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ABSTRACT

Alzheimer’s disease is a multifactorial and fatal neurodegenerative disorder characterized
by decline of cholinergic function, deregulation of other neurotransmitter systems, beta-
amyloid fibril deposition, and beta-amyloid oligomers formation. Based on the
involvement of a relevant number of biological systems in Alzheimer’s disease
progression, multitarget compounds may enable therapeutic efficacy. Accordingly,
compounds possessing, besides anticholinergic activity and beta-amyloid aggregation
inhibition properties, metal chelating and/or nitric oxide releasing properties with
additional antioxidant capacity were developed. Other targets relevant to Alzheimer’s
disease have also been considered in the last years for producing multitarget compounds
such as beta-secretase, monoamino oxidases, serotonin receptors and sigma 1 receptors.
The purpose of this review will be to highlight recent reports on the development of
multitarget compounds for Alzheimer’s disease published within the last years focusing

on multifunctional ligands characterized by tacrine-like and donepezil-like structures.

Keywords: Cholinesterases, Acetylcholinesterase, Butyrylcholinesterase, Alzheimer’s disease, B-
Amyloid, Multi-Target-Directed Ligand, Beta secretase, Monoamine oxidases, Reactive Oxygen Species,
Nitric oxide, Histamine receptor, Serotonin receptors
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1. Introduction

Alzheimer disease (AD), the leading cause of dementia among elderly people, is a
multifactorial and fatal neurodegenerative disorder characterized by a decline of
cholinergic function. AD is hallmarked by the neuropathological accumulation of
amyloid beta (AP) plaques in the extracellular compartment and by the intracellular

accumulation of hyperphosphorylated tau protein in the form of neurofibrillary tangles.



Although the molecular mechanisms of AD pathogenesis have not yet been clearly
understood, so far the use of acetylcholinesterase (AChE) and butyrylcholinesterase
(BuChE) inhibitors represents the only therapeutic approach to the disease.
Cholinesterase inhibitors (ChEls), able to improve cognitive functions, only treat disease
symptoms and lack disease-modifying effects (Sadowski and Wisniewski, 2007), though,
as better explained later, AChE also accelerates the assembly of AP into amyloid fibrils
(Alvarez et al., 1997). Nevertheless, all the currently registered drugs for the treatment of
AD are ChEIs (donepezil, rivastigmine, and galantamine, Fig. 1) with the exception of
the N-methyl-D-aspartate (NMDA) antagonist memantine (licensed in several countries
for treatment of moderate to severe AD) (Cummings, 2004; Standridge, 2004). The ChEI
tacrine, the first drug approved for the treatment of AD, was withdrawn (Qizilbash et al.,
2007) due to its hepatotoxicity (Lagadic-Gossmann et al., 1998). The narrowness of the
therapeutic options makes treatment of AD the current biggest unmet medical need in
neurology. Further, as the human population continues to age, AD prevalence is expected
to reach epidemic levels unless a disease-modifying anti-Alzheimer’s drug (DMAAD)
can be found (Mount and Downton, 2006). Although incomplete, the -current
understanding of the disease process is sufficient to facilitate the development of rational
therapeutic strategies. AChE and BuChE are the catabolic enzymes responsible for
acetylcholine (ACh) hydrolysis, and it is known that in brains with degenerative changes
which suffer a loss of AChE, BuChE has a compensatory role in the hydrolysis of ACh
thus making it an additional target for increasing the cholinergic tone in AD patients
affected by severe symptoms (Greig ef al., 2005). Indeed, in those patients, the levels of
ACHhHE decrease while those of BuChE increase, particularly in brain areas associated with
learning and memory (Reid et al., 2013). In fact, BuChE influences cognition, awareness,

and behavior by modulating ACh levels in the central nervous system (CNS) (Podoly et



al., 2009). Thus, dual inhibition of AChE and BuChE could improve the symptomatic

treatment of AD.
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Fig. 1 Drugs approved by the U.S. Food and Drug Administration (FDA) for the
treatment of AD (note that tacrine, approved in 1993, was discontinued in the U.S. in

May 2012 as better specified in the text in introduction paragraph).

Dysfunction of the cholinergic system has been established as the most prominent
neurotransmitter abnormality of AD patients (cholinergic hypothesis of AD); however
cognitive, behavioural and neuropsychiatric symptoms have been linked to deregulation
of other neurotransmitter systems such as glutamatergic, serotonergic, adrenergic and
peptidergic (Thathiah and De Strooper, 2011). Increasing evidence supports the role of
the serotonergic system in learning and memory processes and serotonergic system
signaling impairment has been well documented in AD patients (Thathiah and De

Strooper, 2011).

The amyloid cascade hypothesis of AD postulates that aberration in the

proteolytic processing of amyloid precursor protein (APP) leads to increased levels of



soluble AP peptides which unbalance the amyloid deposits and correlates with cognitive
decline and synaptic dysfunction in AD (Benilova ef al., 2012; Hamley, 2012; Walsh and
Selkoe, 2007). Sequential APP proteolysis by a-, B-, and y-secretases produces APi-40
and APi-42, the two major isoforms of AP found in AD brains (Butini et al., 2013b).
Since B-secretase (beta-site APP-cleaving enzyme 1, BACE-1) catalyzes the key step in
the production of AP, (Hong et al., 2000) it has been proposed as an attractive target for
AD therapy (Venugopal et al., 2008). As a consequence, a series of inhibitors of this
enzyme have been developed in the last decade (Butini et al., 2013b; Butini et al.,
2013c). It is known that ChEs also play a key role in the progress of AD since AChE co-
localizes with AP in the senile plaques and enhances the formation of A fibrils rate,
forming stable complexes with them (Bartolini et al., 2003). It has also been proved that
this process takes place in the proximity of the peripheral anionic binding site (PAS) of
AChE (Ferrari et al., 2001). Consequently, AChEIs able to bind the PAS of the enzyme
are potential inhibitors of AB-accelerated aggregation, and can be considered multitarget

compounds (Bartolini ef al., 2003).

The formation of AP deposits in the brain is a seminal step and it was associated
with the development and progression of AD. Recent advances have demonstrated that
the pathological assembly of AP closely correlates with the level of soluble A
oligomers. It is indeed now widely accepted that AP toxicity is mainly related to A
prefibrillar and brain permeable species since AP oligomers have been shown to
accelerate neuronal cell death and to adversely affect synaptic function (Hamley, 2012).
Moreover, the interaction of AP oligomers was recently reported with several proteins
such as glutamatergic receptors (NMDA) and proteins responsible for maintaining

glutamate homeostasis (Danysz and Parsons, 2012; Lauren et al., 2009). Since the



NMDA receptors are involved in neuronal plasticity (including learning and memory)
their interaction with AP makes evident the central role of AP also in neuronal plasticity.
Other significant factors have been undoubtedly related to AD, which might be
relevant for the development of DMAADs. Aging people display a dysfunctional
antioxidant protection system which lacks efficacy in abolishing the effects of oxidative
species. This leads to an increase of oxidative stress (OS) that represents a risk factor for
the beginning and progression of AD (Rosini et al., 2014). This hypothesis is supported
by evidence linking OS to the onset of the classical signs of AD (senile plaques and

neurofibrillary tangles) (Zhu et al., 2004).

Overwhelming evidence points iron, copper, and zinc as relevant metals in the
pathogenesis of AD, either by direct interaction with AP, thus increasing its aggregation,
or by enhancing the production of reactive oxygen species (ROS) and hydrogen peroxide
induced by AP (Nasica-Labouze et al., 2015; Smith et al., 2007). Consequently, the
modulation of the homeostasis of these biometals is a potential therapeutic strategy for
AD therapy (Storr et al., 2006). In non-AD individuals, APP and AP interact with the
mentioned metal species in a subtle equilibrium. Disruption of this balance drives to an
anomalous AP metabolism as well as to a change in copper and zinc uptake, leading to
the formation of fibrillar AB. The formation of fibrils can induce an inflammatory
reaction with consequent decrease of pH, also modifying the zinc homeostasis
(Cuajungco and Faget, 2003). Zinc is thus released into the cellular environment and this
triggers the events that lead to OS-induced cell death. Copper ions are then free to
compete for zinc binding site on extracellular AP deposits, which can catalyse hydrogen
peroxide production by AP. The reaction of copper (II) ions with AP produces AP
radicals and copper (I) ions. These latter ions can react with molecular oxygen thus

producing hydrogen peroxide. As a consequence of the inflammatory response, a highly



reactive free radical, nitric oxide (NO) is released to regulate the process (Thomas et al.,

2008).

The therapeutic potential of monoamine oxidase inhibitors (MAOIs) for the
treatment of AD and other neurodegenerative diseases has been proposed based on their
neuroprotective properties (Finberg, 2014). It is well known their ability to reduce the
formation of neurotoxic products, such as hydrogen peroxide and aldehydes, which can

promote the generation of ROS (Song et al., 2013).

Based on the multiple evidence that supports the involvement of a relevant
number of biological systems in AD progression, multitarget compounds may enable
therapeutic efficacy. This has led to the innovative approach based on multi-target
directed ligands (MTDLs) for the development of DMAADs possessing, besides
anticholinergic activity and AP aggregation inhibition properties, metal chelating and/or
NO releasing properties with additional antioxidant capacity (Bolognesi et al., 2007).

The increasing number of reviews published during the last few years (Bajda et
al., 2011; Carreiras et al., 2013; Leon et al., 2013) on multifunctional agents as potential
drug candidates for AD, testifies the attractiveness of this topic and the continuously
growing research activity in the field. Accordingly, the purpose of this review has been to
update and highlight recent reports on multitarget compounds for AD published within
the last years. We have paid particular attention to multifunctional ligands designed from
tacrine and donepezil as reference drugs, and in each section we have discussed the
chemical hits and their modifications providing lead compounds for possible pre-clinical

studies.

1.1 Mechanism of action of the AChE Inhibitors.



Based on the mode of inhibition, the therapeutically-used ChEIs outlined in Fig. 1
behave as reversible inhibitors. In the last decades a large number of crystallographic
analyses have been made available allowing a better understanding of the recognition
pattern between the AChE enzyme and its inhibitors at the molecular level. These data
have greatly helped the scientists in the rational design of novel chemical entities able to
maximize the interactions within the enzyme gorge by specifically targeting key enzyme
hot-spots (Butini et al., 2008a) and particularly relevant recognition sites. The same
studies have clearly highlighted the different regions that can be targeted by a ligand to
potently inhibit AChE. As depicted in Fig. 2, AChE features two distinct binding sites,
which are respectively placed at the entrance of the gorge and at the bottom of the same,
namely the PAS and the Catalytic Site (CAS), respectively. While CAS represents the
binding site for both substrates and inhibitors, the PAS is targeted by enzyme inhibitors.
The PAS is mainly composed of aromatic residues such as Y124, W286, F295, R296 and
F297 (human AChE numbering), where the presence of W286 confers to this region an
anionic character. The CAS is formed by W86 (which is known to stabilize the cationic
head of ACh) and the catalytic triad (H447, E334 and S203). Between CAS and PAS, a
mid-gorge recognition site (Y72, D74, S125 F338 and Y341) was also identified where
the D74 lateral chain represents a key enzyme moiety which plays a role in improving
inhibition potency (Butini ef al., 2008a; Savini ef al., 2003).

Based on the mode of interaction with the gorge, the AChE inhibitors (AChEIs)
can be further grouped in catalytic site inhibitors (e.g. tacrine), which only bind the CAS

of the enzyme, and dual site inhibitors (e.g. donepezil) able to bind both CAS and PAS.



Fig 2. Crystal structures of tacrine (violet purple sticks) in complex with Torpedo

californica AChE (TcAChE) (panel A; PDB ID: 1ACJ in green cartoon) (Harel et al.,
1993), and of donepezil (cyan sticks) in complex with ZAChE (panel B; PDB ID: 4EY7
in orange cartoon) (Cheung ef al., 2012). H-bonds are represented by dotted lines, while
the catalytic triad (#FAChE H447, E334 and S203) is represented by sticks and the red
spheres represent the water molecules. CAS and PAS tryptophan residues (W) are
highlighted as spheres. The pictures were generated by PyMOL (The PyMOL Molecular

Graphics System, v1.6-alpha; Schrodinger LLC, New York, NY, 2013).

Notably, the interaction with AChE of the potent (ICso < 10 nM) inhibitors tacrine
and donepezil was studied at the molecular level by means of X-ray diffraction analysis.
Since the complex ZAChE/tacrine is not available, given the sequence identity of the
binding site of Auman and TcAChE the interactions of tacrine into 7cAChE are expected
to be superimposable to those with ZAChE. Particularly, tacrine is able to interact only
with the residues located at CAS and mid-gorge recognition sites (Fig. 2A). In fact, it

establishes a n- © stacking with W86 (corresponding to W84 in 7cAChE) and a series of

10



hydrophobic contacts with Y341 (Y334 in 7cAChE) and H447 (H440 in TcAChE) at the
CAS. Furthermore through two bridged H-bonds formed by its NH2 group, tacrine
interacts with the backbone of W86 (W84 in TcAChE), with S125 (S122 in T7cAChE) and
with D74 (D72 in TcAChE) thus targeting the mid-gorge recognition site. Notably, the
dual site inhibitor donepezil is able to interact with CAS and PAS establishing H-bonds
with F295 and a m-m stacking with W286 coupled with a series of hydrophobic
interactions with residues Y124 and F295 belonging to the PAS region. The mid-gorge
recognition site is partly targeted by the piperidine moiety which interacts, by
hydrophobic contacts, with Y72, F338 and with Y341 trough a water molecule bridged
H-bond. The benzyl terminal portion of the molecule interacts with the CAS by a n-n
stacking with W86 and by hydrophobic contacts with the catalytic residue H447 (Fig.

2B).

2. Tacrine derivatives as multitarget compounds for Alzheimer’s disease

2.1. Cholinesterase inhibitors with anti -amyloid aggregation properties

As mentioned in the introduction, the ChEs are relevant targets for the
development of potential compounds for the treatment of AD. Accordingly, the structure
of tacrine (Fig. 1) has been widely used in the development of new MTDLs showing

inhibitory activity against ChEs and A aggregation (Romero et al., 2013).
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Fig. 3 Tacrine heterodimers as ChE and AB-aggregation inhibitors.

Oxoisoaporphine-tacrine heterodimers were designed based on the CAS/PAS dual
binding-site approach (Tang ef al., 2011). It was known that oxoisoaporphine alkaloids
were potent and selective AChEIs, the 1-azabenzanthrone structural and functional motif
of these compounds being able to bind the PAS (Tang et al., 2007). Thus, new ChEls
were synthesized by connecting differently substituted tacrines with the oxoisoaporphine
moiety, through an aminoalkyl spacer of diverse length and fixed functionality (Fig. 3).
The synthesized tacrine-oxoisoaporphine heterodimers showed higher inhibitory effect on
AChE, compared with their carbocyclic-contracted or ring-expanded congeners. The
linker composed of six atoms, including secondary amine and carbonyl group, between
the 9-aminoacridine and 9-amino-1-azabenzanthrone moieties in tacrine-oxoisoaporphine
hybrids provided optimal binding in the CAS, PAS and mid-gorge region sites and the
strongest AChE inhibition (Tang et al., 2011).

Pharmacological evaluation (ICso values) confirmed that these hybrids were
nanomolar inhibitors of AChE from Electrophorus electricus (EeAChEI), but non-
selective inhibitors of BuChE from equine serum (egBChEI). In addition, all these
hybrids inhibited the self-induced APi.42 aggregation in the 36-86% range, as well as the
AChE-induced APi.40 aggregation. To sum up, the most interesting tacrine-
oxoisoaporphine was compound 1 (EeAChE ICso = 3.4 nM; egBChE ICso = 110 nM;
self-induced APi42 aggregation inhibition = 80% (10 pM); AChE-induced Afi-a0
aggregation inhibition = 83% (at 100 uM)) (Fig. 3).

Other MTDLs, such as the tacrine-benzothiazole hybrids, have also been
developed (Fig. 3) (Keri ef al., 2013), showing moderate EeAChE inhibition, in the low
micromolar range, and from low to moderate inhibition of self-induced Api.42

aggregation, the most active being hybrid 2 (Fig. 3) (EeAChE ICso = 0.57 uM; self-
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induced APi.42 aggregation inhibition = 61%). Based on the results of the molecular
docking studies the tacrine moiety of the tacrine-benzothiazole hybrids is always bounded
to the CAS by n-n stacking, while the spacer is accommodated along the hydrophobic
mid-gorge cavity and forms additional favorable H-bond interaction with amide NH
group of the linker. Conversely, the benzothiazole moiety was always placed at the
entrance of the gorge able to bind to PAS forming aromatic interaction. Linker composed
of six atoms, including carbonyl group, between benzothiazole and tacrine moieties, and
aromatic properties of the spacer nearby the benzothiazole were defined as determinant

for strong AChE inhibiting activity.
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HNIJ)m HN
" Tl
CAS P = NMe;
| cl N”

4 5 [N'-((6-((10-((6-Chloro-1,2,3,4-tetrahydroacridin-
=4 9-yl)amino)decyl)amino)pyridin-2-yl)methyl)-N*, N*-
=3 dimethylbenzene-1,4-diamine]

Fig. 4 Bis-tacrine heterodimers as AChEIs, inhibitors of AP aggregation and

oligomerization, and able to disgregate preformed fibrils.

Recently, Butini et al, in an effort to facilitate the identification of potential
DMAADs, developed MTDLs (compounds 3 and 4a,b Fig. 4) (Butini et al., 2013a)
where the bis-tacrine scaffold, needed for achieving #ZChEs inhibition, was connected to a
hydrophobic peptide-like sequence. The two tacrine moieties, based on the experience of

the research group in the development of bis-tacrine #ChEIs (Campiani et al., 2005)
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(Butini et al., 2008a; Butini et al., 2008b), were connected by appropriate spacers bearing
or not a basic nitrogen. The hydrophobic peptide-like sequence was conceived for
interfering with: 1) the surface binding region of AP around the PAS of the enzyme, thus
interfering with AAChE- induced AP aggregation, and ii) AP self-association.
Compounds 3 and 4a,b displayed inhibition properties of both ZAChE and #BuChE in
the nanomolar range and also affected ZAChE non-catalytic functions, by binding the
PAS of the enzyme thus interfering with AChE-induced AP aggregation with micromolar
potency. The replacement of a methylene (compound 3) with an N-Me group in the linker
between the tacrine moieties (compounds 4a and 4b) allows the formation of an
additional polar interaction with the key mid-gorge region of AChE. Specifically, this
interaction relies on the polar contact with the Q loop residue D74 (AFAChE numbering)
as reported in Fig. 2. Introduction, between the two tacrines, of a moiety (4a and 4b) for
targeting the mid-gorge recognition site pushes their peptide portion to occupy the
surface of AChE critical for AP binding. All these features were demonstrated by the help
of the molecular docking studies.

The interference of 3 with the toxic AP oligomeric species and with the post-
aggregation states of AP was assessed by capillary electrophoresis analysis and
transmission electron microscopy. Later, the same authors (Brogi et al., 2014) reported
the efficacy of compounds 3 and 4a in reducing AP oligomers-mediated toxicity in SH-
SYS5Y human neuroblastoma cells, while the key interactions of 3 with the AB-preformed
fibrils were computationally analyzed at the molecular level. Molecular modeling studies
such as molecular docking and molecular dynamics (MD) allowed the authors to propose
the molecular mechanism that governs the inhibitory activity of 3 in the AP self-
aggregation process. It was observed that interaction of AR monomers with compound 3

does not allow the peptide to assume the conformation that triggers the oligomerization
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process. Moreover, the in silico MD investigation also evidenced the possible molecular
basis governing the observed AP pre-formed fibrils disruption process operated by
compound 3. These studies clearly evidenced that compound 3 is able to intercalate
within the ordered fibril ensemble and can gradually destroy it. Notably, this report is the
only one which describes MD to analyze the interaction of effective tacrine-based
MTDLs with both the AR monomer and the AP pre-formed fibrils (a detailed discussion
is reported in the paragraph 4.2). Assessment of the toxicity profile of compounds 3 and
4a,b on human hepatocytes (WRL-68) and mouse fibroblasts (NIH3T3) revealed that 3
was more toxic than tacrine while 4a and 4b displayed comparable or lower toxicity with
respect to tacrine (being however more potent ChEIs than tacrine). Cytotoxicity data for
the NIH3T3 cells were more encouraging since 4a and 4b did not show relevant toxicity
on these cells up to 100 pM while 3 was slightly more toxic than the reference tacrine
that displayed some toxicity from 1 uM.

In a recent publication, the synthesis and biochemical evaluation of a novel hybrid
5 (Fig. 4) has been reported (Grant et al., 1995; Kochi et al., 2013). 6-Chlorotacrine 5
combines an AChEI and an Ap-targeted metal chelator into a single molecule. This
hybrid shows potent inhibition of AChE (Ee 1Cso = 2.37 nM) under various conditions,
interaction with biometals (Cu?* and Zn?"), control of metal-free and metal-induced AP
aggregation, and disaggregation of AP aggregates. Consequently, hybrid 5 was proposed
as a promising, new multitarget compound for further studies.
2.2. Hybrids with AChE/BuChE and beta secretase inhibitory properties

Numerous BACE-1 inhibitors have been investigated, and among them, some
compounds have been tested in pre-clinical trials (Luo and Yan, 2010). Accordingly,

multifunctional ChEIs and BACE-1 inhibitors have been developed.
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Fig. 5 Tacrine-4-oxo-4H-chromene hybrids and quinolinium-benzamide hybrid 6¢ as

AChE, BuChE and BACE-1 inhibitors.

Tacrine-4-oxo-4H-chromene hybrids have been described, and a large family of
heterodimers have been synthesized by modifying the structure and the substitution
pattern of reference compounds, as well as the length in the spacer (Fernandez-Bachiller
etal.,2012).

The tacrine moiety of the tacrine-4-oxo-4H-chromene hybrids was selected for its
inhibition of cholinesterases while the 4-oxo-4H-chromene scaffold was chosen for
radical capture and BACE-1 inhibitory activities. A linker composed of five carbon atoms
between the tacrine and 4-oxo-4H-chromene-2-carboxamide scaffold was optimal for
both ChE and BACE-1 inhibition. Among the described hybrids, compound 6a (Fig. 5)
shows a very attractive and multipotent pharmacological profile being a potent #ZAChEI,
hBChEI, and #ABACE-1 inhibitor (ICso = 2.80 uM), and the best antioxidant analogue in
the reported series, being 1.3-fold more potent than trolox (Davalos ef al., 2004) and CNS

permeable in the performed assay (Di et al., 2003).

16



Related tacrine-flavonoid hybrids were designed by linking these functional
motifs by a substituted di-V,N’-alkyl piperazine spacer. Molecule 6b (Fig. 5) shows an
attractive multitarget biological profile (EeAChE ICso = 0.133 puM; egBuChE ICso =
0.558 uM; Ai-42: ICso = 6.5 uM) in addition to its strong metal-chelating effect (Li ef al.,
2013a). Hepatotoxicity analysis carried out with hybrid 6b showed this compound to be
safer and slightly less hepatotoxic than the reference tacrine.

In the search of potent dual-biding site AChE inhibitors having innovative
scaffolds and devoid of the known toxicity issues displayed by tacrine and its congeners,
new MTDLs have been developed (Peng et al, 2012). These new compounds designed by
molecular modeling and characterized by a central benzamide moiety connected head-to-
tail to a quinoline or an isoquinoline and acetophenone, presented an interesting
polypharmacological profile. Although the quinoline and isoquinoline motifs are
structurally different from tacrine, one can consider them as tacrine substructures since
they both share at least a fused pyridine ring. The authors have identified compound 6c¢ as
very promising lead for the potential treatment of AD with a Ki value against #ZAChE of
6.47 nM, 4-fold more potent than tacrine but 6-fold less active against #/BuChE. The
benzamide 6¢ also displayed an interesting inhibitory effect against AP self-aggregation
(ICso = 79 uM) and PB-secretase (ICso = 85 uM) compared to reference compound

curcumine (ICso = 10 uM and ICso= 5.7 pM respectively for the inhibitions of A self-

aggregation and [-secretase).
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Fig. 6 Tacrine-Huprine Y hybrids.

In 2000 Camps’ group designed huprines (e.g. huprine Y, Fig. 6) as tacrine and
huperzine A hybrids (Camps ef al., 2000). Soon after the huprine derivatives such as 7a,b
and (+)-8 (Fig. 6) were developed, connecting huprine by an alkyl or alkylamine linker to
tacrine or other moieties, which behaved as ChEI, and BACE-1 inhibitors for the
potential treatment of AD (Galdeano et al., 2012). All the tested compounds were brain
permeable, potent ZAChEIls, with ICso values in the nanomolar range, and moderately
potent ABuChEIls showing a good inhibitory potency against BACE-1 (7a: ABACE-1 ICso
=4.9 uM (Fig. 6)), toward hAChE-induced Ai-40 aggregation (7b: ICso = 61.3 uM (Fig.
6)), and against self-induced APi.42 aggregation. More recently, the same group reported
heterodimers of huprine Y and rhein (Viayna et al., 2014), connected by an alkyl or
arylalkyl chain of different length, showing inhibition of ZAChE and #BChE in the
nanomolar and in the micromolar range, respectively, being also brain permeable.
Racemic compound 8 (Fig. 6) resulted the most balanced hybrid for the tested biological

targets (hAChE: ICso = 3.60 nM; BACE-1: ICso = 120 nM). Therefore, this novel
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huprine-rhein compound was identified as an interesting starting point for further

development.

2.3. Chlorotacrines and tacrine dimers as acetylcholinesterase inhibitors

Tacrine dimers and heterodimers played a key role in the development of new
anti-AD agents (Carlier et al., 1999a; Carlier et al., 1999b). Two recently published
papers on this topic (Eckroat ef al., 2013; Qian et al., 2014) have particularly attracted
our attention. In the first work, (Eckroat et al., 2013) the authors synthesized and
evaluated as AChEIs a number of 6-chlorotacrine (9a, Fig. 7) derivatives with linkers
functionalized with amine, methyl or hydroxyl groups in their terminal positions, putting
the focus in elucidating the role of the linker portion of the tacrine hybrid molecules and
the potential benefit of linking together AChEIs and other small molecules. From the ICso
values, it was concluded that chlorotacrines 9 bearing an amine terminal group were the
most potent, non-competitive EeAChEIs. Regarding the length of the linker, compounds
9 with n = 8, 9, and 11 were the most potent compounds among these derivatives,
exhibiting I1Cso values lower than 1 nM thus being over 50-fold more active than tacrine.
Of note chlorotacrine 9b (Fig. 7) was a subnanomolar inhibitor of EeAChE (ICso
(EeAChE) = 0.604 nM). In the second paper (Qian et al., 2014) the authors designed four
new tacrine dimers (9¢-f, Fig. 7) based on the heptylene-linked tacrine dimer 9g (Fig. 7)
(Carlier et al., 1999a) which is 150-fold more potent than tacrine. As for other bis-tacrine
AChEIs one tacrine moiety binds the CAS and the other is positioned in the PAS of the
enzyme (molecular docking studies). From the new bis-tacrines, only 9¢ showed a ChE

inhibition profile similar to that tested for reference tacrine 9g (Fig. 7).

2.4. Inhibitors of cholinesterase and monoamine oxidases

Among the number of multitarget ligands described for treating AD and endowed
with MAO inhibition properties, tacrine-selegiline hybrids, connected by a suitable
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linker, have been designed (Lu et al., 2013). Inhibition studies showed that the new
hybrids were effective dual inhibitors of both MAO enzymes, in the micromolar range,
and ChEs with nanomolar potency. Molecule 10 (Fig. 7), bearing a nine carbon atom
spacer, was indeed a potent AChEI and BuChEI, (EeAChE: ICsp = 22.6 nM; eqBuChE:

ICso = 9.37 nM), and a moderate MAOI (AMAO-A: ICso = 0.372 uM; AMAO-B ICso =

0.181 uM).
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Fig. 7 Tacrine hybrids showing ChEs inhibitory activity.
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Based on the well-known pharmacological profile of homoisoflavonoids as MAO-
BIs (Desideri et al., 2011), tacrine-homoisoflavonoid hybrids (Sun et al., 2013) have been
designed, synthesized and evaluated, showing nanomolar ChE inhibition potency, and
MAO-B selectivity over MAO-A. Based on the observed AChE inhibiting activities it
was concluded that the length of the alkyl chain between tacrine and homoisoflavonoid
moieties did not significantly affect activity. The tacrine-homoisoflavonoid hybrids with
a fluorine atom at the para-position of homoisoflavonoid moiety provided better AChE
inhibiting activity than hybrid with a methoxy group at the para-position of
homoisoflavonoid moiety (compound 11 (Fig. 7)), while compound 11 seems to be a
better dual AChE and MAO-B inhibitor. Therefore, the CNS permeable product 11 (Fig.
7) was identified as the most balanced and multipotent ligand (EeAChE: ICso = 67.9 nM;

egBChE ICso = 33.0 nM; AMAO-B inhibition: ICso= 0.401 uM).
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Fig. 8 Novel tacrine-based ChEIs with antioxidant properties.

2.5. Inhibitors of cholinesterases with neuroprotective and antioxidant properties
Given the relevance of ROS in the progress and development of AD (Rosini ef al.,
2014) the search for multipotent ligands showing a profile of ChEls flanked by

antioxidant capacity has been object of intense research in the last years.
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Marco-Contelles and Chabchoub have prepared and analyzed a series of racemic
benzochromenquinolinamines differently substituted at the benzene ring at C-7
exemplified by 12a and 12b (Fig. 8) (Maalej et al., 2012), as new tacrine analogues.

The most potent ZAChE inhibitor was the parent compound without any
substituent in the benzene ring (ICso = 0.30 uM), followed by products bearing two
electron-donating groups, such as -OH and -OMe (12a and 12b), showing ICso values of
0.33 and 0.37 uM respectively.

All these compounds were selective ZAChEI in the micromolar range (with ICso
values in the range of 0.30-5.74 uM), with the blood-brain barrier (BBB) permeable
compound 12a (Fig. 8) showing good antioxidant activity (1.5-fold more potent than
Trolox) in ORAC (Oxygen Radical Antioxidant Capacity) assay. The BBB permeable
analogue 12b (Fig. 8) was found not endowed with antioxidant potential, but acted as
neuroprotective agent against mitochondrial chain blocker-induced cell death (90.18% at
50 uM) by oligomycin-A/rotenone. Remarkably, compound 12b showed lower
hepatotoxicity than tacrine in a cell-based assay (HepG2 and MTT for the viability test).

Continuing with this collaboration, they reported the design, synthesis, and
biological evaluation of new isomeric racemic angular pentacyclic pyranotacrines
(Esquivias-Perez et al., 2013; Maalej et al., 2011). Compared to previous pyranotacrines
12, an unsubstituted 2,1-naphthalene motif was installed at C2/C3 in the pyran ring,
leading to the new racemic pyranotacrines 13a-m (Table 1) bearing diverse electron-
donor or electron-withdrawing substituents on the aromatic ring at C14. In the early
communication (Maalej et al., 2011) it was reported that pyranotacrine 13¢ (Table 1),
bearing a hydroxyl group in the aromatic ring at C14 behaved as the most potent (in the
nanomolar range) mixed-type, totally selective EeAChEIL In a subsequent paper

(Esquivias-Perez et al., 2013), new compounds 13a, 131 and 13m (Table 1) were
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developed. The pyranotacrine 13d, bearing a methoxy group in the aromatic ring at C14
was the most potent (in the high nanomolar range) mixed-type at high concentrations,
totally selective #AChEI, 4-fold more potent than tacrine. Of note, regardless the origin
of the enzyme, pyranotacrines bearing electron-withdrawing substituents, such as NO> in
13k, or two chlorine atoms in 131 and 13m, were the poorest AChEIs in this group of

pyranotacrines.

Table 1. ICso (nM) values for the inhibition of AChE by (+)-pyranotacrines 13a-m.

EeAChE (nM) hAChE (nM)
Pyranotacrine
(Maalej et al., 2011) | (Esquivias-Perez et al., 2013))
Tacrine 27+2 190 £ 50
13a (X=H) - 240+ 70
13b (X =4"-Me) 43+2 4480 + 1560
13¢ (X=4’-OH) 7+£2 980 + 80
13d (X =4’-OMe) 18+1 48 £ 16
13e (X =3’-OMe) 16+3 470 £ 230
13f (X =2’-OMe) 20+ 1 1460 + 210
13g (X =4’-OH,3’-OMe) 28+ 1 1540+ 220
13h (X =2’,4’-di-OMe) - 2940+ 110
13i (X =3,4’-di-OMe) 2642 83 +24
13j (X =3",4",5-tri-OMe) 2642 3140 £ 1620
13k (X =4"-NOy) 170 =30 11870 + 530
131 (X =2,6’-di-Cl) - 59410+ 2180
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13m (X = 3°,4’-di-Cl) - 33540 + 1230

It is also interesting to highlight that pyranotacrine 13j, bearing a 3°,4’,5’-
trimethoxyphenyl motif at C14, is now a very poor #AChEI, and that compound 13i (Fig.
8) with only two methoxy groups at C3°, and C4’, is however a 2-fold less potent
inhibitor than compound 13d. Very interestingly, pyranotacrine 13i was one of the less
toxic tacrines investigated in the HepG2 cell viability test at different concentrations,
showing a 84.1% at 300 mM, while tacrine, at the same concentration, shows a value of
40%. A good neuroprotective effect was observed for pyranotacrine 13i in a neuronal
cortical culture exposed to a combination of oligomycin A/rotenone. Finally, with respect
to the virtual ADME analysis to evaluate the drug likeness, all the pyranotacrines 13
fulfill the molecular weight, and the number of H-bonds donors/acceptors requirements.
The solubility (logS) of organic molecules in water has a significant impact on many
ADME-related properties like uptake, distribution, transport, and eventually
bioavailability. Only pyranotacrine 13¢ (logS = -6.3) shows predicted solubility values
within the limits (-6.5 — 0.5 as reported in QikProp user manuals (QikProp, Schrodinger,
LLC, New York, NY)), while the rest of the compounds show values between -6.5 and -
7.3, indicating poor aqueous solubility. The most used parameter for BBB penetration is
logBB. The logBB of many prescribed CNS drugs is > -0.5 and compounds with logBB <
-1.0 poorly penetrate into the brain. Pyranotacrines 13 present acceptable logBB values,
not being smaller than -1.0, in particular compound 13¢ presents a logBB value of -0.53.
To sum up, pyranotacrine 13i (Fig. 8) is a mixed-type selective #ZAChEI (ICso= 0.083
uM) less toxic than tacrine, neuroprotectant, and non-neurotoxic (Esquivias-Perez et al.,

2013).
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Based on the well-known antioxidant properties of carbazole (Songsiang et al.,
2011), carbazole-tacrine hybrids were designed and prepared connecting these two
moieties by carbon atom chains of different length (Thiratmatrakul et al., 2014). These
products, represented by compound 14 (Fig. 8), were moderate EeAChEIs with potency
in the micromolar range, exhibited very potent antioxidant activity in the ABTS (2,2’-
azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) radical test, higher radical scavenging
activity than Trolox, and neuroprotective effect against the oxidative stress induced by
either hydrogen peroxide or APi-42. The most interesting analogue of the series (14) was
selected for in vivo studies performed in the rodent model of scopolamine-induced
cognitive deficits in male “Imprinting Control Region” (ICR) mice. These studies
indicated that both short- and long-term memory deficits were improved by enhancing
the cholinergic signaling, thus highlighting 14 as a promising candidate for AD therapy.

Tacrine hybrids linked by an alkyl linker to a substituted benzylamine (one or two
hydroxyl or methoxy groups) have been described (Luo ef al., 2011). These products are
potent antioxidants in the ORAC assay, and nanomolar ChEIs. The most interesting is
compound 15 (Fig. 8) (EeAChE ICso= 4.55 nM and egBuChE ICso= 3.41 nM), showing
also self-promoted APi.42 aggregation inhibition properties (71% at 20 uM).

Caffeic acid antioxidant and neuroprotective properties have prompted the design
of tacrine-caffeic acid hybrids in the search for MTDLs able to inhibit ChEs while
displaying antioxidant properties (Chao et al, 2012). Among them, compound 16a
resulted to be the most active (Fig. 8) (AChE: ICso = 0.3 uM against; BuChE: ICsp = 5
uM; self-promoted APi.42 aggregation inhibition (36.2% at 20 uM) and AChE-induced
AP aggregation inhibition (67.7% at 100 pM)).

Tacrine-ferulic acid hybrids have been described and afforded good antioxidant

multipotent anti-AD agents (Fang et al., 2008c; Pi et al., 2012; Sun et al., 2014b). Based
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on these previous works, Ismaili and Marco-Contelles designed new tacrine ferulic acid
hybrids (TFAHs), synthesized by an efficient one-pot Ugi four-component reaction, and
submitted them to extensive biological evaluation including Ee and human AChE
inhibition, eq and human BuChE inhibition, evaluation of hepatotoxicity on HepG2 cells,
neuroprotection, ORAC test for antioxidant capacity, inhibition of APi 4 self-
aggregation, in vitro BBB permeation assays and in silico ADMET analysis
(Benchekroun et al., 2015a). From this complex work, it was difficult to select one best-
performing hybrid out of all the conducted experiments. However, hybrid 16b (Fig. 8)
was identified as a potential agent for the treatment of AD, due to its overall interesting
multipotent profile that shows moderate and completely selective inhibition of ZBuChE
(ICso = 68.2 nM), strong antioxidant activity (4.29 equiv trolox in the ORAC-FL assay),
good anti A aggregation properties (65.6% at 1:1 ratio), and ability to permeate CNS, as
determined by PAMPA-BBB assay. Notably, even when tested at very high
concentrations, TFAH 16b easily surpasses the other TFAHs in hepatotoxicity profiling
(59.4% cell viability at 1000 uM), affording good neuroprotection against toxic insults
such as ABi1-40, AP1-42, hydrogen peroxide, and oligomycin A/rotenone on SHSY5Y cells,
at 1 uM.

Trolox is a potent antioxidant agent (Cordes et al., 2009), that protects liver from
diverse insult damages and shows neuroprotective effect through scavenging ROS and
attenuating the neurotoxicity mediated by AP (Thiratmatrakul et al, 2014).
Consequently, and not surprisingly, trolox has been used to build tacrine-based
multitarget compounds for AD. Thus, in a very recent paper (Xie et al., 2015), by
combining tacrine with trolox in a single molecule, novel hybrids of type 17 (Fig. 8) were
designed, synthesized and submitted to biological evaluation. Among them, compound

17a was of particular interest, as the most potent EeAChEI (ICso= 9.8 nM) and ZAChEI
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(ICso = 23.5 nM), showing also a strong inhibition for egBuChE (ICso = 22.2 nM and
hBuChE (ICso = 20.5 nM), behaving as a mixed-type inhibitor and binding
simultaneously to CAS and PAS of AChE. In vivo hepatotoxicity assays indicated that
hybrid 17a was much less toxic than tacrine, showed neuroprotective effect and good
BBB penetration, thus suggesting that this molecule is a promising multitarget agent for

the potential treatment of AD.
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Fig. 9 Tacrine hybrids with metal chelating properties.

2.6. Multifunctional compounds with metal-chelating properties

Overwhelming evidence points to iron, copper, and zinc as relevant metals in the
pathogenesis of AD, either by direct interaction with AP by increasing its aggregation, or
by enhancing the production of ROS induced by AB. Consequently, the homeostasis of
these biometals is a potential therapeutic strategy for AD therapy (Storr et al., 2006), and
the identification of multitarget metal-chelating compounds represents one of the most
developed alternatives.

Coumarins are privileged scaffolds in medicinal chemistry, and particularly in
drug discovery for neurodegenerative diseases (Anand et al., 2012), due to their anti AP
aggregation properties. Several tacrine-coumarin hybrids have been reported and 18a
(Fig. 9) was described as a multifunctional compound being a potent EeAChEI (ICso =
0.092 uM), a moderate egBuChEI (ICso= 0.234 uM), a potent Af-aggregation inhibitor
(67.8% inhibition at 20 uM), and an efficient copper and iron chelating agent (Xie et al.,
2013). New tacrine-coumarin heterodimers, such as 18b (Fig. 9), were found to be potent
hAChE/hBuChE inhibitors, with 18b showing ICs¢ values of 0.0154 pM and 0.328 uM,
respectively (Hamulakova et al., 2014). Finally, and very recently, related tacrine-
coumarin hybrids have been reported (Sun et al., 2014a). In this new family of
compounds, 2-ox0-2H-chromene-3-carboxylic acid was used as the coumarin motif, the
tacrine and the linker coupled to the carboxylic acid yielding the corresponding target
amides. Particularly interesting was hybrid 18¢ (Fig. 9) as a 2-fold more potent (K; = 16.7
nM) AAChEI and 2-fold less potent (K; = 16.1 nM) BuChEI than tacrine (Sun et al.,
2014a).

Several QuinoTacrines (QTs) have been recently developed by the hybridization

of either a benzoquinone or an anthraquinone core with a tacrine motif through a suitable
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tether. First of all tacrine-rhein hybrids, spaced by alkylene linkers of different lengths,
have been described, and molecule 19a (Fig. 9) was found as a potent AChEI (ICso = 27.3
nM), a potent inhibitor of AChE-induced Api.40 aggregation (70.2% at 100 uM), and a
good metal chelating agent (Li et al., 2014). The hepatotoxicity analysis has been carried
out on hybrid 19a. After being treated with 19a or with tacrine, the heparinized serum of
adult mice was obtained after different times, and the levels of aspartate aminotransferase
(ALT) and alanine aminotransferases (ASAT) were measured. In comparison to the
control, tacrine showed to induce hepatotoxicity as indicated by the high ALT and ASAT
activities, while product 19a was less hepatotoxic and safer than tacrine. In addition, the
liver tissue was stained with hematoxylin and eosin. Total pericentral necrosis and
distinct fatty degeneration of the hepatocytes of the surrounding intermediate and
periportal zones were observed 30 hours after administration of tacrine, but only minor
morphological changes were observed after identical treatment with compound 19a.

In a very elegant, complete and dense recent study, 15 new multifunctional anti-
AD agents have been designed by combining a naphthoquinone portion and a tacrine
motif (Nepovimova et al., 2014). In vitro analysis showed that QTs 19b (AAChE: I1Cso =
1.93 nM; hBuChE: ICso = 256 nM), and 19¢ (AAChE: ICso = 0.72 nM; ABuChE: ICso =
542 nM) (Fig. 9) displayed very good AChE inhibitory potency, coupled to the ability to
moderately block Ai-4 self-aggregation (19b (22.6%); 19¢ (37.5%)). The authors
successfully achieved the X-ray analysis of the complex of QT 19¢ with TcAChE. These
two hybrids were non neurotoxic in immortalized mouse cortical neurons Neuro2A (N2A
cell line) (mean percentage of viable N2A cells: 19b, 105.16 ; 19¢, 85.63) and primary rat
cerebellar granule neurons (CGN cell line) (mean percentage of viable CGN cells: 19b,
75.04; 19¢, 73.5). Regarding the neuroprotective effect, both compounds showed

antioxidant activity, following NQOI induction, and in N2A cells, they were able to
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completely revert the decrease in viability induced by AB. However, only QT 19b was
less hepatotoxic than tacrine in a HepG2 cells viability test. Finally, both molecules
crossed the BBB, as demonstrated in ex vivo experiments with rats.

B-Carboline analogues are known to show a wide range of pharmacological
properties, including their ability to inhibit the phosphorylation of tau protein (Adayev et
al., 2011; Frost et al., 2011), AChE inhibitory activity with ICso values in the nanomolar
range (Rook et al., 2010; Schott et al., 2006), as well as ability to scavenge a variety of
ROS (Matsutomo et al., 2013). Based on these pharmacological properties related to
neurological disorders and the interest of tacrine scaffold, Kong and Wang designed and
prepared new tacrine/B-carboline hybrids tethered with the appropriate alkylidene linker
(Lan et al., 2014). Thus, several hybrids were proved as AChE/BuChE inhibitors, self-
induced Ap-aggregation and Cu**-induced APi.4> aggregation inhibitors, metallic ions
chelators and antioxidants. Among them, hybrid 19d (Fig. 9) showed a good overall
balanced profile with nanomolar inhibition of ChEs (EeAChE: ICso = 21.6 nM, hAChE
ICso = 63.2 nM; eqBuChE ICso = 39.8 nM), a AP self-aggregation inhibition of 65.8% at
20 pM, and fair antioxidant activity in the ABTS antioxidant assay (1.57 trolox
equivalents). To complete this profile, compound 19d is also able to bind Cu?* ions, to

hamper the PC12 cells death induced by oxidative stress as well as to penetrate the BBB.
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Fig. 10 Tacrine-adamantylamine hybrids (20), and tacrine-hybrids with nitric oxide-

releasing properties (21-24).

2.7. 7-Methoxytacrine-adamantylamine heterodimers

In a very attractive and interesting communication, Kuca and colleagues
(Spilovska et al., 2013) designed new anti-AD agents by combining in on molecule 7-
methoxytacrine (7-MEOTA) motif with adamantine (1-adamantylamine hydrochloride), a
well-known NMDA antagonist. As a result, a series of multitarget-directed 7-MEOTA-
adamantylamine thioureas were obtained and submitted to biological evaluation as
hAChEIs and ABChEIs. Note that memantine (Fig. 1), a derivative of adamantane and
uncompetitive NMDA receptor antagonist, is currently used in AD treatment (Chen et al.,

1992), and on the other hand, 7-MEOTA was found to be an active ChEI with
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significantly lower side effects compared to tacrine (Patocka ef al., 2008). The most
potent ChEI was thiourea analogue 20 (Fig. 10) (RAChE: ICso = 0.47 uM; hBChE: ICso =
0.11 uM). The authors conclude that hybrid 20 is a suitable novel lead compound for

further evaluation for the development of novel AD drugs.

2.8. Multifunctional compounds with nitric oxide-releasing properties

NO (Kerwin et al., 1995) is an important and ubiquitous signaling molecule that
plays a significant role in the regulation of a diverse set of mammalian physiological
processes, such as cerebral circulation and inflammatory reactions (Thomas et al., 2008).

Starting from the tacrine-ferulic acid hybrids (Fang et al., 2008c), displaying
excellent AChE/BuChE inhibitory profile, and good antioxidant activity, a new series of
tacrine-derivatives with a NO-donating nitrate were designed (Fang ef al., 2008a).
Among them, compound 21 (Fig. 10) showed ChE inhibitory potency in the nanomolar
range, moderate blood vessel relaxant activity, and very interestingly, no hepatotoxicity
(Fang et al., 2008b). Soon after, tacrine-ferulic acid/NO donor trihybrids (Fig. 10) (Chen
et al., 2012b) were developed the most active being compound 22, that displayed good
ChE inhibitory activity, NO-releasing capacity, vasorelaxant effects, and lower
hepatotoxicity than tacrine.

In a similar approach, tacrine-flurbiprofen-NO donor trihybrids were described as
potent EeAChEIs and egBuChEls, able to release NO in amounts comparable to
isosorbide mononitrate. Particularly, when tested in an ex vivo isolated organ (coronary
arteries from rats) study, hybrid 23 (Fig. 10) improved memory impairment and showed
lower hepatotoxicity than tacrine and compound 24 thus indicating the hepatoprotective
role of NO (Chen et al., 2013).

Lehmann and co-workers designed and synthesized five tacrine-flurbiprofen

hybrids (Chen et al., 2013) in which the tacrine was connected to racemic flurbiprofen via
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alkylenediamine linkers in order to achieve potential multipotent anti-AD drugs. The
compounds were evaluated as ChEI, and ICso values proved that the length of the diamine
linker may influence the ability to inhibit ChE. Among them, compound 24 (Fig. 10),
with six-atom spacer length, showed higher activity towards AChE (ICso = 19.3nM) and
BuChE (ICso = 2.1 nM) than tacrine (AChE: ICso = 61.7 nM; BuChE : ICso = 9.0 nM).
Kinetic studies on hybrid 24 displayed a competitive inhibition for BuChE, and a mixed-
type inhibition for AChE. This result demonstrates that compound 24 behaves as an
AChE dual site inhibitor binding both CAS and PAS. In fact the tacrine fragment
interacts by a m—m with W86 at the CAS while the benzene ring of flurbiprofen showed a
hydrophobic interaction with the key PAS residue W286. This PAS interaction well fits
with the significant potency at inhibiting the formation of APi.4 by hybrid 24 (31%

reduction of APi-40 formation at the concentration of 0.25 pM) (Chen et al., 2013).

2.9. Multifunctional compounds with anti-inflammatory properties

Based on the well-known anti-inflammatory properties of aminothiazoles (Zhang
et al., 2009), tacrine-aminothiazole hybrids, connected by various linkers, were
developed. The most potent EeAChEI was hybrid 25a (Fig. 11) (pICso = 7.14) displaying
the most significant Ca>* antagonism effect, but product 25b (Fig. 11) stood out as quite
interesting due its potency to inhibit EeAChE (pICso = 6.98) and egBuChE (pICso =

10.35) (Wang et al., 2012).
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Fig. 11 Tacrine-aminothiazole hybrids showing ChE and AB-aggregation inhibition, Ca**

antagonism, and anti-inflammatory properties.

2.10. Multifunctional compounds with tau protein hyperphosphorylation inhibition
properties

The phenothiazine core present in the methylene blue dye, and known to prevent
tau fibrillization (Taniguchi et al., 2005), can reduce soluble tau and regenerate cognition
(O'Leary et al., 2010). Thus, it was judiciously associated to tacrine (Hui et al., 2014) to
design 26 new MTDLs by varying the length of alkylenediamine-type spacer. Based on

ADME properties and molecular docking of all these ligands on AChE and GSK-3, the
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authors have identified 3 representative compounds for further synthesis and biological
evaluation as AChEIls, tau protein inhibition and ability to bind with AP fibrils.
Interestingly, the ligand 26 (Fig. 11) displayed a good rat brain AChE inhibition (ICso=
89 nM), being 3-fold more potent than tacrine, and no tau protein hyperphosphorylation
induced by okadaic acid in N2a cells. Moreover, hybrid 26 proved tightly binding to Ap
fibrils with a Kp of 5.51 9 10"® M as revealed by surface plasmon resonance analysis. It is
worth noting that those hybrids constitute, according to our knowledge, the only tacrine
heterodimers targeting tau protein hyperphosphorylation.

To conclude this section on tacrine-based derivatives as potential AD therapeutics,
it must be noted that despite the well documented hepatotoxicity of tacrine (Watkins et
al., 1994) and in front of a notable number of recent reports describing tacrine-based
derivatives, very few of them reported the hepatotoxicity profile of the described
compounds. This lack of information seriously compromises the interest of the newly
identified tacrine-based leads for further development. Hoverer it must be noted that the
reports herein described highlight that tacrine hepatotoxicity may be limited by
introducing appropriate functions on the molecule such as trolox (e.g. compound 17) or
functions able to release NO (e.g. compounds 21-23). Further the functionalization of the
tricyclic system of tacrine, as in compound 19b, may also provide tacrine analogues

characterized by lower hepatotoxicity.

3. Donepezil-related derivatives as multitarget compounds for Alzheimer’s disease

The AChEI donepezil (Fig. 1) (marketed in the U.S. and in some European and
Asian countries under the trade name of Aricept®) was the second drug approved by the

U.S. Food and Drug Administration for the treatment of mild to moderate AD. Donepezil
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has N-benzylpiperidine and indanone moieties and exhibits selectivity for the inhibition
of AChE over BuChE. It was developed as a racemic mixture since the enantiomers

showed the same inhibitory profiles (Kawakami et al., 1996).

From the earlier report on the synthesis of donepezil, (Sugimoto et al., 1992) we
learn that the initial leads were compounds 27 and 28 (Fig. 12) both containing an amide

group and a benzylpiperidine moiety.

©AO// o HCI
27 [N-(2-(1-Benzylpiperidin-4-yl)ethyl)-4- 28 [2-(2-(1-Benzylpiperidin-4-yl)ethyl)
(benzylsulfonyl)-N-methylbenzamide hydrochloride] isoindolin-1-one hydrochloride]

Fig. 12 Initial leads for the design of donepezil.

Compound 27 displayed a strong inhibition of AChE (ICso = 0.56 nM), and at a
dose of 3 mg/kg it produced a marked and significant increase in ACh content in the
cerebral cortex and hippocampus of rats, but a poor bioavailability and a short duration of
action were described (Sugimoto et al., 1990). The structural modification transforming
the amide group into a lactam yielded compound 28 showing a lower but still interesting
inhibition potency of AChE (ICso = 98 nM) (Sugimoto, 2008; Sugimoto et al., 2002).
After a number of transformations, including the replacement of the phtalamide by an
indanone moiety, donepezil was generated as a potent AChEI (ICso = 5.7 nM) with large

selectivity versus BuChE (ICso = 7138 nM) (Sugimoto, 2008).
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3.1. Inhibitors targeting one enzyme (cholinesterase)
3.1.1. Inhibitors of cholinesterases

With donepezil (Fig. 1) being on clinical study, many groups started to undertake
the design and synthesis of donepezil-like compounds (for a recent, complementary
review, see: (Rodrigues Simoes et al., 2014)) incorporating bioisosteric replacements of
the indanone system. Very few studies described the replacement of benzylpiperidine, for
example a series of 2-phenoxy-indan-1-one derivatives were designed and synthesized
(Sheng et al., 2005) in order to create a new class of AChEIs. In this approach the
phenoxy group was introduced in place of the benzylpiperidine group. The inhibition
studies showed that the new analogues were AChEIs of micromolar potency, while

molecule 29 (Fig. 13) was a potent inhibitor (AChE: ICso = 50 nM).
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29 [5,6-Dimethoxy-2-(4-(pyrrolidin-1-ylmethyl)
phenoxy)-2,3-dihydro-1H-inden-1-one]

31 [8-(((1-Benzylpiperidin-4-yl)methoxy)methyl) 32 [9-(2-(1-Benzylpiperidin-4-yl)ethyl)-1,3-
-1,3,7-trimethyl-3,7-dihydro-1H-purine-2,6-dione] dimethyl-3,9-dihydro-1H-purine-2,6-dione]

Fig. 13 Inhibitors of cholinesterases.
One of the first studies concerning a bioisosteric replacement of the indanone
system reported the synthesis of a series of benzylpiperidinium and benzylpyridinium

quaternary salts and their evaluation on AChE inhibition and on reversal of
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neuromuscular block induced by vecuronium (Clark et al., 2002). In this study, the
authors aimed at developing water-soluble reversal agents with reduced cardiovascular
side effects, based on charged quaternary amino compounds that are more water soluble
and less likely to penetrate into the CNS. The authors obtained diverse series of
benzylpiperidinium quaternary salts with AChE nanomolar inhibition potencies, ranging
from 131 nM to 8 nM, and with the property to potently reverse vecuronium-induced
neuromuscular block (in vitro GP, in vivo anaesthetised GP, and in vivo anaesthetized
cat). Particularly, compound 30 (Fig. 13) is a potent AChEI (ICso = 8 nM) and a potent
antagonist of vecuronium-induced neuromuscular block (in vitro Guinea pig) (ICso = 19
nM). Very interestingly, the quaternary salt of donepezil showed slight variations in the
inhibition of AChE when compared to donepezil (ICso = 26 nM and ICso = 18 nM,
respectively).

N-Benzylpiperidine purines were developed (Rodriguez-Franco et al., 2005) and
they displayed moderate ChE inhibition and no remarkable selectivity towards the two
enzymes. In fact, compounds 31 and 32 (Fig. 13) showed an inhibitory potency against of
Bovine erythrocyte AChE with ICso values of 0.75 uM and 2 uM, respectively, and
compound 31 showed an ICso value of 2.50 uM for egBuChE inhibition. The substitution
of R by phenyl group, Me, F and NH> did not significantly affect potency. With the aim
of obtaining some information about the interactions of 32 with the enzyme, the authors
performed a molecular modeling study comparing 32 with donepezil by employing a
semi-empirical method (Dewar et al., 1985).

Based on the interest for the coumarin scaffold in the drug discovery for
neurodegenerative diseases, due to its properties of ChE inhibition (Anand et al., 2012), a
number of donepezil/coumarin hybrids have recently been designed (Catto ef al., 2013)

by connecting a methoxy-substituted coumarin portion to the benzylpiperidine moiety
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present in donepezil. The developed products 33 and 34 (Fig. 14) are potent Bovine
erythrocyte AChEIs (ICso = 0.028 uM and 0.014 uM respectively) and efficient
eqBuChEIs (ICso = 19 uM and 12 pM respectively). Transformation of the amide group
of 33 into an ester (34) resulted in a higher potency on Bovine erythrocyte AChE, while a

further elongation of the linker in aminoester led to a less active AChEI.

MeO:E:(§/§)J\N MGOMO
H
eO 0o "0 MeO 0" ~0
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41a [2-(2-(1-Benzylpiperidin-4-yl)ethyl)-5,6- 41b [5,§-Dimethoxy-2-(2-((1 ,2,3,4-tetrahydroacridin-
dimethoxybenzo[d][1,2]selenazol-3(2H)-one] 9-yl)amino)hexyl)benzo[d][1,2]selenazol-3(2H)-one]

Fig. 14 Donepezil hybrids as novel cholinesterase inhibitors.
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Another study by Foroumadi and Shafiee described the synthesis of series of 4-
hydroxycoumarin derivatives (Razavi et al., 2013), showing a moderate inhibition
towards EeAChE and eqBuChE. Among them, compounds 35 and 36 (Fig. 14) showed
AChHE ICso values of 1.2 and 2.7 uM, respectively, and a lower inhibition potency against
BuChE (35, ICso = 45 uM; 36 ICso = 41 uM). Generally, in both 2-oxoethoxy and 4-
oxobutoxy series (n = 1 or 3), N-(1-benzylpiperidin-4-yl) derivatives 35 and 36 exhibited
the strongest inhibitory activity toward AChE. Notably, when tested in a ferric
reducing/antioxidant power (FRAP) assay (Benzie and Strain, 1999), these compounds
revealed lower antioxidant properties than ascorbic acid.

In an additional study reported by the same group a series of coumarin-3-
carboxamide derivatives connected to the N-benzylpiperidine moiety was described. This
new set of compounds showed potent AChE inhibitory activity in the nanomolar range
(Asadipour et al., 2013). Particularly, compound 37 (Fig. 14) bearing an N-
ethylcarboxamide linker and a 6-nitro substituent on the coumarin scaffold showed the
highest activity of the series against egAChE (ICso = 0.3 nM) and the highest selectivity
versus BuChE (selectivity ratio 26,300). Kinetic studies, in line with molecular modeling
prediction, highlighted that this compound behaved as a dual inhibitor being able to
strongly interact with the PAS and CAS of AChE. In addition, it exhibited protective
properties against oxidative stress-induced cell death in differentiated PC12 cells.

In the same context, and in order to take advantage of ROS scavenging ability of
the quinoline derivatives (Naito et al., 1995), this scaffold was attached to a
benzylpiperidine motif. Some compounds were designed and evaluated as new AChEIs
and antioxidant agents (Pudlo et al., 2014). They exhibited a moderate and much lower
activity against EeAChE than that displayed by the coumarin analogue 37 (Fig. 14). This

may be ascribed to the longer side chain that separates the quinoline carboxamide from
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the benzylpiperidine. The ICso values obtained with the above-mentioned compounds
against EeAChE ranged from 3.89 to 0.11 uM. The most balanced EeAChE inhibition
and antioxidant activity was found for compound 38 (Fig. 14). It displayed an ICso = 0.48
UM against EeAChE, and over 20-fold selectivity against eqBuChE. Regarding its
antioxidant activity, it showed a strong capacity of scavenging superoxide anion and
DPPH radical with ECso = 140 pM (2.8-fold more active than quercetin) and 12 uM (1.2-
fold more active than quercetin), respectively.

The synthesis and the biochemical evaluation of a series of 3-aminoalkyl-6-
arylpyridazine derivatives based on the structure of minaprine (Wermuth and Exinger,
1972), an original lead compound with antidepressant properties, were reported
(Contreras et al., 1999). Among them, compound 39 (Fig. 14), which corresponds to a
bioisosteric replacement of indanone of donepezil by a pyridazine system, showed an
interesting FeAChE inhibitory activity (ICso = 120 nM). Several structural modifications
operating on this lead were reported (Contreras et al., 2001). The introduction of a
lipophilic group in the C-5 position of the pyridazine system was favorable for the AChE-
inhibitory activity and the AChE/BuChE selectivity. Functionalization and/or
replacement of the phenyl placed at C-6 position of the pyridazine system were
compatible with activity, while a variation of the side chain between the pyridazine and
the benzylpiperidine was not favorable for activity. Pyridazine derivative 40 (Fig. 14)
was found to be the more potent EeAChE inhibitor with an ICso value of 10 nM.

A new series of selenpezil derivatives have been described by Huang and Li (Luo
et al., 2013) in which the ebselen (2-phenyl-1,2-benzisoselenazol-3(2H)-one) moiety was
linked to an N-benzylpiperidine group. The authors adopted ebselen scaffold for its
antioxidant and anti-inflammatory properties. Indeed, ebselen is a mimic of glutathione

peroxidase (GPx) (Wilson et al., 1989) and protects cells by catalysing the reduction of
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peroxides with glutathione. Furthermore, another recent study indicates (Xie ef al., 2012)
that ebselen could be used as a potential anti-AD agent on the basis of its ability to inhibit
iron-induced tau phosphorylation. Next, some compounds were prepared by changing the
length of the alkylene chain (from zero to four carbon atoms) and by functionalizing once
or twice the benzene group of ebselen by chloro, fluoro or methoxy groups. These
Selenpezils were evaluated for their capacity to inhibit ChE, as antioxidant agents against
hydrogen peroxide and peroxynitrite, and as GPx mimics. The authors concluded that 41a
(Fig. 14) is a potential lead compound for the treatment of AD. It showed the highest
ACHhE inhibitory activity of the series (ICso values of 0.042 uM for EeAChE, 0.097 uM
for A AChE) and was found to be also a moderate BUuChEI (ICsp = 1.586 uM). 41a showed
a GPx-like activity of 123.5 uM/min. Finally, the authors demonstrated the ability of
compound 41a to penetrate into the CNS as well as its safety since it presented no acute
toxicity at doses up to 2000 mg/kg. It must also be highlighted that related tacrine-ebselen
hybrids have been recently described (Mao et al., 2013). Among them, compound 41b
(Fig. 14) which is tacrine-linked by a six-catbon spacer to 5,6-
dimethoxybenzo[d][1,2]selenazol-3(2H)-one, was the most potent EeAChEI (ICso = 2.55
nM) and egBuChEI (ICsp = 2.80 nM), showing also similar hydrogen peroxyde and
peroxynitrite scavenging activity as ebselen, indorsing this compound as a multipotent
agent candidate for the treatment of AD.

In order to develop tacrine/donepezil hybrids (Shao et al., 2004) a series of
compounds were obtained by replacing the indanone with different scaffolds 42-46 (Fig.
15). Interestingly, derivatives containing tacrine and benzylpiperidine moieties were the
most potent among the synthesized compounds. In particular, the compound obtained by
introducing scaffold 42 showed an ICso value of 6.0 nM against AChE resulting more

potent and selective against AChE over BuChE than tacrine (37-fold and 31-fold
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respectively). Compound obtained by introducing the scaffold 43, with a shorter spacer
than 42, resulted in potent but not selective AChE inhibition. Compound 45 had similar
ACHhE inhibition potency as tacrine, while compounds 44 and 46 were weaker AChEIs.
The binding mode analyses of 42-hybrids into AChE revealed that this class of
compounds interacts with AChE by establishing strong interactions along the active-site
gorge of the enzyme: the benzyl ring displayed a m—sm stacking with W84, while the
charged nitrogen of the piperidine ring makes a cation— interaction with the phenyl ring
of F330. The amide establishes a H-bond with the oxygen of Y121, finally, at the top of
the gorge in the PAS of the enzyme, the acridine ring stacks with W279 by a classical 7

7t stacking.
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Fig. 15 Bioisosteric replacement for the indanone.

New chloropyridonepezils (Samadi et al., 2013) were designed by combining an
N-benzylpiperidine moiety tethered by an appropriate polymethylene linker to a 2-
chloropyridine-3,5-dicarbonitrile, an heterocyclic ring system identified in earlier work
(Samadi et al., 2010) as an interesting scaffold for inhibition of ChEs. All the obtained
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compounds were tested against ZAChE and #BuChE and showed submicromolar activity.
In particular compound 47 (Fig. 16) was found to be a good #BuChEI (ICso = 0.47 uM),
while compound 48 (Fig. 16) was 625-fold more selective for ZAChE over ABuChE and
its activity against FAChE was comparable to that found for donepezil (ICso = 0.013 uM).
In addition, the calculated ADME+T properties revealed that 48 satisfied all the
characteristics for a CNS-acting drug. Molecular modeling studies indicated that these

compounds interact with both the PAS and CAS of the enzyme.
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47 [2-((2-(1-Benzylpiperidin-4-yl)ethyl)amino)- 48 [2-((4-(1-Benzylpiperidin-4-yl)butyl)amino)-
6-chloro-4-phenyipyridine-3,5-dicarbonitrile] 6-chloropyridine-3,5-dicarbonitrile]

BN EsSTene

49 [3-(2-((1-Benzylpiperidin-4-yl)amino)-2-oxoethyl)phenyl butylcarbamate]

Fig. 16 Donepezil hybrids as ChEIs.

A series of novel alkyl and arylcarbamate derivatives with N-benzylpiperidine
moieties (Wieckowska et al., 2010) were designed as ChEls. The developed compounds
showed moderate activity, and some of them exhibited a higher selectivity for BuChE.
The most potent and non-selective inhibitor of the series (49) (Fig. 16) showed a pICso =
5.24 as BuChEI and an inhibition ranging from 40% to 90% against AChE and BuChE,
respectively (when tested at 100 uM). The authors carried out a preliminary kinetic study
indicating the dimethylcarbamate analogue of 49 as a non-competitive AChEI and a
mixed-type BuChEI, which is in agreement with the reported molecular modeling studies,

displaying that this compound can bind to the PAS of the enzyme.
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3.1.2. Inhibitors of cholinesterases with 5-hydroxytryptamine receptors agonist

properties
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Ki 5-HT4R = 59.9 nM; IC5y AChE = 551 nM

50a (MR22493)
[5-((1-Benzylpiperidin-4-yl)methoxy)pyrrolo[1,2-a]thieno[3,2-e]pyrazine]
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Ki 5-HT4R = 22.0 nM; IC5y AChE = 165 nM Ki 5-HT4R = 4.2 nM; IC5y AChE = 95.8 nM

50b (MR22322)
[5-((1-Benzylpiperidin-4-yl)methoxy)-
1-methylpyrrolo[1,2-a]thieno[2,3-e] pyrazine]

50c [5-((1-(Cyclohexylmethyl)piperidin-4-yl)methoxy)-1-
methylpyrrolo[1,2-a]thieno[2,3-e]pyrazine]

Fig. 17 Pyrrolothienopyrazines donepezil hybrids as ChEIs and 5-HT receptors ligands.

In the context of a drug-discovery program based on the MTDL strategy for AD,
Dallemagne and colleagues have reported the novel multipotent pyrrolothienopyrazines
50a and 50b (Fig. 17), able to inhibit EeAChE activity showing additional Guinea pig 5-
HT4R agonist activity intended to favour the non-amyloidogenic cleavage of APP. It is
noteworthy to remark that both compounds presented the N-benzylpiperidine at C-4 motif
(Lecoutey et al., 2012). Moreover, the authors also developed compound 50¢ (Fig. 17), as
the N-cyclohexyl analogue of 49. Concerning AChE, the docking results showed that
compound 50c¢ has very similar binding mode as donepezil in the AChE active site.
Compound 50c¢ showed an interesting pharmacological profile deserving attention for

further development.
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3.1.3. Inhibitors of cholinesterase with neuroprotective effect and/or anti [-amyloid
aggregation properties
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Fig. 18 Multitarget ligands as ChEIs with neuroprotective effect, antioxidant, and/or anti

B-amyloid aggregation properties.

47



Novel multitarget compounds (Arce et al., 2009) of type I represented by scaffold
51 (Fig. 18) have been investigated as potential drugs for the treatment of AD, based on
L-glutamic moiety as a suitable biocompatible linker, incorporating three key
pharmacophore features: (1) an N-benzylpiperidine fragment selected to inhibit AChE by
interacting with the CAS; (2) an N-protecting group of the amino acid, capable of
interacting with the PAS and protecting neurons against oxidative stress, and (3) a
lipophilic alkyl ester that would facilitate brain penetration. All derivatives inhibited
hAChE, showing ICso values in the submicromolar range (0.10 — 0.53 pM), while they
inhibited ABuChE in the micromolar range. These compounds also displayed
neuroprotective properties against mitochondrial free radicals, showed low toxicity, and
were able to penetrate into the CNS (Arce et al., 2009).

Based on the evidence that the presence of the N-benzyl piperidine motif in ChEIs
improves the inhibitory activity of a ligand against AChE by interacting with the CAS of
the enzyme, and that interactions with aromatic residues located in the PAS of the AChE
resulted in potent dual-binding site AChEIs, Ozadali and colleagues (Ozturan Ozer ef al.,
2013) have reported six new N’-2-(4-benzylpiperidin-/piperazin-1-yl)acylhydrazone
derivatives of type II (general structure 52) (Fig. 18), which were expected to inhibit both
AChE and BuChE, and to prevent AP aggregation by combining 4-
benzylpiperidine/piperazine and methoxybenzyl scaffolds linked with N-acylhydrazone
moiety. The analyses showed that these compounds possessed very weak and non-
selective inhibitory activity against both enzymes: the most potent uncompetitive
inhibitor of the series was 53 (Fig. 18). However, they all showed surprisingly high and
similar effects ranging from 69% to 90% on AP aggregation inhibitory activity at 100

puM.
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Silva and co-workers reported synthesis, molecular modeling, and
pharmacological analysis of a series of new pyridonepezils and quinolinodonepezils.
These compounds were designed as hybrids resulting from the juxtaposition between
donepezil and selected poly-functionalized heterocyclic ring systems, such as pyridines
and quinolones (Silva et al., 2013). The authors observed that, while pyridonepezils
behaved as selective and moderately potent ZAChEIls, quinolinodonepezils were found to
be poor nAChEIs. The most potent and selective A AChEI was represented by the ethyl
analogue 54a (Fig. 18) with an ICso value against EeAChE of 0.0167 uM. In addition,
pyridonepezils and quinolinodonepezils proved to be more potent inhibitors of EeAChE
than AAChE, with the most potent EeAChEI being ethyl 54b (ICso (hAChE) = 0.25 uM)
(Fig. 18), which exhibited the same inhibitory potency of donepezil against ZAChE. In
the pyridonepezil series, the inhibition of ZAChE increased as the length of the linker
enlarged, with compound 54b being the most potent and selective for AAChE.
Furthermore, most of the new molecules significantly prevented the decrease in cell
viability caused by Ai.42, and were effective in preventing the enhancement of AfBi.42
production induced by AChE, and may act as antagonists of voltage sensitive calcium
channels, since they significantly prevented the Ca*' influx evoked by KCI
depolarization. The data indicated that these donepezil-like compounds are attractive

multipotent molecules for the potential treatment of AD (Silva et al., 2013).

3.1.4. Inhibitors of cholinesterases with antioxidant capacity

New donepezil-ferulic acid hybrids (Benchekroun et al., 2015b) were designed
and prepared by combining the potent antioxidant ferulic acid, isonitriles, and
benzylpiperidines substituted with alkylene-linkers of different length, in a “one-pot” Ugi
four-component reaction. Not surprisingly, all the hybrids showed strong antioxidant

activity based on the ORAC-FL assay. However, their ChE inhibition relied on structure.
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For EeAChE inhibition, it was observed that the longer the linker, the more potent the
inhibitors resulted. For the inhibition of egBuChE, the two best compounds bearing an
ethylene and propylene linker were substituted with a melatonin motif, a potent and well-
known antioxidant agent. The most potent compounds identified were hybrids 55a and
55b (Fig. 18). Compound 55a showed non-selective inhibition against AChE (ICso = 29.3
nM), only 1.4-fold less potent than donepezil, and BuChE (ICso = 52.3 nM). Product 55b
was characterized by ORAC assay as a strong antioxidant agent, more potent than ferulic
acid or melatonin, (8.71 trolox equivalents), and also behaved as a potent and selective

eqBuChEI (ICso = 10.39 nM).

3.2. Inhibitors targeting cholinesterases and other enzymes

3.2.1. Inhibitors of cholinesterases and beta secretase and other pharmacological targets

Zhu and co-workers have explored and reported novel multipotent effective drugs
for the treatment of AD, characterized by dual AChE and BACE-1 inhibition properties.
Compounds belonging to the scaffold 56 (Zhu et al., 2009) (Fig 19) are hybrids resulting
from the juxtaposition of pharmacophore of donepezil with isophthalamide, a widely
used pharmacophore in BACE-1 inhibitors (Hom et al., 2004).

Among them, the enantiomerically pure inhibitor 57 (Zhu et al., 2009) (Fig. 19)
showed good dual potency in an enzyme inhibitory activity test (1BACE-1: ICso = 0.567
uM; rat cortex AChE: ICso = 1.83 uM). It also displayed excellent inhibitory activity on
AP production in APP-transfected HEK293 cells (ICso = 98.7 nM) and a mild protective
effect against hydrogen peroxide-induced injury in PCI12 cells. Furthermore,
intracerebroventricular injection of 57 into APP transgenic mice caused a 29% reduction
of APBi40 production. To summarize, compound 57 was identified as a good lead

compound for further studies and it may represent a good example of successful MTDL
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approach to treat AD by simultaneously inhibiting AChE and BACE-1 enzymes and
reducing endogenous Afi-40 production in APP transgenic mice. Compound 57 was also

used to prepare new pyrazoles as C-terminus of selective BACE-1 inhibitors (Zou et al.,

2013).
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56 R=H,F;m=0,1,2
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Me.  .SO,M
eN olvie

57 [N'-((2S,3R)-4-((2-(1-Benzylpiperidin-4-yl)ethyl)amino)-3-hydroxy-1-
phenylbutan-2-yl)-5-(N-methylmethylsulfonamido)-N3-((R)-1-phenylethyl)
isophthalamide]

ZT

Fig. 19 New multipotent AChE and BACE-1 inhibitors.

A novel series of quinoxaline-based MTDLs for AD treatment have been designed
bearing core structural elements required for H3;R antagonists, BACE-1 and AChE
inhibitors, by using compound 58 and 59 (Fig. 20) as reference structures (Huang et al.,
2011a). Among the synthesized quinoxalines compound 60 (Fig. 20) was the most
effective  MTDL, showing a potent activity against H3R/AChE/BACE-1 (H3;R
antagonism, ICsp = 280 nM; H3R inverse agonism, ICsop = 189.3 nM; AChE, ICso = 483

nM; BACE-1, 46.64 % inhibition at 20 uM) and high selectivity over HiR/H2R/H4R.
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60 [4-((122-Piperidin-4-yl)methyl)-N- 61 [N-(3-Aminoquinoxalin-2-yl)-4-((1-benzylpiperidin-
(3-aminoquinoxalin-2-yl)benzamide] 4-yl)methyl)benzamide]

Fig. 20 Quinoxaline-based ChE and BACE-1 inhibitors and histamine receptor

antagonist.

Very interestingly, compound 61, (Fig. 20) bearing the N-benzylpiperidine,
compared to product 60, showed no H3R inverse agonist action and AChE inhibition,
while either the BACE-1 (8.96 % inhibition at 20 uM), and the H3R antagonism activities
were very poor (Huang et al., 2011a).

Mohamed et al. have synthesized a series of N-benzylpyrimidin-4-amines bearing
the benzylpiperidine pharmacophoric group at C-2 position as multitarget AD
therapeutics (Mohamed et al., 2012). Their ChEs inhibition, anti-AB-aggregation (AChE-
and self-induced), and BACE-1 inhibition properties were evaluated in an effort to
identify new multifunctional lead candidates to treat AD. As a result, N°-(1-
benzylpiperidin-4-yl1)-N*-(3,4-dimethoxybenzyl)pyrimidine-2,4-diamine 62 (Fig. 21) was
proposed as a new lead compound with a dual ChE (AChE ICso = 9.9 uM; BuChE ICso =

11.4 uM), AB-aggregation (AChE-induced = 59.3%; self-induced = 17.4% at 100 uM),
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and BACE-1 (34% inhibition at 10 uM) inhibitory profile along with good cell viability

(81% neuroblastoma cell viability at 40 pM).

OMe
MeO

NH

62 [N?-(1-Benzylpiperidin-4-yl)-N*-
(3,4-dimethoxybenzyl)pyrimidine-2,4-diamine]

Fig. 21 Pyrimidine donepezil hybrid as MTDL.

3.2.2. Inhibitors of cholinesterases and monoamine oxidases

An elegant approach by Marco-Contelles and co-workers reported original,
innovative and promising data. They designed new hybrids by combining the
benzylpiperidine motif present in donepezil with PF9601N, a potent and selective MAO-
B inhibitor, developed in Fernandez-Alvarez group at the IQOG (CSIC, Madrid, Spain)
(Perez et al., 1999). Both reference molecules’ cores were linked by chains of different
lengths, whose nature had a significant effect on the MAO, AChE, and BuChE inhibition
(Bolea et al., 2011). Hybrid 63 (Fig. 22) was found to be the most balanced and
multipotent molecule against the four targeted enzymes (rMAO-A ICso = 5.2 nM, r'MAO-
B ICso = 43 nM; EeAChE ICso = 0.35 uM, egBChE ICso = 0.46 uM) while being able to
inhibit the APi.4> self-aggregation (32.4% at 100 uM), and the AChE-induced APi-s0
aggregation (47.8% at 10 uM). Based on these preliminary and encouraging results,
compound 63 was further investigated, showing inter alia anti-apoptotic, and antioxidant
properties (Bolea et al., 2013; del Pino et al., 2014; Esteban et al., 2014), as well as

favorable BBB permeability (Stasiak ef al., 2014). Overall, these results indicate that 63
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is a potential MTDL hit for further development for the treatment of AD. Compound 63
has been used as a valuable scaffold for the novel multifunctional compounds endowed
with MAO and ChE inhibition properties (Bautista-Aguilera et al., 2014c; Samadi ef al.,

2012).

Me

63 (ASS234) [N-((5-(3-(1-Benzylpiperidin-4-yl)propoxy)-1-
methyl-1H-indol-2-yl)methyl)-N-methylprop-2-yn-1-amine]

Fig. 22 Donepezil-PF9601N hybrid as ChEl and MAOIL.

After these promising results, Marco-Contelles and colleagues (Wang et al., 2014;
Wu et al., 2015) designed various ASS234 derivatives (64a and 64b) resulting by
connecting N-benzylpiperidine to M30 (65) (Avramovich-Tirosh et al., 2007) and
HLA20A (66) (Zheng et al., 2009) (Fig. 23). M30 is a potent brain selective MAO-A/B
inhibitor and a neuroprotective biometal-chelator while HLA20A is a novel pro-chelator
with improved cytotoxicity profile exhibiting poor affinity for metal ions while not being
activated to an effective chelating agent by binding and inhibiting AChE. In addition,

HLAZ20A is able to modulate APP and to reduce AP aggregation.
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63 (ASS234)

Fig. 23 ASS234 derivative (64a and 64b) as multipotent compound in AD drug

discovery.

Seven compounds were prepared and evaluated on several targets, particularly
derivative 64a (Fig. 23), identified as a multi-functional chelator for biometals able to
interact with two key enzymatic systems involved in AD, represents a new lead
compound for the potential treatment of this disease. Indeed, 64a showed an irreversible
and moderate inhibition of MAO-A and B compared to M30, with ICso values of 6.2 uM
and 10.2 puM, respectively. Moreover, this compound was found as an EeAChEI able to
complex biometals such as Cu(Il) and Zn(II) and Fe(Ill). In a theoretical ADMET
analysis, 64a showed proper drug-like properties and brain penetration capacity for CNS
activity. In addition, 64a presented less toxicity than donepezil at high concentrations in
an in vitro model of toxicity using HepG2 cells. Furthermore, compound 64a was also

able to enhance cognitive functions in scopolamine-induced learning deficits in healthy
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adult mice. Very recently, the same authors (Wu et al., 2015) have developed 64b as a
novel analogue of 64a characterized by a similar multifunctional profile which was
improved in terms of activity against ChEs (AAChE 1Cso = 29 nM; Ki = 15 nM; ABuChE
ICs0 = 39 nM; Ki = 52 nM) and with MAO enzymes selectivity (MAO-A ICso = 10.1 pM;
MAO-B ICsp > 100 uM). 64b was found to be a strong complexing agent for Cu(Il) and
Zn(II), while the effect on iron resulted less evident, showing also moderate antioxidant

properties.

3.3. Ligands of sigma-1 receptors

The N-benzylpiperidine moiety and its derivatives have been largely studied to
design compounds binding sigma 1 (o1) receptors. The ¢ binding sites were originally
defined and classified as opioid receptor subtypes (Martin et al., 1976). Two different
subtypes, designated o1 and o2, were identified (Hellewell ef al., 1994). The o1 receptors
may be involved in regulating a variety of neurotransmitters in the CNS, including
cholinergic (Senda et al., 1998; Senda et al., 1996) dopaminergic (Kamei et al., 1997),
and glutamatergic systems (Bergeron ef al., 1996; Maurice and Privat, 1997). They are
involved in many cellular functions and biological processes (Maurice and Su, 2009),
including neuroprotection (DeCoster et al., 1995; Nakazawa et al., 1998; Tchedre and
Yorio, 2008). Many investigations have documented the involvement of ¢ receptors in
some important pathways implicated in different neurodegenerative illnesses such as AD
(Huang et al., 2011b) and Parkinson’s disease (Mishina et al., 2005).

In order to develop selective o1 ligands with antioxidant properties, some
compounds were prepared by connecting a natural antioxidant moiety lipoic acid to
piperidine or piperazine derivatives (Prezzavento et al., 2013). In this work, the authors
found that the most promising compounds were those bearing the N-benzylpiperidine

moiety. In particular, among the synthesized analogues, compound 67 (Fig. 24) displayed
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the highest affinity and selectivity for the o1 receptors (Ki o1 = 5.5 nM; Ki 62/01 = 414).
In addition, 67 showed in vivo anti-opioid effects on kappa opioid (KOP) receptor-
mediated analgesia and reduced the swelling and the oxidation of thiol groups induced by

calcium ions in rat liver and brain mitochondria.

67 [1-Benzylpiperidin-4-yl 5-(1,2-dithiolan-3-yl)pentanoate]

Fig. 24 Donepezil lipoic acid hybrid as MTDL.

The work reported by Zampieri (Zampieri et al., 2009a) is based on a receptor
model proposed by Glennon (Glennon et al., 1994) (Fig. 25) which includes an amine
binding site flanked by two hydrophobic domains, the primary hydrophobic binding site
that binds phenyl ‘°‘B’’ and a secondary binding site that binds phenyl *“A’’, placed at
optimal reciprocal distances. The authors described the synthesis of a series of new

benzo[d]oxazol-2(3H)-one derivatives variously functionalized on the N-benzyl moiety.
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Fig. 25 Pictorial presentation of Glennon’s model.

In this study, the most potent compound was the one bearing a chlorine atom at
C-4 position of the benzene ring (68) (Fig. 26). This compound showed the highest
affinity and selectivity toward o1 receptors (about 4000-fold). Interestingly, the non-
substituted benzene analogue 69 (Fig. 26) was less active than chlorine derivatives but
exhibited an interesting affinity for the o1 receptor (Ki = 3.6 nM) compared with the
reference haloperidol and (+)-pentazocine. In another study, (Zampieri et al., 2009b)
benzo[d]oxazol-2(3H)-one derivatives were prepared and employed for a pharmacophore
modelling study. A predictive pharmacophore was generated by means of Catalyst
software package (Catalyst, version 4.9; Accelrys Inc.: San Diego, CA) by using the
HypoGen method. This pharmacophore consists of five features: two hydrophobic
aromatics, one hydrophobic aliphatic, one H-bond acceptor, and one positive ionisable
group. The computational tool could reasonably predict the affinity of the test set

molecules with a correlation coefficient of 0.896 and showed the best statistical
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significance among all the generated models. In addition, the authors presented a second
generation of benzylpiperidine-4-carboxamides, 70 and 71 (Fig. 26) able to bind o,
receptor with excellent affinity (Ki 0, = 48.1 nM and 22.5 nM, for compound 70 and 71,
respectively).

The same group (Laurini et al, 2012) identified a novel series of acetamide
derivatives and particularly 72 (Fig. 26), which showed an excellent affinity (Ki = 0.09
nM) toward the o, receptor. The results obtained supported the previously developed
pharmacophore model, in fact 72 was able to match all the features of the model. Their
recently developed analogues (Zampieri et al., 2014) displayed lower affinity than 72 but

remained strongly active toward the o, receptor (Ki = 13.6 nM) with higher selectivity

O>=O QR
N _
L

[3-((1-Benzylpiperidin-4-yl)methyl)benzo[d]oxazol-2(3H)-one]

than o, 73 (Fig. 26).

68 R =ClI 69R=H
N
y /\@ H N
" N
O o]
70 [1-Benzyl-N-phenylpiperidine-4- 71 [N,1-Dibenzylpiperidine-4-carboxamide]

carboxamide]

©/\N Me\f\oij\ ©/\N Me?\j\{(@

72 [N-((1-benzylpiperidin-4-yl)methyl)-N- 73 [N-((1-Benzylpiperid_in-4-y|)methy|)-N-
(4-chlorophenyl)acetamide] ethylfuran-2-carboxamide]

Fig. 26 Compounds developed by two research group directed by Zampieri and Pricl.
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March et al. designed analogues of haloperidol: N-(1-benzylpiperidin-4-
ylphenylacetamide 74 (Fig. 27) (Huang et al., 1998) and N-(1-benzylpiperidin-4-
ylarylacetamide 75 (Fig. 27) (Huang et al., 2001a). For the first series, different
substituents were introduced at various positions on the phenyl ring of the
phenylacetamide moiety and, when tested for their binding affinities for o1 and o2
receptors, they showed higher affinities for o1 receptors. It was also noted that the
introduction of hydrophilic substituents (NO,, OH, OMe, and NH) caused a reduction of
the affinity for the o receptor. The most potent and selective compounds were 74 (Fig.
27) and its analogues bearing a fluorine substituent at position 2, which possess critical
distances according to Glennon’s model. In the second series, the phenyl group of 74
(Fig. 27) was replaced by different aryl groups. However, these latter did not lead to an
improvement of affinity and selectivity for the o1 receptor. The best compound 75 (Fig.

27) showed a Ki =3.93 nM and 100-fold selectivity.

W@Q TT 00

74 [N-(1-Benzylpiperidin-4-yl)-2 75 [N-(1-Benzylpiperidin-4-yl)-2-(thiophen-2-yl)
phenylacetamide] acetamide]

Fig. 27 Compounds developed by March and co-workers.

In an attempt to find new compounds able to bind dopamine D> and D3 receptors,
a series of 2-(2,3-dimethoxyphenyl)-4-(aminomethyl)imidazole analogues (Huang et al.,
2001b) were developed and evaluated also for their binding affinities to o1 and o2
receptors. Among them, two compounds containing the N-benzylpiperidine moiety 76
and 77 (Fig. 28) showed a potent affinity (Ki = 33.6 nM) and good selectivity for o

versus 02, D> and D3 and equal to 4, 50 and 53, respectively. The bromo-substituted
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analogue 77 presented 2.5-fold lower affinities against o1 than 76, but comparable

affinities were observed for D3 and 3.5-fold higher affinities for D,.

H N/
QT
X
76 X=H 78 [5-(1-(1-Benzylpiperidin-4-yl)-
77 X = Br 1H-pyrrol-2-yl)oxazole]

Fig. 28 Donepezil imidazole hybrids with affinities against dopamine and o receptors and

piperidinylpyrole as dopamine receptors binding.

A series of piperidinylpyrole (Haubmann ef al., 1999) was synthesized according
to the modified Paal-Knorr reaction and evaluated on dopamine receptor subtypes.
Eleven products were prepared and evaluated on D1, D2, D3 and D4 receptors leading to
the following conclusions: the strongest D4 recognition was exhibited by the
oxazolylpyrroles 78 (Fig. 28), which indicated higher affinity (Ki = 63 nM) but reduced
selectivity over the D, and D3 subtypes. Compared to clozapine, the compound showed 4-
fold lower affinity for the human D4 receptor and comparable D3 binding affinity.

However, the selectivity for D4 over D2 and D was significantly higher.

4. Computational approaches

In the continuous effort to discover potential DMAAD, molecular modeling has
played a crucial role for the rational design and the identification of novel chemical
entities behaving as ChEIs. The release of a consistent number of 3D structures of ChEs
in the Protein Data Bank (PDB), which were also employed in a number of Structure-

Based Drug Design (SBDD) approaches (Bajda et al., 2013; Chen et al., 2012a; Remya et
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al., 2013) has also enabled molecular modelling approaches which, in this field, were
mainly used for explaining the activity of enzyme inhibitors based on the X-ray structure
of the enzyme in complex with different ligands. In the case of tacrine- and donepezil-
like compounds molecular modelling was mainly used, in the most recent reports, for
comparing the predicted binding mode of a novel derivative with the crystal structures of
the reference ligands (Fig. 2). Accordingly, the most relevant examples have already been
discussed allover the text.

Neverthless the ligand-based approach still exerts a very important role in ChEIs
drug discovery. In particular, many computational efforts based on Ligand-Based Drug
Design (LBDD), mainly 3D-quantitative structure—activity relationship (QSAR)
approaches, have been successfully developed and also employed in virtual screening
procedures aiming at discovering novel scaffolds. Further, some ligand-based models
have been employed to rationally decorate existing scaffolds in order to optimize their
AChHE inhibition properties. All these aspects have been widely reviewed elsewhere
(Bermudez-Lugo et al., 2011; Speck-Planche ef al., 2012a, b) and we herein will limit our
description to the most fruitful and recent QSAR approaches for providing a picture of
the state-of-the-art on LBDD in ChElIs field in the modern computational era. A specific
focus will be given to those efforts that effectively led to the identification of novel
ChEIs. Accordingly, the reports concerning the rationalization of AChE inhibition of
known or newly synthesized compounds using computational techniques such as 3D-
QSAR/pharmacophore modeling were not taken into account. MD simulation have
represented, as discussed in paragraph 4.2, a key step for the comprehension of AChE

trafficking and functioning for orienting the design of potent ChEIs.

4.1 Quantitative structure—activity relationship (OSAR) studies
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In last 50 years, the field of QSAR modeling (Hansch et al., 1962) has been one of
the most commonly used theoretical approach to model the biological and physical
properties of compounds. Statistically-based QSAR approaches are widely developed and
applied in helping to guide lead optimization and computer-aided-drug-design (CADD),
as crucial initial step in drug discovery (Cherkasov ef al., 2014; Cramer, 2012).

The QSAR approach and related chemoinformatic methods have been
successfully applied in polypharmacology for studying multitarget compounds and to
rationally design ligands endowed with unique polypharmacological profile (Besnard et
al., 2012; Ning et al., 2009). For multipotent ligands drug design, the development of
multiple QSAR models considering each target of interest have been applied in order to
evaluate the potential ability of designed ligands to interact with all the considered
targets. The cross-analysis of the results obtained from each model can indicate if a

compound is suitable for being a MTDL (Cherkasov et al., 2014).

The rational design of compounds characterized by unique polypharmacological
profile, coupled with overall safety, is performed by a sequence of steps. The process
begins with the design of a series of chemical analogues of an identified MTDL lead,
followed by the in silico prediction of their polypharmacological profiles in turn
formulated by using the appropriate ligand-based QSAR models. This approach will
prioritize for synthesis only the compounds predicted to possess the desired multitarget
activities (Besnard et al., 2012; Hajjo et al., 2010; Hajjo et al., 2012; Zhang et al., 2013).

A successful example of this approach was reported where the in silico generated
analogues of the AChEI donepezil were QSAR-tested for their polypharmacology toward
a series G-protein-coupled receptors, and more that 75% of ligand-target predictions were

experimentally confirmed (Besnard et al., 2012).
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The MAO-A/B and AChE/BuChE inhibitory activities of multitarget donepezil
and tacrine derivatives (Bautista-Aguilera et al., 2014a; Bolea et al., 2013; Bolea et al.,
2011; Perez et al., 1999; Samadi et al., 2011) were used in recent 3D-QSAR studies and
lead-improving work with multipotent compound 63 (ASS234) (Fig 22) (Bautista-
Aguilera et al., 2014a; Bautista-Aguilera et al., 2014b). Based on the 3D-QSAR studies it
was concluded that substitution in ortho position of the benzyl moiety of ASS234 with
small groups could enhance the MAO-A, MAO-B, and AChE inhibiting activity while
substitution with bulky substituents at para position of the benzyl moiety could decrease
BuChE inhibiting activity of the ASS234 derivatives. The designed ASS234 analogues
were synthesized and few ligands were identified as very potent MAO/ChE inhibitors.
The novel donepezil-indolyl MAO/ChE inhibitors confirmed the quality of the generated
3D-QSAR model (Bautista-Aguilera et al., 2014c).

A very interesting work combining molecular mechanics to QSAR technique was
carried out by Gharaghani and colleagues who flanked MD simulation to docking studies
for developing a structure-based QSAR model which was able to predict AChE inhibitory
activity of known compounds as well as to find novel AChEIs (Gharaghani et al., 2013).
Another relevant protocol combining different computational approaches was described
by Valsani and co-workers with the aim to design novel AChEIs (Valasani ef al., 2013).
By using 2D-QSAR, pharmacophore modeling, ADME descriptors and molecular
docking, the authors reported the rational design of AChEIs more potent and selective
with respect to donepezil. Similarly, Mishra and collaborators, by using pharmacophore
modeling and molecular docking, evaluated in silico a comprehensive virtual screening
protocol to discover potent AChEIs (Mishra and Basu, 2013). Concerning pure ligand-
based methods, a ligand-based approach was recently developed by Abuhamdah and

colleagues, allowing them to discover novel derivatives with a good inhibitory activity
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against #AChE. In particular, they reported the generation of a pharmacophore model by
using 85 AChEIs. Subsequently, they implemented a genetic algorithm-based QSAR
modeling to select optimal combination of pharmacophore models and 2D
physicochemical descriptors able to explain the bioactivity variation among training set
compounds. Finally, the resulting model was employed to screen the National Cancer
Institute (NCI) chemical database, and the outcome of this approach was the
identification of 24 AChEIs with potencies in the low micromolar range, where the best
molecule 79 (Fig. 29) showed an ICso value of 1.0 uM (Abuhamdah et al., 2013). By
using a classical structure-affinity relationship (SAR) approach, Richmond and
collaborators identified a polyhydroxylated sulfated steroid as promising novel scaffold

able to inhibit AChE (Richmond et al., 2013).
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Fig.29 Structure of the compunds selected by ligand-based approaches.

Interestingly, a rational design performed by Hu and colleagues provided hybrid
molecules containing donepezil and huperzine fragments. Following this approach the
potent and selective derivative 80 (Fig. 29) showing an ICso value of 9 nM was identified
(Hu et al., 2013). Similarly, Li and colleagues, by using a ligand-based approach, were
able to rationally design tacrine-flavonoid hybrid compounds interacting simultaneously
with CAS, PAS and mid-gorge sites of AChE. Particularly, compound 17 (Fig. 9) was
found to be highly potent showing a balanced inhibitory profile against ChEs and AP 42

spontaneous aggregation (Li et al., 2013a). Gupta and collaborators reported a successful
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ligand-based virtual screening protocol employing the pharmacophore modeling
technique. The 3D model was used as a query in a sequential virtual screening protocol to
filter three small compound databases which allowed the selection of nine compounds for
biological evaluation and two lead compounds 81 and 82 (Fig. 29), possessing low
micromolar AChE inhibitory activity, were found (Gupta et al., 2011). By adopting
divergent-SAR analysis, Andersson and co-workers analyzed the molecular interactions
between @ AChE and two  compound classes consisting of  N-[2-
(diethylamino)ethyl]benzenesulfonamides and N-[2-
(diethylamino)ethyl]benzenemethanesulfonamide. By combining SAR analysis,
synthesis, enzymatic assays, X-ray crystallography, and thermodynamic profiling, the
authors identified and crystallized a potent inhibitor 83 (Fig. 29) with AChE (Andersson
etal.,2013).

The ligand-based approach demonstrated to be also very helpful in the selection of
AChEIs as reported by Chaudhaery and collaborators (Chaudhaery ef al., 2010) which,
by using pharmacophore-based virtual screening approach, and employing 3D-predictive
pharmacophore model and in-house virtual library, identified novel derivatives able to
inhibit AChE. In particular, the predictive pharmacophore model (correlation= 0.955)
with one H-bond donor and three hydrophobic features was developed using HypoGen,
implemented in Discovery Studio suite, on a training set of 24 carbamates as AChEIs.
The model was validated on a test set of 40 carbamates (correlation = 0.844) and
subsequently used in the virtual screening protocol employing a virtual chemical library.
This approach allowed the identification of novel carbamates as potent AChEIs. In
addition to “classical” ligand-based pharmacophore, de Oliveira Santos and co-workers
generated a protocol combining ligand- and structure-based methods to perform a virtual

screening of the Centre d’Etudes et de Recherche sur le Médicament de Normandie
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(CERMN) chemical library. The authors used two kinds of virtual screening of the
CERMN database in the search for new and original gorge-spanning AChEIs, capable to
interact with both the CAS and the PAS: 1) a structure-based screening using a docking
approach and, ii) a ligand-based screening using a 3D pharmacophore developed taking
into account two AChEIs (donepezil and (S,S5)-(-)-bis(10)-hupyridone). The application of
this two steps screening led the identification of new structurally original compounds
inhibiting AChE in the micromolar range. Notably, 84 (Fig. 29) showed an ICso value
close to that of donepezil (Sopkova-de Oliveira Santos et al., 2010). An in silico
screening workflow was recently adopted by Lakshmi and colleagues for the
identification and prioritization of potential compounds that could interact not only with
the CAS but also with the PAS of AChE. Phase software, implemented in Maestro
molecular modeling environment suite, was employed to generate different
pharmacophore models starting from different AChE/inhibitors co-crystal structures.
Multiple pharmacophore virtual screening was performed using ZINC natural products
database. The obtained hits were docked into AChE binding site to narrow down the
number of potential hits be to evaluated. The computational approach provided 12 hit
compounds (Lakshmi et al, 2013). SAR investigation carried out by Pudlo and
collaborators guided the design of a series of quinolone-benzylpiperidine derivatives with
potential activity against AChE. Among the series, the most potent compounds showed
effective AChE inhibitions with ICso values in the low micromolar range, high selectivity
over BuChE and high radical scavenging activities (Pudlo et al., 2014). A 3D-
QSAR/CoMFA technique was adopted by Li and colleagues for identifying a series of
novel azaoxoisoaporphine derivatives with inhibitory activity against AChE, as
experimentally demonstrated (Li et al., 2013b). Four point pharmacophore modeling

approach was generated by Bag and co-workers for virtually screening Drug Bank
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Database and natural alkaloids dataset in order to find AChEIs. The generation of the
pharmacophore was based on a structurally diverse set of reported AChEIs and was
validated using a different and unrelated set of known inhibitors. The developed
pharmacophore indicated that the presence of one H-bond acceptor motif, one H-bond
donor motif, one positively charged group and one aromatic ring is needed for AChE
inhibition. The selected hits were further investigated by means of molecular docking and
in vitro testing. A consistent number of selected compounds showed a reasonable
inhibitory activity against AChE, outlining the reliability of pharmacophore modeling and
ligand-based methods in searching AChEIs (Bag et al., 2013). Differently, molecular
docking procedure helped Di Pietro and co-workers to rationally design and optimize a
series of ligands with remarkable activity towards AChE (Di Pietro ef al., 2014). In fact, a
series of naphthyridines were synthesized according to the suggestion derived from the
computational approach indicating strong interaction with peripheral and mid-gorge
regions. Among the compounds obtained by chemical synthesis, 85 (Fig. 29) showed an
ICso of 65 nM against AChE, and it was demonstrated to inhibit also BuChE in the low
micromolar range. Recently, SAR studies supported by molecular docking coupled to
MD simulation, were carried out by Vitorovi¢-Todorovi¢ and colleagues on a series of 4-
aryl-4-oxo-2-aminylbutanamides 86 (Fig. 29). By using the mentioned approach a set of
selected molecules showed a significant inhibitory activity against AAChE in the low
micromolar range (Vitorovic-Todorovic et al., 2014).

In summary, we have highlighted the relevance of ligand-based approaches to
discover novel chemical entities for a known drug target, despite the presence of its
crystal structures. Computational tools such as QSAR, pharmacophore modeling, rational
design have been demonstrated and are still useful tools in AChE drug discovery as well

as for other targets (Brogi et al., 2011; Brogi et al., 2009; Brogi et al., 2013; Cappelli et
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al., 2013; Castelli et al., 2012; Gemma et al., 2014; Giovani ef al., 2014; Pasquini ef al.,
2012). Moreover, the large improvement in hits identification rate and reliability of

results clearly appears evident when different computational techniques are combined.

4.2 Molecular dynamics (MD) simulation studies.

In addition to QSAR studies, which are useful tools to identify novel chemical
entities interacting with the active site of AChE, other computational procedures such as
MD simulation coupled to molecular docking studies or ab initio modeling resulted
extremely relevant for investigating the behavior of the enzyme as well as the influence
of the elements governing the ligand-recognition occurrence (i.e water molecules)
(Karplus and McCammon, 2002). Pioneering works applying MD simulation to examine
the active site gorge of AChE in ligand-recognition, in the protein functions and for
evaluating the role of water molecules in this process have been reported by McCammon
and co-workers (Shen ef al., 2002; Wlodek et al., 1997). By applying MD simulation, the
scientists examined the trafficking of water molecules in the gorge. For an in depth
investigation of the water molecules in the enzyme gorge, the authors extracted a water
density averaged over an MD simulation of AChE using averaged residue coordinates
(ARC). This density was mapped to a single protein coordinate frame for the analysis and
the properties of the hydration sites such as occupancy, residence, H-bonds and dipole
moment were examined coupled to a study of complementary properties of gorge volume
and empty space. The proposed computational approach highlighted how a ligand acts in
the gorge under the influence of water molecules. Waters move in and out of the gorge
through the main gorge entrance once every 200 ps, on average. Fluctuations in gorge
volume also influenced the number of water molecules inside it (resulting in a gorge

water population of 16 to 22 water molecules). The paper also described that the size and
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frequency of variation of water molecules number may influence ligands trafficking also
in terms of ligands’ size. A detailed analysis of the hydration sites in the gorge provided
additional information. In fact, the waters in the middle, the main gorge entrance, and
near S203 and E202 (human numbering) appeared to be more disordered in density and
dipole moment orientation, displaying more variable occupancy and cavities, lower
residence times with more intersite traffic, and in the case of the main gorge entrance,
fewer H-bonds. Contrarily, the water molecules in the choline binding site and in the
pocket between D74 and W86 (human numbering) showed opposite properties, being
more ordered, having single occupancy, longer residence times, and little intersite traffic.
These differences may be attributed to the more confining shape of the D74/W86 pocket
and to the presence of the sodium in the choline binding pocket. This difference is
relevant since the more mobile class of water shapes ACh binding site and provides a
path for the natural substrate to enter the gorge. The more mobile and less structured
waters would allow faster ligand diffusion with reduced stability of waters itself. So,
displacement of these waters by a ligand may conduct to stronger binding as observed for
the large cavity adjacent to S203. The choline binding site is a portion of the ACh binding
site that is relatively fixed since water appeared unable to displace sodium from this
region, while choline can to do it and this provides high affinity for the binding site.
Collectively, these MD studies relative to water molecules movements and their effect on
the binding of ligands into AChE, provided crucial information for SBDD (Henchman
and McCammon, 2002; Henchman et al., 2002).

The same research group have also computationally investigated the role of
catalytic triad (S203, H447 and E334 human numbering) and oxyanion hole of AChE
(G121, G122, and A204 human numbering) by combining ab initio quantum

mechanical/molecular mechanical (QM/MM) approach (Zhang et al., 2002). The findings
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clearly suggested that the reaction proceeds through the nucleophilic addition of the
oxygen of S203 to the carbon of carbonyl group of ACh. Furthermore, the authors
observed that the reaction is facilitated by simultaneous proton transfer from S203 to
H447. The calculated potential energy barrier at the MP2(6-31+G*) QM/MM level was
found to be 10.5 kcal/mol, in agreement with the experimental reaction rate. By using this
computational technique, the authors proposed for the first time a consistent role for the
other component of the catalytic triad, E334. In fact, this residue was found to be
essential in stabilizing the transition state through electrostatic interactions. Concerning
the oxyanion hole, the authors underlined its crucial role in catalysis. Indeed, in the
AChE-Ach Michaelis complex, two H-bonds were formed between the carbonyl oxygen
of ACh and the peptidic NH groups of G121 and G122 belonging to the oxyanion hole.
During the process, the distance between the carbonyl oxygen of ACh and NH group of
A204 became smaller, and a third H-bond was formed both in the transition state and in
the tetrahedral intermediate (Zhang et al., 2002). Moreover also a combination of
multiple docking and MD simulation was applyied for investigating the different factors
affecting the binding affinity and specificity of ligands in AChE by using ACh
derivatives (Kua et al., 2002) or tetramethylammonium (Bui et al., 2003) as substrates.
The QM/MM hybrid calculation was also reported for different ligands to simulate the
reaction into the active site of the enzyme. Recently, the mentioned computational
scheme was used for modeling the structure—reaction rate correlations for the hydrolysis
of a set of neutral esters in the active site of AChE (Lushchekina et al., 2010).
Interestingly, a Born—Oppenheimer ab initio QM/MM MD simulations with umbrella
sampling was used by Zhang and colleagues to simulate the covalent inhibition
mechanism between 7cAChE and the toxin soman determining its free energy profile for

the first time. The results provided by authors indicated that phosphonylation of the
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catalytic serine by soman employed an addition—elimination mechanism, which was
found to be highly associative and stepwise. First, in the initial addition step, which is
also rate-limiting, H440 (7cAChE numbering; H447 in human sequence) acts as a general
base to facilitate the nucleophilic attack of the catalityc serine on the soman’s phosphorus
atom to form a trigonal bipyrimidal pentacovalent intermediate. Secondly, in the
elimination step, Y121 (7cAChE numbering; Y124 in human sequence) of the catalytic
gorge stabilizes the leaving fluorine atom prior to its dissociation from the active site. The
reported simulations revealed detailed molecular mechanistic insights into the damaging
function of the nerve agent soman (Sirin and Zhang, 2014). In addition to the mechanism
above reported, Bennion and colleagues also described conformational changes in the
enzyme when soman binds AChE. In particular, the complex was found to be stabilized
by the interaction with the residues located in the oxyanion hole as well as those located
in the Q loop (C69-C96 in human sequence) increased non-polar contacts with nearby
aromatic residues normally responsible for moderating substrate access to the active site.
These observation obtained by MD simulation concerning the structural modification of
AChE include aromatic and hydrophobic interactions with the soman adduct, limiting
access to the soman adduct from the main gorge even though the gorge entrance is larger.
The altered motions and resulting structures provided alternative pathways into and out of
the AChE active site. MD trajectories analysis of the apo and soman adducted showed
that the correlation of gorge entrance and back door motions are disrupted when AChE is
adducted. This supports the hypothesis that substrate and product can use two different
pathways as entry and exit sites in the apo form of the protein. These alternative
pathways could represent important implications for the rational design of medical

countermeasures as well as for understanding the effects of covalent modifications on the

73



network of connected motions that are responsible for the dynamics of the enzyme
(Bennion et al., 2015).

Computational studies combining MD simulation and multiple ligand docking
resulted very useful also to understand the roles of the anionic subsite residues (W86,
E202, Y337 in human sequence) in the binding of ACh to AChE. The selected work
highlighted the crucial role of electrostatic interactions in stabilizing the docking of ACh
established by E202, while the aromatic residues covered only a marginal role concerning
the electrostatic interaction in ligand binding. Moreover, in silico mutagenesis studies on
this residues resulted in a significant reduction in binding of ACh in the catalytically
productive orientation. E202A and W86A showed the largest reduction in docking score
among the mutants (Kua et al., 2003).

MD simulation was also employed to better understand the crucial region
involved in ligand binding. In particular, the Q loop was extensively investigated
coupling experimental and in silico studies (Shi et al., 2003). Specifically, the flexibility
of three residues (L76, E81, and E84) in the Q loop and one residue (Y 124) across the
gorge from the Q loop were studied in the absence and presence of two inhibitors of
different size, fasciculin and huperzine. The authors observed that the Q loop residues
were significantly more mobile than the Y124. Based on the experimental findings the
examined mentioned residues showed torsional motion and segmental fluctuations and
therefore could contribute to transient gorge enlargements. So, these rapid fluctuations,
occurring in a time frame that was found shorter with respect to diffusional translation of
substrate, could be expected to enhance substrate accessibility and product exit. Moreover
the analysis of the effects of two ligands, one of which interacts directly with the exterior
portion of the Q loop (fasciculin) and one without this kind of contacts (huperzine),

revealed internal loop flexibility and that the backbone movements are not all strongly
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coupled. The obtained results suggested the opportunity that transient gorge enlargements
result from random or near random (non-concerted) fluctuations that periodically widen
the gorge (Bui ef al., 2004; Shi et al., 2003). The loop fluctuation investigated by MD
simulation by Wiesner and colleagues was found to be influenced by different
protonation states of two glutamate residues located at the bottom of the active site gorge
(E202 and E450 in Mus musculus and human AChE sequence), making the opening of
the back door much more frequent (14% of trajectory time) and where the opening of side
door was observed quite frequently (78%) in the studied condition according to the high
AChE catalytic efficiency (Wiesner et al., 2010). A similar opened back door
conformation was found by other researchers related to the movement of W84 (TcAChE
numbering; W86 in human sequence) (Sanson ef al., 2011). Concerning the investigation
of AChE-ligand interactions by means of computational studies, Bai and co-workers
recently reported a methodology to assess the kinetic parameters governing the binding
affinity for huperzine into AChE. The authors developed a computational framework able
to construct a complete ligand-target binding free energy landscape. The methodology
was employed to simulate the binding event of huperzine to AChE and could be useful
also for studying other protein-ligand complexes (Bai er al, 2013). Differently from
huperzine and other AChEIs that go through the greatest barrier placed at the bottleneck
of the gorge, the MD simulation (steered molecular dynamics (SMD)) studies conducted
by Niu and colleagues on the complex 7cAChE/donepezil revealed a major resistance
preventing donepezil from leaving the gorge ascribable to the PAS where donepezil
strongly interacts with several aromatic residues (Y70, Y121, and W279 in TcAChE;
Y72, Y124, and W286 in human sequence) through its benzene ring and forms a strong

direct hydrogen bond and a water bridge with S286 (S293 in human sequence). In
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summary the article highlighted the different mechanism governing the activity of diverse
AChEIs (Niu et al., 2005).

More recently, Butini and colleagues carried out bioinformatics studies aimed at
better understanding the role of specific hot spots, responsible for protein fluctuations and
functions. Combining exhaustive conformational search analysis and molecular docking
studies, the research group was able to detect the active-site residues that played a role in
modulating the cooperative network between the key substructures and their implication
in rational drug design. In particular, the computational studies highlighted protein-
protein interaction domains in #ChEs, defining several putative protein hot spots in the
active-site gorges of ZChEs that can be targeted to develop extremely potent ligands.
Using all the X-ray structures of AChEs available in the PDB, conformational shifts in
key residues located in different regions of the gorge upon complexation with an inhibitor
were calculated. This approach led to the identification of concerted movements of
specific AChE residues (i.e., CAS: Y337; mid gorge: D74 and Y341; PAS: W286) upon
binding of an inhibitor, and these conformational changes were related to inhibitor
potency and binding mode. In particular, a relevant relationship between potency and
inhibitor-induced conformational shifts in W286 of the PAS was detected. Taken together
these findings allowed the authors to develop extremely potent and highly flexible
reversible inhibitors characterized by Ki values in the high to low picomolar range (Butini
et al.,2008a).

MD simulation was applied by Xu and co-workers on 7cAChE with the aimed of
understanding the role of the aromatic residues in the active site gorge of AChE. The
authors analyzed the conformational flexibility of the side chains of the 14 conserved
aromatic residues in the active-site gorge of TcAChE based on the 47 crystal structures

available for the native enzyme and for the enzyme bound to ligands. The article reported
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a different degree of flexibility of the mentioned 14 aromatic aminoacid side chains. The
authors reported that the side-chain conformations of F330 and W279 (Y337 and W286
in human sequence respectively) were both very flexible, while the side-chain
conformations of F120, W233, W432, Y70, Y121, F288, F290 and F331 appeared to be
fixed (F123, W236, W439, Y72, Y124, F295, F297, and F338 in human sequence).
Moreover, residues located on, or adjacent to, the Q-loop (W84, Y130, Y442, and Y334,
(W86, Y133, Y449, and Y341 in human numbering) displayed different flexibilities in
the MD simulations and in the crystal structures. An important result of this work was
that the majority of the side chain conformations observed in the 47 TcAChE crystal
structures were faithfully reproduced by the MD simulation on the native enzyme (Xu et
al., 2008). More recently, similar findings on the flexibility of the active site gorge
aromatic residues have been reported (GhattyVenkataKrishna ef al., 2013).

In the frame of tacrine-based MTDLs very recently Brogi and colleagues (Brogi et
al., 2014) carried out computational studies by coupling molecular docking studies and
MD simulation to investigate the mechanism governing the ability of compound 3 (Fig. 4
of paragraph 2.1 where the profile of compound 3 is briefly discussed) to inhibit
spontaneus AP fibrils formation as well as to disrupt AP preformed fibrils. Based on the
computational results the authors observed that compound 3 strongly interacts with AP by
its bis-tacrine system with H13 (hydrophobic contacts) and P19 by a n-n stacking, while
the peptide portion of the molecule forms H-bond with K16, a cation-n stacking with K28
by the benzyl ester function and a m-m stacking with F20 by the benzyl carbamate. The
MBD simulation also highlighted the role of the protonated terminal tacrine, forming a H-
bond with D23 and 132. During the simulation compound 3 maintained a similar position
on the AP peptide. These findings support a high affinity of 3 for APi 42 explaining its

mechanism of action. In fact, 3 could prevent the misfolding of the C-terminal region to
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B-sheet, since no change of secondary structure was observed 3 for ABi1-4 during the 100
ns of simulation and consequently the helix appeared constantly conserved (the
simulation without inhibitor revealed that earlier misfolding events can be already
detected after 20 ns of simulation). On the other hand, the mentioned compound is also
able to disrupt the AP fibrils establishing a relevant number of polar contacts with key
residues of the fibril complex such as the hydrophobic region comprised between L17-
E22 as well as the residues D23 and K28. In particular, the hydrophobic central region
L17-E22 is crucial for fibrils assembly while the salt bridge formed between D23 and
K28 is necessary for the fibrils stability. Based on the MD results the authors observed
conserved interactions of 3 with these regions. Indeed, a tacrine system interacts with the
hydrophobic region L17-E22 and the peptide moiety and established a series of polar
contact with K28 and/or D23, hampering the formation of the mentioned salt bridge.
Accordingly, already after 40 ns the disruption of fibrils started. Remarkably, the
computational approaches above presented allow to unequivocally establish the
mechanism of action of compound 3 (Brogi et al., 2014).

In conclusion, in this review we have reported a comprehensive overview
concerning the latest advance in multifunctional ligand design to potentially treat AD,
discussing all the aspect of the development of the most promising compounds including
rational design, synthetic strategies, biological and pharmaceutical evaluation as well as
the most relevant computational approaches that led to the understanding of AChE

functions and to the discovery of novel and potent AChE ligands.
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