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Introduction and Literature Review

1.1. Alzheimer’s Disease: A Progressive Neurodegenerative Disease

Alzheimer’s disease (AD) is a progressive neurological disorder and the most common cause
of dementia characterized by a gradual decline in cognitive function, memory loss, and changes
in behavior and thinking abilities [1-3]. AD is a prevalent condition worldwide, with a
significant impact on individuals, families, and healthcare systems. According to the World
Health Organization (WHO), an estimated 50 million people worldwide were living with
dementia (including AD) in 2020, and this number is expected to triple by 2050 if no effective
treatments are found [4].

AD progresses through distinct stages (Figure 1.1). The preclinical stage is marked by subtle
biological changes in the brain. As it advances to mild cognitive impairment, individuals
experience mild symptoms which might not interfere with day-to-day activities but further
progression shows increased memory impairment, language difficulties, and behavioral
alterations. In the moderate stage, confusion deepens, daily tasks become challenging, and

personality changes emerge. The severe stage brings severe cognitive decline, loss of motor

skills, and the need for full-time care [5].

==
. 2

symptoms that Symptoms symptoms that
m.ay interfere e may interfere
with everyday many everyday with most
activities activitles everyday activities

¥ ¥ ¥ 4

Preclinical AD Mild Cognitive Dementia Due to AD Dementia Due to AD
Impairment Due to AD Mild Moderate

Figure 1.1. Alzheimer’s Disease Continuum. The preclinical phase of AD is characterized by

subtle biological alterations in the brain. Progressing to mild cognitive impairment, individuals

may encounter mild symptoms that don't significantly disrupt their daily routines. However, as
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it evolves, there's a noticeable increase in memory issues, language challenges, and shifts in
behavior. The moderate stage is marked by deepening confusion, making everyday tasks
increasingly difficult, and introducing changes in personality. Finally, in the severe stage,
there's a substantial cognitive decline, a loss of motor abilities, and the necessity for round-the-

clock care.

1.2. Prevalence of AD

According to global reports of the AD International, it's suggested that around three-quarters of
dementia patients worldwide remain undiagnosed. This percentage may even surge to nine out
of ten in certain developing countries. Statistics from 2019 indicate roughly 55 million people
are living with dementia. Based on the latest data from the WHO, this number could swell to
139 million by 2050 [6].

A noteworthy aspect of this phenomenon is the evolving geographical distribution. As of now,
58% of individuals affected with dementia reside in low and middle-income countries.
However, as we look ahead to 2050, this proportion is predicted to rise to 68%. The most rapid
growth in the elderly population, the segment most affected by dementia, is unfolding in regions
like China, India, and their counterparts in South Asia and the Western Pacific [7]. The Indian
scenario is no more different, where the data collected between 2017 and 2020, indicates that
approximately 7.4% of individuals aged 60 and above has dementia, which translates to about
8.8 million people across the country. A closer look reveals that dementia is more prevalent in
females compared to males, with rates of 9.0% and 5.8% respectively. Furthermore, rural areas
showed a higher prevalence at 8.4%, compared to urban regions with 5.3% [8].

The Figure 1.2A indicated that the estimated lifetime risk for AD at age 45 was approximately
1in 5 (20%) for women and 1 in 10 (10%) for men. The risks for both sexes were slightly
higher at age 65. From 2000 to 2019, recorded deaths from AD, as indicated on death

certificates, surged by 145%. In contrast, deaths attributed to the primary cause, heart disease,
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declined by 7.3% (Figure 1.2B) [7]. This uptick in death certificates mentioning Alzheimer's
as the primary cause likely mirrors two patterns. Firstly, as the population gets older, AD is
becoming a more frequent cause of death. Secondly, there seems to be a growing tendency

among physicians, coroners, and other professionals to cite AD on death certificates over time.
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Figure 1.2. Alzheimer’s Disease risk in numbers. (A) Estimated Lifetime Risk for
Alzheimer’s Dementia, by Sex, at Ages 45 and 65. (B) The percentage changes in selected

causes of death between 2000 and 2019 [7, 9, 10].

1.3. Pathophysiology of AD

The brain is the primary control center of the body, responsible for regulating all physiological
processes and cognitive functions. It processes sensory information, allowing us to interpret
and interact with our environment [11]. The brain also governs emotions, memory storage and
retrieval, and critical thinking [12]. Additionally, it coordinates both voluntary actions, like
speaking or walking, and involuntary actions, like breathing and heartbeat. Overall, the brain's
complex interplay of neurons ensures seamless communication within the body and our
conscious and unconscious responses to the world [13]. However, with the onset of AD, subtle

changes begin to manifest. Before any clear-cut symptoms are evident, beta-amyloid proteins
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start to clump together, forming plaques. These plagues accumulate between neurons,
disrupting their ability to communicate [14]. Additionally, the tau protein, which helps maintain
the structure of neurons, begins to twist into neurofibrillary tangles inside the neuron, blocking
the transport of essential nutrients within the cell. As the disease progresses, the density of these
plaques and tangles increases, leading to widespread neuronal death. This cell death is
particularly rampant in regions responsible for memory, like the hippocampus, causing the
initial memory lapses that are often the first recognizable sign of AD. The brain begins to shrink
as more neurons die, and the damage extends, affecting areas responsible for language,
reasoning, and social behavior. Cognitive deficits become more pronounced, and individuals
often exhibit personality changes, confusion, and difficulty with daily tasks. In the advanced
stages of AD, the brain undergoes significant atrophy [15]. Most cortical tissues shrunk, leading
to severe cognitive and functional impairments. Individuals might lose their ability to
communicate, recognize loved ones, or carry out daily activities [16]. The body's systems start
to fail as the brain's regulatory functions deteriorate. At this stage, comprehensive care is
essential, as individuals cannot typically perform daily activities or ensure their own safety.
Several hypotheses about AD have been developed including amyloid cascade hypothesis, tau
hypothesis, cholinergic hypothesis, metal chelation hypothesis, oxidative stress hypothesis, and

inflammation hypothesis.

1.3.1. Amyloid Cascade Hypothesis

Multiple factors contribute to the progression of AD, with the accumulation of amyloid plaques
and soluble oligomers being a primary characteristic of the condition [17]. These plaques are
predominantly formed by clusters of Amyloid Beta (A), peptides consisting of 39 to 43 amino
acids. AP peptides arise from the breakdown of the amyloid precursor protein (APP), an integral

transmembrane glycoprotein found in the central nervous system (CNS), through what's termed
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the amyloidogenic pathway [18]. Normally, the enzymatic cleavage of APP is facilitated by a
trio of enzyme complexes: a-secretase, B-secretase, and y-secretase [19].

In the amyloidogenic process, the APP protein is initially cleaved by B-secretase, releasing a
significant N-terminal ectodomain known as SAPP into the external environment. This is then
followed by y-secretase processing, generating APao and APs2 peptides in a typical 9:1 ratio.
APa2 is especially prone to forming plaques due to its two additional hydrophobic amino acid
residues compared to APaso (Figure 1.3). These AP peptides, produced in the amyloidogenic
route, are naturally inclined to misfold and aggregate, thus playing a pivotal role in AD's
pathology [20]. Interactions between these oligomeric AP peptides and brain cells trigger
inflammatory responses, including mitochondrial dysfunction and elevated oxidative stress [21,
22]. These events disrupt cellular signaling, alter calcium metabolism, and eventually lead to

neuronal apoptosis or cell death.
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Figure 1.3. The amyloid beta hypothesis in AD. APs. is produced when enzymes called f3-
secretase and y-secretase sequentially cleave the APP in the brain. The produced APs> can

aggregate and form plaques, which is a hallmark of AD pathology.

Accumulation of AP peptides has also been suggested to negatively impact cholinergic
function. AP can interfere with axonal transport in cholinergic neurons, impede ACh release,

and may even lead to cholinergic neuron death [23, 24]. There's also evidence suggesting that
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AP can reduce the sensitivity of nicotinic acetylcholine receptors, diminishing their

responsiveness to ACh [24].

1.3.2. Tau Hypothesis

Tau is a protein associated with microtubules in neurons [25]. Microtubules are part of the cell's
cytoskeleton and are essential for maintaining cell shape and aiding in cell division and tau
helps stabilize them. However, tau is an intrinsically disordered protein, meaning it doesn't have
a fixed three dimensional structure when not bound to microtubules [26, 27]. In AD, tau
becomes abnormally phosphorylated at multiple sites. This hyperphosphorylated tau has
reduced affinity for microtubules, leading to microtubule destabilization (Figure 1.4). The
hyper phosphorylated tau proteins tend to aggregate and form paired helical filaments (PHFs).
Over time, these PHFs accumulate and condense to form neuro fibrillary tangles (NFTs) within
neurons. The presence of NFTs is believed to disrupt normal neuronal function [28]. The
mechanism by which NFTs causes neuronal death isn't completely understood, but their
presence correlates with the severity of cognitive impairment in AD. It's also believed that the

soluble, pre-tangle forms of tau might be toxic to neurons [29-31].
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Figure 1.4. Tau hypothesis in AD. Normally, tau helps stabilize microtubules, essential for
neuronal structure and function. However, in AD, tau proteins become hyperphosphorylated

due to the action of kinases and phosphatases, causing them to detach from microtubules and
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aggregate into NFTs. These tangles disrupt neuronal transport and impair cellular function,

ultimately leading to neurodegeneration and cognitive decline.

1.3.3. Cholinergic Hypothesis

The cholinergic hypothesis of AD centers on the notion that a dysfunction in cholinergic
neurotransmission, specifically in the synthesis, release, and processing of acetylcholine (ACh),
is a significant contributor to the cognitive deficits observed in AD (Figure 1.5) [32, 33]. To
delve into the mechanistic aspects, early post-mortem studies of brains from AD patients
revealed a pronounced loss of cholinergic neurons in the nucleus basalis of Meynert, a critical
area of the basal forebrain that supplies ACh to areas like the cerebral cortex and hippocampus.
ACh is synthesized from choline and acetyl coenzyme A by the enzyme choline
acetyltransferase (ChAT) [34].

After its release into the synapse and subsequent action on postsynaptic receptors, ACh is
broken down by the enzyme acetylcholinesterase (AChE) into choline and acetate. In AD,
there's a significant decrease in the activity of ChAT, indicating reduced ACh synthesis.
Moreover, the levels of ACh in the cortex and hippocampus are also diminished. In addition to
decreased ACh synthesis and release, AD brains shows altered expression of cholinergic
receptors, specifically the muscarinic and nicotinic subtypes [35]. These receptors are crucial
for mediating the effects of ACh in the brain. The diminished number and function of these
receptors further exacerbate cholinergic dysfunction.

The mechanistic insights gained from understanding cholinergic dysfunction in AD led to the
development of acetylcholinesterase (AChE) inhibitors. By inhibiting AChE, these drugs
increase the availability of ACh in the synapse, thus temporarily enhancing cholinergic
neurotransmission [36, 37]. This results in symptomatic improvements in cognition and

function, although it doesn't address the disease's underlying progression.
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Figure 1.5. The Cholinergic hypothesis in AD. It suggests that a deficiency in the
neurotransmitter acetylcholine plays a central role in the disease's cognitive symptoms. In AD,
the brain's cholinergic neurons degenerate, leading to reduced acetylcholine levels, impairing
memory and cognition. Cholinesterase inhibitors, such as Donepezil, are used as treatments to
enhance acetylcholine levels temporarily, offering symptomatic relief, though they don't

address the underlying disease mechanisms [38].

1.3.4. Metal lon Hypothesis

The metal ion hypothesis of AD proposes that imbalances in the homeostasis of metal ions,
particularly copper, zinc, and iron, play a significant role in the pathogenesis of AD (Figure
1.6)[39, 40]. These metal ions are known to be involved in various physiological processes in
the brain, and dysregulation can have neurotoxic effects, potentially leading to the neuronal
degeneration observed in AD. Researchers hypothesized that metal ions are directly and
indirectly involved in causing neural damage leading to AD, that includes especially Cu?* and
Zn**, which can promote the aggregation of AP, leading to the formation of insoluble plaques

that are a hallmark of AD. The interaction between AP and metal ions can facilitate the
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generation of reactive oxygen species (ROS), which can damage neuronal cells and contribute
to oxidative stress, a known factor in AD progression. Some studies also report that metal ions

are involved in tau hyperphosphorylation and aggregation [41].
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Figure 1.6. The metal ion hypothesis in AD. The metal ion hypothesis posits that an
imbalance and abnormal accumulation of metal ions, particularly copper, zinc, and iron, in the
brain contributes to the development and progression of the disease. These metals can interact
with amyloid beta and tau proteins, promoting their aggregation into toxic plaques and tangles.

Metal ions can also induce oxidative stress, damaging neurons.

1.3.5. Oxidative Stress and Reactive Oxygen Species Hypothesis

Oxidative stress occurs when there's an imbalance between the production of ROS and the
ability of the body to counteract or detoxify their harmful effects through neutralization by
antioxidants (Figure 1.7) [42]. ROS are chemically reactive molecules containing oxygen,
formed as a natural byproduct of the normal metabolism of oxygen. They play a role in cell
signaling and homeostasis. However, in high levels, ROS can damage cell structures, including
lipids, proteins, and DNA. Increased level of markers of oxidative stress have been identified
in the brains of AD patients [43]. This includes oxidized DNA, lipids, and proteins. Elevated
levels of ROS can result in the damage and dysfunction of mitochondria, the energy-producing

organelles in the cells. Mitochondrial dysfunction is also observed in AD and can lead to further
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ROS production, creating a vicious cycle [44]. Moreover the interaction of ROS with Ap

peptide can further promote AP aggregation, a hallmark of AD [45].
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Figure 1.7. Oxidative stress and Reactive oxygen species hypothesis in AD. In AD, the
hypothesis surrounding oxidative stress and ROS is gaining prominence. Within affected cells,
DNA, lipids, and proteins undergo oxidation, leading to their compromised function. There's a
notable increase in ROS levels in AD. Concurrently, mitochondrial dysfunction, commonly
observed in AD, exacerbates this issue. Dysfunctional mitochondria produce even more ROS,

setting off a self-perpetuating cycle of increasing oxidative stress.

Based on the oxidative stress hypothesis, interventions that boost the antioxidant defense
mechanisms or reduce ROS production could potentially slow the progression of AD.
Numerous studies have explored the benefits of antioxidant supplements in AD, with mixed
results. While some show potential benefits, others have not found a significant impact on
disease progression. While oxidative stress is clearly evident in AD, whether it is a primary

driver of the disease or a consequence of other pathologies (like AP aggregation) remains a
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subject of debate [46, 47]. Therapeutic strategies targeting oxidative stress need to be refined

and targeted to ensure efficacy and avoid potential side effects.

1.3.6. Inflammation Hypothesis

The inflammation hypothesis suggests that chronic inflammation significantly contributes to
the pathogenesis and progression of AD (Figure 1.8). Central to this idea is the role of AP
plaques and tau tangles, hallmarks of AD, which stimulate inflammatory responses in the brain.
Aggregated AP, for instance, can activate microglia and astrocytes, the brain's primary immune
cells, leading to the release of pro-inflammatory cytokines. These immune cells, when

overactivated, can release inflammatory mediators damaging the neurons.
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Figure 1.8. Inflammation hypothesis in AD. The inflammation hypothesis suggests that
chronic inflammation in the brain plays a significant role in the AD development and
progression. In response to factors like abnormal protein aggregation (amyloid plaques and tau
tangles), immune cells release inflammatory molecules. These chronic inflammatory processes

can damage neurons, disrupt neural communication, and contribute to cognitive decline.

Furthermore, an increase in pro-inflammatory cytokines like TNF-a, IL-1B, and IL-6 is
observed in AD, potentially exacerbating the condition. There's also growing evidence
suggesting that peripheral inflammation can influence brain inflammation and the progression

of AD. Genetic studies reinforce this, indicating that genes tied to the immune response, such

11



Introduction and Literature Review

as triggering receptor expressed on myeloid cells 2 (TREM2), might increase AD risk [48].

Consequently, understanding inflammation's role has therapeutic implications.

1.4. Current Therapeutics for AD

Current therapeutics for AD focus on managing symptoms and include two main categories of
drugs. Cholinesterase inhibitors (e.g., Donepezil, Rivastigmine) which enhance acetylcholine
levels to temporarily improve memory and cognition. Memantine, an NMDA receptor
antagonist regulates glutamate activity to mitigate cognitive decline. Table 1.1 summarizes the

current clinically available drugs for the management of AD.

It's worth noting that the landscape of AD treatment is continuously evolving, with numerous
investigational treatments in clinical trials aiming at various mechanisms, including targeting
tau tangles and inflammation or exploring stem cell therapies [49]. Tacrine (Cognex) stands as
a noteworthy milestone, being the inaugural medication to receive FDA endorsement for AD
management in 1993. Yet, concerns over its potential liver toxicity led to its eventual
discontinuation from the market. Donepezil (Aricept) was granted approval in 1996, followed
by Rivastigmine (Exelon) in 2000 and Galantamine (Razadyne) in 2001. These drugs were
primarily approved for mild to moderate stages of AD, with Donepezil later receiving approval
for all stages [50]. The next significant milestone was the approval of Memantine (Namenda)
in 2003, an NMDA receptor antagonist that modulates the activity of glutamate, a
neurotransmitter linked with learning and memory [51]. Memantine targeted moderate to severe
stages of AD. Combining the benefits of both, Namzaric, a pill combining memantine and

donepezil, emerged.
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Table 1.1. Clinically available drugs for the management of AD.
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AP immunotherapies are the latest therapeutics approved for treating AD by targeting AP
protein aggregates, a hallmark of the disease. These therapies mobilize the immune system to
recognize and remove A plaques from the brain. Active immunization involves administering
a vaccine containing AP fragments or mimics, stimulating the patient’s immune system to
produce antibodies against AP. However, the AN1792 vaccine faced challenges in clinical trials
[52, 53]. Passive immunization administers pre-made antibodies specifically designed to target

AP. Prominent examples include Aducanumab and Lecanemab. These antibodies bind to AP
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plaques, aiding in their clearance. Aducanumab is a human derived (IgG1l) Ap-directed
monoclonal antibody mainly indicated to the patient with mild dementia and cognitive
impairment in progressive neurodegenerative stage. Aducanumab is developed by Biogen and
in 2021, the FDA granted accelerated approval for its use in AD, though its approval came with
significant controversy due to mixed clinical trial results [54].

Aducanumab selectively target the oligomeric and fibrillar AB by recognizing the 3-7 amino
acid residue of N terminus AP peptide. Crystallographic study for complex structure of AP
peptide and antibody reveals that about 50% (506 A2) area from the 1025 A2 area of Ala2 -Asp7

residue of AP peptide form the interface with Fab fragment of Aducanumab (Figure 1.9).
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Figure: 1.9. The 3D crystal structure of the Fab fragment of Aducanumab bound to Api-
11 peptide. The Aducanumab binds to the N terminus of AP in an extended conformation,

distinct from those seen in structures with other antibodies that target this epitope. [55].
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The Fab fragment of Aducanumab form seven hydrogen bond, one salt bridge and hydrophobic
interactions with the AB1-11 peptide. Specifically, Glu3 of A peptide interacted with Thr94 of
the light chain of Aducanumab through a hydrogen bond and with Lys65 of the heavy chain of
Aducanumab through a salt bridge. Further, Phe4 of AB peptide interacted with Thr94 of the
light chain of Aducanumab through two hydrogen bonds. Arg5 of AP peptide formed a
hydrogen bond with Arg105 of the heavy chain of the Aducanumab. Moreover, His6 and Asp7
residues of the AB peptide interacted with Pro108 of the heavy chain and Tyr32 of the light
chain of Aducanumab through hydrogen bonding. Though AP peptide interact to the interface
between the heavy and light chain of antibodies but the confirmation and deepness of binding
of AP peptide varies with antibodies.

Lecanemab is a humanized 1gG1 monoclonal antibody which protects against aqueous fibril
synaptotoxicity and targets selectively for AB protofibril over insoluble fibrils. The in-vivo
studies on both animals and humans shows that Lecanemab is decreasing the A accumulation.
In 2023, lecanemab received approval for use in the treatment of early AD. Gantenerumab and
Donanemab are other passive immunotherapeutics under clinical trials [56]. While AP
immunotherapies have shown promise, they face challenges like side effects, variable patient
responses, and the timing of treatment initiation. Ongoing studies are assessing their safety and
efficacy [57]. Despite hurdles, Ap immunotherapies remain a critical avenue in the search for
effective AD treatments, given the central role of AP in the disease's progression [58]. In
addition to these medications, managing AD often requires treatments like antidepressants,
antipsychotics, anxiolytics, and sleep aids to address mood, behavioral, and other symptoms
[59]. Beyond pharmaceuticals, lifestyle interventions like regular physical activity, balanced
diets like the Mediterranean or Mediterranean-DASH intervention for neurodegenerative delay
(MIND) diet, cognitive stimulation, and social engagement play a pivotal role in managing AD

symptoms [60].
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1.5. Need of New and Effective Treatment for AD

In light of the ongoing global demographic shift towards an aging population, the pressing need
for new and efficacious AD treatments becomes increasingly apparent. Several compelling
factors underscore the imperative demand for potential AD drugs. The growing prevalence of
AD, which the WHO estimated to afflict approximately 50 million people worldwide in 2020,
with AD contributing to the majority of cases, is set to surge with the expanding elderly
demographic [61]. Current medications, such as Donepezil, Rivastigmine, and Memantine,
predominantly offer symptomatic relief without disease-modifying capabilities [62]. The
limited availability of disease-modifying agents, notably Aducanumab and Lecanemab used
primarily for mild cognitive impairment, further compounds the urgency to discover
transformative treatments [63]. The profound economic impact of AD, encompassing
substantial healthcare costs and caregiver productivity loss, underscores the potential financial
relief that new drugs capable of slowing disease progression could provide [64]. Existing
treatments' numerous adverse effects underscore the necessity for novel, disease-modifying
agents [65]. Effective drugs, poised to modify the disease's course, have the potential to enhance
cognitive functions and bolster patient independence. Moreover, the pursuit of AD treatments
extends beyond symptom management; it contributes to a more profound comprehension of

AD, informing enhanced diagnostic tools and preventive strategies.

1.6. Protein Aggregation in AD

Protein aggregation in AD involves the abnormal accumulation of misfolded proteins, primarily
AP and tau, in the brain as summarized in sections 1.3.1 and 1.3.2 respectively. AP proteins
clump together to form amyloid plaques outside neurons, while tau proteins aggregate into
neurofibrillary tangles (NFTs) inside neurons. These aggregates disrupt cellular function,

trigger inflammation, and induce oxidative stress, ultimately leading to neuronal damage and
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cognitive decline. Protein aggregation is a hallmark of AD pathology, and understanding its

mechanisms is crucial for developing potential disease-modifying therapies [66].

1.7.  Mechanism of Protein Aggregation

Protein aggregation refers to the process by which abnormal and misfolded proteins accumulate
or clump together. Such aggregates can range from small oligomers to larger insoluble fibrils
[67]. There are various factors responsible for protein aggregation such as environmental
factors like pH shifts, changes in temperatures, and oxidative stress. Certain genetic mutations
can result in the production of proteins that are more prone to misfolding and aggregation as
well as various post-translational modifications. The overall mechanism of protein aggregation
consists of three steps namely, primary nucleation, elongation, and secondary nucleation
(Figure 1.10). Primary nucleation is the initial and important step in protein aggregation leading
to the formation of a stable aggregate or nucleus without the influence of pre-existing
aggregates. In primary nucleation small protein fragments come close together to form large
aggregates or nuclei that act as a template for further aggregation. Primary nucleation is
typically a slow step in the aggregation pathway because of the thermodynamic barrier in the
formation of the stable nucleus. Once the critical nucleus is formed, the addition of more
monomers to the aggregate is energetically favorable and can proceed more rapidly.
Understanding primary nucleation is crucial not only for grasping the fundamental principles
of protein aggregation but also for designing strategies to intervene in diseases where
aggregation is a central feature [68].

Elongation is the second stage in protein aggregation which refers to the rapid growth phase
that follows the formation of a stable aggregate nucleus. The nucleus, which is formed during
the primary nucleation step, acts as a template or seed for the addition of monomeric protein
molecules. The elongation process contributes to the formation of larger aggregated structures,

such as fibrils. [68]. Secondary nucleation in protein aggregation refers to the process by which
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new aggregates or nuclei form in the presence of already-existing aggregates. Unlike primary
nucleation, where nuclei form solely from monomeric proteins in the absence of aggregates,
secondary nucleation arises due to interactions between monomers and pre-existing aggregates,
particularly fibrils. Each of these smaller pieces can then act as a seed or nucleus for further
aggregation. This fragmentation process can dramatically increase the number of aggregates in
the system and is a form of secondary nucleation.

Secondary nucleation plays a pivotal role in the spread and amplification of protein aggregates,
especially in the context of neurodegenerative diseases like AD and Parkinson’s Disease.
Understanding this process in detail is key to deciphering the underlying mechanisms of these

diseases and developing potential treatments.
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Figure 1.10. Mechanism of Protein Aggregation in AD. Protein aggregation in AD comprises
primary nucleation, where misfolded proteins form initial nuclei, followed by elongation, where
additional proteins join to create larger aggregates. Secondary nucleation occurs when existing
aggregates induce the formation of new nuclei, perpetuating aggregation. These processes lead
to the buildup of toxic AP and tau aggregates, contributing to neurodegeneration and cognitive
decline in AD patients. Understanding and targeting these stages is vital for developing

potential therapies to halt or slow the disease progression [69].
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1.8. AP Aggregation Inhibitors

Amyloid B aggregation inhibition has been a prominent drug target in AD research, reflecting
the significance of AP in the disease's pathology. While several drugs targeting A} aggregation
have been developed and tested, results have been mixed, with many clinical trials failing to
show significant benefits. The design, synthesis and pre-clinical evaluation of small molecule
AP aggregation inhibitors have been nicely reviewed [70-72] and some of the widely studied
AP aggregation inhibitors are discussed below.

Congo red (1) and thioflavin T (2) (often abbreviated as ThT) are dyes that have traditionally
been used to stain and detect the presence of amyloid fibrils. However, their interaction with
amyloid fibrils, especially A in the context of AD, has also sparked interest in understanding
their potential inhibitory effects on fibril formation. However, while Congo Red can bind to
and interact with AP fibrils, it is not typically used as a therapeutic agent to inhibit Af
aggregation in AD patients due to concerns about its toxicity and its inability to cross the blood-

brain barrier [73, 74].
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Transthyretin (TTR) is a protein that has been found to bind to AP peptides and prevent their
aggregation. It also modulates the deposition, processing, and toxicity of AP peptides. Several
small molecules, such as tafamidis (3), diflunisal (4), and iododiflunisal (5), which stabilize
TTR, have shown inhibitory effects on AP aggregation. In 2020, Ellen and his coworkers

reported the effect of TTR is increased in presents of iododiflunisal in mice model [75].
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Curcumin (6) is a natural compound found in turmeric, and it has been studied for its potential
to inhibit several drug targets. In 2004, Yang et al. reported that curcumin inhibited AP
aggregation (ICso= 0.8 uM) as well as disaggregated fibrillary ABao (ICso = 1 uM), indicating
favorable stoichiometry for inhibition under aggregating condition in vitro [76].
Epigallocatechin-3-gallate (7, EGCG) is a polyphenol found in green tea, known for its
antioxidant and anti-inflammatory properties. It has been investigated as an AP aggregation
inhibitor and has shown some ability to disrupt and reduce AP aggregation. Scyllo-inositol (8),
also known as ELNDO0S5, is a synthetic compound that has been shown to inhibit AP
aggregation and reduce the toxicity of AP aggregates. It has undergone clinical trials for the

treatment of AD but didn’t reach the clinics [77].
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1.9. Tau Aggregation Inhibitors

Targeting tauopathy in AD is a promising avenue for potential therapies, as abnormal tau
protein aggregation is a key pathological feature of the disease. Several strategies have been
explored including tau-targeted immunotherapies, which aim to clear abnormal tau aggregates
from the brain, tau kinase inhibitors which target enzymes responsible for tau

hyperphosphorylation, microtubule-stabilizing agents which seek to enhance tau's normal
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function in stabilizing neuronal structures and small molecules to interfere with tau aggregation
or promote its clearance. Several research groups have explored small molecule inhibitors of
tau aggregation and the efforts towards the development of potential tau aggregation
therapeutics have been critically reviewed [78]. Some of the widely studied tau aggregation

inhibitors are summarized below.

Methylene blue (9) is a synthetic dye that has been investigated for its potential as a tau
aggregation inhibitor [79]. It has shown some ability to interfere with tau aggregation and
reduce the formation of tau tangles. Certain aniline derivatives, such as Congo Red analogs,
have been studied for their ability to inhibit tau aggregation. These compounds can bind to tau
fibrils and disrupt their formation [80]. In 2017, Jonas Schartner and his team unraveled the
therapeutic intervention of methyl blue and congo red on tau and AP by developing attenuated
total reflection Fourier transform infrared spectroscopy (ATR-FTIR) sensor [81]. Other
Phenothiazines that includes drugs like chlorpromazine (10) and fluphenazine (11), have been

investigated as tau aggregation inhibitors.
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These compounds have shown some ability to reduce tau aggregation in experimental studies.
EGCG has also been studied for its potential to inhibit tau aggregation. It has shown some
ability to interfere with tau fibril formation and reduce tau-induced toxicity. Okuda and his
coworker synthesized different derivatives of curcumin and evaluated their activity against A

and tau aggregation, among all the synthesized derivatives they found compound 12 as a

potential protein aggregation inhibitor having an ICso value of 1.2 + 0.2 uM and 0.66 + 0.13
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KM, respectively for Ap and tau aggregation inhibition [82]. They reported that the compound
has a good pharmacokinetic profile. Dolai and his coworkers reported clicked sugar-derivatives
of curcumin (13) and evaluated their biological activity against AB inhibited Ap aggregation
at 8 nM and tau aggregation at 0.1 nM concentrations, which is far more effective than curcumin

[83].

12 13

Chirita and colleagues employed a fluorescence-based assay to discover the molecule N744
(14), which inhibited tau fibrillization. Their research involved screening an array of small
molecules in the presence of arachidonic acid-induced htau40. N744 was found to not only
impede the aggregation of tau filaments, likely by disrupting their nucleation at particular
concentrations compared to total tau (with an ICso value of 294 + 23 nM), but also to encourage
their disaggregation. When evaluating its specificity for tau against A and a-synuclein, N744
showed no effect on AP and a-synuclein aggregation. Consequently, in vitro experiments
suggest N744 as a promising therapeutic agent for addressing tau fibrillation in
neurodegenerative conditions [84]. Bulic and his team pinpointed a rhodanine analog as a tau
aggregation inhibitor through high-throughput screening. Subsequent adjustments to the
rhodanine derivative eventually resulted in the identification of the highly potent compound,
RH-1 (15). This compound exhibited nanomolar efficacy in both inhibiting and disaggregating

tau aggregation [85].
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14 15

Ballatore and his associates crafted and assessed a range of new analogues that not only inhibit
tau fibrillization but also demonstrate notable brain-to-plasma exposure ratios when
administered to mice. Notably, compounds 16 and 17 stood out in their findings as most

promising candidate as tau inhibitors [86].
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Frenkel-Pinter and colleagues identified a compound, referred to as compound 18 which
displayed potential in inhibiting tau aggregation both in vitro and in vivo. When larvae of
Drosophila were treated with CI-NQTrp (18), there was a marked reduction of about 70% in
total tau levels. Furthermore, this treatment effectively mitigated the symptoms associated with

tauopathy by preventing tau accumulation in the eye tissue of the treated flies [87].

1.10. Computational Modeling in Drug Design

Computational modeling, commonly referred to as computer-aided drug design (CADD), has
revolutionized the field of drug discovery by playing a pivotal role in accelerating the
identification of potential drug candidates while significantly reducing the associated costs and
time [88, 89]. At the heart of this powerful approach lies a diverse array of computational tools

and techniques that serve as indispensable allies in the multifaceted drug development process.
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One of the fundamental roles of CADD is in target identification and validation, where
computational tools excel in predicting the functions of biological molecules, primarily proteins
[90]. By virtually characterizing these proteins and their roles in disease pathways, CADD
contributes to the discovery of new drug targets, providing researchers with a starting point for
designing novel therapeutics. Within the realm of structure-based drug design (SBDD), CADD
offers two essential techniques: docking and molecular dynamics (MD) simulations [91].
Docking enables the prediction of how small molecules, potential drug candidates, bind to
specific target proteins. By virtually "docking” these compounds to their protein targets,
researchers can identify molecules with the highest binding affinity, which is a critical factor in
drug development. Complementing this, MD simulations provide dynamic insights into how
molecules move over time, particularly in response to the binding of potential drugs. This
dynamic perspective helps researchers assess the stability and feasibility of drug-target
interactions.

Ligand-based drug design (LBDD) harnesses computational techniques such as quantitative
structure-activity relationship (QSAR) and pharmacophore modeling. QSAR correlates the
chemical structures of compounds with their biological activities, allowing researchers to
predict the activity of new molecules based on known compounds. Pharmacophore modeling,
on the other hand, identifies the essential chemical features necessary for a molecule to interact
with a specific target [92]. These features serve as a guide for designing new molecules with
the desired properties, optimizing their potential as drug candidates. Virtual screening is a
hallmark application of CADD. Instead of the time-consuming and costly process of physically
testing thousands of compounds in a laboratory setting, computational methods can efficiently
sift through vast libraries of molecules to identify those with the desired properties [93]. By
prioritizing the most promising candidates, virtual screening significantly expedites the drug

discovery pipeline.
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1.10.1. Molecular Docking

Molecular docking is one of the computational techniques that plays an important role in drug
discovery. Molecular docking is a pivotal computational technique in drug discovery,
simulating how a small molecule, such as a potential drug, interacts with its target protein.
Think of it as matching a lock (the protein) and a key (the drug molecule) [94]. The process
starts with either identifying or predicting the binding site on the protein where the drug will
fit. Once this is established, the orientation and conformation of the molecule within this site,
called "pose prediction,” is determined. To gauge the effectiveness of this binding, a scoring
system is employed, assessing the predicted binding affinity. This docking technique plays
several roles in drug discovery. For instance, it aids in identifying potential drug candidates
from a vast compound database and fine-tuning these candidates to improve their binding
efficiency [93]. Furthermore, it can offer insights into the mechanism by which a drug operates
and even predict unintended drug interactions by evaluating its binding with various proteins.
However, there are challenges. The accuracy of prediction, especially the scoring functions,
remains a concern. Additionally, accounting for the dynamic nature of proteins and molecules,
along with the effects of the aqueous environment in the body, can be complex. To navigate
these challenges, researchers utilize various software tools like AutoDock, GOLD, and Glide
[95-97]. Ultimately, while molecular docking provides invaluable insights, it is most effective
when combined with experimental data and other computational methodologies in the drug

discovery journey.

1.10.2. Molecular Dynamics

Molecular dynamics (MD) is a computer simulation technique where the time evolution of a
set of interacting atoms or molecules is followed by numerically solving Newton's equations of
motion [98]. This allows researchers to study the physical properties of molecular systems over

time, giving insights into their dynamical behavior. In order to get thermodynamic better,
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comprehend the physical motion of protein and ligands, MD simulation provide a major
contribution to the drug discovery. It also provides a dynamic view of biomolecular structures,
such as proteins or nucleic acids. This is in contrast to static images obtained from techniques
like X-ray crystallography [99]. Understanding these dynamics can reveal how a drug molecule
affects the target's motion and function. By observing the trajectory of a drug molecule as it
approaches and binds to its target, researchers can understand the detailed binding process,
identify key interactions, and gain insights into the factors determining binding specificity and
affinity. Lately, researchers are exploring the use of MD simulations to correctly estimate the
binding affinity of a drug molecule to its target, giving insights into how well a potential drug

might work.

1.10.3. Artificial Intelligence in Drug Discovery

Artificial intelligence (Al) is revolutionizing the field of drug discovery, offering
transformative capabilities that expedite the identification and development of novel
therapeutics while significantly reducing costs [100]. Al-driven approaches are becoming
indispensable across various stages of the drug discovery process as summarized in Figure

1.11.

At the beginning of the process of drug discovery, by analyzing vast biological datasets, Al can
predict the functions of genes and proteins, aiding researchers in identifying potential drug
targets quickly and accurately. This accelerates the selection of promising targets, a crucial first
step in drug discovery. Later on, Al can predict molecular structures and properties with
remarkable precision. Generative models, such as deep learning-based neural networks, have
the ability to generate novel molecular structures tailored to specific criteria, optimizing the
lead discovery process. This not only expedites drug design but also enhances the chances of
discovering innovative and effective compounds. Moreover, Al-driven virtual screening is

invaluable in the drug discovery pipeline. By leveraging machine learning algorithms, Al can
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swiftly assess extensive compound libraries and prioritize molecules with the highest likelihood
of binding to target proteins [101]. This predictive screening significantly reduces the need for
extensive and costly laboratory testing, expediting the identification of potential drug
candidates. Furthermore, Al has a role in optimizing clinical trial design. By analyzing patient
data, Al can assist in identifying suitable patient populations, thereby increasing the chances of
successful trials and shortening development timelines. Al-enhanced predictive modeling also
helps in evaluating potential safety concerns and side effects, ensuring the development of safer

drugs [102].
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Figure 1.11. Role of Artificial Intelligence (Al) in drug discovery. Reprinted (adapted) with
permission from Reference Zhavoronkov et al). Copyright (2018) American Chemical Society

[103].

1.10.4. Limitations and Challenges of Using Computational Modeling for Drug Discovery
Computational modeling is a pivotal tool in drug discovery, but it comes with inherent
limitations and challenges. Models' accuracy relies on data quality and assumptions, which may
not fully capture biological complexity [104]. Scoring function accuracy in predicting binding
affinities can be problematic due to simplifications. Limited or variable data quality,
computational resource demands, and predicting novel targets pose additional hurdles.

Flexibility in proteins and molecules, solvent effects, overfitting, and the need for experimental
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validation add to the complexity [105]. Ethical concerns arise from generating numerous
untested compounds, while regulatory approval still relies on extensive experimental data.
Despite these challenges, computational modeling is indispensable, aiding compound
prioritization, understanding drug-target interactions, and optimizing candidates. Its
effectiveness is maximized when integrated with experimental approaches, guiding and

complementing laboratory work.

1.11. a-Ketoamides

a- Ketoamides represent a class of organic molecules that have gained significant attention in
medicinal chemistry due to their potential therapeutic applications. Characterized by the
presence of a keto (carbonyl) group adjacent to an amide functionality, these compounds have
been found to be versatile intermediates for the synthesis of a wide range of bioactive
molecules. Due to their unique structural features, a-ketoamides have demonstrated the
potential to modulate various biological targets, making them attractive scaffolds for drug

discovery and development.

Over the years, research on a-ketoamides has expanded, leading to the identification of potential
lead compounds in various therapeutic areas such as antiviral, anticancer, and anti-
inflammatory research. a-Ketoamides, owing to their unique dicarbonyl and amide motif, do
possess an interesting structural and electronic feature that provides a distinct mode of
interaction with biological targets [106, 107]. This increasing interest underscores the

importance and promise of a-ketoamides in the realm of medicinal chemistry [108].

1.11.1. Chemistry of a-Ketoamides
The a-ketoamide scaffold provides a rich array of potential chemical reactions due to the
presence of the carbonyl and amide functional groups [106, 107]. These groups can undergo a

variety of chemical reactions, including reductions, oxidations, condensations, and nucleophilic
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substitutions, allowing the creation of diverse compound libraries for drug discovery [106, 109].
The carbon atom of both the carbonyl group acts as electrophilic centers for various
nucleophilic attacks. a-Ketoamides compounds are characterized by a carbonyl group (keto)
situated next to an amide functional group, exhibit unique electrophilic and nucleophilic centers
that underpin their diverse chemical reactivity. Figure 1.12 contains reactive ambident
electrophile and nucleophile moiety, displaying two possible nucleophilic reaction sites
together with two electrophilic centers, whose reactivity can be augmented through the

selection of specific activation modes [110].
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Figure 1.12. The biological importance and potential reactive sites of a-ketoamides.

Many natural products contain a-ketoamide in their main scaffold owing the potential
therapeutic efficacy motivating researchers to design a-ketoamide derivatives to develop
compounds tailored to interact with different biological targets for providing therapeutics for
the clinical management of a number of pathological conditions [111, 112]. In another word,
1,2-dicarbonyl compounds are important life-related structures that are abundantly found in
natural products. In comparison to other carbonyl derivatives, such as a-ketoacids and o-
ketoesters, a-ketoamides have been shown to possess better pharmacokinetic properties [113,
114]. The dicarbonyl motif in a-ketoamide can interact with the proteins in the body and
enhances its bioavailability together with the amide functionality which is known for solubility

enhancement effect making it a highly useful moiety for lead optimisation studies in the early
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phase drug discovery [110, 115]. The electrophilic sites mainly reside at the carbonyl carbon
of the keto group, owing to its polarized C=0 bond, and to a lesser extent at the carbonyl carbon
of the amide group, although the latter's reactivity is dampened due to resonance.

On the nucleophilic front, the carbon positioned between the keto and amide groups can, when
deprotonated, form an enolate that acts as a powerful nucleophile. This enolate can engage in
reactions such as Michael additions or aldol condensations. Furthermore, the amide's nitrogen,
due to its lone pair, might also serve as a weak nucleophile, although its potential is often
restrained by the resonance of the amide group. In essence, the dual presence of keto and amide
functionalities grants o-ketoamides their intriguing reactivity profile, where the specific
outcome depends on both the molecule's substituents and the external conditions applied. The
B,y-unsaturated carbonyl group present in [,y-unsaturated a-ketoamide acts as Michael
acceptor and shows various reactivity towards other functional groups [116]. Michael acceptors
are important in biological systems because they can react with nucleophilic amino acid
residues in proteins (e.g., cysteine) through a process known as covalent protein modification.
This can have significant implications for drug design and chemical biology [117].

The a-ketoamide scaffold often imparts drug-like properties to compounds, such as good
stability, bioavailability, and the ability to interact with specific biological targets. These
properties make ketoamides a preferred choice in drug design and discovery. Ketoamides can
be designed and synthesized to specifically inhibit certain enzymes or targets, which is
particularly beneficial in the treatment of diseases such as viral infections (e.g., SARS-CoV-2),
cancer, and neurodegenerative disorders.

a-Ketoamides, due to their well-defined structure and reactivity, can be easily modified to study
structure-activity relationships, an essential aspect of drug discovery. Different functional
groups or substituents can be added or removed to see how these changes affect the compound's

biological activity. a-Ketoamides can be synthesized from readily available starting materials
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using a variety of well-established chemical reactions, making them relatively easy and cost-
effective to produce in a laboratory setting. Given these attributes, the ketoamide scaffold will
likely continue to play a key role in the future of medicinal chemistry and drug discovery. It's
worth noting, however, that while a-ketoamides have shown promise in preclinical and early
clinical studies, more advanced trials are necessary to fully understand their safety and efficacy
in humans. Figure 1.12. describes different reactive centers as well as biological significance

of a-ketoamides.

1.11.2. Role of a-ketoamides in Neurodegenerative disease

a-Ketoamides derivatives have been largely studies for a variety of disease drug targets.
However, the reports involving their evaluation on AD drug targets are limited. Some of the
studies are summarized below. Some ketoamides have been investigated for their ability to
inhibit the aggregation of AP peptides, which is a critical step in the formation of amyloid
plaques in the brain. By preventing or slowing down this aggregation, ketoamides could
potentially help reduce the buildup of AB plaques and their neurotoxic effects [118].

Certain ketoamides have shown promise in stabilizing the tau protein, preventing its abnormal
aggregation into neurofibrillary tangles. a-Ketoamides have been explored for their potential
neuroprotective effects, which could help prevent or slow the loss of neurons in the brain. This
neuroprotection may help preserve cognitive function and delay the progression of AD. Some
ketoamides have demonstrated anti-inflammatory properties, and chronic inflammation is
believed to play a role in the development and progression of AD. By reducing inflammation
in the brain, ketoamides could potentially mitigate some of the damaging effects of the disease.
Oxidative stress is another factor contributing to AD pathology. Some ketoamides possess
antioxidant properties that could counteract the harmful effects of reactive oxygen species and

protect neurons from oxidative damage. Researchers focus on designing a-ketoamides-based
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drugs due to their wide range of potential biological activities, chemical stability, and promising
pharmacological profiles.

In a 2004 study, Bihovsky et al., synthesized and characterized novel derivatives of 1,2-
benzothiazine 1,1-dioxide o-ketoamide. The inhibitory activity of these derivatives was
subsequently assessed against Calpain_I. Notably, among the evaluated compounds, compound
19 emerged as the most active entity [119]. Prasad et al., reported design of benzodiazepinones
as peptidomimetics. They investigated structure— activity relationships of diazepinones and
synthesized orally active y-secretase inhibitors. Among all compounds compound 20 (BMS-
433796) was identified as potent molecule with an acceptable pharmacodynamics and

pharmacokinetic profile [120].
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In 2008 C. Sinjoanu et al., reported compound A-705253 (21) which potently inhibited
oligomeric AB-induced dynamin 1 and tau cleavage in hippocampal neurons. Quantitative
Western blot analysis indicated that the incubation of these with 21 prior to the addition of
oligomeric AP reduced both dynamin 1 and tau cleavage in a dose-dependent manner. In
addition, their results showed that this calpain inhibitor significantly ameliorated the cleavage
of these proteins when added simultaneously with oligomeric AB [121]. In 2011 Yong Jae lo et
al., reported several derivatives of cinnamoyl ketoamides and among the synthesized
derivatives, compound 22 emerged as most potent inhibitor of calpain I (ICso = 0.13 uM) and
also exhibited strong antioxidant activities in DPPH and superoxide anion radical scavenging

and lipid peroxidation inhibition assay systems [122].
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In 2017, Kling and his coworkers synthesized different derivatives of 2-(3-phenyl-1H-pyrazol-
1-yl) nicotinamides, among them they found compound 23 and 24 were identified as potent
and reversible inhibitors of calpain with high selectivity versus related cysteine protease

cathepsins, other proteases, and receptors at low nanomolar concentration [123].
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In a 2019 study, Jantos et al., identified molecule ABT-957: 1-Benzyl-5-oxopyrrolidine-2-
carboxamide (25) as a selective inhibitor of calpain. The researchers further elucidated that in
preclinical models pertinent to AD, the compound 25, exhibited efficacy in preventing both
NMDA-induced neurodegeneration and AB-induced synaptic dysfunction. Consequently, it
advanced to Phase | clinical trials under the designation Alicapistat (ABT-957) [124].

Later it also went phase Il clinical trial and it is an orally active selective inhibitor of human
calpains I and Il for the potential application of AD. Alicapistat mitigates the metabolic liability

of carbonyl reduction and inhibits calpain | with an 1Cs value of 395 nM.
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In 2020, Ammar and his coworkers reported the compound 26 while exploring the compound
ABT-957. This allowed the exploration of stereoselective inhibition of calpain-1 (IC50=78 nM)

[125].
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1.11.3. Biological importance of a-Ketoamide based molecules in other disease

Besides the neuroprotective potential of a-ketoamides, it also possesses tremendous biological
significance in other diseases. This scaffold, in various studies, has showcased potential anti-
inflammatory properties and roles in cellular regulation. Such versatile implications make o-
ketoamides an important molecule of interest in biomedical research. Furthermore, there's an
increasing interest in understanding its mechanism of action and potential therapeutic
applications. The biological significance of a-ketoamide has been well discussed in the previous
literature [106] .

In 2015, Zhaozhao Li et. al. synthesized novel dipeptidyl a-ketoamide derivatives and evaluated
their inhibitory activity against cysteine protease calpain I, calpain Il and cathepsin B. From the
total 89 compounds, compound 27, 28 and 29 were found as best inhibitors for calpain Il at K;
15 nM, 17 nM and 22 nM respectively whereas compound 28 at Ki 19 nM and 29 at K; 31 nM

exhibited the significant inhibitory activity on Calpain | and cathepsin-B respectively [126].

34



Introduction and Literature Review

o~
OoH l’-‘l o n P N ° °
g NH x ! “ H H H
| o o )\ NH o NH
- < T o o A | Py
o” Mo © © ¥

27.Ki = 15nM 28 29
Calpain I: Ki = 19 nM Calpain ll: Ki=22 nM
Calpain Il: Ki =17 nM Cathepsin B: Ki =31 nM

In 2009, Tao Wang et. al., synthesized azaindole derivatives from the lead compound 1-(4-
benzoylpiperazin-1-yl)-2-(1H-indol-3-yl) ethane-1,2-dione by substituting each unfused
carbon atom in phenyl ring of the indole with nitrogen and they evaluated their potency to
inhibit the HIV-1 attachment. Further optimization of these azaindole compounds, led to the
development of BMS-488043 (30) (ECs0=0.88+0.46 puM) which progressed into clinical
studies, and was shown to effectively reduce viremia in HIV-1 infected individuals when
administered as monotherapy for 8 days [127]. In 2011, based on the styryl pharmacophore
combined with ketoamide to create an electrophilic trap for catalytic serine residues of viral
protease, Christian Steuer et. Al., developed the fragment-like lead compounds and tested
against west Nile virus protease and thrombin which also showed the ability to selectively
inhibit the flaviviral protease. Moreover, some selected compounds they screened to evaluate
the antiviral activity in reporter-gen cell-culture assay of Dengue replication, compound 31 was
shown to inhibit the Dengue Virus replication in dose dose-dependent manner by achieving a
more than 1000-fold reduction in virus titers at nontoxic concentration. The percent inhibition
of Dengue virus at its 50 uM concentration was about 39.1% [128].

In 2014, Nicole Trager et. al., demonstrated the effect of SNJ-1945 (32, calpain inhibitor) on
neurodegeneration and immunomodulation in murine models of multiple sclerosis. In-vivo
study showed that a 50 mg/kg SNJ1945 treated model for 9 days was found to reduce the

inflammatory response. As calpain is the substrate for axon, cytoskeletal, and myelin protein
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degradation which is responsible for neurodegeneration SNJ-1945 treatment helps in

neuroprotection [129].
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In 2016, S.N.C Sridhar et. al., synthesized the twenty-four 2(carbazole-3-yl) iodoacetamide
derivatives and evaluated their inhibitory activity against pancreatic lipase (PL). In PL
inhibition assay compounds 33, 34, and 35 inhibited pancreatic lipase at ICso 6.31 uM, 8.72

uM and 9.58 uM respectively [130].

In 2016, Shashidhar Nizalapur et. al., synthesized N-acrylisatin based glyoxamide derivatives
through the process of ring opening in N-acrylisatin using acyclic and cyclic amines and amino
acid esters to evaluates its inhibitory activity against quorum sensing. Compound 36 exhibited
the best quorum sensing inhibitory activity against P. aeruginosa (MH602) and E.Coli

(MT102) about 48.7% and 73.6 % respectively at 250 puM concentration [131].

Q Q

33. 15y =6.31 uM 34.1C5,=8.72 uM 35.1C5 = 9.58 uM
X, =21.85 Xi50 = 21.94 Xisp=26.2

In 2016, Debin Zeng et. al. reported a-ketoamide derivatives having enterovirus protease
inhibitory activity. SAR study of these derivatives indicated that substitution of benzyl group
with para-fluoro benzyl enhances the inhibition potency from which compounds 37, 38 and 39
showed satisfactory inhibitory activity at 1Cso value 1.32+0.26, 1.882 +0.35 and 1.522 +0.31

UM respectively [132].
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To get the broad-spectrum antiviral compounds against alpha, beta coronavirus and
enterovirus, In 2020, Linlin Zhang et. al., designed the peptidomimetic a-ketoamides on the
basis of protease structure of coronavirus and enterovirus. In the cell based assay compounds
40 and 41 was found to inhibit the protease activity at ICso 4.7+£0.94 um,1.93+0.43
pum,1.27+0.34 um and 1.69+0.47 um,0.95£0.15 um,0.71+0.36 um concentration on EV-A71
3CP° CVvB3 3CP° SARS-CoV MP® cells respectively whereas compound 40 exhibited

significant antiviral activity against Middle East respiratory Syndrome coronavirus at

picomolar range i.e. at ECso = 0.0004+0.0003 pum [133].

40.1C,, 41. 1G5,
EV-A713Cpro =1.69+0.47 pm EV-A713Cpro=4.7+0.94 pm
CVB3 3Cpro =0.95+0.15 um CVB3 3Cpro=1.93+0.43 pum, SARS-
SARS-CoV Mpro =0.71£0.36 uM CoV Mpro =1.27+0.34 pm

Huh-7MERS-CoV(ECs, )=0.0004+0.0003 um

1.11.4. Methods of synthesis of a-ketoamides
Various routes have been reported for the synthesis of a-ketoamides including oxidation,

amidation approaches, ionic disconnection, coupling reaction, double carbonylative amination
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etc. The different methods for the synthesis of a-ketoamides along with mechanism have been
reported in the previous literatures [107]. Here we have summarized some recent approaches

for the synthesis of a-ketoamides.

In 2019, Li et. Al., reported direct synthesis of a-ketoamides by copper catalyzed coupling of
anthranils and a-keto acids (Scheme 1.1). This process involves N-O/C-O bond cleavages and
C-N bond formation. Furthermore, the decarboxylation of a-keto acids can be successfully

suppressed under redox-neutral conditions [134].

o o}
0 = H (o] = "
_N + O [Cu). PPh, ) . N
-~ DCE, 11
Major Minor

Scheme 1.1. Synthesis of a-ketoamides by copper-catalyzed coupling of anthranils and
a-keto acids.

In 2019, Monga et. al., reported the synthesis of visible light-mediated synthesis of
photocatalytic amidation of a-keto aldehydes using rose bengal as photocatalyst at room
temperature under ambient air and under irradiation of a 20 W white LED bulb (Scheme 1.2).

The method is mild, efficient and environmentally benign [135].

? H White LED (20W) o R
H 4 /N\R rose bengal (1mol%) - N\Rs
R R 3, CH3CN, 14h, ambient air R1
1 o

Scheme 1.2. Synthesis of a-ketoamides via visible light mediated photocatalytic

amidation of a-keto aldehydes.
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In 2021, Chen et. al., reported the synthesis of different a-ketoamides by using easily available
potassium alkyl trifluoro borates or Hantzsch esters as the starting material, and cheap and non-
toxic Mn(OACc)3-2H20 as the promotor (Scheme 1.3) [136].
-
Mn(OAC)2Ho0 !

N M
RI NHR" + GD + R:‘!lklﬂ_BF:'-H EI. ||.--l H.‘I "::u'l
OCE, BO®C, 16 h

Scheme 1.3. Synthesis of a-ketoamides via manganese (111)-Promoted double

carbonylation of anilines.

In 2020, Xiao et. al., reported synthesis of a-ketoamides using water and dioxygen as the
oxygen source. This copper-catalyzed reaction is carried out in a tandem manner constituted by
the hydroamination of alkyne, hydration of vinyl-Cu complex, and subsequent oxidation

(Scheme 1.4) [137].

Cul (5 mol%)

Pl
DMF,
R———-H + R1\NH,R2 + 0+ H0 —BDMErt Ar/uﬁ(N‘Rz

Scheme 1.4. Cupper catalyzed synthesis of a-ketoamides by hydroamination of alkyne

using water and dioxygen as the oxygen source.

In 2019, Anup et. al., reported synthesis of a-ketoamides by reaction of cinnamic
acids/arylacetic acids with 2° amines in the presence of Cu-catalyst. The reaction between
cinnamic acid and amine involves the formation of enamine followed by its aerobic oxidation,
whereas the reaction of arylacetic acid with amine involves amide formation followed by

benzylic methylene oxidation (Scheme 1.5) [138].

A X ~COO0H Cu(OAc), 0 R
R R P-Xylene, 110 °C N
Or + 1\N H/ 2 - Ar \Rz
Ar”” COOH o
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Scheme 1.5. Synthesis of a-ketoamides by reacting cinnamic acids/arylacetic acids with

secondary amines in the presence of Cu-catalyst.

In 2022, Zuo et. al., reported the synthesis of various substituted ketoamides via a gold-
catalyzed 2-fold reaction of a bromoalkyne with anthranils that led do intermediate diimine.
When the intermediate undergoes subsequent hydrolysis a-ketoamide formed (Scheme 1.6).

[139]

0
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Scheme 1.6. Synthesis of a-ketoamides by gold-catalyzed 2-fold reaction of a

bromoalkyne with anthranils.

In 2022, Wang et. al., documented the creation of primary a-ketoamide derivatives using a
copper(ll)-driven denitrogenation/oxidation method. This process utilized a-azido ketones as
the starting material and TEMPO for oxidation. During the procedure, a-azido ketones were
converted in-situ into an iminoketone intermediate. This intermediate then underwent a series

of radical-based transformations to produce a-ketoamides (Scheme 1.7) [140].

o 0]
J‘\ N TEMPO, Cu0O P ,” _NH,;
R’/ S~ 3 toluene, 90 °C R \]
O

R = Aryl, Alkyl
Scheme 1.7. Synthesis of a-ketoamides by using a copper(l1)-driven

denitrogenation/oxidation method.
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In 2022, Jang et. al., crafted 36 varied structural variants of a-ketoamides with a yield
reaching 98%. They employed a single-step technique that combined a-keto acids and amines,

using ynamides as coupling agents (Scheme 1.8) [141].

Ms
R, _R
O =N 9 Ms 2 ‘N~ 3 (o) ,R2
M _on me Mo oo I N
Ry~ W One pot synthesis Ry~ \ ”/ ‘Me Ry~ ﬂ R3
o (o} o}

Scheme 1.8. One pot synthesis of a-ketoamides by using ynamides as coupling agents.

In 2023, Wang et. al., synthesized thirty-eight derivatives of o-ketoamides from
sulfoxoniumylides and secondary amines by using copper catalyst [142]. This approach
accommodated aryl, heteroaryl, and tert-butylsulfoxoniumylides, leading to a diverse range of

a-ketoamides with favorable yields (Scheme 1.9).

0 R
A R, c !
N = + I!IH—R —uh.. I x R,
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Scheme 1.9. Synthesis of a-ketoamides from sulfoxoniumylides and secondary amines by

using copper catalyst.

1.12. References

1. J. Dumurgier, C. Tzourio, Epidemiology of neurological diseases in older adults, Revue
neurologique, 176 (2020) 642-648.

2.  Katzman R. Alzheimer's disease. The New England journal of medicine, 314(15)
(1986), 964-973.

3. C.Ballard, S. Gauthier, A. Corbett, C. Brayne, D. Aarsland, E. Jones, Alzheimer's
disease, the Lancet, 377 (2011) 1019-1031.

4.  W.H. Organization, Risk reduction of cognitive decline and dementia: WHO guidelines,
(2019).

5.  H. Feldman, M. Woodward, The staging and assessment of moderate to severe
Alzheimer disease, Neurology, 65 (2005) S10-S17.

41



Introduction and Literature Review

10.

11.

12.

13.

14.

15.

16.

17.

18.

B.D. James, D.A. Bennett, Causes and patterns of dementia: an update in the era of
redefining Alzheimer's disease, Annual review of public health, 40 (2019) 65-84.
2023 Alzheimer's disease facts and figures, Alzheimer's & dementia : the journal of the
Alzheimer's Association, 19 (2023) 1598-1695.

A. Choudhary, J.K. Ranjan, H.S. Asthana, Prevalence of dementia in India: A
systematic review and meta-analysis, Indian journal of public health, 65 (2021) 152-
158.

J. Xu, S.L. Murphy, K.D. Kochanek, E. Arias, Deaths: Final data for 2019, (2021).

E. Nichols, J.D. Steinmetz, S.E. Vollset, K. Fukutaki, J. Chalek, F. Abd-Allah, A.
Abdoli, A. Abualhasan, E. Abu-Gharbieh, T.T. Akram, Estimation of the global
prevalence of dementia in 2019 and forecasted prevalence in 2050: an analysis for the
Global Burden of Disease Study 2019, The Lancet Public Health, 7 (2022) e105-e125.
S.W. Porges, J.A. Doussard-Roosevelt, A.K. Maiti, Vagal tone and the physiological
regulation of emotion, Monographs of the society for research in child development,
(1994) 167-186.

M.D. Lewis, R.M. Todd, The self-regulating brain: Cortical-subcortical feedback and
the development of intelligent action, Cognitive Development, 22 (2007) 406-430.

G. Garg, The Brain Unveiled: Exploring the Wonders of Our Neural World, Gaurav
Garg, 2023.

E.A. Stern, B.J. Bacskai, G.A. Hickey, F.J. Attenello, J.A. Lombardo, B.T. Hyman,
Cortical synaptic integration in vivo is disrupted by amyloid-p plaques, Journal of
Neuroscience, 24 (2004) 4535-4540.

M. Grothe, H. Heinsen, S.J. Teipel, Atrophy of the cholinergic basal forebrain over the
adult age range and in early stages of Alzheimer's disease, Biological psychiatry, 71
(2012) 805-813.

S.T. DeKosky, S.W. Scheff, Synapse loss in frontal cortex biopsies in Alzheimer's
disease: correlation with cognitive severity, Annals of Neurology: Official Journal of
the American Neurological Association and the Child Neurology Society, 27 (1990)
457-464.

D.J. Selkoe, J. Hardy, The amyloid hypothesis of Alzheimer's disease at 25 years,
EMBO molecular medicine, 8 (2016) 595-608.

J. Hardy, D.J. Selkoe, The amyloid hypothesis of Alzheimer's disease: progress and
problems on the road to therapeutics, science, 297 (2002) 353-356.

42



Introduction and Literature Review

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

X.Yang, G.Y. Sun, G.P. Eckert, J.C. Lee, Cellular membrane fluidity in amyloid
precursor protein processing, Molecular neurobiology, 50 (2014) 119-129.

M. Stefani, S. Rigacci, Beneficial properties of natural phenols: highlight on protection
against pathological conditions associated with amyloid aggregation, BioFactors, 40
(2014) 482-493.

G. Ganguly, S. Chakrabarti, U. Chatterjee, L. Saso, Proteinopathy, oxidative stress and
mitochondrial dysfunction: cross talk in Alzheimer’s disease and Parkinson’s disease,
Drug design, development and therapy, (2017) 797-810.

M. Soler-Lopez, N. Badiola, A. Zanzoni, P. Aloy, Towards Alzheimer's root cause:
ECSIT as an integrating hub between oxidative stress, inflammation and mitochondrial
dysfunction: Hypothetical role of the adapter protein ECSIT in familial and sporadic
Alzheimer's disease pathogenesis, Bioessays, 34 (2012) 532-541.

R. Rajmohan, P.H. Reddy, Amyloid-beta and phosphorylated tau accumulations cause
abnormalities at synapses of Alzheimer’s disease neurons, Journal of Alzheimer's
Disease, 57 (2017) 975-999.

S. Kar, S.P. Slowikowski, D. Westaway, H.T. Mount, Interactions between f-amyloid
and central cholinergic neurons: implications for Alzheimer’s disease, Journal of
Psychiatry and Neuroscience, 29 (2004) 427-441.

D.R. Williams, Tauopathies: classification and clinical update on neurodegenerative
diseases associated with microtubule-associated protein tau, Internal medicine journal,
36 (2006) 652-660.

L.M. Ittner, J. GOtz, Amyloid-f and tau--a toxic pas de deux in Alzheimer's disease,
Nature reviews. Neuroscience, 12 (2011) 65-72.

S.A. Small, K. Duff, Linking Abeta and tau in late-onset Alzheimer's disease: a dual
pathway hypothesis, Neuron, 60 (2008) 534-542.

L.M. Fox, C.M. William, D.H. Adamowicz, R. Pitstick, G.A. Carlson, T.L. Spires-
Jones, B.T. Hyman, Soluble tau species, not neurofibrillary aggregates, disrupt neural
system integration in a tau transgenic model, Journal of Neuropathology &
Experimental Neurology, 70 (2011) 588-595.

R.B. Maccioni, G. Farias, I. Morales, L. Navarrete, The revitalized tau hypothesis on
Alzheimer's disease, Archives of medical research, 41 (2010) 226-231.

L.M. Ittner, J. G6tz, Amyloid-p and tau—a toxic pas de deux in Alzheimer's disease,
Nature Reviews Neuroscience, 12 (2011) 67-72.

43



Introduction and Literature Review

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

K.A. Johnson, A. Schultz, R.A. Betensky, J.A. Becker, J. Sepulcre, D. Rentz, E.
Mormino, J. Chhatwal, R. Amariglio, K. Papp, Tau positron emission tomographic
imaging in aging and early A Izheimer disease, Annals of neurology, 79 (2016) 110-
1109.

H. Hampel, M.M. Mesulam, A.C. Cuello, M.R. Farlow, E. Giacobini, G.T. Grossberg,
A.S. Khachaturian, A. Vergallo, E. Cavedo, P.J. Snyder, Z.S. Khachaturian, The
cholinergic system in the pathophysiology and treatment of Alzheimer's disease, Brain :
a journal of neurology, 141 (2018) 1917-1933.

R. Schliebs, T. Arendt, The significance of the cholinergic system in the brain during
aging and in Alzheimer's disease, Journal of neural transmission (Vienna, Austria :
1996), 113 (2006) 1625-1644.

Y. Oda, Choline acetyltransferase: the structure, distribution and pathologic changes in
the central nervous system, Pathology international, 49 (1999) 921-937.

A. M Tata, L. Velluto, C. D'Angelo, M. Reale, Cholinergic system dysfunction and
neurodegenerative diseases: cause or effect?, CNS & Neurological Disorders-Drug
Targets (Formerly Current Drug Targets-CNS & Neurological Disorders), 13 (2014)
1294-1303.

F. Amenta, L. Parnetti, V. Gallai, A. Wallin, Treatment of cognitive dysfunction
associated with Alzheimer's disease with cholinergic precursors. Ineffective treatments
or inappropriate approaches?, Mechanisms of ageing and development, 122 (2001)
2025-2040.

A. Maelicke, Allosteric modulation of nicotinic receptors as a treatment strategy for
Alzheimer’s disease, Dementia and Geriatric Cognitive Disorders, 11 (2000) 11-18.

S. Lai Shi Min, S.Y. Liew, N.J.Y. Chear, B.H. Goh, W.-N. Tan, K.Y. Khaw, Plant
terpenoids as the promising source of cholinesterase inhibitors for anti-AD therapy,
Biology, 11 (2022) 307.

A.l. Bush, Drug development based on the metals hypothesis of Alzheimer's disease,
Journal of Alzheimer's disease : JAD, 15 (2008) 223-240.

A.l. Bush, R.E. Tanzi, Therapeutics for Alzheimer's disease based on the metal
hypothesis, Neurotherapeutics : the journal of the American Society for Experimental
NeuroTherapeutics, 5 (2008) 421-432.

A.C. Kim, S. Lim, Y K. Kim, Metal ion effects on AP and tau aggregation, International
Journal of Molecular Sciences, 19 (2018) 128.

44



Introduction and Literature Review

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

M.A. Smith, C.A. Rottkamp, A. Nunomura, A.K. Raina, G. Perry, Oxidative stress in
Alzheimer’s disease, Biochimica et Biophysica Acta (BBA)-Molecular Basis of
Disease, 1502 (2000) 139-144.

A. Skoumalov4, J. Hort, Blood markers of oxidative stress in A Izheimer's disease,
Journal of cellular and molecular medicine, 16 (2012) 2291-2300.

N. Nissanka, C.T. Moraes, Mitochondrial DNA damage and reactive oxygen species in
neurodegenerative disease, FEBS letters, 592 (2018) 728-742.

C.m. Cheignon, M. Tomas, D. Bonnefont-Rousselot, P. Faller, C. Hureau, F. Collin,
Oxidative stress and the amyloid beta peptide in Alzheimer’s disease, Redox biology,
14 (2018) 450-464.

J.M. Perez Ortiz, R.H. Swerdlow, Mitochondrial dysfunction in Alzheimer's disease:
Role in pathogenesis and novel therapeutic opportunities, British journal of
pharmacology, 176 (2019) 3489-3507.

K.A. Jellinger, Basic mechanisms of neurodegeneration: a critical update, Journal of
cellular and molecular medicine, 14 (2010) 457-487.

E.A. Newcombe, J. Camats-Perna, M.L. Silva, N. Valmas, T.J. Huat, R. Medeiros,
Inflammation: the link between comorbidities, genetics, and Alzheimer’s disease,
Journal of neuroinflammation, 15 (2018) 1-26.

P. Chopade, N. Chopade, Z. Zhao, S. Mitragotri, R. Liao, V. Chandran Suja,
Alzheimer's and Parkinson's disease therapies in the clinic, Bioengineering &
Translational Medicine, 8 (2023) e10367.

B. Benjamin, A. Burns, Donepezil for Alzheimer’s disease, Expert Review of
Neurotherapeutics, 7 (2007) 1243-1249.

S.H. Ferris, Evaluation of memantine for the treatment of Alzheimer’s disease, Expert
opinion on pharmacotherapy, 4 (2003) 2305-2313.

G. Song, H. Yang, N. Shen, P. Pham, B. Brown, X. Lin, Y. Hong, P. Sinu, J. Cai, X. Li,
An immunomodulatory therapeutic vaccine targeting oligomeric amyloid-p, Journal of
Alzheimer's Disease, 77 (2020) 1639-1653.

F. Mantile, A. Prisco, Vaccination against 3-Amyloid as a Strategy for the Prevention of
Alzheimer’s Disease, Biology, 9 (2020) 425.

R.R. Tampi, B.P. Forester, M. Agronin, Aducanumab: evidence from clinical trial data

and controversies, Drugs in context, 10 (2021).

45



Introduction and Literature Review

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

J.W. Arndt, F. Qian, B.A. Smith, C. Quan, K.P. Kilambi, M.W. Bush, T. Walz, R.B.
Pepinsky, T. Bussiére, S. Hamann, Structural and kinetic basis for the selectivity of
aducanumab for aggregated forms of amyloid-p, Scientific reports, 8 (2018) 6412.

B. Decourt, K. Noorda, K. Noorda, J. Shi, M.N. Sabbagh, Review of advanced Drug
Trials Focusing on the reduction of brain Beta-Amyloid to prevent and treat dementia,
Journal of experimental pharmacology, (2022) 331-352.

A. Bittar, U. Sengupta, R. Kayed, Prospects for strain-specific immunotherapy in
Alzheimer’s disease and tauopathies, npj Vaccines, 3 (2018) 9.

C. Song, J. Shi, P. Zhang, Y. Zhang, J. Xu, L. Zhao, R. Zhang, H. Wang, H. Chen,
Immunotherapy for Alzheimer’s disease: Targeting 3-amyloid and beyond,
Translational neurodegeneration, 11 (2022) 1-17.

R.W. Hoel, R.M.G. Connolly, P.Y. Takahashi, Polypharmacy management in older
patients, in: Mayo Clinic Proceedings, Elsevier, 2021, pp. 242-256.

S. Sarkar, M. Chegu Krishnamurthi, Nutritional, Dietary, and Lifestyle Approaches for
Prevention and Management of Alzheimer’s Disease, in: Role of Nutrients in
Neurological Disorders, Springer, 2022, pp. 61-84.

M.S. Baek, H.-K. Kim, K. Han, H.-S. Kwon, H.K. Na, C.H. Lyoo, H. Cho, Annual
trends in the incidence and prevalence of Alzheimer's disease in South Korea: a
nationwide cohort study, Frontiers in Neurology, 13 (2022) 883549.

R.M. Ana, B.D. José, R. Fernando, S. Renata, Alzheimer’s disease: insights and new
prospects in disease pathophysiology, biomarkers and disease-modifying drugs,
Biochemical Pharmacology, (2023) 115522.

M. Edwards, R. Corkill, Disease-modifying treatments in Alzheimer’s disease, Journal
of Neurology, 270 (2023) 2342-2344.

A.A. Tahami Monfared, M.J. Byrnes, L.A. White, Q. Zhang, The humanistic and
economic burden of Alzheimer's disease, Neurology and therapy, 11 (2022) 525-551.
S.A. Tatulian, Challenges and hopes for Alzheimer’s disease, Drug discovery today, 27
(2022) 1027-1043.

N. Musi, J.M. Valentine, K.R. Sickora, E. Baeuerle, C.S. Thompson, Q. Shen, M.E. Orr,
Tau protein aggregation is associated with cellular senescence in the brain, Aging cell,
17 (2018) €12840.

A.R.A. Ladiwala, J.S. Dordick, P.M. Tessier, Aromatic small molecules remodel toxic
soluble oligomers of amyloid 3 through three independent pathways, Journal of
Biological Chemistry, 286 (2011) 3209-3218.

46



Introduction and Literature Review

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

S. Linse, Mechanism of amyloid protein aggregation and the role of inhibitors, Pure and
Applied Chemistry, 91 (2019) 211-229.

K. Pagano, S. Tomaselli, H. Molinari, L. Ragona, Natural compounds as inhibitors of
AP peptide aggregation: chemical requirements and molecular mechanisms, Frontiers in
Neuroscience, 14 (2020) 619667.

Z.Du, M. Li, J. Ren, X. Qu, Current strategies for modulating AP aggregation with
multifunctional agents, Accounts of Chemical Research, 54 (2021) 2172-2184.

S. Jokar, S. Khazaei, H. Behnammanesh, A. Shamloo, M. Erfani, D. Beiki, O. Bavi,
Recent advances in the design and applications of amyloid-f peptide aggregation
inhibitors for Alzheimer’s disease therapy, Biophysical reviews, 11 (2019) 901-925.
Q. Wang, X. Yu, L. Li, J. Zheng, Inhibition of amyloid-p aggregation in Alzheimer's
disease, Current pharmaceutical design, 20 (2014) 1223-1243.

C. Wu, Z. Wang, H. Lei, W. Zhang, Y. Duan, Dual binding modes of Congo red to
amyloid protofibril surface observed in molecular dynamics simulations, Journal of the
American Chemical Society, 129 (2007) 1225-1232.

W.E. Klunk, J. Pettegrew, D.J. Abraham, Quantitative evaluation of congo red binding
to amyloid-like proteins with a beta-pleated sheet conformation, Journal of
Histochemistry & Cytochemistry, 37 (1989) 1273-1281.

E.Y. Cotrina, A. Gimeno, J. Llop, J. Jiménez-Barbero, J. Quintana, G. Valencia, .
Cardoso, R. Prohens, G. Arsequell, Calorimetric Studies of Binary and Ternary
Molecular Interactions between Transthyretin, AB Peptides, and Small-Molecule
Chaperones toward an Alternative Strategy for Alzheimer’s Disease Drug Discovery,
Journal of Medicinal Chemistry, 63 (2020) 3205-3214.

F. Yang, G.P. Lim, A.N. Begum, O.J. Ubeda, M.R. Simmons, S.S. Ambegaokar, P.P.
Chen, R. Kayed, C.G. Glabe, S.A. Frautschy, G.M. Cole, Curcumin inhibits formation
of amyloid beta oligomers and fibrils, binds plaques, and reduces amyloid in vivo, The
Journal of biological chemistry, 280 (2005) 5892-5901.

A. Payne, S. Nahashon, E. Taka, G.M. Adinew, K.F. Soliman, Epigallocatechin-3-
Gallate (EGCG): New therapeutic perspectives for neuroprotection, aging, and
neuroinflammation for the modern age, Biomolecules, 12 (2022) 371.

L. Wang, R. Kumar, P.F. Pavlov, B. Winblad, Small molecule therapeutics for
tauopathy in Alzheimer’s disease: Walking on the path of most resistance, European

journal of medicinal chemistry, 209 (2021) 112915.

47



Introduction and Literature Review

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

M. Oz, D.E. Lorke, G.A. Petroianu, Methylene blue and Alzheimer's disease,
Biochemical pharmacology, 78 (2009) 927-932.

P. Cavaliere, J. Torrent, S. Prigent, V. Granata, K. Pauwels, A. Pastore, H. Rezaei, A.
Zagari, Binding of methylene blue to a surface cleft inhibits the oligomerization and
fibrillization of prion protein, Biochimica et Biophysica Acta (BBA)-Molecular Basis of
Disease, 1832 (2013) 20-28.

J. Schartner, A. Nabers, B. Budde, J. Lange, N. Hoeck, J. Wiltfang, C. Katting, K.
Gerwert, An ATR-FTIR sensor unraveling the drug intervention of Methylene Blue,
Congo Red, and Berberine on Human Tau and Ap, ACS Medicinal Chemistry Letters, 8
(2017) 710-714.

M. Okuda, Y. Fujita, I. Hijikuro, M. Wada, T. Uemura, Y. Kobayashi, T. Waku, N.
Tanaka, T. Nishimoto, Y. lzumi, PE859, a novel curcumin derivative, inhibits amyloid-
B and tau aggregation, and ameliorates cognitive dysfunction in senescence-accelerated
mouse prone 8, Journal of Alzheimer's Disease, 59 (2017) 313-328.

S. Dolai, W. Shi, C. Corbo, C. Sun, S. Averick, D. Obeysekera, M. Farid, A. Alonso, P.
Banerjee, K. Raja, “Clicked” sugar—curcumin conjugate: modulator of amyloid-p and
tau peptide aggregation at ultralow concentrations, ACS chemical neuroscience, 2
(2011) 694-699.

C. Chirita, M. Necula, J. Kuret, Ligand-dependent inhibition and reversal of tau
filament formation, Biochemistry, 43 (2004) 2879-2887.

B. Bulic, M. Pickhardt, I. Khlistunova, J. Biernat, E.M. Mandelkow, E. Mandelkow, H.
Waldmann, Rhodanine-based tau aggregation inhibitors in cell models of tauopathy,
Angewandte Chemie International Edition, 46 (2007) 9215-92109.

C. Ballatore, K.R. Brunden, F. Piscitelli, M.J. James, A. Crowe, Y. Yao, E. Hyde, J.Q.
Trojanowski, V.M.-Y. Lee, A.B. Smith Ill, Discovery of brain-penetrant, orally
bioavailable aminothienopyridazine inhibitors of tau aggregation, Journal of medicinal
chemistry, 53 (2010) 3739-3747.

M. Frenkel-Pinter, S. Tal, R. Scherzer-Attali, M. Abu-Hussien, 1. Alyagor, T.
Eisenbaum, E. Gazit, D. Segal, CI-NQTrp alleviates tauopathy symptoms in a model
organism through the inhibition of tau aggregation-engendered toxicity,
Neurodegenerative Diseases, 17 (2017) 73-82.

T.1. Adelusi, A.-Q.K. Oyedele, 1.D. Boyenle, A.T. Ogunlana, R.O. Adeyemi, C.D.
Ukachi, M.O. Idris, O.T. Olaoba, 1.0. Adedotun, O.E. Kolawole, Molecular modeling
in drug discovery, Informatics in Medicine Unlocked, 29 (2022) 100880.

48



Introduction and Literature Review

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

S.-s. Ou-Yang, J.-y. Lu, X.-g. Kong, Z.-j. Liang, C. Luo, H. Jiang, Computational drug
discovery, Acta Pharmacologica Sinica, 33 (2012) 1131-1140.

M.R. Hasan, A.A. Alsaiari, B.Z. Fakhurji, M.H.R. Molla, A.H. Asseri, M.A.A. Sumon,
M.N. Park, F. Ahammad, B. Kim, Application of mathematical modeling and
computational tools in the modern drug design and development process, Molecules, 27
(2022) 41609.

R. Shukla, T. Tripathi, Molecular dynamics simulation in drug discovery: opportunities
and challenges, Innovations and Implementations of Computer Aided Drug Discovery
Strategies in Rational Drug Design, (2021) 295-316.

J. Mortier, P. Dhakal, A. Volkamer, Truly target-focused pharmacophore modeling: a
novel tool for mapping intermolecular surfaces, Molecules, 23 (2018) 1959.

C.M. Dobson, Chemical space and biology, Nature, 432 (2004).

A. Tripathi, V.A. Bankaitis, Molecular docking: from lock and key to combination lock,
Journal of molecular medicine and clinical applications, 2 (2017).

O. Trott, A.J. Olson, AutoDock Vina: improving the speed and accuracy of docking
with a new scoring function, efficient optimization, and multithreading, Journal of
computational chemistry, 31 (2010) 455-461.

N.S. Pagadala, K. Syed, J. Tuszynski, Software for molecular docking: a review,
Biophysical reviews, 9 (2017) 91-102.

J. Dickerhoff, K.R. Warnecke, K. Wang, N. Deng, D. Yang, Evaluating molecular
docking software for small molecule binding to G-Quadruplex DNA, International
Journal of Molecular Sciences, 22 (2021) 10801.

W.F. Van Gunsteren, H.J. Berendsen, Computer simulation of molecular dynamics:
methodology, applications, and perspectives in chemistry, Angewandte Chemie
International Edition in English, 29 (1990) 992-1023.

O.M. Becker, A.D. MacKerell Jr, B. Roux, M. Watanabe, Computational biochemistry
and biophysics, Crc Press, 2001.

A. Blanco-Gonzalez, A. Cabezon, A. Seco-Gonzalez, D. Conde-Torres, P. Antelo-
Riveiro, A. Pineiro, R. Garcia-Fandino, The role of ai in drug discovery: challenges,
opportunities, and strategies, Pharmaceuticals, 16 (2023) 891.

P.C. Tiwari, R. Pal, M.J. Chaudhary, R. Nath, Artificial intelligence revolutionizing
drug development: Exploring opportunities and challenges, Drug Development
Research, (2023).

49



Introduction and Literature Review

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

G. Edison, Transforming Medical Decision-Making: A Comprehensive Review of Al's
Impact on Diagnostics And Treatment, BULLET: Jurnal Multidisiplin limu, 2 (2023)
1121-1133.

A. Zhavoronkov, Artificial intelligence for drug discovery, biomarker development, and
generation of novel chemistry, in, ACS Publications, 2018, pp. 4311-4313.

M. Zitnik, F. Nguyen, B. Wang, J. Leskovec, A. Goldenberg, M.M. Hoffman, Machine
learning for integrating data in biology and medicine: Principles, practice, and
opportunities, Information Fusion, 50 (2019) 71-91.

H. Zhang, L. Liao, K.M. Saravanan, P. Yin, Y. Wei, DeepBindRG: a deep learning
based method for estimating effective protein—ligand affinity, PeerJ, 7 (2019) e7362.

M. Robello, E. Barresi, E. Baglini, S. Salerno, S. Taliani, F.D. Settimo, The alpha keto
amide moiety as a privileged motif in medicinal chemistry: current insights and
emerging opportunities, Journal of Medicinal Chemistry, 64 (2021) 3508-3545.

C. De Risi, G.P. Pollini, V. Zanirato, Recent developments in general methodologies for
the synthesis of a-ketoamides, Chemical Reviews, 116 (2016) 3241-3305.

A. Nocentini, C. Capasso, C.T. Supuran, Perspectives on the design and discovery of a-
ketoamide inhibitors for the treatment of novel coronavirus: where do we stand and
where do we go?, Expert Opinion on Drug Discovery, 17 (2022) 547-557.

M. Wang, Z. Dai, X. Jiang, Design and application of a-ketothioesters as 1, 2-
dicarbonyl-forming reagents, Nature Communications, 10 (2019) 2661.

M. Wang, Z. Dai, X. Jiang, Design and application of a-ketothioesters as 1,2-
dicarbonyl-forming reagents, Nature communications, 10 (2019) 2661.

M. Robello, E. Barresi, E. Baglini, S. Salerno, S. Taliani, F.D. Settimo, The Alpha Keto
Amide Moiety as a Privileged Motif in Medicinal Chemistry: Current Insights and
Emerging Opportunities, Journal of medicinal chemistry, 64 (2021) 3508-3545.

S. Pacifico, V. Ferretti, V. Albanese, A. Fantinati, E. Gallerani, F. Nicoli, R. Gavioli, F.
Zamberlan, D. Preti, M. Marastoni, Synthesis and biological activity of peptide a-
ketoamide derivatives as proteasome inhibitors, ACS medicinal chemistry letters, 10
(2019) 1086-1092.

Z. Li, G.S. Patil, Z.E. Golubski, H. Hori, K. Tehrani, J. Foreman, D.D. Eveleth, R.T.
Bartus, J.C. Powers, Peptide. alpha.-keto ester,. alpha.-keto amide, and. alpha.-keto acid
inhibitors of calpains and other cysteine proteases, Journal of medicinal chemistry, 36
(1993) 3472-3480.

50



Introduction and Literature Review

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

N. Boutard, A. Bialas, A. Sabiniarz, P. Guzik, K. Banaszak, A. Bicla, M. Bien, A. Buda,
B. Bugaj, E. Cieluch, Synthesis of amide and sulfonamide substituted N-aryl 6-
aminoquinoxalines as PFKFB3 inhibitors with improved physicochemical properties,
Bioorganic & Medicinal Chemistry Letters, 29 (2019) 646-653.

B. Das, A.T. Baidya, A.T. Mathew, A.K. Yadav, R. Kumar, Structural modification
aimed for improving solubility of lead compounds in early phase drug discovery,
Bioorganic & Medicinal Chemistry, (2022) 116614.

J.A. Schwabel, D. Wondrousch, Y.K. Koleva, J.C. Madden, M.T. Cronin, G.
Schiiiirmann, Prediction of Michael-type acceptor reactivity toward glutathione,
Chemical research in toxicology, 23 (2010) 1576-1585.

D. Wondrousch, A. Béhme, D. Thaens, N. Ost, G. Schiiiirmann, Local electrophilicity
predicts the toxicity-relevant reactivity of Michael acceptors, The Journal of Physical
Chemistry Letters, 1 (2010) 1605-1610.

G.S. Getz, Calpain inhibition as a potential treatment of Alzheimer's disease, The
American journal of pathology, 181 (2012) 388-391.

R. Bihovsky, M. Tao, J.P. Mallamo, G.J. Wells, 1, 2-Benzothiazine 1, 1-dioxide o-
ketoamide analogues as potent calpain I inhibitors, Bioorganic & medicinal chemistry
letters, 14 (2004) 1035-1038.

C. Prasad, M. Zheng, S. Vig, C. Bergstrom, D.W. Smith, Q. Gao, S. Yeola, C.T. Polson,
J.A. Corsa, V.L. Guss, Discovery of (S)-2-((S)-2-(3, 5-difluorophenyl)-2-
hydroxyacetamido)-N-((S, Z)-3-methyl-4-oxo0-4, 5-dihydro-3H-benzo [d][1, 2]
diazepin-5-yl) propanamide (BMS-433796): A y-secretase inhibitor with AB lowering
activity in a transgenic mouse model of Alzheimer’s disease, Bioorganic & medicinal
chemistry letters, 17 (2007) 4006-4011.

R.C. Sinjoanu, S. Kleinschmidt, R.S. Bitner, J.D. Brioni, A. Moeller, A. Ferreira, The
novel calpain inhibitor A-705253 potently inhibits oligomeric beta-amyloid-induced
dynamin 1 and tau cleavage in hippocampal neurons, Neurochemistry international, 53
(2008) 79-88.

Y.J. Yoo, D.H. Nam, S.Y. Jung, J.W. Jang, H.J. Kim, C. Jin, A.N. Pae, Y.S. Lee,
Synthesis of cinnamoyl ketoamides as hybrid structures of antioxidants and calpain
inhibitors, Bioorganic & medicinal chemistry letters, 21 (2011) 2850-2854.

A. Kling, K. Jantos, H. Mack, W. Hornberger, K. Drescher, V. Nimmrich, A. Relo, K.
Wicke, C.W. Hutchins, Y. Lao, Discovery of Novel and Highly Selective Inhibitors of

51



Introduction and Literature Review

124.

125.

126.

127.

128.

129.

130.

131.

Calpain for the Treatment of Alzheimer’s Disease: 2-(3-Phenyl-1 H-pyrazol-1-yl)-
nicotinamides, Journal of medicinal chemistry, 60 (2017) 7123-7138.

K. Jantos, A. Kling, H. Mack, W. Hornberger, A. Moeller, V. Nimmrich, Y. Lao, M.
Nijsen, Discovery of ABT-957: 1-Benzyl-5-oxopyrrolidine-2-carboxamides as selective
calpain inhibitors with enhanced metabolic stability, Bioorganic & Medicinal Chemistry
Letters, 29 (2019) 1968-1973.

A. Jastaniah, I.N. Gaisina, R.C. Knopp, G.R. Thatcher, Synthesis of a-Ketoamide-
Based Stercoselective Calpain-1 Inhibitors as Neuroprotective Agents, ChemMedChem,
15 (2020) 2280-2285.

Z. Li, A.-C. Ortega-Vilain, G.S. Patil, D.-L. Chu, J. Foreman, D.D. Eveleth, J.C.
Powers, Novel peptidyl a-keto amide inhibitors of calpains and other cysteine proteases,
Journal of medicinal chemistry, 39 (1996) 4089-4098.

T.Wang, Z. Yin, Z. Zhang, J.A. Bender, Z. Yang, G. Johnson, Z. Yang, L.M. Zadjura,
C.J. D’Arienzo, D. DiGiugno Parker, Inhibitors of human immunodeficiency virus type
1 (HIV-1) attachment. 5. An evolution from indole to azaindoles leading to the
discovery of 1-(4-benzoylpiperazin-1-yl)-2-(4, 7-dimethoxy-1 H-pyrrolo [2, 3-c]
pyridin-3-yl) ethane-1, 2-dione (BMS-488043), a drug candidate that demonstrates
antiviral activity in HIV-1-infected subjects, Journal of medicinal chemistry, 52 (2009)
7778-77817.

C. Steuer, C. Gege, W. Fischl, K.H. Heinonen, R. Bartenschlager, C.D. Klein, Synthesis
and biological evaluation of a-ketoamides as inhibitors of the Dengue virus protease
with antiviral activity in cell-culture, Bioorganic & medicinal chemistry, 19 (2011)
4067-4074.

N. Trager, A. Smith, G. Wallace IV, M. Azuma, J. Inoue, C. Beeson, A. Haque, N.L.
Banik, Effects of a novel orally administered calpain inhibitor SNJ-1945 on
immunomodulation and neurodegeneration in a murine model of multiple sclerosis,
Journal of neurochemistry, 130 (2014) 268-279.

S. Sridhar, G. Ginson, P.V. Reddy, M.P. Tantak, D. Kumar, A.T. Paul, Synthesis,
evaluation and molecular modelling studies of 2-(carbazol-3-yl)-2-oxoacetamide
analogues as a new class of potential pancreatic lipase inhibitors, Bioorganic &
Medicinal Chemistry, 25 (2017) 609-620.

S. Nizalapur, O. Kimyon, N.N. Biswas, C.R. Gardner, R. Griffith, S.A. Rice, M.
Manefield, M. Willcox, D.S. Black, N. Kumar, Design, synthesis and evaluation of N-

52



Introduction and Literature Review

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

aryl-glyoxamide derivatives as structurally novel bacterial quorum sensing inhibitors,
Organic & Biomolecular Chemistry, 14 (2016) 680-693.

D. Zeng, Y. Ma, R. Zhang, Q. Nie, Z. Cui, Y. Wang, L. Shang, Z. Yin, Synthesis and
structure—activity relationship of a-keto amides as enterovirus 71 3C protease inhibitors,
Bioorganic & Medicinal Chemistry Letters, 26 (2016) 1762-1766.

L. Zhang, D. Lin, Y. Kusov, Y. Nian, Q. Ma, J. Wang, A. Von Brunn, P. Leyssen, K.
Lanko, J. Neyts, a-Ketoamides as broad-spectrum inhibitors of coronavirus and
enterovirus replication: structure-based design, synthesis, and activity assessment,
Journal of medicinal chemistry, 63 (2020) 4562-4578.

P.-G. Li, H. Zhu, M. Fan, C. Yan, K. Shi, X.-W. Chi, L.-H. Zou, Copper-catalyzed
coupling of anthranils and a-keto acids: direct synthesis of a-ketoamides, Organic &
Biomolecular Chemistry, 17 (2019) 5902-5907.

A. Monga, A.P. Pandey, A. Sharma, Visible-Light Mediated Photooxidative Synthesis
of a-Keto Amides, Advanced Synthesis & Catalysis, 361 (2019) 3554-3559.

B. Chen, C.S. Kuai, J.X. Xu, X.F. Wu, Manganese (III)-Promoted Double
Carbonylation of Anilines Toward a-Ketoamides Synthesis, Advanced Synthesis &
Catalysis, 364 (2022) 487-492.

Y. Xiao, Z. Yi, X. Yu, F. Xiao, Copper-catalyzed synthesis of a-ketoamides using water
and dioxygen as the oxygen source, RSC advances, 10 (2020) 29114-29118.

A.K. Sharma, A. Jaiswal, K.N. Singh, Cu-Catalysed oxidative amidation of cinnamic
acids/arylacetic acids with 2° amines: an efficient synthesis of a-ketoamides, Organic &
Biomolecular Chemistry, 17 (2019) 9348-9351.

Z.Z.Wu, T. Adak, M.C. Dietl, T. Wang, C. Hu, H. Shi, P. Kramer, M. Rudolph, F.
Rominger, A.S.K. Hashmi, Synthesis of a-ketoamides via gold (i) carbene
intermediates, Organic Letters, 24 (2022) 4349-4353.

A.-J. Wang, C.-Y. She, Y.-D. Zhang, L.-H. Zhao, W.-M. Shu, W.-C. Yu,
Copper/TEMPO-Promoted Denitrogenation/Oxidation Reaction for Synthesis of
Primary a-Ketoamides Using a-Azido Ketones, The Journal of Organic Chemistry, 87
(2022) 16099-16105.

J. Ma, X. Cui, J. Xu, Y. Tan, Y. Wang, X. Wang, Y. Li, One-pot synthesis of a-
ketoamides from a-keto acids and amines using ynamides as coupling reagents, The
Journal of Organic Chemistry, 87 (2022) 3661-3667.

X.Wang, Y. Li, N. Zhao, H. Liu, Y. Zhou, Copper-Catalyzed Synthesis of a-Keto
Amides from Sulfoxonium Ylides, The Journal of Organic Chemistry, (2023).

53



