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Abstract: Alzheimer’s disease is one of the most progressive forms of dementia, ultimately leading
to death in aged populations. The major hallmarks of Alzheimer’s disease include deposition of
extracellular amyloid senile plaques and intracellular neurofibrillary tangles in brain neuronal cells.
Although there are classical therapeutic options available for the treatment of the diseases, however,
they provide only a symptomatic relief and do not modify the molecular pathophysiological course
of the disease. Recent research advances in Alzheimer’s disease have highlighted the potential role
of anti-amyloid, anti-tau, and anti-inflammatory therapies. However, these therapies are still in dif-
ferent phases of pre-clinical/clinical development. In addition, drug repositioning/repurposing is
another interesting and promising approach to explore rationalized options for the treatment of Alz-
heimer’s disease.

This review discusses the different aspects of the pathophysiological mechanism involved in the
progression of Alzheimer’s disease along with the limitations of current therapies. Furthermore, this
review also highlights emerging investigational drugs along with recent drug repurposing ap-

Current

proaches for Alzheimer’s disease.
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1. INTRODUCTION

Alzheimer’s disease (AD) is one of the most prevalent
age-related, serious and irreversible neurodegenerative dis-
eases progressively leading to death. It is pathologically
characterized by marked memory impairment and cognitive
deficit in aged adult population. The pathological hallmarks
of AD include deposition of amyloid beta (AB) plaque in
extra-neuronal parenchyma and neurofibrillary tangles
(NFTs) in brain tissues [1-4]. Additionally, tau-positive neu-
ronal threads, dystrophic neurites as well as pro-
inflammatory microglial cells and reactive astrocytes are also
present. These structural and inflammatory lesions lead to a
loss of neurons in vulnerable regions of the brain, leading to
AD. Evidences suggest that amyloid deposition and tau pa-
thology in AD can precede structural changes in the brain,
including progressive hippocampal volume loss and de-
creased glucose metabolism. It is eventually followed by the
manifestation of clinical features such as memory loss, social
dependence, and motor abnormalities.
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Numerous literature reports indicate that the chronic neu-
roinflammatory process in the brain contributes to the devel-
opment of AD pathophysiology and has been linked directly
to memory impairment, cognitive deficit, and dementia. This
is evident by an elevated level of inflammatory proteases,
cytokines, and chemokines, along with increased oxidative
stress due to the accumulation of microglial cells around
senile AB-plaques [5-7]. Such reports have also been con-
firmed by in-vitro and in-vivo studies along with data from
the transgenic animals [4, 8-10].

2. CURRENT THERAPEUTIC
ALZHEIMER'’S DISEASE

OPTIONS IN

The number of individuals affected by AD is expected to
be ~40 million worldwide, with a continuously increasing
number of 7.7 million new cases every year [11-13]. Thus,
AD has been ranked at 6™ position among the top ten major
causes of death. In spite of an alarming situation, there are
only limited, approved therapeutic options available for the
treatment of AD (Table 1). Currently, AChEIs (acetylcho-
linesterase inhibitors) are used for the treatment of AD
which are based on the classical cholinergic hypothesis, tak-
ing into consideration the key role of acetylcholine (ACh) in
cognitive functions of the human brain (Table 1). According
to this theory, there is a decrease in activity of the key en-
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Table 1. Approved clinical therapies for treatment of Alzheimer’s disease.
Drug Name Current Stage Mechanism of Action in AD Refs.
Tacrine Marketed Non-competitive and non-selective reversible inhibitor AChE [2,4]
Donepezil Marketed Highly selective reversible non-competitive inhibitor of AChE [2,4]
Rivastigmine Marketed Pseudo-selective irreversible inhibitor of AChE and BuChE [2,4]
Galantamine Marketed Selective, competitive & reversible AChE inhibitor [2,4]
Huperzine A Approved in China Distinctive affinity for AChE with strong anti-oxidant and anti-inflammatory properties [2,4,6]
Memantine Marketed Non-competitive NMDA receptor antagonist [2,4,6,15]

zymes involved in acetylcholine synthesis: choline acetyl-
transferase (ChAT) and pyruvate dehydrogenase (PDH)
complex. Furthermore, the declined functions of muscarinic
M, receptor subtypes and nicotinic receptors in the brain due
to AP deposition also lead to impaired cholinergic neuro-
transmission in AD [6, 7, 14, 15]. Therefore, AChEIs present
a logical approach for the treatment of AD pathology by in-
hibition of acetylcholine decomposition. Researchers are still
focused on the discovery of safe and efficacious drugs that
stimulate the cholinergic transmission by selective activation
of either central M; muscarinic or nicotinic receptors. How-
ever, any selective M, agonist has not been discovered yet.
This was mainly due to a lack of M; subtype selectivity of
compounds designed so far and the incidence of serious ad-
verse effects.

The currently approved drugs to be used in AD treatment
are AChEIs (Table 1) e.g. Rivastigmine, Gallantamine,
Donepezil), and N-methyl-D-aspartic acid (NMDA) receptor
antagonist (Memantine). Thus, AChEIs were the first drugs
approved for the treatment of AD [4, 10, 14]. Tacrine was
one of the first approved AChEI drugs for the treatment of
AD, however, it is now obsolete. It is a non-competitive and
non-selective reversible inhibitor to AChE, having dose-
related efficacy, short half-life, and a high incidence of ad-
verse effects and hepatotoxicity. Donepezil is another drug
approved in 1996 for AD, which is a highly selective, re-
versible inhibitor of AChE without any serious adverse ef-
fects. Rivastigmine is a pseudo-selective irreversible inhibi-
tor of both AChE and butyryl cholinesterase (BuChE) and it
has shown good improvement in cognition and neuroprotec-
tive effects. Galantamine is a tertiary alkaloid obtained from
various species of Amaryllidaceae approved in 2001 for the
treatment of AD. It is a selective, competitive, and reversible
inhibitor of AChE and also exerts a modulating action on
nicotinic receptors with low hepatotoxicity. Huperzine A is
another widely used drug in eastern medicine, which shows a
distinctive affinity towards AChE along with strong antioxi-
dant and anti-inflammatory properties [16]. However, it is
approved by the State Food and Drug Administration of
China for AD therapy. Memantine is a non-competitive
NMDA receptor antagonist approved for the treatment of
AD in mild to severe stages. It reduces excitotoxicity and
neurodegeneration caused by excessive glutamatergic neuro-
transmission. It may also decrease tau-hyperphosphorylation
and protects against AB-induced neuronal toxicity [2, 15].

Nonetheless, the available therapies have a very limited
effect in the management of the pathophysiological aspects
of AD. Since the etiology of AD is still not fully known, the
treatment strategies focus more on its risk factors and pre-
vention, rather than finding the exact cause of this disease.
Therefore, there is an urgent need for rationalized explora-
tion of novel therapeutic targets to control the molecular
pathophysiology and chronic neuroinflammation associated
with AD.

3. MOLECULAR PATHWAYS INVOLVED IN THE
PATHOPHYSIOLOGY OF ALZHEIMER’S DISEASE

The pathophysiology of AD is multi-dimensional and
complex and has been explained by the involvement of vari-
ous molecular pathways. The potential molecular pathways
in AD include neuronal damage due to the accumulation of
AP and NFTs, cholinergic dysfunction, neuroinflammation,
and oxidative stress (Fig. 1).

3.1. Amyloid-beta Hypothesis: Production and Clearance
of AP, the Role of Monomeric and Oligomeric Forms of
AP

Among various pathways, the most popular and consis-
tent pathway explained by several research groups is the A 3
hypothesis [17, 18]. It has consistently been reported that
there is a progressive increase in the concentration of amy-
loid plaques and NFT in the brain of AD patients. The amy-
loid plaques are extracellular deposits of AP, fragments in
the brain parenchyma and cerebral blood vessels [19-21].
These fragments are formed by cleavage of APP (amyloid
precursor proteins) by different secretase enzymes (o, B, and
y-isoforms) in the brain neurons (Fig. 2). APP (APPgos) is a
transmembrane glycoprotein expressed by several types of
cells, including microglia, astrocyte, brain neuronal cells in
CNS. APP (APP75, and APP7y) is also expressed in the pe-
ripheral cells and tissues such as adrenal gland, kidney,
heart, liver, spleen, pancreas, muscles, platelets, leukocytes,
and endothelial cells. The o-secretase cleaves APP mainly
outside CNS in the peripheral cells and tissues [7, 22, 23].
The B and y-secretase cleaves APP particularly in the CNS
neuronal cells leading to the generation of shorter insoluble
peptide fragments (~39-43 amino acids) known as Ap-
fragments [24]. In particular, AP, fragments possess a dis-
tinct neurotoxic effect leading to neurodegeneration, in-
flammation, amyloid angiopathy, and mitochondrial dys-
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1. Stimulation of amyloid cascade through
activation of B-secretase (BACE-1) and y-secretase
enzyme.

Neuronal damage

2. Processing of amyloid precursor protein (APP)
and accumulation of AP, ,, and AP, 4, peptide
fragments in brain tissue.

3. Microtubule tau-protein hyperphosphorylation.

4. Neuronal degeneration leading to dementia.

Neuroinflammation

1. Activation of astrocytes and microglial cells.
2. Production of TNFa, IL1[3, IL6 in brain.
3. Activation of neuronal NFkB expression.

4. Activation of matrix metalloproteases (MMP-1,
MMP-9) and caspasel and 3.

o

Alzheimer’s
disease

\

Cholinergic dysfunction

1. Decreased activity of choline acetyltransferase
(ChAT) and pyruvate dehydrogenase (PDH)
complex.

2. Decreased synthesis of acetylcholine (ACh).
Damage to cholinergic neurons.

4. Impaired function of M1 subtype of muscarinic
receptors.

Oxidative stress

1. Reactive oxygen species (ROS) generation by AP
through NMDA receptors.
2. Neuronal apoptosis through activation of ROS

3. Activation of AP production & tau
hyperphosphorylation

4. Expression of antioxidant enzymes such as
superoxide dismutase and catalase

/

Fig. (1). The multidimensional pathological characteristics in AD. The major hallmarks of AD include AP and hyperphosphorylated tau
proteins called NFTs. However, the pathophysiology of AD is complex and multi-dimensional including cholinergic neuronal damage, cho-
linergic dysfunction, neuronal inflammation and loads of oxidative stress. (4 higher resolution / colour version of this figure is available in

the electronic copy of the article).

function in CNS (Fig. 2). These fragments form peculiar
insoluble structures around the brain neuronal cells and con-
stitute a histopathological hallmark of AD pathophysiology
called senile plaque [17, 24, 25].

Generally, these fragments undergo proteolytic degrada-
tion by certain enzymes, including neprilysin, insulin-
degrading enzyme, and matrix metalloproteinase in CNS. In
addition, these fragments can also be taken away from CNS
by various processes. These include phagocytosis, endocyto-
sis, macropinocytosis by various cells, including microglia,
perivascular macrophages, astrocytes, oligodendroglia [17,
24]. In addition, these AP fragments are also cleared from
CNS by direct efflux to the peripheral circulation (Fig. 3). In
the peripheral system, several cells and tissues participate in
AP catabolism and constitute potential AP clearance path-
ways. The peripheral cells, such as monocytes, macrophages,
neutrophils, lymphocytes, and erythrocytes, mediate the up-
take and phagocytosis or endocytosis of Ap-fragments.
These fragments may also undergo proteolytic degradation
by AB-degrading enzymes followed by their blood clearance
by AB-binding proteins (albumin, antithrombin III and apol-
ipoproteins, ApoE and Apol). During the progression of AD,
there is a marked imbalance between the production and
clearance of amyloid plaques in the brain and peripheral or-
gans and tissues [19, 25, 26]. This imbalance between pro-
duction and clearance of AB-fragments has become an im-
portant pathophysiological marker for the characterization of
amyloid hypothesis in AD [18].

The A4, is mainly monomeric at physiological concen-
trations and is present in the brain and CSF of normal indi-
viduals [22, 27, 28]. It has been reported that the A,
monomers activate type-1 insulin-like growth factor recep-
tors and enhance the glucose uptake in neurons by promoting
translocation of the Glut3 glucose transporter from the cyto-
sol to the plasma membrane. In neurons, activity-dependent
glucose uptake was blunted after blocking endogenous
monomeric A4, production and re-established by the ad-
ministration of exogenous A4, monomers. Furthermore, the
APP-null neurons failed to enhance depolarization-stimulated
glucose uptake unless exogenous monomeric AP, was
added. These data suggest that AB,, monomers were critical
for maintaining neuronal glucose homeostasis [29, 30], and
have a protective role in normal brain functions.

Under physiological conditions, insulin binding to its cell
surface insulin receptors triggers its autophosphorylation and
subsequent tyrosine phosphorylation of insulin receptor sub-
strate-1. The neuroprotective action of AP, monomers was
mediated by the activation of phosphatidylinositol-3-kinase
pathway and downstream cellular responses that facilitate
synaptic plasticity and memory. During AD, the A
monomers self-aggregate into oligomers causing synaptic
dysfunction and neuronal loss. The accumulation of Af4
oligomers leads to increased TNFa levels and activation of
various stress kinases that causes inhibition of insulin recep-
tor substrate-1. APy, oligomers also instigate the additional
removal of insulin receptors from the cell surface and redis-
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Fig. (2). Molecular pathogenesis in AD. The APP695 expressed predominantly in brain is cleaved by amyloid pathway through B and y-
secretases to form insoluble AP42 peptide fragments. These fragments accumulate to form senile plaques around brain cholinergic neurons.
Deposition of such insoluble plaques around CNS neuron causes hyperphosphorylation of tau protein leading to formation of NFTs. Usually
these pathological features are cleared from brain by microglia and astrocytes under normal conditions. However, due to imbalance in depo-
sition and clearance of these pathological features, the microglia and astrocytes are hyper-activated leading to inflammation and oxidative
stress. Due to this, a vicious cycle of inflammation is formed between AP accumulation, activated microglia, and microglial inflammatory
mediators, which further enhance AR deposition and neuroinflammation. All these structural and biochemical changes in brain cause neu-
ronal excitotoxicity and neurodegeneration. This ultimately leads to dementia and cognitive deficit in AD. Drugs are shown in blue colour at
respective points in this signaling based on their suggested mechanism of action. (4 higher resolution / colour version of this figure is avail-

able in the electronic copy of the article).

tribution to the cell body. These combined events block
normal neuronal insulin signaling. Such defective insulin
signaling further accelerates A4, production and aggrega-
tion in the brain by enhancing amyloidogenic processing of
the APP. Thus, A4 oligomer-induced insulin resistance
may create a vicious cycle to upregulate their own produc-
tion and aggregation by disrupting physiological actions of
insulin in brain [29-31]. Such mechanisms could account in
part for AP, oligomers build-up and its damaging effects in
the brain during AD progression.

3.2. Tau-hyperphosphorylation and Formation of

Neurofibrillary Tangles

Under normal conditions, the tau protein promotes
strength to an assembly of tubulin protein, providing micro-

tubular stability. Due to a significantly high concentration of
AP4, fragments in the brain in AD, the microtubule-
associated tau proteins are hyperphosphorylated. When these
tau proteins are hyperphosphorylated, they are not able to
form stable structures with tubulin, but rather they form in-
soluble misfolded aggregates as NFTs. The abnormal tau
hyperphosphorylation and aggregation play an important role
in neurofibrillary degeneration [32-34]. NFTs may reduce
normal tau function, compromise normal cellular physiol-
ogy, and disrupt tau-mediated regulation of microtubule dy-
namics resulting in neurodegeneration. Deposition of these
NFT proteins in the brain tissue leads to neuronal and synap-
tic damage [35, 36]. Literature evidences have shown that
there exists a strong level of interdependence between A
accumulation and formation of NFTs during initiation and
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Fig. (3). Production, degradation and clearance of amyloid-p in different organs and tissues in brain and periphery. APP¢s is ex-
pressed particularly in CNS and is cleaved by B and y-secretases to form insoluble APy, fragments. Normally, these A4, fragments are
cleared off the brain by resident brain immune cells to the periphery. However, due to excessive production of ARy, during AD, there is an
imbalance in production and clearance. This ultimately activates brain immune cells leading to a significant increase in inflammation and
oxidative stress. Another isoform of APP, APP7s; .,q 770 is expressed by platelets, skin and bone cells in peripheral tissues. The peripheral
amyloid is cleared off from the body by macrophages through liver and kidney through the action of various enzymes. (4 higher resolution /
colour version of this figure is available in the electronic copy of the article).

progression of neuroinflammation and neurodegeneration in
AD [32].

3.3. Role of a Cholinergic and Glutaminergic Neuronal
System

The cholinergic hypothesis of AD is another most exten-
sively studied approach to describe the cellular and molecu-
lar pathophysiology. The cholinergic neurons in the hippo-
campus, frontal cortex, amygdala, nucleus basalis, and me-
dial septum regions serve an important functional role in
awareness, attention, learning, memory, and other cognitive
processes. During the onset of AD, these basal forebrain
cholinergic neurons are primarily damaged by a primary
degenerative process. Such cholinergic neuronal loss was
seen up to 90% in advanced stages of progressive AD [5, 37,
38]. Due to this, there is a significant deficit in cholinergic
neurotransmission in CNS, leading to the onset of cognitive
impairment. It has been reported that the non-selective mus-
carinic antagonist, scopolamine-induced cognitive impair-
ment, favors the production of AP peptide and decreases the
activity of a-secretase in the CNS [4, 5, 38]. The exact mo-
lecular mechanisms of the effect of cholinergic drugs in

learning and memory, and their clinical relevance are still
being studied for the improvement of AD pathophysiology.
Recent studies have reported that A interacts with choliner-
gic receptors in the brain, affecting their function. In general,
the cholinergic and glutaminergic systems significantly in-
teract during alteration in CNS neurotransmission. There is
an adjustment in glutaminergic signaling noted during the
cholinergic disruptions in AD [37, 38]. The physiological
glutaminergic neurotransmission in the hippocampus pro-
duces a cytosolic calcium signal, which mediates synaptic
plasticity phenomena such as long-term potentiation (LTP),
encouraging learning and memory consolidation. However, a
sustained increase in calcium, sodium, and chloride ions, as a
result of the hyper-activation of NMDA receptors, has been
associated with excessive depolarization of the postsynaptic
membrane, onset neurodegenerative processes, and cell
death. Such an increase in intra-neuronal calcium due to dys-
functional glutaminergic neurotransmission may generate a
long-lasting depression in the cerebellum. This may ulti-
mately lead to increased calcium overload in mitochondria,
activation of nitric oxide synthesis, generation of free radi-
cals, oxidative stress, and neuronal death [37-39]. The cho-
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linergic hypothesis has served as a basis for the majority of
treatment strategies and diverse drug development ap-
proaches (acetylcholinesterase inhibitors, cholinergic precur-
sors, cholinergic receptor agonists, NMDA receptor block-
ers) for AD in the recent past. However, this hypothesis does
not provide an explanation to establish a definitive causative
factor for multifaceted pathophysiology of AD.

3.4. Role of Inflammatory Mediators

The production versus clearance imbalance in AB ho-
meostasis leads to its accumulation within the extracellular
space. The extracellular AP deposits trigger activation of
microglia (resident immune cells of the brain), and astro-
cytes in the surrounding parenchyma [40, 41]. They are also
activated by hyperphosphorylated tau protein aggregates
(NFTs) inside neuronal cell bodies and neuritis [22, 28].
These pathological features ultimately lead to progressive
inflammation and oxidative stress through microglia and
astrocyte activation. The microglia and astrocytes detect the
pathogen or danger-associated molecular patterns (PAMPs
or DAMPs) through cell-surface pattern recognition recep-
tors (PRRs). Glial cells direct the neuroimmune responses by
phagocytic mechanism by the release of pro- and anti-
inflammatory cytokines, chemokines, and growth factors
[42]. Under normal conditions, there is a resolution signal to
maintain glial homeostasis after a time-gap. However, a
chronic activation of the innate immune system remains in
the brain due to long term deposition of Ap and NFTs during
AD; and hence there is no resolution stage. Such persistent
alteration of the glia cell phenotype is believed to contribute
to AD severity and progression [43]. These inflammatory
changes appear in subcortical nuclei such as the locus coer-
uleus in the early stages of AD and eventually, spread to
affect cholinergic neurons in the hippocampus and cortical
areas with the progression of the disease [7, 34, 41].

The activation of microglial cells results in clearance of
AP and has been demonstrated to exert a positive effect on
animal models of AD [42, 44, 45]. However, prolonged mi-
croglial activation may result in exacerbation of AD pathol-
ogy [45-47]. The capacity of microglia for Af phagocytosis
is compromised during their prolonged activation, while
their immunological activation continues simultaneously.
This subsequently results in sustained pro-inflammatory cy-
tokine signaling along with progressive accumulation of A
in the surrounding environment. The sustained release of
cytokines and associated neurotoxins from microglia serves
to exacerbate neuroinflammation and neurodegeneration [40,
41, 44, 47]. This creates a vicious cycle of activated immune
cells recruitment, activation of pro-inflammatory signaling,
increased oxidative stress, and neuronal damage. Thus, mi-
croglial cells are thought to be primarily responsible for or-
chestrating neuroinflammation and neurodegeneration in
AD. Recent literature reports indicate that as microglia be-
come less able to clear AP, peripheral macrophages may be
recruited for AP plaque deposition in an effort to clear AP.
The recruitment and activation of the peripheral macro-
phages contribute to intensify cytokine milieu in the brain [9,
43, 48, 49].

AP aggregates can also mimic damage-associated mo-
lecular patterns (DAMPs) and stimulate toll-like receptors
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(TLR2 and TLR4) on microglia, thereby mounting an in-
flammatory response by the NLRP3 (NACHT, LRR and
PYD domains-containing protein 3) inflammasome complex
[50, 51]. Consequently, caspase-1 is recruited to the inflam-
masome, and a number of pro-inflammatory mediators, such
as TNFo and IL1p, are released by microglia [14, 28, 43,
52]. Repeated peripheral administration of lipopolysaccha-
rides in wild-type mice has shown to increase AP levels,
activate microglia, and induce cognitive impairment [53].
Studies within PS1/APP TLR4 knockout mice confirm an
increase in plaque pathology, resulting in reduced glial acti-
vation and improved cognitive function [54]. Therapeutic
blockade of TLR4 signaling by intracerebroventricular injec-
tions of cyanobacterial product was able to reduce memory
impairment and glial cell activation induced by intra-
cerebroventricular administration of AP oligomers [27, 53,
54]. TLR4 pathway is associated with the activation of
p38MAPK pathway, which primarily regulates the release of
pro-inflammatory cytokines, such as TNFa, IL1f, and IL6.
Thus, it would be quite interesting to check the role of
p38MAPK (mitogen-activtaed protein kinase) and MK2 (mi-
togen-activtaed protein kinase-activated protein kinase-2) in
neuroinflammation in AD.

In addition, the ATP-gated ion channel P2X7 is ex-
pressed abundantly in microglia and responds to extracellu-
lar ATP during stress or tissue damage. This can lead to acti-
vation of the NLRP3 inflaimmasome complex, producing
pro-inflammatory cytokines, IL1 and IL18. Thus, the
P2X7-NLRP3 axis has recently been documented for its
potential role in neuroinflammation and neurodegeneration
in AD [51, 55, 56]. Based on this concept, the brain-
penetrant, P2X7 antagonists, have progressed to phase I
clinical studies (Table 2) for neuroinflammatory and neu-
rodegenerative diseases [57-59]. P2X7 up-regulation has
been reported in post-mortem AD brains and in animal mod-
els of tauopathy and amyloid deposition [55]. It has also
been reported that P2X7 activation prevents APP processing
by o-secretase and facilitates the formation of toxic AP
through P2X7-mediated activation of glycogen synthase
kinase 3 (GSK-3) in J20 mice model of AD (over-expressing
human APP gene with AD-linked mutations). Inhibition of
P2X7 with Brilliant Blue G in the same mouse model in-
creased a-secretase activity and reduced the formation of A
plaques, supporting a beneficial role of P2X7 antagonism in
AD. Recently, it has also been reported that mice lacking
P2X7 have reduced AP load and cognitive impairment in the
AD model. Moreover, MCC950 (NLRP3 inhibitor) has also
been reported to prevent cognitive decline in APP/PS1 ex-
pressing mice model [42, 50, 56].

3.5. Role of Oxidative Stress Mediators

Brain neurons are particularly at a high risk of excessive
reactive oxygen species (ROS) generation and oxidative
damage. This is because brain functions utilize high oxygen
(20%) and high glucose (25%) for energy production. Al-
though oxidative damage is certainly found to play an impor-
tant role in AD pathology, it remains uncertain whether this
is a cause or a consequence of pathogenic processes in AD
[38, 60]. One of the hypotheses suggesting oxidative damage
as an early event in the disease is supported by the associa-
tion of reduced ApoE4 genotype with higher oxidative in-
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Drug Name Current Stage Mechanism of Action in AD Refs.
leucine methylthioninium Phase IIT Inhibition of tau-hyperphosphorylation [16, 64, 86, 87]
Pioglitazone Phase IIT Regulation of B-secretase enzyme, BACE-1 modulator 16, 64, 86, 87]
Thalidomide Phase IIT Regulation of B-secretase enzyme, BACE-1 modulator [16, 103]
Etazolate Phase IIT a-secretase stimulation, GABA -receptor modulator [10, 16, 103]
Montelukast Phase II Dual antagonist of CysLT1 receptor and GPR17 receptors in brain [89, 90, 94]
Rilapladib Phase II cPLA, inhibitor, Inhibits LOX and COX pathway [13,67]
ABT-126 Phase II o7-nicotinic receptor agonist for improvement of cognitive dementia [13,67]
Taldalafil Phase II PDE-5 inhibition leading to increased cGMP & inhibition of AP deposits [16,102]
Acetritin Phase II Acts on retinoid receptors (RXR and RAR) [16]
Bexarotene Phase II Activates RXR receptors [16]
Riluzole Phase II Inhibition of glutamate rele'flse Inactivation of voltage dependent [16]
sodium channels
Nivadipine Phase II Reduction of A oligomerization and deposits, neuronal toxicity [88, 105]
Minocycline Phase II Regulation of B-secretase [16, 88, 105]
Saracatinib Phase I Inhibition of Src/Abl family of kinase‘s and Fyn kinase, Inhibition of [16, 86-88, 105]
AP formation.
jij::iig:z:i Phase I Blocked ex-vivo human IL-1B, Brain penetrant [16,86-88, 105]
Zileuton Preclinical 5-LOX inhibitor [16, 88, 105]
Azithromycin, Erythromycin Preclinical Inhibition of APP and reduced cerebral AP deposits [16, 88, 105]
Carmustine Preclinical Reduction of AP deposits and inhibition of tau pathology [16, 88, 105]
Dapsone Preclinical Improvement of cognitive functions and dementia [16, 88, 105]

sults. It has been shown that ApoE protein expression is re-
duced in ApoE4 carriers, and there is an association between
decreased amount of ApoE protein and higher oxidative
stress to lipids. The levels of thiobarbituric acid reactive sub-
stance (TBARS), isoprostanes, markers of lipid peroxidation
have been reported to be increased in cerebrospinal fluid in
ApoE4-positive healthy individuals and in AD patients [28,
60, 61].

Certain metals are crucial to many physiological proc-
esses in the brain and their homeostasis is controlled by vari-
ous metal importers, exporters, and metal sequestering pro-
teins. However, the dyshomeostasis of metal ions and their
neurotoxic effects in brain during AD pathology have been
documented in literature. The imbalance of metal ions is
generally associated with reduced enzymatic activities, ele-
vated protein aggregation, and oxidative stress in the brain,
leading to cell death and neurodegeneration. The metal ions
such as iron, copper, and zinc are associated with an increase
in AP4o and APy, aggregation in vitro and generation of free
radicals in vivo, thus contributing to neuronal toxicity [62,
63]. The Fenton reaction between reduced forms of metals
(iron (IT) or copper (II)) and hydrogen peroxide is particu-

larly harmful, as it yields the hydroxyl radical. RNA-bound
iron poses a significant threat to neuronal viability in vulner-
able neurons in AD due to a great reduction in normal pro-
tein synthesis. Copper exerts similar oxidative disturbances
in neuronal tissue because it interacts with a regulatory pro-
tein, ceruloplasmin, which converts redox-active iron (II) to
a less reactive iron (III). Copper also interacts with APP in
an electron transfer reaction that reduces copper (II) to cop-
per (I), enhancing the production of a hydroxyl radical in-
termediate [64]. It has been found that APP contains an iron-
responsive element on the 5’ untranslated region of its
mRNA with sequence homology to the iron-responsive ele-
ment of the iron-storage ferritin protein. Studies on primary
neuronal cultures indicate a ferroxidase activity of APP,
which facilitates iron export from cells to minimize ROS
production. APP has also been reported to prevent the re-
lease of iron (II) from heme, thereby further reducing the
toxic accumulation of redox-active iron. Zinc (II) seems to
simultaneously inhibit the ferroxidase activity of APP, and
further contribute to an aberrant iron accumulation and ROS-
generation [65, 66]. Such destructive effects of metal dy-
shomeostasis in brain suggest an important role in oxidative
damage in AD. Based on these concepts, desferrioxamine
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(an FDA-approved drug for iron overload disease) has been
tested in AD clinical trials, as it is involved in chelation and
clearance of iron (III) from the brain. However, its brain
bioavailability is very low due to hydrophilic nature and high
molecular weight [66].

Several studies have demonstrated that there is an over-
lap between pathophysiological mechanisms implicated in
type 2 diabetes and AD. Hyper-insulinemia, in type 2 diabe-
tes may inhibit the degradation of extracellular AP through
the insulin-degrading enzyme (IDE) [4, 15, 28]. Moreover,
hyperglycemia may result in enhanced metabolism of glu-
cose leading to increased levels of NADH and FADH,,
which are used by mitochondria to generate ATP. The over-
production of NADH leads to a greater proton gradient and
consequently, to an excessive generation of ROS. In addi-
tion, the increased levels of intracellular glucose lead to the
non-enzymatic glycosylation of cellular proteins, lipopro-
teins, or nucleic acids. The resulting products are known as
advanced glycation end products (AGEs) [43, 44, 61]. Re-
ceptors for AGE (RAGE) are pattern recognition receptors
that bind multiple ligands derived from damaged cell envi-
ronment as well as AP. The interaction of RAGE with its
ligands results in enhanced ROS generation, due to the acti-
vation of NADPH oxidase (NOX). Increased expression of
RAGE has been demonstrated in the brains of AD mouse
models. Administration of high-AGE diet has been found to
lead to spatial memory impairments, oxidative damage to the
vasculature, and increased levels of insoluble AP in mouse
hippocampus [4, 28, 40, 61].

Exposure of neurons to oligomeric A leads to enhanced
ROS production, probably through a mechanism involving
stimulation of NMDA receptors and consequent activation of
NOX. ROS derived from NOX may lead to the activation of
kinases, including ERK1/2, downstream activation of cal-
cium-dependent phospholipase A2 (cPLA,), release of ara-
chidonic acid, and perturbations in the membrane phosphol-
ipids [67, 68].

3.6. Role of Structural and Functional Integrity of Blood-
brain Barrier

Pathological injury or damage of BBB is a relatively new
frontier area in AD research. Normal BBB is a highly spe-
cialized monolayer of endothelial cells lining the blood ves-
sels in the brain. This monolayer of endothelial cells sepa-
rates the circulating blood from the brain parenchyma. A
binds to low-density lipoprotein receptor-related protein-1
(LPRI) on the endothelial cells of the brain capillaries and is
then released into the bloodstream. Dysfunction in BBB en-
dothelial monolayer may lead to decreased AP clearance
from the brain parenchyma [14, 43, 69, 70]. The integrity of
the BBB depends critically on the functional state of the as-
sociated astrocytes and microglia and is compromised during
neuroinflammation. Moreover, the interaction between astro-
cytes and endothelial cells is important to limit the influx of
peripheral immune cells after brain injury. The astrocytes
react to inflammatory stimuli leading to release of pro-
inflammatory mediators such as astrocytic NF-kB, TNFa,
IL6, and IL1B. These pro-inflammatory cytokines may be
responsible for the increased permeability of the blood-brain
barrier (BBB), initially in order to recruit immune cells [47,
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58]. It has been shown in vitro that TNFo may increase the
permeability of endothelial monolayer cultures via actin re-
modeling. Moreover, transgenic over-expression of IL1f in
mice was found to increase BBB permeability [35, 41, 59].
These inflammatory changes lead to an increased expression
of chemokines and chemokine receptors (CXCL2, CXCR2,
CCL2, CXCR4), which further recruit neutrophils. Thus, it
causes a significant influx of peripheral immune cells into
the brain, leading to edema and neuronal damage in AD [28,
60, 61]. Thus, changes in the structural and functional integ-
rity of BBB may lead to increased AP deposits in the brain
[19, 69, 71].

4. RECENT APPROACHES TO
ALZHEIMER'’S DISEASE

CONTROL

4.1. Drugs Targeting Amyloid-beta: Secretase Inhibitors

Currently, the amyloid hypothesis has been the most ex-
plored mechanism, based on the hallmark feature of extracel-
lular AP plaques accumulation and aggregation. The two
main forms of toxic AP fragments are produced by prote-
olytic cleavage of APPgos by B-secretase and y-secretase: (i)
AP0 (1) AP;.42. These fragments have a greater tendency to
form extracellular senile plaques, which further leads to neu-
ronal toxicity and death [18, 58, 72]. In addition, it has also
been evident that there is an imbalance between the produc-
tion and clearance of these toxic peptide fragments [17, 25,
40, 73]. In spite of several extensive efforts to decipher the
molecular processes of the amyloid pathway, it is not clearly
understood. Despite continuous efforts, none of the drugs
aimed to target this pathway has been approved.

One of the most extensively explored approaches to con-
trol the amyloid processing of APP protein is to modulate the
activity of B-secretase (BACE-1) and y-secretase enzymes
[25]. These secretase inhibitors can block the enzymes that
cleave APP to form toxic form of AP peptide and formation
of senile plaques [45, 74, 75]. Typical inhibitors bind to the
catalytic domains of these proteases and block their prote-
olytic activities [25, 76, 77]. However, BACE-1 and y-
secretase are versatile proteases regulating many substrates
in the brain and CNS. Therefore, the modulation of activity
of these proteases may have a risk of interference with dif-
ferent critical signaling processes. Ghosh et al., found that
some bioisosteres of isophthalamide had good cell-free and
cell-based BACE-1 inhibitory activity. These compounds
(GRL-7234 and GRL-8234) have shown a considerable re-
duction in the production of toxic AP peptides [78]. Cur-
rently, small molecule BACE inhibitors, such as
LY2811376, LY2886721, and E2609, are in different phases
of clinical trials [25, 77, 78]. LY2811376 was reported to be
one of the first oral, non-peptide BACE-1 inhibitor in clini-
cal trials. However, it displayed a significant toxicity of the
retinal epithelial cells in animals, thus suggesting a need for
safety assessment of this type of drugs. Recently a y-
secretase modulator, semagacestat, was tested to specifically
target the y-site cleavage of APP and reduce APy, levels, and
it reached up to phase III clinical trials. However, it did not
show an adequate benefit in controlling the progression of
AD as compared to the placebo group. Furthermore, its ad-
ministration increased the risk of skin cancer [76] in the
treated population.
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Another enzyme, o-secretase, participates in so-called
non-amyloid decomposition of APP, resulting in a so-called
soluble form of APP with neuroprotective and memory en-
hancing effects. Stimulation of this enzyme by etazolate
(originally developed as a selective GABA, receptor modu-
lator) is currently being evaluated in phase III clinical trials
[10].

Among the natural compounds used for inhibition of
BACE-1, there are some compounds used in traditional chi-
nese medicine, such as 2,2'4'-trihydroxichalcone (TDC) and
ginsenoside Rgl, and other synthetic compounds such as
OMO99-2, hydroxyethylamine isosteres (HEA), isophthala-
mide, and des(dimethylamino) compound [79]. One of the
natural drugs, Rgl ginsenoside (obtained from Panax no-
toinseng) has been extensively used over the years in tradi-
tional medicine for improving the memory function. It has
shown about 80% inhibitory activity against BACE-1, re-
vealing its potential protection against the degenerative ef-
fects of AB. TDC is a family of flavonoid chalcones ex-
tracted from Glycyrrhiza glabra, and is used traditionally as
an emollient in stomach disorders and respiratory problems.
Recently, this drug is under evaluation as a potential candi-
date for BACE-1 inhibition in AD.

These reports suggest promising alternative therapeutic
strategies for specifically modulating APP processing either
by inhibition of amyloid pathway (BACE-1 or y-secretase)
or, by stimulation of non-amyloid processing (a-secretase).

4.2. Inhibition of Tau-protein Hyperphosphorylation

A possible intervention for the therapy aimed at tau pro-
tein can be in the form of inhibition of hyperphosphorylation
or desegregation of the filaments of this hyperphosphory-
lated protein [32]. Clinically, lithium (in form of carbonate
salt) and valproic acid were tested to inhibit the degree of
tau-hyperphosphorylation, and both of them act by inhibition
of glycogen synthase kinase-3f (GSK-3B) enzyme. The de-
velopment of lithium was stopped in phase II clinical trials
due to contradictory results. Valproic acid reached phase III
clinical trials, however, it did not show any improvement of
cognitive parameters as compared to control. In addition,
methylene blue has also been tested and has shown to dis-
solve the filaments of hyperphosphorylated tau protein in-
vitro. This drug reached phase II trials due to its clinical
relevance, but has not shown the desirable criteria for the
improvement of cognitive functions. Another derivative of
methylene blue, leucine methylthioninium is currently in
phase III clinical trials in AD [5, 10, 12].

4.3. Drugs Targeting Neuroinflammation and Neurotox-
icity in AD

PLA, inhibitors are one of the emerging novel therapeu-
tic targets for the treatment of inflammatory neurodegenera-
tive diseases such as AD. Under normal conditions, PLA, is
involved in the generation of lipid mediators that are closely
associated with phospholipids turnover, neurotransmitter
release, long-term potentiation, memory processes, mem-
brane repair, ion channel function, and gene transcription
processes. However, there is an increased degradation of
phospholipids due to the activation of PLA,. This leads to
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changes in membrane permeability and stimulation of en-
zymes involved in lipolysis, resulting in disruption of mem-
brane structure during certain pathological conditions [67,
68]. The effects are closely associated with the activation of
microglia and astrocytes, which release inflammatory cyto-
kines (TNFa, IL1B, and IL6). These inflammatory mediators
propagate and intensify neuroinflammation by a number of
mechanisms [80-83]. These mechanisms include further up-
regulation of PLA,, activation of inflammatory mediators,
and increased oxidative stress resulting in various pathologi-
cal changes in brain [41, 47, 84]. PLA, inhibition has also
been shown to decrease the levels of tau protein phosphory-
lation and AP deposition in the rat’s brain [67, 68]. An im-
portant mechanism through which both, A and tau, could be
affected via p25/CdkS pathway. The latter produces hyper-
phosphorylated tau and neurofibrillary tangles as well as
aberrant APP processing, and recent evidence indicates that
increased cPLA, is essential for triggering p25-mediated
inflammatory and neurodegenerative processes [40, 59, 68,
85]. Based on such mechanistic data, rilapladib is one of the
potent PLA, inhibitors currently being tested in phase II
clinical trials of AD [13, 67].

4.4. Drug Repurposing Approaches in Alzheimer’s
Disease

Drug repurposing or drug repositioning is an innovative
drug development approach predicated on the reuse of exist-
ing approved drugs for new medical indications. Due to high
failure rates and higher costs involved in traditional drug
discovery and development process, many pharmaceutical
companies are primarily focused on drug repurpos-
ing/repositioning strategy [16, 86, 87]. Several recent studies
have been carried out for repurposing of drugs for possible
treatment in AD. The main purpose of such efforts is to find
newer treatments that can affect different molecular markers
and control the pathological disease mechanism in AD. Drug
repurposing approach can be particularly helpful to develop
anew drug much faster and at a cheaper cost as compared to
traditional drug discovery process [11, 88]. Several drugs are
under pre-clinical and clinical development by using such
repurposing approach (listed in Table 2).

Cysteinyl leukotrienes (CysLTs) have been documented
in literature reports as a major inflammatory lipid mediator
in AD. The CNS is capable of producing CysLTs, particu-
larly by transcellular biosynthesis in neurons and glial cells.
Such transcellular biosynthesis of CysLT affects the func-
tioning of CNS neuronal cells, via corresponding CysLT
receptors. In human brain, CysLT, receptors have a lower
expression level than CysLT, receptor. The expression of
both CysLT; and CysLT, receptors has been found to be
increased in astrocyte, microglial cells, and neuronal and
glial-appearing cells during chronic brain inflammation and
aging in AD. One of the marketed CysLT, receptor antago-
nists for asthma, montelukast, is currently in phase II clinical
trials for AD [89, 90]. In preclinical studies, montelukast has
shown elevation of hippocampal neurogenesis, reduction of
neuroinflammation, and improvement of learning and mem-
ory in a model of brain aging and mild cognitive impairment
[91-93]. However, this drug has a limitation of low bioavail-
ability. Hence, a Phase I clinical study (ClinicalTrials.gov:
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NCT03402503) has been carried out to evaluate pharmacol-
ogy of montelukast by using an oral film formulation for
improving its bioavailability. It was found to be safe and
tolerable in healthy subjects, reduced the first-pass-effect,
and had a 52% higher bioavailability in cerebrospinal fluid
compared to existing formulation [89, 90, 94]. Such formula-
tions of the CysLT, receptor antagonist, montelukast might
be a novel effective repurposed drug for the treatment of
AD. In addition, recent studies have suggested the beneficial
effects of zileuton (5-LOX inhibitor used for asthma) in AD
[33, 95]. It has been reported that the expression of 5-LOX is
increased in the brain of AD patients and this hypothesis
makes it a promising target for AD. 5-LOX pathway has a
major role in CysLT production and CysLT receptor activa-
tion leading to the activation of amyloid pathway [77, 96-
101]. Preclinical studies using zileuton have clearly shown
an attenuation of amyloid deposition in the brain tissues of
mice model [33].

Apart from the repurposing of drugs affecting CysLT
pathways, including zileuton and CysLT, receptor antago-
nists, some other important classes of drugs are also cur-
rently being explored for AD treatment. The role of phos-
phodiesterase-5 (PDE-5) enzyme in the regulation of cyclic
guanosine monophosphate (¢cGMP) has also been studied
and linked with AD. An increase in cGMP levels activates
the intracellular protein kinase in the brain and phosphory-
lates several proteins leading to a detrimental role in neuro-
plasticity, tau hyperphosphorylation, and AB accumulation.
Recently, sildenafil and tadalafil (PDE-5 inhibitor used for
erectile dysfunction) have been studied in pre-clinical and
clinical models of AD. Sildenafil has shown to be successful
in inhibition of neuroinflammation and A} deposition in aged
mice models [102]. Tadalafil displayed a better efficacy and
exhibited distinct neuroprotection and memory improvement
than sildenafil, as it could inhibit PDE-5 enzyme more effec-
tively due to high blood-brain barrier penetration [16, 102].

Recently, the repurposing of anticancer drugs for AD
treatment was also found to be interesting due to the fact that
both cancer and AD share some of the common signaling
pathways, including mitochondrial dysfunction, increased
oxidative stress, and development of misfolded proteins and
compromised cell metabolism. Interestingly, it has been ob-
served that there is a lower risk of AD development in cancer
patients of advanced ages, who were treated with chemother-
apy, as compared to control group [16, 103, 104]. Imatinib
(an approved tyrosine kinase inhibitor for chronic leukemia)
has been suggested to be useful for the therapy of AD, be-
cause it has shown neuroprotection due to the reduction of
AP deposition. However, imatinib does not cross the blood-
brain barrier effectively and is also readily effluxed by P-
glycoprotein. The hyperphosphorylation of tau proteins re-
duces its ability to bind to microtubules, ultimately leading
to the formation of NFTs. Paclitaxel (an approved drug for
ovarian, breast, and non-small cell lung cancer) has been
shown to reduce such hyper phosphorylation and has shown
efficacy in the reduction of brain tauopathies in preclinical
models. Thalidomide is another anticancer drug being tested
in phase III clinical trials, with established potential in AD
pathology and has demonstrated BACE-1 modulation, inhi-
bition of endothelial cell proliferation, angiogenesis, and
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breakdown of the blood-brain barrier. It has also shown a
reduction in hippocampal neuronal loss through inhibition of
TNFa. In addition, carmustine (a small, lipophilic, and non-
ionized nitrosourea molecule used as an alkylating agent in
brain cancer) showed a strong reduction in AB production
and improved tau pathologies in preclinical models, at a non-
toxic dose [16, 103, 104].

Other important classes of drugs that are currently being
investigated in AD are peroxisome-proliferated activated
receptor y (PPARY) agonists (pioglitazone), dihydropyridine
calcium channel blockers (nivadipine) and angiotensin II
receptor blocker (valsartan). The first two classes of drugs
are currently in clinical trials of AD, whereas the latter is
under preclinical testing [70, 88, 105]. It is now clearly evi-
dent that the inflammatory processes play an important role
in the progressive loss of memory and dementia in AD.
Studies have shown that PPARy receptors agonists could
reduce inflammatory responses in Ap-induced microglial
cells in the brain during AD [9, 40, 48, 49, 83]. Based on this
mechanistic fact, pioglitazone has shown favorable clinical
efficacy and safety profiles in diabetic patients and can also
have a great potential in reducing the progression of AD.
The dihydropyridine calcium channel blocker, such as nil-
vadipine has shown to reduce the production, oligomeriza-
tion, and accumulation of A in vitro. It also improves cell
survival and reduces neurotoxicity. This drug has a good
blood-brain barrier penetration and can also increase brain
blood flow through its vasodilatory property. This drug is
currently being investigated in phase II clinical trial for AD.
It has been suggested that there is an elevation of brain an-
giotensin II levels during chronic adverse environmental
stress in AD, which acts further at AT, and AT, receptor
subtypes. Such increasein brain angiotensin II levels has
been linked to amyloidogenesis and memory impairment.
Valsartan has shown a reduction in amyloid deposition, im-
proved memory and cognition. It has also displayed a sig-
nificant inhibition of inflammation, vasoconstriction, and
mitochondrial dysfunction, in addition to activation of ace-
tylcholine release by in-vitro and in-vivo studies. However,
further extensive studies are needed to establish its clinical
potential in AD [11, 15, 88].

Antimicrobials have also recently been explored in vari-
ous preclinical and clinical studies as one of the potential
classes of drugs for possible treatment of AD [34, 106].
Macrolides, such as azithromycin and erythromycin, have
shown inhibition of APP resulting in reduced cerebral levels
of A in preclinical models. Doxycycline has shown poten-
tial in reducing AP deposition along with an increase in the
disassembly of preformed fibrils. In addition, the combina-
tion of doxycycline with rifampicin has shown beneficial
effects in the AP reduction, probably due to decreased pro-
duction and increased clearance of AB. Dapsone is an antibi-
otic used to treat leprosy. This drug received attention in the
1990s, when a decreased incidence of dementia was noticed
in leprosy patients treated with dapsone. Currently, dapsone
is under preclinical evaluation in AD models to establish its
potential against AP deposition. Such protection by antimi-
crobials in AD has further been confirmed by data from the
clinical studies on leprosy and tuberculosis patients, showing
similar instances of AD prevalence [86, 87].
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In addition, several potential copper and iron-chelating
drugs may be repurposed for the treatment of neurodegenera-
tive diseases, provided there are sufficient evidences about
their mechanism of action, pre-clinical and clinical efficacy
[64]. The available literature evidences clearly point towards
the drug repurposing/repositioning approach as an interesting
strategy for the development of drugs for AD, in addition to
their approved therapeutic use. Moreover, it also seems to be
an attractive alternative, due to already established safety and
tolerability profile of such drugs rendering to require smaller
sample sizes for clinical studies, and hence reducing the
overall cost and time of the clinical development of the re-
purposed drugs.

CONCLUSION AND FUTURE PERSPECTIVES

The molecular pathophysiology of AD is quite complex
and multifaceted. The currently available therapies only pro-
vide a symptomatic relief, merely delay disease progression,
but do not modify the disease mechanism. Due to this, sev-
eral researchers across the world are continuously looking
for the development of new mechanistic treatment of AD. In
a recent interesting study by Cummings et al, it has been
reported that there are a total of 132 agents (includes small
molecules and biological therapies) being tested in different
phases of drug developments for AD [107]. Many of these
molecules target amyloid as one of the key and common
mechanisms of action. However, most of them are still either
in pre-clinical phase or provide only a marginal clinical
benefit as compared to approved therapies. Another rigorous
and continuous approach in developing anti-AD drugs is by
either inhibiting the enzymes involved in APP processing
(modulation of y-secretase or BACE-1) or, by inhibition of
tau-hyper-phosphorylation. Unfortunately, most of these
molecules have failed in clinical trials because of the severe
side effects associated with them. Furthermore, there is also
a major concern in the treatment of the diverse disease popu-
lation from moderate to advanced stages of AD. Even some
of the available therapies do not provide, even a sympto-
matic relief, in moderate to advanced stages of the disease.
The lack of an effective therapy for these populations also
represents a significant area of drug discovery and develop-
ment opportunity for researchers. Indeed, there is an urgent
need to develop more effective treatments for moderate to
advanced stages of this disease. Another major crucial, un-
met need for AD drug development is to identify, validate,
and include rationalized efficient clinical biomarkers as
end-points. Such specific biomarkers would provide a basis
for the measurement of disease severity in order to set a
clinical end-point and help predict the results of clinical trial,
clearly.

On the other hand, there is a continuous effort being
made towards drug repurposing/repositioning approach for
AD in order to modify the molecular pathophysiology of the
disease. The pharmaceutical industries have diverted their
focus from the new drug discovery and development pro-
grams to drug repurposing approaches, mainly due to high
attrition rates and lack of funds. This approach is much eas-
ier and faster as compared to the traditional drug discovery
process due to the current advancement of technological and
computational screening methods. Such emerging concepts
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on drug repurposing owe huge expectations to controlling
molecular hallmarks of AD.

A constant progress is being made in terms of defining
new targets for the treatment of AD, developing new agents,
introducing innovative clinical trial designs, incorporating a
broader range of populations in clinical trials, and develop-
ing new biomarkers that provide insight into the impact of
emerging therapies. Such strategies will surely be helpful to
accelerate effective drug development pipeline for AD ther-

apy.

LIST OF ABBREVIATIONS

5-LOX S-lipoxygenase

AchE/AchEI Acetylcholinesterase/
Acetylcholinesterase inhibitors

AD Alzheimer’s disease

AGE Advanced glycation end products

Apog and Apo; Apolipoproteins E and J

APP Amyloid precursor protein

AT, Angiotensin | receptor

AT, Angitensin 2 receptor

ATP Adenosine triphosphate

A Amyloid beta

BACE-1 B-secretase

BBB Blood brain barrier

BuChE Butyryl cholinesterase

cGMP Cyclic guanosine monophosphate

ChAT Choline acetyl transferase

CNS Central nervous system

cPLA, Cyclic phospholipase A,

CysLTs Cysteinyl leukotrienes

DAMP Damage-associated molecular patterns

ERK1/2 Extracellular signal-regulated kinase

FADH, Reduced flavin adenine dinucleotide

GABA, receptor Gamma-amino butyric acid A receptor

GSK-38 Glycogen synthase kinase-3 beta

IL1B Interleukin 1B

IL6 Interleukin 6

MAPK Mitogen-activated protein kinase

MK?2 Mitogen-activated protein  kinase-
activated protein kinase 2

NADH Nicotinamide adenine dinucleotide

NFTs Neurofibrillary tangles

NFxB Nuclear factor «kB
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NLRP3 = NACHT, LRR and PYD domains-
containing protein 3

NMDA = N-methyl-D-aspartic acid

NOX = NADPH-oxidase

PAMP = Pathogen-associated molecular patterns

PDE-5 = Phosphodiesterase-5

PDH = Pyruvate dehydrogenase

PPARy = Peroxisome-proliferated-activated
receptors-y

PRR = Pattern recognition receptors

RAGE = Receptors for advanced glycation end
products

ROS = Reactive oxygen species

TBARS = Thio-barbituric acid reactive substance

TDC = 2,2’ 4’-trihydroxy chalcone

TLR = Toll-like receptors

TNFa = Tumor necrosis factor a
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