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Alzheimer's disease (AD) is a complex, incurable neurological condition characterized by cognitive decline,
cholinergic neuron reduction, and neuronal loss. Its exact pathology remains uncertain, but multiple
treatment hypotheses have emerged. The current treatments, single or combined, alleviate only symptoms
and struggle to manage AD due to its multifaceted pathology. The developmental drugs target pivotal
disease factors involved in the envisaged hypotheses and include targets such as amyloid aggregation,
hyperphosphorylated tau proteins, and receptors like cholinergic, adrenergic, etc. Present-day research
focuses on multi-target directed ligands (MTDLs), which inhibit multiple factors simultaneously, helping
slow the disease’s progression. This review attempts to collate the recent information related to proposed
hypotheses for AD etiology. It systematically organizes the advances in various therapeutic options for AD,
with a particular emphasis on clinical candidates. Also, it is expected to help medicinal chemists design

Received 16th August 2024,
Accepted 5th December 2024

DOI: 10.1039/d4md00630e

Open Access Article. Published on 06 December 2024. Downloaded on 1/26/2026 1:54:34 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

rsc.li/medchem

1. Introduction

AD is a progressive neurodegenerative condition, particularly
in those 65 years or older, and is a leading cause of
dementia." It gradually erodes cognitive abilities and
interpersonal engagement due to brain cell degeneration. As
of 2023, about 55 million people worldwide have dementia,
with AD accounting for 60-70% of these cases. By 2050, this
number is expected to reach 139 million due to the aging
global population. Females are at a higher risk of AD. In
India, over 4 million individuals have various forms of
dementia, with Alzheimer's as the most widespread type.>

A century since AD's discovery, the disease's precise
pathogenesis remains elusive and not fully comprehended. A
combination of factors, encompassing the abnormal folding
and aggregation of proteins, frequently associated with
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novel AD treatments based on available information, which could be helpful to AD patients.

oxidative stress and the generation of free radicals, result in
AD.? Further, bioenergetics, irregularities in mitochondrial
function, and neuroinflammation processes are involved in
its complications. Understanding these factors, aided by the
latest research on AD pathogenesis, has laid the foundation
for research into potential treatments. However, the absence
of animal models accurately mirroring the human AD
pathogenesis remains a significant hurdle. Given the
multifaceted nature of the disease, concentrating solely on
one causative factor has proven ineffective or comparatively
less impactful. Also, designing selective drugs that target
causative factors is a significant challenge. Developing multi-
target directed ligands (MTDLs) is another challenge, as it
can lead to various side effects.” Biologicals have also been
explored, such as aducanumab, lecanemab and donanemab,
which are the sole approved disease-modifying drugs for
Alzheimer's. These human monoclonal antibodies are
specifically designed to target aggregated beta-amyloid
proteins found in the brain lesions associated with AD. Other
available treatments, mainly cholinergic drugs such as
galantamine, rivastigmine, and donepezil, primarily focus on
managing symptoms, as the degeneration of brain cells in
Alzheimer's is irreversible. The inability to reverse brain cell
damage remains a significant task in Alzheimer's therapy.®
The present review concisely discusses the latest findings
and hypotheses concerning the underlying causes of AD to
offer valuable insights and information to medicinal
chemists. It discusses advancements in a broad spectrum of
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therapeutic strategies for AD, emphasizing promising
candidates that have progressed to clinical trials, shedding
light on their potential to offer effective treatment options.

2. Pathogenesis of AD

The precise mechanisms underlying the development of
Alzheimer's disease (AD) are still not entirely elucidated.
However, this complex condition has been linked to various
symptoms and pathological features. These include the
formation of neurofibrillary tangles (NFTs) within brain cells,
the accumulation of amyloid-f (AB) in the form of senile
plaques, increased oxidative stress, inflammation within
neurons, and a decline in the functioning of cholinergic
pathways, etc. While these factors are recognized in AD, the
interplay and precise sequence of events leading to the
disease are still under active investigation. A comprehensive
understanding of AD's pathogenesis is crucial for the
development of effective treatments and interventions for
this devastating condition.” The following are proposed
hypotheses with the current understanding of AD and the
present understanding of the interactions (Fig. 1).

A. The amyloid hypothesis

The widely accepted hypothesis for AD is the amyloid-cascade
pathway, centered around the amyloid precursor protein
(APP). Under normal conditions, amyloid precursor protein
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(APP) is cleaved by o-secretase, followed by y-secretase,
yielding harmless fragments.® In AD, cleavage by B-secretase
(BACE 1) followed by y-secretase leads to the formation of
amyloid B (AB) peptides, which aggregate and accumulate as
extracellular plaques. AP is a hallmark of AD and comprises
37 to 43 amino acids, with the isoform AB42 being the most
problematic. p-Amyloid peptides aggregate into plaques,
triggering inflammation, brain damage, synaptic dysfunction,
and tau protein hyperphosphorylation, leading to
neurofibrillary tangle formation (Fig. 1).° BACE 1 is a key
target for therapies aiming to reduce amyloid plaque
production to slow AD progression.'” The important
milestones in the development of the amyloid cascade
hypothesis and its practical utilization are presented in
Table 1.

B. The tau (t) protein hypothesis

The rt-protein is essential for microtubule stabilization,
provides structural support, aids axonal transport, and
promotes neuronal growth. Senile plaques trigger t-protein
hyperphosphorylation, leading to its aggregation with
cytoskeletal proteins and reduced microtubule interaction. It
elevates free t-protein levels, promoting self-aggregation and
fibril formation. Consequently, axonal transport is impaired,
resulting in axonal degeneration due to disruption of
nutrient transport. The compromised neurons eventually
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Fig. 1 Pathogenesis of AD summarizing the central role of amyloid beta plaques.
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Table 1 Important events in developing the amyloid cascade hypothesis and practical implementations™*

Year Key research findings
1906 Senile plaques were first established
1984 Amyloid f protein (AB) was isolated as the principal constituent found within the plaques in the brains of individuals with AD
1987 The observation that the formation of Ap resulted from the processing of amyloid precursor proteins
1990 Evidence of the neurotoxic properties of Ap aggregates was presented
1992 The hypothesis of the amyloid cascade was put forward
1995 AD patients exhibit a significant decrease in CSF AB42 levels, revealing an established connection between Af and inflammation
1997 The discovery of the ability of AB42 to inhibit long-term potentiation
1998 The primary instigator of neuronal damage was identified as AP} oligomers
2001 Evidence was provided to establish a connection between Af and the formation of neurofibrillary tangles
2004 The inaugural amyloid PET tracer, Pittsburgh compound-B (PIB), was formulated
2016 Light therapy led to a reduction in Af accumulation in both animal models of AD and patients
2017 The transfer of A from the periphery through the blood-brain barrier into the brain is reported
2018 The ultrasensitive technology, Simoa, was devised for quantifying Ap at sub-femtomolar concentrations
2021 Aducanumab became the inaugural FDA-approved medication for diminishing Ap plaques
2023 FDA approval has been granted to lecanemab for the treatment of AD
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Fig. 2 The cholinergic hypothesis of AD with their reported inhibitors.

form neurofibrillary tangles
neurodegeneration (Fig. 1)."?

(NTs), contributing to  D. Adrenergic hypothesis
In advanced AD, significant degeneration of noradrenergic

neurons occurs in the locus coeruleus (LC), with a 30% loss

C. The cholinergic deficit hypothesis

The cholinergic hypothesis posits that AD progression is
primarily linked to the loss of cholinergic neurons and
reduced acetyltransferase activity, resulting in decreased
acetylcholine (ACh) (Fig. 2). As per the hypothesis, loss of
limbic and neocortical cholinergic innervations due to
neurofibrillary degeneration in the basal forebrain and
associated loss of cholinergic neurotransmission results in
decreased cognitive function. This degeneration primarily
affects memory and cognition-related regions, like the
hippocampus and frontal cortex, leading to compromised
choline uptake, impaired ACh release, receptor imbalances,
and disrupted neurotrophin support.*
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during the transition to amnestic mild cognitive impairment
(MIC) and an additional 25% reduction in AD progression.
AD patients display variable adrenergic receptor expression,
including decreased o1 adrenergic receptors (a1ARs) in the
prefrontal cortex, hippocampus, and cerebellar hemisphere.
Also, increased olAR binding sites in specific layers,
decreased a2 adrenergic receptors (a2ARs) in the nucleus
basalis of Meynert, reduced p1 adrenergic receptors (B1ARs)
in the cortex, and increased B2 adrenergic receptors (f2ARs)
in the cortex and hippocampus. The role of beta-adrenergic
receptor alterations in AD is still controversial. However,
clinical investigations indicate that Amyloid beta peptide (Ap)
initiates subtle modifications in synaptic function during AD.

This journal is © The Royal Society of Chemistry 2025
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Specifically, Ap interacts with B2 adrenergic receptors within
the central noradrenergic system, influencing synaptic
functions in prefrontal cortical neurons. This interaction
leads to the internalization and degradation of 2-adrenergic
receptors,  subsequently impairing adrenergic and
glutamatergic activities and impacting cognitive function in
AD.™

E. Glutamatergic hypothesis

Glutamatergic networks in the hippocampal regions are
essential for cognitive function, with N-methyl p-aspartate
receptors (NMDARs) playing a pivotal role in synaptic
strength and long-term potentiation (LTP) crucial for
memory. AD patients exhibit lower levels of vesicular
glutamate transporters (VGLUT-1 and VGLUT-2) in the
prefrontal cortex, indicating disrupted glutamatergic
synapses.  Soluble AR  oligomers further  disrupt
glutamatergic networks, inhibiting LTP and inducing
NMDAR hyperactivation. It also causes activation of ligand-
gated or ionotropic glutamate receptors (iGluRs),
predominantly the oa-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptor subtype. The excess
NMDAR activity raises intracellular Ca"™ levels, triggering
nitric oxide synthesis, free radical generation, oxidative
stress (OS), apoptosis, and excitotoxic neuronal death.
These changes further the AD pathogenesis caused by AP
plaques by disrupting synaptic plasticity and neuronal
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transmission and  long-term the

glutamatergic network in the brain.

potentiation  of

F. Calcium homeostasis hypothesis

Calcium serves as a crucial intracellular messenger and is
important in vital physiological processes. Its precise control
relies on complex mechanisms, with mitochondria and the
endoplasmic reticulum (ER) playing central roles. ATPase
Ca”®" pumps and the Na'-Ca®" exchanger aid calcium efflux,
while the ER membrane facilitates calcium exchange.
Disruptions in these processes can lead to harmful
intracellular calcium buildup, triggering protein cleavage,
oxidative stress, energy disruption, and activation of proteins
like B-amyloid and t-protein. AP exacerbates calcium overload
in AD by inducing oxidative stress and membrane pore
formation, linking calcium dysregulation to AD pathology
(Fig. 1)."°

G. Oxidative stress hypothesis

Neurodegenerative disorders often involve an imbalance
between reactive oxygen species (ROS) generation and
antioxidant availability, resulting in cellular damage. AD
exhibits disturbances in antioxidant enzyme activity, driven
by AP's activation of NMDA receptors, which fosters ROS
production. OS also contributes, in turn, to increased AR

production and aggregation, as well as t-protein

function.'® Fig. 3 illustrates the effect of normal synaptic  hyperphosphorylation and polymerization (Fig. 1)."”
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Fig. 3 Effect of normal synaptic transmission and long-term potentiation of the glutamatergic network in the brain.
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Fig. 4 Effects of activation of microglia.

H. Microgliosis

Microglia are the immune cells residing within the brain and
are activated by B-amyloid plaques (Fig. 4). Upon activation,
microglial cells release pro-inflammatory mediators, ROS,
proteases, and complements, and secondly, as a defense
mechanism, break down amyloid plaques. Though clusters of
microglial cells gather around B-amyloid plaques, these are
unable to break down the plaques effectively. This
phenomenon, referred to as “frustrated phagocytosis,”
contributes to neurodegenerative alterations.®

1. Metal chelation hypothesis

B-Amyloid precipitates at low Zn** concentrations, Cu®>" and
Fe’* enhance aggregation, especially at slightly acidic pH
(6.8). Elevated Cu®" and Zn>" levels in Alzheimer's patients
are linked to apoE4 allele induction. B-Amyloid also
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Fig. 5 Amyloid plaques interacting with ghrelin receptors.
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mediators. Pro-inflammatory
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possesses redox activity, reducing Cu®" and Fe’', generating
H,0,, leading to ROS formation, exacerbating the pathology
(Fig. 1)."°

J. Prion-like behaviour of plaques

Prions are  self-propagating  proteins linked to
neurodegenerative disorders like Creutzfeldt-Jakob disease
(CJD), Gerstmann-Striussler-Scheinker syndrome (GSS), and
fatal familial insomnia (FFI).>° AP takes on a pathogenic
conformation akin to prions, spreading in a cross-synaptic
manner from specific brain regions. Tau protein also follows
the same pattern with initially formed neurofibrillary tangles
(NFTs), which are linked to cognitive decline.”!

K. Ghrelin/GHSR1a signaling

GHSR1a, the ghrelin receptor in the hippocampus, regulates
learning and memory through unique signaling involving
Ca>*/calmodulin-dependent protein kinase II (CaMKII) and
dopamine receptor D1 (DRD1). AD
hippocampal damage, possibly related to GHSR1la loss,

involves early
leading to synaptic stress and memory problems. AD patients
have been reported to have increased hippocampal GHSR10,
possibly as an Ap defense mechanism (Fig. 5).>*

L. Cerebral capillaries constriction

Cerebrovascular disorders can lead to brain function
alterations, and early signs of AD include angiogenesis
damage and reduced cerebral blood flow. AD patients exhibit
abnormal capillary contraction. Animal studies showed that
introducing exogenous AP can lower cerebral blood flow in
rats, triggering AP production. AP presence generates ROS via
NOX, releasing endothelin (ET), which contracts pericytes via
ETA receptors. This contraction causes pericyte necrosis,
sustaining capillary constriction and resulting in ischemia.
Crucially, AP oligomers are central to this complex process,
linking vascular dysfunction to AD pathology (Fig. 1).>’
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Fig. 6 USFDA-approved therapy for improving cognitive symptoms.*®

M. Histamine and its receptors role in neuroinflammation in
AD

In Alzheimer's disease patients, neurofibrillary tangles, the
buildup of neuroinflammatory mediators in microglia, and
extracellular amyloid plaques are commonly observed.
Neuroinflammation is a persistent feature and plays a vital
role in the disease's progression. While histamine is
generally thought to trigger inflammatory responses in the
peripheral system, increasing evidence suggests that it has
a dual role in modulating microglial inflammatory
responses in the central nervous system. HI1R activation
stimulates microglial activation and pro-inflammatory
effects, whereas H2R activation produces inhibitory and
anti-inflammatory outcomes. H3R is prominently expressed
in both microglia and astrocytes. Acute to moderate
microglial activation enhances the anti-inflammatory
responses of M2 microglia, while chronic microglial
activation contributes to neuroinflammation in Alzheimer's
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Non-amyloidogenic Pathway
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disease. The activation of microglia and astrocytes is
considered a central driver of neuroinflammatory processes.
When microglia are excessively activated, they produce high
levels of cytotoxic factors, such as nitrogen oxides and
prostaglandins, which damage neurons, leading to
degeneration and cell death.>*

N. Glycogen synthase kinase-3p and tau: an essential pair in
AD

GSK-3B is a ubiquitous serine/threonine kinase initially
recognized for its role in phosphorylating and
inhibiting glycogen synthase. As a key regulator of
numerous cellular processes, GSK-3f is central to cell
metabolism and signaling, playing significant roles in
both  healthy and disease states. It has been
implicated in various human disorders, including
neurodegenerative diseases like AD. GSK-38 is thought
to serve as a molecular link between AB and tau in
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Fig. 7 Downstream events of APP cleavage and therapeutic options being explored.
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Table 2 AB-Targeting small molecules in clinical trials (https://clinicaltrials.gov/)

Drug name Structure Mode of action Route Status Ref.
Acitretin Reduces AP generation Oral Phase 41
II
Lenalidomide O O BACE1 inhibitor Oral Phase 42
N 0]
NH,
Levetiracetam (o) Reduce AP generation Oral Phase 43

11
NH,

NIC5-15 (1R,2S,3R,4S,58S,6S)-6- OH Modulator of y-secretase Oral Phase 44

methoxy cyclohexane-1,2,3,4,5- I
pentaol HO,, OH
Y
HO ‘0
OH
Posiphen | Hinders the translation of the APP Oral Phase 20
N / I
N
)
Mo
N
H
ALZT-OP1 [cromolyn + (R)- o] o] Facilitate the elimination of A or its Oral Phase 45
ibuprofen] Ho” NP on O oy aggregates I
o o_k_o o}
+
Y\@\)?\
7~ "OH
Bexarotene (o) Facilitate the elimination of A or its Oral Phase 46
aggregates I
OO
ALZ-801 3-aminopropane-1- O Disrupt or hinder the formation of Ap Oral Phase 47
sulfonic acid HZN/\/\S// aggregates 11
// ~
o) OH
Contraloid Peptide (all o enantiomeric) sequence: Terminates toxic and replicating amyloid Oral Phase 48
PTLHTHNRRRRR beta (AB) oligomer prions by disassembling I
aggregates into non-toxic A monomers
PBT?2 5,7-dichloro-2- OH Decreasing metal-facilitated Ap aggregation Oral Phase 49
dimethylamino)methyl I
((dimet yla )methyl) - N cl
quinolin-8-ol N Z
| A
Cl
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Table 2 (continued)
Drug name Structure Mode of action Route Status Ref.
Varoglutamstat o Prevents the formation of a particularly Oral Phase 50
toxic and aggregation-prone variant of Ap 1I
known as pGlu-Af
HN7r N H
IO
ALX-001 (4R,5R)-5-(2- Cl Designed to block the pathogenic binding  Oral Phase 51
chlorophenyl)-4-(5- of toxic amyloid-B oligomers and cellular I
(phenylethynyl)pyridin-3-yl) o prion protein to glutamate receptor
oxazolidin-2-one
s~ o~ NH
L

CT1812 2-(tert-butoxy)-4-(3- \ .0
methyl-3-(5-(methylsulfonyl) O//S/

isoindolin-2-yl)butyl)phenol Q
a\k@w

fumarate
>r°
OH

N
o)
/
o)
HO

Nasal insulin

Simufilam

—N

Z 2ZT

2N

the development of AD. AP activates GSK-38, which
then phosphorylates tau. Additionally, GSK-33 promotes
the production of B-amyloid by upregulating p-amyloid
cleaving enzyme-1 (BACE1l) and presenilin-1 (PS1) and
contributes to AP toxicity. The upregulation of GSK-3f also
induces tau hyperphosphorylation, disrupts neuronal
synaptic plasticity, and plays a role in the early onset of
AD symptoms. Recent studies have shown that tau has
acetyltransferase activity, enabling it to self-acetylate. This
process also acetylates P-catenin, stabilizing it and allowing
tau to exert its anti-apoptotic effects. These findings

This journal is © The Royal Society of Chemistry 2025

Restructuring of synapses and utilization of glucose

Prevents the interaction between oligomeric Oral Phase 52
AP and its receptors, leading to a reduction I
in synaptic toxicity caused by Ap

Intranasal Phase 53
II1

Diminishes tau buildup, decreases Oral Phase 54

neuroinflammation 111

suggest that tau may directly acetylate GSK-3f, enhancing
its activity and triggering a vicious cycle that contributes
to chronic neurodegeneration, as seen in the progression
of AD.*

0. Role of serotonin in AD

Serotonin (5-HT), also known as 5-hydroxytryptamine, is
a biogenic amine that acts as a neurotransmitter. It
functions at neuronal synapses, influencing cognition,
mood, and sleep by binding to receptors on both

RSC Med. Chem., 2025, 16, 652-693 | 659


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4md00630e

Open Access Article. Published on 06 December 2024. Downloaded on 1/26/2026 1:54:34 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

neuronal and non-neuronal cell membranes. The 5-HT
receptors involved in regulating physiological signaling
pathways are classified into two main types: G-protein
coupled receptors and ligand-gated ion channels. These
receptors are further divided into seven groups: 5-HT1
(including 5-HT1A, 5-HT1B, 5-HT1D, 5-HT1E, and
5-HT1F), 5-HT2 (including 5-HT2A, 5-HT2B, and 5-HT2C),
5-HT3, 5-HT4, 5-HT5 (including 5-HT5A and 5-HT5B),
5-HT6, and 5-HT7. Since the 5-HT7 receptor subtype is
associated with neurogenesis and hippocampal neuronal
function, its role in apoptosis and long-term potentiation
in Alzheimer's disease has been investigated. Studies
have shown that activating the 5-HT7 receptor can help
alleviate synaptic dysfunction in Alzheimer's by reducing
apoptosis in the hippocampus. However, this effect
appears to be more linked to the treatment of psychotic
symptoms in AD rather than cognitive enhancement.
Hyperactivity of pyramidal neurons in the CAl1 region of
hippocampal circuit is an early sign of Alzheimer's
disease. Abnormal serotonin signaling may contribute to
this increased neural activity in the CA1 region of mice.
Disruptions in 5-HT/5-HT3aR and/or 5-HT/5-HT1aR
signaling have been found to heightened
excitability of pyramidal neurons and a reduction in
serotonin signaling in the hippocampus. This disrupted
signaling could lead to cognitive impairment by
promoting increased neural activity in the CA1 pyramidal
neurons.>®

cause
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P. Role of gamma-aminobutyric acid (GABA) in AD

GABA has been identified in 1950 and regarded as the main
inhibitory neurotransmitter in the mammalian brain, essential
for coordinating the activity of human cortical networks.
Consequently, the GABAergic system has been linked to various
behavioral and cognitive functions, including the regulation of
alertness, anxiety, learned fear, and memory. The GABAergic
system in the hippocampus is essential for preserving the
excitatory/inhibitory (E/I) balance and synchronizing the
activity of multiple populations of pyramidal neurons both
within the hippocampus and across other regions of the brain.
The alterations in the GABAergic system in Alzheimer's disease
and normal aging have been extensively studied through
animal models. Current literature indicates that GABA levels
decline as part of the normal aging process. This decline is
particularly evident in patients with AD and mild cognitive
impairment (MCI), especially in the cingulate cortex and the
medial parietal lobe. However, it remains unclear whether
these changes can predict the onset of dementia in healthy
older adults. Disruptions in neural networks have also been
reported to emerge during the preclinical and mild stages of
Alzheimer's disease. Although animal models offer compelling
evidence that dysregulated GABAergic signaling, potentially
influenced by APOEe4, contributes to hippocampal
hyperactivity and subsequent memory impairments in aging
animals, this mechanism has not been directly tested in
humans, either cross-sectionally or longitudinally.>”
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3. Therapeutic approaches for the
treatment of AD
3.1 Current therapeutic strategies

The current treatment options for AD are focused on
preventing disease progression via monoclonal antibodies
and on providing symptomatic relief to the patients.

3.1.1 Drugs that may change disease progression.
Aducanumab, lecanemab and donanemab are anti-amyloid
antibodies that remove amyloid plaques from the brain.
Aducanumab was approved by the US-Food and Drug
Administration (USFDA) in 2021 for mild cognitive
impairment or mild dementia of Alzheimer's. However, it has
not been approved in Europe due to a lack of strong evidence
of its efficacy. It is an IgG1 antibody binding to the Af at
amino acids 3-7. Lecanemab and donanemab also acts on
amyloid plaques, albeit differently, by inhibiting aggregated
soluble and insoluble forms of AP peptide with high

View Article Online
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for patients with early Alzheimer's disease. The common side
effects of these antibodies include amyloid-related imaging
abnormalities (ARIA), which can lead to swelling and
bleeding in the brain, as well as swelling of the face,
headaches, infusion-related reactions, and
changes.”® !

3.1.2 Drugs that may mitigate some of the symptoms of
the disease

3.1.2.1 Cognitive symptoms. These alleviate memory and
thinking symptoms without affecting the progression of the
disease. They offer temporary relief by targeting
neurotransmitters or receptors, enhancing patient comfort,
dignity, and independence. These include cholinesterase
inhibitors (donepezil, galantamine, and rivastigmine) and the
NMDA receptor antagonist memantine (Fig. 6).
Cholinesterase inhibitors preserve acetylcholine levels, which
decline in AD and contribute to cognitive loss.>> Memantine
blocks excessive glutamate receptor activation, preventing

vision

selectivity to AP protofibrils. US-FDA approved it in July 2023  neuronal death caused by glutamate excess. These
Table 3 List of a-secretase activators/enhancers in clinical trials>”
Compound name Structure Status
LY2811376 4-(2,4-difluoro-5-(pyrimidin-5-yl)phenyl)-4-methyl-5,6-dihydro-4H- N Phase I
1,3-thiazin-2-amine |r N j\
N~ =
N~ “NH,
F F
MK-8931 N-(3-(3-amino-2,5-dimethyl-1,1-dioxido-5,6-dihydro-2H-1,2,4- NH, Phase I
thiadiazin-5-yl)-4-fluorophenyl)-5-fluoropicolinamide F )\
T NN
I
= N S=0
\
N I be)
E
LY2886721 N-(3-(2-amino-4a,5-dihydro-4H-furo[3,4-d|[1,3]thiazin-7a(7H)-yl)- s Phase I
4-fluorophenyl)-5-fluoropicolinamide o)
N
HoN N F
0]
N
7 H
~_N
F
Etazolate // Phase II
N\ N\
| N
~_0 o~
O _NH
N
A
AZ-4217 N-(3-(2-amino-5,5-difluoro-4-methyl-5,6-dihydro-4H-1,3-oxazin-4-yl)- F _N Phase II
4-fluorophenyl)-5-cyanopicolinamide o F NTX =~
B
)\\ N ¥
HoN N
O
F
APH1105 A bryostatin analog Phase II
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medications address cognitive symptoms and temporarily
improve AD patients' quality of life. The cholinesterase
inhibitors have been approved for use in mild to severe
dementia due to Alzheimer's, whereas memantine is
approved for moderate to severe dementia. A combination of
donepezil with memantine is also approved for moderate to
severe dementia due to Alzheimer's.>***

3.1.2.2  Non-cognitive (behavioral and psychological)
symptoms. In AD patients, sleep changes such as difficulty in
sleeping, taking longer daytime naps, changes in sleep cycle,
etc., may aggravate mood swings. Suvorexant, a potent dual
orexin receptor (OXR1 and OXR2) antagonist, is
recommended for treating sleep changes in AD patients. It
promotes sleep by binding to the receptors and blocking the
binding of orexin A and B, neuropeptides that promote
wakefulness, to the receptors. Recently, suvorexant has been
found to decrease tau phosphorylation and A in humans.*®

3.2 Therapeutic strategies based on hypotheses proposed

AD drug development aims at disease modification or
symptom management by targeting AP and tau protein.*’
Developing new central nervous system (CNS) drugs is
challenging but vital to finding more effective AD
treatments.*® Most of the drugs that reached phase II trials
failed to show promising results in phase III, like BIIB092,
crenezumab, TRx0237, azeliragon, verubecestat, atabecestat,
BI 409306, etc.’® The following section discusses various
therapeutic options based on the understanding of proposed
hypotheses and also lists developmental candidates,
particularly in clinical trials.

3.2.1 Ap-Based approach. Targeting AB with vaccines and
antibodies is a promising approach for halting AD
progression, exemplified by the recent entry of monoclonal
antibodies into the market and ongoing clinical trials.*
Fig. 7 illustrates the downstream events of APP processing
and the possible therapeutic interventions being
considered for drug development. Some small molecules
targeting AP peptide for AD treatment are in clinical trials
(Table 2).

3.2.2 Secretase inhibitors. Secretases are a group of
proteolytic enzymes responsible for processing APP. Three
key secretases, namely o-secretase, y-secretase, and
B-secretase, are involved in this process. In healthy
conditions, APP undergoes cleavage by o- and y-secretases.
the cleavage pattern in AD involves f- and
y-secretases [Fig. 8].>>

a-Secretase. Activation of a-secretase is represented by the
metalloprotease ADAM10, which cleaves APP within the Ap
domain, inhibiting AB  generation and yielding
neuroprotective APP fragments. Therefore, o-secretase
cleavage of APP is beneficial by impeding the formation of Ap
peptides and protecting against neurotoxic agents. It has led
to the proposal of enhancing o-secretase activity as a
treatment strategy to shift the balance towards the

However,
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Table 4 y-Secretase inhibitors for AD in clinical trials
Drug name Structure Mode of action Remarks Status Ref.

Semagacestat
01 OH

NH

e

HN

(@)
_N

chlorophenyl)sulfonyl)-4-(2,5- F
difluorophenyl)cyclohexyl)
propanoic acid O.

N
3 o)

MK-0752 3-((1s,4r)-4-((4-

F

E 2012 (S,E)-1-(1-(4-fluorophenyl)

ethyl)-3-(3-methoxy-4-(4-methyl-1H-
imidazol-1-yl)benzylidene)piperidin-
2-one
Q N
NV
N
Avagacestat, BMS-708163, 2-((4-
chloro-N-(2-fluoro-4-(1,2,4-
oxadiazol-3-yl)benzyl)phenyl)
sulfonamido)-5,5,5-
trifluoropentanamide o
O’/ \N

4.

This journal is © The Royal Society of Chemistry 2025

Reduces A levels in AD and
induces changes in the
peptidome of human
cerebrospinal fluid

Lowers AB1-40 levels in
healthy participants, and
currently undergoing testing
for its potential in cancer

A gamma-secretase

inhibitor/modulator that
preserves notch function
without impacting notch

Preserving notch function
leads to a reduction in Af
levels in the cerebrospinal
fluid of healthy participants

In phase III trials, =~ Terminated in phase 67
the outcome was il
inferior to placebo

The medication was Terminated in phase I 68
linked to

gastrointestinal

discomfort and

feelings of fatigue

Lenticular opacity =~ Terminated in phase I 69

Amyloid-related Terminated in phase 69
imaging I

abnormalities

(ARIA)
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Table 4 (continued)
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Drug name Structure

Mode of action

Remarks

Status Ref.

Nirogacestat, PF-3084014 2-((6,8-
difluoro-1,2,3,4-
tetrahydronaphthalen-2-yl)Jamino)-
N-(1-(2-methyl-1-(neopentylamino)  f
propan-2-yl)-1H-imidazol-4-yl)
pentanamide

)~

P4
T

-

nonamyloidogenic pathway, potentially

influencing

Reversible, orally
bioavailable,
noncompetitive, and
selective y-secretase
inhibitor

the

Asp2, or memapsin 2.

AP1-40 levels show
no decline in the

cerebrospinal fluid
of patients with AD

58

US FDA has approved 69
its use for desmoid
tumors. Terminated

in phase II for AD
patients

BACE, a type 1 transmembrane

progression of AD (Table 3).”°

p-Secretase. The 1999 discovery of B-secretase (BACE) was
pivotal in AD research, identified independently by five
research groups using various names like BACE, B-secretase,

aspartic protease with 501 amino acids, functions optimally
under low pH conditions in intracellular compartments. It is
predominantly expressed in brain neurons, and modulating
its expression directly impacts AP production.”® BACE's

Table 5 Clinically approved small molecule-based chelating agents in metal chelation therapy

Name Structure
Deferoxamine (0] (0] QH H O
NN N~~~ N I N
OH H o) o) OH
Deferiprone >N -
=
(0]
OH
p-Penicillamine 0]
HS
OH
NH,
Deferasirox (0]

Ethylenediaminetetraacetic acid

Triethylenetetramine (TETA)
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Cognition enhancement
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receptor agonist. It suppresses neuronal

Synthetic cannabinoid, CB1 and CB2
excitability and neurotransmitter release
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Table 6 (continued)
Octohydroamino-acridine succinate

Drug name
Nabilone

This journal is © The Royal Society of Chemistry 2025

View Article Online

Review

discovery led to the identification of its homolog, BACE2.
Still, due to its low expression in brain neurons and distinct
APP cleavage activity, BACE1 remains the main f-secretase, a
potential therapeutic target to reduce cerebral AB levels in
AD.*°

Despite several drugs developed to inhibit BACE activity,
such as elenbecestat, atabecestat, lanabecestat, and
verubecestat, failing to reach the market, researchers remain
committed to the pursuit of BACE-inhibitory drugs due to the
critical role it has in the disease development.®® The
structures of some of the representative f-secretase inhibitors
are given in Fig. 9, indicating the use of various scaffolds.

y-Secretase. y-Secretase, composed of presenilin-I (PS-I),
nicastrin, anterior pharynx-I, and presenilin enhancer-2,
plays a pivotal role in AD as it executes the final
intramembrane cleavage of APP.** y-Secretase cleavage, which
follows cleavage by a-secretase, yields the C99 fragment,
leading to a minor fraction of AB-42. Mutations in
presenilins, the catalytic core of y-secretase, contribute to
elevated AB-42 levels in familial AD (FAD). However,
y-secretase influences other substrates like notch, delta, and
tumor necrosis factor-alpha converting enzyme (TACE).®®
Targeting y-secretase to reduce AP formation is challenging
due to the potential disruption of vital functions of these
substrates.®® As a result, drugs designed as y-secretase
modulators (such as avagacestat, semagacestat, and flurizan)
have faced setbacks during clinical trials.®” The status of
different y-secretase inhibitors is shown in Table 4.

3.2.3 Metal chelators. Metal ions, such as Zn>**, Cu?', and
Fe**, promote the aggregation of f-amyloid. Zn>" can lead to
aggregation even at low physiological concentrations, while
Cu** and Fe’" enhance aggregation under mildly acidic
conditions. Elevated Cu®*" and Zn”" levels have been linked to
developing the apoE4 allele associated with AD. B-Amyloid
also participates in redox reactions mediated by metal ions,
generating ROS.”® To counteract metal interactions with AB,
strategies like wusing iron-chelating agents are under
investigation (Table 5).”*

3.2.4 Acetylcholinesterase inhibitors. The cholinergic
hypothesis in AD focused on the loss of cholinergic neurons.
It reduced acetyltransferase (ChAT) activity, primarily in the
nucleus basalis of Meynert, a vital source of cholinergic input
to the neocortex.”> This degeneration is associated with
cognitive decline, impacting memory, attention, and
learning-related brain regions such as the hippocampus and
frontal cortex. Issues encompass impaired choline uptake,
compromised acetylcholine release, receptor imbalances,
disrupted neurotrophin support, and axonal transport
deficits. Reduced ChAT and increased AChE activity result in
acetylcholine depletion, impairing cognitive function.”?
Treatment primarily relies on acetylcholinesterase inhibitors
(AChEIs) to restore acetylcholine levels. Some approved
AChEIs include tacrine, donepezil, rivastigmine, galantamine,
etc., of which tacrine has been withdrawn.”*

AD's complexity involves various pathological factors,
including AP plaques, neurofibrillary tangles, elevated AChE

RSC Med. Chem., 2025, 16, 652-693 | 687


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4md00630e

Open Access Article. Published on 06 December 2024. Downloaded on 1/26/2026 1:54:34 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

and MAO activity, and increased reactive oxygen species and
metal ions. Single-target drugs often prove insufficient due to
AD's multifaceted pathology. Many drugs failed in phase
three clinical trials due to inadequate target interaction, toxic
side effects, or a lack of differentiation from placebos.”> FDA-
approved treatments offer symptomatic relief but do not halt
disease progression. Addressing AD's multifaceted nature
demands a comprehensive approach. Combination therapy
has limitations, including drug interactions and
pharmacokinetic challenges.”® Multi-target directed ligands
(MTDLs) and dual inhibitors are emerging as a promising
strategy, targeting multiple disease-related pathways with a
single molecule. MTDLs often focus on AChE, MAO enzymes,
and the AP cascade pathway, offering potential for more
effective and streamlined AD treatment by addressing the
intricate network of pathological factors involved.””

3.3 Dual inhibitors

Given the intricate nature of AD and the multitude of factors
contributing to its progression, addressing a single causative
aspect is unlikely to yield a complete cure or effectively slow
down the disease's advancement.”® Therefore, recent reports
involve the development of molecules capable of targeting
two distinct factors concurrently. This innovative strategy
offers the potential to diminish required dosage
concentrations, enhancing the likelihood of effective
treatment and disease progression attenuation. Moreover, it
could result in cost savings and alleviate the financial burden
on patients.””®" Examples of such dual inhibitors are given
in Fig. 10.

3.4 Multi-target-directed ligands

Similar to dual inhibitors, multi-target-directed ligands
(MTDLs), often termed “dirty drugs”, offer promise for AD
treatment.”®> These compounds combine pharmacophore
moieties from different bioactive compounds, enhancing
therapeutic safety and efficacy compared to single-target
drugs.®® MTDLs offer a comprehensive approach to
addressing the intricate network of factors contributing to
AD pathogenesis (Fig. 11).%°

4. Candidates under clinical
investigation for AD

Despite recent clinical trial failures, several promising
candidates are in the AD drug development pipeline. Table 6
collates the available information (updated as of Nov 2024)
on various developmental candidates in clinical trials, phase-
wise and by category. The list is in addition to the candidates
mentioned in the above sections (https://clinicaltrials.gov/).

Future perspective

Given the complexity of the condition and the numerous

potential risk factors involved, current research is
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concentrated on various causative factors of AD. Many
molecules in the developmental stage are designed to
disrupt AD progression by targeting one or multiple agents
linked to the condition. These potential targets encompass
the accumulation of beta-amyloid and tau proteins
(distinctive signs of Alzheimer's), neuroinflammation,
immune reactions, metabolic alterations, and various other
elements. Recent basic and clinical research has generated
extensive insights into the Dbiological —mechanisms
underlying Alzheimer's disease. Despite advances in
understanding the molecular basis of Alzheimer's disease,
efforts to develop effective drugs or non-pharmacological
interventions to prevent, halt, or slow its progression have
remained largely unsuccessful. Extensive pharmaceutical
studies and clinical trials, whether successful or not, are
invaluable as they help identify promising drugs or
eliminate ineffective ones, guiding the way forward in the
fight against Alzheimer's disease. The outcomes of “failed”
clinical trials should be leveraged to refine and adjust
future approaches. Priority should be given to preventing or
slowing neurodegeneration, especially in individuals at risk,
as treating advanced Alzheimer's such as restoring damaged
neurons and synapses will likely remain a challenging task,
at least in the near term. Non-pharmacological approaches
that utilize modern technologies, such as non-invasive or
minimally invasive surgical procedures, should be actively
integrated into the strategies for combating Alzheimer's
disease. Maintaining a healthy lifestyle through diet, sleep,
and exercise can be beneficial and may help delay the
onset of Alzheimer's symptoms, potentially through
mechanisms like neurogenesis. If a significant delay of one
to two decades or more can be achieved, it could effectively
equate to the eradication of Alzheimer's disease for many
elderly individuals. It is anticipated that the forthcoming
treatments will entail a combination of drugs or devices
targeting multiple objectives, accompanied by risk
reduction approaches akin to those employed in current
therapies for numerous cancer and AIDS cases. In clinical
studies on donanemab, a trend toward slower Tau
accumulation was noted. Therefore, future research should
focus on exploring the relationship between reduced AR
plaques and Tau levels to achieve meaningful benefits for
Alzheimer's patients. The accelerated FDA approval of
aducanumab, donanemab and lecanemab has brought new
hope for Alzheimer's drug development, and we anticipate
more effective and affordable treatments for patients in the
future.

Conclusion

Single-target drugs often prove insufficient due to AD's
multifaceted pathology. Many drugs have failed in clinical
trials due to inadequate target interaction, toxic side effects,
or a lack of differentiation from placebos. FDA-approved
treatments offer symptomatic relief but do not halt disease
progression. Addressing AD's multifaceted nature demands a

This journal is © The Royal Society of Chemistry 2025
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comprehensive approach. Therefore, this review aims to
emphasize recent progress in exploring innovative AD
treatments from the perspective of medicinal chemistry.
Various aspects of addressing AD have been consolidated,
such as multiple hypotheses, single targets, and MTDLs. A
aggregation inhibitors, metal chelators, and neuroprotective
mechanisms appear to hold promise, and MTDLs are
expected to play a crucial role in the management of AD. In
conclusion, although a cure for Alzheimer's disease through
drug therapy has not yet been found, significant progress is
being made. It is anticipated that new treatments with high
efficacy, low adverse effects, and economic viability will be
developed soon. This review may serve as a valuable resource
for the medicinal chemistry community for exploring
strategies to manage AD.
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