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Alzheimer’s disease (AD) is the most common cause of dementia among older people, and the prevalence of this disease is
estimated to rise quickly in the upcoming years. Unfortunately, almost all of the drug candidates tested for AD until now have
failed to exhibit any efficacy. Henceforth, there is an increased necessity to avert and/or slow down the advancement of AD. It is
known that one of the major pathological characteristics of AD is the presence of senile plaques (SPs) in the brain. These SPs
are composed of aggregated amyloid beta (Af), derived from the amyloid precursor protein (APP). Pharmaceutical companies
have conducted a number of studies in order to identify safe and effective anti-Af3 drugs to combat AD. It is known that a-, -,
and y-secretases are the three proteases that are involved in APP processing. Furthermore, there is a growing interest in these
proteases, as they have a contribution to the modulation and production of Ap. It has been observed that small compounds can
be used to target these important proteases. Indeed, these compounds must satisfy the common strict requirements of a drug
candidate targeted for brain penetration and selectivity toward different proteases. In this article, we have focused on the
auspicious molecules which are under development for targeting APP-processing enzymes. We have also presented several anti-
AD molecules targeting Af accumulation and phosphorylation signaling in APP processing. This review highlights the
structure-activity relationship and other physicochemical features of several pharmacological candidates in order to successfully
develop new anti-AD drugs.
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1. Introduction

Alzheimer’s disease (AD) is one of the utmost prevalent age-
related neurodegenerative disorders affecting older people [1,
2]. The main risk for the development and progression of AD
is age, and in people over the age of 65, the risk becomes double
nearly every 5 years [3-5]. In 2015, it was estimated that around
44 million people were affected by this neurodegenerative disor-
der. However, this number is projected to become double by the
year 2050 [6, 7]. It has been found that most of the AD patients
(i.e., over 95%) have sporadic AD (SAD) or late-onset AD
(LOAD), a multifactorial disease in which genetic predisposi-
tion and environmental factors have significant contribution
in the pathology [8, 9]. On the other hand, less than 5% of the
AD people is found to have either early-onset AD (EOAD) or
familial AD (FAD). It has been found that the aforesaid forms
of AD (i.e., EOAD and FAD) might take place because of the
mutations in any of the presenilin-1 (PSENI), presenilin-2
(PSEN2), and amyloid precursor protein (APP) genes [10-12].

The neuropathological characteristics of AD include an
aberrant buildup of the amyloid beta (A3) peptide in amyloid
plaques and aggregation of hyperphosphorylated tau in
intracellular neurofibrillary tangles (NFT's) [13-16]. Further-
more, dystrophic neurites (DNs), neuropil threads, related
astrogliosis, and microglial activation are found to often
coexist [17, 18]. The downstream effects of these pathological
mechanisms involve neurodegeneration with neuronal and
synaptic loss, which can lead to macroscopic atrophy [19].
It has been suggested in various studies that AD-related alter-
ations in the brain might start even 20 or more years before
the symptoms even appear [20-23]. It has been found that
when the initial alterations take place, the brain compensates
for them and permits people to continue to function nor-
mally. However, when the neuronal damage continues to
rise, the brain can no longer compensate for the alterations,
and patients exhibit subtle cognitive impairment [24]. At a
later stage, neuronal damage becomes so substantial that
people exhibit clear cognitive impairment, including symp-
toms for instance loss of memory or confusion regarding
the place or time [25, 26].

Currently, the available drugs only provide symptomatic
treatment and do not have the proper ability to affect the
advancement of the AD [27, 28]. Henceforth, it is essential
to develop treatments that can slow, delay, or prevent the
advancement of the disease and also target the AD-related
pathological processes. Interestingly, it has been observed that
if the onset of AD could be delayed by five years, the overall
frequency of AD would be reduced by 40% [29].

Over the course of time, A3 has been regarded as the
key therapeutic target for AD [30-32]. Furthermore, a
number of pharmaceutical/biopharmaceutical companies
are trying to develop therapeutic compounds (i.e., as small
molecules or immunotherapies) to reduce the accumulation
of A with possible positive action on AD pathology. In
this review, we have focused on the role of APP-cleaving
secretase-based novel molecules as therapeutic targets for
AD. Furthermore, auspicious molecules targeting Af3 accu-
mulation and phosphorylation signaling in APP processing
are also presented.
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2. Approved Anti-Alzheimer’s Drugs

Out of the five Food and Drug Administration (FDA)
-approved drugs (Figure 1) for AD therapy, four of them
are acetylcholinesterase inhibitors (AChEIs) and one is N-
methyl-D-aspartic acid (NMDA) receptor antagonist [33, 34].
The AChEIs (i.e., galantamine, rivastigmine, donepezil, and tac-
rine) have been found to play a role in improving the choliner-
gic neurotransmission [34, 35]. Memantine is the only
noncholinergic and NMDA receptor antagonist drug. Meman-
tine plays roles in the restoration of the Af-stimulated calcium
imbalance (i.e., intracellular buildup of Ca**) and the associated
reduction of neuronal death [36]. Unfortunately, memantine
and currently approved cholinesterase inhibitors (ChEIs) only
provide relief of the dementia symptoms, and these agents pos-
sess limited clinical effects [37, 38]. Over the last 20 years, a
number of drug candidates have been developed with the aim
of hitting different and novel targets of this disease. However,
effective disease-modifying therapeutic agents are yet to be
found [39-41]. Other than the cholinergic recovery, researchers
are also searching for other AD targets, for instance, pathogenic
Ap and tau aggregates [42, 43] as well as dysregulated metal
ions [44].

3. Amyloid Precursor Protein Processing

APP has been found to be generated in large quantities in
neurons and is metabolized very rapidly [45, 46]. In fact,
APP processing is reliant on secretase enzymes (i.e. a-, -,
and y-secretases), which yield products that are secreted into
the extracellular space or which stay within or related to the
cell. Amyloidogenic and nonamyloidogenic are the 2 path-
ways of APP processing [23] as shown in Figure 2. Three
enzymes, which are members of the ADAM family (i.e., a dis-
integrin and metalloprotease), play a role in harboring the
activity of a-secretase; these include ADAM17, ADAMI10,
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FiGurg 2: The amyloidogenic and nonamyloidogenic pathways of amyloid precursor protein processing. In the amyloidogenic pathway,
cleavages of APP by f3- and y-secretases lead to the genesis of A peptides. On the other hand, in the nonamyloidogenic pathway,
cleavages of APP by a- and y-secretases lead to the genesis of p3 and AICD. APP: amyloid precursor protein; SAPPf3: soluble APP beta;
BCTF 99: beta C-terminal fragment 99; sSAPPa: soluble APP alpha; «CTF 83: alpha C-terminal fragment 83; AICD: APP intracellular domain.

and ADAMY9 [47]. These enzymes are all primarily
membrane-bound and cell-surface glycoproteins. Further-
more, they have a contribution in cell fusion, degradation
of matrix protein, ectodomain shedding, and cell adhesion
[48-52]. B-Secretase (BACE-1) is regarded as the rate-
limiting enzyme in the proteolytic processing of APP. f3-
Secretase is a type I transmembrane protein and belongs to
the pepsin family of aspartyl proteases [53-58]. 3-Secretase
possesses an N-terminal catalytic domain, harboring a trans-
membrane domain, two catalytic aspartic residues, and a
short C-terminal cytoplasmic tail. y-Secretase (GS) is a het-
erogeneous protein complex that possesses four transmem-
brane proteins including anterior pharynx-defective 1
(APHI), presenilin enhancer 2 (PEN2), nicastrin (NCT),
and presenilins (PS1 and PS2) [59-61].

It has been observed that the nonamyloidogenic APP-
processing pathway initiates with a-secretase-arbitrated
APP cleavage at amino acid 687 (i.e., in the APP 770 iso-
form) which has been found to release the soluble APP
alpha (sAPP«) into the extracellular space. Therefore, in
the plasma membrane, a C-terminal fragment (CTF) of
APP that is 83 amino acids in length (CTF 83) stays
embedded. It has been found that the GS-mediated cleav-
age of CTF 83 then results in the APP intracellular
domain (AICD) release into the cytoplasm and a small
p3 fragment into the extracellular space. On the other
hand, in the amyloidogenic APP processing, [-secretase
cleaves APP which leads to the generation of the CTF that
is 99 amino acids in length (CTF 99). It has also been
observed that GS-mediated CTF 99 cleavage causes AICD
release into the cytoplasm and Af into the extracellular
space [62]. The activity of a-secretase is arbitrated via
one or more enzymes from a disintegrin and metallopro-

tease (ADAM) family, with ADAM19, 17, 10, and 9 being
the most possible candidates [48, 63, 64]. In the brain,
BACE-1 is the main f-secretase [65], whereas GS is a
multiprotein complex [66, 67].

4. Anti-Alzheimer’s Molecules Targeting a-
Secretase

It has been suggested by recent studies that the detected
a-secretases exhibit an increased level of redundancy. In
addition, it is still unclear exactly which a-secretases are
accountable for cleavage of APP in neurons and other brain
cells [51, 68]. Henceforth, it is essential to overcome the
aforesaid ambiguity in order to develop effective compounds
which will directly activate the a-secretases. An indirect and
alternative approach to promote the a-secretase-arbitrated
APP cleavage might be the induction of one or more of the sig-
nal transduction pathways associated with the regulation of
the a-secretase activity. A number of pathways including
mitogen-activated protein kinases, tyrosine kinases, protein
kinase C, and calcium-mediated pathways have been found
to play roles in terms of regulation of a-secretase activity.
Indeed, it is possible to develop compounds that will have
the capacity to induce the activity of a-secretase via these path-
ways [69]. It has been proposed that derivatives of retinoic
acid have the ability to elevate the level of ADAMI10 transcrip-
tion. In addition to this, these derivatives might also have the
potential to indirectly induce the APP cleavage mediated by
a-secretase [70].

However, as an AD drug treatment, the development of a
direct a-secretase activator appears unlikely, at least in the
short-term. In clinical trials, the drug treatments that
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FIGURE 3: Chemical structure of auspicious molecules targeting a-secretase activity.

indirectly stimulate the activity of a-secretase are already
being studied. Evidence reporting that the indirect activation
of a-secretase is effectively attained through the agonists of a-
7-nicotinic acetylcholine receptor («7-nAChR), an agonist of
5-hydroxytryptamine receptor 4 (5-HT,) and a modulator of
the gamma-aminobutyric acid (GABA) receptor, has been
utilized as support to justify the clinical development of these
agents [71]. However, there is a scarcity of data to support the
fact that these compounds can elevate the APP cleavage
mediated via a-secretase and decrease the levels of Af. But,
in spite of such concerns, the approach is appealing from a
theoretical perspective, according to the fact that these drugs
might be approved based on their symptomatic benefits.
More extensive studies can be further carried out regarding
their potential to modify the disease [72-74].

4.1. GABA 4 Receptor Modulators and PDE4 Inhibitors. EHT-
0202 (Figure 3) is a modulator of the GABA type A (GABA )
receptor and an inhibitor of phosphodiesterase 4 (PDE4) that
has been developed as an AD treatment. EHT-0202 has the
unique property of stimulating the activity of a-secretase
via elevating the generation of procognitive and neurotrophic
sAPPa fragments of APP. Preclinical studies revealed that
EHT-0202 has the ability to protect the cortical neurons
against Af42 and related stresses and that the provided neu-
roprotection is linked with the induction of sAPPa. In addi-
tion to this, it has also been revealed that EHT-0202 exhibits
precognitive activities in several preclinical models such as
memory impairment related to age and amnesia induced by
scopolamine. Preclinical studies in guinea pigs and rats have
shown that chronic oral administrations of EHT-0202 can
lead to decreased levels of Af42 in cerebrospinal fluid
(CSF) and brain [75]. It has been reported by Désiré et al.
[76] on the identification in AD patients of blood-based tran-
scriptomic signatures related to treatment response of EHT-
0202 in a placebo-controlled, three-month, phase ITA study
for estimating the exploratory efficacy, tolerability, and clini-
cal safety of EHT-0202 (i.e., 80 and 40 mg twice a day) as
adjunctive therapy to one cholinesterase inhibitor in mild-

to-moderate AD individuals. Additionally, this pilot study
also confirmed the value of using blood transcriptomic signa-
tures as biomarkers for monitoring efficacy or predicting the
response of patients, for a given therapeutic drug in the case
of AD. For EHT-0202 or other AD drugs, such biomarkers
might provide help to enhance the approaches in order to
comprehend the drug mechanism efficacy, detect suitable
patient populations for treatment, and/or elucidate the inher-
ent subjectivity in most clinical endpoints utilized in Alzhei-
mer’s treatment [76].

4.2. Partial a7-nAChR Agonists. EVP-6124 (encenicline,
Figure 3) is a partial agonist of a7-nAChR which is under
study to treat AD. EVP-6124 can cause activation of a7-
nAChR at low nanomolar brain concentrations and can also
improve memory performance in rats [77]. In the case of
phase I and II clinical studies performed in individuals with
mild-to-moderate AD, it has been observed that the EVP-
6124 treatment was tolerated and exhibited momentous
enhancements as compared to placebo on functional and
cognitive measures [77]. However, a clinical hold was
imposed on EVP-6124 by FDA in 2015 due to the reported
gastrointestinal side effects observed in two phase III Alzhei-
mer’s studies [78].

4.3. Partial 5-HT, Receptor Agonists. Activation of 5-HT,
receptors can lead to possible memory improvement and also
changes in brain 5-HT, receptors in AD [79]. On the other
hand, 5-HT, receptor stimulation is found to be linked with
both effects on acetylcholine release and APP processing
[79]. For AD, PRX-03140 (Figure 3) is a partial agonist (i.e.
18% compared with 5-HT) of the 5-HT, receptor which is
being developed by EPIX Pharmaceuticals [80]. It has been
observed in a phase 2a clinical trial of PRX-03140 (as a single
agent and in combination with donepezil) in mild AD indi-
viduals administered daily oral 150 mg doses of PRX-03140
as monotherapy achieved a mean 3.6-point enhancement
on the Alzheimer’s Disease Assessment Scale-Cognitive Sub-
scale (ADAS-Cog) versus a 0.9-point worsening in
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individuals receiving placebo (P =0.021). When PRX-03140
was used as a monotherapy, it was found to be well tolerated.
In addition to this, no significant drug-related adverse effects
were observed, when PRX-03140 was used in combination
with donepezil [81]. Unfortunately, PRX-00023 development
was discontinued by EPIX Pharmaceuticals in March 2008
because of the lack of efficacy exhibited in a recently com-
pleted phase 2b trial in individuals with major depressive dis-
order [82].

4.4. Natural a-Secretase Modulators

4.4.1. Retinoids. The retinoid family involves retinol (i.e.,
vitamin A; Figure 4) and its natural derivatives. Retinoids
have a significant contribution in regulating various activities
of the adult brain including long-term potentiation, release of
neurotransmitters, neurite growth, and neuronal differentia-
tion [83]. The study of Corcoran et al. [84] first confirmed
that decrease in the brain retinoid acid signaling pathway
can lead to deposition of Af3 in the adult rat brain. In a differ-
ent study, it was observed that tamibarotene (i.e. an agonist

of the retinoid receptor) reduced the levels of Af,, and
AB,, by upregulating the expression of a-secretase in
APBPP23 transgenic mice [85]. Recently, Cummings et al.
[86] carried out a placebo-controlled, randomized, double-
blind, parallel-group study of a single dose (300 mg per
day) of bexarotene (a highly specific agonist of retinoid X
receptor) in individuals with AD and both noncarriers and
carriers of the apolipoprotein E (APOE) allele. Individuals
who received treatment for four weeks and were of the non-
carrier group experienced decreased A3 levels in the brain as
compared to those of the APOE4 carrier group [86]. Ghosal
et al. [87], in another clinical study, assessed the activity of
bexarotene in the alteration of Af3 metabolism in cognitively
healthy participants. This study reported a significant prob-
lem with bexarotene treatment because of its poor CNS-
penetrating capacity in cognitively healthy individuals [87].

4.4.2. Epigallocatechin-3-Gallate. Epigallocatechin-3-gallate
(EGCG, Figure 4) is a polyphenol found in the leaves of tea
plants (i.e. Camellia sinensis). This polyphenol possesses
antioxidant activities that may be beneficial in the case of



AD as oxidative stress plays a vital role in the development of
this devastating disorder [88]. A study by de la Torre et al. [89]
described that when EGCG is administered in parallel with
cognitive training to patients with Down’s syndrome at a dose
of 9mg/kg/day for 12 months, beneficial actions were
observed on memory as compared to placebo-receiving partic-
ipants or the placebo plus cognitive training group in cognitive
tests. Although this clinical study has been carried out in indi-
viduals displaying Down’s syndrome only, in order to assess
the ability of EGCG in improving cognitive functions and to
observe its activities on APP and DYRKIA, the activity of this
polyphenol needs also to be evaluated in the case of AD [89].
The activity of a formulation of EGCG named Sunphenon
EGCg was studied in individuals with early-stage of AD in a
clinical study, but till now, the findings regarding the potential
disease-modifying activities have not been posted [90].

4.4.3. Curcumin. Curcumin (Figure 4), the major curcumi-
noid of turmeric, comes from the turmeric rhizome Curcuma
longa. Because of its small size, curcumin can easily cross the
blood-brain barrier (BBB), and this natural product has been
recommended as a promising therapy for AD [91]. Amino
acid conjugates of curcumin were developed by Narasingapa
et al. [92]. In their study, they observed that these conjugates
had a potent a-secretase stimulatory effect [92]. The efficacy
of this compound in the case of AD was also evaluated
through multiple clinical studies. The potential effects of cur-
cumin and Ginkgo biloba leaf extracts on AD progression
have also been evaluated in a clinical study [93]. However,
the findings revealed that the combination of curcumin and
extracts was unsuccessful in reducing the levels of Af in the
blood of AD-affected individuals or in improving their cogni-
tive functions [93]. In a different clinical study, curcumin’s
tolerability, safety, and activity were evaluated on individuals
with mild-to-moderate AD by Ringman et al. [94]. This study
did not report any beneficial action of curcumin in reducing
the levels of A in CSF. Moreover, it was suggested that
the inefficacy of curcumin may be linked to its poor bio-
availability [94].

4.4.4. Bryostatin-1. Bryostatin-1 (Figure 4) is a naturally
occurring macrocyclic lactone derived from the marine bryo-
zoan (i.e. Bugula neritina). Bryostatin-1 has the ability to
induce the activity of a-secretase by protein kinase C (PKC)
activation and subsequent elevation of sAPP« release [95].
Multiple clinical studies have assessed the efficacy of this com-
pound in individuals with AD. Participants were administered
a single intravenous placebo dose or 25 yg/m” bryostatin-1 in
a single-dose randomized double-blind phase IIA clinical
study [95]. In that study, pharmacodynamics, pharmacokinet-
ics, and efficacy of bryostatin-1 were also studied. It was
observed that bryostatin-1 was well tolerated in individuals
with AD. This compound also increased the Mini-Mental
State Examination (MMSE) score, and no adverse events were
observed with the use of this compound [95]. In a different
phase II clinical study, bryostatin-1 was administered intrave-
nously at the doses of 20 and 40 pg in order to treat patients
with moderately severe to severe AD [96]. The primary end-
point of this study was not significant in the full data set [96].
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5. Anti-Alzheimer’s Molecules Targeting f-
Secretase

Following the discovery of BACE-1, many attempts have
been made in order to develop small-molecule BACE-1
inhibitors. Interestingly, peptide-based mimetics of the APP
B-cleavage site were the first generation of BACE-1 inhibi-
tors, which contained the APP f-site scissile amide bond
replaced with a nonhydrolyzable transition state analog, for
example, statin [55]. In recent times, nonpeptidergic
compounds containing high affinities for BACE-1 have been
produced [97, 98].

BI-1181181 is an orally active and first-generation
BACE-1 inhibitor. Unfortunately, because of its low BBB
penetration and low oral bioavailability, BI-1181181 has been
found to fail in phase I clinical trials. Subsequently, in clinical
trials, second-generation BACE-1 inhibitors including LY-
2886721, LY-2811376, and RG-7129 have also failed due to
liver toxicity [99, 100]. Fortunately, the third-generation
BACE-1 inhibitors including JNJ-54861911, CNP-520,
AZD-3293, and E-2609 have exhibited encouraging clinical
data and satisfactory pharmacokinetic (PK) parameters in
ongoing studies. Even though verubecestat (MK-8931) has
the ability to decrease the Af level of CNS in AD individuals
and animal models [101], nevertheless, in February 2017,
Merck (an American multinational pharmaceutical com-
pany) declared that they will stop the clinical trial in mild-
to-moderate AD individuals due to its lack of efficacy [102].
However, APECS trials in individuals with prodromal AD
are still ongoing.

As a disease-modifying AD treatment, CTS-21166 is a
small-molecule BACE-1 inhibitor that is being developed. It
has been reported that CoMentis (an American biotech com-
pany) has started a phase I clinical trial of its orally bioavail-
able small-molecule CTS-21166. As mentioned by CoMentis,
CTS-21166 is a highly selective, eflicacious, and potent brain-
penetrating BACE-1 inhibitor [103]. Nonetheless, initial
clinical outcomes of CTS-21166 were found to be unsatisfac-
tory [104, 105].

5.1. Acyl Guanidine-Based Inhibitors. Interestingly, via using
high-throughput screening (HTS), Wyeth (an American
pharmaceutical company) has discovered a number of acyl
guanidine-based BACE-1 inhibitors [106]. In addition, an
X-ray crystal structure of compound 1 (Figure 5) complexed
with the catalytic domain of BACE-1 showed that the acyl
guanidine moiety forms 4 key hydrogen interactions with
the catalytic aspartic acids including Asp228 and Asp32
[106]. Moreover, a structural alteration in BACE-1 upon
binding with this compound was detected [106]. In order to
improve potency, later substitutions were made to com-
pound 1. On the other hand, compound 2 (Figure 5), com-
prising a para-propyloxyphenyl moiety in the unsubstituted
aryl ring and propyl alcohol in the third guanidine nitrogen,
permitted an enhancement of about 30-fold in potency as
compared to compound 1. However, it has been observed
that the 2-chloro group of compound 1 does not play a signif-
icant role in the case of potency [106].
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Bristol-Myers Squibb (an American pharmaceutical
company) has also worked in an acyl guanidine series. They
started with hit compound 3 (Figure 5), and developed com-
pound 4 with a good potency against BACE-1 (IC;;,=5.0
nM) while remaining inactive against the other aspartyl pro-
teases studied, i.e., pepsin (IC5, > 100.000 nM), cathepsin E
(CatE), and cathepsin D (CatD) [107]. In rats, the optimized
compound 4 was assessed to evaluate its action on the levels
of AB40 in CSF, the brain, and plasma. A dose-dependent
and significant decrease in the level of AB40 (about 80%)
in plasma was observed, but no substantial decrease in
CSF and the brain was attained (<20%). This deficiency
of efficacy in CSF and the brain was attributed to the efflux
of P-glycoprotein (P-gp). Therefore, further enhancement
was essential in order to optimize its PK properties [107].
Interestingly, Array BioPharma (an American biopharma-
ceutical company) in cooperation with Genentech (a bio-
technology corporation-subsidiary of Roche) developed a
number of chromane-based spirocyclic acyl guanidine-
derived BACE-1 inhibitors leading to compound 5
(Figure 5). Indeed, this compound exhibited a good selec-
tivity towards BACE-1. Additionally, this compound also
had the ability to decrease the levels of AB40 in CSF from
53% to 63% in rats and cynomolgus monkeys, respectively.
Furthermore, this compound exhibited a high efflux ratio
of P-gp [108].

5.2. 2-Aminopyridine-Based Inhibitors. The discovery of 2-
amino heterocycles is regarded as the major progress in the
development of small BACE-1 inhibitor molecules. It has
been found that these inhibitors commonly possess a better
physicochemical profile and can improve in vivo efficacy
and brain penetration [109]. On the other hand, as an exten-
sion of their study on acyl guanidine inhibitors, Wyeth also
developed a number of pyrrolyl 2-aminopyridines. It has
been suggested that the inhibitors of acyl guanidine are polar
due to the presence of the acyl guanidine moiety, which leads
to poor permeability (<5%) of BBB. Interestingly, it has been
observed that the bioisosteric replacement of the acyl guani-
dine moiety by an aminopyridine (compound 6) in com-
pound 1 leads to the enhancement of its permeability while
preserving the hydrogen-bonding interactions with the two
aspartic acids in the catalytic site of BACE-1 [110].
Through X-ray studies, the similarity of the hydrogen
interaction in between these 2 compounds was verified,
which further established the interaction of the 2-
aminopyridine moiety with the aspartic acids Asp32 and
Asp228 of the catalytic site of BACE-1 [110]. Interestingly,
permeability was shown to be enhanced through the modula-
tion of the total polar surface area. Compound 6 (Figure 5)
indeed exhibited a good central drug exposure with a brain-
to-plasma ratio of 1.7 in comparison with the 0.04 ratio
attained with the acyl guanidine-based compound 1 [110].



5.3. Aminothiazine- and Aminooxazoline-Based Inhibitors. A
number of aminooxazoline/aminothiazine-based inhibitors
have been developed by researchers of different pharmaceu-
tical companies. Unfortunately, out of these compounds,
only few of the compounds were able to reach the clinical
evaluation stage. Indeed, the first clinical BACE-1 inhibitor
which was developed by Eli Lilly (an American pharmaceuti-
cal company) is an aminothiazine-based compound, LY-
2811376 (compound 7, Figure 5). This pharmaceutical com-
pany initiated phase I clinical trials of this compound in
2009. At single doses from 5 to 500 mg as oral capsules, this
BACE-1 inhibitor was administered to 61 healthy partici-
pants in order to assess its tolerability and safety [111]. It
was reported that LY-2811376 exhibited well tolerability with
no serious adverse effects [112]. In addition to this, peak con-
centration was achieved within two hours postdose in the
plasma and five hours postdose in CSE. Interestingly, a
dose-dependent decrease in the level of AB42 and Ap40
was noticed. Following a single dose of 90mg, an Af340
decrease of 80% was reported within 7 hours and 54% within
12-14hours, in the plasma and CSF, respectively. On the
other hand, in parallel with the phase I clinical trials, a toxi-
cological study was performed in rats. A retinal pathology
was observed in these animals at doses > 30 mg/kg, and the
pathology was characterized by cytoplasmic buildups of
finely granular autofluorescent material dispersed within
the retinal epithelium. Therefore, the ongoing clinical studies
of LY-2811376 (compound 7) were terminated. Thus, LY-
2811376 did not enter into the phase II clinical trial. The
aforesaid toxic effect might take place due to the off-target
actions of LY-2811376 against other aspartic acid proteases,
viz., CatD, as confirmed through a subsequent study by
means of LY-2811376 in BACE-1 knockout mice [112].
After the end of the trial, all the participants were sub-
jected to follow-up study as a safety measure. Luckily, no
participants exhibited any clinically significant observa-
tions [112].

The second clinically studied compound was an
aminothiazine-based inhibitor called LY-2886721 (com-
pound 8, Figure 5). This compound was the first BACE-1
inhibitor that reached phase II trials. In fact, LY-2886721
was studied in six phase I trials to evaluate its pharmacology,
safety, and tolerability effects on 150 healthy participants.
Interestingly, the administration of this compound for 14
days at a dose of 70mg/day caused a reduction of CSF
Ap42 by 71% and CSF AB40 by 74%. Up to six weeks,
no apparent safety concerns were observed with the used
dosage [113]. Due to the satisfactory findings obtained in
phase I clinical studies, Eli Lilly started a phase II clinical
trial in March 2012 to evaluate the tolerability, pharmaco-
dynamic (PD) properties, and safety of LY-2886721 in
mild AD patients [114]. In the course of the study, routine
safety monitoring identified aberrant elevations in the liver
enzyme level in 4 out of 70 patients. Therefore, Eli Lilly
terminated the phase II trial and clinical development of
LY-2886721. It has been observed that the toxicity exerted
by this BACE-1 inhibitor was found to be an off-target
action of this compound which was unrelated to the inhi-
bition of BACE-1 [113, 115].
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The aminooxazoline-based compound, RG-7129 (RO-
5598887, compound 9, Figure 5) was developed by Roche
(a Swiss multinational healthcare company). This compound
entered into a phase I trial in September 2011. Preclinical
studies revealed that it presents high potency against
BACE-1 (IC;; = 30nM). Except against BACE-2 (IC;, =40
nM), this compound exhibited selectivity against pepsin,
CatE, CatD, and renin (>1000-fold). Between 2012 and
2013, three phase I trials have been completed. Unfortu-
nately, no results were reported in this period. In addition,
Roche terminated the development of RG-7129 without pro-
viding any clarification [116]. However, in a study published
in 2014, Roche started the use of a combination treatment of
the anti-Af antibody gantenerumab and the BACE-1 inhib-
itor RG-7129 (compound 9) in transgenic mice, recommend-
ing a future clinical assessment of the combination of these
two compounds [117].

5.4. Aminoimidazole-Based Inhibitors. It has been revealed
through molecular modeling studies that the amino group
of the imidazole heterocycle was found to be accountable
for the binding with the catalytic aspartic acid residues of
BACE-1. Potent inhibitors including compound 10
(Figure 6) were obtained as a result of 2-methoxy-5-nitro
substituents on the benzyl subunit. Subsequently, compound
11 (Figure 6) was synthesized, and this latter was found to
cause a significant decrease in the P-gp efflux ratio (ER).
Therefore, Merck (an American multinational pharmaceuti-
cal company) carried out further studies in order to improve
this inhibitor’s potency. It has been observed that the addi-
tion of a conformational constraint in compound 12
(Figure 6) allowed a five-time potency increment because of
additional hydrophobic interactions with the flap area of
BACE-1 [118]. Furthermore, the addition of a fluorine group
in compound 13 (Figure 6) permitted additional hydrophobic
interactions as well as a six-times potency increase to an ICy,
(BACE - 1) value of 63nM. Moreover, this compound was
suggested to exhibit brain penetration capacity due to its
decreased P-gp ER of 3.6 [118].

AstraZeneca developed compound AZD-3293 (LY-
3314814, Lanabecestat, compound 14 (Figure 6)), which is
an aminoimidazole-based compound, and this compound
reached phase I trials in 2012 [119]. Currently, the findings
obtained from the first two phase I clinical trials are available
[120]. These clinical trials involved single ascending dose
studies in order to evaluate the doses of 1-750 mg with a
food-effect component (n=72). The trials also involved a
two-week several ascending dose studies in order to evaluate
the doses of 50 or 15 mg once per day or 70 mg once per week
in elderly participants (i.e. part 1; n=31) and doses of 150,
50, or 15mg once per day in individuals with mild-to-
moderate AD (i.e. part 2; n=16). Findings obtained from
these studies revealed that AZD-3293 was well tolerated up
to the highest doses provided. In addition, >70% reduction
in mean plasma concentrations of AB42 and AS40 was
observed with single doses of >5mg. On the other hand, at
the highest dose level studied, prolonged inhibition for up
to three weeks has been observed. With the use of multiple
doses, a vigorous reduction was observed in Af levels of
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CSF (i.e. 276% at >50mg and >51% at 15mg) and plasma
(i.e. 278% at >50 mg and >64% at 15 mg). In addition to this,
prolonged inhibition was observed even with a once-a-week
dosing regimen [120].

Four additional phase I clinical studies of compound 14
were conducted with a total of 175 healthy participants in
2015 and 2016. In these studies, a new tablet formulation
was used evaluating possible interaction of this compound
with a number of commonly prescribed drugs (including
donepezil, simvastatin, midazolam, dabigatran, and warfa-
rin) in the elderly [121]. Presently, Eli Lilly and AstraZeneca
are sponsoring the two phase III clinical trials of AZD-3293
(compound 14) [119]. At daily doses of 20 or 50 mg for 18
to 24 montbhs, these placebo-controlled, double-blind, multi-
center, randomized studies are evaluating the disease-
modifying potential of AZD-3293 in over 4,000 individuals
with early and mild AD [119, 120].

5.5. Iminothiadiazinane Dioxide-Based Inhibitors. A series of
iminothiadiazinane dioxide-based inhibitors represented by
verubecestat (compound 15, Figure 6) has been developed
by Merck. Interestingly, to explore a new intellectual property
space and improve binding affinity, the starting point was an
iminopyrimidinone scaffold (compound 16, Figure 6) which
was modified [105]. The compound 15 (verubecestat) exhib-

ited good PD/PK properties in animal models. Furthermore,
this compound caused sustained and marked decrease in the
levels of CSF Af340 in cynomolgus monkeys (i.e., 81% and
72% decrease at 10 and 3 mg/kg, respectively). In telemetered
monkeys, this compound did not exhibit any action on the
QT interval in a single-dose cardiovascular study. On the
other hand, it caused no stimulation of expression of CYP1A2
or CYP3A4 in human hepatocytes [122].

In 2011, compound 15 entered into phase I trials, where
its PD, PK, and safety were assessed in healthy participants
as well as in individuals with mild-to-moderate AD. In the
case of AD and healthy individuals, both the multiple and
single doses were well tolerated and decreased Af levels in
the CSF. Furthermore, in any of the phase I trials, no alter-
ations were observed in hair or skin pigmentation due to
the inhibition of BACE-2. Pigmentation alterations became
apparent for prolonged treatment times [122]. The com-
pound 15 advanced to phase II/III trials in 2012, and the tri-
als involved individuals with mild-to-moderate AD (i.e. the
EPOCH trial). Additionally, a phase III trial of this com-
pound started in 2013 for prodromal AD (i.e. the APECS
trial) [109].

Because of the lack of efficacy as well as the presence of
marked neuronal and synaptic losses, the EPOCH trial was
terminated in February 2017 [123]. On the other hand, the
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APECS trial was also terminated in February 2018. Further-
more, Merck excluded verubecestat from its research pipe-
line. As compared to the placebo group, volunteers who
were administered verubecestat scored worse on the cogni-
tive test Alzheimer’s Disease Cooperative Study-Activities
of Daily Living (ADCS-ADL). More studies are essential
to understand the reason of this negative effect [124, 125].

6. Anti-Alzheimer’s Molecules Targeting
y-Secretase

It has been found that unlike BACE1, GS has demonstrated
to be a highly manageable target for AD, at least in terms of
the development of orally bioavailable GS inhibitors (GSIs)
with brain-penetrating capacity [66]. For mouse and human
brains, GSIs have been found to reduce the production of Ap.
In the case of APP mouse models, the deposition of Af was
found to be decreased due to the chronic administration
of GSIs [126-129]. So far, several orally bioavailable GSIs
presenting brain-penetrant properties have been found.
Nevertheless, a vital problem in the development of GSIs
is target-based toxicity. This target-based toxicity was
observed on the basis of preclinical studies [71]. Along
with APP, a number of other type 1 transmembrane pro-
teins are also processed by the GS enzyme. In this regard,
for instance, GS processing of Notchl is essential for
Notch signaling [130]. In mice, PESNI deletion is embry-
onically lethal. Furthermore, these mice exhibit a phenoty-
pe—protuberant brain and skeletal abnormalities—that is
also obvious in mice lacking the notch [131, 132]. In addi-
tion to this, treatment with nonselective GSIs can lead to
various Notch inhibition-related toxicities, including (but
not limited to) abnormalities of the integumentary,
immune, and gastrointestinal systems [133-135].

In phase III trials, semagacestat (a GS inhibitor) failed to
attain the primary goals due to observed worsening symp-
toms in some patients [85]. The study of avagacestat was ter-
minated due to the serious adverse events observed in a phase
IT trial including nonmelanoma skin cancer, dose-dependent
glycosuria, and cerebral microbleeds. Interestingly, EVP-
0962, the selective, small molecule, orally available GS mod-
ulator (GSM), decreases the production of A, _,, via shifting
the cleavage of APP toward the generation of less toxic and
shorter A, without affecting the cleavage of Notch [136].
On the other hand, the naturally occurring cyclic sugar alco-
hol NIC5-15 has the ability to modulate the activity of GS to
lower the production of Af. NIC5-15 is currently in phase II
clinical trials of Alzheimer’s treatments [137].

6.1. NSAID-Derived y-Secretase Modulators. The first genera-
tion of GSMs was discovered from an epidemiological study.
This study reported a decreased prevalence of AD among
the individuals who were administered nonsteroidal anti-
inflammatory drugs (NSAIDs) [138]. Subsequently, Weggen
etal. [138] stated that NSAIDs reduced the level of Af342 along
with the increment of an Af38 isoform, which further indi-
cated that the activity of GS can be modulated by NSAIDs
without causing a marked disturbance of Notch cleavage or
other APP-processing mechanisms [138]. The aforesaid alter-
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ation in the pattern of cleavage could be explained by several
processes including an elevation in the GS’s cleavage activity
(defined by the catalytic constant, x_,) or a reduction in the
possibility of releasing longer A from the enzyme-substrate
complex (defined as a dissociation constant, x;). Chavez-
Gutiérrez et al. [139] through the use of CTF 99 as a substrate
showed that the ratios of A338/Af342 and Af40/A 43 were
reduced via all the PESN mutations studied, further recom-
mending a weakening of the 4 cleavage cycles of GS (GS epsi-
lon-cleavage). In addition to this, Okochi et al. [140], using
A 342 as a substrate, estimated the kinetic constants for the y
cleavage. These researchers also stated that GSMs elevated k.,
and reduced x4, whereas mutations of PS lead to the opposite
effect. Collectively, these findings indicated that the GS mod-
ulation effect might be a useful technique to reverse the action
of PS mutations through the restoration of the normal ratios
of the formed AJ, in this manner modifying the progression
and pathology of the disease [141].

However, the use of NSAID as GSMs can induce some
risks of renal and gastrointestinal toxicity because of the
effects of NSAIDs against the cyclooxygenase 1 (COX-1)
enzyme. This aforesaid problem of NSAID is compromising
its usage for long-term therapeutic solutions [142]. Luckily,
the activity of COX-1 inhibition was found to be not depen-
dent on the activity of GS modulation. For example, flurbi-
profen is a COX-1 inhibitor which was administered as a
racemate for clinical trials. Nevertheless, tarenflurbil (com-
pound 17, Figure 7) exhibited a decreased activity of COX-
1 inhibition while preserving its action as a GSM [142]. This
latter compound has entered into phase III trials. However,
data exhibited no differences between the placebo and taren-
flurbil. The cause of this failure was attributed to its inade-
quate PD properties. In fact, weak CNS penetration of
tarenflurbil was formerly stated in preclinical studies in
rodents, with a CSF/plasma ratio of 1.3%. The clinical devel-
opment of tarenflurbil was terminated in view of these unsat-
isfactory findings [143].

Subsequently, 2 NSAID carboxylic acid derivatives were
developed by Chiesi Farmaceutici (an Italian family-
controlled global pharmaceutical company) (CHF-5074,
compound 18, Figure 6) and FORUM Pharmaceuticals
(EVP-0015962, compound 19, Figure 7) and also studied in
clinical studies. Based on the scaffold of tarenflurbil (com-
pound 17), Chiesi Farmaceutici developed CHF-5074 (com-
pound 18). Interestingly, there was complete cessation of
COX inhibition (at 100 uM and 300 uM) by a cyclopropyl
group. It has been observed that the inhibition of AS42 gen-
eration displayed a 7-fold improvement due to the introduc-
tion of chlorine substituents on the terminal phenyl ring as
compared to tarenflurbil (compound 17) [144]. It was pro-
posed that the carboxylic acid group interacts with a lysine
residue of APP situated close to the membrane interface, with
the lipophilic substituents playing a role as membrane
anchors [145]. In 2012, EVP-0015962 (compound 19)
entered into phase II trials, but findings were not posted pub-
licly on ClinicalTrials.gov.

6.2. Non-NSAID-Derived y-Secretase Modulators. In 2004,
NeuroGenetic Pharmaceuticals (an American pharmaceutical
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company) developed one of the first GSM classes not present-
ing a carboxylic acid moiety (non-NSAID), which further lead
to the discovery of NGP-555 [146]. NGP-555 (compound 20,
Figure 7) exhibited a reduction in CSF Ap,, levels between 20
to 40% and an elevation of the shorter forms in rodent studies.
In addition to that, this compound confirmed neuroprotection
from cognitive impairment in two independent mice experi-
ments by employing various learning and memory tasks
[147]. In 2015, NGP-555 was taken into phase I trials. In Janu-
ary 2017, NeuroGenetic Pharmaceuticals revealed that this
compound exhibited well-tolerability and safety in healthy
participants [148]. However, detailed findings and future
clinical trials with this compound have not been revealed
yet. Interestingly, the work on the cinnamide series from Eisai
Pharmaceuticals leads to the discovery of the clinical com-
pounds E-2012 (compound 21, Figure 7) and E-2212 (com-
pound 22, Figure 7) [146]. In a dose-dependent manner, E-
2012 reduced the levels of AB42 and AB40 in rat plasma,
brain, and CSF in vivo. It has been reported that the IC,,
values of E-2012 for ApB42 and A340 were 92 and 330 nM,

respectively [149]. On the other hand, E-2012 markedly
reduced the levels of AB42 in rat CSF by 47.2% and 16.6% at
doses of 30 and 10 mg/kg, respectively. Furthermore, E-2012
caused a reduction of the levels of AB42 and Ap40 and
elevated the levels of shorter Afs (i.e. AB37 and Af338), with-
out altering the total amount of A [150]. E-2012 (compound
21) was moved into the clinical trials in 2006 as the first non-
carboxylic acid compound. Furthermore, during a phase I
clinical trial, this compound exhibited efficacy in terms of
decreasing the A 342 levels in plasma (~50%) [151]. Neverthe-
less, in parallel to the phase I clinical trial, lenticular opacity
was seen in a high-dose group of a 13-week preclinical safety
study in rats leading to the termination of the clinical trial.
However, ocular toxicity was not observed in monkeys, when
follow-up studies were done with up to the highest tolerated
dose for E-2012 [152]. Nonetheless, Eisai Pharmaceuticals
decided to further develop the improved compound E-2212
(compound 22) [141].

In 2010, E-2212 (compound 22) was taken into a
phase I clinical trial. This compound exhibited a similar
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pharmacological profile as E-2012 (compound 21) as well
as improved safety profile, along with no clinically impor-
tant ophthalmologic findings [153]. In addition to this, the
PD response measured in the plasma elevated with the
dose and was revealed to perform a 54% decrease in the
level of AB42 at the dose of 250 mg. To date, Eisai Phar-
maceuticals has not revealed any reports regarding the fur-
ther development of E-2212 (compound 22). Furthermore,
there is no update regarding possible new studies on Clin-
icalTrials.gov. The anticipated structure of E-2212 (com-
pound 22) containing a high cLogP (5.5), high molecular
weight (480 g/mol), and four aromatic rings [141] might
have hardened its further development because of its poor
drug-like properties.

7. Anti-Alzheimer’s Molecules Targeting
A Accumulation

Multiple enzymes can cause degradation of Af and have
been considered for new drug development [154, 155]. The
newly developed anti-AD drug sodium oligomannurarate
(GV-971, Figure 8) by Shanghai Green Valley Pharmaceuti-
cals can bind with several sites of amyloid and can cause
destabilization and inhibition of Af aggregation, which can
eventually elevate the clearance of Af [156]. The activity of
GV-971 was also evaluated in individuals with mild-to-
moderate AD in phase III clinical trials [157]. An alteration
in the Alzheimer’s Disease Assessment Scale-Cognitive Sub-
scale (ADAS-Cog) score was observed as the main endpoint
of that clinical study. Additionally, other findings of this
study also indicate the significant beneficial effects of GV-
971 on cognitive functions. The China National Medical
Product Administration (NMPA) provisionally permitted
(on November 2, 2019) the use of GV-971 to treat individuals
with mild-to-moderate AD [157].

The use of immunotherapy to clear Af3 also seems a rea-
sonable approach [158]. Multiple clinical studies are carried
out with monoclonal antibodies that target Af8. Aducanumab
is a monoclonal antibody that targets Af aggregations [159].
Nonetheless, Biogen and FEisai declared on March 21, 2019,
that they would stop the 221AD301 phase III study of aduca-
numab (BIIB037) in individuals with an early stage of AD
(ENGAGE) and the 221AD302 phase III study of aducanu-
mab (BIIB037) in individuals with an early stage of AD
(EMERGE). This decision was taken according to the results
of an interim analysis anticipating that ENGAGE and
EMERGE were likely to miss their main endpoints [160].
Furthermore, Biogen reported on April 24, 2019, that it
would not start the projected phase III secondary prevention
program with aducanumab and terminated further studies.
However, Biogen declared on October 22, 2019, that the
interim analysis was incorrect. Moreover, following analysis
of a larger data set, Biogen rather revealed that EMERGE
had met its main endpoint. Later, Biogen declared the plan
to apply for regulatory approval in early 2020 for aducanu-
mab in the US [160].

Crenezumab is an anti-Af3 monoclonal antibody with a
specific affinity towards all fibrillary, oligomeric, and pen-
tameric amyloids [161]. Crenezumab is being assessed in
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a clinical trial of crenezumab versus placebo to assess the
safety and efficacy in individuals with prodromal-to-mild
AD (CREAD). Nevertheless, Roche terminated both the
CREAD 1 and CREAD 2 studies. Following an interim
analysis, it was indeed observed that the trial was less
likely to achieve its primary endpoint of reducing the
decrease on the Clinical Dementia Rating Sum of Boxes
(CDR-SB) data [162].

8. Anti-Alzheimer’s Molecules Targeting the
Phosphorylation Signaling in APP Processing

Like A, hyperphosphorylated tau has been detected in the
brains of individuals with AD; therefore, protein kinase
inhibitors can play an important role to reduce AD by pri-
marily targeting pathogenic tau [163, 164]. Hyperphosphor-
ylation can cause loss of tau solubility and can lead to paired
helical filament (PHF) formation, which can further cause
NFT formation [165-168]. The glycogen synthase kinase
(GSK)3p has a significant contribution to the phosphoryla-
tion of tau. Furthermore, GSK3f3 causes phosphorylation of
around 31% of the pathological phosphorylation sites of tau
[166]. GSK3[3 activity can be increased by toxic Af, which
can eventually increase the production of Af through the
phosphorylation of tau [169, 170]. Thus, GSK3p forms a
relationship in between tau pathology and Af toxicity
[166]. The cyclin-dependent kinase 5 (CDK5) is another vital
tau protein kinase associated with pathophysiological tau
phosphorylation. Typically, p35 (i.e., the CDK5 regulating
protein) is found truncated to 25 amino acids in the brain
of individuals with AD. Interestingly, hyperphosphorylated
tau dissociates from the microtubules and produces NFT's
on CDKS5 stimulation by p25 [171, 172]. The activity of
CDKS5 can also cause NFT phosphorylation [173, 174].

It has been observed that lithium can inhibit GSK3f and
lead to a decreased rate of tau phosphorylation, which ulti-
mately averted tau pathology in animal models [175]. How-
ever, no improvement in cognitive functions was observed,
when used in individuals with early-stage of AD [176]. These
findings are associated with unaltered biomarkers of AD in
CSF of the individuals including toxic A, phosphorylated
tau, and total tau [176]. Multiple GSK3J3 inhibitors are also
being developed that belong to the indirubin, paullone, and
maleimide (Figure 9) families. Nevertheless, none of these
inhibitors have entered into clinical studies until now. The



Oxidative Medicine and Cellular Longevity

A\

Indirubin

L

Maleimide

|
]

13

oo Ya

Paullone

N\YS

Masitinib

Fi1GUrE 9: Chemical structure of indirubin, paullone, maleimide, and masitinib targeting the phosphorylation signaling in APP processing.

cytotoxic effects of these inhibitors are regarded as the main
reasons for their failure [177]. In another study, administra-
tion of the CDKS5 inhibitor was reported to decrease the levels
of Ap and increase the levels of phospho-tau in very old and
nontransgenic mice [178]. However, in the elderly mice,
CDKS5 inhibitors might not be useful in targeting tau phos-
phorylation [178].

Fyn physically associates with tau and can cause phos-
phorylation of tyrosine residues, such as Tyrl18, close to the
amino terminus [179-182]. Tyr18 is also phosphorylated in
NFTs in the brains of AD individuals, which denotes a prob-
able clinical relevance [179]. Masitinib (Figure 9) is an inhib-
itor of tyrosine kinase. Masitinib shows selectivity towards c-
Kit, platelet-derived growth factor receptor, and, to a lesser
extent, Lyn and Fyn. Masitinib was studied in a 24-week, pla-
cebo-controlled, randomized, phase II study involving 34
mild-to-moderate AD patients. Masitinib was found to be
reasonably well tolerated and was linked with improved cog-
nitive functions at 12 and 24 weeks, therefore suggesting
inhibition of tyrosine kinase as a therapeutic approach for
AD. There is also an ongoing phase III clinical study to assess
the safety and efficacy of various doses of masitinib as com-
pared to placebo [183].

9. Conclusions

For rational anti-AD drug design, the characterization and
identification of the secretase enzymes that cleave APP pro-
vides a molecular framework. In terms of physiological
importance, the three secretases have extensively been stud-
ied. Thus, we now have the appropriate understanding and
knowledge regarding the potential adverse events related to
the use of drugs that modulate the secretases effects. Cur-
rently, multiple compounds targeting each of the 3 secretases

are under clinical studies. The use of high throughput and
virtual screening, followed by chemical optimization is trying
to accommodate some physicochemical nuances and dis-
cover new compounds that will have the required safety
and eflicacy to modify the progression of AD. Henceforth,
based on the currently available information, a-, 8-, and y-
secretases can be considered as safe and efficacious targets
for the reduction of AD pathology. Collectively, the future
of AD will depend on the development of safe, potent, and
selective compounds that will have the ability to delay the
development and progression of AD. Furthermore, it is
essential to identify the specific biomarkers which will allow
an effective and early pharmacological intervention for AD.

Conflicts of Interest

The authors proclaim no competing interests.

Authors’ Contributions

MSU conceived of the original idea and designed the outlines
of the study. MSU and MTK wrote the draft of the manu-
script. MSU and BM prepared the figures for the manuscript.
PJ edited the whole manuscript and improved the draft.
GMA, AP, MNB-J, SAM, and MMA-D performed the litera-
ture review and aided in revising the manuscript. All authors
have read and approved the final manuscript.

Acknowledgments

This work was funded by the Deanship of Scientific Research
at Princess Nourah bint Abdulrahman University through
the Fast-Track Research Funding Program.



14

References

(1]

(2]

(10]

(11]

(12]

(13]

(14]

(15]

M. S. Uddin, M. A. Al, S. Takeda, M. S. Sarwar, and M. M.
Begum, “Analyzing the chance of developing dementia
among geriatric people: a cross-sectional pilot study in Ban-
gladesh,” Psychogeriatrics, vol. 19, no. 2, pp. 87-94, 2019.

A. Al Mamun, M. S. Uddin, M. T. Kabir et al., “Exploring
the promise of targeting ubiquitin-proteasome system to
combat Alzheimer’s disease,” Neurotoxicity Research, pp.
1-10, 2020.

M. F. Hossain, M. S. Uddin, G. M. S. Uddin et al., “Melatonin
in Alzheimer’s disease: a latent endogenous regulator of neu-
rogenesis to mitigate Alzheimer’s neuropathology,” Molecu-
lar Neurobiology, pp. 1-22, 2019.

T. E. Golde, L. S. Schneider, and E. H. Koo, “Anti-Af Thera-
peutics in Alzheimer's disease: the need for a paradigm shift,”
Neuron, vol. 69, no. 2, pp- 203-213, 2011.

M. S. Uddin, M. F. Hossain, A. Al Mamun et al., “Exploring the
multimodal role of phytochemicals in the modulation of cellu-
lar signaling pathways to combat age-related neurodegenera-
tion,” Science of The Total Environment, vol. 725, no. article
138313, 2020.

C. Van Cauwenberghe, C. Van Broeckhoven, and K. Sleegers,
“The genetic landscape of Alzheimer disease: clinical implica-
tions and perspectives,” Genetics in Medicine, vol. 18, no. 5,
pp. 421-430, 2016.

M. S. Uddin, A. Al Mamun, M. Asaduzzaman et al., “Spec-
trum of disease and prescription pattern for outpatients with
neurological disorders: an empirical pilot study in Bangla-
desh,” Annals of Neurosciences, vol. 25, no. 1, pp. 25-37, 2018.

S.  Chakrabarti, V. Kumar Khemka, A. Banerjee,
G. Chatterjee, A. Ganguly, and A. Biswas, “Metabolic risk fac-
tors of sporadic Alzheimer’s disease: implications in the
pathology, pathogenesis and treatment,” Aging and Disease,
vol. 6, no. 4, pp. 282-299, 2015.

M. S. Uddin, M. T. Kabir, A. Al Mamun, M. M. Abdel-Daim,
G. E. Barreto, and G. M. Ashraf, “APOE and Alzheimer’s dis-
ease: evidence mounts that targeting APOE4 may combat
Alzheimer’s pathogenesis,” Molecular Neurobiology, vol. 56,
no. 4, pp. 2450-2465, 2019.

L. W. Chu, “Alzheimer’s disease: early diagnosis and treat-
ment,” Hong Kong Medical Journal, vol. 18, pp. 228-237, 2012.

X. Sun, W.-D. Chen, and Y.-D. Wang, “B-Amyloid: the key
peptide in the pathogenesis of Alzheimer’s disease,” Frontiers
in Pharmacology, vol. 6, p. 221, 2015.

M. S. Uddin, A. Al Mamun, M. T. Kabir et al., “Nootropic and
anti-Alzheimer’s actions of medicinal plants: molecular
insight into therapeutic potential to alleviate Alzheimer’s
neuropathology,” Molecular Neurobiology, vol. 56, no. 7, arti-
cle 1420, pp. 4925-4944, 2019.

S. Harilal, J. Jose, D. G. T. Parambi et al., “Advancements in
nanotherapeutics for Alzheimer’s disease: current perspec-
tives,” The Journal of Pharmacy and Pharmacology, vol. 71,
no. 9, pp. 1370-1383, 2019.

M. S. Uddin, M. A. Al, Z. K. Labu, O. Hidalgo-Lanussa,
G. E. Barreto, and G. M. Ashraf, “Autophagic dysfunction
in Alzheimer’s disease: cellular and molecular mechanistic
approaches to halt Alzheimer’s pathogenesis,” Journal of
Cellular Physiology, vol. 234, no. 6, pp. 8094-8112, 2019.
A. Al Mamun and M. S. Uddin, “KDS2010:A potent highly
selective and reversible MAO-B inhibitor to abate Alzhei-

(16]

(17]

(18]

(19]

(20]

(21]

(23]

(24]

(25]

(26]

(27]

(28]

[29]

(30]

(31]

Oxidative Medicine and Cellular Longevity

mer’s disease,” Combinatorial Chemistry & High Throughput
Screening, vol. 23, 2020.

M. S. Uddin, M. M. Rhman, M. Jakaria, and M. S. Rahman,
“Estrogen signaling in Alzheimer’s disease: molecular
insights and therapeutic targets for Alzheimer’s dementia,”
Molecular Neurobiology, 2020.

T. B. Van Itallie, “Alzheimer's disease: Innate immunity gone
awry?,” Metabolism, vol. 69, pp. S41-549, 2017.

M. B. Graeber, W. Li, and M. L. Rodriguez, “Role of microglia
in CNS inflammation,” FEBS Letters, vol. 585, no. 23,
pp- 3798-3805, 2011.

J. A. Schneider, Z. Arvanitakis, S. E. Leurgans, and D. A.
Bennett, “The neuropathology of probable Alzheimer dis-
ease and mild cognitive impairment,” Annals of Neurology,
vol. 66, no. 2, pp. 200-208, 2009.

V. L. Villemagne, S. Burnham, P. Bourgeat et al., “Amy-
loid B deposition, neurodegeneration, and cognitive
decline in sporadic Alzheimer's disease: a prospective
cohort study,” The Lancet Neurology, vol. 12, no. 4,
pp. 357-367, 2013.

R.J. Bateman, C. Xiong, T. L. S. Benzinger et al., “Clinical and
biomarker changes in dominantly inherited Alzheimer’s dis-
ease,” The New England Journal of Medicine, vol. 367, no. 9,
pp. 795-804, 2012.

E. Zaplatic, M. Bule, S. Z. A. Shah, M. S. Uddin, and K. Niaz,
“Molecular mechanisms underlying protective role of querce-
tin in attenuating Alzheimer's disease,” Life Sciences, vol. 224,
pp. 109-119, 2019.

M. S. Uddin and M. T. Kabir, “Emerging signal regulating
potential of genistein against Alzheimer’s disease: a promis-
ing molecule of interest,” Frontiers in Cell and Development
Biology, vol. 7, pp. 1-12, 2019.

M. S. Uddin, A. Al Mamun, S. T. Jakaria et al., “Emerging
promise of sulforaphane-mediated Nrf2 signaling cascade
against neurological disorders,” Science of the Total Environ-
ment, vol. 707, article 135624, 2020.

Alzheimer’s Association, “2017 Alzheimer's disease facts and
figures,” Alzheimer's & Dementia, vol. 13, no. 4, pp. 325-373,
2017.

M. S. Uddin and M. Rashid, Advances in neuropharmacology :
drugs and therapeutics, Apple Academic Press, Canada,
2020.

M. S. Uddin, “Exploring the effect of Phyllanthus emblica L.
on cognitive performance, brain antioxidant markers and
acetylcholinesterase activity in rats: promising natural gift
for the mitigation of Alzheimer's disease,” Annals of Neuro-
sciences, vol. 23, no. 4, pp. 218-229, 2016.

M. S. Uddin, M. T. Kabir, D. Tewari, B. Mathew, and
L. Aleya, “Emerging signal regulating potential of small mol-
ecule biflavonoids to combat neuropathological insults of
Alzheimer’s disease,” Science of the Total Environment,
vol. 700, pp. 1-11, 2020.

M. Maia and E. Sousa, “BACE-1 and y-secretase as therapeu-
tic targets for Alzheimer’s disease,” Pharmaceuticals, vol. 12,
no. 1, p. 41, 2019.

M. A. Rahman, M. R. Rahman, T. Zaman et al., “Emerging
potential of naturally occurring autophagy Modulators
against neurodegeneration,” Current Pharmaceutical Design,
vol. 26, no. 7, pp- 772-779, 2020.

S. Uddin, T. Kabir, H. Rahman et al., “Exploring the multi-
functional neuroprotective promise of rasagiline derivatives



Oxidative Medicine and Cellular Longevity

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

[40]

[41]

[42]

(43]

(44]

(45]

(46]

(47]

for multi-dysfunctional Alzheimer’s disease,” Current Phar-
maceutical Design, vol. 26, pp. 1-9, 2020.

G. F. Chen, T. H. Xu, Y. Yan et al,, “Amyloid beta: structure,
biology and structure-based therapeutic development,” Acta
Pharmacologica Sinica, vol. 38, no. 9, pp. 1205-1235, 2017.
T. Kabir, M. A. Sufian, S. Uddin et al., “NMDA Receptor
Antagonists: Repositioning of Memantine as a Multitargeting
Agent for Alzheimer's Therapy,” Current Pharmaceutical
Design, vol. 25, no. 33, pp. 3506-3518, 2019.

M. T. Kabir, M. S. Uddin, M. M. Begum et al., “Cholinesterase
inhibitors for Alzheimer’s disease: multitargeting strategy
based on anti-Alzheimer’s drugs repositioning,” Current
Pharmaceutical Design, vol. 25, no. 33, pp. 3519-3535, 2019.
B. Mathew, D. G. T. Parambi, G. E. Mathew et al., “Emerging
therapeutic potentials of dual-acting MAO and AChE inhib-
itors in Alzheimer’s and Parkinson’s diseases,” Archiv der
Pharmazie, vol. 352, no. 11, article 1900177, 2019.

G. Small and R. Bullock, “Defining optimal treatment with
cholinesterase inhibitors in Alzheimer’s disease,” Alzheimer's
& Dementia, vol. 7, no. 2, pp. 177-184, 2011.

C. G. Parsons, A. Stoffler, and W. Danysz, “Memantine: a
NMDA receptor antagonist that improves memory by resto-
ration of homeostasis in the glutamatergic system - too little
activation is bad, too much is even worse,” Neuropharmacol-
ogy, vol. 53, no. 6, pp. 699-723, 2007.

C.-C. Tan, J.-T. Yu, H.-F. Wang et al,, “Efficacy and safety of
donepezil, galantamine, rivastigmine, and memantine for the
treatment of Alzheimer’s disease: a systematic review and
meta-analysis,” Journal of Alzheimer's Disease, vol. 41, no. 2,
pp. 615-631, 2014.

D. Brown and G. Superti-Furga, “Rediscovering the sweet
spot in drug discovery,” Drug Discovery Today, vol. 8,
no. 23, pp. 1067-1077, 2003.

J. P. Overington, B. Al-Lazikani, and A. L. Hopkins, “How
many drug targets are there?,” Nature Reviews Drug Discov-
ery, vol. 5, no. 12, pp. 993-996, 2006.

P. Szuromi, V. Vinson, and E. Marshall, “Rethinking drug
discovery,” Science, vol. 303, no. 5665, pp. 1795-1795, 2004.
C. M. Wischik, C. R. Harrington, and J. M. D. Storey, “Tau-
aggregation inhibitor therapy for Alzheimer's disease,” Bio-
chemical Pharmacology, vol. 88, no. 4, pp. 529-539, 2014.

A. J. Doig and P. Derreumaux, “Inhibition of protein
aggregation and amyloid formation by small molecules,”
Current Opinion in Structural Biology, vol. 30, pp. 50-56,
2015.

M. S. Uddin and M. T. Kabir, “Oxidative stress in Alzheimer’s
disease: molecular hallmarks of underlying vulnerability,” in
Biological, Diagnostic and Therapeutic Advances in Alzhei-
mer’s Disease, G. Ashraf and A. Alexiou, Eds., pp. 91-115,
Springer Singapore, Singapore, 2019.

J. Lee, C. Retamal, L. Cuitifo et al., “Adaptor protein sorting
nexin 17 regulates amyloid precursor protein trafficking and
processing in the early endosomes,” Journal of Biological
Chemistry, vol. 283, no. 17, pp. 11501-11508, 2008.

M. Uddin and M. Amran, Handbook of Research on Critical
Examinations of Neurodegenerative Disorders, USA, 1GI
Global, 2018.

P. R. Manzine, M. Ettcheto, A. Cano et al., “ADAM]I10 in Alz-
heimer’s disease: Pharmacological modulation by natural

compounds and its role as a peripheral marker,” Biomedicine
& Pharmacotherapy, vol. 113, article 108661, 2019.

(48]

(49]

(50]

(51]

(52]

(53]

(54]

(55]

(56]

(57]

(58]

(59]

[60]

[61]

[62]

(63]

15

M. Asai, C. Hattori, B. Szabd et al., “Putative function of
ADAMY9, ADAM10, and ADAM17 as APP a-secretase,” Bio-
chemical and Biophysical Research Communications, vol. 301,
no. 1, pp. 231-235, 2003.

R. A. Black, C. T. Rauch, C. . Kozlosky et al., “A metallopro-
teinase disintegrin that releases tumour-necrosis factor-alpha
from cells,” Nature, vol. 385, no. 6618, pp. 729-733, 1997.
H. Qi, M. D. Rand, X. Wu et al,, “Processing of the notch
ligand delta by the metalloprotease kuzbanian,” Science,
vol. 283, no. 5398, pp. 91-94, 1999.

D. Hartmann, B. de Strooper, L. Serneels et al., “The disinte-
grin/metalloprotease ADAM 10 is essential for notch signal-
ling but not for a-secretase activity in fibroblasts,” Human
Molecular Genetics, vol. 11, no. 21, pp. 2615-2624, 2002.

D. Hartmann, J. Tournoy, P. Saftig, W. Annaert, and B. De
Strooper, “Implication of APP secretases in notch signaling,”
Journal of Molecular Neuroscience, vol. 17, no. 2, pp. 171-181,
2001.

C. E. Hunt and A. J. Turner, “Cell biology, regulation and
inhibition of f3-secretase (BACE-1),” FEBS Journal, vol. 276,
no. 7, pp. 1845-1859, 2009.

R. Yan, M. J. Bienkowski, M. E. Shuck et al., “Membrane-
anchored aspartyl protease with Alzheimer’s disease f3-secre-
tase activity,” Nature, vol. 402, no. 6761, pp. 533-537, 1999.

S. Sinha, J. P. Anderson, R. Barbour et al., “Purification and
cloning of amyloid precursor protein f-secretase from
human brain,” Nature, vol. 402, no. 6761, pp. 537-540, 1999.
V.John, J. P. Beck, M. J. Bienkowski, S. Sinha, and R. L. Hein-
rikson, “Human f-secretase (BACE) and BACE inhibitors,”
Journal of Medicinal Chemistry, vol. 46, no. 22, pp. 4625-
4630, 2003.

R. Yan, P. Han, H. Miao, P. Greengard, and H. Xu, “The
transmembrane domain of the Alzheimer’s beta-secretase
(BACEL1) determines its late golgi localization and access to
beta-amyloid precursor protein (APP) substrate,” The Jour-
nal of Biological Chemistry, vol. 276, no. 39, pp. 36788-
36796, 2001.

X. P. Shi, E. Chen, K. C. Yin et al., “The pro domain of beta-
secretase does not confer strict zymogen-like properties but
does assist proper folding of the protease domain,” Journal
of Biological Chemistry, vol. 276, no. 13, pp. 10366-10373,
2001.

D. Edbauer, E. Winkler, J. T. Regula, B. Pesold, H. Steiner,
and C. Haass, “Reconstitution of y-secretase activity,” Nature
Cell Biology, vol. 5, no. 5, pp. 486-488, 2003.

S. S. Sisodia and P. H. St George-Hyslop, “p-Secretase,
notch, A and alzheimer's disease: where do the preseni-
lins fit in?,” Nature Reviews Neuroscience, vol. 3, no. 4,
pp. 281-290, 2002.

L. Bertram and R. E. Tanzi, “Thirty years of Alzheimer's dis-
ease genetics: the implications of systematic meta-analyses,”
Nature Reviews Neuroscience, vol. 9, no. 10, pp. 768-778,
2008.

H. M. Wilkins and R. H. Swerdlow, “Amyloid precursor pro-
tein processing and bioenergetics,” Brain Research Bulletin,
vol. 133, pp. 71-79, 2017.

F. Fahrenholz, S. Gilbert, E. Kojro, S. Lammich, and
R. Postina, “a-Secretase activity of the disintegrin metallopro-
tease ADAM 10: influences of domain structure,” Annals of
the New York Academy of Sciences, vol. 920, no. 1, pp. 215-
222, 2006.



16

[64]

[65]

(66]

[67]

(68]

[69]

(70]

(71]

(72]

(73]

(74]

(75]

(76]

(771

(78]

C. Tanabe, N. Hotoda, N. Sasagawa, A. Sehara-Fujisawa,
K. Maruyama, and S. Ishiura, “ADAM109 is tightly associated
with constitutive Alzheimer’s disease APP a-secretase in
A172 cells,” Biochemical and Biophysical Research Communi-
cations, vol. 352, no. 1, pp- 111-117, 2007.

R. Vassar, B. D. Bennett, S. Babu-Khan et al., “B-secretase
cleavage of Alzheimer’s amyloid precursor protein by the
transmembrane aspartic protease BACE,” Science, vol. 286,
no. 5440, pp. 735-741, 1999.

M. S. Wolfe, “Inhibition and modulation of y-secretase for
Alzheimer’s disease,” Neurotherapeutics, vol. 5, no. 3,
pp. 391-398, 2008.

Y. Yonemura, E. Futai, S. Yagishita et al., “Comparison of
presenilin 1 and presenilin 2 y-secretase activities using a
yeast reconstitution system,” Journal of Biological Chemistry,
vol. 286, no. 52, pp. 44569-44575, 2011.

T. M. J. Allinson, E. T. Parkin, A. J. Turner, and N. M.
Hooper, “ADAMs family members as amyloid precursor pro-
tein a-secretases,” Journal of Neuroscience Research, vol. 74,
no. 3, pp. 342-352, 2003.

S. Bandyopadhyay, L. Goldstein, D. Lahiri, and J. Rogers,
“Role of the APP non-amyloidogenic signaling pathway and
targeting a-secretase as an alternative drug target for treat-
ment of Alzheimer’s disease,” Current Medicinal Chemistry,
vol. 14, pp. 2848-2864, 2007.

F. Tippmann, J. Hundt, A. Schneider, K. Endres, and
F. Fahrenholz, “Up-regulation of the a-secretase ADAMI0
by retinoic acid receptors and acitretin,” The FASEB Journal,
vol. 23, no. 6, pp. 1643-1654, 2009.

B. De Strooper, R. Vassar, and T. Golde, “The secretases:
enzymes with therapeutic potential in Alzheimer disease,”
Nature Reviews Neurology, vol. 6, no. 2, pp. 99-107, 2010.

A. Caccamo, S. Oddo, L. M. Billings et al., “M1 receptors play
a central role in modulating AD-like pathology in transgenic
mice,” Neuron, vol. 49, no. 5, pp. 671-682, 2006.

B. A. Wolf, A. M. Wertkin, Y. C. Jolly et al., “Muscarinic reg-
ulation of Alzheimer’s disease amyloid precursor protein
secretion and amyloid -protein production in human neu-
ronal NT2N cells,” Journal of Biological Chemistry, vol. 270,
no. 9, pp. 4916-4922, 1995.

M. Zimmermann, F. Gardoni, E. Marcello et al., “Acetylcho-
linesterase inhibitors increase ADAMI0 activity by promot-
ing its trafficking in neuroblastoma cell lines,” Journal of
Neurochemistry, vol. 90, no. 6, pp. 1489-1499, 2004.

L. Desire, M. Marcade, H. Peillon, D. Drouin, O. Sol, and
M. Pando, “Clinical trials of EHT 0202, a neuroprotective
and procognitive alpha-secretase stimulator for Alzheimer’s
disease,” Alzheimer's & Dementia, vol. 5, pp. 255-256, 2009.

L. Désiré, E. Blondiaux, J. Carriére et al., “Blood transcrip-
tomic biomarkers of Alzheimer’s disease patients treated with
EHT 0202, Journal of Alzheimer's Disease, vol. 34, no. 2,
pp. 469-483, 2013.

W. J. Deardorft, A. Shobassy, and G. T. Grossberg, “Safety
and clinical effects of EVP-6124 in subjects with Alzheimer’s
disease currently or previously receiving an acetylcholinester-
ase inhibitor medication,” Expert Review of Neurotherapeu-
tics, vol. 15, no. 1, pp. 7-17, 2015.

ALZFORUM, “Rare but severe side effects sideline some
phase 3 encenicline trials,” https://www.alzforum.org/news/
research-news/rare-severe-side-effects-sideline-some-phase-
3-encenicline-trials.

(79]

(80]

(81]

(82]

(83]

(84]

(85]

(86]

(87]

(88]

(89]

o
=

[91]

[92]

(93]

Oxidative Medicine and Cellular Longevity

S. Shacham, B. Milgram, J. Araujo et al., “O3-05-03: PRX-
03140: a novel 5-HT4 partial agonist with a dual cholinergic/-
disease-modifying mechanism for the treatment of Alzhei-
mer disease,” Alzheimer's & Dementia, vol. 2, p. S62, 2006.

F. Shen, J. A. M. Smith, R. Chang et al., “5-HT, receptor ago-
nist mediated enhancement of cognitive function in vivo and
amyloid precursor protein processing in vitro: a pharmaco-
dynamic and pharmacokinetic assessment,” Neuropharma-
cology, vol. 61, no. 1-2, pp. 69-79, 2011.

M. N. Sabbagh, “Drug development for Alzheimer's disease:
where are we now and where are we headed?,” The American
Journal of Geriatric Pharmacotherapy, vol. 7, no. 3, pp. 167-
185, 2009.

ClinicalTrial.gov, “A efficacy study of PRX-00023 in patients
with major depressive disorder,” March 2020, https://
clinicaltrials.gov/ct2/show/record/NCT00448292.

R. K. Sodhi and N. Singh, “Retinoids as potential targets for
Alzheimer's disease,” Pharmacology Biochemistry and Behav-
ior, vol. 120, pp. 117-123, 2014.

J. P. T. Corcoran, L. S. Po, and M. Maden, “Disruption of the
retinoid signalling pathway causes a deposition of amyloid f
in the adult rat brain,” European Journal of Neuroscience,
vol. 20, no. 4, pp. 896-902, 2004.

H. Fukasawa, M. Nakagomi, N. Yamagata et al., “Tamibaro-
tene: a candidate retinoid drug for Alzheimer’s disease,” Bio-
logical and Pharmaceutical Bulletin, vol. 35, no. 8, pp. 1206-
1212, 2012.

J. L. Cummings, K. Zhong, J. W. Kinney et al., “Double-blind,
placebo-controlled, proof-of-concept trial of bexarotene in
moderate Alzheimer’s disease,” Alzheimer's Research & Ther-
apy, vol. 8, no. 1, article 4, 2016.

K. Ghosal, M. Haag, P. B. Verghese et al., “A randomized
controlled study to evaluate the effect of bexarotene on amy-
loid-f and apolipoprotein E metabolism in healthy subjects,”
Alzheimer's & Dementia: Translational Research & Clinical
Interventions, vol. 2, no. 2, pp. 110-120, 2016.

M. S. Uddin, M. T. Kabir, K. Niaz et al, “Molecular
insight into the therapeutic promise of flavonoids against
Alzheimer’s disease,” Molecules, vol. 25, no. 6, article
1267, 2020.

R.dela Torre, S. de Sola, G. Hernandez et al., “Safety and effi-
cacy of cognitive training plus epigallocatechin-3-gallate in
young adults with Down’s syndrome (TESDAD): a double-
blind, randomised, placebo-controlled, phase 2 trial,” Lancet
Neurology, vol. 15, no. 8, pp. 801-810, 2016.

ClinicalTrial.gov, “Sunphenon EGCg (epigallocatechin-gal-
late) in the early stage of Alzheimer’s disease,” March 2020,
https://clinicaltrials.gov/ct2/show/NCT00951834.

F. Ullah, A. Liang, A. Rangel, E. Gyengesi, G. Niedermayer,
and G. Minch, “High bioavailability curcumin: an anti-
inflammatory and neurosupportive bioactive nutrient for
neurodegenerative diseases characterized by chronic neuro-
inflammation,” Archives of Toxicology, vol. 91, no. 4, article
1939, pp. 1623-1634, 2017.

R. B. Narasingapa, M. R. Jargaval, S. Pullabhatla et al., “Acti-
vation of a-secretase by curcumin-aminoacid conjugates,”
Biochemical and Biophysical Research Communications,
vol. 424, no. 4, pp. 691-696, 2012.

ClinicalTrial.gov, “A pilot study of curcumin and ginkgo for
treating Alzheimer’s disease,” March 2020, https://
clinicaltrials.gov/ct2/show/NCT00164749.


https://www.alzforum.org/news/research-news/rare-severe-side-effects-sideline-some-phase-3-encenicline-trials
https://www.alzforum.org/news/research-news/rare-severe-side-effects-sideline-some-phase-3-encenicline-trials
https://www.alzforum.org/news/research-news/rare-severe-side-effects-sideline-some-phase-3-encenicline-trials
https://clinicaltrials.gov/ct2/show/record/NCT00448292
https://clinicaltrials.gov/ct2/show/record/NCT00448292
https://clinicaltrials.gov/ct2/show/NCT00951834
https://clinicaltrials.gov/ct2/show/NCT00164749
https://clinicaltrials.gov/ct2/show/NCT00164749

Oxidative Medicine and Cellular Longevity

[94]

(95]

[96]

[97]

(98]

[99]

(100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

J. M. Ringman, S. A. Frautschy, E. Teng et al., “Oral cur-
cumin for Alzheimer’s disease: tolerability and efficacy in
a 24-week randomized, double blind, placebo-controlled
study,” Alzheimer's Research & Therapy, vol. 4, no. 5, arti-
cle 43, 2012.

T. J. Nelson, M. K. Sun, C. Lim et al., “Bryostatin Effects on
Cognitive Function and PKCe in Alzheimer’s Disease Phase
ITa and Expanded Access Trials,” Journal of Alzheimer's Dis-
ease, vol. 58, no. 2, pp. 521-535, 2017.

ClinicalTrial.gov, “A study assessing bryostatin in the treat-
ment of moderately severe to severe Alzheimer’s disease,”
March 2020, https://clinicaltrials.gov/ct2/show/
NCT02431468.

R. Silvestri, “Boom in the development of non-peptidic f3-
secretase (BACE1) inhibitors for the treatment of Alzhei-
mer’s disease,” Medicinal Research Reviews, vol. 29, no. 2,
pp. 295-338, 2009.

I. D. Hills and J. P. Vacca, “Progress toward a practical
BACE-1 inhibitor,” Current Opinion in Drug Discovery &
Development, vol. 10, no. 4, pp. 383-391, 2007.

ALZFORUM, “Lilly halts phase 2 trial of BACE inhibitor due
to liver toxicity,” March 2020, https://www.alzforum.org/
news/research-news/lilly-halts-phase-2-trial-bace-inhibitor-
due-liver-toxicity.

D. K. Lahiri, B. Maloney, J. M. Long, and N. H. Greig, “Les-
sons from a BACEI inhibitor trial: off-site but not off base,”
Alzheimer's & Dementia, vol. 10, no. 5S, pp. S411-5419,
2014.

M. E. Kennedy, A. W. Stamford, X. Chen et al., “The BACE1
inhibitor verubecestat (MK-8931) reduces CNS 3-amyloid in
animal models and in Alzheimer’s disease patients,” Science
Translational Medicine, vol. 8, no. 363, article 363ral50,
2016.

N. Hawkes, “Merck ends trial of potential Alzheimer’s drug
verubecestat,” BM]J, vol. 356, article j845, 2017.

W. J. Lukiw, “Emerging amyloid beta (Ab) peptide modula-
tors for the treatment of Alzheimer’s disease (AD),” Expert
Opinion on Emerging Drugs, vol. 13, pp. 255-271, 2008.

W. J. Lukiw, “Amyloid beta (Af) peptide modulators and
other current treatment strategies for Alzheimer’s disease
(AD),” Expert Opinion on Emerging Drugs, vol. 17, no. 1,
pp. 43-60, 2012.

K. W. Menting and J. A. H. R. Claassen, “[3-secretase inhibi-
tor; a promising novel therapeutic drug in Alzheimer’s dis-
ease,” Frontiers in Aging Neuroscience, vol. 6, 2014.

Q.-L. Ma, G. P. Lim, M. E. Harris-White et al., “Antibodies
against S-amyloid reduce af3 oligomers, glycogen synthase
kinase-3f3 activation and 7 phosphorylation in vivo and
in vitro,” Journal of Neuroscience Research, vol. 83, no. 3,
pp. 374-384, 2006.

S. W. Gerritz, W. Zhai, S. Shi et al., “Acyl guanidine inhibitors
of B-secretase (BACE-1): optimization of a micromolar hit to
a nanomolar lead via iterative solid- and solution-phase
library synthesis,” Journal of Medicinal Chemistry, vol. 55,
no. 21, pp. 9208-9223, 2012.

A. A. Thomas, K. W. Hunt, M. Volgraf et al., “Discovery
of 7-tetrahydropyran-2-yl chromans: f-site amyloid pre-
cursor protein cleaving enzyme 1 (BACE1) inhibitors that
reduce amyloid f-protein (Af) in the central nervous sys-
tem,” Journal of Medicinal Chemistry, vol. 57, no. 3,
pp- 878-902, 2014.

[109]

[110]

(111

[112]

[113]

(114

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

17

F. Prati, G. Bottegoni, M. L. Bolognesi, and A. Cavalli,
“BACE-1 inhibitors: from recent single-target molecules to
multitarget compounds for Alzheimer’s disease,” Journal of
Medicinal Chemistry, vol. 61, no. 3, pp. 619-637, 2018.

M. S. Malamas, K. Barnes, Y. Hui et al., “Novel pyrrolyl 2-
aminopyridines as potent and selective human f-secretase
(BACE]) inhibitors,” Bioorganic ¢ Medicinal Chemistry Let-
ters, vol. 20, no. 7, pp. 2068-2073, 2010.

ClinicalTrial.gov, “A safety study of LY2811376 single doses
in healthy,” October 2019, https://clinicaltrials.gov/ct2/
show/NCT00838084.

P.C.May, R. A. Dean, S. L. Lowe et al., “Robust central reduc-
tion of amyloid-f in humans with an orally available, non-
peptidic B-secretase inhibitor,” The Journal of Neuroscience,
vol. 31, no. 46, pp. 16507-16516, 2011.

P. C. May, B. A. Willis, S. L. Lowe et al., “The potent BACE1
inhibitor LY2886721 elicits robust central af pharmacody-
namic responses in mice, dogs, and humans,” The Journal
of Neuroscience, vol. 35, no. 3, pp. 1199-1210, 2015.

ClinicalTrials.gov, “Study of LY2886721 in mild cognitive
impairment due to Alzheimer’s disease or mild Alzheimer’s
disease,” https://clinicaltrials.gov/ct2/show/NCT01561430.

“Lilly voluntarily terminates phase II study for LY2886721, a
beta secretase inhibitor, being investigated as a treatment for
Alzheimer’s disease,” https://investor.lilly.com/news-
releases/news-release-details/lilly-voluntarily-terminates-
phase-ii-study-1y2886721-beta.

R. Yan, “Stepping closer to treating Alzheimer’s disease
patients with BACEL1 inhibitor drugs,” Translational Neuro-
degeneration, vol. 5, no. 1, article 13, 2016.

H. Jacobsen, L. Ozmen, A. Caruso et al., “Combined treatment
with a BACE inhibitor and anti-a antibody gantenerumab
enhances amyloid reduction in APPLondon mice,” The Jour-
nal of Neuroscience, vol. 34, no. 35, pp. 11621-11630, 2014.

I. D. Hills, M. Katharine Holloway, P. de Ledn et al., “A con-
formational constraint improves a [3-secretase inhibitor but
for an unexpected reason,” Bioorganic & Medicinal Chemis-
try Letters, vol. 19, no. 17, pp. 4993-4995, 2009.

AstraZeneca, AstraZeneca and Lilly announce alliance to
develop and commercialise BACE inhibitor AZD3293 for Alz-
heimer’s diseasehttps://www.astrazeneca.com/media-centre/
press-releases/2014/astrazeneca-lilly-bace-inhibitor-
azd3293-alzheimers-disease-16092014.html#!.

G. Cebers, R. C. Alexander, S. B. Haeberlein et al., “AZD3293:
pharmacokinetic and pharmacodynamic effects in healthy
subjects and patients with Alzheimer’s disease,” Journal of
Alzheimer's Disease, vol. 55, no. 3, pp. 1039-1053, 2016.

ALZFORUM, “Lanabecestat,” March 2020, https://www
.alzforum.org/therapeutics/azd3293.

J. D. Scott, S. W. Li, A. P. J. Brunskill et al., “Discovery of the
3-imino-1,2,4-thiadiazinane 1,1-dioxide derivative verubece-
stat (MK-8931)-a f3-site amyloid precursor protein cleaving
enzyme 1 inhibitor for the treatment of Alzheimer’s disease,”
Journal of Medicinal Chemistry, vol. 59, no. 23, pp. 10435-
10450, 2016.

ALZFORUM, “Verubecestat,” March 2020, https://www
.alzforum.org/therapeutics/verubecestat.

Business Wire, “Merck announces discontinuation of APECS
study evaluating verubecestat (MK-8931) for the treatment of
people with prodromal Alzheimer’s disease,” https://www
.businesswire.com/news/home/20180213006582/en/Merck-


https://clinicaltrials.gov/ct2/show/NCT02431468
https://clinicaltrials.gov/ct2/show/NCT02431468
https://www.alzforum.org/news/research-news/lilly-halts-phase-2-trial-bace-inhibitor-due-liver-toxicity
https://www.alzforum.org/news/research-news/lilly-halts-phase-2-trial-bace-inhibitor-due-liver-toxicity
https://www.alzforum.org/news/research-news/lilly-halts-phase-2-trial-bace-inhibitor-due-liver-toxicity
https://clinicaltrials.gov/ct2/show/NCT00838084
https://clinicaltrials.gov/ct2/show/NCT00838084
https://clinicaltrials.gov/ct2/show/NCT01561430
https://investor.lilly.com/news-releases/news-release-details/lilly-voluntarily-terminates-phase-ii-study-ly2886721-beta
https://investor.lilly.com/news-releases/news-release-details/lilly-voluntarily-terminates-phase-ii-study-ly2886721-beta
https://investor.lilly.com/news-releases/news-release-details/lilly-voluntarily-terminates-phase-ii-study-ly2886721-beta
https://www.astrazeneca.com/media-centre/press-releases/2014/astrazeneca-lilly-bace-inhibitor-azd3293-alzheimers-disease-16092014.html#!
https://www.astrazeneca.com/media-centre/press-releases/2014/astrazeneca-lilly-bace-inhibitor-azd3293-alzheimers-disease-16092014.html#!
https://www.astrazeneca.com/media-centre/press-releases/2014/astrazeneca-lilly-bace-inhibitor-azd3293-alzheimers-disease-16092014.html#!
https://www.alzforum.org/therapeutics/azd3293
https://www.alzforum.org/therapeutics/azd3293
https://www.alzforum.org/therapeutics/verubecestat
https://www.alzforum.org/therapeutics/verubecestat
https://www.businesswire.com/news/home/20180213006582/en/Merck-Announces-Discontinuation-APECS-Study-Evaluating-Verubecestat
https://www.businesswire.com/news/home/20180213006582/en/Merck-Announces-Discontinuation-APECS-Study-Evaluating-Verubecestat

18

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

Announces-Discontinuation-APECS-Study-Evaluating-
Verubecestat.

ALZFORUM, “Bump in the road or disaster? BACE inhibi-
tors worsen cognition.,” https://www.alzforum.org/news/
conference-coverage/bump-road-or-disaster-bace-
inhibitors-worsen-cognition.

R. J. Bateman, E. R. Siemers, K. G. Mawuenyega et al.,, “A
gamma-secretase inhibitor decreases amyloid-beta produc-
tion in the central nervous system,” Annals of Neurology,
vol. 66, no. 1, pp. 48-54, 2009.

E.R. Siemers, R. A. Dean, S. Friedrich et al., “Safety, tolerabil-
ity, and effects on plasma and cerebrospinal fluid amyloid-
beta after inhibition of gamma-secretase,” Clinical Neuro-
pharmacology, vol. 30, no. 6, pp. 317-325, 2007.

H. F. Dovey, V. John, J. P. Anderson et al., “Functional
gamma-secretase inhibitors reduce beta-amyloid peptide
levels in brain,” Journal of Neurochemistry, vol. 76, no. 1,
pp. 173-181, 2009.

D. Abramowski, K.-H. Wiederhold, U. Furrer et al., “Dynam-
ics of Af3 turnover and deposition in different 3-amyloid pre-
cursor protein transgenic mouse models following Y-
secretase inhibition,” The Journal of Pharmacology and
Experimental Therapeutics, vol. 327, no. 2, pp. 411-424, 2008.

B. De Strooper, W. Annaert, P. Cupers et al., “A presenilin-1-
dependent y-secretase-like protease mediates release of notch
intracellular domain,” Nature, vol. 398, no. 6727, pp. 518-
522, 1999.

P. C. Wong, H. Zheng, H. Chen et al, “Presenilin 1 is
required for Notch 1 and DIII expression in the paraxial
mesoderm,” Nature, vol. 387, no. 6630, pp. 288-292, 1997.
J. Shen, R. T. Bronson, D. F. Chen, W. Xia, D. J. Selkoe, and
S. Tonegawa, “Skeletal and CNS defects in presenilin-1-
deficient mice,” Cell, vol. 89, no. 4, pp. 629-639, 1997.

G. H. Searfoss, W. H. Jordan, D. O. Calligaro et al., “Adipsin,
a biomarker of gastrointestinal toxicity mediated by a func-
tional y-secretase inhibitor,” Journal of Biological Chemistry,
vol. 278, no. 46, pp. 46107-46116, 2003.

G. T. Wong, D. Manfra, F. M. Poulet et al., “Chronic treat-
ment with the y-secretase inhibitor LY-411,575 inhibits f3-
amyloid peptide production and alters lymphopoiesis and
intestinal cell differentiation,” Journal of Biological Chemistry,
vol. 279, no. 13, pp. 12876-12882, 2004.

T. Li, H. Wen, C. Brayton et al., “Epidermal growth factor
receptor and notch pathways participate in the tumor sup-
pressor function of y-secretase,” Journal of Biological Chemis-
try, vol. 282, no. 44, pp. 32264-32273, 2007.

B. Bulic, J. Ness, S. Hahn, A. Rennhack, T. Jumpertz, and
S. Weggend, “Chemical biology, molecular mechanism and
clinical perspective of y-secretase modulators in Alzheimer’s
disease,” Current Neuropharmacology, vol. 9, no. 4, pp. 598-
622, 2011.

S.-Y. Hung and W.-M. Fu, “Drug candidates in clinical trials
for Alzheimer’s disease,” Journal of Biomedical Science,
vol. 24, no. 1, article 47, 2017.

S. Weggen, J. L. Eriksen, P. Das et al., “A subset of NSAIDs
lower amyloidogenic A342 independently of cyclooxygenase
activity,” Nature, vol. 414, no. 6860, pp. 212-216, 2001.

L. Chévez-Gutiérrez, L. Bammens, 1. Benilova et al., “The
mechanism of y-secretase dysfunction in familial Alzheimer
disease,” The EMBO Journal, vol. 31, no. 10, pp. 2261-2274,
2012.

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

Oxidative Medicine and Cellular Longevity

M. Okochi, S. Tagami, K. Yanagida et al., “y-Secretase modu-
lators and presenilin 1 mutants act differently on presenil-
in/y-secretase function to cleave AB42 and Ap43,” Cell
Reports, vol. 3, no. 1, pp. 42-51, 2013.

M. G. Bursavich, B. A. Harrison, and J.-F. Blain, “Gamma
secretase modulators: new Alzheimer’s drugs on the hori-
zon?,” Journal of Medicinal Chemistry, vol. 59, no. 16,
pp. 7389-7409, 2016.

J. L. Eriksen, S. A. Sagi, T. E. Smith et al., “NSAIDs and enan-
tiomers of flurbiprofen target y-secretase and lower A[342
in vivo,” The Journal of Clinical Investigation, vol. 112,
no. 3, pp. 440-449, 2003.

B. P. Imbimbo, “Why did tarenflurbil fail in Alzheimer’s dis-
ease?,” Journal of Alzheimer's Disease, vol. 17, no. 4, pp. 757-
760, 2009.

L. Peretto, S. Radaelli, C. Parini et al., “Synthesis and biologi-
cal activity of flurbiprofen analogues as selective inhibitors of
B-Amyloid, ,, secretion,” Journal of Medicinal Chemistry,
vol. 48, no. 18, pp. 5705-5720, 2005.

S. Baumann, N. Héttecke, R. Schubenel, K. Baumann, and
B. Schmidt, “NSAID-derived y-secretase modulators. Part
III: membrane anchoring,” Bioorganic ¢ Medicinal Chemis-
try Letters, vol. 19, no. 24, pp. 6986-6990, 2009.

D. Oehlrich, D. J.-C. Berthelot, and G. HJM, “y-Secretase
modulators as potential disease modifying anti-Alzheimer’s
drugs,” Journal of Medicinal Chemistry, vol. 54, no. 3,
pp. 669-698, 2011.

M. Z. Kounnas, C. Lane-Donovan, D. W. Nowakowski,
J. Herz, and W. T. Comer, “NGP 555, a y-secretase modula-
tor, lowers the amyloid biomarker, A 42, in cerebrospinal
fluid while preventing Alzheimer’s disease cognitive decline
in rodents,” Alzheimer's & Dementia: Translational Research
& Clinical Interventions, vol. 3, no. 1, pp. 65-73, 2017.

M. Mullan, F. Crawford, K. Axelman et al., “A pathogenic
mutation for probable Alzheimer's disease in the APP gene
at the N-terminus of B-amyloid,” Nature Genetics, vol. 1,
no. 5, pp. 345-347, 1992.

T. Hashimoto, A. Ishibashi, H. Hagiwara, Y. Murata,
O. Takenaka, and T. Miyagawa, “P1-236: E2012: a novel
gamma-secretase modulator-pharmacology part,” Alzhei-
mer’s & Dementia, vol. 6, p. S242, 2010.

H. Amino, H. Hagiwara, Y. Murata, H. Watanabe, T. Sasaki,
and T. Miyagawa, “P3-307: E2012: a novel gamma-secretase
modulator-mechanism of action,” Alzheimer's ¢ Dementia,
vol. 6, pp. S541-S542, 2010.

C. Nagy, E. Schuck, A. Ishibashi, Y. Nakatani, B. Rege, and
V. Logovinsky, “P3-415: E2012, a novel gamma-secretase
modulator, decreases plasma amyloid-beta (Af) levels in
humans,” Alzheimer'’s & Dementia, vol. 6, article S574, 2010.

K. Nakano-Ito, Y. Fujikawa, T. Hihara et al., “E2012-induced
cataract and its predictive biomarkers,” Toxicological Sci-
ences, vol. 137, no. 1, pp. 249-258, 2014.

Y. Yu, V. Logovinsky, E. Schuck et al., “Safety, tolerability,
pharmacokinetics, and pharmacodynamics of the novel y-
secretase modulator, E2212, in healthy human subjects,”
Journal of Clinical Pharmacology, vol. 54, no. 5, pp. 528-
536, 2014.

S. S. El-Amouri, H. Zhu, J. Yu, R. Marr, I. M. Verma, and
M. S. Kindy, “Neprilysin: An Enzyme Candidate to Slow the
Progression of Alzheimer's Disease,” The American Journal
of Pathology, vol. 172, no. 5, pp. 1342-1354, 2008.


https://www.businesswire.com/news/home/20180213006582/en/Merck-Announces-Discontinuation-APECS-Study-Evaluating-Verubecestat
https://www.businesswire.com/news/home/20180213006582/en/Merck-Announces-Discontinuation-APECS-Study-Evaluating-Verubecestat
https://www.alzforum.org/news/conference-coverage/bump-road-or-disaster-bace-inhibitors-worsen-cognition
https://www.alzforum.org/news/conference-coverage/bump-road-or-disaster-bace-inhibitors-worsen-cognition
https://www.alzforum.org/news/conference-coverage/bump-road-or-disaster-bace-inhibitors-worsen-cognition

Oxidative Medicine and Cellular Longevity

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

M. H. Mohajeri, M. A. Wollmer, and R. M. Nitsch, “Ap42-
induced increase in neprilysin is associated with prevention
of amyloid plaque Formationin vivo,” Journal of Biological
Chemistry, vol. 277, no. 38, pp. 35460-35465, 2002.

X. Wang, G. Sun, T. Feng et al,, “Sodium oligomannate ther-
apeutically remodels gut microbiota and suppresses gut bac-
terial amino acids-shaped neuroinflammation to inhibit
Alzheimer's disease progression,” Cell Research, vol. 29,
no. 10, pp. 787-803, 2019.

D. Paris, C. Bachmeier, N. Patel et al., “Selective antihyper-
tensive dihydropyridines lower Af3 accumulation by targeting
both the production and the clearance of Af across the
blood-brain barrier,” Molecular Medicine, vol. 17, no. 3-4,
pp. 149-162, 2011.

D. Boche and J. A. R. Nicoll, “The role of the immune system
in clearance of Abeta from the brain,” Brain Pathology,
vol. 18, no. 2, pp. 267-278, 2008.

J. Sevigny, P. Chiao, T. Bussiére et al., “The antibody aduca-
numab reduces A plaques in Alzheimer's disease,” Nature,
vol. 537, no. 7618, pp. 50-56, 2016.

ALZFORUM, “Aducanumab,” March 2020, https://www
.alzforum.org/therapeutics/aducanumab.

S.J. B. Vos, C. Xiong, P. J. Visser et al., “Preclinical Alzhei-
mer's disease and its outcome: a longitudinal cohort study,”
The Lancet Neurology, vol. 12, no. 10, article
S1474442213701947, pp. 957-965, 2013.

ALZFORUM, “Crenezumab,” March 2020, https://www
.alzforum.org/therapeutics/crenezumab.

A. A. Mamun, M. S. Uddin, B. Mathew, and G. M. Ashraf,
“Toxic taw: structural origins of tau aggregation in Alzhei-
mer’s disease,” Neural Regeneration Research, vol. 15, no. 8,
pp. 1417-1420, 2020.

M. S. Uddin, T. Devesh, A. A. Mamun et al., “Circadian and
sleep dysfunction in Alzheimer’s disease,” Ageing Research
Reviews, vol. 60, article 101046, 2020.

L. Martin, X. Latypova, and F. Terro, “Post-translational
modifications of tau protein: Implications for Alzheimer's
disease,” Neurochemistry International, vol. 58, no. 4,
pp. 458-471, 2011.

L. Martin, X. Latypova, C. M. Wilson et al., “Tau protein
kinases: Involvement in Alzheimer's disease,” Ageing
Research Reviews, vol. 12, no. 1, pp. 289-309, 2013.

J. Avila, “Tau phosphorylation and aggregation in Alzhei-
mer’s disease pathology,” FEBS Letters., vol. 580, no. 12,
Pp. 29222927, 2006.

M. S. Uddin, M. T. Kabir, M. M. Rahman, B. Mathew, M. A.
Shah, and G. M. Ashraf, “TV 3326 for Alzheimer’s dementia:
a novel multimodal ChE and MAO inhibitors to mitigate
Alzheimer’s-like neuropathology,” Journal of Pharmacy and
Pharmacology, 2020.

M. Hoshi, A. Takashima, K. Noguchi et al., “Regulation of
mitochondrial pyruvate dehydrogenase activity by tau pro-
tein kinase I/glycogen synthase kinase 3beta in brain,” Pro-
ceedings of the National Academy of Sciences of the United
States of America, vol. 93, no. 7, pp. 2719-2723, 1996.

A. Takashima, K. Noguchi, G. Michel et al., “Exposure of rat
hippocampal neurons to amyloid 8 peptide (25-35) induces
the inactivation of phosphatidyl inositol-3 kinase and the
activation of tau protein kinase I/glycogen synthase kinase-
33, Neuroscience Letters, vol. 203, no. 1, pp. 33-36, 1996.

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

19

J. C. Cruz, H. C. Tseng, J. A. Goldman, H. Shih, and L. H.
Tsai, “Aberrant Cdk5 activation by p25 triggers pathological
events leading to neurodegeneration and neurofibrillary tan-
gles,” Neuron, vol. 40, no. 3, pp. 471-483, 2003.

W. Noble, V. Olm, K. Takata et al., “Cdk5 is a key factor in
tau aggregation and tangle formation in vivo,” Neuron,
vol. 38, no. 4, pp. 555-565, 2003.

K. Baumann, E. M. Mandelkow, J. Biernat, H. Piwnica-
Worms, and E. Mandelkow, “Abnormal Alzheimer-like
phosphorylation of tau-protein by cyclin-dependent kinases
cdk2 and cdk5,” FEBS Letters, vol. 336, no. 3, pp. 417-424,
1993.

B. A. Hollander, G. S. Bennett, and G. Shaw, “Localization of
sites in the tail domain of the middle molecular mass neuro-
filament subunit phosphorylated by a neurofilament-
associated kinase and by casein kinase 1,” Journal of Neuro-
chemistry, vol. 66, no. 1, pp. 412-420, 2002.

P. N. Tariot and P. S. Aisen, “Can lithium or valproate untie
tangles in Alzheimer’s disease?,” Journal of Clinical Psychia-
try, vol. 70, no. 6, pp. 919-921, 2009.

H. Hampel, M. Ewers, K. Biirger et al., “Lithium trial in Alz-
heimer’s disease: a randomized, single-blind, placebo-con-
trolled, multicenter 10-week study,” The Journal of Clinical
Psychiatry, vol. 70, no. 6, pp. 922-931, 2009.

V. Tell and A. Hilgeroth, “Recent developments of protein
kinase inhibitors as potential AD therapeutics,” Frontiers in
Cellular Neuroscience, vol. 7, 2013.

Y. Wen, E. Planel, M. Herman et al., “Interplay between
cyclin-dependent kinase 5 and glycogen synthase kinase
3 Mediated by neuregulin signaling leads to differential effects
on tau phosphorylation and amyloid precursor protein pro-
cessing,” The Journal of Neuroscience, vol. 28, no. 10,
Pp. 2624-2632, 2008.

G. Lee, R. Thangavel, V. M. Sharma et al., “Phosphorylation
of tau by Fyn: implications for Alzheimer’s disease,” The
Journal of Neuroscience, vol. 24, no. 9, pp. 2304-2312, 2004.

K. Bhaskar, G. A. Hobbs, S. H. Yen, and G. Lee, “Tyrosine
phosphorylation of tau accompanies disease progression in
transgenic mouse models of tauopathy,” Neuropathology
and Applied Neurobiology, vol. 36, no. 6, pp. 462-477, 2010.

K. Bhaskar, S. H. Yen, and G. Lee, “Disease-related modifica-
tions in tau affect the interaction between Fyn and tau,” Jour-
nal of Biological Chemistry, vol. 280, no. 42, pp. 35119-35125,
2005.

G. Lee, S. Todd Newman, D. L. Gard, H. Band, and
G. Panchamoorthy, “Tau interacts with src-family non-

receptor tyrosine kinases,” Journal of Cell Science, vol. 111,
pp. 3167-3177, 1998.

[183] ClinicalTrial.gov, “Masitinib in patients with mild to

moderate Alzheimer’s disease,” March 2020, https://
clinicaltrials.gov/ct2/show/NCT01872598.


https://www.alzforum.org/therapeutics/aducanumab
https://www.alzforum.org/therapeutics/aducanumab
https://www.alzforum.org/therapeutics/crenezumab
https://www.alzforum.org/therapeutics/crenezumab
https://clinicaltrials.gov/ct2/show/NCT01872598
https://clinicaltrials.gov/ct2/show/NCT01872598

	Novel Anti-Alzheimer’s Therapeutic Molecules Targeting Amyloid Precursor Protein Processing
	1. Introduction
	2. Approved Anti-Alzheimer’s Drugs
	3. Amyloid Precursor Protein Processing
	4. Anti-Alzheimer’s Molecules Targeting α-Secretase
	4.1. GABAA Receptor Modulators and PDE4 Inhibitors
	4.2. Partial α7-nAChR Agonists
	4.3. Partial 5-HT4 Receptor Agonists
	4.4. Natural α-Secretase Modulators
	4.4.1. Retinoids
	4.4.2. Epigallocatechin-3-Gallate
	4.4.3. Curcumin
	4.4.4. Bryostatin-1


	5. Anti-Alzheimer’s Molecules Targeting β-Secretase
	5.1. Acyl Guanidine-Based Inhibitors
	5.2. 2-Aminopyridine-Based Inhibitors
	5.3. Aminothiazine- and Aminooxazoline-Based Inhibitors
	5.4. Aminoimidazole-Based Inhibitors
	5.5. Iminothiadiazinane Dioxide-Based Inhibitors

	6. Anti-Alzheimer’s Molecules Targeting γ-Secretase
	6.1. NSAID-Derived γ-Secretase Modulators
	6.2. Non-NSAID-Derived γ-Secretase Modulators

	7. Anti-Alzheimer’s Molecules Targeting Aβ Accumulation
	8. Anti-Alzheimer’s Molecules Targeting the Phosphorylation Signaling in APP Processing
	9. Conclusions
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments

