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Abstract

Alzheimer’s disease (AD) is an irreversible, chronic degenerative disease that slowly destroys memory and thinking skills,
and eventually destroys the ability to carry out the simplest of day-to-day routine tasks. This disease is characterised by loss
of neurons and synapses in the cerebral cortex and certain subcortical regions. Presence of beta-amyloid (A) plaques and
neurofibrillary tangles (NFTs) in brains of the affected patients are the distinguishable characteristics of this disease. Currently,
no treatment is available to stop or reverse progression of AD, though it may temporarily improve symptoms. There are four
USFDA approved drugs which are helpful for symptomatic treatment in AD namely Donepezil, Rivastigmine, Galantamine
and Memantine. Memantine functions as an NMDA receptor antagonist, whereas the other three drugs act by inhibiting
the acetylcholinesterase enzyme (AChE) resulting in an increase in the levels of acetylcholine (ACh) in the body. In the past
decades, many advancements in the current drugs as well as the experimental drugs for AD have been made and these involve
structural modifications and mechanistic improvements to increase the capacity of the molecules to cross the blood brain
barrier (BBB). Synthesis of 2-acetylphenol-donepezil hybrids is an example of an approach which was adopted based on Multi-
Target Directed Ligand (MTDL) strategy. Recently, synthesis of salicylanilide N-alkyl carbamates was carried out and these
were observed to possess higher AChE inhibiting capacity than Rivastigmine. Memogain is an inactive prodrug of galantamine
which has shown improved effectiveness, fewer side effects and due to its lipophilic nature is said to penetrate the BBB where
it gets cleaved into active galantamine. Huperzine A is another highly selective AChE inhibitor and is approved for use only in
China though not by USFDA. Tacrine and Huperazine A were combined together to form a hybrid molecule Huprine X, which is
said to possess not only potency but also higher selectivity for AChE inhibition alongside anti-A3 properties.
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Introduction disease generally starts at a slow rate but the symptoms
worsen with the passage of time [1]. Itis known to be affecting

Alzheimer’s disease (AD) is a chronic neurodegenerative one - third of the world’s population aged more than 85 years
disorder and is the most common cause of dementia. This [2]. Various hypothesis have been proposed to be causative of
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AD, primarily the deposition of intracellular neurofibrillary
tangles (NFTs) and extracellular deposition of B-Amyloid
(AB) plaques. This results in neurotoxicity and synaptic loss
[3]- In the decade 2002-2012, 244 drugs were investigated
for AD, of which only one drug Memantine was approved
[4]. Presently there are only four USFDA approved drugs
which are used for the treatment of AD namely Donepezil,
Rivastigmine, Memantine, and Galantamine; alongside
combinations of these drugs are also available. However,
these drugs are single target acting drugs which improve
the conditions of the patient by minimizing the symptomatic
effects of the disease. Thus, currently there is no complete
cure for AD. Tacrine was the first drug to be approved by the
FDA for the treatment of AD in 1993 however was withdrawn
in 2013 due to toxicity [5,6]. Lately, it has been observed that
increased exposure of anti-cholinergic agents is linked with
a higher risk of dementia [4]. Current research is based on
the Multi Target Drug Ligands (MTDLs) in the treatment
of AD. They generally function by acting collectively on
multiple mechanisms which are known to be the common
causes of AD. Presently, there are nine major identified
targets for the studies on application of MTDLs namely
-Acetylcholinesterase (AChE), Beta-site amyloid precursor
protein cleaving enzyme (BACE-I), Monoamine oxidases
(MAOs), Metal ions in the brain, Glycogen synthase kinase -
3B (GSK-3pB), N-methyl-D-Aspartate(NMDA), H3 Receptors,
S5HT-receptors and Phosphodiesterases (PDEs) [6], in
addition to targets like AB, Butyrylcholinesterase (BuChE)
amongst others [6]. Currently, the MTDL strategy is being
employed in development of novel medicines in treatment
of AD. Hence, collective study on drugs and combinations
of drugs is extremely important for the purpose of bringing
out advancements in drug discovery and research in the
treatment of AD.

In this work, we review the recent advances in drugs
that are approved, withdrawn, or are experimental or
investigational under clinical trials (CTs) for AD to provide
insights into their structural features and chemistry and
to provide an overview of the drug discovery scenario for
therapeutics for AD. This might have relevance in accelerating
drug discovery for AD therapeutics.

Approved Drugs

Donepezil, Galantamine and Rivastigmine are said to be
competitive or reversible Acetylcholinesterase Inhibitors
(AChEIs), whereas, Memantine is an irreversible NMDA
receptor antagonist. (ID1) Donepezil a piperidine derivative
(ID16) is currently the most extensively used drug for the
treatment of AD. It was approved in 1997. It is a highly
selective AChE inhibitor and has high potency [3]. Donepezil
is well tolerated inspite of causing distinctive side effects
like nausea, diarrhea, constipation and sleep disturbances
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[7]- SAR studies on Donepezil and derivatives have indicated
that the carbonyl group on indanone ring is responsible
for hydrogen bonding and increasing enzyme inhibition.
Replacing it with a benzisoxazole ring was observed to
improve the inhibitory activity [3]. The presence of electron
withdrawing groups increases potency of the molecule. Also
the presence of the basic nitrogen on the piperidine ring
is important for increasing the activity and affinity of the
molecule.

Advancements in Structure Activity Relationship

Synthesis and investigation of 2-acetylphenol-donepezil
hybrids (Table) is an approach adopted based on MTDL
strategy for the improvement in efficiency of Donepezil. The
biological responses of these molecules were analysed and
evaluated for MAO and AChE inhibition [8]. Two molecules
TM2 and TM14 were found to produce a significant increase
in the capacity of the molecule to cross the blood brain
barrier (BBB).
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Figure: 2-acetylphenol-donepezil hybrids.

Rivastigmine being a carbamate derivative 3 is an AChE as
well as BuChE inhibitor unlike Donepezil. It was patented in
1985 and was accepted for usage in 1997. Rivastigmine is
available orally as well as in transdermal patches [9].

Advancements in Structure Activity Relationship

Lately, a group of salicylanilide N-alkylcarbamates
(Figure 2) were studied and it was observed that they
showed more inhibitory effect on AChE than Rivastigmine.
The affinity and activity of this molecule depended on the
lipophilicity of the molecule which in turn was affected by
the length of the alkyl carbon chain.3 Substitutions on the
benzyl ring as well as on the nitrogen of the amide group
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was found to be necessary for the increase in AChE inhibiting
activity.

Galantamine is an alkaloid isolated from the bulbs and
flowers of Galanthus caucasicus. It is an AChE inhibitor and
has also been studied for combination treatments with other
drugs in the AD therapy [10]. Newer routes of administration
for galantamine are being researched and studied apart from
the usual oral route for better absorption and bioavailability.
Two such examples are liposome embedded polymeric
scaffolds for the extended delivery of galantamine [11]. And
pressure sensitive adhesive patches for the transdermal
delivery of Galantamine [12]. GIn-1062 (Memogain) (Figure
2) is an inactive prodrug of Galantamine which has shown
better effectiveness and fewer side effects unlike the other
cholinesterase inhibitors in the treatment of dementia. It has
higher lipophilic nature due to which it is said to enter the
brain where it is cleaved into active Galantamine.

Memantine is the only uncompetitive voltage dependent
NMDA-Receptor Antagonist [13] till date proven to be useful
in the treatment of AD. It is majorly used for the treatment
of symptomatic effects in patients suffering from moderate
to severe AD [14]. Memantine is known to decrease A
toxicity, decrease microglia associated inflammation,

preventing hyperphosphorylation of tau, and increasing
neurotrophic factors from astroglia [13]. Memantine targets
glutametergic dysfunction and binds to the open state NMDA
receptor channel [4]. Memoquin is a combination drug of
polyamineamide caproctamine and muscarinic M2 receptor
antagonist with synthetic derivative of coenzyme Q [3]. It
acts as an ACE inhibitor and muscarinic M2 antagonist. It
is known to decrease AP aggregation, [3-secretase enzyme,
tau-phosphorylation and free radical formation. This
combination was known to show behavioural and cognition
improvement in studies for the CTs for AD treatment.
Currently this molecule is under study for its therapeutic
properties and is considered to be an experimental drug
[14]. Huperazine A is a highly selective AChE inhibitor [3].
It is a sesquiterpene alkaloid isolated from a clubmoss
Huperzia serrata, approved for use only by China but not
approved by USFDA on account of its toxicity [15,16]. It is
known to be useful for the treatment of fever, inflammation,
blood related disorders and schizophrenia. Tacrine and
Huperazine A were combined together to form a hybrid
molecule referred to as Huprine X. These Huprine molecules
were said to possess high potency and selectivity towards
AChE for inhibitory action in ex vivo as well as in vivo studies.
Huprine X possesses anti-amyloid properties and shows in
vitro inhibition of AP and prion protein aggregation [3].
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Figure 1: Currently approved drugs for Alzheimer’s disease therapy.
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Figure 2: Structural and mechanistic advancements in the approved drugs.

Withdrawn Drugs Classification of Treatment Strategies in Alzheimer’s
disease with the Hallmarks and the Targets for Drug
In the past few decades, several molecules have been Action:

investigated for the treatment of AD and have undergone CTs.
However almost all of these have been withdrawn, majorly
due to lack of desired efficacy i.e not showing maximum
therapeutic effects and/or showing severe adverse effects
[14]. Henceforth we analyze the withdrawn drugs along with
enlisting the potential causes of their withdrawal.

Drugs Withdrawn After Approval

Tacrine

Tacrine was the firstdrug to be approved by the USFDA for
the treatment of AD in 1993. It was a highly potent reversible
AChEI and possessed anti-Af properties [3]. However, it was
withdrawn from the market in 2013 since long term use of
tacrine showed side effects including severe hepatotoxicity
[17]. Since then, several analogues and combinations of
tacrine were investigated for producing minimal side effects
and maximal therapeutic activity. Tacrine based bi-functional
inhibitors were first proven to be successful in 1996, wherein
two tacrine molecules were connected via heptamethylene
chain [18]. Combination of SAR of tacrine and dimerization
strategy has led to production of highly selective and more
potent tacrine homodimers [19].

NH,
N Drugs Withdrawn At Various Clinical Trial
Stages
N/
_ Rosiglitazone and Plioglitazone are thiazolidinediones and
Tacrine are known to be potent peroxisomal proliferator activated

receptor gamma (PPAR-y) agonists4 approved by USFDA
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for the treatment of Type Diabetes Mellitus [20,21]. They
work by regulating glucose metabolism, lipid metabolism
and suppressing inflammatory gene expression [22,23].
Research has shown that the mechanism of progression of
AD has been linked to both inflammation and decreased
insulin sensitivity [24]. Both of these molecules were found
to be inhibitors of BACE-I. Although Rosiglitazone was
extensively studied for its activity in insulin pathway, the
placebo trials which were conducted, failed to distinguish
between Rosiglitazone and placebo when studied for primary
endpoints. In CTs, Rosiglitazone showed no efficacy on
cognition or global function. Plioglitazone was also studied
but further trials were not conducted due to the conflicting
results regarding its efficacy in AD treatment [24]. Both the
drugs were withdrawn after phase 3 CTs [14].

Phenserine is a derivative of physostigmine and an AChE
inhibitor [14]. It showed a moderate success in phase II
CTs for the treatment of AD. Phenserine also reduced the
concentrations of AR and AP Precursor Protein(APP) by
reducing the translation of APP mRNA [25]. Although it
showed a good tolerability and improvement in cognitive
functioning during phase II CTs, it was withdrawn and
further investigation regarding use in treatment of AD was
stopped since the efficacy of the molecule was not seen [4].

Latrepirdine, also known as Dimebon, and was first
introduced in Russia and is a non-selective anti-histaminic
drug. It has been studied under phase II CTs for its safety and
tolerence levels. The results for these trials were positive
and in favour of the drug usage. It weakly inhibits AChE and
BuChE and is also known to inhibit the NMDA receptors with
additional voltage-gated calcium channel blocking activity
[26]. Latrepirdine also protected neuronal mitochondria
from A mediated toxicity [14].

Statins are a group of drugs known to be cholesterol
biosynthesis inhibitors [27]. Cholesterol metabolism has
been exclusively linked with AD pathogenesis. In recent
trials, it was observed that statins can reduce phosphorylated
Tau (pTau) in APP deficient neurons, which in turn suggests
that its mechanism is independent of the APP gene. It was
also studied that these cholesterol esters were not affecting
major kinases such as GSK-3 which are responsible for tau
phosphorylation. However further studies are required to
understand the effect of modulation by CYP46A1 on other
tissues and cells in the brain like oligodendrocytes, microglia
and BBB [27].

Tarenflurbil is known to be a selective Af3 reducing agent
that showed positive effect on cognition and functional
results in mildly affected patients suffering from AD in the
early stages of phase II CTs [28]. Further trials however
showed that the drug molecule demonstrated no significant
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benefits on the primary outcomes for the treatment of AD in
the intend-to-treat analytical study in phase II CTs [29]. Also
no difference in secondary outcome measures was observed
and it was withdrawn [28].

Valproic Acid (Valproate) is said to be a multitarget
therapeutic agent which also works as a histone deacetylase
blocker [30]. Several potential pathways of therapeutic action
of valproate are being studied some of which are decrease
in AB formation, inhibition of proinflammatory responses,
enhancement of neurotrophic factors, etc. [30].

A trial conducted for Divalproex sodium (combination
compound of valproic acid and sodium valproate) in
nursing home residents with probable AD showed no
benefit of the drug for the treatment of agitation related to
dementia was seen [31]. Further trials for valproate were
dicontinued after the phase III CTs [14]. Oxidative stress
and free radical formation is one of the theories of aging
which postulates that oxidative damage contributes a major
part in neuronal degradation [32]. Oxidative stress is also
an early condition seen occurring in AD [33,34]. Increased
oxidative stress results in an increase in Af aggregation
and tau phosphorylation [35,36]. Thus, antioxidants
find substantial use for the symptomatic treatments of
multifaceted diseases such as AD [37]. When amalgamated
with with other therapeutics such as enzyme inhibitors, they
exhibit enhanced therapeutic effects. These are known to
be useful for AD, due to which an array of herbal medicines
have been studied for their beneficial antioxidant and anti-
inflammatory effects on AD [32,37].

Flavonoids like Epicatechin(EC), Epigallocatechin(EGC),
Epicatechingallate(ECG), etc have multifactorial antioxidant
activities including scavenging effects on the superoxide
anions and hydroxyl radicals. Considering several
neuroprotective effects of red wine, it was suggested
that several bioactive molecules like catechins, tannins,
anthocyanidines, myricetin, etc. found in wine may have
beneficial effects in AD [38].

Curcumin is a polyphenolic compound derived from
Turmeric (Curcuma longa) and is known to be a herb native
to the Indian subcontinent [39]. In Ayurveda, Curcumin has
proven to be useful in the treatment of several disorders
and conditions like liver disorders, respiratory problems,
anorexia, etc [40]. The mechanism of action in treatment
of AD involves targeting the two main markers involved in
pathophysiology i.e AB and Tau proteins. It also shows activity
by binding to copper, lowering the cholesterol levels, inhibition
of AChE, enhancing insulin signalling pathway and behaving
as an antioxidant [41]. Curcumin has the capacity to prevent
the accumulation and formation of Af3 through the inhibition
of GSK-3 dependent PS1 activation [42] as well as GSK-3f3
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inhibition. It inhibits hyperphosphorylation of tau through
phosphatase and tensin homologue/protein kinase B/GSK-
3B pathway induced by AP [43]. Despite the considerable
number of positive effects of curcumin which prove it to be
a potential pathway in treatment of AD, it suffers from major
disadvantage of low bioavailability due to which its ability
to exert therapeutic effects is hindered [44]. Studies are
currently focusing on optimizing the various ways through
which the bioavailability of curcumin can be enhanced [41].

Resveratrol is a polyphenolic compound found in red wine,
red grapes and other plant food items [45,46] studies reveal
that Resveratrol showed low bioavailability at therapeutic
doses which was proven to be insufficient for treatment of
AD [47]. Several molecules based in the stilbene scaffold
present in Resveratrol have been synthesized and are being
studied [48].

Vitamin E or a-tocopherol is a highly potent lipophilic
antioxidant which has been studied for AD therapy [49,50].
Owing to its highly lipophilic nature, Vitamin E is said to cross
the BBB and at therapeutic doses, is able to lower the A
deposition and lipid peroxidation [51]. However, conflicting
results were observed for dietary supplementation of vitamin
E. No benefit or no considerable risk reduction was seen in
AD therapy [52]. These disappointing conclusions have been
postulated to be obtained due to the wrong dosage, timing or
unbalanced monotherapy of vitamin E.

Melatonin plays an importantrole in regulating the circadian
rhythm of the body, mitigates reactive oxygen species (ROS)
and reactive nitrogen species (RNS) production [37] and is
known to promote the antioxidant enzyme activity [53,54].
Also it has been shown to decrease the A levels and tau
hyperphosphorylation [55]. All these advantages have
leaded the researchers to study various compounds having
multifarious effects of compounds like melatonin-donepezil
hybrids [56].

Though all these antioxidants have been found to be
biocompatible and well tolerated, yet they have shown low
potential in the successful treatment of AD. Few of the many
reasons are inadequate therapy intervals, doses, insufficiency
to counter oxidative stress, etc [53,57-59].

Selenium is an essential mineral having several physiological
roles in growth and function of cells. It helps in resisting
free radical initiated cell damage and thus was studied for
its usefulness in AD [53,60]. Selenoprotein (SELENOP) is
a type of heparin-binding glycoprotein which is known
to be a major transporter of Se in mammals [61]. It has
the capacity of inducing antioxidant enzyme activity and
possesses signalling fuctions via neuronal ApoER2. However,
clinical studies have shown severe adverse reactions due
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to Se toxicity such as alopecia and dermatitis [62]. Various
studies have suggested that, CTs if carried out in populations
of appropriately low Se statues (majorly in European
Populations), may lead to novel strategies in the treatment
of AD [63].

Ebselen is another molecule which acts similarly as
glutathione peroxidase and provides protection to the
neuronal cells [53]. Additionally it also provides anti-
inflammatory effect and reduces iron provoked tau
phosphorylation for the purpose of treating AD [64].
Selenpezil (a combination of Ebselen and Donepezil) was
studied and was found to exhibit no toxicity at higher doses
unlike Ebselen [37].

Neferine is a bisbenzylisoquinoline natural alkaloid (ID7)
extracted from lotus plant (Nelumbo nucifera) which offers
a considerable amount of cytoprotective efficacy in the
treatment of AD. Neferine showed significant BACE-I, AChE
and BuChE inhibitory activity [65].

Tramiprosate (Homotaurine) is a natural amino acid
present in seaweed. It is an aminosulphonate compound
which is found in different varieties of marine red algae
[66]. Tramiprosate acts by binding to the soluble A,
without binding to fibrillar AP as well as maintains AP
in random a-helical conformation thus decreasing the AR
burden in transgenic mice in the preclinical studies [67].
Additionally, Tramiprosate did not show mutagenic or
clastogenic activities in non-clinical genotoxicity and safety
pharmacology testing [68]. Tramiprosate was able to cross
the BBB without accumulation in the brain. It reduced the
amyloid burden by almost 29% [67]. Although Tramiprosate
was well tolerated, safe to use and showed minimum toxicity
and side effects, it was withdrawn in phase III CTs since it
showed low potency, low CNS bioavailability [14] and was
not found sufficiently efficacious to be used in AD treatment
[14,66].

Monoclonal Antibodies (mAbs) are the antibodies having
monovalent affinity in which they bind to the same epitopes
[69,70]. Humanized mAbs are obtained from non-human
species whose protein sequences have been structurally
modified for the purpose of increasing their similarity with
antibody variants which are produced naturally in humans
[71]. Some of these humanized mAbs are discussed below for
their potential therapeutic activity to provide symptomatic
relief in AD.

Solanezumab is a mAb (wiki) which was being studied as
a neuroprotective agent in the treatment of AD [14]. It acts
by binding itself with Ap peptides to reduce Af3 aggregation
which is one of the major causes of formation of plaques
in AD brain. Solanezumab was expected to show cognitive
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improvement in mild to moderate AD patients however, in
phase III CT it failed to demonstrate improvement in the
cognition and was withdrawn [4]. This molecule is now being
studied for other diseases related to the amyloid aggregation
such as Down'’s syndrome.

Bapineuzumab is another humanized mAb [14] which
showed positive results in phase II CT for treatment of
mild to moderate AD [72]. It has been shown to lower
the key biomarkers of AD like the AP brain plaques and
hyperphosphorylated tau proteins. However, no significant
efficacy was observed on cognition as well as the daily
activities performed by the patients and hence was
withdrawn in phase III CTs [14].

AN-1972 was used in passive immunotherapy as a potential
agent helpful in lowering the Af levels in the brain. Passive
immunotherapy targets lowering the risks involved in
development of toxic side effects exerted by a particular
drug molecule under CTs [73]. However, it was observed
that almost 6% of the vaccinated subjects encountered
meningoencephalitis during phase II CTs due to which
the molecule was withdrawn from any further clinical
assessment as it failed to meet the expectations of having a
role in the treatment of AD [4,14].

Affitope AD-01 and Affitope AD-02 were two molecules
whose tolerability, safety and efficacy was checked via
subcutaneous route in CTs done from 2007 to 2010. AD
vaccines are known to use mimotopes or affitopes of the
N-terminal end of AP as the antigenic component in the
vaccine. The Affitope works by itself and behaves as an
antigen to elicit response in the form of antibodies which
then specifically target the original antigen present in the
body. However only the phase I CT for this molecule was
conducted and no results have yet been published officially.

GSK-933776 is an anti-f amyloid monoclonal antibody
which was directed against the amino terminus of AB.71
It has been tested under phase I CT, however, due to some
unknown reasons, the studies were discontinued after this
stage. Pre-clinically, the molecule showed excellent results in
terms of tolerability.

Davunetide (AL-108, NAP) was another potential drug for
use in treatment of AD as well as cognitive impairment in
schizophrenia and pathological neuropathies. It was being
studied via different routes of administration like oral,
subcutaneous route [74] intranasal [14] and intravenous
injections [75]. Phase Il studies of Davunetide showed
positive cognitive effects and better tolerability, however,
confirmation for safe usage of the drug was not obtained and
hence it did not pass the phase II CT for the treatment of mild
to moderate AD.

Methylthionium (MT) acts as an inhibitor of tau
aggregation [14]. It can exist either in the reduced form
Leucomethylthionium (LMT) or the oxidized form wherein

Deshpande R. Recent Advances in Approved, Withdrawn, Experimental and Investigational

it gets converted to the chloride salt namely Methylthionium
Chloride (MTC). MTC form is also called as ‘methylene blue
[76]. MT is a redox molecule and at equilibrium exists in
the oxidized or reduced forms based on the environmental
conditions including factors like pH, reducing agents, oxygen,
etc. The phase II studies were conducted which showed that
In vivo brain levels for total MT in mouse were four times
greater than for oral administration of reduced form than MT
atlow doses.

Clinical efficacy of MTC was found to be hampered after
24 and 50 weeks and was said to be due to dissolution
impairment and food effect. Dose absorption rate also was
observed to be decreasing over a period of time [76]. On
account of these results, the studies were discontinued after
phase II due to lack of efficacy.

GSK-3B Inhibitors GSK-3p (Glycogen Synthase Kinase 3)
B is an enzyme with proven role and major importance
in the pathology of AD.77 Tideglusib (NP-031112) was a
thiadiazolidinone shown to inhibit GSK-3f3 enzyme non-
competitively to reduce levels of phosphorylated tau in
the brain. It was also found to prevent neuronal death and
cognitive shortfall in animals. This drug was tested in phase
I CTs and the results implied that it was insufficiently
efficacious and could not be used for treating mild to
moderate AD since it showed no cognitive improvements
[77].

Two other marine natural compounds namely the
alkaloid Manzamine, and the sesquiterpene palinurin have
also failed as GSK3p inhibitors [78]. Many studies reported
that low - dose Lithium may be considered as a potential
treatment for agitation in AD [14]. Since there is no FDA
approved treatment for agitation in AD [79] studies were
conducted to design treatment strategies to nullify the
agitation symptoms in AD patients.

However, few cases also reported that Lithium was
found ineffective in the treatment of behavioural problems in
dementia additionally producing extrapyramidal side effects
[81]. It was also found that long term use of Lithium over
decades lead to the deficiency of thyroid hormone [81]. Thus
Lithium is not being used in treatment of AD [82].

5HT-6 Inhibitors are generally involved in disorders like
anxiety, depression, epilepsy and obesity [78]. This receptor
belongs to the family of G-protein coupled receptors and
displays seven transmembrane domains [83]. Blockage
of 5SHT-6 receptors results in stimulation of ACh release.
Therefore, inhibition of 5HT-6 receptors is a potential
strategy in the treatment of AD [84] and many potential drugs
inhibiting 5HT-6 have been studied as mentioned ahead.

Intepirdine (SB-742457) is a 5HT-6 blocker, completed
phase I CTs with no demonstration of adverse effects [85].
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Three studies were further performed in phase II CTs with
some improvement in global function being observed but
without improvement in cognitive function [86]. Intepirdine
was also studied as an add on treatment with Donepezil and
showed improvements for 48 weeks. However it was not able
to meet the primary endpoint for Clinical Dementia Rating
(CDR) scale and hence, further testing was not performed.
It reached phase III CTs but was withdrawn due to lack of
efficacy and activity [85].

Idalopirdine is another 5HT antagonist initially used in
the treatment of schizophrenia [85]. It acts by blocking
the 5HT receptors and increasing the overall acetylcholine
concentrations in the body. Idalopirdine showed
improvements in cognitive functioning when used as an
adjunct with Donepezil and qualified for the phase II testing,
however, the secondary endpoints were not met. Based on
the results of phase II trials, phase III trials were conducted
but the results showed no improvements in the cognitive
functions. Hence further testing for idalopirdine was
terminated.

PUFAs (polyunsaturated fatty acids) have anti-
inflammatory activities and are being studied for their
neuroprotective effects which can contribute towards
amyloid clearance and may be useful in the treatment
of dementia [87]. These include a-linolenic acid (ALA),
eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA) [88].

Serum ALA levels were found to be inversely associated
with the risk of incapacitating dementia [89], however, the
results were statistically insignificant. EPA and DHA were
able to elevate membrane fluidity to produce a marked
increase in the sAPPa levels, the enzyme reponsible for
modulating o and 8 secretase enzyme [90], which ultimately
results in an increase in Af3 clearance.

Transthyretin is also another molecule associated
with this category which acts by binding to the free A and
reducing the overall levels of AB [87]. However, studies
have shown that there was no significant improvement in
the cognitive as well as normal functioning of the brain and
hence, the idea of usage of these PUFAs in the treatment of
AD was withdrawn [91].

PF-04447943 is a recently developed molecule, known to be
a potent, selective, phosphodiesterase 9A (PDE9A) inhibitor
[92]. It is known to elevate cyclic guanosine monophosphate
(cGMP) in the brain and cerebrospinal fluid (CSF). The
inhibition of PDE9A resulted in enhancement of synaptic
plasticity, improvement and stability in pre-clinical cognition
models and prevented the decrease in dendritic spine density
in transgenic mice. The phase II CTs was conducted to analyse
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the efficacy, safety and the pharmacokinetics of the molecule
in mild to moderate AD. However, the results showed that
this molecule demonstrated severe gastrointestinal adverse
effects including diarrhoea and nausea. Therefore, the study
of this molecule was discontinued after the phase II of clinical
assessment [14]. Ispronicline (AZD-3480) is a selective
agonist of the central a4f2 and a2B2 neuronal nicotinic
cholinergic receptors (NNCRs) [93]. It was suspected that the
drug had the potential to bring improvements in cognitive
functioning of the brain. However, the phase II CTs suggested
that neither the combination of AZD3480 and donepezil nor
AZD3480 alone showed any significant improvements in the
cognitive functioning in mild to moderate AD. The phase II
CTs concluded in 2014 and further assessment and analysis
was discontinued for this molecule [93].

Pozanicline (ABT-089) is another nAChR agonist. This
molecule also exhibits selectivity for the a4$2 NNCRs.
Stimulation of these receptors results in elevation of ACh
levels which in turn increase the A clearance [93]. A phase Il
clinical study was performed to check the pharmacokinetics,
safety and tolerance of the drug in mild to moderate AD. Even
though the drug presented good tolerability and was safer
for usage, it was not sufficiently efficacious [94].

Etazolate Hydrochloride (EHT-0202) is a novel entity
found to increase a-secretase activity, PDE4 inhibitory
activity, as well as GABA-A receptor modulating activity
[95]. A phase-IIA CT was conducted for this molecule to
evaluate safety and tolerance levels and was found to be safe
and well tolerated. However, it lacked significant efficacy.
Also a number of dose dependent adverse effects related
to CNS were observed due to which the usage of EHT-0202
in the treatment of mild to moderate AD was discontinued.
y-secretase plays an important role in the final processing
of APP for AB generation and the inhibitors of this enzyme
block the effects of y-secretase thereby inhibiting the AB
production. However, almost all these ysecretase inhibitors
showed hematological and gastrointestinal toxicity and were
withdrawn.

E-2012 is a y-secretase modulator which was studied for
the ability to decrease AB. Pre-clinical studies showed
occurrence of induced cataract in rats after repeated doses.
It was disqualified in phase II CTs for the treatment of mild to
moderate AD due to lack of efficacy [96].

MK-0752 is another y-secretase inhibitor which reduces
the production of AB. This molecule reached phase I CTs
however, was withdrawn since it showed severe side effects
of haematological and gastrointestinal toxicity [14]. This
molecule was also involved in the notch signalling pathway
and skin reactions and change in hair colour were some
effects caused due to interference with the notch signalling
pathway.
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Semagacestat is a y-secretase inhibitor [14]. Phase I and
phase II CTs showed a decrease of plasma A3 within 3 hours
after administration, but an increase of 300% 15 hours post
administration. No increases were seen in CSF and as a result
phase III studies were continued using higher doses. The
drug failed to succeed in the phase III of CTs because it not
only failed to slow the disease progression but also worsened
the clinical measures of cognition [4,14].

Begacestat was studied in phase I CTs in patients with
prodromal or mild to moderate AD [97]. It decreased the A
plasma concentrations substantially but did not change the
CSF levels of AB. Begacestat failed to show any improvement
in the cognitive functioning and was withdrawn at phase I
CTs. The results have not yet been published officially.
Avagacestat (BMS-708163) is a novel y-secretase inhibitor.
It was clinically tested in combination with the AChE
inhibitors for higher therapeutic action and efficacy [4].
However, in phase II CTs, it failed to show significant effects
in slowing the rate of progression of AD and did not met the
requirements of decreasing the symptomatic effects of AD as
well, hence the study was terminated after the phase II CTs
[14,98].

Verubecestat is a BACE-I inhibitor that has been studied for
its ability to reduce AP [14]. [treduced AP and sAPP in the CSF
of healthy adults who were administered with verubecestat
for two weeks, as well as in patients suffering from mild to
moderate AD within one week [99]. However, the trial which
was conducted to test the efficacy of verubecestat showed a
failure in the early 2017. A second trial was also conducted to
test verubecestat in prodromal AD which also encountered
failure due to lack of efficacy [4]. It was observed that there
was no effect on slowing the disease progression; the clinical
studies were halted in phase 111 CTs [100].

Lanabecestat was also studied and was under two CTs for
early AD and mild to moderate AD respectively [4]. However,
in mid-2018 it failed the interim futility analysis due to which
both the CTs were halted and no further studies were done
on this molecule. The official results are yet to be published
[4]. A similar molecule Atabecestat was also developed
and studied under phase II and phase III CTs. It produced
the same effects as that of Verubecestat and lowered the
AP concentrations by BACE-I inhibition. Both the phase II
studies were conducted to study the safety profile of the
drug and efficacy on long term usage and the early phase III
trials to investigate the beneficial effects of atabecestat on
the cognitive functioning [101], failed to show any positive
results. In addition to this, hepatotoxicity was also seen as a
severe side effect of this drug and therefore, further studies
were terminated [4].

Elenbecestat was also another BACE-I inhibitor and also
showed a marked decrease in A levels in the initial stages.
But, the common side effect of all the BACE-I inhibitors i.e
hepatotoxicity was also seen in Elenbecestat.
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Umibecestat (CNP-520) is another example of BACE-I
inhibitor which has undergone phase Il CTs but the trials were
discontinued due to the worsening of cognitive functioning
as well as various adverse events. Thus BACE-I inhibitors are
not considered as a potential treatment in mild to moderate
AD as well as for the prodromal AD due to a number of severe
side effects demonstrated by them.

Nerve Growth Factors (NGFs) are responsible for the overall
growth, development, maintenance and survival of the target
neurons in mammalian brain. The basic structure is that of a
glycoprotein consisting of three subunits - inactive (aNGF),
biologically active (BNGF) and yNGF which is responsible for
the conversion of the NGF precursor to the mature form. In
AD patients, NGF levels are increased as observed in many
clinical and preclinical studies. Pre-CTs showed an increase
in cognitive functions when experimented on rats [102]. In
humans, after 12 months of treatment with NGF, there was
an improvement seen in the cognitive functioning and a
marked decrease in Ap.

However, the patients showed symptoms of brain
atrophy which might be caused due to an increase in
hyperphosphorylated tau. The side effects also included back
pain [14]. Additionally it was also found that the treatment
with Valproate showed a decrease in nuclear factor kappa.
The final call on the usage of NGF as a potential treatment in
mild to moderate AD is yet to be officially published.

Bryostatin-I is known to be a potent modulator of protein
kinase C (PKC) by activation of a-secretase [14]. It showed
therapeutic activity in preclinical studies on rats and hence
was introduced into CTs. A double blind placebo controlled
phase II CT was conducted for Bryostatin-I in the year 2015
and the study was completed in 2018. The subjects were
administered with bryostatin-I through IV route. Due to
adverse events, low tolerability and low efficacy, the study
did not provide positive results on the usage of Bryostatin-I
as a potential treatment in AD. Bryostatin was already
investigated as an anti-cancer agent and was known to reduce
AR levels and had shown memory improvement in rats and
also had shown positive results in phase I CTs, however,
phase II CTs did not show positive results in terms of safety
and tolerability in the patients and were halted [103].

ABT-288 is a known selective H2 antagonist and was under
experimentation for the treatment of mild to moderate AD.
This molecule underwent phase Il CTs which were designed
to evaluate the safety and efficacy of the molecule at two
doses [104]. However, the results on efficacy of the drug did
not meet the futility criteria. Therefore further studies were
discontinued for this molecule [14].

GSK-239512 is a H3 antagonist which has undergone phase
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I1 CTs. It is a novel entity and was designed for the treatment
of cognitive dysfunctioning in patients suffering from mild
to moderate AD. However, the studies were discontinued
for this molecule due to failure in improvement of memory
[105].

Talsaclidine is a selective muscarinic M1 receptor agonist. It
was found to play an important role in lowering the levels of
AP [40-42] by modulating the activity of proteases that cleave
the APP [106]. This molecule was tested in phase I CTs and
the study was further discontinued when the results showed
undesirable cholinergic receptor mediated side effects [14].

BI-409306 is a PDE4 inhibitor which was clinically tested
for cognitive improvement in patients suffering from mild
to moderate AD [107]. However, this molecule did not show
significant improvement in cognitive behaviour and instead

showed many adverse effects on the subjects. Hence, the
clinical studies were halted for this molecule in phase Il of the
clinical assessment [105]. Drugs like RS-0406, SEN-1269, SP-
233, Exebryl-1, NGX, GSM-1, BBS-1 are some more examples
of drugs which have failed in entering the early stages of the
clinical trials [14].

PBT2 is yet another investigational drug candidate and
is believed to be a successor to Clioquinol. PBT2 being a
copper/zinc ionophore is known to rapidly restore cognition
in the pre-clinical studies conducted on mice [108]. In phase
I1 CTs it has shown to increase the Af clearance and produced
a marked decrease in the Af concentrations in the subjects.
In a recent small double blinded study, PBT2 failed to show
efficacy and therefore it is currently not in CTs [109].

Drugs Withdrawn At Different Clinical Stages
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Drugs Withdrawn At Pre-Clinical Stage

The results of pre-clinical trials are always an indication
of whether or not the drug is safe for usage in humans.
However many drug molecules were withdrawn from the
preclinical stage itself due to many reasons including severe
toxicity, bioavailability issues, pharmacokinetics, adverse
effects, etc.

Molecules like Phenylthiazolylhydrazides, Rhodanines,
Minocycline, N-744 tosylate; Brain Derived Neurotrophic

Factor (BDNF), Ladostigil, AF-267B, M-30, etc are few
molecules which were not successful in the preclinical studies
for the treatment of mild to moderate AD. These molecules
fall in the category of tau anti-aggregants, y-secretase
inhibitors, etc [4,14,105].

Peptidic antiaggregants are another class of molecules
which are responsible for lowering the concentrations of the
APP via several pathways, which also demonstrated various
adverse and side effects in the pre-clinical stages.

Rhodanine Minocycline

Y

Ladostigil
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Investigational and Experimental Drugs
currently in Clinical Trials

Homocysteine levels are elevated in patients suffering from
AD. Therefore, hyperhomocysteinemia might contribute
directly or indirectly in the pathology of AD by neurotoxic
processes [32,110].

AAB-003 is an Fc-engineered Bapineuzumab and its safety
and tolerability is currently under investigation in phase I
CTs [71].

Nicotinamide is the biologically active form of vitamin B3
(Niacin) [14]. It is known to decrease the phosphorylated tau
levels in the patients suffering from mild to moderate AD via
inhibition of microtubule polymerisation [111]. The phase II
CT is still on going for the use of nicotinamide in AD therapy.
The study is estimated to be completed in July 2020. Phase
II/1II CTs are being conducted on the use of combination of
Donepezil with EGCG vs placebo to be used in treatment of
this condition. Also, combination of Rivastigmine and MTC
(Methylthionium Chloride) is being studied for obtaining
better bioavailibility and improvement in the activity of the
drug [14]. To combat the problems faced due to lithium in the
treatment of agitation in AD, another strategy of combination
of lithium with antipsychotics or antidepressants like
Citalopram is being studied [82]. The success of the strategy
is yet to be evaluated and is under investigation.

Azeliragon (TTP-448) is an inhibitor of Receptor for
Enhanced Glycation Endproducts (RAGE) [4], which is a
transmembrane receptor of the immunoglobin group widely
exhibited by the endothelial cells and microglia that are
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upregulated in AD [112]. AB is a known ligand for RAGE which
plays a role in the promotion of AB influx into the brain thereby
disrupting the blood brain barrier integrity [14]. A phase II
study of Azeliragon was conducted and it was observed that
the cognitive functions were improved for 18 months in
mild to moderate AD patients. Phase III trials are also being
conducted but the results have not yet been published. The
trials are projected to conclude in April, 2023.

Encenicline (EVP-6124) is a novel entity and a highly
selective a7 nicotinic ACh receptor (nAChR) partial agonist.
It is known that Nicotine shows improvement in attention,
learning abilities and memory by interactions with nAChRs.
These receptors are highly expressed in the hippocampal
region of the brain which plays important role in the
formation and storage of memory [113]. Agonists of these
receptors have shown a significant increase in the learning
and memory formation abilities of the patients. Recent
clinical and preclinical studies have shown that it reversed
a scopolamine induced deficit, to prevent natural forgetting.
The molecule is said to be safe for usage in combination with
Donepezil. The drug this undergone phase II CTs and the
study was withdrawn before the participants were enrolled.
No official records were published.

CTS-21166 is an orally administered compound belonging
to the class of B-secretase inhibitors [14]. It is well tolerated
in majority of the individuals and reduces plasma A levels.
However, the phase I CT results are notyet published officially
and the molecule is currently under investigation [114].

PF-3084014 is another novel entity that acts as a y-secretase
inhibitor. It is known to reduce AP levels and improve
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cognition. Ithas undergone phase I CTs but the results are not
yet posted officially. Reasons might be because of insufficient
volunteers or safety issues with the drug [14].

SGS742 was a 3-aminopropyl-n-butyl phosphinic acid
acting as a GABA(B) antagonist and was synthesized in large
scale a IRIX Pharmaceuticals. Phase Il CTs were conducted
for this molecule to evaluate it's enhancement in cognitive
functioning in mild to moderate AD. The study revealed that
this molecule can be considered as a candidate to prove useful
in disorders related to cognitive functioning by performing
additional clinical studies [115].

PRX-03140 and Prucalopride are two highly selective
5-HT4 agonists which demonstrated potent binding,
brain penetrability and exhibited neuropharmacological
properties wherein they increased Ach and histamine release
in prefrontal cortex. Currently studied are being carried out
to evaluate the extend of both these molecules to improve
cognitive functioning in mild to moderate AD [116].

TD-8954 is yet another 5HT4 agonist which has shown
better results in improving the cognitive functioning than
that of PRX-03140. However, the CNS penetrability of all
5HT4 agonists is comparatively less than that of donepezil.
Studies have shown that this drug behaved as a full agonist
in the cAMP accumulation a sAPPa secretion assays but
exhibited a lower intrinsic activity. The clinical studies for this
molecule are yet to be completed [117].

Rasagiline is a selective MAO inhibitor and is under
investigation for combination therapy with Rivastigmine to
show better tolerance and bioavailability in the treatment of
AD [118].

Pinitol (NIC5-15) is a naturally occurring cyclic sugar
molecule and has mild insulin sensitizing effects. This
molecule is being investigated under the category of chiro-
inositols and insulin sensitizing compounds which are
already proven to be safe for human use. It also exhibits
y-secretase inhibiting activity.(ID4) It is currently being
tested under phase II trials and the results are yet to be
published [119].

ELNDOOS5, formerly known as AZD-103 is a scyllo-inositol
molecule. This molecule is said to have the ability to bind
to AB and cause misfiling which results in the inhibition
of aggregation as well as stimulation of dissociation of the
AP aggregates [14]. In the pre-clinical studies on animals,
it reduced the levels of soluble and insoluble AB, reduced
plaque burden and glial inflammatory response. Currently it
is being studied as an orally administered drug under phase
II CTs [14].
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CAD-106 is a vaccine under development for potential
treatment of AD. It is being investigated as a subcutaneous
injection and contains AB1-6 peptide bound to a Q virus-
like particle [14]. This vaccine is being designed such that
it can induce A specific antibodies so as to reduce the
accumulation of AB. Confirmatory CTs are still ongoing and
the results are yet to be published.

ACC-001 is another vaccine under investigation and is said
to be conjugated to mutated diphtheria toxin protein CRM19
[120]. Currently phase Il CTs are going on for studying the
long term effects, safety and tolerability of the molecule.

V-950 is also a vaccine being tested as an aluminium
containing adjuvant with or without Iscomatrix which is a
biological adjuvant of saponin, cholesterol and phospholipids
[14]. Currently many mAbs are being tested for passive or
active immunization against Af.

Ponezumab (PF-04360365) falls under the category of
passive immunotherapy and is said to be a humanised,
modified 1gG2 antibody [14]. This molecule has successfully
undergone phase [ CTs with minimum signs of adverse events.
It has shown good tolerability and is safe to use. Currently it
is being investigated for efficacy under phase II CTs.

Crenezumab is another humanised mAb and is said to target
monomeric and conformational epitopes. The phase I CTs
were conducted with the purpose of analysing the safety,
efficacy and tolerability of the drug which was administered
intravenously to patients suffering from mild to moderate AD
[121-123]. No adverse effects of the drug were observed in
the CTs. This molecule is currently undergoing phase II CTs.
The results have not yet been officially published.

Gantenerumab is another humanised mAb and is known
to target APB [40-42]. This molecule has reached phase Il
CTs which are currently ongoing and are expected to be
completed in 2022 or 2023.71 like the other mAb molecules;
Gantenerumab also aims at lowering the AP levels. In
the small phase Ila clinical studies, it was given as an
intravenous infusion. Two subjects from the 200mg group
showed inflammation at focal areas with the highest levels
of A reduction. Results showed that this molecule was well
tolerated and safe at multiple doses for maximum 12 months
[123,124].

Aducanumab is a human mAb developed by Biogen Inc.
which acts by selectively binding to the AP fibrils and
soluble oligomers [109]. First double- blinded, placebo
controlled, single — dose escalation study was conducted on
aducanumab in 2011 [125]. This study was conducted for the
purpose of testing the safety and tolerability of the molecule
in patients suffering from mild-to-moderate AD and the
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results stated that aducanumab demonstrated an acceptable
safety, tolerability and pharmacokinetics at maximum
single dose of 30mg/kg (maximum tolerated dose) [126].
However, the most commonly observed side effects were
the amyloid related imaging abnormalities [127]. In 2015,
Biogen released two identical 18-month phase III studies in
order to evaluate the efficacy of the molecule in slowing the
cognitive and functional impairment. Overall, the results of
this study have supported the idea of continuing the research
on studying the potential of aducanumab in the treatment of
AD [128].

BAN-2401 is a humanised IgGl (Immunoglobulin G1)
mAD. It was first tested and evaluated in patients for mild
to moderate AD. The safety profile of the drug suggests that
BAN2401 is well tolerated at single doses upto 15mg/kg
and intravenous multiple doses upto 10mg/kg. Currently
this molecule is under phase II CTs and the results are yet
to be published officially. ACI-24 is again a humanized mAb
currently being tested under phase II CTs [14].

UB-311 is a novel AP vaccine comprising of two AB1-14
targeting peptides which are linked to different helper T-cell
peptide epitopes in the form of chimeric peptide to maximise
immunogenicity [106]. It is currently being investigated
under phase [ CTs [14].

R-1450 is another mAb molecule which has been tested
under phase I CTs and is said to target the AB levels and
increase the clearance of Ap [129,130].

Metal Chelators with BBB permeability could potentially
help reduce the imbalance of metals associated with the

brains of AD inflicted populations.

Clioquinol (PBT1) is a metal chelator with the ability to cross

the BBB. It has affinity for zinc and copper ions [131,132].
This molecule was tested for the purpose of expecting an
improvement in the cognitive functions in CTs. However, the
results of the same are currently limited as the drug is under
study [131].

Riluzole is a drug approved for the treatment of amyotrophic
lateral sclerosis (ALS). This molecule also acts as an
NMDA receptor antagonist due to which it has been under
investigation for the treatment of mild to moderate AD. It is
an orally administered drug and is currently being evaluated
for cognitive functional changes and specific imaging
biomarkers. Phase II CTs are being performed under placebo
control. The results of the trials are yet to be officially
published.

MK-0952 is a phosphodiesterase 4 (PDE4) inhibitor and has
been found to be orally bioavailable in the preclinical studies
[133]. Its ability to improve cognition has also been tested
and compared with other similar molecules like MK-0359
and MK-0873. In a water maze test which was conducted for
the above molecules, MK-0952 was observed to improve the
performance results.

Lecozotan is a selective 5HT1a receptor antagonist and has
completed the phase III CTs in June, 2008. It enhances the
potassium stimulated release of ACh and Glutamate.105 It
was suggested from the results of the CTs that lecozotan is
involved in the cognitive processing since it demonstrated
improvement in the cognition of the patients suffering from
mild to moderate AD [134].

MABT-5102A was tested for effect on brain Af load under
phase II CTs. However, official results are yet to be published.
It is known to be falling under the category of passive
immunization therapy [14].
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Future Directions and Conclusion

The chemical features of these drugs included in this
review, when taken into account in the initial stages of
drug discovery may have implications in accelerating drug
discovery for AD therapeutics. There have been so many
failures associated with the CTs of many drugs for therapy
of AD. However there is a big pipeline of drugs still awaiting
their CT results which offers a ray of hope that atleast some
of these drugs might someday be introduced as drugs for
therapy of AD.

This review takes into account the drugs that have been
tested till date or are currently under CTs for therapy of AD.
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