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Abstract Alzheimer‘s disease (AD) is a complex neurode-
generative condition with several target proteins contributing
to its etiology. With 35.6 million cases worldwide doc-
umented in 2011, AD constitutes a devastating health,
political, economic, and social problem for all nations. The
cases are expected to increase beyond 107 million in 2050;
unless an advanced therapy having a capability to delay the
disease progression is developed. The curative paradigm of
one-compound one-target that has been followed so far has
not reached the desired mark. The research focus moved
towards single molecule targeting two or more pathogenic
mechanisms involved in neuronal death. Over the last few
years, medicinal chemists have been paying attention to
the design and synthesis of the hybrid molecules that are
comprised of two pharmacophores from well-established
chemical scaffolds endowed with requisite biological activi-
ties in a single entity. The hybrid-based approach has grown
to be a central point in the medicinal chemistry field. Various
important pharmacophores used for AD have been combined
with selected biologically active molecules to get homo- and
heterodimers with improved efficacy with additional supple-
mentary actions. This review summarizes the pathogenesis
of AD and various progress in the design of hybrid mole-
cules based on the one-compound-various targets paradigm
for AD therapy.
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Abbreviations

ApB B-Amyloid

ACh Acetylcholine

AChE Acetylchoinesterase

AChEIs Acetylchoinesterase inhibitors
AD Alzheimer*s disease

AGEs Advanced glycation end products

APP Amyloid Precursor Protein
BACE B-Secretase

BBB Blood-brain barrier

BuChE Acetylcholinesterase

CB; Cannabinoid 1

CBR Cannabinoid receptors

ChEs Cholinesterases

CNS Central nervous system
DNA Deoxyribonucleic acid

FDA Food & Drug Administration
MAO Monoamine oxygenase
MTDL Multi-target-directed ligand
NFTs Neurofibrillary tangles
NMDAR N-methyl-D-aspartate receptor

PAS Peripheral anionic site

PKC Protein kinase C

RNS Reactive nitrogen species

ROS Reactive oxygen species

SAR Structure—activity relationships

SERT Serotonin transporter

TcAChE Torpedo californica acetylcholinesterase
THA Tetrahydroacridine
Introduction

Alzheimer’s disease (AD), a dementia-type memory related
disorder, mainly affects aged people. It is a neurodegenera-
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Fig. 1 FDA approved drugs for the treatment of Alzheimer’s disease

tive disorder, which is characterized by progressive decline
of memory and higher cortical functions that leads to com-
plete degradation of mental and intellectual activities [1,2].
At the pathological level, it is distinguished by the presence
of neurotic plaques and neurofibrillary tangles (NFTs) that
cause neuronal dysfunction. The socioeconomic outcomes
that arise due to AD are shocking due to the noticeable rise
in expectancy of life and a remarkable drop in infant mortality
mainly in developed countries [3].

Varied efforts have been implemented in the develop-
ment of drug molecules implicated in the management of
AD. In view of this, in 1993, the FDA approved the first
drug, tacrine for AD as an AChE inhibitor. After tacrine,
some other acetylcholinesterase (AChE) inhibitors includ-
ing donepezil, rivastigmine, and galantamine were approved
by the FDA (Fig. 1). These approved drugs have turned out to
be mitigative rather than curative as they only improved the
memory and cognitive function, and have little role in pre-
venting or decelerating the progressive neurodegeneration
due to involvement of a different hypothesis in AD patho-
genesis, such as deposition of abnormal proteins, namely
B-amyloid (Af) and tau-protein, loss of synapses, oxidative
stress, death of nerve cells, etc. [4,5].

Due to the pathological complexity, to date no agent has
been proven to be dramatically effective. Thus, AD is the
biggest unmet medical need for medical science and research.
This review portrays the pathogenesis of AD with promising
disease-modifying hybrid molecules, which may represent
an important progress towards the treatment of AD [6].

Pathogenesis of AD

Alois Alzheimer, in 1907, described the occurrence of neu-
rotic plaques and NFTs on autopsy in the cerebral cortex of
a 56-yr-old woman having dementia [7]. In the late 1970s,
the role of acetylcholine in AD was determined. The AChE
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and butyrylcholinesterase (BuChE) are two enzymes known
to hydrolyze the acetylcholine neurotransmitter, and they
support the cholinergic hypothesis potentiating the central
cholinergic function and improving cognitive function, so as
to provide a symptomatic relief from AD [8].

An amyloidal cascade is another characteristic of AD,
in which the amyloid precursor protein (APP) mediates
cleavage by either f-secretase or a-secretase; the resul-
tant membrane-attached fragments are further sliced by
y-secretase (Fig. 2). The product of «-cleavage trailed by y -
cleavage is greatly soluble and non-amyloidogenic [9]; while
amyloid beta (AB), formed by B-cleavage proceeded by y-
cleavage, is biochemically insoluble, polymerizes into patho-
logical fibrils and accumulates as aggregated AfS plaques
[10]. The AB plaques and oligomers are potent synapto-
toxins that block proteosome function, alter intracellular
Ca?™ levels, restrain mitochondrial activity and activate the
inflammatory processes. Moreover, AChE promotes AS by a
hydrophobic environment, which lies close to the peripheral
anionic site (PAS) of AChE, thus accelerating the amyloid
fibrils via formation of stable complexes of AChE-A g, which
further increase the neurotoxicity of the g-amyloid fibrils
[11].

Another hallmark of the disease is t-protein, a key
microtubule-associated protein that stabilizes the micro-
tubules. Tau proteins are associated with efficient axonal
transport, which is deregulated in AD [12]. 8-Amyloid inter-
acts with the signaling pathways regulating the tau protein
phosphorylation. The hyperphosphorylated tau (the distorted
protein) further affects the threads of tau and leads to the for-
mation of the neurofibrillary tangles (NFTs) in the nerve cell
bodies. These NFTs promote the breakdown of microtubules,
as a result of which the neuronal transport system collapses,
and there is defective biochemical communication between
the neurons that ultimately lead to neuronal cell death
[13].

Oxidative stress is considered as another major cause
that pervades neuronal cell death in age-associated disor-
ders such as AD. In mitochondria, monoamine oxygenase
(MAO) endorses the enzymatic oxidation and phosphory-
lation of biogenic amines by formation of various reactive
oxygen species (ROS) and reactive nitrogen species (RNS)
that produce functional alterations in lipids, proteins, and
DNA. Brain has a high content of Cu>* and Fe>* that poten-
tiate ROS in brain and lead to AS neurotoxicity. A also
hastens the generation of reactive oxygen species (ROS) and
induces oxidative stress in mitochondria [14,15].

Ca”* acts as a vital intracellular messenger in the brain,
important for synaptic transmission, neuronal development,
and plasticity in neurons by manipulating the cytoskele-
ton and associated proteins. The long-term, slightly raised
cytosolic Ca®* levels and disturbances in Ca’* homeosta-
sis correspond to the neuronal devastation and promote the
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Fig. 2 Pathogenesis of AD
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generation of free radicals and ROS [16]. MAO-B is also
involved in the pathogenesis of AD and is particularly high
near the senile plaques. MAQO’s catalytic activity produces
H>O; within reactive microglia of AD brain tissues, which
contributes to the initiation of oxidative stress and the con-
sequent deleterious effects to the cell [17].

Cannabinoid CB; receptor antagonists also constitute
potential therapeutics for AD like cognitive disorders [18].
CB; receptor antagonists increase ACh release in certain
areas of the brain comprised of cortical regions and the hip-
pocampus. In addition, muscarinic receptors are involved
in the pathogenesis of AD. Furthermore, the “neuroinflam-
matory hypothesis” affirms that inflammatory processes are
critical in promoting degeneration in AD [19]. Advanced
glycation end products (AGEs) are also involved in exten-
sive protein cross linking, induction of oxidative stress, and
neuronal cell death in AD [20].

Multi-target directed ligand strategy in AD

In light of the various complex mechanisms involved, AD
has been known as a multifarious disease with complex
pathogenesis. For this reason, the current trend of developing
drugs to treat AD based on the reductionist pattern of ‘one-
molecule-one-target’, has now turned out to be palliative
rather than curative. Thus, drug combinations acting on dif-
ferent stages of the neurotoxic cascade offer novel horizons
for the treatment of AD and other neurodegenerative diseases
[21]. In this context, a new drug design approach is emerging,
aimed at developing single chemical entities simultaneously
modulating numerous targets with higher efficacy and safety
profiles, setting a novel paradigm in medicinal chemistry.
The ‘multi-target-directed ligand’ (MTDL) design approach
effectively employed the academic as well as industrial eche-
lons in the field of AD and other multifarious diseases [6,22].
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Fig. 3 Pathways leading to the
discovery of new medications: a
target-driven drug discovery
approach, that is,
one-molecule-one-target
paradigm and b MTDLs
approach to drug discovery
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In MTDL design strategy, a single drug molecule can recog-
nize various targets implicated in the disease pathology. Thus,
such medication would be greatly efficacious for the treat-
ment of multi-factorial diseases. At the same time, the single
molecule could be responsible for side effects as it could
also bind to the targets that are not implicated in the disease
(Fig. 3).

Henceforth, researchers and various funding agencies are
now moving towards the designing of molecules having
the ability to simultaneously interact with different targets
involved in the same pathology devoid of ‘off-target’ side
effects. The multi-functional compounds can be designed
for the management of AD on the basis of the perception.
These multifunctional ligands can be designed by targeting
the numerous pathways involved in the pathogenesis in AD
simultaneously by a single molecule, i.e., the hybrid molecule
[23,24]. Hybrid molecules are chemical bodies with two or
more structural domains connected covalently in one mole-
cule with distinct pharmacological (and chemical) classes
having different biological functions. These molecules have
been classified into three different categories on the basis of
their mode of action (Fig. 4).

Category ‘A’ has a single target, in which both chemical
entities of the hybrid molecule interact with the single target;
i.e., trioxaquines consisting of a trioxane motif covalently
linked with an aminoquinoline entity (Fig. 5). The hybrids
are very potent in vitro against chloroquine-resistant P. falci-
parum strains (ICso = 5-50 nM) with anti-malarial activity
[25]. These hybrids have dual action on the similar target.

Category ‘B’ is comprised of two chemical entities in
the hybrid molecule acting separately on two different and
non-related targets. AChE-SERT hybrids, inspired by fluox-
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etine and rivastigmine, inhibit AChE and serotonin receptors,
respectively, and they have been designed to treat AD (Fig. 6).
These hybrid compounds were designed by hybridization
with the common ethylamine moiety, which acst as a linker
[26].

In category ‘C’, both units of the hybrid act on two related
targets at the same time. Quinacrine-imipramine chimers
were attained by connecting acridines with imino-dibenzyl
entities, which were further explored to inhibit the pathogenic
prion protein PrPS¢, an essential element in the pathogene-
sis of a devastating group of neurodegenerative disorders, by
using neuroblastoma cells (ScN2a cells) of scrapie-infected
mice. The synergistic antiprion activity of quinacrine and
iminodibenzyl-derived hybrids resulted by integrating both
recognition elements with a piperazine unit, as the linking
element (Fig. 7) [27].

Hybrid molecules consist of a molecular assembly in
which distinct pharmacophores of different drugs are present
and the pharmacophore of each drug has conserved the
potential to interact with its specific sites on the targets,
thus making for diverse specific pharmacological responses,
which would facilitate the management of multi-factorial dis-
eases. These compounds may be beneficial since they would
be expected to lessen the hazard of drug-drug interactions
and simplify their pharmacodynamic and pharmacokinetic
studies [21].

The polyfunctional agents for neuroprotection, modu-
lation of ACh levels, regulation of calcium homeostasis,
anti-apoptotic activity, by combining different properties in
one molecule, become a new strategy for the development of
novel drugs to treat various multifarious neurodegenerative
diseases like AD.
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Fig. 4 Schematic
representation of three different
possible modes of interaction of
hybrid molecules
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designed, synthesized, and evaluated against different tar-
gets involved in AD. In the present review, we describe
the diverse hybrid molecules designed by exploring
pharmacophores of marketed drugs in the
literature.

reported
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Tacrine hybrids

Tacrine (Cpd 1, THA) is the first FDA approved drug for the
symptomatic treatment of mild to moderate AD. Although
it has some side effects like gastrointestinal disorders and
hepatotoxicity, tacrine remains a reference therapeutic agent.
Treatment for AD has to be taken life-long, so it was of
prior importance to build up safer and more effective AChE
inhibitors. Various analogs of tacrine have been synthesized
and their structure-activity relationships (SAR) studies were
carried out in the last few years.

Homodimers hybrids of tacrine

A series of homodimers, consisting of two tacrine moieties
linked via alkylene chains of varying lengths, were synthe-
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sised by Rodriguez-Franco et al. [28]. These dimeric hybrids
have more hydrophobicity as compared to tetrahydroacri-
dine (THA) owed to the alkylene chain linker. Additionally,
the alkylene chain simultaneously shows strong interactions
with the catalytic anionic site (CAS) as well as the periph-
eral anionic site (PAS). Cpd 2, a dimeric molecule having
two tacrine subunits linked by a heptamethylene chain, was
found to be more potent than tacrine.

Neuroprotective activities were evaluated in various mod-
els, and it was found that bis (7)-tacrine is an NMDAR
antagonist (ICs9p = 0.76 wM), and also repressed AChE-
induced AB aggregation (ICsg9 = 41.7 wM). Moreover,
pound 2 exhibited BACE-1 inhibitory activity with ICs( of
7.5 uM [29]. Tacrine homodimers showed more selectivity
for AChE inhibition (ICso = 0.40 nM) than BuChE inhibi-
tion (ICsp = 390 nM) as compared to tacrine.
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The chloro substitution at the 6th position of tacrine
increases AChE inhibitory activity. Hu et al. designed
and evaluated numerous derivatives and observed that the
heptamethylene-linked bis(6-chloro)-tacrine Cpd 3 (ICsyp =
0.07 nM) had more potency (2.9 fold) and more selectivity
against AChE (1.7 fold) than the unsubstituted bis(7)-tacrine
(Cpd 2) (IC59p = 1.3 nM) [30].

HN" >""""NH

m O%\/@
> X
Cl N N Cl

Cpd3
Heterodimers hybrids with tacrine

Numerous potent and selective AChE inhibitors have been
designed as heterodimers, e.g, compound Cpd 4, a het-
erodimer of tacrine and the 5-amino-5,6,7,8-tetrahydro-
2(1 H)-quinolone fragment from (—)-huperzine A, is almost
13-fold more effective (ICs9 = 8.8 nM) than (—)-huperzine
A and 25-fold more effective than tacrine. It also has tenfold
more selectivity against AChE than BuChE (ICsp = 81.5
nM) than tacrine [31]. Hybrids of tacrine and donepezil (Cpd
5, AChE, IC59 = 6.0 nM) are a new family of inhibitors with
similar potency as that of donepezil [32].

Cpd 2

Tacrine-chromene hybrid

The hybrids of tacrine and 4-oxo-4H-chromene were reported
by Fernandez-Bachiller et al. as useful against AD. The
tacrine fragment of the hybrid having cholinesterase
inhibitory activity and the flavone moiety having free radical
scavenging and f-secretase (BACE-1) inhibitory properties,
showed more potency than the parent inhibitor tacrine as
well as apigenin. The tacrine-chromene hybrid in Fig. 8
showed potent combined inhibition of cholinesterase’s and
BACE-1, with additional CNS-permeable and antioxidant
properties [33].

Tacrine-melatonin hybrids

Amino-substituted melatonin-tacrine hybrids have been
reported to have strong AChE inhibitory potential with the
ability to scavenge a variety of reactive oxygen species.
Among these derivatives, Cpd 6 showed ICs( value of 8§ pM
for AChE inhibitory activity and is 1000-fold more selective
against AChE than BuChE (IC59 = 8.0 nM). Intriguingly,
Cpd 6 has also good antioxidant properties, and it is 2.5
times more potent than trolox. Melatonin has also been
used as a neuroprotective against A toxicity in microglial
cells [34].

N
N_\ <

Cpd5
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Tacrine-carbazole hybrids

Due to the fact that substituted carbazoles are proficient
inhibitors of B-amyloid fibril formation, the carbazole ring
of carvedilol, a vasodilating S-blocker, was selected for
the design of a new pharmacophore and was linked with
the chloro-substituted tetrahydroacridine moiety of the 6-
chlorotacrine derivative to give the hybrid named carbacrine
(7). Carbacrine has good selectivity towards AChE over
BuChE. Docking studies of carbacrine revealed that the
carbazole and the tetrahydroacridine moieties have good
interactions with Trp286 of PAS and Trp86 of the enzymes’
catalytic pocket, respectively. Indeed, the three-methylene
spacer is needed for the proper interaction with both sites
of the enzyme. The ability of Cpd 7 to counter the reactive

I OCH,
L T
NS
N
N HO N
|

Cpd8
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oxygen species (ROS) formation was evaluated in human
neuronal-like cells (SH-SYS5Y), and it was found that it pro-
tects the neuronal cells against oxidative stress-induced ROS
formation (IC5p = 23 M) efficacy [35,36].

\
Cli
’

- -7

Tacrine
Carvadilol

Cpd7

In this context, Thiratmatrakul et al. reported hybrids of
tacrine-carbazole as potential anti-Alzheimer agents with
IC59 = 0.48 to 1.03 wM for AChE with good inhibition
selectivity over butyrylcholinesterase (BuChE). Cpd 8, with
a 5-methylene spacer, has the highest potency for both AChE
inhibitory (ICs9 = 0.48 wM) and radical scavenging activ-
ity, and exhibited an ability to improve both short-term and
long-term memory deficits in mice induced by scopolamine.
The carbazole moiety directly scavenges the ROS and pos-
sesses strong antioxidant actions. Moreover, it also has A
aggregation inhibiting capability. Docking studies revealed
that the hybrid molecules exhibited multiple binding modes
with PAS, CAS and the midgorge AChE enzyme. On the
other hand, the tacrine moiety has interactions within the
catalytic anionic site with the indole ring of Trp84 and the
aromatic ring of Phe330 through -7 interactions. The aro-
matic nitrogen of tacrine formed a hydrogen-bond with the
carbonyl oxygen of His440. The spacer, the alkylenediamine
chain, was aligned along the gorge and interacts with the cen-
tral hydrophobic region (Tyr121 and Tyr334). In addition,
this hybrid showed a neuroprotective effect against oxidative
stress induced by H,O, and A S-1-42 toxicity [37].

Cl

AP \
. N SNTNN |
ci % W H ¢

CB.R AChE
Cpd 9
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Tacrine—imidazole hybrids

Lange et al. recently targeted Cannabinoid receptors (CBR)
along with AChE inhibition. The hybrid molecules were
designed by linking tacrine with two known CB; antago-
nists, 1,2-diarylimidazol and 3,4-diarylpyrazoline moieties.
The designed Cpd 9 is a potent AChE inhibitor (IC5p =
316 nM) and can block CB;j receptors with high affinity
(Ki = 48.0 nM). Both CB; receptor and AChE antag-
onism were found via a docking study that showed that
the p-chloro-phenyl moiety plays a vital role in interact-
ing with CBR, while the pyrazolone core fits in com-
plement with the anionic site of the Acetylcholinesterase
enzyme. Additionally, the core of tacrine interacts with
the catalytic site of AChE at the bottom of the gorge
[38,39].

Tacrine-xanomeline hybrids

Muscarinic receptors received a lot of attention in the
designing of AD drugs as their stimulation lessens A4
and tau formation via protein kinase C (PKC) activa-
tion, which further encourages the production of soluble

NH,
X

—

Cl N

Cpd 11

amyloid precursor proteins. M receptors can be activated
either directly with muscarinic agonists or indirectly with
different allosteric agents, which act as ACh enhancers
[40].

Fang et al. linked the tetrahydroacridine (THA) ring of
tacrine with xanomeline, a selective M| muscarinic agonist
which shows potential in vivo anti-demential activities, with
a spacer length of 10-17 atoms. The lead Cpd 10 of this
series (AChE pICs, = 8.21 nM) was more potent than
the parent, and it also inhibited BuChE (pIC5, = 8.23
nM) with similar binding affinities for the M| receptor
[41].

2\

(0]
N O\/\/O\)J\ H/\Hg\

Iz

Cpd 10

Tacrine—donepezil hybrids

These hybrids were formed by substitution of donepezil (Cpd
12) at the amino group of 6-chlorotacrine (Cpd 11). Cpd
13, a hybrid having dual binding site inhibitory property,
was designed based on the binding modes of tacrine and
donepezil within TcAChE, by combining tacrine with the 5,6-
dimethoxy-2[(4-piperidinyl)-methyl-1-indanone] moiety of
donepezil [42]. The indanone ring moiety of donepezil inter-
acts with the PAS and the piperidine moiety interacts with the
centre of the gorge. Cpd 13 was a sub-nanomolar inhibitor
(ICs50 = 0.09 nM) of AChE. It also inhibited BuChE with
1Csp of 66.3 nM, additionally preventing AChE-induced ApB
aggregation (46.1 %, at 100 wM) via interaction with the
peripheral site of AChE [43].
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H,CO
H,CO

O
Cpd 12
cl
HN \_ N
0 N‘/_/
H,CO
OCHj
Cpd 13
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Similarly designed hybrids (Cpd 14 and Cpd 15) pos-
sess an optimum AChE inhibitory potential and also showed
significant inhibitory activity against beta-amyloid [44].

Cl

Cpd 14

A heterodimer of tacrine and the N-benzylpiperidine moi-
ety of donepezil (Cpd 16) was found to be 37-fold more
potent AChE inhibitor than tacrine (IC59 = 6.0 nM, AChE
of rat brain) and 31-fold more selective towards AChE than
BuChE. The benzyl moiety of this hybrid displays a w—m
stacking with the indole ring of Trp84, the protonated piperi-
dine nitrogen atom interacts with the phenyl ring of Phe330.
On the other hand, tacrine interacts via w—m stacking with
Trp279 of the PAS. In addition, the N-H of the amide func-
tion of the linker was observed to form a hydrogen bond
interaction with the oxygen atom of Tyr121 [32].

Oﬁ) —'I:acrine

HN

N-benzylpiperidine

Cpd 16
Tacrine—oxoisoaporphine hybrids

These hybrids consist of the 1-azabenzanthrone entity with
tacrine or its congener, associated by an methylene linker
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having an amino group at varied positions (Cpd 17). These
hybrids display good in vitro AChE inhibitory activity
(ICsp = 3.4 nM), AChE-induced (83.3 %) and self-induced

HNJ/J 0 |\N
| N N/\Vk%?/\u 7
N <:§ o)

Cpd 15

ApB aggregation (79.8 %). The appropriate binding length for
the linker seemed to be six for AChE inhibition [45].

Cpd 17

Tacrine-huperzine hybrids

Badia et al. reported numerous tacrine—huperzine A hybrids
[46]. Huprines X and Y, containing a carbobicyclic base
of (—)-huperzine A combined with the 4-aminoquinoline
moiety of tacrine, displayed inhibitory potential for bovine
as well as human AChE, and exhibit intermediate BuChE
inhibitory activity. The utmost activity (subnanomolar) was
showed by a hybrid, in which the tacrine and (—)-huperzine
A moieties were joined with an N-methylamine group con-
taining a methylene linker [47] (Fig. 9).

The SAR revealed that the presence of an un-substituted
methylene bridge, a three-carbon unsaturated bridge substi-
tuted by means of a methyl or ethyl with 4-aminoquinoline
base of huprines, is vital to achieve optimal AChEI activ-
ity. The chloro, fluoro, and methyl groups at the first and/or
third positions increased potency. The 3-chloro substituted
huprines (—)-Cpd 18 (IC5p = 1.30 nM) and (—)-Cpd 19
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(ICs5p = 1.15 nM), came out to be the most potent deriv-
atives, being undoubtedly better than the marketed AChEIs
in respect to potency, selectivity, and affinity towards AChE
[48,49].

Et CH,
Cl N Cl N
N N
= =
NH, NH,
Cpd 18 Cpd 19

The combination of the structural fragment 5-amino-
5,6,7,8-tetrahydro-2(1 H)-quinolinone of huperzine A in the
racemic form with a tacrine unit that was connected with a
decamethylene joiner gives Cpd 20, which was 13-fold and
25-fold more potent (ICsg = 8.8 nM) than (—)-huperzine A
and tacrine, respectively. Compound Cpd 20 was found to
be almost 23-fold more selective against AChE than the stan-
dard drug tacrine, but was less selective than (—)- huperzine
A and bis(7)-tacrine [31].

Tacrine—ebselen hybrids

Mao et al. synthesized hybrids of tacrine-ebselen with an
alkyl linkage against Alzheimer’s disease as multifunc-
tional agents. Ebselen, structurally derived from donepezil,
scavenge peroxynitrite and hydrogen peroxide [50]. The inhi-
bition of both AChE and BuChE enzymes were affected by
the length of the alkyl linkage. For example, a six-carbon
spacer between tacrine and 5,6-dimethoxybenzo[d] [1,2]
selenazol-3(2 H)-one (Cpd 21) was found to be most potent
AChOE and BuChE inhibitor, with ICsq values of 2.55 and 2.80
nM, respectively, with effective hydrogen peroxide and per-
oxynitrite scavenging activities. Molecular modeling studies
indicates that Cpd 21 has favorable interactions with both
the catalytic and peripheral anionic sites of the enzyme [51].

OCH,
© OCH;
HN*%}/N\Se
X
—
N
Cpd 21

Tacrine-lipoic acid hybrid

Lipocrine Cpd 22, a hybrid of tacrine and lipoic acid, was
designed to be neuroprotective and have free radical scaveng-
ing properties. This hybrid is the most potent AChE inhibitor
with IC5p = 0.25 nM, due to strong interaction with the PAS
of AChE along with AChE-induced Ap aggregation inhibi-
tion with an IC5g of 45 wM. It also reduced ROS production
by 51 % at 10 uM [52].
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Tacrine—ferulic acid hybrid

Similarly, Cpd 23 is a hybrid of tacrine and ferulic acid (Cpd
24), a potent natural antioxidant, and is a multi-potent anti-
Alzheimer drug candidate [53]. Cpd 23 reduced toxicity in
ApB1-42 exposed rat brains. It has also the ability to inhibit
AChE with IC59 = 4.4 nM, which is ten times more potent
than tacrine. Due to its natural antioxidant potential, it also
showed good antioxidant properties [54].

o)
NN
A OH HO
N/ OCH3
Cpd 23

Tacrine—trolox hybrids

Recently, the novel multifunctional hybrids of tacrine with
trolox have been designed and synthesized against AD with
hepatoprotective properties. Most of the hybrids inhibited
AChE in the nanomolar range with remarkable antioxidant
activity comparable to trolox alone. Cpd 25 was found to be a
potent AChEI (ICs5p = 23.5 nM), BuChEI (IC59 = 20.5 nM)
and is less hepatotoxic than tacrine. Cpd 25 also exhibited
a neuroprotective effect against H»O-induced PC 12 cell
injury and had good ability to cross the BBB [55].

N

HO 0 Z
\I

Cpd 25
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Donepezil based hybrids
Donepezil-AP2238 hybrids

Rizzo et al. reported on the hybrids of AP2238 and donepezil.
As depicted in Fig. 10, the phenyl-N-methylbenzylamino
moiety of AP2238 was united with the indanone core of
donepezil, to preserve the 7-OH interaction with amino acid
Tyr124, by a double bond. The substitution at positions 5
and 6 appeared to be essential to interact with both CAS and
PAS of the AChE. SAR indicated that (i) the benzyl group
interacts via w—m stacking with the indole ring of Trp86; (ii)
the phenyl ring acts as a common spacer establishing a 7—m
interaction with the phenol of Tyr341, a 7-OH interaction
with the —OH of Tyr124, and a T-shaped interaction with the
side chain of Phe338; (iii) the protonated amino group has an
interaction with the phenol ring of Tyr337 via cation-7 inter-
action; the bicyclic aromatic fraction interacts with Trp286
via w—m stacking; and (iv) the carbonyl group formed H-bond

= OCH;4

OH

Cpd 24

interactions with the backbone amide groups of Arg296 and
Phe295.

However, the preclinical toxicity and clinical safety profile
of the compound is yet to be recognized.This hybrid is a good
candidate as an inhibitor of AChE (ICsg = 1.14 uM) and
AChE induced Af aggregation [56].

Donepezil-minaprine hybrids

Minaprine (Cpd 26, IC5y = 600 WM), an antidepressant, has
very weak AChE inhibitory activity. Contreras et al. devel-
oped hybrids combining the N-benzylpiperidine fraction of
donepezil (Cpd 12) with the 3-amino-6-phenylpyridazine
fraction of minaprine (Cpd 26) as new AChE inhibitors with
enhanced activity. Among all the synthesized derivatives,
Cpd 27 (ICs9p = 21 nM) and Cpd 28 (ICsgp = 10 nM) were
found to be the most potent hybrids, even though they were
found to be less selective than donepezil [57]. A docking
study revealed that the nitrogen of the protonated piperidine
atom formed a r-cation interaction with Phe330 and Trp84
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Fig. 10 Hybrid of donepezil
and AP2238

amino acid residues, and a water-bridged H-bond interac-
tion with Ser122 and Tyr12, whereas the benzyl group of the
aromatic ring showed w—m stacking with the indole ring of
Trp84. However, the arylpiridazine unit interacts with PAS
(Tyr70 and Trp279) of AChE [58].

CHj

Cpd 26

H4C N/_©
N—N N—N

Cpd 27

Donepezil-indolyl hybrids

Donepezil-indolyl based hybrids were designed, synthe-
sized, and evaluated for monoamine oxidase (MAO) and
cholinesterase (ChE) enzyme inhibition against AD. The
hybrid molecules were synthesized by linking the N-
benzylpiperidine moiety via three methylene carbon chains
to the oxygen at C5 of the indole nucleus. Among all
those evaluated, Cpd 29 ([N-((5-(3-(1-benzylpiperidin-4
-yDpropoxy)-1-methyl-1 H -indol-2-yl)methyl)prop-2-yn-1-

AP2238

L CHa
T N
involved in OH-7T interaction
with Tyr124

amine]) was the most potent hMAO A inhibitor with an ICsg
value of 5.5 =+ 1.4 nM and a moderately potent hMAO B
inhibitor with an ICs5q value 150 4 31 nM. Cpd 29 also
inhibited EeAChE with ICsg = 190 & 10 nM, and eqBuChE
(ICs5p = 830+ 160 nM) inhibitor. The binding mode of Cpd
29 confirmed that the indole positioned at the base of the
gorge, and the propargylamine scaffold interacted with Trp86
via r—m stacking. The aliphatic alkyl chain of Cpd 29 was
encircled by the phenyl rings of Tyr341, Tyr124 and Phe338.
In PAS, the phenyl ring of the compound is stacked between
Trp286 and Tyr72 at the edge of the gorge. The molecular
modeling studies concluded that Cpd 29 binds with both the
CAS and PAS of AChE [59].

Y

Cpd 28

CWNQWO:N\HN_:

\

Cpd 29
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Donepezil-propargylamine-8-hydroxyquinoline (DPH)
hybrids

Recently, Wang et al. reported the synthesis, ADMET,
toxicity studies, biochemical estimations, and computa-
tional studies of new multifunctional hybrids of DPH
for the management of AD. The most interesting deriv-
ative was racemic «-aminotrile-4-(1-benzylpiperidin-4-yl)-

2-(((8 -hydroxyquinolin - 5 -yl)methyl)(prop-2-yn-1-yl)amino)

butanenitrile (Cpd 30) [MAO A (ICsp = 6.2 & 0.7 pM);
MAO B (IC5p = 10.2 & 0.9 pM); AChE (ICs5o = 1.8 =
0.1 wM); and BuChE (ICs9 = 1.6 & 0.25 pwM)], an irre-
versible MAO A/B inhibitor and mixed-type inhibitor of
AChE with additional metal-chelating properties. Docking
studies revealed that Cpd 30 has mixed-type AChE inhibition
properties as it interacted with the catalytic as well as periph-
eral anionic site of AChE. The cyano group play an important
role in positioning properly the ligand by H-bond formation
with important amino acid residues of the binding sites of
AChE, BuChE, and MAO A. Moreover, Cpd 30 exhibited
moderate to good ADMET properties and brain penetration
for CNS activity. Thus, Cpd 30 is the first diasteromeric,
«-aminonitrile, that has been identified as a multi-functional
compound, which is capable of interacting in two key enzy-
matic systems involved in AD, and is a new lead compound
that deserves further investigation for the potential manage-
ment of this disease [60].

N o’
HO |
N
=
CN

Cpd 30
Donepezil-ebselen hybrids

A new series of donepezil-ebselen hybrids were synthesized
by joining donepezil (Cpd 12) and ebselen as multi-
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functional agents to manage the AD. Cpd 31 is the most
potent AChE inhibitor (IC59 = 0.042 uwM for Electropho-
rus electricus AChE and 0.097 uM for hAChE) with strong
BuCheE inhibitory activity (IC5o = 1.586 wM). Moreover, it
also scavenged H,O, and peroxynitrite with additional glu-
tathione peroxidase-like activity (v, = 123.5 pM min~ 1),
without any toxicity in mice at a dose of 2000 mg/kg.

O
al,
N

H,CO Se

H,CO

Cpd 31

Molecular docking studies suggested that the carbonyl
group on the dimethoxybenzo[d] [1,2] selenazol-3(2 H)-one
of Cpd 31 binds with PAS as well as with catalytic pocket.
The dimethoxy group of the phenyl ring interacted with the
Trp279 residue of the PAS, and the piperidine ring that is situ-
ated on the aromatic gorge interacted with both the peripheral
and catalytic anionic sites [61].

Rivastigmine-based hybrids
Rivastigmine-rasagiline hybrids

Weinstock et al. designed TV3326 (Cpd 32) by combining
the phenyl N-ethyl-N-methylcarbamate fraction of rivastig-
mine (Cpd 33) with the N-propargyl-(1R)-aminoindane
moiety of the rasagiline (Cpd 34), an anti-Parkinson drug
with a selective irreversible MAO-B inhibitory property
[62]. Cpd 32 possesses good AChE inhibitory action with
the addition to monoamine oxidase (MAO-A and MAO-B)
inhibitory activity with a better safety profile. Moreover, it
also enhances cognition and reduces the oxidative stress with
an antidepressant action.
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Fig. 11 Rivastigmine—fluoxetin hybrid
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Interestingly, Cpd 32 also increased the processing of APP
in human SH-SYS5Y and rat PC-12 neuroblastoma cells by
modulation of @-secretase pathway [63].

Rivastigmine—fluoxetin hybrids

Depression associated with AD is treated with serotonin
transporter (SERT) inhibitors, although these compounds do
no have any anti-cholinergic action. Thus, In this context,
Kogen et al. designed dual AChE and SERT inhibitors, being
valuable for the management of AD with depressive symp-
toms (Fig. 11).

Among the designed hybrids, Cpd 35 was designed by
using the AChEI rivastigmine Cpd 33, and the potent SERT
inhibitor fluoxetine as model structures with higher potency
as AChEIs (IC50 = 101 nM) than rivastigmine (ICsy =
11 uM, AChE from mouse brain) and as serotonin trans-
porter inhibitors rather than fluoxetine [64,65].

|
N

Cpd 35

Rivastigmine-scutellarin hybrids

Recently, Sang et al. developed various rivastigmine-
scutellarin hybrids on the basis of multi-target-directed lig-
and strategy. Among all the synthesized hybrids, Cpd 36
exhibited dual inhibitory potency on AChE and BuChE
(ICs5p = 0.57 and 22.6 WM, respectively) with good antioxi-
dant activity, with a value 1.3-fold of that of trolox. Addition-
ally, these hybrids have the ability to cross the blood—brain
barrier (BBB) in vitro and had significant neuroprotec-
tive effects in scopolamine-induced cognitive impairment in
mice.

Scutellarin (4',5,6-trihydroxyflavone-7-glucuronide) pos-
sesses a broad range of pharmacological properties related
to neurological disorders, such as free radical scavenging
effects, metal chelating properties, anti-inflammatory effects,
neuroprotective action, and the inhibition of Ag fibril for-
mation. However, due to low oral absorption and poor
blood-brain transport of Scutellarin, it is restricted for its
clinical use as an anti-AD drug, which was improved by link-
ing it with rivastigmine. The kinetic characterization of Cpd
36 showed a mixed-type inhibition, as it binds with both PAS
and CAS of AChE [66].

E OH O !
| HsCO i AChE
 H3CO | e |
Antioxidant . O)]\N/CHZCHe’ :
Metal chelation | éH2CH3 :
\ )

Galantamine based hybrids

Galantamine (Cpd 37, IC50 = 360 nM) is an alkaloid
that can be obtained synthetically or from the flowers and
bulbs of Galanthus caucasicus. It is an FDA-approved
competitive and reversible cholinesterase inhibitor used for
AD treatment. Thus, galantamine-based hybrids have been
designed to act as dual binding site AChE inhibitors having
improved potency. In this view, various neutral and cationic
bis-interacting galantamine-based homo- and heterodimers
have been developed. Among these, heterodimers Cpd 38
(ICs0 = 10 nM) and Cpd 39 (IC59p = 22 nM) are 2—5
fold more potent than tacrine (IC59 = 50 nM) and 16—36
fold than galantamine. The iminium function is an essen-
tial structural feature for interacting with Trp84 residues of
AChE forming cation-7 interactions responsible for improv-
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ing the inhibitory potency relative to the neutral counterparts.
However, the presence of a permanent positive charge is unfa-
vorable for the central action needed in AD treatment [67].

HO
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N-CH,
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Cpd 37
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®
NZ _N
2 (CHy)10
HsCO

Cpd 39

The galantamine-homodimers Cpd 40 and Cpd 41 are
superior to the parent compound. Galantamine hetero-hybrid
Cpd 42 also has good AChE inhibition potential with an ICsg
of 10 nM [68].

@ Springer

Physostigmine based hybrids

Physostigmine (Cpd 43) was reported as an AChEI (ICsg =
14 nM) for the management of AD. Various analogs of

Cpd 38

physostigmine were designed with the purpose of introduc-
ing a dual binding site character and improving pharmacolog-
ical analogs. Recanatini et al. first designed physostigmine
analogs by using N -methyl- N-(3-carbamoyloxyphenyl)met-
hylamino derivatives linked to the tertiary amino nitrogen of
physostigmine via an alkoxy linker of variable length [69].
The heterodimer hybrid xanthostigmine (Cpd 44) interacts
with the PAS of AChE with increased affinity and potency. It
displayed remarkable human AChE inhibitory activity with
46-fold more potency and 100-fold more selectivity over
physostigmine.

Another physostigmine hybrid, Cpd 45 with ICsg = 0.32
nM, is more potent and selective than physostigmine, but is
less selective than xanthostigmine [70].

Cpd 42



Mol Divers (2016) 20:271-297 287

Cpd 45

Fink et al. synthesized the hybrid (Cpd 46) by combining a
unit of the heteroaromatic N-methylcarbamate of physostig-
mine with the propargylamine part of the irreversible MAO
inhibitor selegiline (Cpd 47). The synthesized hybrid was
found to be more active than parent compounds [71].

H
_N
‘To@@//
’? HN

Cpd 46 Cpd 47

3
.

Carbamate based hybrids

Sterling et al. developed a strategy to design the dual targeted
AChE and MAOQ inhibitors. The carbamate-rasagiline deriva-
tives Cpd 48-50 were found to have good to moderate AChE
and MAO-B inhibitory activities [72]. Coumarin-carbamate
hybrid (Cpd 51) displayed good inhibitory activity against
human and rat AChE (IC59 = 5.7 nM and ICsp = 1.5 nM,
respectively) supported by molecular modeling studies [73].

|
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Cpd 48 Cpd 49
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Rhein-huprine hybrids

Viayna et al. synthesized novel rhein-huprine hybrid mole-
cules to strike numerous targets for AD. The hybrids con-
sisted of a rhein and a huprine Y system linked through
penta- to undecamethylene or 1,4-phenylene-bis(methylene)
linkers. All compounds were biologically evaluated against
AChE, BChE, BACE-1, dual AB42 and tau antiaggregat-
ing activity in Escherichia coli cells and found to be potent.
Among the synthesized compounds, Cpd 52 emerged as
a disease-modifying anti-Alzheimer drug candidate having
hAChE (ICso = 2.39 nM), hBChE (ICsp = 513 nM),
BACE-1 (ICs9 = 80 nM) along with 43 % Ap42 aggre-
gation at 10 uM. The in vivo studies of Cpd 52 showed
that it inhibits 47 % of AB42 aggregation and 34 % tau
aggregation. Moreover, it also prevents the A -induced loss
of synaptic proteins and central Af lowering in APP-PS;
mice in vivo. A docking study found that it has the abil-
ity to bind simultaneously at both CAS and PAS of the
enzyme [74].
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Cpd 52

Miscellaneous
Obidoxime—oximes hybrids
A number of hybrid obidoxime-oximes molecules have

been reported to possess AChE inhibitory activity. These
molecules were composed of obidoxime derivatives and
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pyridinium oxime ether. However, it was found that the
monopyridinium and the bispyridinum hybrids displayed
low micromolar AChE inhibitory activity. These hybrids
have the dual binding capability, which was designed to
allow binding to both the active site and the peripheral site.
The highest inhibitory activity observed was for Cpd 53
(ICs59 = 0.58 uwM), with a 2-chloro group and Cpd 54
(ICs50 = 0.62 wM) with a 2,6-dichloro substituent in the
phenyl ring. Despite acting an active and peripheral site, they
were also involved in the inhibition of the self-assembly and
formation of amyloid fibrils [75-77].

Cl Cl
@/O\ NZ X = NN /OM\©
| Nt Nt |
N

Cpd 53
cl cl
@/\/O\N/ N = \N/OV\@
Cpd 54

Bis-(—)-nor-meptazinol hybrid

Xie et al. reported the dual binding site hybrids for AChE
inhibition in 2008. They developed the hybrids of meptazi-
nol (Cpd 585), a racemic opoid analgesic with low addiction
liability. The bis-(—)-nor-meptazinol hybrids, in which the
two meptazinol rings were linked by a nonamethylene
spacer, were investigated as novel AChE inhibitors with
additional B-amyloid peptide aggregation inhibitory activ-
ity. Cpd 56 emerged as the lead compound possessing high
inhibitory activity against AChE (IC5p = 9.5 nM) and was
found to be 1.8-fold more selective for AChE than BuChE
(IC59 = 17.0 nM). The crystal structure of AChE avail-
able with Cpd 56 confirmed its dual interaction with the
catalytic site as well as the peripheral anionic site of AChE,
simultaneously [78,79].
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Cpd 55

2-Phenoxy-indan-1-one hybrids

These are dimeric structures consisting of two pharma-
cophoric moieties, i.e,. 5,6-dimethoxy-indan-1-one derived
from donepezil and dialkyl-benzylamine derived from
rivastigmine. These hybrids have the ability to interact
with central and peripheral binding sites of AChE and,
thus, are able to prevent catalytic and non-catalytic
actions of the enzyme [80]. Cpd 57 and Cpd 58 exhib-
ited the highest activity among all the designed
compounds.

N RN --'"/

8

OH HO

Cpd 56

N-benzylpiperidine hybrids

In 2009, isophthalamide (Cpd 59), a broadly used pharma-
cophore as a BACE-1 inhibitor, was coupled with donepezil
to achieve dual action against AChE and BACE-1 simultane-
ously. Docking studies predicted that interactions could be
possible involving the N-benzylpiperidine moiety and the
catalytic anionic site of AChE, and the isophthalamide moi-
ety at the PAS. Cpd 60 showed potency against AChE and
BACE-1 withICsg of 1.83 and 0.567 mM, respectively. It also
exhibited the A formation inhibitory effect (IC59 = 98.7
nM) after it was evaluated in a cell-based attempt using
HEK?293 cells transfected by human S APP695wt.
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Various groups designed and synthesized the compounds,
which chemically resembled donepezil by using bioisosters
of its indanone ring system. In this context, Villalobos et al.
designed and synthesized N-benzylpiperidine-based hybrids
(Cpd 61) having a benzisoxazole system [81]. Cpd 61 dis-
played potent AChE inhibitory activity in the low nanomolar
range (ICsp = 2.8 nM), which is 2.9-fold more than the
donepezil along with high selectivity for AChE over BuChE.
Despite its good activity, Cpd 61 is metabolically unstable
due to hydrolysis of its acetamido group to anilino metabo-
lites, which was less potent. With a view to improve the
stability, Villalobos et al. synthesized several more deriva-
tives by protecting the N-acetyl functionality using five- or
six-membered ring heterocyclic rings.

Among these derivatives, Icopezil (CP118954, Cpd 62)
came out as an extremely potent AChEI (ICsg = 0.33 nM)
with an improved pharmacokinetic profile in vivo (>10,000-
fold more potent against AChE than BuChE) [82].

O~N
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Cpd 61
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o

Martinez et al. developed a series of compounds in
which the 1,2,4-thiadiazolidinone ring system was used
rather than the indanone. Among all the synthesized com-
pounds, Cpd 63 was found to be equipotent with tacrine
but 3.5-fold less potent than donepezil, and to have dual
binding site ability against AChE (ICso = 14 nM). It
also showed high selectivity (610-fold more potent) towards
AChE over BuChE inhibition. Molecular dynamic studies
were carried out to explore the binding pattern of Cpd
63 with TcAChE and showed that it perfectly interacts
with the PAS of the AChE with dual binding site quality
[83].
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Fig. 12 N-benzylpiperidine based Hybrid interaction pattern with
AChE

”

Interact with the PAS of AChE

Andreani et al. developed the synthesis of a hybrid of ben-
zylpiperidine and indole or pyrrole ring. Benzylpiperidine-
indole hybrids docked in the enzyme were in various orien-
tations with respect to donepezil. It was observed that the
indole moiety of Cpd 64 was not correctly oriented and the

O~N
‘ 5
N
HN
(@)

Cpd 62

compound did not properly interact with the Trp279 residue
of PAS of AChE, thus having low inhibitory activity com-
pared to donepezil (ICsg = 6000 nM) [84].

In 2009, new hybrids were designed by three joined phar-
macophoric groups with an L-glutamic moiety as a appropri-
ate biocompatible linker: (a) a w-situated N-benzylpiperidine
moiety capable of interacting with CAS of AChE, and (b)
an N-protecting group proficiently binding with the periph-
eral anionic site (PAS) of AChE enzyme, thus able to inhibit
ApB-aggregation. Lastly, (c) the presence of a lipophilic -
hexyl ester supported the crossing through BBB. the hybrid
in Fig. 12, showed good inhibitory activity against AChE

H,CO
NH
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(ICs50 = 300 nM) as well as having anti-AS-aggregation
activity. It also depicted neuroprotection against free radicals
in mitochondrial with low toxicity and the ability to penetrate
into the CNS [85,86].

Tacrine-m-(trimethylammonio)trifluoroacetophenone
hybrids

New high affinity selective AChEIs hybrids were developed
by combining the trifluoroacetophenone moiety of the tran-
sition state analog, AChEI-TMTFA with 4-aminoquinoline
moiety of tacrine through a suitable linker. The tacrine unit
has the ability to bind with the Trp84 ring via w—m stacking
and TMTFA binding to Ser200 of the AChE enzyme. Sev-
eral hybrids, such as Cpd 65-68 with ICsg = 3, 3.8, 5.1, 3
nM, respectively, exhibited an interesting AChE inhibitory
activity [87].
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Biflavonoid hybrids

Kang et al. examined neuroprotective effects of biflavonoids
obtained from a natural source on amyloid S-peptide-induced
and oxidative stress-induced cell death in neuronal cells and
suggested that amentoflavone (Cpd 69) and ginkgetin (Cpd
70), homodimers of flavone, exhibited strong neuroprotective
effects in ischemic stroke and AD [88].

F NH,
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Memoquin based hybrids

Cavalli et al. reported on the memoquin (Cpd 71) based
hybrids [89]. Memoquine has a polyamine core, as an anti-
cholinesterase property (ICso = 1.55 nM) with the addition
of muscarinic antagonism, AS anti-aggregating effects, and
antioxidant activities. The 1,4-benzoquinone fragment in
this hybrid is derived from coenzyme Q10 (CoQ10) and
is responsible for antioxidant properties [90]. Memoquin
has the ability to inhibit AChE-induced ABj_40 aggrega-
tion (IC5p = 28.3 M) and self-induced A B1_47 aggregation
(ICs5p = 5.93 wM). It also reduced t-hyperphosphorylation,
AP expression, and accumulation [91].

OCH,

éjq/\/\/\/““\ij\ /\/\/\/\NVE;

Cpd 71

Cpd 72 was developed with good AChE (IC59 = 0.1uM)
and Af self-aggregation inhibitory activity (45.4 % at 10
uM) with it being 50-fold more selective against AChE than
BuChE. The lipoyl moiety from lipoic acid and the benzo-
quinone moiety from CoQ10 in Cpd 72 is responsible for its
antioxidant property. Cpd 72 reduced ROS production (50 %
at 10 M) in its oxidized form [92].
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Berberine based hybrids

The berberine—carbazole hybrids were reported as being
the potent AChE inhibitors with ICsqg values in the sub-
micromolar range (0.85-2.10 wM). The binding pattern was
expected that the aromatic ring of the carbazole scaffold
would bind to the catalytic center of the acetylcholinesterase
enzyme via cation-z interaction and the berberine moi-
ety interacted with PAS of AChE. The SAR depicted that
variation at the length of the alkylene chain affected the
ACHhE inhibitory potency. Four methylene groups as linkers
between the carbazole and berberine were found to be the
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best inhibitors among others. A variety of derivatives like
Cpd 73 with good AChE inhibitory potential have been syn-
thesized with a methylene bridge varying from 2 to 6, for the
management of AD [93].

Cpd 73

Melatonin-N,N -dibenzyl(N -methyl)amine hybrids

In 2014, Lopez-Iglesias et al. reported a novel class of
melatonin—N,N-dibenzyl(N-methyl)amine hybrids, show-
ing a polyfunctional profile including neuroprotective,
cholinergic, and antioxidant properties. Melatonin has been
reported for various activities, such as an antioxidant,
with improvement of mitochondrial energy metabolism, to
decrease the neurofibrillary tangles and Amyloid-f pro-
teins. The second fragment of the hybrid, N,N-dibenzyl(N-
methyl)amine, present in the well-known AChE inhibitor
AP2238, has strong interaction with the catalytic site of
AChE. Cpd 74 inhibits hAChE (ICsop = 1.09 & 0.1 uM),
hBuChE (ICso = 3.70 £ 0.1 pM), and it exhibits oxy-
gen radical absorbance capacity (ORAC) (3.2 % 0.03 trolox
equivalent) [94].
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Cpd 74

Caproctamine Cpd 75 is another polyamine-based dual
AChHE inhibitor with ICsp = 0.17 wM also blocking the
muscarinic (M3) receptor (K, = 0.66 wM) [95].
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The caproctamine backbone has the ability to fold in
such a manner that the o-methoxybenzylamine units (dis-
tance 10—161&), reached near the Trp279 (PAS) and Trp84
(CAS), of AChE, respectively, whereas the lipophilic chain
formed different hydrophobic interactions with numerous
aromatic residues. Despite its action as an AChE inhibitor and
acompetitive muscarinic (M») receptor antagonist, it also has
the potential to prevent the AChE-mediated AS aggregation
[96].

Cpd 76 was developed as a novel BuChE inhibitor, and has
the capability to interact with the PAS of AChE enzyme [97].
Cpd 76 is the hybrid of SKF-64346, a benzofuran derivative
and N-methyl-N-benzylamine, via a heptyloxy chain hav-
ing good A -fibril formation inhibitory and AChE inhibitory
properties. It also showed BuChE inhibitory activity with
a ICsg value of 1.82 uM and was 5.7-fold more selective
towards BuChE over AChE (ICs5p = 10.5 wM). This hybrid
also has the capability to prevent the AS self-aggregation
with ICsp = 13 wM) and have a distinct neuroprotective
effect against ABrs_3speptide-induced neurotoxicity with a
neuroprotective effect of 63 % at 30 wM [98].

OCH,

Cl
(L)

Cpd 76

H,C

Conclusion

For multifarious complex diseases, the paradigm has been
shifted from ‘one molecule-one target’ to multi-target hybrid
molecules or poly-functional agents that could achieve a
stage of effectiveness not manageable by the earlier para-
digm. However, the ‘one molecule-one target’ paradigm has
motivated drug discovery in the pharmaceutical industries
for the previous few decades, but the multi-factorial origin

of complex diseases makes this perception irrational because
single target drugs are ineffective to hit different pathways
involved in pathogenesis of these diseases. Consequently, it
can be anticipated that poly-pharmacological approaches are
the need of the hour for an effective treatment of complex dis-
orders. Among such complex diseases, Alzheimer’s disease
needs the attention of researchers for developing rational and
effective therapy by using these approaches.

Over the last decade more attention has been given to
the design and synthesis of hybrid compounds for the treat-
ment of Alzheimer’s disease. Using a hybrid-based strategy,
two bioactive pharmacophores have been comprehensively
united to attain homo- and heterodimers endowed with
an improved biological profile together with high affinity,
increased potency, and along with additional complemen-
tary actions, which makes them potential drug candidates
for the treatment of AD. However, some problems still
need to be considered and more studies should be intended
for the designing of hybrid compounds bearing in mind
other off-target side effects. Thus, a number of disease-
modifying hybrids could hopefully grow to have next gener-
ation potential therapeutics in the treatment of Alzheimer’s
disease.

Acknowledgments [am grateful to my many colleagues and assistants
for critical review and editorial assistance with the manuscript. We wish
to thank the ‘Indian Council of Medical Research (ICMR)’, New Delhi,
for providing us a Senior Research Fellowship (ICMR-SRF); Award No.
BIC/11(11)/2014 and BIC/11(02)/2013.

References

1. Huang Y, Mucke L (2012) Alzheimer mechanisms and therapeutic
strategies. Cell 148:1204-1222. doi:10.1016/j.cell.2012.02.040

2. Gandy S, DeKosky ST (2013) Toward the treatment and
prevention of Alzheimer’s disease: rational strategies and
recent progress. Annu Rev Med 64:367-383. doi:10.1146/
annurev-med-092611-084441

3. Bartus RT, Dean RL, Pontecorvo MJ, Flicker C (1985) The cholin-
ergic hypothesis: a historical overview, current perspective, and
future directions. Ann N Y Acad Sci 444:332-358. doi:10.1111/j.
1749-6632.1985.tb37600.x

4. Weinstock M (1999) Selectivity of cholinesterase inhibition: clin-
ical implications for the treatment of Alzheimer’s disease. CNS
Drugs 12:307-323. doi:10.2165/00023210-199912040-00005

5. Querfurth HW, LaFerla FM (2010) Alzheimer’s disease. N Engl J
Med 362:329-344. doi: 10.1056/NEJMra0909142

@ Springer


http://dx.doi.org/10.1016/j.cell.2012.02.040
http://dx.doi.org/10.1146/annurev-med-092611-084441
http://dx.doi.org/10.1146/annurev-med-092611-084441
http://dx.doi.org/10.1111/j.1749-6632.1985.tb37600.x
http://dx.doi.org/10.1111/j.1749-6632.1985.tb37600.x
http://dx.doi.org/10.2165/00023210-199912040-00005
http://dx.doi.org/10.1056/NEJMra0909142

294

Mol Divers (2016) 20:271-297

6.

10.

11.

12.

13.

14.

15.

16.

18.

20.

21.

22.

23.

Cavalli A, Bolognesi ML, Minarini A, Rosini M, Tumiatti V,
Recanatini M, Melchiorre C (2008) Multi-target-directed ligands
to combat neurodegenerative diseases. ] Med Chem 51:347-372.
doi:10.1021/jm7009364

Stelzmann RA, Schnitzlein HN, Murtagh FR (1995) An Eng-
lish translation of Alzheimer‘s 1907 paper, Ubereineeigenar-
tigeErkankung der Hirnrinde. Clin Anat 8:429-431. doi:10.1002/
ca.980080612

Benzi G, Moretti A (1998) Is there a rationale for the use of acetyl-
cholinesterase inhibitors in the therapy of Alzheimer‘s disease? Eur
J Pharmacol 346:1-13

Naslund J, Schierhorn A, Hellman U, Lannfelt L, Roses AD, Tjern-
berg LO, Silberring J, Gandy SE, Winblad B, Greengard P (1994)
Relative abundance of Alzheimer AS-amyloid peptide variants in
Alzheimer disease and normal aging. Proc Natl Acad Sci USA
91:8378-8382. doi:10.1073/pnas.91.18.8378

Kung HF (2012) The g-amyloid Hypothesis in Alzheimer*s dis-
ease: seeing is believing. ACS Med Chem Lett 3:265-267. doi:10.
1021/mlI300058m

Inestrosa NC, Alvarez A, Perez CA, Moreno RD, Vicente M, Linker
C, Casanueva OI, Soto CG (1996) Acetylcholinesterase accelerates
assembly of amyloid-S-peptides into Alzheimer ‘s fibrils: possible
role of the peripheral site of the enzyme. J Neuron 16:881-891.
doi:10.2174/1567205054367928

Buee L, Bussiere T, Buee-Scherrer V, Delacourte A, Hof PR (2000)
Tau protein isoforms, phosphorylation and role in neurodegenera-
tive disorders. Brain Res Rev 33:95-130

Singh M, Kaur M, Kukreja H, Chugh R, Silakari O, Singh D (2013)
Acetylcholinesterase inhibitors as Alzheimer therapy: from nerve
toxins to neuroprotection. Eur J Med Chem 70:165-188. doi:10.
1016/j.ejmech.2013.09.050

Simonian NA, Coyle JT (1996) Oxidative stress in neurodegener-
ative diseases. Annu Rev Pharmacol Toxicol 36:83-106. doi:10.
1146/annurev.pa.36.040196.000503

Butterfield DA (2003) Amyloid-B-peptide [1-42]-associated
free radical-induced oxidative stress and neurodegeneration in
Alzheimer‘s disease brain: mechanisms and consequences. Curr
Med Chem 10:2651-2659. doi:10.2174/0929867033456422
Small DH (2009) Dysregulation of calcium homeostasis in
Alzheimer‘s disease. Neurochem Res 34:1824-1829. doi:10.1007/
s11064-009-9960-5

Youdim MBH, Edmondson D, Tipton KF (2006) The therapeu-
tic potential of monoamine oxidase inhibitors. Nat Rev Neurosci
7:230-295. doi:10.1038/nrn1883

Degroot A, Kofalvi A, Wade MR, Davis RJ, Rodrigues RJ, Rebola
N, Cunha RA, Nomikos GG (2006) CB1 receptor antagonism
increases hippocampal acetylcholine release: site and mechanism
of action. Mol Pharmacol 70:1236-1245. doi:10.1124/mol.106.
024661

Greig NH, Giacobini E, Lahiri DK (2007) Advances in Alzheimer
therapy and development of innovative new strategies. Curr
Alzheimer Res 4:336-339. doi:10.2174/156720507781788819
Munch G, Thome J, Foley P, Schinzel R, Riederer P
(1997) Advanced glycation end products in ageing and
Alzheimer’s disease. Brain Res Rev 23:134-143. doi:10.1016/
S0165-0173(96)00016-1

Schmitt B, Bernhardt T, Moeller HJ, Heuser I, Frolich L
(2004) Combination therapy in Alzheimer’s disease: a review
of current evidence. CNS Drugs 18:827-844. doi:10.2165/
00023210-200418130-00001

Zhang HY (2005) One-compound-multiple-targets strategy to
combat Alzheimer’s disease. FEBS Lett 579:5260-5264. doi:10.
1016/j.febslet.2005.09.006

Morphy R, Rankovic Z (2005) Designed multiple ligands: An
emerging drug discovery paradigm. J] Med Chem 48:6523-6543.
doi:10.1021/jm058225d

@ Springer

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Youdim MB, Buccafusco JJ (2005) Multi-functional drugs for var-
ious CNS target in the treatment of neurodegenerative disorders.
Trends Pharmacol Sci 26:27-35. doi:10.1016/j.tips.2004.11.007
Dechy-Cabaret O, Benoit-Vical F, Robert A, Meunier B (2000)
Preparation and antimalarial activities of “trioxaquines”, new
modular molecules with a trioxane skeleton linked to a 4-
aminoquinoline. Chem Bio Chem 1:281-283. doi:10.1002/
1439-7633(20001117)1:4

Kogen H, Toda N, Tago K, Marumoto S, Takami K, Ori M, Yamada
N, Koyama K, Naruto S, Abe K, Yamazaki R, Hara T, Aoyagi A,
Abe Y, Kaneko T (2002) Design and synthesis of dual inhibitors
of acetylcholinesterase and serotonin transporter targeting poten-
tial agents for Alzheimer’s disease. Org Lett 4:3359-3362. doi:10.
1021/01026418e

Dollinger S, Lober S, Klingenstein R, Korth C, Gmeiner P (2006) A
chimeric ligand approach leading to potent antiprion active acridine
derivatives: design, synthesis, and biological investigations. ] Med
Chem 49:6591-6595. doi:10.1021/jm060773j

Rodriguez-Franco MI, Fernandez-Bachiller MI, Perez C,
Hernandez-Ledesma B, Bartolome B (2006) Novel tacrine—
melatonin hybrids as dual-acting drugs for Alzheimer disease,
with improved acetylcholinesterase inhibitory and antioxidant
properties. ] Med Chem 49:459-462. doi:10.1021/jm050746d
FuH, Li W, Luo J, Lee NT, Li M, Tsim KW, Pang Y, Youdim MB,
Han Y (2008) Promising anti-Alzheimer’s dimer bis(7)-tacrine
reduces beta-amyloid generation by directly inhibiting BACE-1
activity. Biochem Biophys Res Commun 366:631-636. doi:10.
1016/j.bbrc.2007.11.068

Hu MK, Wu LJ, Hsiao G, Yen MH (2002) Homodimeric-
tacrine congeners as acetylcholinesterase inhibitors. ] Med Chem
45:2277-2282. doi:10.1021/jm010308g

Carlier PR, Du DM, Han Y, Liu J, Pang YP (1999) Potent, eas-
ily synthesized huperzine A-tacrine hybrid acetylcholinesterase
inhibitors. Bioorg Med Chem Lett 9:2335-2338. doi:10.1016/
S0960-894X(99)00396-0

Shao D, Zou C, Luo C, Tang X, Li Y (2004) Synthesis and eval-
uation of tacrine-E2020 hybrids as acetylcholinesterase inhibitors
for the treatment of Alzheimer’s disease. Bioorg Med Chem Lett
14:4639-4642. doi:10.1016/j.bmcl.2004.07.005
Fernandez-Bachiller MI, Perez C, Monjas L, Rademann J,
Rodriguez-Franco MI (2012) New tacrine-4-oxo-4H-chromene
hybrids as multifunctional agents for the treatment of Alzheimer’s
disease, with cholinergic, antioxidant, and B-amyloid-reducing
properties. J Med Chem 55:1303-1317. doi:10.1021/jm201460y
Jang MH, Jung SB, Lee MH, Kim CJ, Oh YT, Kang I, Kim J, Kim
EH (2005) Melatonin attenuates amyloid-f;5_35-induced apop-
tosis in mouse microglial BV2 cells. Neurosci Lett 380:26-31.
doi:10.1016/j.neulet.2005.01.003

Rosini M, Simoni E, Bartolini M, Cavalli A, Ceccarini L, Pascu
N, McClymont DW, Tarozzi A, Bolognesi ML, Minarini A, Tumi-
atti V, Andrisano V, Mellor IR, Melchiorre C (2008) Inhibition
of acetylcholinesterase, beta-amyloid aggregation, and NMDA
receptors in Alzheimer’s disease: a promising direction for the
multi-target-directed ligands gold rush. J Med Chem 51:4381-
4384. doi:10.1021/jm050746d

Lysko PG, Lysko KA, Webb CL, Feuerstein G, Mason PE, Wal-
ter MF, Mason RP (1998) Neuroprotective activities of carvedilol
and a hydroxylated derivative: role of membrane biophysical
interactions. Biochem Pharmacol 56:1645-1656. doi:10.1016/
S0006-2952(98)00275-5

Thiratmatrakul S, Yenjai C, Waiwut P, Vajragupta O, Reubroy-
charoen P, Tohda M, Boonyarat C (2014) Synthesis, biological eval-
uation and molecular modeling study of novel tacrine-carbazole
hybrids as potential multifunctional agents for the treatment of
Alzheimer’s disease. Eur J] Med Chem 75:21-30. doi:10.1016/j.
ejmech.2014.01.020


http://dx.doi.org/10.1021/jm7009364
http://dx.doi.org/10.1002/ca.980080612
http://dx.doi.org/10.1002/ca.980080612
http://dx.doi.org/10.1073/pnas.91.18.8378
http://dx.doi.org/10.1021/ml300058m
http://dx.doi.org/10.1021/ml300058m
http://dx.doi.org/10.2174/1567205054367928
http://dx.doi.org/10.1016/j.ejmech.2013.09.050
http://dx.doi.org/10.1016/j.ejmech.2013.09.050
http://dx.doi.org/10.1146/annurev.pa.36.040196.000503
http://dx.doi.org/10.1146/annurev.pa.36.040196.000503
http://dx.doi.org/10.2174/0929867033456422
http://dx.doi.org/10.1007/s11064-009-9960-5
http://dx.doi.org/10.1007/s11064-009-9960-5
http://dx.doi.org/10.1038/nrn1883
http://dx.doi.org/10.1124/mol.106.024661
http://dx.doi.org/10.1124/mol.106.024661
http://dx.doi.org/10.2174/156720507781788819
http://dx.doi.org/10.1016/S0165-0173(96)00016-1
http://dx.doi.org/10.1016/S0165-0173(96)00016-1
http://dx.doi.org/10.2165/00023210-200418130-00001
http://dx.doi.org/10.2165/00023210-200418130-00001
http://dx.doi.org/10.1016/j.febslet.2005.09.006
http://dx.doi.org/10.1016/j.febslet.2005.09.006
http://dx.doi.org/10.1021/jm058225d
http://dx.doi.org/10.1016/j.tips.2004.11.007
http://dx.doi.org/10.1002/1439-7633(20001117)1:4
http://dx.doi.org/10.1002/1439-7633(20001117)1:4
http://dx.doi.org/10.1021/ol026418e
http://dx.doi.org/10.1021/ol026418e
http://dx.doi.org/10.1021/jm060773j
http://dx.doi.org/10.1021/jm050746d
http://dx.doi.org/10.1016/j.bbrc.2007.11.068
http://dx.doi.org/10.1016/j.bbrc.2007.11.068
http://dx.doi.org/10.1021/jm010308g
http://dx.doi.org/10.1016/S0960-894X(99)00396-0
http://dx.doi.org/10.1016/S0960-894X(99)00396-0
http://dx.doi.org/10.1016/j.bmcl.2004.07.005
http://dx.doi.org/10.1021/jm201460y
http://dx.doi.org/10.1016/j.neulet.2005.01.003
http://dx.doi.org/10.1021/jm050746d
http://dx.doi.org/10.1016/S0006-2952(98)00275-5
http://dx.doi.org/10.1016/S0006-2952(98)00275-5
http://dx.doi.org/10.1016/j.ejmech.2014.01.020
http://dx.doi.org/10.1016/j.ejmech.2014.01.020

Mol Divers (2016) 20:271-297

295

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Lange JH, Coolen HK, van Stuivenberg HH, Dijksman JA, Her-
remans AH, Ronken E, Keizer HG, Tipker K, McCreary AC,
Veerman W, Wals HC, Stork B, Verveer PC, den Hartog AP, de
Jong NM, Adolfs TJ, Hoogendoorn J, Kruse CG (2004) Synthe-
sis, biological properties, and molecular modeling investigations of
novel 3,4-diarylpyrazolines as potent and selective CB(1) cannabi-
noid receptor antagonists. J Med Chem 47:627-643. doi:10.1021/
jm031019q

Lange JH, van Stuivenberg HH, Coolen HK, Adolfs TJ, McCreary
AC, Keizer HG, Wals HC, Veerman W, Borst AJ, de Looff W,
Verveer PC, Kruse CG (2005) Bioisosteric replacements of the
pyrazole moiety of rimonabant: synthesis, biological properties,
and molecular modeling investigations of thiazoles, triazoles, and
imidazoles as potent and selective CB1 cannabinoid receptor antag-
onists. ] Med Chem 48:1823-1838. doi:10.1021/jm040843r
Fisher A (2008) M1 muscarinic agonists target major hallmarks of
Alzheimer’s disease-the pivotal role of brain M1 receptors. Neu-
rodegener Dis 5:237-240. doi:10.1159/000113712

Fang L, Jumpertz S, Zhang Y, Appenroth D, Fleck C, Mohr K,
Trankle C, Decker M (2010) Hybrid molecules from xanomeline
and tacrine: enhanced tacrine actions on cholinesterases and mus-
carinic M1 receptors. J] Med Chem 53:2094-2103. doi:10.1021/
jm901616h

Camps P, Formosa X, Galdeano C, Gomez T, Munoz-Torrero
D, Scarpellini M, Viayna E, Badia A, Clos MV, Camins
A, Pallas M, Bartolini M, Mancini F, Andrisano V, Estel-
rich J, Lizondo M, Bidon-Chanal A, Luque FJ (2008) Novel
donepezil-based inhibitors of acetyl- and butyrylcholinesterase
and acetylcholinesterase-induced beta-amyloid aggregation. ] Med
Chem 51:3588-3598. doi:10.1021/jm8001313

Carlier PR, Chow ES, Han Y, Liu J, El Yazal J, Pang YP (1999)
Heterodimerictacrine-based acetylcholinesterase inhibitors: inves-
tigating ligand-peripheral site interactions. ] Med Chem 42:4225-
4231. doi:10.1021/jm990224w

Alonso D, Dorronsoro I, Rubio L, Munoz P, Garcia-Palomero E,
Del Monte M, Bidon-Chaal A, Orozco M, Luque FJ, Castro A,
Medina M, Martinez A (2005) Donepezile-tacrine hybrid related
derivatives as new dual binding site inhibitors of AChE. Bioorg
Med Chem 13:6588-6597. doi:10.1016/j.bmc.2005.09.029

Tang H, Zhao L, Zhao H, Huang S, Zhong S, Qin J, Chen Z, Huang
Z, Liang H (2011) Hybrids of oxoisoaporphine-tacrine congeners:
novel acetylcholinesterase and acetylcholinesterase-induced S-
amyloid aggregation inhibitors. Eur J Med Chem 46:4970-4979.
doi:10.1016/j.ejmech.2011.08.002

Badia A, Banos JE, Camps P, Contreras J, Gorbig DM, Diego
Munoz-Torrero DM, Simon M, Vivas NM (1998) Synthe-
sis and evaluation of tacrine-huperzine a hybrids as acetyl-
cholinesterase inhibitors of potential interest for the treatment of
Alzheimer’s disease. Bioorg Med Chem 6:427-440. doi:10.1016/
S0968-0896(98)00015-7

Camps P, Formosa X, Munoz-Torrero D, Petrignet J, Badia A, Clos
V (2005) Synthesis and pharmacological evaluation of huprine—
tacrine heterodimers: subnanomolar dual binding site acetyl-
cholinesterase inhibitors. J Med Chem 48:1701-1704. doi:10.
1021/jm0496741

Camps P, El Achab R, Gorbig D, Morral J, Munoz-Torrero D,
Badia A, Banos JE, Vivas NM, Barril X, Orozco M, Luque FJ
(1999) Synthesis, in vitro pharmacology, and molecular modeling
of very potent tacrine—huperzine A hybrids as acetylcholinesterase
inhibitors of potential interest for the treatment of Alzheimer’s dis-
ease. ] Med Chem 42:3227-3242. doi:10.1021/jm980620z
Camps P, Gomez E, Munoz-Torrero D, Badia A, Vivas NM, Barril
X, Orozco M, Luque FJ (2001) Synthesis, in vitro pharmacology,
and molecular modeling of syn-huprines as acetylcholinesterase
inhibitors. J Med Chem 44:4733-4736. doi:10.1021/jm010949b

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Mao F, ChenJ, Zhou Q, Luo Z, Huang L, Li X (2013) Novel tacrine-
ebselen hybrids with improved cholinesterase inhibitory, hydrogen
peroxide and peroxynitrite scavenging activity. Bioorg Med Chem
Lett 23:6737-6742. doi:10.1016/j.bmcl.2013.10.034

Van der Zee EA, Platt B, Riedel G (2011) Acetylcholine: future
research and perspectives. Behav Brain Res 221:583-586. doi: 10.
1016/j.bbr.2011.01.050

Holmquist L, Stuchbury G, Berbaum K, Muscat S, Young S, Hager
K, Engel J, Munch G (2007) Lipoic acid as a novel treatment
for Alzheimer’s disease and related dementias. Pharmacol Ther
113:154-164. doi:10.1016/j.pharmthera.2006.07.001

Fang L, Kraus B, Lehmann J, Heilmann J, Zhang Y, Decker M
(2008) Design and synthesis of tacrine—ferulic acid hybrids as
multi-potent anti-Alzheimer drug candidates. Bioorg MedChem
Lett 18:2905-2909. doi:10.1016/j.bmcl.2008.03.073

Yan JJ, Cho JY, Kim HS, Kim KL, Jung JS, Huh SO, Suh HW,
Kim YH, Song DK (2001) Protection against beta-amyloid peptide
toxicity in vivo with long-term administration of ferulic acid. BrJ
Pharmacol 133:89-96. doi:10.1038/sj.bjp.0704047

Xie SS, Lan JS, Wang XB, Jiang N, Dong G, Li Z, Wang KDG,
Guo PP, Kong LY (2015) Multifunctional tacrine—trolox hybrids for
the treatment of Alzheimer’s disease with cholinergic, antioxidant,
neuroprotective and hepatoprotective properties. Eur J Med Chem
93:42-50. doi:10.1016/j.ejmech.2015.01.058

Rizzo S, Bartolini M, Ceccarini L, Piazzi L, Gobbi S, Cav-
alli A, Recanatini M, Andrisano V, Rampa A (2010) Targeting
Alzheimer’s disease: novel indanone hybrids bearing a pharma-
cophoric fragment of AP2238. Bioorg Med Chem 18:1749-1760.
doi:10.1016/j.bmc.2010.01.071

Contreras JM, Rival YM, Chayer S, Bourguignon JJ, Wermuth CG
(1999) Aminopyridazines as acetylcholinesterase inhibitors. J Med
Chem 42:730-741. doi:10.1021/jm981101z

Contreras JM, Parrot I, Sippl W, Rival YM, Wermuth CG (2001)
Design, synthesis, and structure-activity relationships of a series
of 3-[2-(1-benzylpiperidin-4-yl)ethylamino]pyridazine derivatives
as acetylcholinesterase inhibitors. J] Med Chem 44:2707-2718.
doi:10.1021/jm001088u

Bautista-Aguilera OM, Esteban G, Bolea I, Nikolic K, Agbaba
D, Moraleda I, Iriepa I, Samadi A, Soriano E, Unzeta
M, Marco-Contelles J (2014) Design, synthesis, pharmaco-
logical evaluation, QSAR analysis, molecular modeling and
ADMET of novel donepezil-indolyl hybrids as multipotent
cholinesterase/monoamine oxidase inhibitors for the potential
treatment of Alzheimer’s disease. Eur ] Med Chem 75:82-95.
doi:10.1016/j.ejmech.2013.12.028

Wang L, Esteban G, Ojima M, Bautista-Aguilera OM, Inokuchi
T, Moraleda I, Iriepa I, Samadi A, Youdim MB, Romero A,
Soriano E, Herrero R, Fernandez AP, Murillo RM, Marco-
Contelles J, Unzeta M (2014) Donepezil+propargylamine+8-
hydroxyquinoline hybrids as new multifunctional metal-chelators,
ChE and MAO inhibitors for the potential treatment of Alzheimer’s
disease. Eur ] Med Chem 80:543-561. doi:10.1016/j.ejmech.2014.
04.078

Luo Z, Sheng J, SunY LuC, Yan J, Liu A, Luo H, Huang L, Li X
(2013) Synthesis and Evaluation of multi-target-directed ligands
against Alzheimer’s disease based on the fusion of donepezil and
ebselen. ] Med Chem 56:9089-9099. doi:10.1021/jm401047q
Weinstock M, Goren T, Youdim MBH (2000) Development
of a novel neuroprotectivedrug (TV3326) for the treatment of
Alzheimer’s disease, with cholinesterase and monoamine oxi-
dase inhibitory activities. Drug Dev Res 50:216-222. doi: 10.1002/
1098-2299(200007/08)50:3/4

Youdim MBH, Weinstock M (2002) Molecular basis of neuropro-
tective activities of rasagiline and the anti-Alzheimer drug TV3326
[(N-propargyl-(3R)aminoindan-5-YL)-ethyl methyl carbamate.
Cell Mol Neurobiol 21:555-573. doi:10.1023/A:1015131516649

@ Springer


http://dx.doi.org/10.1021/jm031019q
http://dx.doi.org/10.1021/jm031019q
http://dx.doi.org/10.1021/jm040843r
http://dx.doi.org/10.1159/000113712
http://dx.doi.org/10.1021/jm901616h
http://dx.doi.org/10.1021/jm901616h
http://dx.doi.org/10.1021/jm8001313
http://dx.doi.org/10.1021/jm990224w
http://dx.doi.org/10.1016/j.bmc.2005.09.029
http://dx.doi.org/10.1016/j.ejmech.2011.08.002
http://dx.doi.org/10.1016/S0968-0896(98)00015-7
http://dx.doi.org/10.1016/S0968-0896(98)00015-7
http://dx.doi.org/10.1021/jm0496741
http://dx.doi.org/10.1021/jm0496741
http://dx.doi.org/10.1021/jm980620z
http://dx.doi.org/10.1021/jm010949b
http://dx.doi.org/10.1016/j.bmcl.2013.10.034
http://dx.doi.org/10.1016/j.bbr.2011.01.050
http://dx.doi.org/10.1016/j.bbr.2011.01.050
http://dx.doi.org/10.1016/j.pharmthera.2006.07.001
http://dx.doi.org/10.1016/j.bmcl.2008.03.073
http://dx.doi.org/10.1038/sj.bjp.0704047
http://dx.doi.org/10.1016/j.ejmech.2015.01.058
http://dx.doi.org/10.1016/j.bmc.2010.01.071
http://dx.doi.org/10.1021/jm981101z
http://dx.doi.org/10.1021/jm001088u
http://dx.doi.org/10.1016/j.ejmech.2013.12.028
http://dx.doi.org/10.1016/j.ejmech.2014.04.078
http://dx.doi.org/10.1016/j.ejmech.2014.04.078
http://dx.doi.org/10.1021/jm401047q
http://dx.doi.org/10.1002/1098-2299(200007/08)50:3/4
http://dx.doi.org/10.1002/1098-2299(200007/08)50:3/4
http://dx.doi.org/10.1023/A:1015131516649

296

Mol Divers (2016) 20:271-297

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Kogen H, Toda N, Tago K, Marumoto S, Takami K, Ori M, Yamada
N, Koyama K, Naruto S, Be K, Yamazaki R, Hara T, Aoyagi A,
Abe Y, Kaneko T (2002) Design and synthesis of dual inhibitors
of acetylcholinesterase and serotonin transporter targeting poten-
tial agents for Alzheimer’s disease. Org Lett 4:3359-3362. doi:10.
1021/01026418e

Toda N, Tago K, Marumoto S, Takami K, Ori M, Yamada
N, Koyama K, Naruto S, Abe K, Yamazaki R, Hara T, Aoy-
agi A, Abe Y, Kaneko T, Kogen H (2003) A conformational
restriction approach to the development of dual inhibitors of acetyl-
cholinesterase and serotonin transporter as potential agents for
Alzheimer’s disease. Bioorg Med Chem 11:4389—4415. doi:10.
1016/S0968-0896(03)00452-8

Sang Z, Li Y, Qiang X, Xiao G, Liu Q, Tan Z, Deng Y (2015)
Multifunctional scutellarin-rivastigmine hybrids with cholinergic,
antioxidant, biometal chelating and neuroprotective properties for
the treatment of Alzheimer’s disease. Bioorg Med Chem 23:668—
680. doi:10.1016/j.bmc.2015.01.005

Guillou C, Mary A, Renko DZ, Gras E, Thal C (2000) Potent
acetylcholinesterase inhibitors: design, synthesis and structure-
activity relationships of alkylene linked bis-galanthamine and
galanthamine-galanthaminium salts. Bioorg Med Chem Lett
10:637-639. doi:10.1016/S0960-894X(00)00059-7

Mary A, Renko DZ, Guillou C, Thal C (1998) Potent
acetylcholinesterase inhibitors: design, synthesis, and structure-
activity relationships of bis-interacting ligands in the galan-
thamine series. Bioorg Med Chem 6:1835-1850. doi:10.1016/
S0968-0896(98)00133-3

Recanatini M, Valenti P (2004) Acetylcholinesterase inhibitors as a
starting point towards improved Alzheimer’s disease therapeutics.
Curr Pharm Des 10:3157-3166. doi:10.2174/1381612043383313
Rampa A, Piazzi L, Belluti F, Gobbi S, Bisi A, Bar-
tolini M, Andrisano V, Cavrini V, Cavalli A, Recanatini
M, Valenti P (2001) Acetylcholinesterase inhibitors:
SAR and kinetic studies on omega-[N-methyl-N-(3-
alkylcarbamoyloxyphenyl)methylJaminoalkoxyaryl derivatives. J
Med Chem 44:3810-3820. doi:10.1021/jm010914b

Fink DM, Palermo MG, Bores GM, Huger FP, Kurys BE, Mer-
riman MC, Olsen GE, Petko W, O’Malley GJ (1996) Imino
1,2,3,4-tetrahydrocyclopent[b]indole carbamates as dual inhibitors
of acetylcholinesterase and monoamine oxidase. Bioorg Med
Chem Lett 6:625-630. doi:10.1016/0960-894X(96)00072-8
Sterling J, Herzig Y, Goren T, Finkelstein N, Lerner D, Goldenberg
W, Miskolczi I, Molnar S, Rantal F, Tamas T, Toth G, Zagyva A,
Zekany A, Lavian G, Gross A, Friedman R, Razin M, Huang W,
Krais B, Chorev M, Youdim MB, Weinstock M (2002) Novel dual
inhibitors of AChE and MAO derived from hydroxyaminoindan
and phenethylamine as potential treatment for Alzheimer’s disease.
J Med Chem 45:5260-5279. doi:10.1021/jm020120c

Rampa A, Bisi A, Valenti P, Recanatini M, Cavalli A, Andrisano
V, Cavrini V, Fin L, Buriani A, Giusti PJ (1998) Acetyl-
cholinesterase inhibitors: synthesis and structure-activity rela-
tionships of omega-[N-methyl-N-(3-alkylcarbamoyloxyphenyl)-
methyl]aminoalkoxyheteroaryl derivatives. ] Med Chem 41:3976—
3986. doi:10.1021/jm9810046

Viayna E, Sola I, Bartolini M, DeSimone A, Rojas CT, Serrano
FG, Sabaté R, Jiménez JJ, Pérez B, Luque FJ, Andrisano V, Clos
MYV, Inestrosa NC, Torrero DM (2014) Synthesis and multitar-
get biological profiling of a novel family of Rhein derivatives as
disease-modifying anti-alzheimer agents. ] Med Chem 57:2549—
2567. doi:10.1021/jm401824w

Alptuzun V, Kapkova P, Baumann K, Erciyas E, Holzgrabe
U (2003) Synthesis and biological activity of pyridinium-type
acetylcholinesterase inhibitors. J Pharm Pharmacol 55:1397-1404.
doi:10.1211/0022357021855

@ Springer

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Kapkova P, Alptuzun V, Frey P, Erciyas E, Holzgrabe U (2006)
Search for dual function inhibitors for Alzheimer’s disease: syn-
thesis and biological activity of acetylcholinesterase inhibitors of
pyridinium-type and their A fibril formation inhibition capacity.
Bioorg Med Chem 14:472-478. doi:10.1016/j.bmc.2005.08.034
Kapkova P, Stiefl N, Surig U, Engels B, Baumann K, Holzgrabe
U (2003) Synthesis, biological activity and docking studies of
new acetylcholinesterase inhibitors of the bispyridinium type. Arch
Pharm (Weinheim) 336:523-540. doi:10.1002/ardp.200300795
Paz A, Xie Q, Greenblatt HM, Fu W, Tang Y, Qiu Z, Suss-
man JL (2009) The crystal structure of a complex of acetyl-
cholinesterase with bis-(—)-nor-meptazinol derivative reveals dis-
ruption of the catalytic triad. J Med Chem 52:2543-2549. doi:10.
1021/jm801657v

Xie Q, Wang H, Xia Z, Lu M, Zhang W, Wang X, Fu W, Tang Y,
Sheng W, Li W, Zhou W, Zhu X, Qiu Z, Chen H (2008) Bis-(—)-
nor-meptazinols as novel nanomolar cholinesterase inhibitors with
high inhibitory potency on amyloid-beta aggregation. J Med Chem
51:2027-2036. doi:10.1021/jm070154q

Sheng R, Lin X, Li J, Jiang Y, Shang Z, Hu Y (2005) Design,
synthesis, and evaluation of 2-phenoxy-indan-1-one derivatives as
acetylcholinesterase inhibitors. Bioorg Med Chem Lett 15:3834—
3837. doi:10.1016/j.bmcl.2005.05.132

Villalobos A, Blake JF, Biggers CK, Butler TW, Chapin DS, Chen
YL, Ives JL, Jones SB, Liston DR, Nagel AA, Nason DM, Nielsen
JA, Shalaby IA, White WF (1994) Novel benzisoxazole derivatives
as potent and selective inhibitors of acetylcholinesterase. J Med
Chem 37:2721-2734. doi:10.1021/jm00043a012

Villalobos A, Butler TW, Chapin DS, Chen YL, DeMattos SB,
Ives JL, Jones SB, Liston DR, Nagel AA, Nason DM, Nielsen
JA, Ramirez AD, Shalaby IA, White WF (1995) 5,7-dihydro-3-
[2-[1-(phenylmethyl)-4-piperidinyl]ethyl]-6H- pyrrolo[3,2-f]-1,2-
benzisoxazol-6-one: a potent and centrally-selective inhibitor of
acetylcholinesterase with an improved margin of safety. ] Med
Chem 38:2802-2808. doi:10.1021/jm00015a002

Martinez A, Fernandez E, Castro A, Conde S, Rodriguez-Franco I,
Banos JE, Badia A (2000) N-Benzylpiperidine derivatives of 1,2,4-
thiadiazolidinone as new acetylcholinesterase inhibitors. Eur J Med
Chem 35:913-922. doi:10.1016/50223-5234(00)01166-1
Andreani A, Cavalli A, Granaiola M, Guardigli M, Leoni A,
Locatelli A, Morigi R, Rambaldi M, Recanatini M, Roda AJ (2001)
Synthesis and screening for anti-acetylcholinesterase activity of
(1-benzyl-4-oxopiperidin-3-ylidene)methylindoles and -pyrroles
related to donepezil. ] Med Chem 44:4011-4014. doi:10.1021/
jm0109356

Arce MP, Rodriguez-Franco MI, Gonzalez-Munoz GC, Perez C,
Lopez B, Villarroya M, Lopez MG, Garcia AG, Conde S (2009)
Neuroprotective and cholinergic properties of multifunctional glu-
tamic acid derivatives for the treatment of Alzheimer’s disease. J
Med Chem 52:7249-7257. doi:10.1021/jm900628z

Prokai-Tatrai K, Nguyen V, Zharikova AD, Braddy AC, Stevens
SM, Prokai L (2003) Prodrugs to enhance central nervous system
effects of the TRH-like peptide pGlu-Glu-Pro-NH2. Bioorg Med
Chem Lett 13:1011-1014. doi:10.1016/S0960-894X(03)00081-7
Doucet-Personeni C, Bentley PD, Fletcher RJ, Kinkaid A, Kryger
G, Pirard B, Taylor A, Taylor R, Taylor J, Viner R, Silman I, Suss-
man JL, Greenblatt HM, Lewis TJ (2001) A structure-based design
approach to the development of novel, reversible AChE inhibitors.
J Med Chem 44:3203-3215. doi:10.1021/jm010826r

Kang SS, LeeJY, Choi YK, Song SS, KimJS, Jeon SJ, Han YN, Son
KH, Han BH (2005) Neuroprotective effects of naturally occurring
biflavonoids. Bioorg Med Chem Lett 15:3588-3591. doi:10.1016/
j-bmcl.2005.05.078yuio0

Cavalli A, Bolognesi ML, Capsoni S, Andrisano V, Bartolini M,
Margotti E, Cattaneo A, Recanatini M, Melchiorre C (2007) A
small molecule targeting the multifactorial nature of Alzheimer’s


http://dx.doi.org/10.1021/ol026418e
http://dx.doi.org/10.1021/ol026418e
http://dx.doi.org/10.1016/S0968-0896(03)00452-8
http://dx.doi.org/10.1016/S0968-0896(03)00452-8
http://dx.doi.org/10.1016/j.bmc.2015.01.005
http://dx.doi.org/10.1016/S0960-894X(00)00059-7
http://dx.doi.org/10.1016/S0968-0896(98)00133-3
http://dx.doi.org/10.1016/S0968-0896(98)00133-3
http://dx.doi.org/10.2174/1381612043383313
http://dx.doi.org/10.1021/jm010914b
http://dx.doi.org/10.1016/0960-894X(96)00072-8
http://dx.doi.org/10.1021/jm020120c
http://dx.doi.org/10.1021/jm9810046
http://dx.doi.org/10.1021/jm401824w
http://dx.doi.org/10.1211/0022357021855
http://dx.doi.org/10.1016/j.bmc.2005.08.034
http://dx.doi.org/10.1002/ardp.200300795
http://dx.doi.org/10.1021/jm801657v
http://dx.doi.org/10.1021/jm801657v
http://dx.doi.org/10.1021/jm070154q
http://dx.doi.org/10.1016/j.bmcl.2005.05.132
http://dx.doi.org/10.1021/jm00043a012
http://dx.doi.org/10.1021/jm00015a002
http://dx.doi.org/10.1016/S0223-5234(00)01166-1
http://dx.doi.org/10.1021/jm0109356
http://dx.doi.org/10.1021/jm0109356
http://dx.doi.org/10.1021/jm900628z
http://dx.doi.org/10.1016/S0960-894X(03)00081-7
http://dx.doi.org/10.1021/jm010826r
http://dx.doi.org/10.1016/j.bmcl.2005.05.078yuio0
http://dx.doi.org/10.1016/j.bmcl.2005.05.078yuio0

Mol Divers (2016) 20:271-297

297

90.

91.

92.

93.

94.

disease. Angew Chem Int Ed Engl 46:3689-3692. doi:10.1002/
anie.200700256

Beal MF (2004) Mitochondrial dysfunction and oxidative damage
in Alzheimer’s and Parkinson’s diseases and coenzyme Q10 as
a potential treatment. J Bioenerg Biomembr 36:381-386. doi:10.
1023/B:JOBB.0000041772.74810.92

Bolognesi ML, Cavalli A, Melchiorre C (2009) Memoquin: a multi-
target-directed ligand as an innovative therapeutic opportunity for
Alzheimer’s disease. Neurotherapeutics 6:152—-162. doi:10.1016/
j-nurt.2008.10.042

Bolognesi ML, Cavalli A, Bergamini C, Fato R, Lenaz G, Rosini
M, Bartolini M, Andrisano V, Melchiorre C (2009) Toward a ratio-
nal design of multitarget-directed antioxidants: merging memoquin
and lipoic acid molecular frameworks. J Med Chem 52:7883-7886.
doi:10.1021/jm901123n

Huang L, Shi A, He F, Li X (2010) Synthesis, biological evalu-
ation, and molecular modeling of berberine derivatives as potent
acetylcholinesterase inhibitors. Bioorg Med Chem 18:1244-1251.
doi:10.1016/j.bmc.2009.12.035

Lopez-Iglesias B, Perez C, Garcia JM, Gil SA, Perez-Castillo
A, Romero A, Lopez MG, Villarroya M, Conde S, Rodriguez-
Franco MI (2014) New melatonin-N, N-dibenzyl(N-methyl)amine
hybrids: potent neurogenic agents with antioxidant, cholinergic,
and neuroprotective properties as innovative drugs for Alzheimer’s
disease. ] Med Chem 57:3773-3785. doi:10.1021/jm5000613

95.

96.

97.

98.

Melchiorre C, Antonello A, Banzi R, Bolognesi ML, MinariniA
Rosini M, Tumiatti V (2003) Polymethylenetetraamine backbone
as template for the development of biologically active polyamines.
Med Res Rev 23:200-233. doi:10.1002/med.10029

Melchiorre C, Andrisano V, Bolognesi ML, Budriesi R, Cav-
alli A, Cavrini V, Rosini M, Tumiatti V, Recanatini M (1998)
Acetylcholinesterasenoncovalent inhibitors based on a polyamine
backbone for potential use against Alzheimer’s disease. J] Med
Chem 41:4186—4189. doi:10.1021/jm9810452

Rizzo S, Riviere C, Piazzi L, Bisi A, Gobbi S, Bartolini
M, Andrisano V, Morroni F, Tarozzi A, Monti JP, Rampa A
(2008) Benzofuran-based hybrid compounds for the inhibition of
cholinesterase activity, beta amyloid aggregation, and Af neuro-
toxicity. ] Med Chem 51:2883-2886. doi:10.1021/jm8002747
Howlett DR, Perry AE, Godfrey F, Swatton JE, Jennings KH,
Spitzfaden C, Wadsworth H, Wood SJ, Markwell RE (1999) Inhi-
bition of fibril formation in beta-amyloid peptide by a novel
series of benzofurans. Biochem J 340:283-289. doi:10.1107/
S$1600536814019229

@ Springer


http://dx.doi.org/10.1002/anie.200700256
http://dx.doi.org/10.1002/anie.200700256
http://dx.doi.org/10.1023/B:JOBB.0000041772.74810.92
http://dx.doi.org/10.1023/B:JOBB.0000041772.74810.92
http://dx.doi.org/10.1016/j.nurt.2008.10.042
http://dx.doi.org/10.1016/j.nurt.2008.10.042
http://dx.doi.org/10.1021/jm901123n
http://dx.doi.org/10.1016/j.bmc.2009.12.035
http://dx.doi.org/10.1021/jm5000613
http://dx.doi.org/10.1002/med.10029
http://dx.doi.org/10.1021/jm9810452
http://dx.doi.org/10.1021/jm8002747
http://dx.doi.org/10.1107/S1600536814019229
http://dx.doi.org/10.1107/S1600536814019229

	Hybrids: a new paradigm to treat Alzheimer's disease
	Abstract
	Introduction
	Pathogenesis of AD
	Multi-target directed ligand strategy in AD
	Hybrids molecules for the management of AD
	Tacrine hybrids
	Homodimers hybrids of tacrine
	Heterodimers hybrids with tacrine
	Tacrine-chromene hybrid
	Tacrine-melatonin hybrids
	Tacrine-carbazole hybrids
	Tacrine--imidazole hybrids
	Tacrine-xanomeline hybrids
	Tacrine--donepezil hybrids
	Tacrine--oxoisoaporphine hybrids
	Tacrine--huperzine hybrids
	Tacrine--ebselen hybrids
	Tacrine--lipoic acid hybrid
	Tacrine--ferulic acid hybrid
	Tacrine--trolox hybrids

	Donepezil based hybrids
	Donepezil-AP2238 hybrids
	Donepezil--minaprine hybrids
	Donepezil--indolyl hybrids
	Donepezil--propargylamine--8-hydroxyquinoline (DPH) hybrids
	Donepezil--ebselen hybrids

	Rivastigmine-based hybrids
	Rivastigmine--rasagiline hybrids
	Rivastigmine--fluoxetin hybrids
	Rivastigmine--scutellarin hybrids

	Galantamine based hybrids
	Physostigmine based hybrids
	Carbamate based hybrids
	Rhein--huprine hybrids
	Miscellaneous
	Obidoxime--oximes hybrids
	Bis-(-)-nor-meptazinol hybrid
	2-Phenoxy-indan-1-one hybrids
	N-benzylpiperidine hybrids
	Tacrine-m-(trimethylammonio)trifluoroacetophenone hybrids
	Biflavonoid hybrids
	Memoquin based hybrids
	Berberine based hybrids
	Melatonin-N,N-dibenzyl(N-methyl)amine hybrids

	Conclusion
	Acknowledgments
	References




