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Abstract: Alzheimer's disease (AD) is the most common form of dementia in elder
people, characterised by a progressive decline in memory as a result of an
impairment of cholinergic neurotransmission. To date acetylcholinesterase inhibitors
(AChEIs) have become the most prescribed drugs for the symptomatic treatment of
mild to moderate AD. However, the traditional “one molecule-one target” paradigm
is not sufficient and appropriate to yield the desired therapeutic efficacy since

multiple factors, such as amyloid-p (AP) deposits, neuroinflammation, oxidative stress, and decreased levels of
acetylcholine (ACh) have been thought to play significant roles in the AD pathogenesis. New generation of multi-target
drugs is earnestly demanded not only for ameliorating symptoms but also for modifying the disease. Herein, we delineated
the catalytic and non-catalytic functions of AChE, and summarized the works of our group and others in research and
development of novel AChEI-based multi-target-directed ligands (MTDLs), such as dual binding site AChEIs and multi-
target AChEIs inhibiting AP aggregation, regulating AP procession, antagonizing platelet-activating factor (PAF) receptor,
scavenging oxygen radical, chelating metal ions, inhibiting monoamine oxidase B (MAO-B), blocking N-methyl-D-aspartic

acid (NMDA) receptor and others.
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1. INTRODUCTION

Alzheimer's disease (AD) is the most common form of
dementia affecting the elderly population and contributes to
60-70% cases. AD is characterised by a progressive decline
in memory and general cognitive abilities. The cause for
most AD cases is still unknown except for 1% to 5% of
cases where genetic mutations have been identified. Several
existed hypotheses try to explain the cause of the disease,
such as genetics, cholinergic hypothesis, amyloid hypothesis,
and Tau hypothesis. But it has been widely accepted that the
cognitive deficit of AD patients is a result of the loss of
cholinergic neurons and synapses and the resulting
impairment of cholinergic neurotransmission in the cerebral
cortex and certain subcortical regions [1]. However, none of
the ongoing treatments developed on the basis of the
“cholinergic hypothesis” i.e. acetylcholinesterase inhibitors
(AChEIs), and even the more recently approved N-methyl-
D-aspartic acid (NMDA) receptor antagonist, memantine,
has proven to be effective to stop the progression of AD [2,
3]. Given the relative ineffectiveness of AChEIs and the
current understanding of AD molecular biology, it is now
recognized that modulating multiple targets simultaneously,
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instead of the “one molecule-one target” paradigm, appears
to be the best pharmacological instrument for tackling the
disease.

2. STRUCTURAL AND FUNCTIONAL DETER-
MINANTS OF ACETYLCHOLINESTERASE (AChE)
IN AD ETIOLOGY

2.1. Catalytic Function of AChE and Cholinergic Deficit
Hypothesis of AD

AChE is a hydrolase belonging to carboxylesterase
family of enzymes. Its classic function is hydrolyzing neuronal
signal messenger acetylcholine (ACh) in the synaptic cleft to
terminate the cholinergic neurotransmission. The “cholinergic-
deficit hypothesis” arising in the mid-1970s asserts that loss
of the cholinergic neurons (nucleus basalis of meynert) of the
basal forebrain that project to the cortex and hippocampus,
also marked by reduced choline acetyltransferase (ChAT)
and ACh, is accountable for the memory loss and cognitive
disturbances in AD [4]. Accordingly, AChE inhibition could
increase the amount of ACh and agonize M1 muscarinic
acetylcholine receptor in hippocampus, and consequently
leads to the downstream regulation related to amyloid
precursor protein (APP) processing [5, 6], neuroprotection
[7, 8], learning and memory [9] (Fig. 1). Thus, AChE is
conferred as one of the rare available drug targets for AD
intervention.

Owing to the efforts made by Sussman JL group, the first
X-ray crystal structure of AChE from torpedo californica

©2016 Bentham Science Publishers
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Fig. (1). Mechanism of action of the enzyme AChE in cholinergic-deficit hypothesis. Revised from Francis PT et al. (2012). Expert Review
of Neurotherapeutics, 12, 1351-1365 and Serge G ef al. CMAJ, (2002), 166(5), 616-23.

was unveiled in 1993 [10]. AChE possesses the core
catalytic triad: Ser 200, His 440 and Glu 327, which is deep
inside the narrow gorge responsible for ACh hydrolysing.
The elucidation of key catalytic region in AChE facilitates
scientific research in AChE catalytic mechanism and
molecular binding modes. Since then a lot of AChEIs have
been developed taking advantage of the precise binding
pockets information provided by structural biologists. There
are currently four FDA-proved AChEIs including donepezil
(Aricept®), rivastigmine (Exelon®), galantamine (Reminyl®,
Razadyne®), and tacrine (Cognex®) commercially available
[11, 12]. Huperzine A, a potent reversible and selective
AChE], is proved to be used for AD in China. Nowadays
new AChE structure of homo sapiens exhibits subtle but
significant difference from that of forpedo californica or
other species, which provides more accurate evidence for
rational AChEI design [13].

2.2. Non-catalytic Function of AChE and Amyloid
Hypothesis of AD

According to the alternative splicing of AChE mRNA,
there are three main post-transcriptional AChEs (AChE-T,
AChE-R, and AChE-H). Different splicing variants present
distinctive tissue distributions and consequently diverse
functions, such as neurogenesis, cell adhesion, synaptotoxicity,
apoptosis, etc. The non-classic function of AChE is defined
as all non-catalytic activities on account of polymorphism

and has gained more and more attention from researchers
worldwide [14, 15]. Distributing in central neuronal system,
AChE-T is the main isoform discussed in AD.

As we know, amyloid hypothesis suggests that A
deposition is an important pathogenic marker of the onset
and progressive AD. Excluding hydrolyzing ACh, AChE is
also found to colocalize with AP in senile plaques. Study
from Inestrosa et al. [16] revealed AChE as a molecular
chaperone, which accelerates AP assembling into oligomers
and fibrils in amyloidosis via peripheral anionic sites (PAS).
PAS, located around the external region of AChE narrow
gorge, serve as the secondary binding sites of ACh and
quaternary ligands without enzymatic activity and are
accountable for some of non-catalytic activities. PAS
inhibitors could sterically block ACh entrance into catalytic
core in an uncompetitive mode as well as PAS-induced A
oligomerization. Therefore, PAS has emerged as a hotspot
for novel AChEI development.

In line with the traditional approach “one molecule-one
target”, the discovery of AChEIs has been perceived as a
major breakthrough in the field. However, this class of drugs
has not met with the expected success since they can only cause
a modest improvement in memory and cognitive function but
can not exert real disease-altering effects in terms of reversing
or slowing the progression of the neurodegeneration [17].
Thus, dual AChEIs simultaneously blocking both the
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Fig. (2). The catalytic and peripheral sites of AChE (a) and the binding model of bis(9)-(-)-nor-MEP to AChE (b) and BuChE (¢). Xie, Q.,

Wang, H. et al. Journal of medicinal chemistry 2008, 51(7), 2027-36.

catalytic and peripheral sites might not only alleviate the
cognitive deficit of AD patients by elevating ACh levels in
synaptic cleft but also act as disease-modifying agents
delaying amyloid plaque formation.

Over the past few years, our laboratory has been
committed to the dual AChEIs with successful achievements.
Our attention focused particularly on meptazinol (MEP)
known as a racemic opioid analgesic exhibiting moderate
AChE inhibition potency. We synthesized a series of bis-(-)-
nor-MEP derivatives (Fig. 2a) by binding two (-)-nor-MEP
monomers with alkylene linkers to interact simultaneously
with both catalytic and peripheral sites of AChE [18]. These
derivatives displayed AChE inhibitory activities closely
related to the length of the alkylene chain, in contrast to
butyrocholinesterase (BuChE) inhibition. The most active
AChE inhibitor within the series possessed an alkylene chain
of nine methylene groups between both (-)-nor-MEP units
(Fig. 2b,c), exhibiting AChE inhibitive activity 10000-fold
higher than that of (-)-MEP (ICso = 3.9 nM vs 41 pM).
Moreover, this compound prevented AChE-induced AP
aggregation as expected, with an ICs, value of 16.6 uM
comparable with that of propidium (12.8 pM) and could
significantly reverse the scopolamine-induced memory
deficits in mice.

Based on the fact that PAS ligand propidium could
partially inhibit AChE induced AP aggregation [16],
additional binding sites on AChE were suggested
participating in AChE-AP interaction. Hou ef al. from our
group have discovered a motif located in the N-terminal of
AChE (N7-20) showed highly structural similarity with
ApB16.40, and induced AP aggregation evidently in vitro [19].

Studies from Vaux et al. have found another aggregation-
prone motif in the C-terminal of AChE, which is
homologous to AB [20]. AP oligomers play a crucial role in
AD pathology through a7 nicotine acetylcholine receptor (a7
nAChR) interaction. Greenfield group has confirmed the
regulatory effect of this C-terminal motif on a7 nAChR [14].
Compared with cell membrane-binding C-terminal, N-
terminal of AChE faces intercellular space and may possess
more freedom to interact with AP, even o7 nAChR.
Therefore, the potential interaction between the N-terminal
of AChE and a7 nAChR, which may contribute to
understanding the pathogenesis of AD, should be unveiled
urgently.

3. Towards a Further Understanding of the Multifactorial
Nature of AD

In the light of new compelling evidence, neuroscientists
have come to the conclusion that AD has been handled in an
inappropriate way and agreed to acknowledge that no
sustained therapeutic solution can be expected from AChEIs
alone. In fact, AD is multifactorial and heterogeneous in
nature and extends well beyond the cholinergic system (Fig. 3)
[21]. Its classical neuropathological features comprise fibrillar
AP deposits, neurofibrillary tangles, neuronal cell death and
synaptic loss; but it is just the tip of the iceberg. Ingenuity™
Pathway Analysis (IPA") indicates that dozens of targets and
hundreds of endogenous biomolecules have been proved to
participate in AD pathophysiology. More recently, the
amyloid cascade hypothesis [22] that links the cause of AD
solely to P-sheet-rich amyloid fibrils deposits has been
revised. Low molecular-weight oligomeric assemblies of A3
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Fig. (3). Diagram for multifactorial nature of Alzheimer’s disease. Revised from Herrup K, ef a/. Nature Neuroscience, 2015, 794-799.

peptide have been confirmed as the key pathogenetic
effectors in the earlier stage of AD.

Recent advances provide a fascinating insight into the
complexities of AD physiopathology. Behind the scene, it’s
an integrated network with genetic risks, molecular
interactions and cellular homeostasis regulation. By virtue of
genome-wide association study (GWAS) and whole-exome/
genome sequencing techniques, genetic risk factor genes or
loci such as APOE, PSENI, TREM?2, and SORLI are constantly
discovered to provide us more underlying pathogenic drivers.
The expression of familial AD (fAD) and sporadic AD
(sAD) related risk genes trigger the downstream molecules
chaos. Excessive A-initiated pathological cascade can give
rise to chronic inflammation and oxidative stress, two
hallmarks reported to play a key role in AD pathogenesis and
progression.

It is now well documented that all signs of inflammatory
microglial and astroglial activation are evident around Af
deposits and along the axons of neurons with intracellular
neurofibrillary tangles. Af-activated microglia sparks the
release of several neurotoxic inflammatory factors such as
inducible nitric oxide synthase (iNOS), interleukin-1f (IL-1pB),
interleukin-6 (IL-6) and tumour necrosis factor-o. (TNF-o)
which in turn lead to neuronal apoptosis [23]. In addition, the
platelet-activating factor (PAF), a potent pro-inflammatory
mediator, has been recognized as an essential component
underlying the devastating effects of Af that lead to neuronal
death and dementing disorder [24-26].

There is also a great deal of evidence demonstrating that
mitochondria damage, cell membrane receptors dysfunction
and autophagy accompany with the appearance of senile
plaques and neurofibrillary tangles. Moreover, monoamine
oxidase B (MAO-B) activity is also increased in the AD
brain, reflecting gliosis which results in oxidative stress [23,
27]. Another relevant finding is that amyloid peptide induces
an excessive release of glutamate that promotes Ca*" influx
into neuronal cells through glutamate receptor-coupled
channels such as NMDA receptor [12, 28]. This process ends
in a substantial increase in [Ca®']; responsible for the hyper-
activation of NO synthase, the production of reactive oxygen
species (ROS) and the up-regulation of a variety of kinases
involved in tau protein phosphorylation.

All of these pathogenic events are potential targets and
can be viewed as conclusive evidence supporting the fact
that targeting AChE alone, or the “one molecule-one target”
concept in general, appears clinically irrelevant and
inadequate to handle effectively a complex syndrome like
AD. Thus, multifunctional compounds may be beneficial in
AD therapy and any drug design strategy should take into
consideration this compelling hypothesis.

4. THE MULTI-TARGET DIRECTED LIGANDS
(MTDLs), ANEW PARADIGM FOR AD THERAPY

Due to the complexities of AD physiopathology, multi-
target approaches develop fast in the recent years. Among
them AChE inhibition is usually taken in consideration for
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its symptomatic amelioration. As we summarised in the third
section, many factors involved in AD pathology might be
the potential targets for the disease therapy, such as PAF,
beta-site amyloid precursor protein cleavage enzyme 1
(BACEL), ROS, MAO-B, metal ions, and so on. The further
understanding of cellular and molecular mechanisms
underlying AD neurodegeneration helps reshape drug design
strategies to counter particular step of the neurotoxic
cascade. Today, there is a growing recognition that
modulating multiple targets including AChE simultaneously
may considerably enhance efficacy with highly satisfactory
outcomes [29-32]. Fortunately, medicinal chemists are
capable to rationally design specific compounds exhibiting
various pharmacological actions. Using universal chemical
approaches, this challenging task can be achieved by
carefully combining two or several structural features with
specific single-target activity into one structure. Another way
of achieving success is simply to perform appropriate
modifications on the basic structure of existing molecules to
yield multiple ligands able to span several targets. The
challenges lying behind these rational approaches are
enormous; reaching the desired dual or multiple profiles may
turn out to be a tough process that ends up in failure.
Actually, the constraints related to the structure-activity
relationships (SAR) of the interested chemical motif make it
sometimes difficult to link together several distinct phar-
macophores without losing their associated functionalities.

In clinic, AChEIs are sometimes prescribed with other
drugs to achieve more clinical efficacy. The memantine-
donepezil or mematine-rivastigmine combination therapy
leads to significant benefit over donepezil or rivastigmine
alone [33-36]. In contrast to “drug cocktails”, MTDLs may
present, along with therapeutic benefits, some attractive
assets in terms of satisfactory pharmacoeconomy profile,
predictable  pharmacokinetic =~ and  pharmacodynamic
relationship coupled with enhanced patient compliance.
However it should be noted that, in some cases, designing
multifunctional drugs by binding several pharmacophores
together could be a limiting factor, as it could lead to high-
molecular-weight molecules exhibiting poor "drug-likeness"
[37]. The paradigm of AD drug development mainly focuses
on AChEI-based MTDLs including 1) dual binding site
AChEIs inhibiting AP aggregation, 2) novel AChEIs
regulating AP procession, 3) novel AChEIs antagonizing
PAF receptor, 4) novel AChEIs scavenging oxygen radical,
5) novel AChEIs inhibiting MAO-B, 6) novel AChEIs
chelating metal ions, 7) novel AChEIs blocking NMDA
receptor and others.

4.1. Dual Binding Site AChEIs Inhibiting AP Aggregation

Represented by bis-(-)-nor-MEP derivatives mentioned
above, dual binding site AChEIs targeting both CAS and
PAS of AChE opened the prelude of AChEI-based MTDLs.
As tacrine was the first FDA-approved drug for AD therapy,
now rarely used owing to its hepatotoxicity, it was chosen to
be a preferred backbone for novel AChEIs. Gemma et al.
reported the development of a series of novel tacrine-huperzine
A (THA-HA) hybrids synthesized on 3-methylbicyclo-
[3.3.1]non-3-ene scaffold [38]. These THA-HA hybrids were

Wang et al.

able to simultaneously interact with multiple interaction sites
(catalytic, mid-gorge, and peripheral) of either AChE or
BuChE. The introduction of the 3-methylbicyclo-[3.3.1]non-
3-ene moiety conferred on THA-HA hybrids a markedly
improved inhibitory potency against both hAChE and
hBuChE (in the nanomolar range) compared with tacrine and
huperzine A. Similar studies were undertaken by Mufioz-
Ruiz et al. who reported the design, synthesis and in vitro
pharmacology of a series of tacrine-indole heterodimers as
dual binding site AChEIs able to interfere with A
aggregation [39]. These heterodimeric derivatives contain a
1,2,3,4-tetrahydroacridine (tacrine) ring as catalytic anionic
site binding unit and an indole ring as peripheral site binding
unit, connected by an appropriate linker; the synthesis
methodology was using either carbamate or amide
functionalities within the linker. Later, Kwon ef al. reported
the synthesis and pharmacological evaluation of new
piperidine derivatives having dual inhibition of AChE and
AP aggregation [40]. To bind to the AChE catalytic site, they
designed an ester with aromatic entity. As for the peripheral
site, another aromatic group was associated. The blockage of
AP oligomerization was brought about by a long and linear
molecular structure containing a hydrophobic group.

4.2. Novel AChEIs Regulating A Procession

On the basis of the involvement of PAS in A
aggregation process, Piazzy et al. reported two coumarin
derivatives AP2238 and AP2243 as AChEIs with anti-Af}
aggregating activities [41]. As they were also interested in
another attractive target, BACEI, a transmembrane aspartyl
protease responsible for N-terminal cleavage of APP and A
peptide production, they performed some modifications on
AP2243  structure [42] and obtained potent BACEI]
inhibitors AP2238 with ICsy ranging up to 99 nM. After
further modification of AP2238, a new derivative AP2469
was able to inhibit AB4, self-aggregation, APs, oligomer
neurotoxicity and ROS formation in neuronal and microglial
cells [43]. That makes AP2469 a potential multifunctional
AD therapeutic candidate together with its prototypical
AChE and BACE] inhibitory and antioxidant performance.

There were also AChEIs regulating amyloidogenesis by
directly interfering with APP production. One of (-)-MEP
phenylcarbamate derivatives reported by our group, Meserine,
executed dual actions against cholinergic deficiency and
amyloidogenesis by inhibiting AChE and APP translation.
In vivo study showed that Meserine could ameliorate
scopolamine-induced dementia and alleviate amyloidogenesis
in mice [44].

Recent update from Cedric et al. reported donecopride
based on combination of AChEI donepezil and a partial
serotonin subtype 4 receptor (5-HT4R) agonist RS67333 [45].
Apart from being AChEI (ICso = 16 nM) and 5-HT,R partial
agonist (Ki = 10.4 nM), it also promoted soluble amyloid
precursor protein o (sSAPPa) release (ECsp = 11.3 nM) as
APP non-amyloidogenic cleavage promotor. /n vivo test
showed donecopride could improve memory performances.
All these results suggested donecopride as a promising AD
treatment candidate.
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4.3. Novel AChEIs Antagonizing PAF Receptor

It’s well known that neuroinflammation is an obvious
sign in microglial and astroglial activation accompany with
AP deposition and neurofibrillary tangles. Severe neuro-
inflammatory reaction may exacerbate neurodegenerative
progression. As a potent pro-inflammatory mediator, PAF
shows elevated level in AD brain. Thus, MTDLs against
PAF and AChE are expected with more desired treatment
potency.

In the last decade, our collaborators Prof. Godfroid et al.
synthesized a series of tetrahydrofuran derivatives presenting
a dual inhibition of PAF receptor and AChE [46, 47].
PMS777 (Fig. 4a), one of the promising compounds within
the series, has proven to exert multiple functions in vitro and
even in vivo. PMS777 (1-100 pM) could dose-dependently
inhibit PAF-induced rabbit platelet aggregation and
markedly inhibit brain AChE activity in mice with a modest
selectivity for AChE [48]. It was also able to fight oxidative
injury [49, 50], modulate the release of pro-inflammatory
mediators [51], attenuate PAF-induced neurocytotoxicity and
neuroinflammation [52, 53], and regulate APP processing in
vitro [54]. Additionally, in vivo study found that PMS777
could reverse spatial memory deficits induced by
scopolamine in mouse model [48]. Thereafter, the group
synthesized another series of piperazine derivatives, among
which PMS1339 (Fig. 4b) was the most effective one with
an additional inhibition of AChE-induced AP aggregation
compared with PMS777. Enzymatic analysis showed
PMS1339 inhibited AChE in a mixed-mode competitive
way. Molecular docking results showed PMS1339 fit well
into the active site gorge of AChE, simultaneously binding
the catalytic and peripheral site residues (Fig. 4¢) [55].

4.4. Novel AChEIs Scavenging Oxygen Radical

The latest advances in AD research highlighted the
crucial role of free radical formation, oxidative cell damage
in the pathogenesis and progression of AD. Drugs that
specifically scavenge oxygen radical may have a particular
therapeutic efficacy. For this reason, Rodriguez-Franco et al.
focused their research on dual acting drugs that combine
AChE inhibitory and antioxidant properties in a single
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molecule [56]. They successfully synthesized new hybrids of
tacrine and melatonin. It is worth noting that melatonin is a
neurohormone whose secretion decreases during aging,
especially in AD patients. It has been reported that melatonin
possesses strong antioxidant properties with a direct
scavenging function on a variety of ROS, exhibits protective
effects against Af-induced apoptosis in microglia and
improves learning and memory in AD model rats [57-59]. In
addition to antioxidant properties, the new tacrine-melatonin
derivatives exhibited in vitro AChE inhibitory activity (ICs
values ranging from sub-nanomolar to picomolar) with
selectivity for AChE over BuChE. Recently updated research
about melatonin scaffold came from Cheng SB ef al. who
designed a series of novel (-)-meptazinol-melatonin hybrids
[60]. Compared with parental drugs, one of these derivatives
7c displayed dual inhibitory potency toward AChE and A
self-aggregation and AChE-induced AP aggregation, in
addition to oxygen radical absorbance capacity (ORAC).
Rosini et al. also proposed the design of molecules that can
simultaneously exhibit several pharmacological properties,
such as the enhancement of cholinergic transmission, inhibition
of AP accumulation and oxidative stress [61]. They thereby
reported the synthesis of hybrids yielded by connecting
together the key structural features of both tacrine (THA)
and lipoic acid (LA). Particular attention has been focused
on LA in consistence with its pharmacological properties
including antioxidant activity and neuroprotection against
AB-induced neurotoxicity [62-64]. As expected, lipocrine,
one of the THA-LA derivatives emerged from subsequent in
vitro assessments as an effective compound endowed with
multiple biological properties including the inhibition of
both AChE and BuChE, inhibition of AChE-induced AP
aggregation and protection of neurons against ROS.

Bolognesi et al. used a series of polyamine derivatives
possessing dual actions (i.e. AChE inhibition and muscarinic
M2 receptor antagonism) as starting scaffolds, and converted
them into MTDLs by incorporating into their backbones a
chemical entity with antioxidant function [65]. Still maintaining
the AChE inhibitory activity, the replacement of the inner
polymethylene chain of the polyamine derivatives by a
benzoquinone moiety conferred on the resulting molecules,
2,5-bis(diamino)-1,4-benzoquinone  derivatives,  various

Fig. (4). Structural formula of PMS777 (a) and PMS1339 (b) and the binding model of PMS1339 to AChE (c).
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additional functions including ROS scavenging function,
inhibition of BACE1 and AChE-mediated AP aggregation.
Another interesting observation in their study was that memoquin,
one of these derivatives, caused an effective recovery from
the cholinergic deficit, tau hyperphosphorylation, Af
deposition, and behavioral abnormalities in AD11 anti-NGF
mice, a transgenic model of AD. Interestingly, Rizzo et al.
designed a series of 2-arylbenzofuran derivatives capable of
inhibiting AChE and ROS [66]. Moreover, one compound
showed good selectivity and moderate affinity to cannabinoid
receptor (CB1) receptor, which is beneficial to neuroprotection.
Indanone and ebselen were also considered as functional
groups in AChEIs design with additional antioxidant
property. Colleagues from Li’s lab developed new AD drug
candidates such as a fusion of donepezil and ebselen [67]
acquired AChE inhibition and peroxide scavenging activity.
Furthermore, a series of indanone derivatives [68] were
designed with nanomolar inhibition of AChE, some of which
showed significant anti-Af aggregation and antioxidant
activities.

4.5. Novel AChEIs Inhibiting MAO-B

Recent studies have shown that MAO-B activity is
increased in the cortex of AD patients and consequently
produces an elevation of brain levels of hydroxyl radicals
which is connected to the deposition of AP plaques. Thus,
MAO-B inhibitors have been proposed for the treatment of
AD. Sterling et al. describes the preparation and preliminary
in vitro screening of two series of dual MAO and AChE
inhibitors. They used rasagiline and selegiline, MAO-B
inhibitors with neuroprotective functions related to their
propargyl groups, and introduced a carbamate moiety to confer
on either rasagiline (Series I, N-propargylaminoindans) or
selegiline (Series II, N-propargylphenethylamines) the AChE
inhibitory activity. In an exploration of coumarin derivatives
as MAO inhibitors, Bruhlmann ef al. surprisingly discovered
that some of them were also endowed with inhibitory
activity towards AChE [69]. They thereby undertook some
investigations relating to AChE inhibition of several
analogues of 7-hydroxycoumarin that strongly inhibit MAO-
A and MAO-B with marked MAO-B selectivity. After
many attempts, they obtained 7-[(chlorobenzyl) oxy]-3,4-
dimethylcoumarin which was particularly interesting
because it was the best AChE inhibitor ranking among the
best MAO-B inhibitors as well. The next step for these
authors is to set up a better assessment and optimization of
anti-AChE activity without the loss of MAO-B inhibition.
What’s more, based on ASS234, an antioxidant and AChE
and AP aggregation inhibitor, MBA236 was identified as a
promising new cholinesterase and MAO dual inhibitor by
Bautista-Aguilera et al. [70].

4.6. Novel AChEIs Chelating Metal Ions

Metal ion is an indispensable part in AD pathology. Two
hallmarks of AD, both AP and tau, have enrolled metal ions
in respective proteopathy. High-level accumulation of zinc,
copper and iron ions has been observed in the amyloid
plagues of AD patient, and the function of these metal ions
in amyloid formation has been well documented [71]. Metal
ions cause metal-specific changes in the kinetics of Af
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aggregation and also contribute to higher ROS production
and toxicity since metal ions such as copper can catalyse
ROS itself. Therefore, based on metal ion clearance strategy,
metal chelators have become one of the most employed
function groups for AChEI-based MTDLs.

More recently, Bolognesi et al. proposed a design
strategy to convert a dual-binding site AChEI into triple
functional compounds [65]. Their starting scaffold was a
bivalent ligand that encompassed two tacrine units bound
together by a heptylene linker of optimized length in order to
contact simultaneously with both catalytic and peripheral
sites of AChE (bis-tacrine: Y= (CH,)s, Fig. 5a). To rationally
convert this bivalent ligand into a triple functional compound,
the authors focused on the linker as the carrier of a third
biological activity defined by metal chelation. Moreover,
bis-tacrine derivatives have been yielded by successively
replacing the heptylene chain of bis-tacrine with carbonyl,
oxalamide and polyethylene glycol chains of similar length.
Subsequent in vitro assays demonstrated that the bis-tacrine
derivatives maintain a potent inhibiting activity against
AChE and AChE-induced AP aggregation, and at the same
time exhibit an additional property as metal chelators.

In order to augment metal chelating function, our group
designed two novel bis-(-)-nor-MEP derivatives (Fig. 5b, ¢)
by inserting oxalamide or ethylenediamine group to the
linker [72]. This modification retained the original potency
of bis-(-)-nor-MEP and endowed these derivatives with
metal ion chelation competence. Docking studies suggested
that they were able to interact with both the catalytic and
peripheral anionic sites of AChE (Fig. 5d).

Akiko Kochi et al. combined an AChEI and an Ap-
targeted metal chelator into a single molecule to contribute a
novel hybrid of 6-chlorotacrine and metal-A} modulator
[73]. The hybrid showed potent inhibition of AChE,
interaction with Cu2+, Zn2+, control of metal-free or metal-
associated AP} aggregation and disaggregation.

4.7. Novel AChEIs Blocking NMDA Receptor and Others

AD pathology presents neuronal lesion on multi-neuro-
transmission systems, including cholinergic, glutamatergic,
dopaminergic, serotoninergic and etc. Synapse receptors
enriched in hippocampus are important hubs for neuronal
regulation. Compounds targeting on corresponding receptors
will ameliorate synaptotoxicity and be beneficial to AD
treatment. Among these receptors, NMDA receptor, associated
with synapse plasticity, has been proved to be involved in
glutamatergic dysfunction in AD pathology (Fig. 1) and
become a promising AD therapeutic target [74]. Yvonne
Rook et al. reported some bivalent B-carbolines as potent
NMDA receptor blockers with AChE/BuChE inhibition. The
most promising compound was N°-homobivalent B-carboline
with a nonylene spacer, which displayed ICs, values of 0.5
nM for AChE, 5.7 nM for BuChE, and 1.4 uM for NMDA
receptor, respectively [75]. Comparable success was achieved
by hybrids, carbacrine (linking tacrine and carvedilol)
and memagal (bridging galantamine and memantine) [76,
77], which were multifunctional inhibitors inhibiting AP
aggregation and ROS generation as well as AChE and
NMDA receptor.



AChE Inhibition-based Multi-target-directed Ligands

(a)

Bis-tacrine derivatives

®

HO
(©

HO

Bis-(-)-nor-MEP derivatives

0
H
N/\/\EJHTN\/\/N LS
0

Current Neuropharmacology, 2016, Vol. 14, No. 4 371

(d)

OH

His 440

OH

Fig. (5). Structural formula of a) bis-tacrine derivatives, b), ¢) bis-MEP derivatives and d) the binding modes of bis-MEP, bis-MEP
derivatives (green, purple and yellow, respectively) at the TcAChE gorge.

For the growing knowledge of AD pathophysiology,
more and more new targets are under consideration in multi-
target strategies of AD therapy, such as serotonin transporter
[78], cannabinoid CB, receptor [79], Ca’" channel [80],
histamine receptor [81], efc. These studies provide us fresh
angles to dig out solutions to the disease.

4.8. Others

Recently, natural drugs have gained great attention due to
their excellent efficacy and low side effects. Traditional
Chinese herb medicine, which is one of precious treasures in
China, has become a rich source of innovative drugs [82]. In
China, herb medicine has been used to treat dementia for a
very long time [83]. A diversity of bioactive compounds
with different chemical scaffolds has been derived from the
medicinal herbs and proved to be effective in preclinical and
clinical studies, some of which even possess multi-target
properties. Huperzine A is an alkaloid isolated from the
Chinese herb Huperzia serrata. 1t is a potent, highly
selective, reversible AChEI with neuroprotective and
antioxidant activities. Huperzine A has been a licensed anti-
AD drug in China since 1994 and now is commercially
available as a food supplement in US for its ability to improve
memory and mental function [84]. Moreover, well-studied
natural compounds such as (-)-Epigallocatechin-3-gallate
(EGCG) and resveratrol have been reported as AChE
inhibitors [85]. And natural medicine gingko biloba,
curcumin and quinoline exhibit neuroprotective, antioxidant

and antinflammatory properties beneficial for the treatment
of AD.

Based on the template of nature compounds, new AChEI-
based MTDLs were designed by scaffold hopping, fragment
assembly, or structure optimization. Several derivatives of
huperzine A have been prepared to achieve multi-target
strategies. ZT-1 is a Schiff derivative of Huperzine A and
hydrolyzed nonenzymatically into the active compound
Huperzine A in the body. ZT-1 reversed the memory deficits
in AD rat and monkey models and showed safe and well
tolerated in phase I clinical study [86]. Phase II clinical trial
for efficacy assessment in mild and moderate AD patients
has been completed in Europe. Bis-huperzine A is a dual
binding AChEI targeting both active and peripheral anionic
sites of AChE by linking two huperzine A compounds with a
nonamethylene spacer. Both in vitro and in vivo studies have
proved it as a potential dual inhibitor of AChE and A
aggregation [87]. Notably, informatics technique such as
computer aided drug design (CADD) and bioinformatics
have been widely used in drug discovery and biomedical
research to seek more disease related targets and regulators.
Bansode et al. applied FDA-approved CNS drugs in docking
studies for drug repositioning. The tricyclic antidepressant,
representative protriptyline, was suggested potential inhibitors
against AChE, BACE1 and AP aggregation [88]. Similar
docking protocol suggested silibinin, a hepatoprotective
agent, as an inhibitor of AChE and A peptide aggregation
for the treatment of AD [89].
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Recently, by collecting and mining the compound
structural data of Jun, Chen, Zuo, and Shi herbs in
Buzhongyiqi decoction prescription, a Traditional Chinese
Medicine (TCM) recipe used to treat dementia and
myasthenia gravis, and the AChE inhibitor structural data,
we proved that the active components of Buzhongyiqi
decoction are mainly existing in the Jun and Shi herbs. These
active components are flavonoid derivatives as AChE
inhibitors. Our work provided a precise insight into TCM
efficacy and a solid method of drug discovery by identifying
active components from Chinese herb medicine.

5. CONCLUSION AND PERSPECTIVES

Given the recent achievements relating to the field of
AD, there is no reason we can still expect a sustained
therapeutic solution from “one molecule-one target”
AChEIs. It is apparent from observations above-mentioned
that any drug design strategy should comply with the
emerging “one molecule-multiple targets” approach to
effectively address the multifactorial nature of AD. In
contrast to traditional AChEIs, the new generation of multi-
target AChEIs may be more relevant than ever. The present
investigations showed that, in addition to AChE inhibiting
activity, the effects of novel anti-AChE agents can be
strengthened by various other functions including inhibition
of AChE-induced AP aggregation and/or Af self-aggregation,
metal chelation, free radical-scavenging activity, MAO
inhibition, efc. Hence, their capacity to modulate several
molecular targets simultaneously makes them as real
disease-modifying agents with improved clinical outcome in
AD. Following the rise of more powerful diagnostic tools
such as molecular probes for neuroimaging or whole genome
sequencing for precision medicine, AD pathology may be
dissected into specific progressive periods according to the
evolvement of related pathologic targets. Then specifically
drug or gene interventions will be expected for AD
individuals’ recovery. As the mainstream treatment for AD,
AChEI-based MTDLs will be persisted as the cornerstone
for the development of versatile anti-AD drugs.
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LIST OF ABBREVIATIONS

ACh = acetylcholine

AChE = acetylcholinesterase

AChEI = acetylcholinesterase inhibitor

AD = alzheimer disease

ApB = amyloid beta

BACE 1 = beta-site amyloid precursor protein
cleavage enzyme 1

BuChE = butyrocholinesterase

CADD = computer aided drug design

CB; = cannabinoid receptor

ChAT = choline acetyltransferase

GWAS = genome-wide association study

IL-1B = interleukin-1f3

IL-6 = interleukin-6

iNOS = nitric oxide synthase

MAO = monoamine oxidase B

MEP = meptazinol

MTDL = multi-target directed ligand

NMDA = N-methyl-D-aspartic acid

PAF = platelet-activating factor

PAS = peripheral anionic site

ROS = reactive oxygen species

SAPPa = soluble amyloid precursor protein o

SAR = structure-activity relationship

THA-HA = tacrine-huperzine A

TNF-a = tumour necrosis factor-ou

5-HT, = serotonin subtype 4
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