzamide derivatives 7a, 7b, and 7j at 25 µM, 

there was a significant reduction in the formation of Aβ42 fibrils. These fibrils were characterized by the 

existence of sparse, thinner, and lower-ordered fibrils. The reduced amyloid burden seen in the images, 

indicated by a reduction in the formation of dense Aβ42 fibrils compared to the control image, further 

validates that these compounds were able to inhibit the aggregation of Aβ42. These studies further 

demonstrate the anti-Aβ42 aggregation inhibition properties of N-phenylethylbenzamide derivatives.  
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3.3.4 Neuroprotective effects against Aβ42-induced cytotoxicity 

The in vitro biophysical experiments based on the ThT aggregation kinetic studies and TEM 

investigations provide sufficient evidence to support that the N-phenylethylbenzamide and carboxamide 

derivatives can interact with Aβ42 aggregates and thus inhibit its aggregation process. In the next step of 

experiments, the ability of representative compounds 7a, 7b and 7j to prevent Aβ42-mediated cytotoxicity 

in mouse hippocampal HT22 neuronal cell lines was investigated. Initially, the cytotoxicity profile of 7a, 

7b and 7j on HT22 cells at 25 µM were tested. The cytotoxicity was evaluated based on cell viability using 

the cell counting kit 8 (CCK-8) colorimetric assay. 337,338 As can be seen in Figure 3-7, the results showed 

that, at 25 µM, compounds 7a, 7b and 7j were not toxic to the HT22 cells. The cell viability ranged from 

103.6 to 109.9 % compared to untreated cells. Next, the HT22 cells were incubated with Aβ42 (5 µM) in 

the presence and absence of 7a, 7b and 7j (25 µM) for 48 h to investigate their ability to rescue cells from 

Aβ42-mediated neurotoxicity. Treating the HT22 cells with Aβ42 led to a drastic decrease in cell viability. 

Incubating the cells with 5 µM Aβ42 resulted in significant cell death with ~60% cell death (Figure 3-7). 

Co-incubating the Aβ42 treated cells with either 7a, 7b or 7j (25 µM) led to a significant increase in cell 

viability compared to Aβ42 treated cells (Figure 3-7). These compounds showed potent neuroprotective 

effects. For example, 7a (R = benzene), 7b (R = 4-pyridyl), and 7j (R = thiophene) exhibited excellent cell 

viability profiles (96.8 ± 14.9 %, 94.8 ± 12.0 %, and 81.8 ± 8.9 % respectively), indicating that they were 

able to rescue HT22 cells from Aβ42-induced cytotoxicity. These observations suggest that these N-

phenylethylbenzamide and carboxamide derivatives have the potential to convert toxic Aβ assemblies into 

nontoxic forms. Besides, the cell culture studies demonstrate their ability to prevent Aβ42-induced 

cytotoxicity which further supports their potential as novel templates to consider in the design of amyloid 

aggregation inhibitors.  
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Figure 3-7. Neuroprotective effects of N-phenylethylbenzamide and carboxamide derivatives 7a, 7b, and 

7j (25 µM) on HT22 cells in the absence (A) and presence (B) of Aβ42 (5 µM) incubated over 48 h. Cell 
viability was determined by the CCK-8 based colorimetric assay. The results shown are averages of 

quadruplicate readings based on three independent experiments. *p < 0.01 compared to Aβ42 treated group 

(One-way ANOVA followed by Bonferroni post hoc test). 

  

3.3.5 Molecular docking 

In order to better understand the mechanism of these AIs, molecular docking studies were conducted to 

investigate the interactions between a representative compound from the N-phenethylbenzamide series and 

Aβ aggregates. For this purpose, the best N-benzylbenzamide derivative 7a (~29% inhibition of Aβ42 

aggregation in the ThT assay, nontoxic to HT22 cells - cell viability ~100% and ~96% cell viability in Aβ42 

treated cells) from this series was used in the docking studies. Compound 7a was docked with both the 

Aβ42 oligomer and fibril model using the CDOCKER algorithm.339 The oligomer and fibril models were 

prepared by using the 3D coordinates of the Aβ42 fibril structure (PDB id: 5KK3). This is an atomic 

resolution structure of monomorphic Aβ42 obtained through solid-state NMR.340 The Aβ42 oligomer model 

was prepared from the Aβ42 fibril assembly.341 Previous studies have shown that, in solution, Aβ42 is 

known to exist as either pentamer or hexamer aggregates, indicating these are the smallest forms of 

aggregates that can be detected in solution.342 Therefore, a pentamer model was used as a representative 

example of the oligomer model in docking studies. In the sequence of Aβ42, two regions are responsible 

for its aggregation propensity and the hydrophobic nature of these regions is one of the initiating factors 

driving the aggregation process, namely, hydrophobic core 16KLVFFA21, and C-terminal hydrophobic tail 
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32IGLMVGGVVIA42.343 Therefore, our docking method was designed to build a binding sphere (20 Å 

radius) that can accommodate the entire span of these two regions to facilitate the understanding of potential 

interactions in these important regions. The molecular docking was performed using the computational 

software Discovery Studio, Structure-Based-Design, v20.1.0.19295 (Biovia, USA). 
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Figure 3-8. Molecular docking studies of 7a with Aβ42 pentamer model (PDB ID: 5KK3). (A) Top docked 

pose of 7a; (B) 2D interaction map of the top docking pose of 7a. The hydrogen atoms are removed to 

enhance clarity. Protein is represented in line ribbon with blue indicating the N-terminus and red indicating 

the C-terminus. The small molecule is represented in the ball-and-stick model. Hydrophobic interaction is 

represented in pink dashed line and hydrogen bond interaction is represented in green dashed line. 

 

The top binding mode of 7a docked in the Aβ42 pentamer is shown in Figure 3-8. The Aβ42 pentamer 

was shown as line ribbon representation color-coded from N- (blue) to C- (red) terminal and the small 

molecule was shown in ball and stick representation with carbon in grey, oxygen in red, and nitrogen in 

blue. Based on our docking method, 10 poses of 7a were generated, and they were ranked according to 

CDOCKER energy and CDOCKER interaction energy with the lowest energy (most stable) pose shown in 

Figure 3-8. In the top binding pose (CDOCKER energy = -21.78 kcal/mol and CDOCKER interaction 

energy = -26.50 kcal/mol), 7a was oriented perpendicular to the long axis of the Aβ42 pentamer assembly. 

Three hydrophobic interactions were observed interacting with both hydrophobic regions of Aβ42 pentamer. 

One of the hydrophobic contacts was between the benzene ring (ring A) and alkyl group of C: Leu17 and 

C: Leu34 (distance ~ 5.5 Å and 5.0 Å respectively). The other benzene ring (ring B) underwent hydrophobic 

interaction with the alkyl group of A: Leu17 (distance ~ 4.9 Å). These hydrophobic interactions anchored 

the compounds in the binding pocket which explains its ability to inhibit the aggregation process since it 

can interact with both hydrophobic regions of Aβ42. Interestingly, 7a also showed a similar binding pose 

(A) (B)

A
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as compound 3a (Section 2.5.6) and were both able to interact with three out of five strands in the oligomer 

model. Due to the presence of an additional carbon in the linker region, 7a was able to form one more 

hydrophobic interaction. Docking 7a in the Aβ42 fibril model shows that in the top binding pose 

(CDOCKER energy = -19.06 kcal/mol and CDOCKER interaction energy = -22.15 kcal/mol), the key 

interactions were still hydrophobic with interactions seen between the aromatic ring and Ala21 and Val18 

as shown in Figure 3-9. The benzene ring (ring B) underwent hydrophobic interactions with the alkyl group 

of C: Ala21 (distance = 4.2 Å), C: Val18 (distance = 4.1 Å), and D: Ala21 (distance = 5.3 Å). Another 

major interaction was the hydrogen bond formed between the carbonyl oxygen of the amide group and the 

NH3
+ of C: Lys16 (distance = 1.7 Å) which further constrained the 7a in the hydrophobic core region of 

Aβ42. These docking studies of 7a in both the pentamer and fibril models suggest that the extra carbon 

spacer in the linker region improved the overall stability of the ligand-receptor complex and thus can exhibit 

better binding to Aβ42. In summary, the molecular docking studies of 7a in Aβ42 pentamer and fibril 

models suggest that the hydrophobic interactions between the aromatic rings and the hydrophobic 

aggregation-prone regions play a significant role in determining its anti-aggregation activity. 

 

 

Figure 3-9. Molecular docking studies of 7a with Aβ42 fibril model (PDB ID: 5KK3). (A) Top docked 

pose of 7a; (B) 2D interaction map of the top docking pose of 7a. The hydrogen atoms are removed to 

enhance clarity. Protein is represented in line ribbon with blue indicating the N-terminus and red indicating 

the C-terminus. The small molecule is represented in the ball-and-stick model. Hydrophobic interaction is 

represented in pink dashed line and hydrogen bond interaction is represented in green dashed line. 
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3.4 Summary 

In this chapter, one more carbon spacer was added in the linker region to obtain N-phenethylbenzamide 

and carboxamide derivatives 7a-m and 8a-c. A total of 16 compounds were synthesized by coupling the 2-

phenylethan-1-amine (6) with either corresponding acid chlorides or carboxylic acids to obtain the 

compound library in good yields (72-87.5%). The chemical structures were confirmed by 1H NMR, MS 

and the purity was checked by LCMS. These compounds exhibited weak-to-moderate modulative activity 

on the aggregation of Aβ42 as confirmed by the ThT-based aggregation kinetic assay and TEM. Among 

them, 7a, 7b, and 7j were identified as better inhibitors of Aβ42 aggregation (PI ranging from 18.2-28.6%). 

These lead compounds from this series were not toxic to HT22 cells and were able to rescue HT22 cells 

from Aβ42-induced neurotoxicity (cell viability ranging from 81-97% at 25 µM). Derivative 7a was 

identified as the best compound (Figure 3-10). In the molecular docking studies, 7a shows that the aromatic 

rings can undergo several important hydrophobic interactions with Aβ42 pentamer and fibril models at the 

aggregation-prone KLVFFA and C-terminal regions. The extra carbon spacer was able to form a more 

stable complex in the Aβ42 oligomer assembly compared to the N-benzylbenzamide derivative 3a.  

 

 

Figure 3-10. Summary of N-phenethylbenzamide and carboxamide derivatives. (A) 87% (14 out of 16) 

compounds were identified as aggregation inhibitor (AI), and 13% (2 out of 16) compounds were identified 

as weak aggregation modulators (WAM); (B) Key experimental data for lead compound 7a. 
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3.5 Experimental 

3.5.1  General  

All chemicals and reagents were purchased from various vendors (Sigma Aldrich Missouri USA, Alfa 

Aesar Massachusetts USA, Bio Basic Ontario Canada, AA Blocks California USA, Cayman Chemical 

Michigan USA, Thermo Fisher Massachusetts USA, and Corning New York USA), were >95% pure and 

used without further purification. The Aβ42 1,1,3,3,3-hexafluoroisopropanol (HFIP) >95% pure, was 

purchased from Anaspec California USA (Cat. No. AS-64129) or rPeptide Georgia USA (Cat. No. A-1163-

1). The reactions were monitored by thin-layer chromatography (TLC) using the Merck silica gel 60, F254. 

Column chromatography was carried out using Merck silica gel 230-400 mesh. The spots were visualized 

with short or long wavelengths (254 nm or 365 nm). The melting points of compounds were determined 

using a digital melting point apparatus (REACH Devices, USA). The proton NMR (1H NMR) spectra of 

compounds were obtained using a 300 MHz Bruker Avance spectrometer (Department of Chemistry, 

University of Waterloo). Either CDCl3 or DMSO-d6 were used as the solvents. Coupling constants (J values) 

were recorded in Hertz (Hz). Abbreviations used to represent 1H NMR signals were s – singlet, d – doublet, 

t – triplet, m – multiplet, br s – broad singlet. The mass and purity were confirmed on an Agilent 1260 

Infinity liquid chromatography (LC) module equipped with a 6130 Quadrupole mass spectrometer (Agilent 

6100 series LCMS). The column used on LCMS was a ZORBAX Eclipse AAA, 4.6 × 75 mm, 3.5 micron 

(Agilent Technologies, Canada) column. A mixture of water and acetonitrile 1:1 v/v with 0.1% formic acid 

(1.0 mL/min flow rate), was used as the solvent system to assess compound purity and mass. All final 

compounds were ≥ 95% pure as determined by LCMS analysis.  

 

3.5.2 Chemistry 

For the synthesis of 7a-m the acid chlorides were coupled with 2-phenylethan-1-amine (6) (1 mmol) by 

taking them into a 50 mL round bottom flask (RBF) containing 15 mL of anhydrous tetrahydrofuran (THF). 
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To this mixture, 1.2 equivalents of TEA and 1.0 equivalent of corresponding acid chlorides with various R 

groups (2a-m) were added. The reaction mixture was kept at either room temperature or reflux for 2-24h 

and was monitored by thin layer chromatography (TLC). After the reaction was complete, the solvent THF 

was evaporated in vacuo and the resulting reaction mixture was dissolved in 15 mL ethyl acetate (EtOAc), 

and then washed with 15 mL brine solution (3). The organic layer was collected and dried over anhydrous 

MgSO4 and filtered. The organic solvent was removed in vacuo and the residue/oil obtained was further 

purified by silica gel column chromatography using a combination of solvent systems (1:1 n-

Hexanes:EtOAc or 5:2 n-Hexanes:EtOAc or 9:1 dichloromethane (DCM): Methanol (MeOH) or 4:1 

DCM:n-Hexanes) to afford the final compounds 7a-m.  

Compounds 8a-c were synthesized by reacting 2-phenylethan-1-amine (6) (1 mmol) kept in an RBF with 

15 mL THF, followed by the addition of 1.0 equivalent carboxylic acid (4a-c), 1.2 equivalents EDC, 1.5 

equivalents HOBt, and 2.2 equivalents TEA added in sequence. The reaction was kept at room temperature 

overnight or under reflux conditions for 4–12 h. The solvent was evaporated in vacuo and the resulting 

reaction mixture was dissolved in 15 mL EtOAc and washed with 15 mL brine solution (3). The organic 

layer was collected, dried over anhydrous MgSO4 and filtered. The organic solvent was then removed in 

vacuo to obtain the residue/oil which was further purified by silica gel column chromatography using either 

1:1 n-Hexanes:EtOAc or 5:2 n-Hexanes:EtOAc as mobile phase to afford compounds 8a-c. 

 

3.5.3 Aβ42 aggregation kinetic assay 

The ability of benzamide and carboxamide derivatives 7a-m and 8a-c to inhibit the Aβ42 aggregation 

was evaluated using the thioflavin T (ThT) based fluorescence kinetic assay. The 15 M ThT solution was 

prepared in 50 mM glycine buffer using ultra-pure water (UPW). The pH of the solution was adjusted to 

7.4 with 50 mM sodium hydroxide solution. The aggregation assay was carried out using 215 mM sodium 

phosphate dibasic heptahydrate buffer prepared in UPW and the pH was adjusted to 7.4 by using 50 mM 
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hydrochloric acid solution. The Aβ42•HFIP > 95% pure was treated with 1% ammonium hydroxide 

solution to afford 1 mg/mL stock solution. The stock solution was then vortexed and sonicated for 5 min 

before diluted to a 25 M working solution using the assay buffer. The stock solutions of the test compounds 

(7a-m, 8a-c and resveratrol (RVT) were prepared in assay buffer with DMSO as the solubilizing agent 

(final concentration per well was less than 2%). The 24 h aggregation kinetics assay was carried out using 

384-well plates (Costar, black, clear-bottom), by adding 44 L of ThT, 12 L of assay buffer, 16 L of 

Aβ42 solution (10 M final well concentration), and 8 L of test compound dilution (25 M) into each 

well. The Aβ42 control wells contained ThT, Aβ42 solution and the assay buffer without any test compound. 

The plates were covered with a transparent plate cover and were incubated at 37 C for 24 h with shaking 

at 300 cpm between readings for 30 s. The readings were taken every 10 min (bottom reading), with 

excitation wavelength of 440 nm and emission wavelength of 490 nm using the BioTek Synergy H1 

microplate reader. Each sample was measured in triplicate readings and the results were obtained based on 

three independent experiments. 

 

3.5.4 Transmission electron microscopy 

The TEM assay was carried out by first running the Aβ42 aggregation assay (as described in 3.5.3) by 

incubating test compounds at 25 M with 10 M Aβ42 for 24 h at 37 C. The TEM grids were prepared by 

aliquoting 20 L of each sample from the 384-well plate after the 24-hour incubation period. These samples 

were loaded onto 400-mesh formvar-coated copper grids (Electron Microscopy Sciences, Pennsylvania, 

USA). The grids were air-dried overnight before being washed with 40 L UPW three times. After washing, 

20 L 2% phosphotungstic acid (PTA) solution was added to the grid and stayed for 1 min to stain the 

samples. Then the PTA solution was absorbed away with filter paper and then the grids were washed with 

40 L UPW three times. Then the grids were further air-dried overnight. The imaging studies were carried 

out using a Philips CM 10 TEM (Dept. of Biology, University of Waterloo) at 60 kV and the micrographs 
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were obtained through a 14-megapixel AMT camera at 64,000X magnification. The samples used to 

prepare the grids were obtained by mixing the triplicate wells from ThT assay and image were taken at a 

randomized view for each grid. 

 

3.5.5 Cell viability assay 

The cell viability assay was carried out in the Aβ42-induced HT22 cell toxicity model. The cytotoxicity 

and neuroprotective effects of benzamide/carboxamide derivatives 7a-m and 8a-c toward HT22 cells were 

carried out by using the UV-based cell metabolism assay kit (cell counting kit 8, CCK-8, TargetMol, 

Massachusetts, USA). The HT22 cells were cultured in DMEM/F12 1:1 with the addition of glutamate 

supplemented with 10% FBS and 1% penicillin and streptomycin at 37 C in 5% CO2. The cells were seeded 

at a density of 50,000 cells per mL. After 24 h, the cells were treated with various compounds at 25 M 

prepared in phosphate buffer pH 7.4 and DMSO (less than 2%) and incubated for 48 h. After that, the CCK-

8 reagent was added to each well, and incubated for another 2 h, before measuring the absorbance at 450 

nm as per the manufacturer’s protocol. The neuroprotective effects of test compounds toward Aβ42-induced 

cytotoxicity were determined by treating the HT22 cells with 5 M of Aβ42•HFIP (>95%, rPeptide, 

Georgia, USA), and then incubating for 48 h. The cell viability assay was determined by adding the CCK-

8 reagent and incubating for another 2 h to measure the absorbance at 450 nm. The cell viability was 

calculated as the average percent cell viability based on quadruplicate readings from three independent 

experiments. For statistical analysis, the results were subjected to one-way ANOVA followed by Bonferroni 

post hoc analysis compared to Aβ control group. ns = not significant, *p < 0.01 compared to Aβ42 control 

group, **p < 0.01 compared to Aβ42 control group, ***p < 0.01 compared to Aβ42 control group, ****p 

< 0.01 compared to Aβ42 control group. 
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3.5.6 Molecular docking study 

The binding interactions of 7a with Aβ42 were investigated by carrying out molecular docking studies 

on the Discovery Studio software program v20.1.0.19295, Structure-Based-Design (BIOVIA Inc. San 

Diego, USA). The Aβ42 pentamer and oligomer models were prepared by extracting the coordinates from 

the solved 3D structure of the Aβ42 fibril (PDB id: 5KK3). A binding sphere of 20 Å radius was selected 

and defined as the ligand binding site which covers the 16KLVFFA21 and the C-terminal 

32IGLMVGGVVIA42 hydrophobic regions of the Aβ42. Compound 7a was built in 3D using the Small 

Molecule module in the software and was subjected to energy minimization protocol (1000 and 2000 steps 

of steepest descent followed by conjugate gradient method) using CHARMm force field. The CDOCKER 

algorithm was used to carry out the docking studies. The Receptor-ligand Interactions module in the 

software was used to perform CDOCKER simulations. The docking simulation included 2000 heating steps, 

a heating target temperature of 700 K and 5000 cooling steps and a cooling target temperature of 300 K. 

The top ligand binding modes of selected lead compounds were analyzed by evaluating the CDOCKER 

energy and CDOCKER interaction energy (in kcal/mol). Further analysis was carried out by determining 

the polar and nonpolar contacts of 7a in the Aβ42 pentamer and fibril assembly. 
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Chapter 4 

Design, Synthesis and Evaluation of N-Benzyloxybenzamide and N-

Benzyloxycarboxamide Derivatives as Aβ Aggregation Modulators 

Below is a list of publications, manuscripts submitted and in preparation along with author names based 

on this chapter: 

Zhao, Y. Rao, P. P. N. N-Benzyl, N-phenethyl and N-benzyloxybenzamide derivatives inhibit amyloid-

beta (Aβ42) aggregation and mitigate Aβ42-induced neurotoxicity. Med. Chem. Res. (Manuscript under 

revision) 

4.1 Introduction 

This chapter features the third series of compounds, which contain an amide bond, an sp3 hybridized 

carbon and an oxygen linker to obtain N-benzyloxybenzamide and N-benzyloxycarboxamide derivatives 

(Figure 4-1). 318,319  The benzyloxy group was kept constant and the amide end was varied by incorporating 

a number of aromatic rings and aliphatic substituents (Figure 4-1). For example, the aromatic benzene ring 

in 10a was replaced with a pyridine bioisostere (10b, 10c, R = pyridine), various 5-membered aromatic 

rings were also incorporated in compounds 10h (R = pyrrole), 10i (R = furan) and 10j (R = thiophene). The 

SAR was also studied by adding bicyclic aromatic rings such as 10l (R = naphthalene), 10m (R = quinoline), 

11a (R = indole), 11b (R = benzofuran), and 11c (R = benzo[b]thiophene). In addition, some of the aliphatic 

rings were also included, such as 10f (R = cyclohexane), 10g (R = piperidine), and 10k (R = pyrrolidine). 

Besides, known Aβ binding pharmacophores 10d (R = 3,4-dimethoxybenzene) and 10e (R = 3,4-

difluorobenzene) were also incorporated to investigate their effect on Aβ aggregation. 320 In this chapter, 

the synthesis, characterization, and biological evaluation of N-benzyloxybenzamide and N-

benzyloxycarboxamide derivatives (10a-m and 11a-c) toward Aβ aggregation will be discussed.  
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Figure 4-1. N-Benzyloxybenzamide and N-benzyloxycarboxamide derivatives (Series C). This series of 

compounds features an amide bond, a sp3 hybridized carbon and an oxygen linker. 

 

4.2 Hypothesis 

 It is hypothesized that the N-benzyloxybenzamide and N-benzyloxycarboxamide derivatives 10a-m and 

11a-c possessing the amide bioisostere along with a carbon and oxygen linker would exhibit Aβ42 

aggregation inhibition properties and provide neuroprotective effects against Aβ42-induced cytotoxicity. 

Compared to the N-phenylethylbenzamide and carboxamide derivatives in Chapter 3, it is hypothesized that 

the presence of an oxygen linker in this series of compounds will enhance their  anti-Aβ42 aggregation 

activity due to additional hydrogen bonding interactions with the KLVFFA region of Aβ42 aggregates (eg: 

Lys16 and Leu17). It is also hypothesized that variation of the electronic and steric features by incorporating 

various aromatic 5- and 6-membered rings and aliphatic substituents (Figure 4-1) will promote their 

interactions with the amyloidogenic regions of Aβ42 (KLVFFA and the C-terminal region) to enhance their 

inhibition properties toward Aβ42 aggregation. Furthermore, the addition of known Aβ binding 

pharmacophores (e.g., 3,4-dimethoxyphenyl and 3,4-difluorophenyl) would exhibit better inhibitory 

activity toward the Aβ42 aggregation.  

 

Series C

16 Derivatives
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4.3 Results and Discussion 

In this section, the synthesis, purification and characterization of compounds 10a-m and 11a-c are 

discussed which is followed by biological activity screening, including anti-Aβ42 aggregation assay based 

on the dye ThT fluorescence spectroscopy, fibril morphology study by TEM, cell viability assay against 

Aβ42-induced cytotoxicity in HT22 mouse hippocampal neuronal cells and computational modeling studies 

in the Aβ42 oligomer and fibril models. 

 

4.3.1 Synthesis 

The retro-synthetic analysis of the compound library suggests that the starting building blocks can be 

coupled to form the amide bond using suitable substrates to obtain the N-benzyloxybenzamide and N-

benzyloxycarboxamide derivatives. This was achieved through either the direct coupling of acid halides 

(2a-m) with primary amines (O-benzylhydroxylamine 9, Method A) or by coupling the carboxylic acids 

with primary amines (O-benzylhydroxylamine 9, Method B). The preference for using the acid halides 

versus carboxylic acids coupling method was made based on the commercial availability and cost-

effectiveness of the starting materials. With that being said, compounds 10a-m were synthesized via 

Method A as shown in Scheme 4-1, whereas compounds 11a-c were synthesized by method B as shown in 

Scheme 4-2.  
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Scheme 4-1. Synthetic scheme for preparing 10a-m by coupling O-benzylhydroxylamine (9) with the 

corresponding acid chlorides (2a-m). Reagents and conditions: (a) TEA, THF, room temperature/reflux 2-

24 h. 

 

 

 

Scheme 4-2. Synthetic scheme to prepare 11a-c by coupling O-benzylhydroxylamine (9) with the 

corresponding carboxylic acid (4a-c). Reagents and conditions: (b) EDC•HCl, HOBt, TEA, THF, room 

temperature overnight or under reflux conditions for 4-12 h. 

 

In Method A, O-benzylhydroxylamine (9) was coupled with corresponding acid halides. Considering the 

leaving capability and reactivity, acid chlorides (2a-m) were used in the reactions. The reaction mechanism 

(Figure 4-2) is described as follows: first, the nucleophilic amine 9 attacks the electrophilic carbonyl carbon 

of the acid chloride to form a tetrahedron intermediate by nucleophilic addition; next, chloride serves as a 

good leaving group and then is eliminated from the tetrahedron intermediate; then hydrochloric acid is also 

formed as the reaction by-product which can neutralize the base triethylamine (TEA) to facilitate product 
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formation. 322 The overall yields of these reactions range from 72.1 to 93%. Interestingly, the coupling of 

acid halides and O-benzylhydroxylamine to obtain compounds 10g (N-(benzyloxy)piperidine-1-

carboxamide) and 10k (N-(benzyloxy)pyrrolidine-1-carboxamide) led to poor yields and challenges in their 

purification due to their stability issues. Therefore, these two compounds were not pursued further. The 

analytical data for 10a-m (1H NMR, MS and purity data by LCMS) are given below. Analytical spectral 

data for all the final compounds are given in Appendix C. 

 

 

Figure 4-2. Nucleophilic acyl substitution mechanism which includes three major steps: (1) addition of 

nucleophile to the electrophilic carbonyl carbon, (2) elimination of the leaving group, (3) loss of proton. 

 

4.3.1.1 N-(Benzyloxy)benzamide (10a) 

The product was obtained as a white solid (Yield = 87.6%). 1H NMR (300 MHz, DMSO) δ 11.76 (s, 1H), 

7.75 (d, J = 7.6 Hz, 2H), 7.55 (t, J = 7.2 Hz, 1H), 7.51 – 7.32 (m, 7H), 4.93 (s, 2H). mp: 125-128 °C. ESI-

MS, m/z calcd for C14H13NO2 [M+H]+ 228.1, found 228.1. Purity: 99.43% (LCMS).  

 

4.3.1.2 N-(Benzyloxy)isonicotinamide (10b) 

The product was obtained as a white solid (Yield = 86.1%). 1H NMR (300 MHz, DMSO-d6): δ 12.07 (br 

s, 1H), 8.72 (d, J = 4.9 Hz, 2H), 7.65 (d, J = 5.3 Hz, 2H), 7.43 (dd, J = 19.5, 6.8 Hz, 

5H), 4.96 (s, 2H). mp: 117-120 °C. ESI-HRMS, m/z calcd for C13H14N2O2 [M+H]+ 229.0977, found 

229.0966. Purity: 99.4% (LCMS).  
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4.3.1.3  N-(Benzyloxy)picolinamide (10c) 

The product was obtained as a yellowish oil (Yield = 77.0%). 1H NMR (300 MHz, DMSO-d6): 12.04 (s, 

1H), 8.61 (d, J = 4.7 Hz, 1H), 8.00 (d, J = 4.0 Hz, 2H), 7.62–7.37 (m, 6H), 4.95 (s, 2H). mp: 104-107 °C. 

ESI-MS, m/z calcd for C13H13N2O2 [M+H]+ 229.1, found 229.1. Purity: 99.7% (LCMS).  

 

4.3.1.4 N-Benzyloxy-3,4-dimethoxybenzamide (10d) 

The product was obtained as a white solid (Yield = 79.3%). 1H NMR (300 MHz, CDCl3) δ 8.45 (s, 1H), 

7.48 – 7.28 (m, 6H), 7.13 (dd, J = 8.3, 2.0 Hz, 1H), 6.80 (d, J = 8.3 Hz, 1H), 5.01 (s, 2H), 3.89 (s, 3H), 3.88 

(s, 3H). mp: 142-145 °C. ESI-MS, m/z calcd for C16H17NO4 [M+H]+ 288.1, found 288.1. Purity: 99.9% 

(LCMS).  

 

4.3.1.5 N-Benzyloxy-3,4-difluorobenzamide (10e) 

The product was obtained as a white solid (Yield = 77.4%). 1H NMR (300 MHz, CDCl3) δ δ 8.48 (s, 1H), 

7.60 – 7.49 (m, 1H), 7.47 – 7.34 (m, 6H), 7.25 – 7.11 (m, 1H), 5.00 (s, 2H). mp: 124-127 °C. ESI-MS, m/z 

calcd for C14H11F2NO2 [M+H]+ 264.1, found 264.1. Purity: 100.0% (LCMS).  

 

4.3.1.6 N-(Benzyloxy)cyclohexanecarboxamide (10f) 

The product was obtained as a white solid (Yield = 74.9%). 1H NMR (300 MHz, CDCl3) δ 1H NMR (300 

MHz, Chloroform-d) δ 7.42 – 7.30 (m, 5H), 4.88 (s, 2H), 1.98 – 1.60 (m, 6H), 1.56 – 1.36 (m, 2H), 1.30 – 

1.09 (m, 3H). mp: 86-89 °C. ESI-MS, m/z calcd for C14H19NO2 [M+H]+ 234.1, found 234.1. Purity: 96.9% 

(LCMS).  
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4.3.1.7 N-Benzyloxy-1H-pyrrole-2-carboxamide (10h) 

The product was obtained as a white solid (Yield = 81.6%). 1H NMR (300 MHz, CDCl3): δ 9.51(br s, 

1H), 7.39–7.24 (m, 5H), 6.91 (td, J = 2.7, 1.3 Hz, 1H), 6.52 (dd, J = 3.8, 2.5 Hz, 1H), 6.21(dt, J = 3.7, 2.6 

Hz, 1H), 6.13 (br s, 1H), 4.60 (d, J = 5.9 Hz, 2H). mp: 77-80 °C. ESI-MS, m/z calcd for C12H13N2O2 [M+H]+ 

217.1, found 217.1. Purity: 96.5% (LCMS).  

 

4.3.1.8 N-(Benzyloxy)furan-2-carboxamide (10i) 

The product was obtained as a white solid (Yield = 77.9%). 1H NMR (300 MHz, DMSO-d6): δ 11.74 (s, 

1H), 7.86 (s, 1H), 7.46–7.36 (m, 5H), 7.10 (d, J = 4.3 Hz, 1H), 6.63 (s, 1H), 4.90 (s, 

2H). mp: 82-85 °C. ESI-MS, m/z calcd for C12H12NO3 [M+H]+ 218.1, found 218.1. Purity: 99.9% (LCMS).  

 

4.3.1.9 N-(Benzyloxy)thiophene-2-carboxamide (10j) 

The product was obtained as a white solid (Yield = 92.9%). 1H NMR (300 MHz, DMSO-d6): δ 11.79 (s, 

1H), 7.83–7.81 (m, 1H), 7.65–7.62 (m, 1H), 7.46–7.34 (m, 5H), 7.15 (d, J = 4.3 Hz, 

1H), 4.92 (s, 2H). mp: 103-106 °C. ESI-MS, m/z calcd for C12H12NO2S [M+H]+ 234.1, found 234.1. Purity: 

98.7% (LCMS).  

 

4.3.1.10 N-Benzyloxy-1-naphthamide (10l) 

The product was obtained as a white solid (Yield = 72.1%). 1H NMR (300 MHz, CDCl3): δ 8.30–8.21 

(m, 2H), 7.90 (d, J = 8.2 Hz, 1H), 7.87–7.79 (m, 1H), 7.58–7.32 (m, 8H), 5.13 (s, 2H). mp: 132-

135 °C. ESI-MS, m/z calcd for C18H16NO2 [M+H]+ 278.1, found 278.1. Purity: 98.9% (LCMS).  
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4.3.1.11 N-(Benzyloxy)quinoline-2-carboxamide (10m) 

The product was obtained as a light yellow solid (Yield = 80.1%). 1H NMR (300 MHz, CDCl3): δ 10.35 

(s, 1H), 8.26 (dd, J = 8.5 1.5 Hz, 2H), 8.02 (d, J = 8.5 Hz, 1H), 7.9 (dd, J = 8.2, 1.4 Hz, 1H), 7.74 

(dd, J = 8.5, 6.9 Hz, 1H), 7.61 (dd, J = 8.1, 6.8 Hz, 1H), 7.52–7.49 (m, 2H), 7.41–7.38 (m, 2H), 

5.11 (s, 2H). mp: 162-165 °C. ESI-MS, m/z calcd for C17H18N2O2 [M+H]+ 279.1, found 279.1. Purity: 

99.7% (LCMS).  

 

Method B was used to synthesize N-benzyloxycarboxamide derivatives (11a-c, Scheme 4-2). Compared 

to acid chlorides, carboxylic acids are less reactive due to the electron-donating nature of the hydroxyl 

group. This can influence the reaction progress, yield and purity of the products. However, this limitation 

can be overcome by activating the carboxylic acid (4a-c) with the assistance of carbodiimide-dehydrating 

reagents, such as 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC). 323,324 The detailed reaction 

mechanism is shown in Figure 4-3. The carboxylic acids can be transformed into an ester intermediate. In 

the presence of an activator, such as hydroxyltriazole (HOBt), the nucleophilic activator attacks the 

carbonyl carbon of the ester intermediate so that an active ester is formed. 325 The active ester contains a 

better leaving group compared to the original carboxylic acid so that it can react with O-

benzylhydroxylamine (9) via nucleophilic acyl substitution as mentioned in the previous paragraph. The 

by-product urea formed as a result of using EDC as dehydrating reagent is water-soluble and therefore, can 

be washed away by aqueous extraction in the post-reaction workup. The overall yields of these reactions 

range from 82.7 to 88.9%. Their analytical data (1H NMR, MS and purity data by LCMS) are given below. 

Analytical spectral data for all the final compounds are given in Appendix C. 
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Figure 4-3. Reaction mechanism for the synthesis of compounds 11a-c using the dehydrating agent EDC 

and activator HOBt for coupling O-benzylhydroxylamine (9) and the corresponding carboxylic acids (4a-

c). 

 

4.3.1.12 N-Benzyloxy-1H-indole-2-carboxamide (11a) 

The product was obtained as a white solid (Yield = 82.7%). 1H NMR (300 MHz, DMSO-d6): δ 11.81 (s, 

1H), 11.66 (s, 1H), 7.60 (d, J = 7.9 Hz, 1H), 7.42 (dq, J = 14.0, 7.0, 6.4 Hz, 6H), 7.20(t, J = 7.5 

Hz, 1H), 7.09 – 6.96 (m, 2H), 4.96 (s, 2H). mp: 152-155 °C. ESI-MS, m/z calcd for C16H15N2O2 [M+H]+ 

267.1, found 267.1.Purity: 95.6% (LCMS).  

 

4.3.1.13 N-(Benzyloxy)benzofuran-2-carboxamide (11b) 

The product was obtained as a white solid (Yield = 88.9%). 1H NMR (300 MHz, DMSO-d6) δ 9.32 (t, J 

= 6.5 Hz, 1H), 8.66 (d, J = 4.7 Hz, 1H), 8.10 – 7.96 (m, 2H), 7.67 – 7.56 (m, 1H), 7.38 – 7.17 (m, 6H), 4.51 

(d, J = 6.4 Hz, 2H). mp: 132-135 °C. ESI-MS, m/z calcd for C16H13NO3 [M+H]+ 268.1, found 268.1. Purity: 

98.8% (LCMS).  
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4.3.1.14 N-(Benzyloxy)benzo[b]thiophene-2-carboxamide (11c) 

The product was obtained as a white solid (Yield = 85.7%). 1H NMR (300 MHz, DMSO-d6) δ 8.03 (d, J 

= 7.8 Hz, 2H), 7.95 (d, J = 4.3 Hz, 3H), 7.54 – 7.31 (m, 5H), 4.96 (s, 2H). mp: 142-145 °C. ESI-MS, m/z 

calcd for C16H13NO2S [M+H]+ 284.1, found 284.1. Purity: 93.3% (LCMS).  

 

4.3.2 Modulatory activity on amyloid-beta aggregation  

The modulatory activity of N-benzyloxybenzamide and carboxamide derivatives (10a-m and 11a-c) on 

Aβ42 aggregation was evaluated using the ThT aggregation kinetic assay.326–329 It is the golden standard 

used in the area for in vitro rapid screening of small molecules to determine their Aβ42 aggregation 

modulation activity.330–333 In this assay, ThT was used as the fluorescent dye which can selectively bind to 

the β-sheet structure of various forms of aggregated Aβ42. Upon binding, it gives a characteristic increase 

in the fluorescence reading (FLR). Therefore, increases in FLR are correlated to the amount of Aβ 

aggregates formed. By comparing the FLR of Aβ42 control and in the presence of various test compounds, 

the percentage inhibition (PI) can be calculated at the end of the assay. If the FLR is lower than that of the 

control, it indicates that the compounds are inhibiting the Aβ42 aggregation. Similarly, if the FLR is higher 

than that of the control, it indicates that the compounds are able to promote the Aβ42 aggregation. 

Compounds that are able to inhibit the Aβ42 aggregation are termed aggregation inhibitors (AI) and 

compounds that are able to promote the Aβ42 aggregation are termed aggregation promotors (AP), whereas 

compounds that weakly modulate the aggregation are termed weak aggregation modulators (WAM). 

Initially, all the test compounds were screened at 25 µM to determine their effect on Aβ42 aggregation. 

Compounds that show promising activity were further evaluated over a concentration range (1, 5, 10, 25 

µM) to determine the aggregation kinetics. Resveratrol (RVT) which is a known inhibitor of Aβ42 was also 

included in the assay as the reference compound for comparison. 334  
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In Figure 4-4, the ThT aggregation kinetic curves of N-benzyloxybenzamide and carboxamide 

derivatives 10a-m and 11a-c are shown. In each panel, the blue curve at the bottom is the ThT background 

readings which suggests that ThT has no interference on the FLR in monitoring the aggregation of Aβ42. 

The red curve shows the Aβ42 aggregation in the absence of test compounds. In these curves, some 

characteristics of Aβ42 aggregation can be observed. It is a sigmoidal curve characterized by a very short 

lag phase (~ 30 min) which is followed by a rapid growth phase spanning the time course from around 0.5 

h to 10 h. Then, the FLR tends to be stable with readings hovering around 8,000 RFU, indicating the 

aggregation process has reached the equilibrium status. Such saturation phase was maintained until the end 

of the assay at 24 h. Compared to the Aβ42 control, other curves, in the presence of different N-

benzyloxybenzamide and carboxamide derivatives (Figure 4-4, A: 10a-d, RVT, B: 10e-f, 10h-i, C: 10j, 

10l-m, D: 11a-c), shared similar shapes without any major differences. This observation suggests these 

derivatives are not able to alter the aggregation kinetics by either shortening or extending the lag/growth 

phase. However, lower FLR at the saturation phase than Aβ42 control for these curves was observed at the 

24 h time point which indicates that some derivatives were capable of reducing the formation of Aβ42 

fibrils. When co-incubating the reference compound RVT with Aβ42 (Figure 4-4 A), a dramatic decrease 

in the FLR was noticed in the saturation phase with FLR below 2,000 RFUs after 18 h. Such observation is 

not a surprise as RVT is a very potent Aβ AI.334 
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Figure 4-4. The Aβ42 aggregation kinetic curves for N-benzyloxybenzamide and carboxamide derivatives 

(10a-f, 10h-j, 10l-m and 11a-c) in the ThT-based fluorescence assay. (A) Aggregation kinetic curves for 

derivatives 10a-d and reference compound resveratrol (RVT). (B) Aggregation kinetic curves for 

derivatives 10e-f and 10h-i. (C) Aggregation kinetic curves for derivatives 10j, 10l and 10m. (D) 

Aggregation kinetic curves for derivatives 11a-c. The derivatives (25 µM) were incubated with Aβ42 (10 

µM) for 24 h at 37 ˚C, pH 7.4 and the ThT fluorescence was monitored (excitation = 440 nm, emission = 

490 nm). Results were obtained based on triplicate readings from three independent experiments. 

 

Table 4-1 shows the anti-aggregation activity of test compounds as the PI and Figure 4-5 shows a bar 

plot of PI at 24 h time point. A total of 13 out of 14 compounds from this series exhibited anti-Aβ42 activity 

in the ThT-based fluorescence assay with activity ranging from 11.8 – 26.5 %. Compound, 10a (R = 

benzene), showed the highest PI of 26.5 ± 7.3%. When replacing the benzene rings with the more polar 

pyridine bioisostere, the activity slightly dropped to 20.3 ± 0.7 % for 10b and to 22.3 ± 1.5 % for 10c (Table 

4-1). The incorporation of the known anti-Aβ pharmacophores in 10d and 10e did not improve the activities 

as expected. The PI for 10d (R = 3, 4-dimethoxybenzene) and 10e (R = 3, 4-difluorobenzene) were 18.3 ± 

4.8 % and 20.3 ± 1.8 %. Incorporating aromatic 5-member heterocyclic rings showed slightly lower PI than 

the parent compound 10a, with PI of 23.8 ± 1.2 % for 10h (R = pyrrole), 23.4 ± 6.3 % for 10i (R = furan), 
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and 18.7 ± 6.8 % for 10j (R = thiophene). The aliphatic ring containing derivative in this series 10f (R = 

cyclohexane) exhibited 20.4 ± 1.8 % PI. A similar SAR trend was observed for both N-benzylbenzamide 

derivatives (3a-j, Chapter 2) and N-phenylethylbenzamide derivatives (7a-j, Chapter 3). When the R groups 

were replaced by bicyclic aromatic rings, mixed results were seen regarding their aggregation inhibitory 

activities. Compounds 10l (R = naphthalene) and 10m (R = quinoline) showed slightly lower PI than the 

parent compound 10a with PI of 23.3 ± 1.0 % and 18.4 ± 2.6 %. However, compounds 11a (R = indole) 

and 11b (R=benzofuran) showed quite a different result than the indole/benzofuran-containing derivatives 

in the previous chapters (4a-b Chapter 2, 8a-b Chapter 3). Unlike 4a-b and 8a-b which are WAMs, 11a 

was able to inhibit the Aβ42 with PI of 24.9 ± 4.6 % which is similar to the parent compound 10a, whereas 

11b showed a slightly lower PI of 11.9 ± 0.2 %. As for 11c (R = benzo[b]thiophene), it was not active in 

modulating the aggregation of Aβ42. Overall, in this series, replacing one of the carbon linkers with oxygen, 

did not yield a significant increase in the activities, even though a similar PI was seen compared to the 

previous chapters. Four lead compounds (10a, 10h, 10j, and 11a) were identified for further investigation. 

These results indicate that N-benzyloxybenzamide and carboxamide scaffolds also exhibit anti-aggregation 

properties toward Aβ42 in the ThT-based fluorescence assay.  
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Table 4-1. Percent inhibition (PI) of N-benzyloxybenzamide and carboxamide derivatives (10a-m, 11a-

c), resveratrol (RVT) and chalcone (CHL) at 25 µM on Aβ42 (10 µM) aggregation. 

 

Cmpd % Inhibitiona CLogPb  Cmpd % Inhibitiona CLogPb 

10a 26.5 ± 7.3 2.66  10i 23.4 ± 6.39 1.84 

10b 20.3 ± 0.7 1.16 
 

10j 18.7 ± 6.8 2.31 

10c 22.3 ± 1.47 1.16 
 

10l 23.3 ± 0.9 3.84 

10d 21.3 ± 4.4 2.15 
 

10m 18.3 ± 2.6 2.55 

10e 18.3 ± 4.8 2.88  11a 24.9 ± 4.6 2.65 

10f 20.3 ± 1.8 3.26 
 

11b 11.8 ± 0.2 3.22 

10h 23.7 ± 1.1 1.27 
 

11c NAc 3.69 

RVT 81.3 ± 5.6 2.83 
 

CHL -112.29 ±7.13d 3.62 

a Percent inhibition was calculated at the 24 h time point in the ThT aggregation kinetics assay. The results 

shown are average ± standard deviation of triplicate readings based on three independent experiments. 
b CLogP values were calculated with ChemDraw. 
c NA, not active indicating the compounds are WAM. 
d Negative PI indicates the compounds can promote the aggregation. 

 

 

 
Figure 4-5. Percentage inhibition rate (PI) of N-benzyloxybenzamide and carboxamide derivatives (10a-f, 

10h-j, 10l-m, 11a-c), resveratrol (RVT), and chalcone (CHL) at 25 µM on Aβ42 (10 µM) aggregation.  

 

 

4.3.3 Transmission electron microscopy  

In the next step, transmission electron microscopy (TEM) studies were conducted in order to observe the 

morphology of Aβ42 aggregates in the absence and presence of representative compounds. From this series, 
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representative compounds (10a, 10h, 10j and 11a) were selected to study their effects on Aβ42 morphology. 

TEM experiments are often used in conjunction with ThT kinetic assays to provide further evidence to 

determine the anti-Aβ42 aggregation properties of novel molecules. The TEM sample grids were prepared 

by taking samples from the ThT aggregation kinetic assays at the end of the 24 h incubation period. The 

TEM images obtained in the presence of compounds 10a, 10h, 10j and 11a were compared to those of 

Aβ42 control. 

 

 

Figure 4-6. TEM images of Aβ42 (10 µM) in the absence (Aβ42 control) and presence of N-

benzyloxybenzamide 10a, 10h, 10j, and 11a (25 µM). Scale: 200 µm. 

 

As can be seen in Figure 4-6, the morphology of Aβ42 showed a combination of long, twisted, and 

unbranched mature fibrils. In the presence of N-benzyloxybenzamide derivatives 10a, 10h, 10j and 11a at 

25 µM, there was a significant reduction in the formation of Aβ42 fibrils. These fibrils are characterized by 

the existence of sparse, thinner, and lower-ordered fibrils. The reduced amyloid burden seen in the image, 

indicated by a reduction in the formation of dense Aβ42 fibrils compared to the control image, further 

validates that these compounds were able to inhibit the aggregation of Aβ42. These studies further 

demonstrate the anti- Aβ42 aggregation inhibition properties of N-benzyloxybenzamide derivatives. 
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4.3.4 Neuroprotective effects against Aβ42-induced cytotoxicity 

The ability of representative compounds from the N-benzyloxybenzamide and carboxamide series (10a, 

10h, 10j and 11a) were evaluated to study their effect in preventing Aβ42-mediated cytotoxicity in mouse 

hippocampal HT22 neuronal cell lines. Initially, the HT22 cells were treated with compound 10a, 10h, 10j 

and 11a only to determine if they were cytotoxic to HT22 cells. The cell viability was determined by using 

the cell counting kit 8 (CCK-8) colorimetric assay. These studies show that, at 25 µM, all the compounds 

(10a, 10h, and 11a) except 10j were not toxic to cells (cell viability range 83-103.5 %, Figure 4-7). 

Compound 10j (R = thiophene, ClogP 2.31) exhibited low cell viability (35 %) and was toxic to HT22 cells. 

Therefore, 10j was excluded from the Aβ42-induced cytotoxicity assay. Next, HT22 cells were incubated 

with Aβ42 (5 µM) in the presence and absence of compounds 10a, 10h, and 11a (25 µM) for 48 h to 

investigate their ability to rescue cells from Aβ42-mediated neurotoxicity. Treating the HT22 cells with 

Aβ42 led to a drastic decrease in cell viability compared to untreated cells. At 5 µM Aβ42, ~ 60 % cell 

death was observed. In the presence of test compounds, the cell viability increased significantly (Figure 

4-7) indicating that these compounds were able to rescue the cells from neurotoxicity. For example, 10a (R 

= benzene), 10h (R = pyrrole), and 11a (R = indole) exhibited excellent cell viability profiles (91.6 ± 8.3 %, 

87.8 ± 9.7 %, and 82.9 ± 6.3 % respectively), indicating that their neuroprotective activity toward HT22 

cells in the presence of Aβ42. These observations suggest that N-benzyloxybenzamide and carboxamide 

derivatives 10a, 10h, and 11a have the potential to convert toxic Aβ assemblies into nontoxic forms. These 

cell culture studies demonstrate their ability to prevent Aβ42-induced cytotoxicity which further supports 

their potential as novel modulators of Aβ toxicity.  
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Figure 4-7. Neuroprotective effects of N-benzyloxybenzamide 10a, 10h, 10j and 11a (25 µM) on HT22 

cells in the absence (A) and presence (B) of Aβ42 (5 µM) incubated over 48 h. Cell viability was determined 

by CCK-8 based colorimetric assay. The results shown are averages of quadruplicate readings based on 

three independent experiments. *p < 0.01 compared to Aβ42 treated group (One-way ANOVA followed 

by Bonferroni post hoc test). 

  

4.3.5 Molecular docking 

In order to better understand the mechanism of these AIs, molecular docking studies were conducted to 

investigate the interactions between a representative compound from the N-benzyloxybenzamide series and 

Aβ aggregates. For this purpose, the best N-benzylbenzamide derivative 10a (~ 27 % inhibition of Aβ42 

aggregation in the ThT assay, nontoxic to HT22 cells - cell viability ~ 100 % and ~ 92 % cell viability in 

Aβ42 treated cells) from this series was used in the docking studies. Compound 10a was docked with both 

the Aβ42 oligomer and fibril model using the CDOCKER algorithm.339 The oligomer and fibril models 

were prepared by using the 3D coordinates of the Aβ42 fibril structure (PDB id: 5KK3). This is an atomic 

resolution structure of monomorphic Aβ42 obtained through solid-state NMR.340 The Aβ42 oligomer model 

was prepared from the Aβ42 fibril assembly.341 Previous studies have shown that, in solution, Aβ42 is 

known to exist as either pentamer or hexamer aggregates, indicating that these are the smallest forms of 

aggregates that can be detected in solution.342 Therefore, a pentamer model was used as a representative 

example of the oligomer model in docking studies. In the sequence of Aβ42, two regions are responsible 

for its aggregation propensity and the hydrophobic nature of these regions is one of the initiating factors 

driving the aggregation process, namely, hydrophobic core 16KLVFFA21, and C-terminal hydrophobic tail 
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32IGLMVGGVVIA42.343 Therefore, our docking method was designed to build a binding sphere (20 Å 

radius) that can accommodate the entire span of these two regions to facilitate the understanding of potential 

interactions in these important regions. The molecular docking was performed using the computational 

software Discovery Studio, Structure-Based-Design, v20.1.0.19295 (Biovia, USA). 

 

 

Figure 4-8. Molecular docking studies of 10a with Aβ42 pentamer model (PDB ID: 5KK3). (A) Top 

docking pose of 10a; (B) 2D interaction map of the top docking pose of 10a. The hydrogen atoms are 

removed to enhance clarity. Protein is represented in line ribbon with blue indicating the N-terminus and 

red indicating the C-terminus. The small molecule is represented in the ball-and-stick model. Hydrophobic 

interaction is represented in pink dashed line.  

 

The top binding mode of 10a docked in the Aβ42 pentamer is shown in Figure 4-8. The Aβ42 pentamer 

was shown as line ribbon representation color-coded from N- (blue) to C- (red) terminal and the small 

molecule was shown in ball and stick representation with carbon in grey, oxygen in red, and nitrogen in 

blue. Based on our docking method, 10 poses of 10a were generated, and they were ranked according to 

CDOCKER energy and CDOCKER interaction energy with the lowest energy (most stable) pose shown in 

Figure 4-8. In the top binding pose (CDOCKER energy =  

-17.42 kcal/mol and CDOCKER interaction energy = -23.17 kcal/mol), 10a was oriented perpendicular to 

the long axis of the Aβ42 pentamer assembly. Three hydrophobic interactions were observed interacting 
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with both hydrophobic regions of Aβ42 pentamer. One of the hydrophobic contacts was between the 

benzene ring (ring A) and alkyl group of A: Leu17 and A: Leu34 (distance ~ 5.0 Å and 5.5 Å respectively). 

The other benzene ring (ring B) underwent hydrophobic interaction with the alkyl group of C: Leu34 

(distance ~ 5.3 Å). These hydrophobic interactions anchored the compounds in the binding pocket which 

explains its ability to inhibit the aggregation process since it can interact with both hydrophobic regions of 

Aβ42. A similar trend was also found for the lead compounds 3a and 7a in the previous chapters. However, 

the oxygen spacer in the linker region did not yield any further interactions with the oligomer, possibly due 

to the constrained conformation of the molecule. Docking results of 10a in the Aβ42 fibril model show that 

in the top binding pose (CDOCKER energy = -19.09 kcal/mol and CDOCKER interaction energy = -23.92 

kcal/mol), the key interactions were still hydrophobic with interactions seen between the aromatic ring and 

Ala21 and Val18 as shown in Figure 4-9. The benzene ring (ring A) underwent hydrophobic interactions 

with the alkyl group of C: Ala21 (distance = 3.9 Å), C: Val18 (distance = 5.3 Å), and B: Val18 (distance = 

5.2 Å). Another major interaction was the hydrogen bond formed between the carbonyl oxygen of the amide 

group and the NH3
+ of C: Lys16 (distance = 2.5 Å) which further constrained the 10a in the hydrophobic 

core region of Aβ42. Interestingly, the oxygen spacer in the linker region was also in contact with the NH3
+ 

of C: Lys16 through hydrogen bond interaction (distance = 2.1 Å). This further suggests that the 

replacement of carbon with an oxygen spacer can enhance the compound binding to fibril and thus improve 

the overall stability of the ligand-receptor complex. In summary, the molecular docking studies of 10a in 

Aβ42 pentamer and fibril models suggest that the hydrophobic interactions between the aromatic rings and 

the hydrophobic aggregation-prone regions play a significant role in determining its anti-aggregation 

activity. 
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Figure 4-9. Molecular docking studies of 10a with Aβ42 fibril model (PDB ID: 5KK3). (A) Top docked 

pose of 10a; (B) 2D interaction map of the top docking pose of 10a. The hydrogen atoms are removed to 

enhance clarity. Protein is represented in line ribbon with blue indicating the N-terminus and red indicating 

the C-terminus. The small molecule is represented in the ball-and-stick model. Hydrophobic interaction is 

represented in pink dashed line and hydrogen bond interaction is represented in green dashed line. 

 

4.4 Summary 

In this chapter, one of the carbon spacers in the linker region was replaced with an oxygen spacer to 

obtain N-benzyloxybenzamide and carboxamide derivatives 10a-m and 11a-c. A total of 14 compounds 

were synthesized by coupling the O-benzylhydroxylamine (9) with either corresponding acid chlorides or 

carboxylic acids to obtain the compound library in good yields (72.1-88.9%). The chemical structures were 

confirmed by 1H NMR, MS and the purity was checked by LCMS. These compounds exhibited weak-to-

moderate modulative activity on the aggregation of Aβ42 as confirmed by ThT-based aggregation kinetic 

assay and TEM. Among them, 10a, 10h, 10j, and 11a were identified as better inhibitors of Aβ42 

aggregation (PI ranging from 18.7 to 26.5%). Except for 10j, the lead compounds from this series were not 

toxic to HT22 cells and were able to rescue HT22 cells from Aβ42-induced neurotoxicity (cell viability 

ranging from 82.9-91.6% at 25 µM). Derivative 10a was identified as the best compound (Figure 4-10). In 

the molecular docking studies, the aromatic ring of 10a can undergo several important hydrophobic 

interactions with Aβ42 pentamer and fibril models at the aggregation-prone KLVFFA and C-terminal 
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regions. The oxygen spacer was able to interact with polar amino acid residues in the KLVFFA regions 

through hydrogen bond interactions in the fibril model.  

 

 

Figure 4-10. Summary of N-benzyloxybenzamide and carboxamide derivatives. (A) 93% (13 out of 14) 

compounds were identified as aggregation inhibitors (AIs), and 7% (1 out of 14) compounds were identified 

as weak aggregation modulators (WAM); (B) key experimental data for lead compound 10a. 

 

4.5 Experimental 

4.5.1 General  

All chemicals and reagents were purchased from various vendors (Sigma Aldrich Missouri USA, Alfa 

Aesar Massachusetts USA, Bio Basic Ontario Canada, AA Blocks California USA, Cayman Chemical 

Michigan USA, Thermo Fisher Massachusetts USA, and Corning New York USA), were >95% pure and 

used without further purification. The Aβ42 1,1,3,3,3-hexafluoroisopropanol (HFIP) >95% pure, was 

purchased from Anaspec California USA (Cat. No. AS-64129) or rPeptide Georgia USA (Cat. No. A-1163-

1). The reactions were monitored by thin-layer chromatography (TLC) using the Merck silica gel 60, F254. 

Column chromatography was carried out using Merck silica gel 230-400 mesh. The spots were visualized 

with short or long wavelengths (254 nm or 365 nm). The melting points of compounds were determined 

using a digital melting point apparatus (REACH Devices, USA). The proton NMR (1H NMR) spectra of 
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compounds were obtained using a 300 MHz Bruker Avance spectrometer (Department of Chemistry, 

University of Waterloo). Either CDCl3 or DMSO-d6 were used as solvents. Coupling constants (J values) 

were recorded in Hertz (Hz). Abbreviations used to represent 1H NMR signals were s – singlet, d – doublet, 

t – triplet, m – multiplet, br s – broad singlet. The mass and purity were confirmed on the Agilent 1260 

Infinity liquid chromatography (LC) module equipped with a 6130 Quadrupole mass spectrometer (Agilent 

6100 series LCMS). The column used on LCMS was a ZORBAX Eclipse AAA, 4.6 × 75 mm, 3.5 micron 

(Agilent Technologies, Canada) column. A mixture of water and acetonitrile 1:1 v/v with 0.1% formic acid 

(1.0 mL/min flow rate), was used as the solvent system to assess compound purity and mass. All final 

compounds were ≥ 95% pure as determined by LCMS analysis.  

 

4.5.2 Chemistry 

For the synthesis of 10a-m the acid chlorides were coupled with O-benzylhydroxylamine (9) (1 mmol) 

by taking them into a 50 mL round bottom flask (RBF) containing 15 mL of anhydrous tetrahydrofuran 

(THF). To this mixture, 1.2 equivalents of TEA and 1.0 equivalent of corresponding acid chlorides with 

various R groups (2a-m) were added. The reaction mixture was kept at either room temperature or reflux 

for 2-24h and was monitored by thin layer chromatography (TLC). After the reaction was complete, the 

solvent THF was evaporated in vacuo and the resulting reaction mixture was dissolved in 15 mL ethyl 

acetate (EtOAc), and then washed with 15 mL brine solution (3). The organic layer was collected and 

dried over anhydrous MgSO4 and filtered. The organic solvent was removed in vacuo and the residue/oil 

obtained was further purified by silica gel column chromatography using a combination of solvent systems 

(1:1 n-Hexanes:EtOAc or 5:2 n-Hexanes:EtOAc or 9:1 dichloromethane (DCM): Methanol (MeOH) or 4:1 

DCM:n-Hexanes) to afford the final compounds 10a-m.  

Compounds 11a-c were synthesized by reacting O-benzylhydroxylamine (9) (1 mmol) kept in an RBF 

with 15 mL THF, followed by the addition of 1.0 equivalent carboxylic acid (4a-c), 1.2 equivalents EDC, 
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1.5 equivalents HOBt, and 2.2 equivalents TEA added in sequence. The reaction was kept at room 

temperature overnight or under reflux conditions for 4–12 h. The solvent was evaporated in vacuo and the 

resulting reaction mixture was dissolved in 15 mL EtOAc and washed with 15 mL brine solution (3). The 

organic layer was collected, dried over anhydrous MgSO4 and filtered. The organic solvent was then 

removed in vacuo to obtain the residue/oil which was further purified by silica gel column chromatography 

using either 1:1 n-Hexanes:EtOAc or 5:2 n-Hexanes:EtOAc as mobile phase to afford compounds 11a-c. 

 

4.5.3 Aβ42 aggregation kinetic assay 

The ability of benzamide and carboxamide derivatives 10a-m and 11a-c to inhibit the Aβ42 aggregation 

was evaluated using the thioflavin T (ThT) based fluorescence kinetic assay. A 15 M ThT solution was 

prepared in 50 mM glycine buffer using ultra-pure-water (UPW). The pH of the solution was adjusted to 

7.4 with 50 mM sodium hydroxide solution. The aggregation assay was carried out using 215 mM sodium 

phosphate dibasic heptahydrate buffer prepared in UPW and the pH was adjusted to 7.4 by using 50 mM 

hydrochloric acid solution. The Aβ42•HFIP > 95% pure (Anaspec, California, USA) was treated with 1% 

ammonium hydroxide solution to afford 1 mg/mL stock solution. The stock solution was then vortexed and 

sonicated for 5 min before being diluted to a 25 M working solution using the assay buffer. The stock 

solutions of the test compounds (10a-m, 11a-c and resveratrol (RVT) were prepared in assay buffer with 

DMSO as the solubilizing agent (final concentration per well was less than 2%). The 24 h aggregation 

kinetics assay was carried out using 384-well plates (Costar, black, clear-bottom), by adding 44 L of ThT, 

12 L of assay buffer, 16 L of Aβ42 solution (10 M final well concentration), and 8 L of test compound 

dilution (25 M) into each well. The Aβ42 control wells contained ThT, Aβ42 solution and the assay buffer 

without any test compound. The plates were covered with a transparent plate cover and were incubated at 

37 C for 24 h with shaking at 300 cpm between readings for 30 s. The readings were taken every 10 min 

(bottom reading), with excitation wavelength of 440 nm and emission wavelength of 490 nm using the 
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BioTek Synergy H1 microplate reader. Each sample was measured in triplicate readings and the results 

were obtained based on three independent experiments. 

 

4.5.4 Transmission electron microscopy 

The TEM assay was carried out by first running the Aβ42 aggregation assay (as described in 4.5.3) by 

incubating test compounds at 25 M with 10 M Aβ42 for 24 h at 37 C. The TEM grids were prepared by 

aliquoting 20 L of each sample from the 384-well plate after the 24-hour incubation period. These samples 

were loaded onto 400-mesh formvar-coated copper grids (Electron Microscopy Sciences, Pennsylvania, 

USA). The grids were air-dried overnight before being washed with 40 L UPW for three times. After 

washing, 20 L 2% phosphotungstic acid (PTA) solution was added to the grid and stayed for 1 min to 

stain the samples. Then the PTA solution was absorbed away with filter paper and then the grids were 

washed with 40 L UPW three times. Then the grids were further air-dried overnight. The imaging studies 

were carried out using a Philips CM 10 TEM (Dept. of Biology, University of Waterloo) at 60 kV and the 

micrographs were obtained through a 14-megapixel AMT camera at 64,000X magnification. The samples 

used to prepare the grids were obtained by mixing the triplicate wells from ThT assay and the images were 

taken at a randomized view for each grid. 

 

4.5.5 Cell viability assay 

The cell viability assay was carried out in the Aβ42-induced HT22 cell toxicity model. The cytotoxicity 

and neuroprotective effects of benzamide/carboxamide derivatives 10a-m and 11a-c toward HT22 cells 

were carried out by using the UV-based cell metabolism assay kit (cell counting kit 8, CCK-8, TargetMol, 

Massachusetts, USA). The HT22 cells were cultured in DMEM/F12 1:1 with the addition of glutamate 

supplemented with 10% FBS and 1% penicillin and streptomycin at 37 C in 5% CO2. The cells were seeded 

at a density of 50,000 cells per mL. After 24 h, the cells were treated with various compounds at 25 M 
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prepared in phosphate buffer pH 7.4 and DMSO (less than 2%) and incubated for 48 h. After that, the CCK-

8 reagent was added to each well, and incubated for another 2 h, before measuring the absorbance at 450 

nm as per the manufacturer’s protocol. The neuroprotective effects of test compounds toward Aβ42-induced 

cytotoxicity were determined by treating the HT22 cells with 5 M of Aβ42•HFIP (>95%, rPeptide, 

Georgia, USA), and then incubating for 48 h. The cell viability assay was determined by adding the CCK-

8 reagent and incubating for another 2 h to measure the absorbance at 450 nm. The cell viability was 

calculated as the average percent cell viability based on quadruplicate readings from three independent 

experiments. For statistical analysis, the results were subjected to one-way ANOVA followed by Bonferroni 

post hoc analysis compared to Aβ control group. ns = not significant, *p < 0.01 compared to Aβ42 control 

group, **p < 0.01 compared to Aβ42 control group, ***p < 0.01 compared to Aβ42 control group, ****p 

< 0.01 compared to Aβ42 control group. 

 

4.5.6 Molecular docking study 

The binding interactions of 10a with Aβ42 were investigated by carrying out molecular docking studies 

on the Discovery Studio software program v20.1.0.19295, Structure-Based-Design (BIOVIA Inc. San 

Diego, USA). The Aβ42 pentamer and oligomer models were prepared by extracting the coordinates from 

the solved 3D structure of the Aβ42 fibril (PDB id: 5KK3). A binding sphere of 20 Å radius was selected 

and defined as the ligand binding site which covers the 16KLVFFA21 and the C-terminal 

32IGLMVGGVVIA42 hydrophobic regions of the Aβ42. Compound 10a was built in 3D using the Small 

Molecule module in the software and was subjected to energy minimization protocol (1000 and 2000 steps 

of steepest descent followed by conjugate gradient method) using CHARMm force field. The CDOCKER 

algorithm was used to carry out the docking studies. The Receptor-ligand Interactions module in the 

software was used to perform CDOCKER simulations. The docking simulation included 2000 heating steps, 

a heating target temperature of 700 K and 5000 cooling steps and a cooling target temperature of 300 K. 

The top ligand binding modes of selected lead compounds were analyzed by evaluating the CDOCKER 
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energy and CDOCKER interaction energy (in kcal/mol). Further analysis was carried out by determining 

the polar and nonpolar contacts of 10a in the Aβ42 pentamer and fibril assembly. 
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Chapter 5 

Design, Synthesis and Evaluation of N-phenylbenzamide and N-

phenylcarboxamide Derivatives as Aβ Aggregation Modulators 

Below is a list of publications, manuscripts submitted and in preparation along with author names based 

on this chapter:  

Zhao, Y. Rao, P. P. N. (2023). Small molecules N-phenylbenzofuran-2-carboxamide and N-

phenylbenzo[b]thiophene-2-carboxamide promote beta-amyloid (Aβ42) aggregation and mitigate 

neurotoxicity. ACS Chem. Neurosci., 14 (23), 4185-4198. 

Zhao, Y., Singh K., Karuturi C. R., Hefny, A., Shakeri, A., Beazley, M., Rao, P. P. N. N-

(substitutedphenyl)benzofuran-2-carboxamide and N-(substitutedphenyl)benzo[b]thiophene-2-

carboxamide derivatives modulate beta-amyloid (Aβ42) aggregation and mitigate neurotoxicity. 

ChemMedChem (Manuscript in preparation) 

Zhao, Y., Shakeri, A., Karuturi C. R., Hefny, A., Wang, S., Rao, P. P. N. Medicinal chemistry of amyloid-

beta (Aβ) aggregation promotors and Alzheimer’s disease (AD). Eur. J. Med. Chem (Manuscript in 

preparation) 

 

5.1 Introduction 

This chapter features the fourth series of compounds in the proposed library, where the three-carbon α,β-

unsaturated system present in the chalcone template was replaced with an amide bioisostere without any 

other spacer in the linker region to obtain N-phenylbenzamide template.318,319 The structure-activity 

relationship (SAR) modifications for this library of 16 derivatives are shown in Figure 5-1. In this series 

of compounds, the N-phenyl moiety was kept constant while the other end of the molecule was modified 

by incorporating various aromatic rings such as benzene (13a), pyridine (13b, 13c), pyrrole (13h), furan 
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(13i), thiophene (13j). Furthermore, bicyclic aromatic rings were also included, such as naphthalene (13l), 

quinoline (13m), indole (14a), benzofuran (14b), and benzo[b]thiophene (14c). In addition, aliphatic rings 

were also incorporated including cyclohexane (13f), piperidine (13g), and pyrrolidine (13k). Besides, 

known pharmacophores where 3,4-dimethoxylbenzene and 3, 4-difluorobenzene moieties were also 

incorporated in compounds 13d and 13e.320 This chapter describes the synthesis, characterization, and 

evaluation of N-phenylbenzamide and N-phenylcarboxamide class of compounds via biophysical 

(thioflavin T based fluorescence spectroscopy, transmission electron microscopy), biochemical (Aβ42-

induced cytotoxicity in mouse hippocampal HT22 neuronal cell lines) and by computational modelling 

studies. 

 

Figure 5-1. N-Phenylbenzamide and N-phenylcarboxamide derivatives (Series D). This series of 

compounds is featured by an amide bond without any spacer in the linker region. 

 

5.2 Hypothesis 

It is hypothesized that replacing the α,β-unsaturated system presented in either chalcone or curcumin 

with an amide bioisostere will remove the presence of a reactive Michael acceptor and provide drug-like 

properties while retaining their Aβ42 aggregation modulation properties. In the previous chapters, the SAR 

was explored by adding more degrees of freedom into the linker region. These modifications did not 

improve their Aβ42 modulation properties. Therefore, in this chapter, the extra carbon/oxygen linker atoms 

Series D

16 Derivatives
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were removed and instead, the phenyl ring was directly linked to various aromatic substituents to give a 

rigid conformation. These N-phenylbenzamide and carboxamide scaffolds are expected to be shorter in 

length and less flexible which would facilitate better fitting in the KLVFFA and the C-terminal regions of 

Aβ42. In this series of compounds, substituted compounds with known pharmacophores (such as R = 3,4-

dimethoxylbenzene and R = 3,4-difluorobenzene)320, are expected to demonstrate better inhibition of Aβ42-

aggregation due to efficient van der Waals, hydrophobic and hydrogen bonding interactions with Aβ42 and 

also provide neuroprotection against Aβ42-induced cytotoxicity. The SAR was investigated by 

incorporating monocyclic, bicyclic, aromatic, acyclic, 5- and 6-membered rings to study their effect on 

Aβ42 aggregation (Figure 5-1). It is hypothesized these SAR studies will provide novel insights on 

designing Aβ42 aggregation modulators.  

 

5.3 Results and Discussion 

In this section, the synthesis, purification and characterization of the N-phenylbenzamide and N-

carboxamide class of compounds (13a-m and 14a-c) are discussed which is followed by biological activity 

screening, including anti-Aβ42 aggregation assay (thioflavin T, ThT, fluorescence spectroscopy), fibril 

morphology study by transmission electron microscopy, cell viability assay against Aβ42-induced 

cytotoxicity in mouse hippocampal HT22 neuronal cells. Representative compounds from this series were 

used in computational modelling studies to understand their interactions with Aβ42 using the solved 3D 

structures to understand the mechanisms of their anti-aggregation and aggregation modulating properties.  

 

5.3.1 Synthesis 

The retro-synthetic analysis of the compound library suggests that the starting building blocks can be 

coupled to form the amide bond using suitable substrates to obtain the N-phenylbenzamide and N-

phenylcarboxamide derivatives. This was achieved through either the direct coupling of acid halides (2a-
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m) with primary amines (aniline 12, Method A) or by coupling the carboxylic acids with primary amines 

(aniline 12, Method B). The preference for using the acid halides versus carboxylic acids coupling method 

was made based on the commercial availability and cost-effectiveness of the starting materials. With that 

being said, compounds 13a-m were synthesized via Method A as shown in Scheme 5-1, whereas 

compounds 14a-c were synthesized by method B as shown in Scheme 5-2.  

 

 

Scheme 5-1. Synthetic scheme to prepare 13a-m by coupling aniline (12) with corresponding acid chlorides 

(2a-m). Reagents and conditions: (a) TEA, THF, room temperature/reflux 2-24 h. 

 

 

Scheme 5-2. Synthetic scheme to prepare 14a-c by coupling aniline (12) with corresponding carboxylic 

acids (4a-c). Reagents and conditions: (b) EDC•HCl, HOBt, TEA, THF, room temperature overnight or 

under reflux conditions for 24h. 
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In Method A, aniline (12) was coupled with corresponding acid halides. Considering the leaving group 

capability and reactivity, acid chlorides (2a-m) were used in the reactions. The reaction mechanism (Figure 

5-2) is described as follows: first, the nucleophilic amine 12 attacks the electrophilic carbonyl carbon of the 

acid chloride to form a tetrahedron intermediate by nucleophilic addition; next, chloride serves as a good 

leaving group and then is eliminated from the tetrahedron intermediate; then hydrochloric acid is also 

formed as the reaction by-product which can neutralize the base triethylamine (TEA) to facilitate product 

formation. 322 The overall yields of these reactions range from 82.3- 91.6 %. The analytical data for 13a-m 

(1H NMR, MS and purity data by LCMS) are given below. Analytical spectral data for all the final 

compounds are given in Appendix D. 

 

 

Figure 5-2. Nucleophilic acyl substitution mechanism which includes three major steps: (1) addition of 

nucleophile to the electrophilic carbonyl carbon. (2) elimination of the leaving group. (3) loss of proton. 

 

5.3.1.1 N-Benzylbenzamide (13a) 

The product was obtained as a white solid (Yield = 91.6%). 1H NMR (300 MHz, DMSO-d6): δ 10.24 (s, 

1H), 8.01 – 7.91 (m, 2H), 7.83 – 7.73 (m, 2H), 7.66 – 7.48 (m, 3H), 7.42 – 7.30 (m, 2H), 7.17 – 7.05 (m, 

1H). mp: 167-170 °C. ESI-MS, m/z calcd for C13H11NO [M+H]+ 198.1, found 198.1. Purity: 99.73% 

(LCMS).  
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5.3.1.2 N-Benzylisonicotinamide (13b) 

The product was obtained as a white solid (Yield = 90.8%). 1H NMR (300 MHz, DMSO-d6): δ 10.49 (s, 

1H), 8.85 – 8.74 (m, 2H), 7.92 – 7.83 (m, 2H), 7.77 (d, J = 8.0 Hz, 2H), 7.45 – 7.31 (m, 2H), 7.20 – 7.10 

(m, 1H). mp: 176-179 °C. ESI-MS, m/z calcd for C12H10N2O [M+H]+ 199.1, found 199.1. Purity: 97.99% 

(LCMS).  

 

5.3.1.3  N-Benzylpicolinamide (13c) 

The product was obtained as a white solid (Yield = 86.4%). 1H NMR (300 MHz, DMSO-d6): δ 10.62 (s, 

1H), 8.75 (d, J = 4.7 Hz, 1H), 8.22 – 8.02 (m, 2H), 7.91 (d, J = 8.1 Hz, 2H), 7.74 – 7.64 (m, 1H), 7.37 (t, J 

= 7.8 Hz, 2H), 7.13 (t, J = 7.4 Hz, 1H). mp: 83-86 °C. ESI-MS, m/z calcd for C12H10N2O [M+H]+ 199.1, 

found 199.1. Purity: 96.88% (LCMS).  

 

5.3.1.4 N-Benzyl-3,4-dimethoxybenzamide (13d) 

The product was obtained as a white solid (Yield = 85.6%). 1H NMR (300 MHz, DMSO-d6) δ 10.06 (s, 

1H), 7.80 – 7.71 (m, 2H), 7.63 (dd, J = 8.3, 2.1 Hz, 1H), 7.54 (d, J = 2.1 Hz, 1H), 7.41 – 7.30 (m, 2H), 7.15 

– 7.04 (m, 2H), 3.85 (s, 3H), 3.84 (s, 3H). mp: 169-172 °C. ESI-MS, m/z calcd for C15H15NO3 [M+H]+ 

258.1, found 258.1. Purity: 97.7% (LCMS).  

 

5.3.1.5 N-Benzyl-3,4-difluorobenzamide (13e) 

The product was obtained as a white solid (Yield = 89.3%). 1H NMR (300 MHz, DMSO-d6) δ 10.30 (s, 

1H), 8.11 – 7.98 (m, 1H), 7.92 – 7.82 (m, 1H), 7.76 (d, J = 8.3 Hz, 2H), 7.63 (dd, J = 9.0 Hz, 1H), 7.37 (t, 

J = 7.8 Hz, 2H), 7.13 (t, J = 7.4 Hz, 1H). mp: 171-174 °C. ESI-MS, m/z calcd for C13H9F2NO [M+H]+ 

234.1, found 234.1. Purity: 99.43% (LCMS).  
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5.3.1.6 N-Benzylcyclohexanecarboxamide (13f) 

The product was obtained as a white solid (Yield = 84.5%). 1H NMR (300 MHz, CDCl3) δ 7.51 (d, J = 

7.9 Hz, 2H), 7.34 – 7.21 (m, 2H), 7.07 (t, J = 7.4 Hz, 1H), 2.21 (tt, J = 11.7, 3.5 Hz, 1H), 2.00 – 1.75 (m, 

5H), 1.74 – 1.43 (m, 2H), 1.39 – 1.16 (m, 4H). mp: 147-150 °C. ESI-MS, m/z calcd for C13H17NO [M+H]+ 

204.1, found 204.1. Purity: 99.81% (LCMS).  

 

5.3.1.7 N-Benzylpiperidine-1-carboxamide (13g) 

The product was obtained as a white solid (Yield = 88.7%). 1H NMR (300 MHz, CDCl3) δ 7.42 – 7.25 

(m, 4H), 7.04 (t, J = 7.3 Hz, 1H), 6.35 (s, 1H), 3.52 – 3.43 (m, 4H), 3.20 – 3.16 (m, 1H), 1.71 – 1.52 (m, 

3H), 1.28 (s, 2H). mp: 239-242 °C. ESI-MS, m/z calcd for C12H16N2O [M+H]+ 205.1, found 205.1. Purity: 

99.65% (LCMS).  

 

5.3.1.8 N-Benzyl-1H-pyrrole-2-carboxamide (13h) 

The product was obtained as a white solid (Yield = 82.3%). 1H NMR (300 MHz, CDCl3): δ 9.50 (br s, 

1H), 7.51–7.12 (m, 5H), 6.92–6.90 (m, 1H), 6.53–6.51 (m, 1H), 6.23–6.20 (m, 1H), 6.13 (br s, 1H). mp: 

152-155 °C. ESI-MS, m/z calcd for C12H13N2O [M+H]+ 201.1, found 201.1. Purity: 98.26% (LCMS).  

 

5.3.1.9 N-Benzylfuran-2-carboxamide (13i) 

The product was obtained as a white solid (Yield = 90.6%). 1H NMR (300 MHz, DMSO-d6): δ 10.16 (s, 

1H), 7.94 (s, 1H), 7.75 (d, J = 8.0 Hz, 2H), 7.40 – 7.29 (m, 3H), 7.10 (t, J = 7.3 Hz, 1H), 6.75 – 6.67 (m, 

1H). mp: 126-129 °C. ESI-MS, m/z calcd for C11H9NO2 [M+H]+ 188.1, found 188.1. Purity: 99.74% 

(LCMS).  
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5.3.1.10 N-Benzylthiophene-2-carboxamide (13j) 

The product was obtained as a white solid (Yield = 86.9%). 1H NMR (300 MHz, DMSO-d6): δ 10.21 (s, 

1H), 8.03 (d, J = 3.7 Hz, 1H), 7.86 (d, J = 5.0 Hz, 1H), 7.72 (d, J = 8.3 Hz, 2H), 7.36 (t, J = 7.8 Hz, 2H), 

7.23 (t, J = 4.4 Hz, 1H), 7.11 (t, J = 7.4 Hz, 1H). mp: 149-152 °C. ESI-MS, m/z calcd for C11H9NOS 

[M+H]+ 204.1, found 204.1. Purity: 99.56% (LCMS).  

 

5.3.1.11 N-Benzylpyrrolidine-1-carboxamide (13k) 

The product was obtained as a white solid (Yield = 88.1%). 1H NMR (300 MHz, CDCl3) δ 7.48 – 7.36 

(m, 2H), 7.36 – 7.24 (m, 3H), 7.03 (t, J = 7.3 Hz, 1H), 6.21 (s, 1H), 3.53 – 3.43 (m, 4H), 2.04 – 1.91 (m, 

4H). mp: 125-128 °C. ESI-MS, m/z calcd for C11H14N2O [M+H]+ 191.1, found 191.2. Purity: 96.60% 

(LCMS).  

 

5.3.1.12 N-Benzyl-1-naphthamide (13l) 

The product was obtained as a white solid (Yield = 87.6%). 1H NMR (300 MHz, DMSO-d6): δ 10.56 (s, 

1H), 8.23 – 8.14 (m, 1H), 8.09 (d, J = 8.2 Hz, 1H), 8.06 – 7.99 (m, 1H), 7.86 – 7.68 (m, 3H), 7.68 – 7.56 

(m, 3H), 7.38 (t, J = 7.7 Hz, 2H), 7.13 (t, J = 7.4 Hz, 1H). mp: 164-167 °C. ESI-MS, m/z calcd for C17H13NO 

[M+H]+ 248.1, found 248.1. Purity: 98.87% (LCMS).  

 

5.3.1.13 N-Benzylquinoline-2-carboxamide (13m) 

The product was obtained as a white solid (Yield = 85.7%). 1H NMR (300 MHz, DMSO-d6): δ 10.74 (s, 

1H), 8.65 (d, J = 8.6 Hz, 1H), 8.32 – 8.21 (m, 2H), 8.14 (d, J = 8.1 Hz, 1H), 8.00 – 7.88 (m, 3H), 7.77 (t, J 
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= 7.5 Hz, 1H), 7.42 (t, J = 7.7 Hz, 2H), 7.17 (t, J = 7.4 Hz, 1H). mp: 142-145 °C. ESI-MS, m/z calcd for 

C16H12N2O [M+H]+ 249.1, found 249.1. Purity: 99.2% (LCMS).  

 

Method B was used to synthesize N-phenethylcarboxamide derivatives (14a-c, Scheme 5-2). Compared 

to acid chlorides, carboxylic acids are less reactive due to the electron-donating nature of the hydroxyl 

group. This can influence the reaction progress, yield and purity of the products. However, this limitation 

can be overcome by activating the carboxylic acid (4a-c) with the assistance of carbodiimide-dehydrating 

reagents, such as 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC). 323,324 The detailed reaction 

mechanism is shown in Figure 5-3. The carboxylic acids can be transformed into an ester intermediate. In 

the presence of an activator, such as hydroxyltriazole (HOBt), the nucleophilic activator attacks the 

carbonyl carbon of the ester intermediate so that an active ester is formed. 325 The active ester contains a 

better leaving group compared to the original carboxylic acid so that it can react with aniline (12) via 

nucleophilic acyl substitution as mentioned in the previous paragraph. The by-product urea formed as a 

result of using EDC as dehydrating reagent is water-soluble and therefore, can be washed away by aqueous 

extraction in the post-reaction workup. The overall yields of these reactions range from 82.7 to 88.9 %. The 

analytical data (1H NMR, MS and purity data by LCMS) for compounds 14a-c are given below. Analytical 

spectral data for all the final compounds are given in Appendix D. 
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Figure 5-3. Reaction mechanism to obtain 14a-c using dehydrating agent EDC and activator HOBt for 

coupling aniline (12) and corresponding carboxylic acids (4a-c). 

 

5.3.1.14 N-Benzyl-1H-indole-2-carboxamide (14a) 

The product was obtained as a white solid (Yield = 90.6%). 1H NMR (300 MHz, DMSO-d6): δ 11.74 (s, 

1H), 10.20 (s, 1H), 7.82 (d, J = 8.0 Hz, 2H), 7.68 (d, J = 8.0 Hz, 1H), 7.51 – 7.32 (m, 4H), 7.23 (t, J = 7.6 

Hz, 1H), 7.18 – 7.02 (m, 2H). mp: 197-200 °C. ESI-MS, m/z calcd for C15H12N2O [M+H]+ 237.1, found 

237.1.Purity: 98.17% (LCMS).  

 

5.3.1.15 N-Benzylbenzofuran-2-carboxamide (14b) 

The product was obtained as a white solid (Yield = 82.9%). 1H NMR (300 MHz, DMSO-d6) δ 10.52 (s, 

1H), 7.92 – 7.70 (m, 5H), 7.52 (t, J = 7.8 Hz, 1H), 7.38 (t, J = 7.5 Hz, 2H), 7.14 (t, J = 7.3 Hz, 1H). mp: 

160-163 °C. ESI-MS, m/z calcd for C15H11NO2 [M+H]+ 238.1, found 238.1. Purity: 96.37% (LCMS).  
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5.3.1.16 N-Benzylbenzo[b]thiophene-2-carboxamide (14c) 

The product was obtained as a white solid (Yield = 88.3%). 1H NMR (300 MHz, CDCl3 δ 10.51 (s, 1H), 

8.37 (s, 1H), 8.11 – 7.97 (m, 2H), 7.87 – 7.74 (m, 2H), 7.57 – 7.44 (m, 2H), 7.39 (t, J = 7.8 Hz, 2H), 7.14 

(t, J = 7.4 Hz, 1H). mp: 190-193 °C. ESI-MS, m/z calcd for C15H11NOS [M+H]+ 254.1, found 254.1. Purity: 

99.16% (LCMS).  

 

5.3.2 Modulatory activity on amyloid-beta aggregation  

5.3.2.1 Results overview 

The modulatory activity of N-phenylbenzamide and carboxamide derivatives 13a-m and 14a-c on Aβ42 

aggregation was evaluated using the ThT aggregation kinetic assay.326–329 It is the golden standard used in 

the field for rapid screening of small molecules to determine their Aβ42 aggregation modulation activity.330–

333 In this assay, ThT was used as the fluorescent dye which can selectively bind to the β-sheet structure of 

various forms of aggregated Aβ42. Upon binding, ThT gives a characteristic increase in the fluorescence 

reading (FLR) which is directly proportional to the amount of Aβ aggregates formed. By comparing the 

FLR of the Aβ42 control and in the presence of various test compounds, the percentage inhibition (PI) can 

be calculated at the end of the assay. If the FLR is lower than that of the control, it indicates that the 

compounds are inhibiting the Aβ42 aggregation. Similarly, if the FLR is higher than that of control, it 

indicates that the compounds are able to promote the Aβ42 aggregation. Compounds that are able to inhibit 

Aβ42 aggregation are termed aggregation inhibitors (AI) and compounds that are able to promote Aβ42 

aggregation are termed aggregation promotors (AP), whereas compounds that weakly modulate the 

aggregation are termed weak aggregation modulators (WAM). Initially, all the test compounds were 

screened at 25 µM to determine their effect on Aβ42 aggregation. Compounds that show promising activity 

were further evaluated over a concentration range (1, 5, 10, 25 µM) to determine the aggregation kinetics. 
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Resveratrol (RVT) which is a known inhibitor of Aβ42 aggregation was also included in the assay as the 

reference compound for comparison. 334 

In Figure 5-4, the ThT aggregation kinetic curves of N-phenylbenzamide and carboxamide derivatives 

13a-m and 14a-c were shown. In each panel, the blue curve at the bottom is the ThT background readings 

which suggests that ThT has no interference on the FLR in monitoring the aggregation of Aβ42. The red 

curve shows the Aβ42 aggregation in the absence of test compounds. In these curves, some characteristics 

of Aβ42 aggregation can be observed. It is a sigmoidal curve characterized by a very short lag phase (~ 30 

min) which is followed by a rapid growth phase spanning the time course from around 0.5 h to 10 h. Then, 

the FLR tends to be stable with readings hovering around 8,000 RFU, indicating the aggregation process 

has reached the equilibrium status. Such saturation phase was maintained until the end of the assay at 24 h. 

Compared to the Aβ42 control, other curves, in the presence of different N-phenylbenzamide and 

carboxamide derivatives (Figure 5-4, A: 13a-d, RVT, B: 13e-h, C: 13i-l, D: 13m, 14a-c) shared similar 

shapes without any major differences. This observation suggests that these derivatives are not able to alter 

the aggregation kinetics by either shortening or extending the lag/growth phase. However, lower FLR at 

the saturation phase than Aβ42 control for these curves was observed at the 24 h time point which indicates 

that some derivatives were capable of reducing the formation of Aβ42 fibrils. When co-incubating the 

reference compound RVT with Aβ42 (Figure 5-4 A), a dramatic decrease in the FLR was noticed in the 

saturation phase with FLR below 2,000 RFUs after 18 h. Such observation is not surprising as RVT is a 

very potent Aβ42 AI.334 However, to our surprise, most of the test compounds in this series exhibited pro-

aggregation activities (compound 13c, 13e, 13g, 13j, 13l, 13m and 14a-c, Table 5-1). 
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Figure 5-4. The Aβ42 aggregation kinetic curves for N-phenylbenzamide and carboxamide derivatives 

(13a-m and 14a-c) in the ThT-based fluorescence assay. (A) Aggregation kinetic curves derivatives 13a-d 

and reference compounds resveratrol (RVT). (B) Aggregation kinetic curves derivatives 13e-h. (C) 

Aggregation kinetic curves derivatives 13i-l. (D) Aggregation kinetic curves derivatives 13m,and 14a-c. 

The derivatives (25 µM) were incubated with Aβ42 (10 µM) for 24 h at 37 ˚C, pH 7.4 and the ThT 

fluorescence was monitored (excitation = 440 nm, emission = 490 nm). Results were obtained based on 

triplicate readings from three independent experiments. 

 

Table 5-1 shows the anti-aggregation activity of test compounds as the percentage inhibition (PI) and 

Figure 5-5 shows a bar plot of PI at the 24 h time point. A total of 6 out of 16 compounds from this series 

exhibited anti-Aβ42 activity in the ThT-based fluorescence assay with activity ranging from 9.0 - 24.7 %. 

Another 6 out of 16 compounds in this series exhibited pro-aggregation activities with promotion ranging 

from 20.2 – 412.2 %. Compound 13a (R = benzene) exhibited 12.1± 5.2 % inhibition which is much lower 

than the compound containing same R group in the previous chapter (3a, Chapter 2, 27.1 % inhibition; 7a, 

Chapter 3, 28.6 % inhibition; 10a, Chapter 4, 26.5 % inhibition). Replacing the benzene ring with more 

polar pyridine bioisostere in compound 13b, the anti-aggregation activity was maintained (12.5 ± 5.0 % 

inhibition). Interestingly, compound 13c (R = pyridine) exhibited pro-aggregation activity instead of 
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inhibition (20.2 ± 8.15 % promotion). Incorporation of the known anti-Aβ pharmacophores in 13d and 13e 

did not improve the activities as expected. Compound 13d (R = 3,4-dimethoxylbenzene) was not active in 

modulating the aggregation of Aβ42 and 13e (R = 3,4-difluorobenzene) was an aggregation promotor (24.0 

± 6.47 % promotion). Incorporating aromatic 5-member heterocyclic rings showed mixed results. 

Compound 13h (R = pyrrole) was able to exhibit moderate anti-aggregation activity with PI of 21.7 ± 2.6 %, 

whereas compound 13i (R = furan) only exhibited PI of 20.8 ± 0.6 %. However, compound 13j was an AP 

with the ability to promote the aggregation by 24.7 ± 1.5 %. Furthermore, the aliphatic ring containing 

derivatives showed moderate anti-aggregation activities, except for 13g (R = piperidine) which is a WAM. 

For example, compound 13f (R = cyclohexane) showed PI of 21.7 ± 2.6 % and compound 13k (R = 

pyrrolidine) showed PI of 24.6 ± 5.3 %. When the R groups were replaced by bicyclic aromatic rings, mixed 

results were seen regarding their modulatory activities on the aggregation. For example, compounds 13l (R 

= naphthalene) and 14a (R = indole) were WAM, whereas 13m (R= quinoline) showed pro-aggregation 

property with the ability to promote the aggregation by 36.8 ± 6.8 %. Interestingly, for compound 14b (R 

= benzofuran) and 14c (R = benzo[b]thiophene), these two derivatives exhibited remarkable ability to 

promote the Aβ42 aggregation. Compound 14b was able to promote the aggregation by 3.76-fold and 14c 

was able to promote the aggregation by 4.12-fold. Given their striking pro-aggregation properties, these 

two compounds were selected for further evaluation (Section 5.3.2.2). 
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Table 5-1. Percent inhibition (PI) of N-phenylbenzamide and carboxamide derivatives (13a-m and 14a-c), 

resveratrol (RVT), and chalcone (CHL) at 25 µM on Aβ42 (10 µM) aggregation. 

 

Cmpd % Inhibitiona CLogPb   Cmpd % Inhibitiona CLogPb 

13a 12.14 ± 5.20 2.65   13i 9.03 ± 0.64 1.83 

13b 12.56 ± 5.04 1.15  13j -24.67 ± 1.51d 2.30 

13c -20.20 ± 8.15d 1.50  13k 24.57 ± 5.27 1.29 

13d NAc 2.14  13l NAc 3.82 

13e -24.01 ± 6.47d 2.87  13m -36.76 ± 6.81 2.89 

13f 21.68 ± 2.59 3.19  14a NAc 2.98 

13g NAc 1.85  14b -376.36 ± 22.08d 3.21 

13h 20.79 ± 0.59 1.60  14c -412.18 ± 0.74d 3.68 

RVT 81.3 ± 5.6 2.83 
 

CHL -112.29 ±7.13d 3.62 

 

a Percent inhibition was calculated at the 24 h time point in the ThT aggregation kinetics assay. The results 

shown are average ± standard deviation of triplicate readings based on three independent experiments. 
b CLogP values were calculated with ChemDraw. 
c NA, not active indicating the compounds are WAM. 
d Negative PI indicates the compounds can promote the aggregation. 

 

 
Figure 5-5. Percentage inhibition (PI) of N-phenylbenzamide and carboxamide derivatives (13a-m and 

14a-c) at 25 µM on Aβ42 (10 µM) aggregation.  

 

 

5.3.2.2 Modulatory activity of AP 14b and 14c on amyloid-beta aggregation 

In this sub-section, the pro-aggregation activity of 14b and 14c on Aβ42 was explored in more detail. 

Lead compounds, together with known AI resveratrol (RVT) were tested in ThT aggregation kinetic assays 

at four different concentrations 1 µM, 5 µM, 10 µM, and 25 µM respectively. To rule out interference in 
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the ThT assay due to competing fluorescence and or fluorescence quenching, we also ran control 

experiments to determine if 14b and 14c could potentially interfere in the ThT assay. These control 

experiments were carried out at 25 µM of 14b and 14c in the presence of ThT. The results from these 

control experiments clearly show that both 14ba and 14c show no interference in the ThT assay (Figure 

5-6). Incubation of various concentrations of RVT (1, 5, 10 and 25 µM) with Aβ42, led to a concentration-

dependent decline in the ThT RFU, indicating the inhibition of Aβ42 aggregation and fibrillogenesis 

(Figure 5-7 C). At 1 µM, RVT exhibited ~15% inhibition of Aβ42 aggregation at 24 h time point which 

gradually increased to ~34%, 49% and 59% inhibition at 5, 10 and 25 µM respectively. At all the 

concentrations, RVT was able to reduce Aβ42 fibrillogenesis and fibril load. In contrast, in the presence of 

14b, there was a dramatic increase in the ThT RFU as shown in Figure 5-7 A. Strikingly there was 

significant promotion in Aβ42 fibrillogenesis in the presence of 1, 5, 10 and 25 µM of 14b with the 

maximum increase in RFU observed at 25 µM. For example, at 1 µM, 14b was able to increase Aβ42 

fibrillogenesis by 1.58-fold followed by a drastic promotion at 5 µM (2.65-fold), 10 µM (4.15-fold) and 25 

µM (4.76-fold) respectively (Figure 5-8). Similarly, incubation of 14c with Aβ42 also led to a drastic 

promotion in Aβ42 fibrillogenesis (Figure 5-7 B). Compound 14c promoted Aβ42 fibrillogenesis by a 2.98-

fold increase at 1 µM, a 4.35-fold increase at 5 µM, a 4.55-fold increase at 10 µM, and a 5.12-fold increase 

at 25 µM respectively (Figure 5-8). Interestingly, chalcone can also promote the aggregation of Aβ42, 

however, its pro-aggregation capacity was less dramatic than that of derivatives 14b and 14c (Figure 5-7 

D). At lower concentrations (1 and 5 µM), chalcone exhibited limited modulative activity on the 

aggregation with folds of aggregation around 1-fold in aggregation (Figure 5-8). At higher concentrations, 

there was 1.4 and 2.1-fold in aggregation at 10 µM and 25 µM respectively (Figure 5-8). Our results 

demonstrate that both 14b and 14c were able to promote Aβ42 fibrillogenesis and significantly increase the 

Aβ42 fibril load during the 24 h incubation period (Figure 5-7 D). This study demonstrates, for the first 

time, the unique properties of small molecules 14b and 14c in modulating Aβ42 aggregation kinetics. 
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Considering these unusual results, both 14b and 14c were further evaluated with additional experiments to 

better understand the molecular mechanisms of their pro-aggregation activity. 

 

 

 

Figure 5-6. Spectrometric background reading of 14b, 14c, RVT. (A) ThT-based aggregation 

kinetics background interference reading. The results presented are the average of two independent 

experiments in triplicate measurements. (B) UV scanning of assay buffer (blank), 14b, 14c and RVT. 
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Figure 5-7. ThT-based 24 h aggregation kinetics of Aβ42 (10 μM) in the absence and presence of RVT, 

14b and 14c at 1, 5, 10, and 25 μM respectively at 37 °C, pH 7.4. (A) Aggregation kinetic curves for 14b; 

(B) aggregation kinetics curves for 14c; (C) aggregation kinetic curves for resveratrol (RVT); (D) 

aggregation kinetic curves for chalcone (CHL). Aggregation kinetics were monitored by measuring ThT 

fluorescence (excitation = 440 nm, emission = 490 nm). Results are averages of three independent 

experiments in triplicate measurements. 

 

 

 
Figure 5-8. Fold(s) of aggregation of lead compounds from N-phenylbenzamide and carboxamide 

derivatives (14b and 14c), and chalcone (CHL) at 1, 5, 10, 25 µM on Aβ42 (10 µM) aggregation. 
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5.3.3 Transmission electron microscopy of lead AP 14b and 14c 

In order to confirm the promotion of Aβ42 fibrillogenesis by 14b and 14c observed in the ThT 

aggregation kinetics assay, transmission electron microscopy (TEM) experiments were carried out by 

incubating Aβ42 with different concentrations of RVT, 14b and 14c, and the fibril morphology was 

determined. The TEM images obtained after 24 h incubation with Aβ42 are shown in Figure 5-9 A. In the 

absence of test compounds, Aβ42 alone underwent aggregation to form typical long, elongated and 

branched fibrils as can be seen from their morphology. Incubating the known inhibitor RVT at 1, 5, 10 and 

25 µM led to a reduction in the formation of Aβ42 aggregates evidenced by a reduction in the density of 

long and branched Aβ42 fibrils in a concentration-dependent manner with the most drastic reduction seen 

at 25 µM. In contrast, in the presence of 14b, the formation of dense fibrils increased proportionately with 

increasing in the concentration of 14b, going from 1 µM to 25 µM, with a maximum increase in fibril 

density seen at 25 µM. Investigating the Aβ42 fibril morphology in the presence of 14c also demonstrated 

a similar trend with significant increases in the formation of dense fibrils with increasing concentrations of 

14c. At 25 µM, 14c was able to promote Aβ42 fibrillogenesis to a significant extent. Next, all of these TEM 

images were further processed using the ImageJ software to quantify the data as the percentage area covered 

by the fibrils (Figure 5-9 B). In the absence of test compounds, the area covered by Aβ42 fibrils was ~28%. 

With an increasing concentration of known inhibitor, RVT, co-incubated with Aβ42, the percentage area 

reduced in concentration-dependently with the percentage reduced from 30% (Aβ42 control) to ~26%, 24%, 

21%, 17% at 1, 5, 10, 25 µM respectively. For 14b, the percentage area increased to ~35%, 40%, 47%, 48% 

at 1, 5, 10, 25 µM. A similar trend was also observed for 14c, with a slightly higher percentage area 

calculated (percentage area ~38%, 46%, 52%, 56% at 1, 5, 10, 25 µM) compared to 14b at each 

concentration which is aligned well with ThT aggregation kinetic assay results. In contrast, the chalcone 

compound exhibited weaker ability to promote the Aβ42 aggregation at all the tested concentrations and 

the quantitative TEM analysis showed a percentage area of around 28%. These TEM studies further provide 

evidence of the ability of 14b and 14c to promote Aβ42 fibrillogenesis. 
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Figure 5-9. TEM images of Aβ42 (10 μM) alone and in the presence of 14b, 14c, resveratrol (RVT) and 

chalcone (CHL) at 1, 5, 10, and 25 μM respectively after 24 h incubation at 37 °C, pH 7.4. (A) TEM image 

of Aβ42 in the absence and presence of RVT, 7a and 7b at 1, 5, 10, and 25 μM respectively. (B) 

Quantification of TEM images of Aβ42 in the absence and presence of 14b, 14c, RVT, and CHL at 1, 5, 

10, and 25 μM respectively. The images were analyzed by ImageJ and the percentage area covered by fibrils 

was measured. Image Scale: 100 nm. 
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5.3.4 8-Anilino-1-naphthalene sulfonicacid binding assay 

Due to the striking promotion in Aβ42 fibrillogenesis observed in the ThT aggregation kinetics studies, 

we investigated the effect of 14b and 14c on 8-anilino-1-naphthalenesulfonic acid (ANS) fluorescence, to 

probe the ability of these compounds to expose the hydrophobic regions of Aβ42 aggregates. This helps to 

understand the mechanisms of the promotion of fibrillogenesis in the presence of 14b and 14c. In phosphate 

buffer solution, ANS exhibited an emission maximum at around 520 nm along with weak fluorescence 

intensity (RFU ~ 0.17, Figure 5-10). In the presence of Aβ42 fibrils, there was a clear blue shift with the 

emission maximum moving to 490 nm and a ~2-fold jump in the RFU (Figure 5-10), demonstrating the 

formation of Aβ42 aggregates with exposed ANS binding sites. In the presence of known inhibitor RVT, 

the RFU decreased in a concentration-dependent manner across the concentration range tested (1, 5, 10 and 

25 µM), with the lowest reading observed 25 µM (Figure 5-10 C). There was no change in the emission 

maximum (490 nm) which suggests that RVT was able to reduce Aβ42 fibrillogenesis as seen in the ThT 

assay. In contrast, in the presence of either 14b or 14c, the fluorescent intensity of ANS showed a significant 

concentration-dependent increase compared to Aβ42 control. The fluorescent intensity of ANS was 

increased by 1.4-fold (RFU = 0.51,) in the presence of 14b (25 µM, Figure 5-10 A) compared to Aβ42 

control, whereas the fluorescent intensity of ANS was increased by 1.3-fold (RFU = 0.46) in the presence 

of 14c (25 µM, Figure 5-10 B). There was no change in the emission maximum (490 nm). This clearly 

shows that both compounds 14b and 14c are able to bind and modulate the conformation of Aβ42 

aggregates thereby exposing additional ANS binding hydrophobic surface. Similarly, in order to rule out 

fluorescence interference arising from compounds, we conducted control experiments with 25 µM 14b and 

14c in the presence of ANS. The results indicate that none of the compounds showed interference in the 

ANS assay (Figure 5-11 A). Inspired by these results, we were curious to see what other information the 

ANS binding assay could tell at an early stage of the aggregation process. Therefore, the assay was 

conducted at time points 0 h, 1 h, and 8 h during the aggregation with the hope of investigating the 

hydrophobic feature of Aβ monomer, oligomer, and early immature fibrils. Interestingly, we did not observe 
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significant differences in the ANS FLR between groups at these time points (Figure 5-11 B-D), indicating 

that 14b and 14c might interact with higher order fibrils, such as protofibrils and fibrils, and thus expose 

their hydrophobic surface to form much more stable and less toxic/nontoxic fibrils.  

  

Figure 5-10. ANS binding assay of 14b, 14c, and RVT with Aβ42 (10 μM) at 1, 5, 10, and 25 μM 

respectively after 24 h incubation at 37 °C, pH 7.4. The ANS fluorescence readings were taken at excitation 

380 nm, emission 400 nm to 600 nm with 10 nm increments. Results are averages of three independent 

experiments in triplicate measurements. (A) ANS spectrum of 14b in the presence of Aβ42; (B) ANS 

spectrum of 14c in the presence of Aβ42; (C) ANS spectrum of RVT in the presence of Aβ42; (D) 

Comparison of ANS fluorescence reading of 14b, 14c, and RVT (25 μM) at 490 nm in the presence of 

Aβ42. *p < 0.01 compared to Aβ42 control group, **p < 0.01 compared to Aβ42 control group (one-way 

ANOVA). 
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Figure 5-11. ANS binding assay of 14b, 14c, and RVT with Aβ42 (10 μM) at 1, 5, 10, and 25 μM 

respectively incubated at 37 °C, pH 7.4. The ANS fluorescence readings were taken at excitation 380 nm, 

emission 400 nm to 600 nm with 10 nm increments. Results are averages of three independent experiments 

in triplicate measurements. (A) ANS background readings in the absence of Aβ42; (B) ANS binding assay 

of Aβ42 at 0 h; (C) ANS binding assay of Aβ42 at 1 h; (D) ANS binding assay of Aβ42 at 8 h.  

 

 

5.3.5 Neuroprotective effects against Aβ42-induced cytotoxicity 

The discovery of Aβ42 pro-aggregation activity of 14b and 14c in the ThT fluorescence assay and TEM 

studies led us to investigate the effects of these two compounds in Aβ42-induced cytotoxicity in mouse 

hippocampal HT22 neuronal cells. The known Aβ aggregation inhibitor RVT was used as a reference agent 

for comparison. Initially, the effect of 14b, 14c and RVT (25 µM each) alone, toward HT22 cells was 

evaluated. None of the compounds showed any toxicity and they were able to maintain excellent cell 
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viability after 48 h of incubation (Figure 5-12 A). Next, treating the cells with Aβ42 (20 µM) for 48 h, led 

to significant cell death (~20% cell viability, Figure 5-13 A). In contrast, incubating the Aβ42 treated HT22 

cells with either 14b or 14c (25 µM each), led to a dramatic increase in cell viability. Both 14b and 14c 

were able to rescue HT22 hippocampal cells from Aβ42-induced cytotoxicity (Figure 5-13 A). Both 14b 

and 14c exhibited ~74% cell viability in the presence of Aβ42, a ~2.96–fold increase in cell viability 

compared with Aβ42 treated group (~20% cell viability). The reference compound, Aβ42 aggregation 

inhibitor RVT, was also able to rescue HT22 hippocampal cells from Aβ42-induced cytotoxicity (~30% 

cell viability, Figure 5-13 A). However, it was not effective as 14b and 14c. These results suggest that both 

14b and 14c are able to modulate the conformation of Aβ42 and promote the formation of nontoxic 

aggregates in the cellular environment further demonstrating their ability to modify the toxic Aβ42 

aggregates into less toxic/nontoxic forms. 
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Figure 5-12. (A) Neuroprotective effects of 14b, 14c, and RVT at 25 μM on HT22 cells without Aβ42 after 

48 h incubation. The cell viability was determined by cell counting kit-8 (CCK-8). The results are averages 

of three independent experiments with 5 replicates in each run. (B-E) Fluorescence cell imaging in the 

absence of Aβ42. Cell membranes were stained by Bio Tracker 490 and visualized with GFP filter; cell 

nuclei were stained by Hoechst 33342 and visualized with DAPI filter. (B) Untreated cell; (C) 14b at 25 

μM; (D) 14c at 25 μM; (E) RVT at 25 μM. Image scale: 200 μm. 

 

Live cell imaging studies were also carried out to determine the effect of 14b and 14c in HT22 cells 

incubated with Aβ42. The cell membrane was stained with BioTracker 490 dye, the nucleus was stained 

with Hoechst 33342 dye and Aβ42 aggregates were visualized using the ProteoStat® dye. Treating HT22 

cells with 14b or 14c or RVT (25 µM) alone did not affect their viability or morphology as the green 

fluorescence of star-shaped cells and dendritic outgrowths were clearly visible (Figure 5-12 B-E). The 

nucleus of neuronal cells was also observed (blue stain). These imaging studies demonstrate that the HT22 

cells were in a healthy state when treated with 14b or 14c or RVT after 48 h incubation. Fluorescence 

images of HT22 cells treated with Aβ42 (20 μM) alone for a period of 48 h demonstrated significant 

cytotoxicity as the green fluorescence was barely visible, which indicates the loss of membrane integrity 

and cell death (Figure 5-13 C). In addition, Aβ42 aggregates stained by ProteoStat® were visible. Strikingly, 

in the presence of either 14b or 14c (25 µM each), merged fluorescence images clearly show the presence 

of healthy neuronal cells treated with Aβ42 as indicated by the observation of green fluorescence signals 

demonstrating cell membrane integrity and the presence of star-shaped cells (Figure 5-13 D, E). 
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Furthermore, fluorescence imaging studies also showed that 14b and 14c were also able to promote the 

formation of Aβ42 aggregates as seen with increases in the amount of ProteoStat® positive stains compared 

to cells treated with Aβ42 alone. This further demonstrates the ability of compounds 14b and 14c to promote 

Aβ42 fibrillogenesis and the formation of nontoxic aggregates. Fluorescence imaging studies also show 

that RVT was able to offer weaker neuroprotection to HT22 cells treated with Aβ42 compared to 14b and 

14c (Figure 5-13 E). These imaging studies further demonstrate the neuroprotective effects of compounds 

14b and 14c in reducing Aβ42-induced cytotoxicity. In the next step, we quantified the fluorescence 

intensity data obtained (Figure 5-13 C-F), using the ImageJ software and correlated this data with cell 

viability profile for HT22 cells treated with Aβ42, 14b, 14c and RVT. The results are summarized in Figure 

5-13 B and Table 5.2.  The cells were treated with test compounds in the presence and absence of Aβ42 

for 48 h before imaging. The amount of Aβ42 aggregates formed in HT22 cells after 48 h incubation period 

was quantified by measuring the pixel intensity of ProteoStat® stains. The amount of aggregates formed is 

directly proportional to ProteoStat® fluorescence intensity and was reported as relative mean intensity 

(RMI). Greater the RMI, greater is the formation of Aβ42 aggregates. The RMI for Aβ42 treated control 

group was 11.83 ± 2.68 and this correlates with a significant loss of cell viability (~20% cell viability).  The 

pro-aggregation activity of 14b and 14c was indicated by 2.2- and 1.9-fold increases in the RMI values 

(RMI = 26.4 ± 1.7 and 22.9 ± 2.6) and these correlate with an increase in cell viability (~70% cell viability). 

In contrast, the known aggregation inhibitor RVT was able to reduce RMI value (RMI = 7.6 ± 1.1) 

compared to Aβ42-treated control group and this correlates with its ability to inhibit Aβ42 aggregation and 

reduce cytotoxicity (~30% cell viability). These biophysical, cell culture and fluorescence imaging 

experiments demonstrate the pro-aggregation and neuroprotective properties of compounds 14b and 14c. 
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Figure 5-13. (A) Neuroprotective effects of 14b, 14c, and RVT at 25 μM on HT22 cells in the presence of 

Aβ42 (20 μM) after 48 h incubation. The cell viability was determined by cell counting kit-8 (CCK-8). The 

results are averages of three independent experiments with five replicates in each run. (B) Quantitative 

fluorescence cell imaging of ProteoStat ® measured by relative mean pixel intensity (left y-axis, violin chart) 

in the absence and presence of 14b, 14c, and RVT (25 μM). The data is correlated with cell viability (right 

y-axis, line chart in red). The results presented are averages of three independent experiments from three 

randomized views. ns = not significant, *p < 0.01 compared to Aβ42 control group, **p < 0.01 compared 

to Aβ42 control group, ***p < 0.01 compared to Aβ42 control group, ****p < 0.01 compared to Aβ42 

control group (one-way ANOVA followed by Bonferroni post hoc test). (C-F) Merged fluorescence images 

of HT22 cells in the presence of Aβ42 (20 μM). Cell membranes were stained by BioTracker 490 green, 

cell nucleus was stained blue with Hoechst 33342 and Aβ42 aggregates were stained by ProteoStat® dye. 

(C) Aβ42 treated cells; (D) Aβ42 + 14b at 25 μM; (E) Aβ42 + 14c at 25 μM; (F) Aβ42 + RVT at 25 μM; 

Image scale: 200 μm.   
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Table 5-2. Relative mean pixel intensity of RFP channel (ProteoStat®). The results were taken from 3 

random views of 3 independent studies. Quantification was carried out using the ImageJ software. 

 

  Aβ Aβ + 14b Aβ + 14c 
Aβ + 

RVT 
 8.17 24.56 20.93 9.28 
 9.26 25.16 17.99 6.68 
 10.45 29.27 21.66 8.11 
 10.71 24.76 24.18 8.10 
 10.96 25.25 26.15 6.52 
 12.13 25.70 21.47 7.20 
 13.20 28.17 23.29 5.89 
 15.61 28.15 24.70 7.50 
 16.00 26.55 25.77 8.90 

AVE 11.83 26.40 22.90 7.58 

STD 2.68 1.73 2.63 1.13 

 

5.3.6 Molecular docking 

In order to understand the pro-aggregation properties of 14b and 14c, their binding interactions with 

Aβ42 oligomer and fibril models were investigated by conducting molecular docking studies. The pentamer 

and fibril models for docking studies were derived from the solved structure of Aβ42 (PDB ID: 5KK3). 

This study used solid-state NMR to obtain the structure of monomorphic Aβ42 fibrils. This was one of the 

first report, that showed that the Aβ42 fibrils have S-shape/geometry and are a very relevant structure to 

model and study the interactions of novel molecules with Aβ42 aggregates. The pentamer model was 

prepared using the Aβ42 fibril assembly. The molecular docking studies carried out using the CDOCKER 

algorithm shows that both 14b and 14c bind to Aβ42 pentamer in a similar fashion (Figure 5-14). The top 

binding pose of 14b (CDOCKER energy –20.53 kcal/mol, CDOCKER interaction energy –28.26 kcal/mol) 

and 14c (CDOCKER energy –15.42 kcal/mol, CDOCKER interaction energy –25.77 kcal/mol) were further 

analyzed to study their interactions with Aβ42. Interestingly, both 14b and 14c bind to Aβ42 pentamer in 

the hydrophobic area consisting of Leu17 at N-terminus and Leu34 at C-terminus. Both compounds were 

oriented perpendicular to the pentamer axis and were primarily interacting with amino acids residues that 
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covers three out of the five strands. These interactions were mostly via hydrophobic and van der Waals 

contacts. As shown in Figure 5-15 A-B, the benzofuran ring of 14b underwent pi-alkyl interactions with 

chain C: Leu34 (distance ~ 5.0 Å), C: Leu17 (distance ~ 5.0 Å), and benzene ring with chain A: Leu17 

(distance ~ 5.0 Å). For 14c, the benzo[b]thiophene ring underwent pi-alkyl interactions with the chain B: 

Leu17 (distance = 4.6 Å, distance ~ 5.0 Å), chain A: Leu17 (distance < 5.0 Å), and chain B: Leu34 (distance 

~ 5.0 Å) (Figure 7B). The benzene ring of 14c also underwent similar pi-alkyl interactions with chain C: 

Leu34 (distance ~ 5.0 Å) (Figure 5-15 C-D).  

 

 

Figure 5-14. Molecular docking studies of 14b and 14c in Aβ42 pentamer model (PDB ID: 5KK3). (A) 

top docked pose of 14b; (B) 2D interaction map of the top docking pose of 14b; (C) top docked pose of 

14c; (D) 2D interaction map of the top docking pose of 14c. The Aβ42 chains are color-coded with blue 

indicating N-terminal and red indicating C-terminal. The hydrogen atoms are removed to enhance clarity. 

 

Similarly, the binding interactions of 14b and 14c with the Aβ42 fibril model were investigated using the 

CDOCKER algorithm. Interestingly, the most striking difference between the Aβ42 fibril and the Aβ42 

pentamer model is the presence of a cross-β spine in the Aβ42 fibril. It is formed between the adjacent 

(C) (D)

(A) (B)
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hydrophobic regions along the long axis of two fibrils. These two fibril chains are aligned symmetrically 

and form the in-registry cross-β spine (Figure 5-15). This provides molecular basis for the fibril to grow 

both in length and thickness. Two hydrophobic domains within the amino acids sequence of Aβ42 were 

identified, 16KLVFFA21 and 32IGLMVGGVVIA42 respectively. These regions are involved in initiating the 

aggregation process.19, 59 The conformations of these hydrophobic surfaces are complementary which 

promotes their interaction and aggregation. The cross-β spine structure of Aβ42 fibrils constrains small 

molecules to move in between fibril chains due to the tight packing. In the Aβ42 fibril assembly, the top 

ranked binding pose of 14b (CDOCKER energy –14.66 kcal/mol, CDOCKER interaction energy –21.61 

kcal/mol) and that of 14c (CDOCKER energy –9.77 kcal/mol, CDOCKER interaction energy –20.15 

kcal/mol) were mainly interacting in the 16KLVFFA21 region (Figure 5-15 A, C). For 14b, the benzofuran 

ring underwent pi-alkyl interactions with chain C: Ala21 (distance < 5.0 Å), and C: Val18 (distance < 5.0 

Å) (Figure 5-15 B). Interestingly, stronger electrostatic and hydrogen bonding interactions were also 

observed which was not seen in the Aβ42 pentamer model. The benzene ring of 14b interacted with NH3
+ 

of D: Lys16 (distance < 5.0 Å) via a stabilizing pi-cation electrostatic interaction, whereas the oxygen atom 

of the amide bond underwent a hydrogen bonding interaction with the nitrogen atom of chain C: Lys16 

(distance < 2.0 Å). The binding mode of 14c to Aβ42 fibrils was more or less the same with 14b slightly 

further away from the fibril center (Figure 5-15 C-D). Compound 14b was anchored by the pi-alkyl type 

hydrophobic interactions between the benzene ring and chain C: Ala21 (distance < 5.0 Å), and chain C: 

Val18 (distance < 5.0 Å). This was facilitated by the hydrogen bonding interaction between the oxygen 

atom of the amide bond and the nitrogen of C: Lys16 (distance < 2.0 Å). The benzo[b]thiophene ring of 

14c was in contact with chain B: Val12 (distance < 5.0 Å) via pi-alkyl interactions (Figure 8D). These 

computational studies suggest that 14b and 14c can bind and interact with both Aβ42 oligomers and fibrils. 

Furthermore, experimental evidence from the ANS assay (Figure 5-11) shows that upon 14b and 14c 

binding, the hydrophobic surface of Aβ42 (e.g., KLVFFA and C-terminal regions) does get exposed to the 

solvent which promotes their rapid self-assembly and fibrillogenesis.  
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Figure 5-15. Molecular docking studies of 14b and 14c in the Aβ42 fibril model (PDB ID: 5KK3). The 

hydrogen atoms are removed to enhance clarity. (A) Top docked pose of 14b; (B) 2D interaction map of 

the top docking pose of 14b; (C) top docked pose of 14c; (D) 2D interaction map of the top docking pose 

of 14c. The Aβ42 chains are color coded with blue indicating N-terminal and red indicating C-terminal. 

The hydrogen atoms are removed to enhance clarity. 

 

Previous studies on Aβ42 aggregation have shown that the 16KLVFFAE22 and the C-terminal 

29GAIIGLMVGGVVIA42 regions exhibit faster aggregation propensities.60 Both compounds 14b and 14c 

contain planar aromatic bicyclic ring systems (either a benzofuran or a benzothiophene ring) along with a 

phenyl ring. Molecular docking studies show that the aromatic bicyclic and the phenyl rings present in these 

two compounds can undergo π-alkyl interactions with nonpolar amino acids including Leu17, Val18, Al21 

and Leu34. These amino acids are part of the aggregation-prone regions of Aβ42. This suggests that the 

binding of 14b and 14c can increase the surface hydrophobicity of Aβ42 aggregates to favor the association 

of hydrophobic regions of Aβ42 leading to an acceleration of fibrillogenesis. Furthermore, Bieschke and 

(C) (D)

(A) (B)
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coworkers, suggested that small molecules that are able to bind in the hydrophobic regions of Aβ42 can 

promote the conversion of oligomers into fibril by increasing the surface hydrophobicity.33 These previous 

literature evidence suggest that small molecules 14b and 14c have the potential to increase the surface 

hydrophobicity of Aβ42 aggregates due to the presence of planar aromatic rings, and are able to remodel 

the Aβ42 aggregation and fibrillogensis pathway to form less toxic or nontoxic β-sheet assemblies as shown 

in Figure 5-16. This also suggests that these compounds have the potential to act as chemical chaperones 

that can modulate the Aβ42 aggregation and misfolding pathways.33, 61 Our findings warrant further 

structure-activity relationship studies to determine the structural requirements to design and develop novel 

Aβ42 aggregation modulators.  

 

 

Figure 5-16. Proposed mechanism of 14b and 14c promoted Aβ42 fibrillogenesis. 
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5.3.7 Synthesis and evaluation of N-(substitutedphenyl)benzofuran and 

benzo[b]thiophene-2-carboxamide derivatives (16a-d and 17a-d) as amyloid-beta 

aggregation modulators 

5.3.7.1 Synthesis 

Based on the surprising results obtained for compounds 14b (N-benzylbenzofuran-2-carboxamide) and 

14c (N-benzylbenzo[b]thiophene-2-carboxamide), where they were able to promote Aβ42 fibrillogenesis 

and demonstrated neuroprotective effects against Aβ42-induced toxicity, we wanted to expand the SAR of 

this class of compounds to understand the pro- and anti-aggregation mechanisms by incorporating 

additional substituents on the N-phenyl ring  (e.g., anisole, 2-methoxyphenol, 1,2-dimethoxybenzene) and 

synthesized 8 additional compounds 16a-d and 17a-d (Figure 5-17) by coupling the respective acids with 

the aniline derivatives as per the previously described method (section 5.3.1, Scheme 5-3). The overall 

yields of these reactions range from 72.3-89.2%. Their analytical data (1H NMR, MS and LCMS purity) 

are given below. Analytical spectral data for all the final compounds are given in Appendix D. 

 

 

Figure 5-17. N-(Substitutedphenyl)benzofuran and benzo[b]thiophene derivatives. 
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Scheme 5-3. Synthetic scheme to prepare 16a-d and 16a-d by coupling aniline derivatives (15a-d) with 

corresponding carboxylic acids (4b-c). Reagents and conditions: EDC•HCl, HOBt, TEA, THF, room 

temperature overnight. 

 

5.3.7.1.1 N-(4-hydroxy-3-methoxyphenyl)benzofuran-2-carboxamide (16a) 

The product was obtained as a yellow solid (Yield = 86.5%). 1H NMR (300 MHz, CDCl3) δ 8.25 (s, 1H), 

7.73 – 7.66 (m, 2H), 7.58 – 7.52 (m, 2H), 7.44 (ddd, J = 8.5, 7.2, 1.4 Hz, 1H), 7.31 (ddd, J = 8.0, 7.2, 1.1 

Hz, 1H), 6.91 – 6.87 (m, 2H), 5.51 (s, 1H), 3.94 (s, 3H). 13C NMR (75 MHz, DMSO) δ 156.62, 154.84, 

149.60, 147.65, 143.69, 130.78, 127.69, 127.43, 124.26, 123.29, 115.57, 113.69, 112.34, 110.53, 106.49, 

56.01. mp: 185-188 °C. ESI-MS, m/z calcd for C16H13NO4 [M+H]+ 284.1, found 284.0. Purity: 95.39% 

(LCMS).  

 

5.3.7.1.2 N-(3-hydroxy-4-methoxyphenyl)benzofuran-2-carboxamide (16b) 

The product was obtained as a yellow solid (Yield = 80.9%). 1H NMR (300 MHz, DMSO) δ 10.25 (s, 

1H), 9.08 (s, 1H), 7.81 – 7.74 (m, 1H), 7.70 – 7.64 (m, 2H), 7.50 – 7.42 (m, 1H), 7.36 – 7.28 (m, 2H), 7.14 

(dd, J = 8.7, 2.5 Hz, 1H), 6.86 (d, J = 8.7 Hz, 1H), 3.72 (s, 3H). mp: 125-38 °C. ESI-MS, m/z calcd for 

C16H13NO4 [M+H]+ 284.1, found 284.0. Purity: 94.29% (LCMS).  
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5.3.7.1.3 N-(3,4-dimethoxyphenyl)benzofuran-2-carboxamide (16c) 

The product was obtained as a yellow solid (Yield = 79.8%). 1H NMR (300 MHz, CDCl3) δ 8.26 (s, 1H), 

7.70 (d, J = 7.7 Hz, 1H), 7.59 – 7.52 (m, 3H), 7.50 – 7.39 (m, 1H), 7.35 – 7.27 (m, 1H), 7.07 (dd, J = 8.6, 

2.5 Hz, 1H), 6.92 – 6.82 (m, 1H), 3.93 (s, 3H), 3.88 (s, 3H). mp: 129-132 °C. ESI-MS, m/z calcd for 

C17H15NO4 [M+H]+ 298.1, found 298.0. Purity: 95.89% (LCMS).  

 

5.3.7.1.4 N-(4-methoxyphenyl)benzofuran-2-carboxamide (16d) 

The product was obtained as a yellow solid (Yield = 82.4%). 1H NMR (300 MHz, DMSO) δ 10.40 (s, 

1H), 7.83 – 7.75 (m, 1H), 7.73 – 7.62 (m, 4H), 7.47 (ddd, J = 8.6, 7.2, 1.3 Hz, 1H), 7.37 – 7.29 (m, 1H), 

6.95 – 6.88 (m, 2H), 3.72 (s, 3H). mp: 156-159°C. ESI-MS, m/z calcd for C16H13NO3 [M+H]+ 268.1, found 

268.0. Purity: 98.72% (LCMS).  

 

5.3.7.1.5 N-(4-hydroxy-3-methoxyphenyl)benzo[b]thiophene-2-carboxamide (17a) 

The product was obtained as a yellow solid (Yield = 72.3%). 1H NMR (300 MHz, CDCl3) δ 7.89 – 7.82 

(m, 2H), 7.73 (s, 1H), 7.62 (d, J = 2.4 Hz, 1H), 7.49 – 7.36 (m, 2H), 6.88 (d, J = 8.5 Hz, 1H), 6.79 (dd, J = 

8.5, 2.4 Hz, 1H), 5.52 (s, 1H), 3.92 (s, 3H). 13C NMR (75 MHz, DMSO) δ 160.21, 147.68, 143.60, 140.96, 

140.83, 139.67, 131.04, 126.81, 125.75, 125.63, 125.48, 123.31, 115.62, 113.49, 106.27, 55.99. mp: 182-

185 °C. ESI-MS, m/z calcd for C16H13NO3S [M+H]+ 300.1, found 300.0. Purity: 97.92% (LCMS).  

 

5.3.7.1.6 N-(3-hydroxy-4-methoxyphenyl)benzo[b]thiophene-2-carboxamide (17b) 

The product was obtained as a yellow solid (Yield = 72.7%). 1H NMR (300 MHz, DMSO) δ 10.25 (s, 

1H), 9.09 (s, 1H), 8.29 – 8.26 (m, 1H), 8.06 – 7.89 (m, 2H), 7.49 – 7.38 (m, 2H), 7.28 (d, J = 2.5 Hz, 1H), 

7.11 (dd, J = 8.7, 2.5 Hz, 1H), 6.87 (d, J = 8.8 Hz, 1H), 3.72 (s, 3H). 13C NMR (75 MHz, DMSO) δ 160.27, 

146.84, 144.84, 140.93, 140.84, 139.66, 132.54, 126.81, 125.78, 125.77, 125.47, 123.29, 112.81, 111.64, 
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109.24, 56.31. mp: 170-173 °C. ESI-MS, m/z calcd for C16H13NO3S [M+H]+ 300.1, found 299.9. Purity: 

96.93% (LCMS).  

 

5.3.7.1.7 N-(3,4-dimethoxyphenyl)benzo[b]thiophene-2-carboxamide (17c) 

The product was obtained as a yellow solid (Yield = 75.5%). 1H NMR (300 MHz, CDCl3) δ 7.91 – 7.81 

(m, 3H), 7.76 (s, 1H), 7.48 (s, 1H), 7.46 – 7.37 (m, 2H), 7.01 – 6.94 (m, 1H), 6.87 – 6.80 (m, 1H), 3.90 (s, 

3H), 3.87 (s, 3H).  mp: 181-184 °C. ESI-MS, m/z calcd for C17H15NO3S [M+H]+ 313.1, found 314.0. Purity: 

95.89% (LCMS).  

 

5.3.7.1.8 N-(4-methoxyphenyl)benzo[b]thiophene-2-carboxamide (17d) 

The product was obtained as a yellow solid (Yield = 89.2%). 1H NMR (300 MHz, CDCl3) δ 7.91 – 7.83 

(m, 3H), 7.68 (s, 1H), 7.55 (s, 1H), 7.52 (s, 1H), 7.48 – 7.37 (m, 2H), 6.94 – 6.91 (m, 1H), 6.90 – 6.87 (m, 

1H), 3.81 (s, 3H). mp: 185-188 °C. ESI-MS, m/z calcd for C16H13NO2S [M+H]+ 283.1, found 284.0. Purity: 

97.85% (LCMS).  

 

5.3.7.2 Effect of compounds 16a-d and 17a-d on Aβ42 aggregation 

The N-(substitutedphenyl)benzofuran and benzo[b]thiophene-2-carboxamide derivatives 16a-d and 17a-

d were tested at 1 µM, 5 µM, 10 µM and 25 µM in the ThT-based aggregation kinetic study to determine 

their Aβ42 modulating properties. The presence of either a 4-hydroxy-3-methoxyphenyl or a 3-hydroxy-4-

methoxyphenyl substituent (compounds 16a and 16b respectively) led to inhibition of Aβ42 aggregation 

as indicated by the decline in the RFU. They also exhibited a concentration-dependent inhibition of Aβ42 

aggregation (Figure 5-18 A, B). At 1 µM, 16a was able to reduce the fibril load by ~26%, whereas a 47% 

PI was seen at 10 µM. However, when the Aβ42 was treated with higher concentrations of 16a, the PI 
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seemed to reach saturation with ~54% inhibition at 10 µM and ~53% at 25 µM (Table 5-3). The 

corresponding regioisomer 16b, showed a similar trend with PI ~21%, 41%, 51%, and 51% inhibition seen 

at 1 µM, 5 µM, 10 µM and 25 µM. At all concentrations, these two derivatives were able to reduce the 

formation of Aβ42 fibrils (Table 5-3). However, for di-methoxyphenyl substituted derivative 16c, no 

significant change was seen in the ThT RFU compared to control (Figure 5-18 C), indicating that it is a 

WAM in regulating the Aβ42 aggregation process. In contrast, compound 16d (4-methoxyphenyl) was 

promoting Aβ42 aggregation similar to compound 14b. At higher concentrations of 16d, ThT RFU was 

increasing indicating its concentration-dependent pro-aggregation activity (Figure 5-18 D). Specifically, at 

1 µM and 5 µM, it was able to promote the aggregation by 1.74- and 1.92- folds, whereas, at 10 µM and 25 

µM, 1.98- and 2.70- folds increases in Aβ42 aggregation was seen (Table 5-4). 

 

 

Figure 5-18. ThT-based 24 h aggregation kinetics of Aβ42 (10 μM) in the absence and presence of 16a-d 

at 1, 5, 10, and 25 μM respectively at 37 °C, pH 7.4. (A) Aggregation kinetic curves for 16a; (B) aggregation 

kinetics curves for 16b; (C) aggregation kinetic curves for 16c; (D) aggregation kinetic curves for 16d. 

Aggregation kinetics were monitored by measuring ThT fluorescence (excitation = 440 nm, emission = 490 

nm). Results are averages of three independent experiments in triplicate measurements. 
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Figure 5-19. ThT-based 24 h aggregation kinetics of Aβ42 (10 μM) in the absence and presence of 17a-d 

at 1, 5, 10, and 25 μM respectively at 37 °C, pH 7.4. (A) Aggregation kinetic curves for 17a; (B) aggregation 

kinetics curves for 17b; (C) aggregation kinetic curves for 17c; (D) aggregation kinetic curves for 17d. 

Aggregation kinetics were monitored by measuring ThT fluorescence (excitation = 440 nm, emission = 490 

nm). Results are averages of three independent experiments in triplicate measurements. 

 

 

A similar trend was seen for derivatives with N-phenylbenzo[b]thiophene-2-carboxamide template 

(Figure 5-19). The 4-methoxy substituted derivative 17d exhibited concentration-dependent promotion of 

Aβ42 aggregation (Figure 5-19 D). At 1 µM and 5 µM, it was able to promote fibrillogenesis by 

approximately 1.1-fold. The numbers were increased to 1.29- and 1.57-fold when Aβ42 was treated with 

10 µM and 25 µM 17d (Table 5-4). The 2-methoxyphenol substituted isomer compounds 17a and 17b, 

were able to inhibit Aβ42 fibrillogenesis of (Figure 5-19 A, B). At the highest tested concentration (25 

µM), a PI of ~40% and ~39% were seen for 17a and 17b (Table 5-3). In addition, the 3,4-dimethoxyphenyl 

substituted compound 17c was not active in modulating the aggregation process at all the tested 

concentrations (Figure 5-19 C).  
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Table 5-3. Percent inhibition (PI) of 16a, 16b, 17a, 17b at 1 µM, 5 µM, 10 µM, and 25 µM on Aβ42 (10 

µM) aggregation 

 

  16a 16b 17a 17b 

1 µM 25.7 ± 3.9 20.7 ± 14.0 14.5 ± 12.5 5.8 ± 2.3 

5 µM 47.1 ± 2.5 41.7± 8.6 32.5 ± 6.3 25.69 ± 8.0 

10 µM 54.8 ± 3.1 51.8 ± 6.7 41.4 ± 6.2 33.3 ± 5.2 

25 µM 53.1 ± 5.7 51.3 ± 10.8 40.9 ± 8.4 39.7 ± 1.3 

 

 

 

Table 5-4. Fold(s) increase in Aβ42 (10 µM) fibrillogenesis of 16d and 17d at 1 µM, 5 µM, 10 µM, and 

25 µM compared to Aβ42 control. 

 
 16d 17d 

1 µM 1.7 ± 0.0 1.1 ± 0.0 

5 µM 1.9 ± 0.1 1.1 ± 0.0 

10 µM 2.0 ± 0.0 1.3 ± 0.0 

25 µM 2.7 ± 0.2 1.5 ± 0.0 

 

 

Control experiments also demonstrate that compounds 16a-d and 17a-d do not interfere in the ThT assay. 

Incubating the test compounds with ThT and buffer alone at 25 µM gave rise to low FLR similar to ThT 

background (Figure 5-20).  
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Figure 5-20. ThT-based aggregation kinetics spectrometric background reading of 16a-d, 17a-d and RVT. 

Readings were monitored by measuring ThT fluorescence (excitation = 440 nm, emission = 490 nm). The 

results presented are the average of one independent experiment in triplicate measurements. 

 

5.3.7.3 TEM study of 16a-d, 17a-d 

Similarly, TEM studies were conducted with APs 16d, 17d and AIs 16a, 16b, 17a, 17b to study the 

morphology of Aβ aggregates. In the absence of test compounds, Aβ42 exhibited typical densely packed 

bundles of mature fibrils after incubation for 24 h at 37 ˚C (Figure 5-21 A). When APs 16d and 17d were 

co-incubated with Aβ42 under the same conditions, more elongated, thread-like fibrils were observed in 

the images (Figure 5-21 B). These fibrils were much denser and thicker than the Aβ42 control indicating 

that these two derivatives can promote aggregation. However, when Aβ42 was co-incubated with AIs (16a, 

16b, 17a, and 17b), a lesser amount of Aβ42 aggregates were formed as can be seen in Figure 5-21 C, even 

though the morphology of the aggregates was still the same. All these results further validate the results 

obtained from the ThT-based aggregation kinetic study.  
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Figure 5-21. TEM images. (A) Aβ42 (10 μM) alone. (B) Aβ42 (10 μM) in the presence of APs 16d and 

17d at 25 μM. (C) Aβ42 (10 μM) in the presence of AIs 16a, 16b, 17a, and 17b at 25 μM. 

 

5.3.7.4 ANS binding assay of APs 16d, 17d and AIs 16a, 16b, 17a, 17b 

In order to better understand the Aβ42 aggregation modulation mechanisms of these compounds, ANS 

dye binding assay was carried out to determine if these compounds are able to expose hydrophobic regions 

of Aβ42 aggregates and thereby promote their fibrillogenesis. As described in detail in Section 5.3.4, ANS 

in the absence of Aβ42 showed minimal interference on the FLR at 520 nm. However, in the presence of 

Aβ42 aggregates, ANS can bind to their hydrophobic regions and thus give rise to an increase in FLR with 

maximum absorption observed at 490 nm instead (RFU = 0.28). With AP 16d and 17d, similar effects on 

ANS binding were seen as their parent promotor compounds 14b and 14c. The FLR at 490 nm was further 

increased in a concentration-dependent manner (Figure 5-22). At the highest tested concentration (25 µM), 

the RFU was increased to ~0.45 and 0.40 respectively for 16d and 17d.  
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Figure 5-22. ANS binding assay of 16d and 17d with Aβ42 (10 μM) at 1, 5, 10, and 25 μM respectively 

after 24 h incubation at 37 °C, pH 7.4. The ANS fluorescence readings were taken at 380 nm excitation, 

and 400 nm to 600 nm emission with 10 nm increments. Results are averages of three independent 

experiments in triplicate measurements. (A) ANS spectrum of 16d in the presence of Aβ42; (B) ANS 

spectrum of 17d in the presence of Aβ42. 

 

Next, we were curious to see the ANS results of the substituted AIs 16a-b and 17a-b (Figure 5-23). At 

1 µM, these substituted derivatives exhibited the highest FLR with RFU ~0.35, 0.42, 0.40, and 0.40 at 490 

nm for 16a, 16b, 17a, and 17b respectively. Interestingly, with higher concentrations, the RFUs were 

reduced in a concentration-dependent manner with the lowest RFU seen at 25 µM which is close to that of 

the Aβ42 control.  
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Figure 5-23. ANS binding assay of AIs 16a, 16b, 17a, and 17b with Aβ42 (10 μM) at 1, 5, 10, and 25 μM 

respectively after 24 h incubation at 37 °C, pH 7.4. The ANS fluorescence readings were taken at 380 nm 

excitation, and 400 nm to 600 nm emission with 10 nm increments. Results are averages of three 

independent experiments in triplicate measurements. (A) ANS spectrum of 16a in the presence of Aβ42; 

(B) ANS spectrum of 16b in the presence of Aβ42; (C) ANS spectrum of 17a in the presence of Aβ42; (D) 

ANS spectrum of 17b in the presence of Aβ42. 

 

 

We also conducted experiments to determine whether the test compounds have any interference in the 

assay readouts. These derivatives were tested at 25 µM in the presence of ANS. As shown in Figure 5-24, 

there is no interference from the testing compounds themselves as the ANS FLR (RFU ~ 0.10) was around 

the same compared to the ANS control which is much lower than Aβ control (RFU ~ 0.30). 
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Figure 5-24. ANS spectrometric background reading of 16a-d, 17a-d and RVT. The ANS fluorescence 

readings were taken at 380 nm excitation, and 400 nm to 600 nm emission with 10 nm increments. Results 

are averages of one independent experiment in triplicate measurements. 

 

 

The results obtained from the ANS fluorescence studies for these derivatives indicate that i) these 

compounds are able to change the conformation of Aβ42 aggregates on binding and ii) direct inhibition of 

Aβ42 aggregates by compound binding leads to a reduction in Aβ42 fibril load at higher compound 

concentrations. Nevertheless, it is clear that these compounds are able to modulate the conformation of 

Aβ42 aggregates which can lead to either promotion or inhibition of Aβ42 aggregation. 

 

5.3.7.5 Neuroprotective effects against Aβ42-induced cytotoxicity of 16a-d,17a-d  

In order to investigate the effects of these derivatives, including AIs and APs, on Aβ42-induced 

neurotoxicity, these compounds were further tested in mouse hippocampal HT22 cell lines. Initially, the 

compounds were tested at 25 µM in the absence of Aβ42 to check whether these compounds themselves 

showed any toxicity to the cells. As indicated in the results (Figure 5-25), compared to untreated cells, 

when HT22 cells were co-incubated with AIs (16a, 16b, 17a, 17b) and APs (16d, 17d), the cell viability 

remained the same hovering around 100% which clearly showed that these derivatives were not toxic to the 

HT22 cells.  
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Figure 5-25. Neuroprotective effects of 16a, 16b, 16d, 17a, 17b, and 17d at 25 μM on HT22 cells without 

Aβ42 after 48 h incubation. The cell viability was determined by cell counting kit-8 (CCK-8). The results 

are averages of three independent experiments (n = 5). 

 

5.3.7.6 Antioxidant activity of 16a-d, 17a-d 

Oxidative stress has long been considered as one of the main pathophysiological pathways of AD which 

is initiated by the formation and accumulation of excessive amounts of reactive oxygen species (ROS). The 

aggregation of Aβ fibrils can activate the innate immunological response of CNS, resulting in the release 

of certain types of ROS. Besides, during the aggregation, some metal ions can be entrapped into the 

aggregates and thus unregulated ion influx can also facilitate the release of ROS species. Taken together, 

compounds that are able to capture and neutralize these excessive ROS species and related cytotoxicity 

would be beneficial in treating AD. Compounds 16a, b and 17a, b contain the antioxidant pharmacophore 

2-methoxyphenol. Therefore, we evaluated their ability to scavenge the free radical 2,2-diphenyl-1-

picrylhydrazyl (DPPH) which is a stable free radical that readily accepts electrons or hydrogen atoms and 

this change can be measured by the colorimetric assay. We also evaluated other compounds in this series 

(16c, d and 17c, d). The results are shown in Figure 5-26. AIs 16a, b and 17a, b showed concentration-

dependent antioxidant activity. It is not surprising given the fact that these derivatives contain phenolic 

groups in their structure. These four compounds exhibited similar magnitude of activities at 25 µM with 

52.3%, 56.3%, 50.6%, and 45.6% DPPH scavenging for 16a, 16b, 17a, and 17b respectively. However, the 

3,4-dimethoxyphenyl and 4-methoxyphenyl-containing compounds (16c, d and 17c, d) were not able to 

effectively scavenge DPPH at all tested concentrations (Figure 5-26 B). The results indicate that the 
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derivatives 16a, b and 17a, b can not only reduce the formation of Aβ fibrils but also exert antioxidant 

activity, which makes them a dual-acting agent with potential application for treating AD. 

 

 

Figure 5-26. Antioxidant activity of substituted derivatives presented as percentage DPPH scavenging 

ability at 1 µM, 5 µM, 10 µM and 25 µM. (A) Antioxidant activity of AI 16a, b and 17a, b; (B) antioxidant 

activity of 16c, d and 17c, d (not active). Results are averages of three independent experiments in triplicate 

measurements. 

 

5.3.7.7 Molecular docking results of lead compounds 16a and 16d  

Molecular docking studies were also carried out to understand the binding interactions of compounds in 

this series with Aβ42 aggregates. Compound 16a was selected as a representative inhibitor and 16d was 

selected as a representative promotor of Aβ42 aggregation. The Aβ42 oligomer and fibrils models were 

used as described in the previous section (Section 5.3.6). In the oligomer docking, both compounds 16a 

and 16d primarily interacted through hydrophobic contacts and exhibited similar binding modes (Figure 

5-27). Specifically, for 16a, the aromatic benzofuran ring underwent hydrophobic interactions with the 
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alkyl group of C: Leu17 (5.1 Å) and C: Leu34 (5.0 Å from the benzene ring and 5.1 Å from furan ring), 

whereas the benzene ring interacted with the alkyl group of A: Leu17 (4.7 Å). In addition, the methoxy 

group underwent alkyl-alkyl hydrophobic interaction with A: Leu34 as well with a distance of 3.9 Å. 

Similarly, in the top binding pose of 16d, the aromatic benzofuran ring underwent hydrophobic interactions 

with the alkyl group of C: Leu34 (5.0 Å) and C: Leu17 (5.1 Å from the benzene ring and 5.0 Å from furan 

ring), whereas the benzene ring interacted with the alkyl group of A: Leu17 (4.5 Å). The methoxy group at 

the 4th position underwent alkyl-alkyl hydrophobic interaction with A: Leu17 (4.1 Å). The overall docking 

poses of these two compounds in Aβ42 pentamer model showed similar results which suggest that these 

compounds can bind to Aβ42 pentamers.  
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Figure 5-27. Molecular docking studies of 16a and 16d in Aβ42 pentamer model (PDB ID: 5KK3). (A) 

Top docked pose of 16a; (B) 2D interaction map of the top docking pose of 16a; (C) top docked pose of 

16d; (D) 2D interaction map of the top docking pose of 16d. The Aβ42 chains are color-coded with blue 

indicating N-terminal and red indicating C-terminal. The hydrogen atoms are removed to enhance clarity. 

The hydrophobic interactions between the small molecule ligand and protein receptor are shown in pink 

dashed line.  

 

 

In the next step, these two compounds were docked to the Aβ42 fibril model. For compound 16a, few 

hydrogen bond interactions were found. The best binding pose of 16a was oriented along the long axis of 

the fibril with the benzene ring perpendicular to the plane of the peptide backbone in the hydrophobic steric 

zipper region of Aβ42 (Figure 5-28). The CDOCKER energy for this binding pose was -17.70 kcal/mol 

and the CDOCKER interaction energy was -27.69 kcal/mol. The hydroxyl substituent on the benzene ring 

was able to interact with the NH3
+ of B: Lys16 (1.90 Å). The carbonyl oxygen and the oxygen on the 
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benzofuran ring also underwent hydrogen bond interactions with the NH3
+ group of C: Lys16 (distance = 

1.88 Å and 2.25 Å respectively). These strong hydrogen bond interactions anchored the compound in the 

hydrophobic pocket of the fibril and this binding was further supported by few hydrophobic interactions 

formed between the 4-methoxy substituent and C: Ala21 (4.3 Å) and B: Val21 (3.8 Å). For the AP 16d, the 

top binding pose was oriented along the long axis of the fibril as well, but the conformation was different 

(CDOCKER energy = -15.40 kcal/mol and the CDOCKER interaction energy = -25.33 kcal/mol, Figure 

5-28). The benzofuran ring and benzene ring were oriented in parallel to the peptide backbone in the steric 

zipper region of the Aβ42 thus enabling pi-cation electrostatic interactions with the NH3
+ group of Lys 

residue. The benzofuran ring underwent pi-cation electrostatic interactions with D: Lys16 (distance = 3.6 

Å from the benzene ring and 4.4 Å from the furan ring respectively) and the benzene ring underwent 

electrostatic interaction with C: Lys (4.72 Å). Besides, hydrogen bond interaction was also found between 

the carbonyl oxygen and C: Lys 16 (1.7 Å). The compound was located in a hydrophobic region and the 

benzene ring was in hydrophobic contact with C: Val18 (5.5 Å) and C: Ala21 (5.4 Å). Another set of 

hydrophobic interactions was seen between the 4-methoxy substituent and B: Val18 (3.9 Å) and B: Ala21 

(3.8 Å). This orientation of 16d and the pi-cation interaction of the benzofuran with the Lys16 might play 

a role in facilitating its pro-aggregation activity. In contrast, for the inhibitor compound 16a, due to its 

different conformation in the steric zipper region, the phenolic OH is able to form hydrogen bond with B: 

Lys16, the oxygen atom of benzofuran and the amide carbonyl also formed hydrogen bonds with C: Lys16 

and these interactions might explain its ability to inhibit Aβ42 aggregation.  
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Figure 5-28. Molecular docking studies of 16a and 16d in the Aβ42 fibril model (PDB ID: 5KK3). The 

hydrogen atoms are removed to enhance clarity. (A) Top docked pose and zoom-in view of 16a; (B) 2D 

interaction map of the top docking pose of 16a; (C) top docked pose and zoom-in view of 16d; (D) 2D 

interaction map of the top docking pose of 16d. The Aβ42 chains are color-coded with blue indicating N-

terminal and red indicating C-terminal. The hydrogen atoms are removed to enhance clarity. The 

intermolecular interactions are shown in dashed lines with green as hydrogen bond interactions, pink as 

hydrophobic interactions, and orange as electrostatic interactions.  

 

 

5.4 Summary 

In this chapter, the three-carbon α,β-unsaturated system present in the chalcone template was replaced 

with an amide bioisostere without any other spacer in the linker region to obtain N-phenylbenzamide 

derivatives 13a-m and 14a-c. Initially, a total of 16 compounds were synthesized by coupling the aniline 

(12) with either corresponding acid chlorides or carboxylic acids to obtain the compound library in good 

yields (72.3-89.2%). The chemical structures were confirmed by 1H NMR, MS and the purity was checked 
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by LCMS. The modulatory activities of these derivatives on Aβ42 aggregation were determined by the 

ThT-based aggregation kinetic assay and TEM studies (Figure 5-29). Among them, 6 derivatives (13a, 13b, 

13f, 13h, 13i, 13k) were identified as AIs with PI ranging from 9.0% to 24.57%. Even though the inhibitory 

effects on Aβ42 aggregation were much lower than those reported in the previous chapters, interestingly, 

another 6 derivatives (13c, 13e, 13j, 13m, 14b, 14c) were identified as APs with 14b and 14c demonstrating 

remarkable ability in promotion of Aβ42 fibrillogenesis. Compound 14b and 14c demonstrated 

concentration dependently promoted the aggregation of Aβ42 with 4.76 and 5.12 folds of aggregation 

observed at the highest testing concentration (25 µM). These two compounds were not toxic to HT22 cells 

and were able to rescue HT22 cells from Aβ42-induced neurotoxicity (cell viability 73.78% and 73.91% at 

25 µM versus 19.7% for Aβ42 control) and this was also confirmed by live cell imaging studies (Figure 

5-29). ANS binding assay indicated that these two APs were able to increase the surface hydrophobicity of 

Aβ42 aggregates in a concentration-dependent manner. In molecular docking studies, the aromatic rings of 

14b and 14c were able to undergo several hydrophobic interactions with Aβ42 pentamer and fibril models 

at the aggregation-prone KLVFFA and C-terminal regions. Based on these results, we proposed that the 

binding of 14b and 14c can increase the exposure of hydrophobic regions of Aβ42 aggregates to favor the 

association of these hydrophobic regions leading to the acceleration of fibrillogenesis.  
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Figure 5-29. Summary of N-phenylbenzamide and carboxamide derivatives. (A) 37% (6 out of 16) 

compounds were identified as aggregation inhibitor (AI), 37% (6 out of 16) compounds were identified as 

aggregation promotor (AP), and 25% (4 out of 16) compounds were identified as weak aggregation 

modulator (WAM); (B) key experimental data for lead compound 14b and 14c. 

 

We then further expanded the SAR of these classes of compounds by incorporating additional 

substituents on the N-phenyl ring. A total of 8 compounds were synthesized by coupling the substituted 

aniline with corresponding carboxylic acids to obtain the compound library in good yields (72.3-89.2 %). 

The chemical structures were confirmed by 1H NMR, MS and the purity was checked by LCMS. The 

modulatory activities of these derivatives on Aβ42 aggregation were determined by ThT-based aggregation 

kinetic assay and TEM studies (Figure 5-30). Derivatives with either 4-hydroxy-3-methoxyphenyl or 3-

hydroxy-4-methoxyphenyl substituents (16a-b and 17a-b) were able to inhibit the aggregation of Aβ42 in 

a concentration-dependent manner (PI ranging from 39.7-53.1%). In contrast, the 4-methoxyphenyl 

substituent-containing derivatives (16d and 17d) were able to concentration-dependently promote the 

aggregation of Aβ42 similair to their parent compounds (14b and 14c) with 2.7- and 1.5-folds in 

aggregation respectively. These derivatives were not toxic the HT22 cells at 25 µM. The ANS binding 

assay showed that both AIs and APs were able to increase the hydrophobicity of Aβ42 aggregates indicating 

that upon binding, these derivatives are able to change the conformation of the aggregates. Molecular 

docking studies showed that the main interactions established between AIs, APs and Aβ42 pentamer and 

fibril models were hydrophobic interactions. However, AIs with hydroxyl moiety were able to undergo 
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extra hydrogen bond interactions with the hydrophobic KLVFFA region and this might explain its 

inhibitory effects on the aggregation. 

 

 

Figure 5-30. Summary of expanded SAR derivative library. Two derivatives with a 4-methoxylphenyl 

substituent were identified as APs and four derivatives with either a 4-hydroxy-3-methoxyphenyl or a 3-

hydroxy-4-methoxyphenyl substituent were identified as AIs. 

 

5.5 Experimental 

5.5.1 General  

All chemicals and reagents were purchased from various vendors (Sigma Aldrich Missouri USA, Alfa 

Aesar Massachusetts USA, Bio Basic Ontario Canada, AA Blocks California USA, Cayman Chemical 

Michigan USA, Thermo Fisher Massachusetts USA, and Corning New York USA), were >95% pure and 

used without further purification. The Aβ42 1,1,3,3,3-hexafluoroisopropanol (HFIP) >95% pure, was 

purchased from Anaspec California USA (Cat. No. AS-64129) or rPeptide Georgia USA (Cat. No. A-1163-

1). The reactions were monitored by thin-layer chromatography (TLC) using the Merck silica gel 60, F254. 
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Column chromatography was carried out using Merck silica gel 230-400 mesh. The spots were visualized 

with short or long wavelengths (254 nm or 365 nm). The melting points of compounds were determined 

using a digital melting point apparatus (REACH Devices, USA). The proton NMR (1H NMR) and carbon 

NMR (13C NMR) spectra of compounds were obtained using a 300 MHz Bruker Avance spectrometer 

(Department of Chemistry, University of Waterloo). Either CDCl3 or DMSO-d6 were used as solvents. 

Coupling constants (J values) were recorded in Hertz (Hz). Abbreviations used to represent 1H NMR signals 

were s – singlet, d – doublet, t – triplet, m – multiplet, br s – broad singlet. The mass and purity were 

confirmed on the Agilent 1260 Infinity liquid chromatography (LC) module equipped with a 6130 

Quadrupole mass spectrometer (Agilent 6100 series LCMS). The column used on LCMS was a ZORBAX 

Eclipse AAA, 4.6 × 75 mm, 3.5 micron (Agilent Technologies, Canada) column. A mixture of water and 

acetonitrile 1:1 v/v with 0.1% formic acid (1.0 mL/min flow rate), was used as the solvent system to assess 

compound purity and mass. All final compounds were ≥ 95% pure as determined by LCMS analysis.  

 

5.5.2 Chemistry 

For the synthesis of 13a-m the acid chlorides were coupled with aniline (12) (1 mmol) by taking them 

into a 50 mL round bottom flask (RBF) containing 15 mL of anhydrous tetrahydrofuran (THF). To this 

mixture, 1.2 equivalents of TEA and 1.0 equivalent of corresponding acid chlorides with various R groups 

(2a-m) were added. The reaction mixture was kept at either room temperature or reflux for 2-24h and was 

monitored by thin layer chromatography (TLC). After the reaction was complete, the solvent THF was 

evaporated in vacuo and the resulting reaction mixture was dissolved in 15 mL ethyl acetate (EtOAc), and 

then washed with 15 mL brine solution (3). The organic layer was collected and dried over anhydrous 

MgSO4 and filtered. The organic solvent was removed in vacuo and the residue/oil obtained was further 

purified by silica gel column chromatography using a combination of solvent systems (1:1 n-

Hexanes:EtOAc or 5:2 n-Hexanes:EtOAc or 9:1 dichloromethane (DCM): Methanol (MeOH) or 4:1 

DCM:n-Hexanes) to afford the final compounds 13a-m.  
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Compounds 14a-c were synthesized by reacting aniline (12) (1 mmol) kept in an RBF with 15 mL THF, 

followed by the addition of 1.0 equivalent carboxylic acid (4a-c), 1.2 equivalents EDC, 1.5 equivalents 

HOBt, and 2.2 equivalents TEA added in sequence. The reaction was kept at room temperature overnight 

or under reflux conditions for 24h. The solvent was evaporated in vacuo and the resulting reaction mixture 

was dissolved in 15 mL EtOAc and washed with 15 mL brine solution (3). The organic layer was collected, 

dried over anhydrous MgSO4 and filtered. The organic solvent was then removed in vacuo to obtain the 

residue/oil which was further purified by silica gel column chromatography using either 1:1 n-

Hexanes:EtOAc or 5:2 n-Hexanes:EtOAc as mobile phase to afford compounds 14a-c. 

Compounds 16a-d and 17a-d were synthesized by reacting aniline derivatives (15a-d) (1 mmol) kept in 

an RBF with 15 mL THF, followed by the addition of 1.0 equivalent carboxylic acid (4b-c), 1.2 equivalents 

EDC, 1.5 equivalents HOBt, and 2.2 equivalents TEA added in sequence. The reaction was kept under 

reflux conditions for 4–12 h. The solvent was evaporated in vacuo and the resulting reaction mixture was 

dissolved in 15 mL EtOAc and washed with 15 mL brine solution (3). The organic layer was collected, 

dried over anhydrous MgSO4 and filtered. The organic solvent was then removed in vacuo to obtain the 

residue/oil which was further purified by silica gel column chromatography using either 1:1 n-

Hexanes:EtOAc or 5:2 n-Hexanes:EtOAc as mobile phase to afford compounds 16a-d and 17a-d. 

 

5.5.3 Aβ42 aggregation kinetic assay 

The ability of benzamide and carboxamide derivatives 13a-m, 14a-c, 16a-d, and 17a-d to inhibit the 

Aβ42 aggregation was evaluated using the thioflavin T (ThT) based fluorescence kinetic assay. A 15 M 

ThT solution was prepared in 50 mM glycine buffer using ultra-pure-water (UPW). The pH of the solution 

was adjusted to 7.4 with 50 mM sodium hydroxide solution. The aggregation assay was carried out using 

215 mM sodium phosphate dibasic heptahydrate buffer prepared in UPW and the pH was adjusted to 7.4 

by using 50 mM hydrochloric acid solution. The Aβ42•HFIP > 95% pure (Anaspec, California, USA) was 
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treated with 1% ammonium hydroxide solution to afford 1 mg/mL stock solution. The stock solution was 

then vortexed and sonicated for 5 min before being diluted to a 25 M working solution using the assay 

buffer. The stock solutions of the test compounds (10a-f, 10h-j, 10l-m, 11a-c and resveratrol (RVT)) were 

prepared in assay buffer with DMSO as the solubilizing agent (final concentration per well was less than 

2%). The 24 h aggregation kinetics assay was carried out using 384-well plates (Costar, black, clear-bottom), 

by adding 44 L of ThT, 12 L of assay buffer, 16 L of Aβ42 solution (10 M final well concentration), 

and 8 L of test compound dilution (25 M) into each well. The Aβ42 control wells contained ThT, Aβ42 

solution and the assay buffer without any test compound. The plates were covered with a transparent plate 

cover and were incubated at 37 C for 24 h with shaking at 300 cpm between readings for 30 s. The readings 

were taken every 10 min (bottom reading), at an excitation wavelength of 440 nm and emission wavelength 

of 490 nm using the BioTek Synergy H1 microplate reader. Each sample was measured in triplicate readings 

and the results were obtained based on three independent experiments. 

 

5.5.4 Transmission electron microscopy 

The TEM assay was carried out by first running the Aβ42 aggregation assay (as described in 5.5.3) by 

incubating test compounds at 25 M with 10 M Aβ42 for 24 h at 37 C. The TEM grids were prepared by 

aliquoting 20 L of each sample from the 384-well plate after the 24-hour incubation period. These samples 

were loaded onto 400-mesh formvar-coated copper grids (Electron Microscopy Sciences, Pennsylvania, 

USA). The grids were air-dried overnight before being washed with 40 L UPW for three times. After 

washing, 20 L 2% phosphotungstic acid (PTA) solution was added to the grid and stayed for 1 min to 

stain the samples. Then the PTA solution was absorbed away with filter paper and then the grids were 

washed with 40 L UPW three times. Then the grids were further air-dried overnight. The imaging studies 

were carried out using a Philips CM 10 TEM (Dept. of Biology, University of Waterloo) at 60 kV and the 

micrographs were obtained through a 14-megapixel AMT camera at 64,000X magnification. The samples 
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used to prepare the grids were obtained by mixing the triplicate wells from ThT assay and the images were 

taken at a randomized view for each grid. 

 

5.5.5 8-Anilino-1-naphthalenesulfonicacid binding assay 

ANS binding studies were carried out to explore the potential mechanism regarding the pro-aggregation 

activity of 14b-c, 16a-d, and 17a-d on Aβ42. The Aβ42•HFIP stock solution (1 mg/mL) was prepared as 

described in the ThT assay protocol by dissolving in ammonium hydroxide (1% v/v), followed by dilution 

with phosphate buffer (215 mM, pH 7.4) to obtain 25 μM stock solution and sonication for 5 min. Stock 

solutions of RVT, 14b-c, 16a-d, and 17a-d were prepared in DMSO and were further diluted with 

phosphate buffer (215 mM, pH 7.4) to prepare various concentrations (1–25 µM). The final concentration 

of Aβ42 in each well was 10 μM. Aβ42 binding studies were carried out in 384-well plates (Costar, black, 

clear-bottom), by adding 56 μL of phosphate buffer, 16 μL of Aβ42 and 8 μL of testing compounds at 

different concentrations (1, 5, 10 or 25 μM) into each well. The control wells contained Aβ42 solution and 

the assay buffer without any test compounds. The plates were covered with a plate cover and were incubated 

at 37 °C for 24 h with shaking and the ANS was added into the well plate at 0 h, 1 h, 8 h, and 24 h time 

points. ANS was dissolved in UPW and further diluted down to 100 μM. At the end of the 24 h incubation 

period, 4 μL of the ANS solution prepared was added to each well. Then the plate was incubated at 37 C 

with shaking (700 cpm) for 10 min before taking readings. The fluorescence readings (RFUs) of ANS were 

collected using the Thermo Scientific Varioskan LUX multimode plate reader at 380 nm excitation and 400 

nm to 600 nm emission with 10 nm increments. The results were presented as average fluorescence readings 

RFUs (± standard deviation, SD) based on triplicate measurements from three independent experiments.  
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5.5.6 Cell viability assay 

The neuroprotective effect of the lead compounds on cell death induced by Aβ42 was evaluated in vivo 

using mouse hippocampal HT22 cell line. The cells were cultured in Dulbecco’s modified eagle media 

(DMEM) and Ham’s F12 (1:1) with the addition of glutamate (2.5 mM) supplemented with 10% fetal 

bovine serum (FBS), and 1% penicillin & streptomycin at 37 C, in 5% CO2 until 70–80% confluence. 

Then the cells were seeded at a density of 50,000 cells/1 mL to 96 well plates. The plate was incubated for 

24 h before adding treatment in. Compounds and RVT were prepared through serial dilution with phosphate 

buffered saline (PBS) and DMSO to 25 μM. The final DMSO concentration was 0.05% v/v or lower. The 

PBS solution was used as blank vehicle for untreated cells. The Aβ42 HFIP (>95% pure), was solubilized 

in DMSO to obtain a 5,000 μM solution and then the solution was diluted with DMEM to obtain a 200 μM 

stock which was kept at 4 C for 24 h. The HT22 cells were then co-incubated with lead compounds or 

RVT (25 µM each) in the presence or absence of Aβ42 (20 µM each) for another 48 h. At the end of the 

incubation period, the cell viability was determined using the cell counting kit (CCK-8). The absorbance 

readings were taken at 450 nm 2 h after adding the CCK-8 reagent. The percent viability of cells was 

calculated based on the following equation: cell viability = reading for treatment group / reading for 

untreated group × 100%. The results were obtained based on three independent experiments (n = 5 or 6 as 

indicated in the figure legend). For statistical analysis, the results were analyzed by one-way ANOVA  

followed by Bonferroni post hoc analysis compared to Aβ control group. ns = not significant, *p < 0.01 

compared to Aβ42 control group, **p < 0.01 compared to Aβ42 control group, ***p < 0.01 compared to 

Aβ42 control group, ****p < 0.01 compared to Aβ42 control group. 

 

5.5.7 Live cell fluorescence imaging 

Qualitative and quantitative analyses of fluorescence cell imaging were conducted with mouse 

hippocampal HT22 cell lines. The cells were cultured in Dulbecco’s modified eagle media (DMEM) and 

Ham’s F12 (1:1) with the addition of glutamate (2.5 mM) supplemented with 10% fetal bovine serum (FBS), 
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and 1% penicillin and streptomycin at 37 C, in 5% CO2 until 70% - 80% confluence. Then the cells were 

seeded at a density of 10,000 cells/1 mL to 96 well plates. 24 h after seeding, treatments including lead 

compounds (25 μM), reference compounds (25 μM), and Aβ42 (20 μM) were added into cells. Then the 

cells were further incubated for another 48 h before fluorescence imaging. At the end of the incubation 

period, treatments were removed, and cells were washed with PBS three times. The ProteoStat® working 

solution was prepared according to the manufacturer's instructions and used as dye to stain Aβ42 aggregates 

that contain a rich beta-sheet structure. Hoechst 33342 was used to track the location of cell nucleus and 

was prepared by serial dilution with PBS to 50 μg/mL. BioTraker 490 green was used to stain the cell 

membrane and prepared according to the manufacturer’s instruction. The counter-staining solution 

containing 0.5 μL ProteoStat®, 0.5 μL Hoechst 33342, and 0.5 μL BioTracker 490 green was added to cells 

containing 100 μL DMEM (phenol red free). The cells with counter-staining solution were incubated at 37 

C in the dark environment for 20 min with gentle shaking around 300 cpm. Then the cells were washed 

three times with PBS with incubation between washes for 5 min under the same conditions. At the end, the 

cells were cultured in DMEM (phenol red free) for fluorescence imaging. The EVOS® FL Auto imaging 

system equipped with different light filters was used for imaging. ProteoStat® staining was visualized with 

a RFP light filter; Hoechst 33342 was visualized with a DAPI light filter, BioTracker 490 green was 

visualized with a GFP light filter. For qualitative analysis, images from different color channels were 

merged in ImageJ with adjustment on brightness and contrast for the best visualization. For quantitative 

analysis, the light intensity was fixed at certain level while taking images. All the following adjustment and 

analysis were conducted in ImageJ. First, the RFP channel images were converted into 8-bit monochrome 

images. Then the threshold was determined automatically with the Huang algorithm with the resulting 

binary images used as masks to measure the gray value intensity of pixels in the original image. The results 

were presented as average pixel intensity (± standard deviation, SD) based on triplicate measurements from 

three independent experiments. For statistical analysis, the results were subjected to one-way ANOVA  

followed by Bonferroni post hoc analysis compared to Aβ control group. ns = not significant, *p < 0.01 
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compared to Aβ42 control group, **p < 0.01 compared to Aβ42 control group, ***p < 0.01 compared to 

Aβ42 control group, ****p < 0.01 compared to Aβ42 control group. 

 

5.5.8 2,2-Diphenyl-1-picrylhydrazyl (DPPH) scavenging assay  

The antioxidant activities of selected lead compounds were evaluated by the DPPH scavenging assay. 

The stable free radicals of DPPH can be reduced in the presence of antioxidant in the sample. The DPPH 

reagent was prepared by dissolving DPPH in methanol to obtain 0.09 mM stock solution. Trolox was used 

as a positive antioxidant control in the assay. The test and reference compounds were prepared by serial 

dilution with methanol to obtain 1, 5, 10, 25 µM stock solutions. The assay was conducted in transparent 

96-well plate and protected from the light exposure. The compound background control was taken by 

adding 100 µL methanol and 25 µM compound solution at various testing concentrations. Whereas, for 

DPPH control group, 100 µL DPPH stock solution and 25 µL methanol were added into the wells. For 

compound screening, similarly, 100 µL DPPH stock solution with 25 µL compound dilution at various 

concentrations were added. The well plate was covered with aluminum foil and kept shaking under room 

temperature at 700 cpm for 60 min. After incubation, the readings were taken at 517 nm. The percentage 

DPPH scavenging activity was calculated by the following formular: % DPPH scavenging activity = 

(reading of DPPH control – reading of compound screening)/reading of DPPH control  100%. Each sample 

was measured in triplicate readings and the results were obtained based on three independent experiments. 

 

5.5.9 Molecular docking study 

The binding interactions of lead compounds with Aβ42 were investigated by carrying out molecular 

docking studies on the Discovery Studio software program v20.1.0.19295, Structure-Based-Design 

(BIOVIA Inc. San Diego, USA). The Aβ42 pentamer and oligomer models were prepared by extracting the 

coordinates from the solved 3D structure of Aβ42 fibril (PDB id: 5KK3). A binding sphere of 20 Å radius 
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was selected and defined as the ligand binding site which covers the 16KLVFFA21 and the C-terminal 

32IGLMVGGVVIA42 hydrophobic regions of the Aβ42. Lead derivatives were built in 3D using the Small 

Molecule module in the software and were subjected to energy minimization protocol (1000 and 2000 steps 

of steepest descent followed by conjugate gradient method) using CHARMm force field. The CDOCKER 

algorithm was used to carry out the docking studies. The Receptor-ligand Interactions module in the 

software was used to perform CDOCKER simulations. The docking simulation included 2000 heating steps, 

a heating target temperature of 700 K and 5000 cooling steps and a cooling target temperature of 300 K. 

The top ligand binding modes of selected lead compounds were analyzed by evaluating the CDOCKER 

energy and CDOCKER interaction energy (in kcal/mol). Further analysis was carried out by determining 

the polar and nonpolar contacts of lead derivatives in the Aβ42 pentamer and fibril assembly. 
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Chapter 6 

Conclusion and Future Work 

AD is a complex neurodegenerative disease with increasing incidence and prevalence globally. Currently, 

there are no effective therapy for AD. The recent launch of anti-Aβ monoclonal antibodies hold promise as 

novel class of disease-modifying agents. Over the past several decades, few hypotheses have been proposed 

to explain the pathophysiology of AD, among which the Aβ cascade is now considered as one of the 

initiating factors that drives the progression and other pathological factors of AD. The aggregation of Aβ 

into oligomers and fibrils together with its downstream signaling pathway are neurotoxic. Thus, small 

molecule modulators that could reduce the overall toxic burden of Aβ aggregates are thought beneficial to 

treat AD. 

In this thesis, a library of 72 derivatives were designed based on the chemical structure of chalcone and 

curcumin, two bioactive natural compounds that are able to reduce Aβ aggregation and toxicity. These 

derivatives encompass four different templates, namely, N-benzyl (Chapter 2, 3a-m and 4a-c), N-phenethyl 

(Chapter 3, 7a-m and 8a-c), N-benzyloxy (Chapter 4, 10a-m and 11a-c), and N-phenyl (Chapter 5, 14a-m, 

15a-c, 16a-d, and 17a-d) benzamide and carboxamides. The results are summarized in Error! Not a valid 

bookmark self-reference. and Figure 6-2. These compounds were synthesized by coupling corresponding 

acid chlorides or carboxylic acids with primary amines with moderate to high yields ranging from 72 to 

93.6%. Then these derivatives were screened for their modulating activity on Aβ42 aggregation by ThT-

based aggregation kinetic assay and TEM studies. Three different types of aggregation modulators were 

identified which are WAM, AI, and AP. Specifically, 13 derivatives were identified as WAM which has 

little impact on the Aβ42 aggregation, whereas 51 derivatives were identified as AI with PI ranging from 

7-53.1%. These observations were confirmed by studying the morphology of Aβ42 aggregates. The lead 

AIs from each Chapter were selected to further explore their neuroprotective effects against Aβ42 in HT22 

cells. These AIs were able to rescue cells from Aβ42-induced neurotoxicity with cell viability ranging from 
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80.8 to 96.8% versus 38.73% for Aβ42-treated control. Molecular docking studies indicate that these 

derivatives were able to interact with the hydrophobic domains of Aβ42 oligomer and fibril through 

hydrophobic interactions. 

In addition, another 8 derivatives were identified as AP with folds of aggregation ranging from 1.2 to 5.1. 

Two lead derivatives 14b (N-benzylbenzofuran-2-carboxamide) and 14c (N-benzylbenzo[b]thiophene-2-

carboxamide) were selected for further investigation given their striking pro-aggregation activity. The 

results indicate that these two derivatives can promote the aggregation of Aβ42 in a concentration-

dependent manner (4.76-fold and 5.12-fold of aggregation at 25 µM) which was confirmed by investigating 

the morphology of Aβ42 aggregates by TEM studies. Upon binding, they can interact with Aβ42 and thus 

facilitate the exposure of hydrophobic surfaces in a concentration-dependent manner. When they were 

tested in HT22 cells against Aβ42-induced neurotoxicity, a significant increase in the cell viability was seen 

(73.8% and 73.9% cell viability of 14b and 14c) compared to Aβ42-treated control (19.7% cell viability) 

and their pro-aggregation activity was reproducible in the cell environment as evident from the fluorescence 

live cell imaging studies with ProteoStat dye. Molecular docking studies indicate that these APs likely 

interact with higher order Aβ42 species and facilitate the conformational change to a much more stable and 

non-toxic/less-toxic fibrils. In the next step, to further expand the SAR of this class of compounds and to 

understand the pro- and anti-aggregation mechanism, another 8 derivatives with substituted N-phenyl rings 

with the same template as 14b and 14c were synthesized and evaluated. The findings are summarized here: 

(i) 4-methoxyphenyl containing derivatives were able to promote the aggregation by 1.57-2.70 folds, and 

increase the hydrophobic exposure of Aβ42 species in a concentration-dependent manner; (ii) 3-hydroxy-

4-methoxyphenyl and 4-hydroxy-3-methoxyphenyl containing derivatives were AIs with PI ranging from 

39.7. to 53.1% at 25 µM; (iii) these AIs were able to increase the hydrophobic exposure of Aβ42 species; 

(iv) molecular docking studies suggest that the hydrophobic and hydrogen bonding interaction between the 

substituents and Aβ42 fibril might explain the mechanism of their inhibitory activity.  
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The key physicochemical properties of the lead compounds in this thesis are listed in Table 6-2. These 

benzamide and carboxamide derivatives exhibit drug-like properties and do not possess any structural alerts 

unlike curcumin and chalcone templates which are considered as PAINS in medicinal chemistry research. 

The CLogP values of these derivatives range from 1.15-4.13 which is suitable for brain penetration. The 

results show that these benzamides and carboxamides possessing N-benzyl, N-phenethyl, N-benzyloxy, and 

N-phenyl templates hold promise in the design and development of novel small molecules as Aβ42 

aggregation modulators. 

There are certain limitations in this work, especially when evaluating the biological efficacies of the 

synthesized derivatives in targeting the Aβ. Even though, the cLogP values has been used to estimate the 

BBB penetration ability of the lead compounds (Table 6-1, Table 6-2), experimental assays are required 

to better determine the BBB permeability, including parallel artificial membrane permeability assay and 

BBB co-cell culture model. These studies will further assist in structure optimization by SAR studies. In 

addition, the cell culture model (mouse hippocampal neuronal cells) used in the thesis can only provide a 

general idea of lead compounds’ ability to provide neuroprotection against Aβ -induced cytotoxicity. The 

cell death assay used (CCK8) measures mitochondrial activity and is not able to detect damage to cell 

membrane. Therefore, measurement of apoptotic biomarker proteins in these assays would provide a better 

understanding on the mechanisms of neuroprotection. . Given the fact that the neurotoxicity induced by Aβ 

is a long term effects, our treatment methods (eg: 48 h incubation with Aβ) may not fully replicate the actual 

biological changes introduced by Aβ aggregates. Last not but least, in this thesis, we found that not only 

the AIs but also the APs can mitigate the neurotoxicity of Aβ in HT22 cells. However, the detailed 

mechanism of such protection is not fully understood at molecular level. This also suggests that AP’s 14b 

and 14c might have multiple modes of action in preventing Aβ-induced cytotoxicity. All these warrant 

further research which can be addressed in the future as below. 

Future research directions to consider includes: (i) further optimization of the structure of AIs (N-

phenylbenzamide and carboxamide series, Chapter 4), by expanding the chemical diversity to explore the 
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SAR; (ii) explore the neuroprotective mechanisms of APs by using immunochemical methodologies (dot 

blot assay, western blot assay, ELISA etc.), to understand the effects of lead compounds on the sub-

population of Aβ aggregates (oligomers, toxic epitope fibrils); and (iii) use molecular dynamics simulation 

studies to better understand the interactions of lead APs and AIs with various forms of Aβ42 aggregates.  

In Chapter 4, the effect of aromatic substituents on Aβ42 aggregation was investigated which gave rise to 

few compound that were able to promote Aβ42 fibrillogenesis. The SAR for this series of compounds can 

be expanded by designing a series of compounds containing nonaromatic substituents such as the N-

phenylalkylcarboxamides and N-phenylcycloalkylcarboxamide series (Figure 6-1).  These future studies 

will assist in understanding the structural features required to design and develop novel Aβ42 aggregation 

modulators including promoters and inhibitors. These small molecules will be useful as 

chemical/pharmacological tools to study the mechanisms of Aβ42 aggregation, misfolding and self-

assembly. 

 

 

Figure 6-1. Proposed N-phenylalkylcarboxamides and N-phenylcycloalkylcarboxamide derivatives library 

with non-aromatic substituents.  
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Figure 6-2. Structure template of N-benzyl, N-phenethyl, N-benzyloxy, N-phenylbenzamide 

and carboxamide derivatives and lead derivatives.
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Table 6-1. Summary of arylbenzamide and arylcarboxamide derivatives as Aβ42 aggregation modulators. 

Structure Template Yield% 
# of 

Aggregation 
Inhibitor 

Percentage 
Inhibition  

# of 
Aggregation 

Promotor 

Folds of 
Aggregation 

Neuro-
protection 

CLogP 
Molecular 

Weight 
(g/mol) 

N-Benzylbenzamide and 
carboxamide 
(Chapter 2) 

72-
93.6 

14 7.0-27.8% - - 

Aβ42: 
38.73% 

3a: 94.9% 
3h: 95. 8%, 
 3i: 85.0%,  
3j: 96.0% 

3m: 80.8% 

1.33-
4.00 

200.24-
271.32 

N-Phenethylbenzamide 
and carboxamide 

(Chapter 3) 

72.8-
87.9 

14 17-28.6% - - 

Aβ42: 
38.73% 

7a: 96.8% 
7b: 94.8% 
7j: 81.8% 

1.46-
4.13 

214.27-
285.34 

N-Benzyloxybenzamide 
and carboxamide 

(Chapter 4) 

72.1-
93 

13 11.8-26.5% - - 

Aβ42: 
38.73% 

10a: 91.6% 
10h: 87.8% 
11a: 82.9%  

1.16-
3.84 

216.24-
287.32 

N-Phenylbenzamide and 
carboxamide 
(Chapter 5) 

72.3-
91.6 

10 9-53.1% 8 1.2-5.12 

Aβ42: 
19.70% 

14b: 73.87% 
14c: 73.91% 

1.15-
3.82 

257.29-
262.31 

 

 
3 7 10 14
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Table 6-2. Summary of predicted physicochemical, pharmacokinetic, druglikeness, and medicinal chemistry properties of lead 

compounds calculated from Web Tool SwissADME. 

    3a 7a 10a 14b 14c Chalcone Resveratrol 

Physicochemical 

Property 

Molecular Weight 

(g/mol) 
211.26 225.29 227.26 237.25 253.32 208.26 228.24 

 Rotatable Bonds 4 5 5 3 3 3 2 

 H-bond Acceptors 1 1 2 2 1 1 3 

 H-bond Donors 1 1 1 1 1 0 3 

 TPSA (Å2) a 29.1 29.1 38.33 42.24 57.34 17.07 60.69 

 BBB Permeabilityb Yes Yes Yes Yes Yes Yes Yes 

 P-gp Substratec No No No No No No No 

 CLogPd 2.83 2.96 2.66 3.21 3.68 3.62 2.83 

Druglikeness Lipinski Yes Yes Yes Yes Yes Yes Yes 

 Ghose Yes Yes Yes Yes Yes Yes Yes 

 Veber Yes Yes Yes Yes Yes Yes Yes 

 Egan Yes Yes Yes Yes Yes Yes Yes 

Alert PAINSe 0 alert 0 alert 0 alert 0 alert 0 alert 1 alert 0 alert 

a TPSA: topological polar surface area; b BBB: blood-brain barrier; c P-gp: p-glycoprotein; d CLogP: calculated partition coefficient; e PAINS: pan-

assay interfering structure. 
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Appendix A – Spectra for Chapter 2 
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N-Benzylisonicothinamide (3b) 
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N-Benzylpicolinamide (3c) 
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N-Benzyl-3,4-dimethoxybenzamide (3d) 
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N-Benzyl-3,4-difluorobenzamide (3e) 
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N-Benzylcyclohexanecarboxamide (3f) 
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N-Benzylpiperidine-1-carboxamide (3g) 
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N-Benzyl-1H-pyrrole-2-carboxamide (3h) 
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N-Benzylfuran-2-carboxamide (3i) 
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N-Benzylthiophene-2-carboxamide (3j) 
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N-Benzylpyrrolidine-1-carboxamide (3k) 
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N-Benzyl-2-naphthamide (3l) 
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N-Benzylquinoline-2-carboxamide (3m) 
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N-Benzyl-1H-indole-2-carboxamide (5a) 
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N-Benzylbenzofuran-2-carboxamide (5b) 
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N-Benzylbenzo[b]thiophene-2-carboxamide (5c) 
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Appendix B – Spectra for Chapter 3 

N-Phenethylbenzamide (7a) 

 

 

 

 

 



 265 

 

N-Phenethylisonicotinamide (7b) 
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N-Phenethyl-3,4-dimethoxybenzamide (7d) 

 

 

  



 268 
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N-Phenethylthiophene-2-carboxamide (7j) 
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N-Phenethyl-1H-indole-2-carboxamide (8a) 
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N-Phenethylbenzofuran-2-carboxamide (8b) 
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N-Phenethylbenzo[b]thiophene-2-carboxamide (8c) 
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Appendix C – Spectra for Chapter 4 

N-(Benzyloxy)benzamide (10a) 
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N-(Benzyloxy)isonicotinamide (10b) 
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N-(Benzyloxy)isonicotinamide (10b) - Continued 
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N-Benzyloxy-3,4-dimethoxybenzamide (10d) 
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N-(Benzyloxy)benzofuran-2-carboxamide (11b) 
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N-(Benzyloxy)benzo[b]thiophene-2-carboxamide (11c) 
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Appendix D – Spectra for Chapter 5 

N-Benzylbenzamide (13a) 
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N-Benzylisonicotinamide (13b) 
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N-Benzylbenzofuran-2-carboxamide (14b) – Continued 
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N-Benzylbenzo[b]thiophene-2-carboxamide (14c) 
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N-Benzylbenzo[b]thiophene-2-carboxamide (14c) – Continued 
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N-(4-hydroxy-3-methoxyphenyl)benzofuran-2-carboxamide (16a) – Continued 
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N-(3-hydroxy-4-methoxyphenyl)benzofuran-2-carboxamide (16b) – Continued 
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