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ARTICLE INFO ABSTRACT

Alzheimer’s disease (AD), a neurodegenerative disease responsible for death of millions of people worldwide is a
progressive clinical disorder which causes neurons to degenerate and ultimately die. It is one of the common
causes of dementia wherein a person’s incapability to independently think, behave and decline in social skills
can be quoted as major symptoms. However the early signs include the simple non-clinical symptoms such as
forgetting recent events and conversations. Onset of these symptoms leads to worsened conditions wherein the
AD patient suffers severe memory impairment and eventually becomes unable to work out everyday tasks. Even
though there is no complete cure for AD, rigorous research has been going on to reduce the progress of AD.
Currently, a very few clinical drugs are prevailing for AD treatment. So this is the need of hour to design, develop
and discovery of novel anti-AD drugs. The main factors for the cause of AD according to scientific research
reveals structural changes in brain proteins such as beta amyloid, tau proteins into plaques and tangles re-
spectively. The abnormal proteins distort the neurons. Despite the high potencies of the synthesized molecules;
they could not get on the clinical tests up to human usage. In this review article, the recent research carried out
with respect to inhibition of AChE, BuChE, NO, BACE1, MAOs, AS, H3R, DAPK, CSF1R, 5-HT4R, PDE, o;R and
GSK-3p is compiled and organized. The summary is focused mainly on cholinesterases, A, BACE1 and MAOs
classes of potential inhibitors. The review also covers structure activity relationship of most potent compounds of
each class of inhibitors alongside redesign and remodeling of the most significant inhibitors in order to expect
cutting edge inhibitory properties towards AD. Alongside the molecular docking studies of the some final
compounds are discussed.
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1. Introduction

Alzheimer disease (AD) is chronic neurodegenerative disease which
has slow impact at initial stages and gradually takes control over per-
son’s mental power [1]. The most general symptom is unable to recall
the recent events in early stages of AD [1]. Seventy percent of AD pa-
tients get the disease through genetic inheritance [2]. Roughly, AD
affects approximately 6% of the people aging 65 years and above [3].
Statistics revealed that approximately 29.8 million people were living
with AD in 2015 [4]. The mutations in three genes are responsible for
AD in most of the autosomal family types; those are amyloid precursor
protein (AAP) and Presenilins 1 and 2 genes [5]. Mutations in AAP and
presenilin genes elevate the small protein, A4, product that becomes

most important component of senile plaques [6]. ABCA7 and SORL1 are
remaining two genes attributed to autosomal dominant AD [7]. Dif-
ferent drug therapies were hypothesized; those are cholinergic hy-
pothesis (based on reduced neurotransmitter acetylcholine synthesis
and medications are designed to treat acetylcholine deficiency) [8,9],
amyloid hypothesis (hypothesizes that extracellular beta (Af) deposit/
amyloid plaques are responsible for AD) [10,11], Tau hypothesis
(proposes that the AD is caused by tau protein abnormality) [11]. A
large number of factors are responsible for the cause of AD which may
be mentioned as factors such as genetic, lifestyle and environmental
factors. Most of the drugs discovered could not reach clinical stage as
they have not possessed the properties with respect to drug likeliness.
Currently, the most important medications for the treatment of AD are
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acetylcholine esterase inhibitors. The various compounds synthesized
possessing anti-AD properties are classified into different groups based
upon the type of the enzyme being inhibited by the drug molecule.
Classification may also depend the type of receptors such as CSFIR,
H3R, 5-HT4R, o;R being inhibited by the designed drug molecules.
Each class/group of inhibitors is sub classified based on the main che-
mical entity/chemical frame work utilized for the drug molecule de-
sign. Here in, the recent research contributed towards the anti-AD drug
design and discovery by various researchers is collated and organized in
systematic manner. The review is limited to cholinesterase inhibitors,
monoamine oxidase inhibitors, BACE1 and beta-amyloid inhibitors in
addition to little coverage on other inhibitors such as NO, H3R, DAPK,
CSF1R, 5-HT4R, PDE, o;R, LOX-5 and GSK-3f. The remarkable in-
hibitor in each sub-class of inhibitors is identified and these have been
utilized for reconstruct of potent drug molecules which are hypothe-
sized to be prominent inhibitors with respect to AD. All the potent
molecules in each class of inhibitors have been docked with corre-
sponding enzyme crystal structure; where in the significant inhibitors
have formed favorable interactions with various amino acid residues.

2. Multifunctional/multitarget inhibitors
2.1. 1-Bengzylamino-2-hydroxyalkyl derivatives

Multi-target approach for drug discovery is gaining importance and
AD is a complex disease which has multiple enzymes for its cause; to
mention, f(-secretase, y-secretase, acetylcholinesterase, butyr-
ylcholinesterase etc. Alongside, multifunctional drugs of AD are en-
gineered in a way to efficiently inhibit BACE1, amyloid 8 aggregation,
Tau aggregation and monoamineoxidases. So, multiple therapeutic
targets would be essential for effective treatment for AD. Hence, design
and development of multi-target directed ligands (MTDLs) that could
inhibit more than one enzyme responsible for AD. The current research
based on MTDLs has become potential approach to counter AD [12,13].
In this conjuncture, P. Dawid and his coworkers [14] have designed 1-
benzylamino-2-hydroxyalkyl derivatives as multifunctional anti-alz-
heimer agents which could inhibit AChE, BuChE, BACE-1, amyloid 8
aggregation, and tau aggregation. Molecular modeling studies were also
performed to explain enzyme-ligand interactions which would be
helpful in structure-activity relationship study. The design was based on
the structure of the standard compounds Donepezil 1 and BACE1 in-
hibitor, NVP-BXD-552 2 (Fig. 1).

Using Tacrine and Donepezil as reference compounds, the synthe-
sized compounds were evaluated for inhibition of eeAChE, eqBuChE,
and hBuChE enzymes. In that, only compound 3 (Fig. 2) shown mod-
erate inhibitory activity towards eeAChE and eqBuChE with ICs, values
3.62 and 9.36 uM respectively.

In case of inhibitory activity towards eqBuChE, compounds 4
(ICso = 1.49 = 0.03 uM), 5 (ICsp = 1.59 *= 0.05uM), 6
(ICs0 = 1.55 = 0.05uM), and 7 (IC5¢ = 2.92 = 0.1 uM) (Fig. 3) were
potent compounds. SAR studies revealed that the potential inhibitors
possess 2,2-diphenylethylamine or 3,3-dipheylpropylamine structural
unit.

In the BACEl inhibition activity, derivatives 4, 9
(ICso = 63.76 = 3.27 uM) (Figs. 3 and 4) having 2,2-diphenylamine
and 8 (ICsp =79.68 = 2.72uM), 10 (ICso = 101.90 = 2.76 uM)
(Fig. 4) possessing structural moiety, 4-(bis(4-fluorophenyl)methyl)
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Fig. 2. Structure of eeAChE/BuChE dual inhibitor.

piperazine have yielded good results.

The best inhibitors among the Af aggregation inhibitors were
compounds 7 (72.2% # 2.1) and 11 (84.9% =+ 0.8, IC50 = 1.22 uM).
Again these derivatives contain diphenylamine as the common struc-
tural entity. Whereas, compounds 6 (55.1% = 3.6), 7 (44.4% = 4.5)
(Fig. 3), 11 (62.7% = 1.2) and 12 (68.4% = 3.4) (Fig. 5) stood as the
potent inhibitors among the Tau aggregation inhibitors.

2.2. 2,5-Dihydroxyterephthalamide derivatives

The studies revealed that non-steroidal anti-inflammatory drugs
could abate occurrence of AD through control of inflammatory factors
and oxygen free radical release which are caused by Af deposition
[15,16]. It is evident that salicylic acid possesses NSAIDs property and
AChE inhibition property [17] and hence it was utilized in the design of
multi-target drugs for AD. Also, alkybenzylamine modified genistein
derivatives were reported as multifunctional drugs for AD [18]; like-
wise memoquin 14 (Fig. 7) was found to exhibit multifunctional drug
properties [19]. These inspired Q. Song et al [20] to design a set of 2,5-
dihydroxyterephthalamide (DHTA) derivatives wherein 2,5-dihydrox-
yterephthalic acid 13 (Fig. 6) and appropriate secondary amine flanked
the alkyl chain as appendants. The lead compounds were tested for A3
aggregation and AChE inhibition activity. Using donepezil and rivas-
tigmine as reference compounds, AChE and BuChE inhibitory activities
were performed. The activity suggested that some compounds were
better than the reference compound rivastigmine.

The inhibitory activity of DHTA derivatives (0.56-30.80 uM) was
far better than that of DHTA (> 100 pM) which inferred that the in-
troduction of alkybenzylamine has significantly increased the AChE
inhibitory activity. In the tested compounds, the derivatives with alkyl
chain length 3, 4, 6 have exhibited good activity. Also, in the com-
pounds of particular chain length; the presence of secondary amine, (2-
methoxy benzyl) ethylamine has resulted in highest activity (15-17,
Fig. 7). Therefore, alkyl chain length and type of secondary amine has
prominent effect on the AChE inhibitory activity. The most potent AChE
inhibitor was found to be derivative 16, inferring that four carbon chain
length suits best for inhibition. Annoyingly, most of the DHTA deriva-
tives were weak inhibitors of BuChE. A few of the synthesized com-
pounds namely; compound 18 < (17.30 * 0.33 puM), 19
(19.20 = 0.65uM) and 20 (40.30 + 0.56 uM) (Fig. 8) have exhibited
relatively good activity. The results have revealed that in the potent
BuChE inhibitory activity, (2-methoxy benzyl) methylamine moiety has
greater impact along with alkyl chain length.

In the inhibitory activity of Af; 4 aggregation, almost all DHTA
derivatives have shown excellent activity (self-induced: 71.6-99.9%
and Cu®?*-induced: 57.6-89.9%) at 25 uM concentration compared to

Fig. 1. Structures of Donepezil and BACE1 in-
hibitors.
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Fig. 3. Structures of eqBuChE inhibitors (4-7), BACE1 inhibitors (4), AB aggregation inhibitors (7) and Tau aggregation inhibitors (6 &7).

reference compound curcumin (40.2 += 0.9% and 66.0 + 1.3%). Here
also, the alkylbenzylamine moiety has induced significant effect on the
activity.

Molecular docking studies of compound 16 (Fig. 9) in active pocket
of TcAChE exhibited hydrogen bonding interaction of phenolic hydroxy
and carbonyl groups with amino acid residues Asp72 and Tryl21 re-
spectively. The parallel s-ot interactions were observed for N-(methox-
ybenzyl) ethylamine moiety with Trp84 and compound 16 shown hy-
drophobic interactions with Gly117, Gly118, Gly123, Tryl30 and
Glu199. Furthermore, the amide portion and the benzene moieties have
good interactions with Phe331 and Tyr334.

2.3. 3-Phenylcoumarin-lipoic acid conjugates
Lipocrine 21 (Fig. 10), a conjugate of tacrine and lipoic acid was
reported as AChE, BuChE, AChE-induced A aggregation inhibitor [21]

where in lipoic acid was reported as an oxidant. Benzopyranone deri-
vatized coumarins possess properties to relieve the neurological

F

C
© H OH
N\)\/

diseases like AD [22,23]. Similarly, 3-arylcoumarins such as AP2469,
22 (Fig. 10) was reported as AChE and Af aggregation inhibitor
[24,25].

All these structural motifs were introduced in order to enhance the
anti-AD properties and synthesized 3-arylcoumarin derivatives [26].
The title compounds were screened for inhibitory activities of AChE,
BuChE and Af aggregation. Out of the tested compounds, few com-
pounds 23-26 (Fig. 11) have yielded good results towards AChE and
BuChE. The common factor responsible for good activity is alky chain/
carbon spacer of four carbons. In particular benzocoumarin analog, 26
stood top of potent AChE/BuChE inhibitors. It was also supported by
kinetic study (K; = 10.98 uM) which inferred a mixed type inhibitory
activity for derivative 26 with interactions at both CAS and PAS of
AChE. Hence, both appropriate carbon spacer (butyl) and benzocou-
marin moiety have produced synergetic effect on AChE inhibition.

The selected compounds 25 and 26 were evaluated for Af-ag-
gregation inhibition with respect to self and AChE-induced Ap-ag-
gregation using donepezil and rifampicin as reference compounds
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Fig. 4. Structures of potent BACE1 inhibitors.



A. Dorababu

OH O

OH O

OH
HO

O OH
13

Fig. 6. Structure of 2,5-dihydroxyterphthalic acid.

(Table 1). In this activity, 8-methoxycoumarin derivative 25 was very
potent and also better than the reference compounds used. But com-
pound 26 exhibited weak activity.

2.4. 5,6-Dimethoxybenzo[d]isothiazol-3(2H)-one-N-alkylbenzylamine
derivatives

Prominent antimicrobial agents, sulfonamide derivatives have been
described to exhibit monoamine oxidase inhibitory activity [27]. Sac-
charin-N-alkylamine analogs (27, Fig. 12) were reported as neuropro-
tection agents; more importantly they have shown moderate potencies
towards AB-aggregation and also efficient selective inhibitory activity
towards AChE [28]. To elevate the Af-aggregation inhibitory activity,

H,CO

Qo
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Fig. 5. Structures of AB inhibitor 11 and Tau
inhibitor 12.

the m-t stacking between the compound and the PAS of AChE was
improved. Also considering the structural similarities between done-
pezil and saccharin in addition to binding of donepezil benzyl moiety to
the CAS through a m-; interaction, Xu et al. [29] have modified 5,6-
dimethoxybenzo[d]isothiazole-3(2H)-one with apt benzylamine and
using different lengths of carbon linkers to afford 5,6-dimethoxybenzo
[d]isothiazol-3(2H)-one-N-alkylbenzylamine derivatives. Furthermore,
5,6-dimethoxybenzo[d]isothiazol-3(2H)-one 1-oxide and 1,1-dioxide
alkylbenzylamine derivatives were synthesized selectively and tested
for AChE, MAO, AB-aggregation inhibition.

Some of the compounds have exhibited good activity relative to
reference compound donepezil towards eeAChE and RatBuChE. The
derivatives which shown eeAChE inhibitory activity less than 1 uM are
represented in Table 2 along with corresponding percentage inhibition
values of RatBuChE.

When the structures of potent molecules are observed, the im-
portant things revealed are; carbon spacer present in those was either
butyl or hexyl and N-alkylbenzylamine was essential moiety.
Compounds containing carbon spacer with less than 4 carbons were not
good at inhibition; hence the hypothesized reason quoted, carbon
spacer would be too short to make interaction with PAS and CAS of
AChE. Amongst the screened compounds, N-ethyl-benzylamine analog,
30 (Table 2 and Fig. 13) was the best derivative. Whereas the most of
the synthesized compounds had a very good inhibitory activity towards
RatBuChE compared to donepezil. To mention, compound 30 was best
eeAChE/RatBuChE dual inhibitor.

Using recombinant human MAO-A & MAO-B, and clorgyline, rasa-
giline and iproniazid as reference compounds, title compounds were

OCHs
OH O OCH;
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N
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HsC O OH
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N
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HaC O OH
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Fig. 7. Structures of memoquin and potent AChE inhibitors.
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Fig. 8. Illustration of structures of potent BuChE inhibitors.

Fig. 9. Molecular docking analysis of compound 16 with TcAChE [20].

evaluated for monoamine oxidase inhibition activity. Most of the
compounds were active against MAO-A and a few against MAO-B where
in compound 33 (ICs0 = 3.4 = 0.03 uM) and 36
(ICs50 = 12.4 = 0.13 uM) (Fig. 14) were most potent derivatives to-
wards MAO-A and MAO-B respectively. Here also hexyl carbon spacer

had shown its impact on inhibitory activity. In the self-induced Af; 4o
aggregation inhibition activity performed in presence of curcumin as
reference compound, most of the compounds had a descent activity.
Few derivatives with competitive inhibitions were 30, 32, 36 and 37
(Fig. 14). Compound 32 (48.0 = 1.53%) stood a top among the self-
induced Af;_4o aggregation inhibitors.

The compound 30 was subjected to docking analysis (Fig. 15) with
TcAChE active binding site in which benzylamine moiety interacted
with Tyr130 through n-m stacking and hydrophobic affinities were also
noticed with amino acid residues Gly441, Trp84, Leul27, Serl24,
Glul99, Glyl23 and Glyl17. Alongside, 5,6-dimethoxybenzo[d]iso-
thiazol-3-one moiety has also formed hydrophobic interactions with
Tyr334, Gly335, Ile287, Ser286, Arg289 and Phe290. The in-
tramolecular H-bond is existed between sulfur atom and Tyr121 and
folded conformation of long methylene chain has hydrophobic affinity
with His440, Tyr121, Ser122, Gly118 and Ser200 residues.

2.5. 2,4-Dioxochroman benzyl modified pyridinium derivatives

Acetylcholine should be maintained up to sufficient level but in-
crease in AChE enzyme in AD patients would result in enzymatic de-
gradation of actylcholine [30]. Therefore, inhibition of AChE might be
an efficient approach for AD treatment [31]. M. Mostofi et al [32] have
designed benzofuran-based chalconoids, 38 (Fig. 16) possessing ben-
zylpyridinium moieties as AChE inhibitors. Similarly N-benzyl pyr-
idinium modified coumarin derivatives, 39 (Fig. 16) were reported to
exhibit anti-AChE properties [33]. Therefore, benzyl and pyridinium
groups might have special ability in AChE inhibition which inspired to
design 1-benzyl-3-((((2,4-dioxochroman-3-ylidene)methyl)amino)me-
thyD)pyridinium bromides and evaluate for anti-AD properties [34].

Using donepezil as reference compound, title compounds were
screened for anti-AChE and anti-BuChE activities. Part of the synthe-
sized compounds has yielded descent activity towards AChE, among
them the derivatives 40-42 (Fig. 17) with electron withdrawing groups
(chloro, bromo and nitro) at 2-position of benzyl ring given the best
results. In these compounds alteration with respect to either position of
substitution on benzyl ring or nature of the substituent led to reduced
activity. The synthesized derivatives exhibited moderate anti-BuChE
activity and the 2,3-dichloro derivative, 43 (Fig. 17) was reported as
most potent molecule among them and its activity was as good as the
donepezil. Most potent activity of compound 40 was also proved by
docking studies where in 40 has occupied CAS and PAS sites of AChE in
addition to establishment of 7t-it interactions with the aid of 2,4-diox-
ochroman ring and also non-classical hydrogen bond with the residues
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Fig. 10. Structures of Lipocrine and anti-AD

O N @ agent AP2469.

cl N ©
21, Lipocraine 22, AP2469
Phe33 and Tyr121 (Fig. 18a). Alongside, compound 43 has shown in- Table 1

teractions with some of amino acid residues, 2,4-dioxochroman moiety
formed hydrogen bonds with Glyl17 & His438 and s-;t interactions
were resulted with the residues Phe329 and Trp231 (Fig. 18b).

Compound 40 exhibited remarkable self-induced Ap-aggregation
inhibitory activity (20.38 * 1.51%) at 10 pM concentration. The ac-
tivity was better than the reference compound donepezil
(14.70 £ 2.35%). Again compound 40 has its effect on f-secretase
inhibitory activity (BACE-1) at 50 uM concentration. Even though its
activity was comparatively lower (ICso = 41.4 = 22.4 uM) than that of
reference compound OM99-2 (ICso = 0.014 uM), it stood as the most
potent among the tested compounds.

2.6. Phenylpyridazine bearing carboxamide & propanamide derivatives

Minaprine 44 (Fig. 19), a pyridazine analog was employed as an
antidepressant drug; like some of the CNS agents, minaprine interacts
with neuro-receptors and reported as weak AChE inhibitor
(ICsp = 85uM) [35]. Hence, pyridazine derivatives would be descent
candidates for AD treatment.

In continuation of the research on cholinesterase inhibitors [36,37],
6-(substituted phenyl)pyridazine-3-carboxamide, and 6-(substituted
phenyl)pyridazine-3-yl propanamide derivatives along with the [1,1’-
biphenyl]-4-carboxamide & ([1,1’-biphenyl]-4-yl)propanamide deriva-
tives were designed and subsequently evaluated for cholinesterase and
Ap-aggregation inhibitory activities [38]. Cholinesterase inhibitory

25
ICs, AChE/BUChE = 12.6/86.7 uM

ApB-Aggregation inhibitory values of selected compounds.

Compound Inhibition of AB-aggregation (%)

Self-induced hAChE-induced
25 62.4 = 4.2 58.6 = 2.7
26 na 58 = 1.9
Rifampicin 27.5 = 4.3 12.2 £ 3.0
Donepezil 22 + 54 26.1 = 25

na - not active.

O

A

Iz

N
S~
I ~
OI @)

Interacts with PAS

Interacts with CAS
27

Fig. 12. Depiction of interaction of Saccharin-N-alkylamine analog structural
units with PAS and CAS [29].

OW\\
NH 3 S/S
e
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(0] (6]
24
ICs, AChE/BUChE = 10.1/75.8 uM
bty
NH V7308

26
ICs0, AChE/BUChE = 7.3/68.6 uM

Fig. 11. Representation of potent AChE/BuChE inhibitors.
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Table 2
Depiction of AChE and BuChE inhibitory values of the potent compounds.
O
N N.
HsCO Xt Re
eeAChE RarBuChE
Compd X n NRiR;
ICso (M) % inhibition
28 S 4 fNﬁQ 0.80 + 0.02 21.8+0.40
\—CH,
29 S 6 7N/—© 0.35+0.01 23.1+0.43
"CH,
30 S 6 fNﬁQ 0.29 +0.01 482 +0.83
\—CH,
HCO
31 S 6 0.61 £0.02 28.8 £0.51
—N
CHs
HCO
32 S 6 0.46 £0.02 46.9 £ 0.81
—N
\—CH,
(H3C)2N
33 S 6 0.56 £0.01 46.8 £ 0.80
—N
\—CH,
34 SO 6 fNﬁQ 0.38+0.01 8.1+0.24
\—CH,
HsCO
35 SO 6 0.80 £0.01 28.7+0.52
—N
CHs
Donepezil - - - 0.023 £0.003 ICs0o=21.4+0.097 uM
(¢]
H CO
HsCO H3CO ° N CH
Hy \vfe T
CH3 H3;CO
HsCO H3CO ®
29 30 34

Fig. 13. Structures of eeAChE/RatBuChE dual inhibitors.

H3CO
HaCO
HCO
N ~C CH3
H,CO
H,CO fvf 3

36 37
Fig. 14. Depiction of structure of potent MAO-B inhibitor (36) and Af;.4» aggregation inhibitor (37).
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Fig. 15. Molecular binding studies of compound 30 with TcAChE binding site [29].

activities were performed using donepezil and galantamine as reference
compounds. Most of the carboxamide derivatives were active towards
AChE but propanamide analogs have not shown significant activity.
Among the AChE inhibitory compounds, derivatives 45-48 (Fig. 20)
have been reported as the most potent compounds compared to done-
pezil (IC5o = 0.058 + 0.001 uM) where in all these compounds entail
common side chain, 1-benzylpiperidine.

The synthesized compounds have not exhibited good impact on
BuChE; however, compounds 45 (ICso=9.80uM) and 48
(ICso = 1.48 uM) have shown good results. Compound 48 given better
results than that of donepezil (IC5o = 3.7 uM). The result suggested that
both biphenyl and 1-benzylpiperidine motifs were necessary for anti-
BuChE activity.

Some six derivatives were selectively evaluated for self-induced AS-
aggregation and AChE-induced Ap-aggregation inhibitory activities
using phenol red and donepezil HBr as reference compounds at 100 pM
concentration. The results indicated that the AChE-induced activity was
better than self-induced and compounds 49 and 50 (Fig. 21) exhibited
comparable inhibitory activity.

2.7. Clioquinol-rolipram/roflumilast hybrids

The redundancy of some metal ions such as Cu®>*, Zn®* and Fe?* in
addition to S-amyloid peptides in the brains of AD patients would be
main ingredients for plaques [39,40]. AB-Aggregation results from
complexation of f-amyloid peptides and metal ions like Cu®*, leading
to subsequent synaptic damage [41]. Studies have revealed that clio-
quinol (CQ) 51 (Fig. 22) and its derivatives could inhibit Af-aggrega-
tion and degrade extracellular Af peptides [42].

Recent approach for AD treatment is to inhibit phosphodiesterase
enzymes (PDEs) [43] where in PDEs were responsible for hydrolysis of

the intracellular second messenger cyclic adenosine monophosphate
(cAMP). PDE4D is one of sub type of PDEs. Rolipram 52 and roflumilast
53 (Fig. 22) were reported as PDE4 inhibitors [44]. Considering all
these developments, structural frame work units were compiled to
synthesize clioquinol-rolipram/roflumilast derivatives and hence eval-
uating their PDE4D and AB-aggregation inhibitory activities [45].

The synthesized compounds had nice inhibitory activity towards
PDE4D compared to reference compounds rolipram and roflumilast.
Overwhelmingly, four compounds 54-57 (Fig. 23) among the tested
compounds exhibited the inhibitory activity as good as reference
compounds and even better than the reference compounds (ICso,
PDE4D2 values are 0.621 * 0.028 uM and 0.480 + 0.035 uM for ro-
lipram and roflumilast respectively). The potent inhibitors were pos-
sessed either unsubstituted 8-hydrozyquinoline moiety (54 & 56) or
iodine at 7-position on 8-hydroxyquinoline (55 & 57). Other substitu-
tions or change in position of substituents have not yielded fruitful
results.

In the metal-induced Apf-aggregation inhibition performed using
clioquinol as reference compound, compounds 54 (Af + Cu®* + 54,
46%) and 56 (A + Cu* + 56, 51%) were reported as most potent
among the screened compounds; and shown better results than clio-
quinol itself (AB + Cu (II) + CQ, 66%).

The compound 56 was investigated for its docking studies with
PDE4D. The hydrophobic amino acid residues, Phe372 and 1le336 form
sandwich outer cover around compound 56. The molecular docking
studies inferred that the compound 56 has favorable hydrogen-bond
interaction with amide nitrogen of the GIn369 through cyclo-
proylmethyl and difluoromethyl oxygen of derivative 56 (Fig. 24). Also,
it was reported that a similar binding mode was observed for compound
56 and roflumilast.

Fig. 16. General structure of benzofuran-based
R' chalconoids (38) and N-benzyl pyridinium
/- modified coumarin derivatives (39).
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Fig. 17. Structures with their ICso values of AChE inhibitors (40-42) and BuChE inhibitor (43).

CHs .

2.8. Coumarin-dithiocarbamate hybrids

Pharmacologically active coumarin analogs play significant role
even in the biological activities related to neurological disorders
[46,47]. Coumarin was able to form st-it interactions by binding to PAS
of AChE [48]. Also, dithiocarbamate was used as significant pharma-
core for drug design [49]. A series of coumarin-dithicarbamate deri-
vatives were engineered in order to enhance the anti-AD properties
(Fig. 25); and then evaluated for their anti-cholinesterase and Af-ag-
gregation activities [50].

Using donepezil and tacrine as reference compounds, inhibitory
values against cholinesterases were determined for synthesized com-
pounds and the inhibitory values of the potent derivatives were pro-
vided in Table 3. In general, cyclic amines as side chain have exhibited
higher activity than that of acyclic amines. Piperidine side chain deri-
vatized compound 63 has given the best result.

Hence, keeping the basic structure of the molecule same; the length
of carbon linker was extended gradually from two carbons to eight
carbons to afford the potent derivatives 66—-69. Among them, the de-
rivative 67 (Fig. 26) with four carbon linker yielded highest result; it
was 1.5 fold higher potent than donepezil. The derivative with eight
carbon linker which is not tabulated has not shown good activity. In the

HHE334

(l/ELi:I iskv‘/’i
—

43 |Cso, BUChE = 5.22 + 0.19 uM

Fig. 19. Structure of antidepressant drug minaprine.

molecular docking studies of compound 67 (Fig. 27), coumarin moiety
was reported to bind to the PAS of AChE, thereby establishing m-m
stacking interaction with Trp286 and hydrogen bond with Ser293 in
PAS. In addition to this, the piperidinyl dithiocarbamate moiety has
hydrophobic interactions with Gly448, Trp86, Try336 and Gly121 of
AChE.

The final compounds were found to be only moderate or weak

| wisass

/
) TRPE2.

I P
1 GLY117 / TRP231
|

Fig. 18. Interaction of compound 40 in the active site of AChE (a), compound 43 in the active site of BuChE (b) [34].
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Fig. 20. Demonstration of structures of most potent AChE inhibitors.
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AChE-induced = 22.30 + 0.39 %

Self-induced = 12.72 £ 0.17 %
AChE-induced = 27.58 + 0.10 %

Fig. 21. Structures of potent AB-aggregation inhibitors with percentage inhibitions.

inhibitors of BuChE and they were considered to be selective AChE
inhibitors.

The synthesized compounds have exhibited moderate to good ac-
tivity in the self-induced AB; 4, aggregation inhibitory activity using
curcumin as reference compound at 25 uM concentration. Most of them
were potent inhibitors; however exclusively compounds 65 (43.53%),
67 (40.19%) and 68 (40.03%) stood as the best Af; 4> aggregation
inhibitors. Percentage inhibition of these compounds was better than
that of curcumin (39.62 + 3.35%).

2.9. Coumarin-dithiocarbamate derivatives

Coumarin derivatives have been described as AChE inhibitors by
binding to PAS of AChE [51]. Coumarin could occupy the substrate

cavity of MAO-B; hence it possesses MAO-B inhibitory activity [52]. An
increasing number of MTDLs possessing both AChE and MAO-B in-
hibitory activity was prepared using coumarin structural unit [53].
Recently a research team has reported that dithiocarbamate moiety has
the ability to bind to CAS of AChE [50]. Special properties of coumarin
and dithiocarbamate moieties have been considered and design of
coumarin-dithicarbamate hybrid compounds 70 (Fig. 28) was under-
taken [54]. The title compounds were evaluated for cholinesterase and
MAOs inhibitory activities.

With the general structure 70, the designed derivatives were eval-
uated for eeAChE, eqBuChE, hMAO-A and hMAO-B inhibitory activities.
In those compounds 71 (ICso = 0.082 + 0.003puM), 72
(ICso = 0.088 = 0.007 uM), 73 (ICso = 0.061 = 0.002 uM) (Fig. 28)
were reported as descent AChE inhibitors. In particular, compound 73

Cl
cl NH A/ O /IN
H
ERG O {
| N (@)
OH N

|
CHs
51 52

F7OF
53

Fig. 22. Structures of AB-aggregation inhibitor (51) and PDE4D inhibitors (52 and 54).
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Fig. 23. Structures of potent PDE4D2 inhibitors with their inhibitory values.

-

Fig. 24. Binding mode of the compound 56 with PDA4D [45].

with chloro group at 3-position and methyl at 4-position has yielded
lowest ICsq value.
Most of the synthesized compounds shown moderate inhibitory

values towards BuChE compared to reference compound donepezil.
However, only a few compounds were active with respect to hMAO-A
and hMAO-B inhibitory activity. Compound 71 possessing methyl mo-
tifs at 3- & 4- positions found to be most potent hMAO-A inhibitor
(IC50 = 0.654 0.021 pM). While compounds 71
(ICso = 0.662 = 0.023uM), 72 (ICso = 0.251 = 0.007 pM), 73
(ICso = 0.363 = 0.009uM), and 74 (ICso = 0.336 = 0.012pM)
(structure similar to 71 but three carbon linker) were found to be potent
MAO-B inhibitors.

Because of best activity of 73, it was considered for redesign and
evaluated for their anti-AD properties. While retaining the coumarin
moiety, modification of carbon spacer was made in the carbamate
moiety; where in piperidine was also substituted by different secondary
amines to afford potent compouds 74-78 (Table 4). The derivative with
2-methylpiperidine secondary amine, 74 was the best AChE inhibitor.

There was no much improvement in the BuChE inhibitory activities.
However, a little enhancement was seen in case of hMAO-A inhibitory
values; wherein compounds 79 (ICso = 5.85 * 0.18 uM) and 80
(IC50 = 2.09 = 0.08 uM) (Fig. 29) were notable. While great im-
provement was observed in anti-MAO-B inhibitory values in which
compound 79 (ICso = 0.101 * 0.024 uM) with 4-isopropyl-N-piper-
azine was better inhibitor compared to reference compound rasagiline
(ICs0 = 0.138 =+ 0.004 uM). Few selected compounds were allowed to
inhibit hAChE enzyme and the results revealed that 2-methyl-N-

+ o

CHj
=
0”0 OH
H3C_\ S
v
H,c— S

59

CH;
7
58 > m s D
o0~ 0 O7| "Linker \n/
S

PAS Binding CAS Binding

60

Fig. 25. Illustration of design strategy of coumarin-dithiocarbamate derivatives [50].
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Table 3
AChE and BuChE inhibitory values of cumarin-dithiocarbamate derivatives.
CH3;
z s
0”0 O’H;]SXR
AChE
Compd R - BuChE (%)
ICso (nM)
-
61 N 1.94+0.56 10.89 = 1.58
62 N 0.89+0.11 Not active
63 SN 047£0.23 3724%5.13
s /N
64 NN 1.99£0.06 28.10+2.82
65 N N ) 116£0.12 24.27+2.06
66 SN ) 0.29£0.07 3124£3.12
67 SN ) 0.027+0.002 15.29 £ 1.95
68 SN 0.21£0.03 10.10 + 1.02
69 SN ) 0.61+£0.08 6.21+0.99
Donepezil - 0.041 £0.001 ICs0=4.22+0.20 uM
Tacrine - 0.43+£0.02 1Cs0=0.021 +£0.001 pM

Fig. 27. Docking model of compound 67 with hAChE [50].

12

piperazine analog 74 (ICso = 0.0089 + 0.0004 uM) stood top in in-
hibition activity.

2.10. Miconazole analogues

BuChE has been reported to play significant role in AB-aggregation
during initial stages of plaque formation [55]. Selective BuChE inhibi-
tion has described to abate -amyloid precursor secretion and f-amy-
loid and subsequently useful for AD treatment [56]. Indoleamine 2,3-
dioxygenase 1 (IDO1) induction was reported as a pathogenic factor of
Ap related inflammation in AD [57]. Anti-fungal agent, miconazole 81
(Fig. 30) was reported as AChE and BuChE inhibitor [58]. It was also
possessed the properties to inhibit IOD1 efficiently [59]. Hence, in
order to develop efficient drugs for AD treatment miconazole deriva-
tives were prepared as BuChE/IOD1 dual inhibitors [60].

The title compounds were tested for Anti-AChE and BuChE in-
hibitory activities using miconazole as reference compound. Most of the
compounds were comparatively AChE active but the compounds 82-85
were most notable AChE inhibitors; where in compounds 82 & 84 were
as potent as miconazole (ICso = 21.4 * 3.5uM) and compounds 83 &
85 (Fig. 31) exhibited better activity than that of reference compound
miconazole. Compared to miconazole anti-BuChE activity
(ICs0 = 6.8 = 1.4 uM), the synthesized molecules have shown mod-
erate inhibitory values. However, compound 86 (Fig. 32) has exhibited
comparable inhibitory activity (ICso = 8.3 * 1.6 uM).

Most of the synthesized compounds have resulted comparable in-
hibitory activities with respect to IOD1 activity. The compounds 82
(ICsp = 1.1 = 0.2uM), 87-89 (Fig. 32) have exhibited descent ac-
tivity. In that, compound 82, 87 and 88 were better than even mico-
nazole. The results revealed that para-position has much beneficial
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Fig. 28. General structure of coumarin-dithiocarbamate derivatives (70) and structures of potent coumarin-dithiocarbamate derivatives (71-73).

Table 4
EeAChE and eqBuChE inhibitory values of coumarin-dithiocarba-
mate derivatives.

CHs
PO 6! i
o) o/\/\/sj(N Ry
S
eeAChE eqBuChE
Compd NRiR;
ICso(uM) % inhibition
74 s Nf ) 0.0068 +0.0002 21.94+1.01
75 ¢N ) 0.044+£0.002 23.28+0.87
/e
76 BN 0.217+0.006  8.93+0.41
/T
77 &N 0.167 +£0.008  39.11 +1.80
—
78 3 Nij 0.386+0.014  16.08 +0.64
Donepezil - 0.041 £ 0.001 4.22+0.20

effect. Molecular docking studies of the most potent compounds have
shown favorable interactions with the enzymes and thereby supporting
the biological activity results.

2.11. Isoflavone derivatives

Histamine and acetylcholine are prominent neuroconducters in CNS
associated with memory and cognitive function via histamine 3 receptor

CH3
Cl_~
(ON©) @)

79

N

/

dﬁ

81

Fig. 30. Structure of anti-fungal agent micanozole.

(H3R) and AChE respectively [61,62]. Constitutive H3R activation was
reported to inhibit neurotransmitter release and subsequently leading
to brain disorders such as AD. ABT238, 90 and GSK-239512, 91
(Fig. 33) were reported as selective antagonists of H3R. Some studies
have reported that isoflavone derivatives as cholinesterase inhibitors
[63,64]. The H3R antagonists and isoflavone derivatives have given
inspiration for synthesis of a series of isoflavone derivatives as AChE/
H3R dual inhibitors [65].

Using cholinesterase inhibitors donepezil and rivastigmine as re-
ference compounds; the synthesized compounds were evaluated for
AChE and BuChE inhibitory activities. Compounds 92-95 (Fig. 34)
were found to be most potent AChE inhibitors. In particular compound
94 with N-ethyl-N-methylamine moiety at 7-position was found to ex-
hibit better activity compared to reference compound donepezil
(ICso = 0.084 = 0.0003 uM). From the above activity the optimal
carbon linker found to be four carbon alkyl chain between isoflavone
and secondary amine. Compound 92 possessing tacrine as substituent
exhibited potent BuChE inhibitory activity comparable to reference
compound rivastigmine (ICso = 0.058 = 0.001 uM) and a few com-
pounds have inhibited moderate activity.

CHj

CHj3
S.__N

T
s

80

Fig. 29. Structures of most potent MAO inhibitors.
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Fig. 31. Structures of potent miconozole derivatives with anti-AChE inhibitory values.

AChE inhibitors have continued to show inhibitory activity even
towards H3R. Surprisingly, two compounds 93
(ICs0 = 0.41 = 0.01pM) and 94 (ICso = 0.27 * 0.004 uM) were
found to exhibit higher activity compared with reference compound
thioperamide (ICsp = 1.03 * 0.01 pM). Compound 93 was approxi-
mately 2.5 fold potent and 94 with fourfold activity compared to re-
ference compound. While, compound 95 has bestowed descent activity
(ICso = 1.94 = 0.01 uM). It was observed that the results were ob-
tained by substitution of piperidine on both sides of isoflavone and
optimizing the carbon to four atoms.

In the molecular modeling, the isoflavone of 94 (Fig. 35) was found

N

w
O
86

N

»

N
;@E[%)
cl Cl OCH;3

88 1Cso = 1.0 £ 0.2 pM

to possess -1t interactions with Trp371, Tyr115 and Tyr374 in addition
to a salt bridge with Glu206 that has contributed for overall stabiliza-
tion. It has formed hydrogen bond interactions with amino acid re-
sidues Tyr70 and Gly117. The aromatic ring of 94 could form n-m in-
teractions with Tyr34 and Phe331 in the catalytic cleft.
2.12. Piperidinehydrazide-hydrazones

N-Benzylpiperidine moiety, a fragment of donepezil possesses fa-

vorable interactions with AChE active site and its protonable nitrogen
plays significant role in enzyme-ligand interactions [66,67]. The

FN

NS
Feaasa

87 ICsp=1.2+0.3 uM

FN

NS
Jeoas

89 IC5,=1.6+0.3 uM

Fig. 32. Structures of potent BuChE inhibitor (86) and potent IOD1 inhibitors (87-89).
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compounds comprising hydrazide-hydrazone functionalities were re-
ported to exhibit anti-AD properties such as antioxidant properties
[68]. A series of novel piperidine hydrazine-hydrazone derivatives were
designed, synthesized and their AChE, BuChE, Af4, inhibitory proper-
ties were evaluated [69].

Using the reference compounds tacrine HCl, galantamine and riv-
astigmine, inhibitory activities were determined for synthesized com-
pounds on eeAChE and egBuChE enzymes. Annoyingly, Most of the
derivatives were AChE inactive compared to tacrine and galantamine
and inhibitory values were out of the boundary. However, a few com-
pounds exhibited good activity comparable with that of rivastigmine
(ICso = 10.87 + 0.24uM). Among them compound 96 was twofold
higher potent (ICso = 5.68 = 0.48 uM) than rivastigmine. In case of
eqBuChE inhibition, some compounds shown closer inhibitory values to
that of galantamine and rivastigmine but no single derivative could
reach tacrine. However, the most potent egBuChE inhibitor 97
(ICso = 0.81 = 0.03 uM) was approximately 200 times less potent than
tacrine (ICso = 0.0098 + 0.0002 pM) (Fig. 36).

AB4o-Aggregation inhibition activity was performed using curcumin
as reference compound at 100 pM concentration. Moderate inhibition
was observed in which two derivatives 96 (79.34 = 1.04%) and 98
(69.99 + 0.86%) were notable inhibitors at 100 uM compared to cur-
cumin (98.38 = 0.03%). While at 25 uM concentration, compounds 96
(53.18 + 0.85%) and 97 (46.03 + 0.99%) were potent inhibitors
compared to curcumin (92.79 = 0.10%).

The synthesized compounds were also tested for hRAChE and hBuChE
inhibitory activity; where in only compounds 99
(ICso = 9.56 + 0.33uM) and 100 (ICs, = 3.23 + 0.13 uM) (Fig. 37)
had comparable activity towards hAChE and hBuChE enzymes respec-
tively.

2.13. Pterostilbene B-amino alcohol derivatives

A natural compound pterostilbene (trans-3,5-dimethoxy-4’-hydro-
xystilbene) 101 (Fig. 38), obtained from blue berries possesses some
important biological properties such as self-induced Af-aggregation and

92 ICsg, AChE/BUCHE = 0.96 + 0.01/0.38 + 0.01 pM

€30
3

NS

94 1C5p, AChE/BUChE = 0.081+ 0.0002/2.89 + 0.02 uM
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Fig. 33. Structures of H3R antagonists.

'L 000

Phe A:331

A279

Fig. 35. Representation of compound 94 with AChE [65].

neuroprotection [70,71]. Tertiary amine moiety was reported as cho-
linesterase inhibitor via H-bond formation between compound 102 and
CAS of AChE; thereby inhibiting AChE [72,73]. Hence pterostilbene f3-
amino alcohol derivatives 102 (Fig. 38) were designed by appending
pterostilbene and tertiary amine structural units on carbon chain
bearing chiral hydroxyl group [74].

There was no remarkable AChE and BuChE inhibitory activity found
when compared to reference compounds donepezil and rivastigmine.
Only one compound 103 (Fig. 39) exhibited potent anti-AChE activity
among the evaluated compounds which was twofold less potent
(ICs0 = 24.04 + 1.48 pM) compared to rivastigmine
(IC50 = 12.50 *= 1.60 uM). In case of BuChE inhibitory activity, three
compounds were active and remainder was completely inactive at that
concentration. Among them compound 104 (ICso = 8.3 = 1.67 uM)
stood as the best compared to donepezil (IC5o = 20.7 = 1.36 uM).

In the self-induced AB-aggregation inhibition activity, moderate to
most remarkable activities were observed. Compared to reference

0

93 ICsp, AChE/BUChE =0.20 £ 0.003/2.49 + 0.01 uM

O/\/O O o)
I ‘ IO
o) o

95 |Csp, AChE/BUCHE = 0.35 £ 0.01/2.92 + 0.01 pM

Fig. 34. Structures of potent AChE/BuChE inhibitors.
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Fig. 36. Structures of piperidine hydrazide-hydrazones
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compounds pterostilbene (36.21 + 1.9%), resveratrol (42.86 *+ 1.7%)
and curcumin (44.25 = 1.5%), derivatives 104, 105 and 106 (Fig. 40)
have exhibited better inhibition percentages (59.72 * 1.9%),
(58.43 *+ 1.5%) and (55.87 = 0.9%) respectively. The results re-
vealed that benzylamine substituted derivatives exhibited higher ac-
tivities compared to aliphatic amine substituted compounds.

2.14. Flavonoid—N,N-dibenzyl(N-methyDamine hybrids

Several studies have demonstrated that there is correlation between
inhibition of BACE1 and low levels of pathogenic Af peptides [75,76].
Overexpression of Lipoxygenase-5 (LOX-5) enzyme present in CNS
leads to both tau and amyloid deposits [77]. Reduction of amyloid and
tau deposits was possible by the use of LOX-5 inhibitor zileuton 107
(Fig. 41) [78]. A flavonoid structural unit derived from 4-chromenone
or 4-quinolone possesses prominent pharmacological properties such as
BACE1 inhibitory activity [79], LOX-5 inhibitory activity [80] and
MAO inhibitory activities [81]. N,N-Dibenzyl(N-methyl)amine moiety
present in AP2238 108 has proved to have interactions with CAS of
AChE [82]. Taken together, a series of flavonoid-N,N-dibenzyl(N-

Bioorganic Chemistry 93 (2019) 103299

derivatives as potent eeAChE/eqBuChE inhibitors.

Fig. 37. Structures of potent hAChE inhibitor

O (99) and potent hBuChE inhibitor (100).

ST

10

methyl)amine analogs were designed and synthesized [83].

The synthesized compounds were screened for human cholines-
terase inhibition activities using donepezil as reference compound;
where in, the derivatives were found to be selective hAChE inhibitors. A
very weak hBuChE inhibition was observed. However potent inhibitory
activity was reported for the compounds 109-112 (Fig. 42) and in
those, 6,7-dimethoxy analog 112 was most potent compound but 100
times less potent than donepezil (ICso = 0.01 + 0.002 uM). All the
potent compounds possessed chromone moiety in which compound
with 6,7-dimethoxy moiety and chromone unit attached to benzene at
4’-position has shown greatest impact on AChE inhibitory activity.

In the hMAO-A and hMAO-B activities, compound 109
(ICs0 = 1.6 = 0.4 uM) was found to be approximately fourfold higher
potent compared to reference compound iproniazid
(ICs50 = 6.7 = 0.8uM) and others were weak hMAO-B inhibitors.
Whereas, derivative 112 (ICso = 8.1 * 0.4 pM) had possessed almost
comparable MAO-B inhibitory activity with that of iproniazid
(ICs50 = 7.5 £ 0.4 uM). Structure activity relationship of MAO in-
hibitors and AChE inhibitors could be compared as both inhibitory
activities were exhibited by similar derivatives.

Binding to PAS of AChE

!

OH
N O HyCO O

OCH;

HsCO !

101 OcH,

Ot
NS
fl

<— Binding to CAS of AChE

31

Binding to AChE with H-bond
102

Fig. 38. Structural design of pterostilben

16

e f-amino alcohol derivatives [74].
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Fig. 39. Structures of potent AChE inhibitor (103) and potent BuChE inhibitor (104).
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Fig. 40. Depiction of structures of most potent AB-inhibitors.

Newly synthesized compounds were evaluated for BACE1 inhibitory
activity in which almost all compounds exhibited inhibition percen-
tages below 35%; however a single derivative where in 6,7-dimethoxy-
4-chromenone having meta-substitution on benzene ring 113 (Fig. 43)
shown around 80% inhibitory activity.

None of the synthesized compounds inhibited hLOX-5 effectively
compared to reference compounds zileuton and NDGA. The derivative
109 (ICso = 12.4 = 0.5 pM) was most potent among the tested com-
pounds but its inhibition activity was approximately 100 times less
potent compared to zileoton (ICsp = 0.15 * 0.03 pM).

2.15. 1,2,3-Triazolechromenone carboxamide derivatives

Coumarin and 1,2,3 triazole structural moieties were endorsed to
have anti-AD properties [84,85]. Coumarin-3-carboxamide derivatives
have been reported to show anti-AChE activity [86]. It was demon-
strated that 1,2,3-triazole incorporated phenthridinium derivatives 114
and 115 (Fig. 44) possessed remarkable AChE inhibitory activity [87].
Iminochromene-2H-carboxamide derivatives having 1,2,3-triazole unit
were reported to have BACEL inhibitory activity [88]. Considering
these developments, a series of 1,2,3-triazolechromenone carboxamide
derivatives were synthesized and tested for their cholinesterase and
BACEI1 inhibitory studies [89].

In the AChE inhibitory activity of designed compounds, only a few
derivatives have exhibited comparable activity; particularly compound
116 (IC50 = 1.80 = 0.09 uM) possessing benzyl piperidine moiety
appended to amide functionality and 3,4-dimethylbenzyl group at-
tached to 1,2,3-triazole was most potent molecule compared to re-
ference compound donepezil (ICso = 0.027 = 0.002 uM). Alongside,

NH,
0=
S, N-OH HCO N
Y
CH, HaCO 0”0
107 108

17

H;CO
0y

e g

H4CO ﬂ
R AN
— C H 3
106

compound 117 was second most potent compound

(ICs0 = 2.04 = 0.16 uM) with 3,4-dimethylbenzyl moiety connected to
1,2,3-triazole ring (Fig. 45). Whereas, among the tested compounds
with respect to BuChE inhibition, derivatives 118 and 119 yielded re-
markable results with ICso values 1.71 * 0.21uM and
1.85 + 0.32pM respectively. The activity of the compounds 118 and
119 was approximately 2.5-fold higher than donepezil
(ICs0 = 4.32 = 0.65 uM). Both potent molecules were having chlor-
obenzyl group substituted on 1,2,3-triazole and N-propylmorpholine
connected to amide functional group. Accordingly, it was hypothesized
that 3-chloro or 3,4-dichlorobezyl moiety was very crucial for anti-
BuChE activity. Also the presence of N-propylmorpholine unit bestowed
best BuChE results selectively.

BACE1 inhibitory activity was determined using the reference
compound OM99-2; wherein compound 116 (ICso = 0.014 uM) ex-
hibited relatively strongest activity compared to OM99-2
(ICso = 21.13 pM).

Compound 116 was docked with AChE (Fig. 46) in which 116 was
exactly positioned in the enzyme active site and allows its interaction
with amino acid residues. Planar coumarin fragment has -t stacking
interactions with aromatic amino acids Tyr69 and Trp278; likewise
similar interactions were observed for 1,2,3-triazole linker with amino
acid residue Trp278. The NH of amide functionality formed hydrogen
bond with Tyr120. The hydrophobic cavity of Ile286 and Phe289 allows
substituted benzyl group connected to 1,2,3-triazole to accomodate in
it. Alongside, formation of st-it interaction of benzyl moiety with Trp83
was possible.

Fig. 41. Structure of LOX-5 inhibitor (107)
and AChE inhibitor (108).

CHj
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Fig. 42. Structures of significant hAChE inhibitors with their ICs, values.
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Fig. 43. Structure of potent hLOX-5 inhibitor.

2.16. 3-Arylcoumarin derivatives

3-Arylcoumarin derivatives have found to possess MAO inhibitory
activity [90,91] and cholinesterase inhibition activity [92] in addition
to other prominent pharmacological activities. Likewise, 3-ar-
ylcoumarin analogs were engineered and followed by performing cho-
linesterase and MAO inhibitory activities [93].

Compound 120 (ICso = 3.04 + 0.32uM) (Fig. 47) entailing hy-
droxy groups at meta- & para-positions of (3-aryl) moiety and alongside
another two hydroxyl moieties at 7- & 8-positions of coumarin was
reported as most potent AChE inhibitory compound compared to do-
nepezil (ICsp = 0.021 + 0.0001 uM). Few compounds were moderate
inhibitors and most of them were weak inhibitors. While a few deri-
vatives have shown comparable inhibitory activity with that of re-
ference compound donepezil (ICso = 4.10 *+ 0.18 pM); among them
coumarin analog 121 (ICso = 2.76 = 0.18 uM) (Fig. 47) was most
potent derivative possessing twice inhibitory potential than that of

H
7 N\\—N
N/ \/\N
r\]\
N
114

donepezil. It comprises p-hydroxy group on (3-aryl) moiety and hy-
droxy groups at 5- & 7-positions. The compounds 121 and 122 have
selective AChE and BuChE inhibitory properties respectively.

Most of the synthesized compounds were far from reachable, com-
pared to MAO inhibitory activity of the reference compound rasagiline
(ICso = 0.125 * 0.0005 uM). However, AChE inhibitor 120 was also
successful in  becoming most potent MAO  inhibitor
(ICs0 = 27.03 = 0.50 puM).

2.17. 3-Hydrazinyl 1,2,4-triazine analogs

Acylguanidine 122 was designed as BACE1 inhibitor which could
form key H-bond interactions with catalytic dyad and it also reveals
that polar group requirement is essential for enzyme’s active site in-
hibition [94]. Recently, 2-thiophene-2-yl-1,2,4-triazine derivatives 123
were demonstrated to exhibit potent BACE1 inhibitory activity, along
with antioxidant and metal chelating properties [95]. Amino methylene
derivatized with triazole 124 (Fig. 48) was reported with BACE1 in-
hibition and neuroprotection properties [88]. Collective information
about BACE1 inhibitors has inspired for the development of 3-hy-
drazinyl 1,2,4-triazine analogs [96] and then the synthesized deriva-
tives were allowed to inhibit BACE1 and AB-aggregation.

The synthesized compounds have been tested for BACE1 inhibitory
activity using OM99-2 as reference compound. The reference com-
pound was active even at nanomolar concentration
(ICso = 14. = 2.8nM) but the designed molecules exhibited only up to
micromolar level; where in compound 125 (ICso = 8.55 * 3.37 uM)

NH,
S N~
N/Y\/\/:
=" E‘
Y H,N

115

Z/

Fig. 44. Structures of 1,2,3-triazole incorporated phenthridinium derivatives.
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Fig. 45. Illustration of structures of most potent AChE inhibitors (116 & 117) and BuChE inhibitors (118 & 119).

Fig. 46. Demonstration of binding mode of compound 116 with active site of
AChE [89].

and 126 (IC5o = 11.42 *= 2.01 uM) (Fig. 49) have shown some com-
parable activity. The compound 125 was the most potent one posses-
sing 4-nitrobenzyl moiety appended to 1,2,3-triazole. Docking studies
of compound 125 (Fig. 50) with BACE1 revealed that it has involved in

19

H-bond interaction between hydrazine linker and amino acid residues
Asp228 and Asp32. In addition, the triazine ring of compound 125 was
accommodated in S1 pocker and formed st-;t interactions with Try71.

Regarding Afss.3s-induced cell death test among the screened
compounds, compounds 125 and 126 have shown moderate neuro-
protective activity with 10% and 14% respectively at 5 uM.

2.18. Natural products from various origins

Natural products (NPs) have been identified and developed as CNS
therapeutic agents [97]. The FDA approved drug galantamine for AD
treatment is derived from natural products. Nitrogen containing alka-
loids were reported to possess anti-AD properties [98,99]. A large
number of natural products were listed as BACE1 inhibitors [100].
Several flavonoids and phenolic acids were described as potential
cholinesterase inhibitors [101]. In this regard, few unreported natural
products were identified and evaluated for anti-AD characteristics
[102].

One hundred and two natural products were analyzed for AChE,
BuChE, and BACE] inhibitory activities. Based on percentage inhibition
of the derivatives in which few natural products shown descent activ-
ities were tested for their ICs, values with respect to AChE, BuChE and
BACE]1 inhibitions (Table 5).

Among the screened natural products, embelin 127, L-tetra-
hydropalmatine 128 and papaverine 129 (Table 5 & Fig. 51) have
shown remarkable inhibitory activities. Compound 127 3-undecyl-1,4-
benzoquinone, was most potent natural compound among three eeAChE
inhibitory compounds. Compound 128 has exhibited descent rHuAChE
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Fig. 47. Structures of most potent AChE/MAO inhibitor (120) and BuChE inhibitor (121).

inhibitory activity. Surprisingly compound 127 has egBuChE inhibitory
as good as the reference compound donepezil. In case of BACE1 in-
hibition activity again compound 127 stood top and almost sevenfold
higher potent compared to reference compound bisdesmethoxy cur-
cumin. However it was approximately 100 times weaker than that of
BAE1 inhibitor IV.

2.19. 4’-Hydroxy-flurbiprofen mannich base derivatives

NSAIDs are able to control the release of inflammatory factors and
oxygen free radicals formed by AB-deposition [15]. For instance flur-
biprofen 130 was largely utilized as NSAID and it was also reported to
exhibit Af;_4>-deposition and t-protien inhibitory properties [103]. 4’-
Hydroxy-flurbiprofen-chalcone derivatives have shown good Ap-ag-
gregation inhibitory and antioxidant activities [104]. Phenolic mannich
base analogs 131 (Fig. 52) were reported to possess remarkable metal
chelating, antioxidant and AChE inhibitory activities [105,106]. In
view to develop descent multifunctional drugs for AD treatment, 4’-
hydroxy-flurbiprofen mannich base derivatives were synthesized; sub-
sequently their anticholinesterase, Af-aggregation inhibitory activities
have been determined [107].

Using flurbiprofen, curcumin and donepezil as reference compounds
self-induced and Cu®*-induced AB-aggregation inhibitory activities
were performed. Most of the derivatives were as potent as the reference
compound curcumin (41.30 * 0.90%) in case of self-induced Ap-ag-
gregation activity. In that, compound 132 has exhibited significant
activity (65.03 = 4.58%) which has 1.5-fold better activity compared
to curcumin. Among the Cu®*-induced inhibitors, moderate activity
was shown by majority of compounds; however only one derivative 133
(42.52 + 2.35%) (Fig. 53) was most potent compared to flurbiprofen
(7.56 * 0.21%) and curcumin (67.20 * 1.30%). From the results, it
was evident that potent molecules possess flurbiprofen moiety deriva-
tized with N-ethyl benzylamine. Whereas aliphatic amine derivatized

molecules exhibited relatively weaker activity.

Regarding eeAChE and RatBuChE inhibitory activities performed
using donepezil as reference compound, few derivatives have shown
comparable AChE activity; while compound 134 was remarkable in-
hibitor possessing threefold higher activity (45.50 + 0.58%) compared
to lead compound flurbiprofen (15.60 * 1.02%). Likewise, compound
134 (16.30 = 1.65%) was also a descent inhibitor of BuChE among
other derivatives. Its activity was almost comparable to donepezil
(20.70 = 1.36 uM) and others were weak inhibitors. Further, N-alkyl-
benzylamine moiety has shown its impact towards the cholinesterase
inhibitory activities also.

Molecular docking studies of remarkable AS-aggregation inhibitor
132 (Fig. 54) in active site of A has shown anchoring of dimethyla-
mino group and ester groups of compound 132 with Leul7, Leu34,
Ile31 via hydrophobic interactions. The p-dimethylamino-benzyl amine
motif and biphenyl moiety have binding affinities with His13 and
Phe20 through perpendicular -t interactions.

2.20. Chalcone mannich base derivatives

Selegiline 135 associated with AD treatment has been reported as
selective MAO-B inhibitor [108]. Chalcones, trans 1,3-diphenyl-2-
propen-1-ones 136 were utilized as precursors of flavonoids and iso-
flavonoids [109]; and chalcones have shown neuroprotective properties
[110]. Some of the synthetic and natural chalcone analogs have been
identified as cholinesterase and MAO inhibitors [111,112]. Accord-
ingly, chalcone mannich base derivatives 137, (Fig. 55) have been
designed and screened for anti-AD properties [113].

The synthesized compounds were tested for AChE and BuChE in-
hibitory activities using donepezil as reference compound. Large
number of derivatives shown descent activity; where in the inhibitory
activity of potent compounds was depicted in Table 6 & Fig. 56. The
most potent inhibitory activity was exhibited by compound 146 which

Br
N O
A
HN- 7
~ Na X ’ NH N
N™ N H
= NH
123 124

Fig. 48. Structures of potent BACE1 inhibitors for design of new BACE1 inhibitors.
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Fig. 49. Structures of the most potent BACE1 inhibitors.

Fig. 50. Illustration of binding of compound 125 with BACE1 [96].

was twice as potent as donepezil (ICso = 0.12 = 0.01 uM). The potent
activity could be related to the amine moiety and its position. All the
potent compounds possessed aliphatic amines rather than benzylamine.
The compounds 146 and 147 entailing bis-substitution have shown
good activity. All the potent compounds have chalcone structural unit
except compound 145 which contains propionyl moiety flanked by
substituted aryl groups.

The synthesized compounds have scarcely exhibited BuChE in-
hibitory activity. Most of them were weak inhibitors in which com-
pound 145 (29.2 + 1.20%) has shown relatively better activity.

In the self-induced Af-aggregation inhibitory activity, some of the
compounds have shown good percentage inhibitions. Among them
derivative 148 (Fig. 57) has exhibited significant inhibitory percentage
(68.3 = 1.3%) better than the reference compound curcumin
(51.5 = 0.9%). Whereas the AChE inhibitor 147 (61.5 * 1.1%) was

Table 5
Anti-AD properties of potent natural compounds.

also a potent Cu®*-induced Ap-aggregation inhibitor which was just
comparable to curcumin (67.2 + 1.3%).

MAO-A & MAO-B Inhibitory activities were determined for the de-
signed derivatives using the reference compounds clorgyline, rasagiline
and iproniazid. The synthesized compounds were selective MAO-B in-
hibitors which was evident from poor MAO-A percentage inhibition
values. Derivative 142 (63.4 + 1.3%) was only compound with des-
cent MAO-A inhibitory percentage. However, most of the compounds
have shown excellent MAO-B inhibitory activity. Compound 148 be-
stowed with significant activity (ICso = 0.14 *= 0.61 pM); most potent
among the good inhibitors was compound 149 (Fig. 57) with ICs, value
0.14 = 0.14 uM.

2.21. Tetrahydroacridine derivatives

Tacrine (9-amino-1,2,3,4-tetrahydroacridine, THA) was FDA ap-
proved drug for its anti-AChE and anti-BuChE properties in AD treat-
ment [114]. However due to its menacing side effects such as hepa-
toxicity, it has been withdrawn from usage. The tacrine hybrids with
flavonoids such as curcumin were shown to exhibit cholinesterase and
ApB-aggregation inhibitory properties [115]. Research has been under-
going based on tacrine to reduce hapatoxicity [116]. A new series of
derivatives based on tetrahydroacridine appending to nicotinamide
moiety were designed and evaluated for cholinesterase, Af-aggregation
inhibitory activities [117].

Almost half of the synthesized compounds were very potent
(Table 7) and they have shown activity in the nanomolar concentration
with ICsy values 1.02-4.20 uM which were of higher potencies com-
pared to reference compound tacrine. The most potent compound was
tacrine derivative 150 (Fig. 58) possessing three carbon linker flanked
by cyclohexaquinoline and dichloronicotinamide moieties. Rough de-
crease in AChE inhibitory activity was observed with increase in alkyl
chain length. However descent activity was seen for the compound 154

Compd no. Compd 1Cso (M) = SEM
eeAChE rHuAChE eqBuChE BACE1
127 Embelin 2.50 + 0.082 7.91 = 0.14 5.45 + 0.16 2.11 + 0.33
128 L-Tetrahydropalmatine 2.92 = 0.56 5.39 = 0.31 160.43 + 15.78 nd
129 Papaverine 6.98 + 0.44 > 100 39.57 = 0.85 nd
Donepezil 0.049 = 0.001 0.032 = 0.002 5.52 = 1.05 nd
Bisdesmethoxy-curcumin nd nd nd 15.23 = 1.43
BACE-1 inhibitor IV nd nd nd 0.018 + 0.001

nd - not determined.
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Fig. 51. Structures of potent anti-AD natural molecules.
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Fig. 52. Structure of flurbiprofen (130), general structure of phenolic mannich
bases (131).

with longest carbon linker. In case of BuChE inhibitory activity, gradual
reduction in the activity has been observed with the highest activity for
compound 154 (Fig. 58 & Table 7).

Since compound 150 was most potent AChE inhibitor; it was se-
lected for AB-aggregation inhibitory activity at various concentrations.
Highest inhibitory activity (46%) was recorded at 50 pM concentration.

Molecular docking studies of AChE inhibitor 150 (Fig. 59) revealed
binding of phenyl moiety with gorge wall on the border of PAS and
anionic site. H-bond in between amide group and Tyr121, interaction
between chlorine atom and Phe288 main chain were possible due to
three carbon linker. Longer alkyl chains resulted in decreased binding
interactions. While potent BuChE inhibitor 154 (Fig. 60) could form H-
bond interaction between amide group and Tyr332, halogen bond be-
tween dichloropyridine and Tyr282 in addition to s-;t stacking in be-
tween tacrine moiety and Trp82.

2.22. Cyclopentaquinoline hybrids

Memantine 155 (Fig. 61) targets N-methyl-D-asperate receptors and
thereby demonstrated for safe use in AD treatment [118]. Tetra-
hydroacridine derivatives possessing dichloronicotinamide unit have

HyC—/ CHs
o~ ) )
COOCH;

H3C\
N-CHs

N R

H3CJ CH3
o O~
COOCH;3

134

Fig. 54. Demonstration of binding interactions of potent Af inhibitor 132 in Af
active site [107].

been reported as multifunctional targets for treatment of AD [117]. The
multifunctional ligands capable of double binding with CAS and PAS in
addition to AB-aggregation inhibition were designed [119,120]. Such
vivid drug designs paved to development of cyclopentaquinoline hy-
brids and further their anti-AD properties were characterized [121].
Considering donepezil and tacrine as reference compounds AChE
and BuChE inhibitory activities were determined. Almost all com-
pounds exhibited a remarkable AChE inhibitory activity (Table 8).
Compounds 156-160 have shown higher potency compared to both

OCHj
N R
HsC—/ CH,
o O~
COOCHj

Fig. 53. Structures of most AB-aggregation inhibitors (132 & 133) and cholinesterase inhibitors (134).
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Fig. 55. Structure of selegiline (135) and design strategy of chalcone mannich bases (136).

Table 6
eeAChE and BuChE inhibitory values of chalcone mannich bases.

Compd ICs5o(uM) * SD Compd ICs5o(uM) *= SD
eeAChE eeAChE

138 0.89 + 0.03 143 0.56 = 0.04

139 0.44 = 0.04 144 0.92 = 0.0

140 0.49 = 0.02 145 0.30 = 0.01

141 0.88 + 0.03 146 0.07 = 0.01

142 0.37 + 0.02 147 0.18 + 0.03

reference compounds. Whereas all the synthesized compounds pos-
sessed higher potency compared to tacrine. The most potent inhibitor
among the tested compounds was compound 157 with three carbon
linker flanked by cyclopentaquinoline and dichloronicotinamide units.
All the title compounds have been reported as better BuChE inhibitors
compared to donepezil; however compared to tacrine only compound
161 possessing seven-carbon linker yielded most potent activity. The
exact structure activity relationship and precise correlation could not be
established.

Most potent AChE inhibitor 157 was chosen for Af-aggregation
inhibition at various concentrations. It has exhibited remarkable

R
/CH3 /_CH3

138; Ry = -5-N 139; Ry = 4-N
\—CHj \—CH,3

140;R;= &N ) 141;R1=-§—NG

145

potencies at 50 uM and 100 uM concentrations with inhibition per-
centages 54.30% and 92.78% respectively.

2.23. Hybrids of donepezil, chromone and melatonin

Melatonin 164 (Fig. 62), an oxidant [122] has been reported as
descent neuroprotective agent [123] alongside possessing AB-aggrega-
tion inhibition activity [124]. MAO inhibitory activity of chromone 165
[125] and anti-AD properties of donepezil were compiled with mela-
tonin to synthesize new hybrid compounds in order to enhance the anti-
AD properties. [126].

AChE and BuChE inhibitory activities of synthesized compounds
166-171 (Fig. 63) were performed using tacrine and donepezil as re-
ference compounds. Regarding human cholinesterase inhibitory ac-
tivity compound 166 possessing two carbon linker in between mela-
tonin-chromone conjugate and donepezil moieties in addition to
methoxy group at 5-position of indole (ICso = 0.36 + 0.16 uM) has
exhibited some activity compared to tacrine (ICso = 0.424 = 21 pM).
But, few derivatives have shown descent hBuChE inhibitory activity. In
comparison to tacrine (ICso = 45.8 + 3.0nM), derivative 167 having
propoxy group on indole was most potent one
(IC50 = 11.90 *= 0.05nM). In the eeAChE activity, most of the com-
pounds shown good inhibitory activities and remarkable activity was

@)

142, R1 = OCHS, R2 =H
143; R4y =H, R, = OCH;

144; R, = OCHs, R, = OH

R1

147;R, = 4N )

R

/_CH3
146; Ry = -5-N

\—CHj

Fig. 56. Structures of the chalcone-mannich base derivatives as potent AChE inhibitors.
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Fig. 57. Structures of potent MAO-A (148) and potent MAO-B inhibitor (149).
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Table 7
Potent AChE and BuChE inhibitory values of tacrine derivatives.
(0]
X 7 Cl
_ Cl
N
AChE BuChE
Compd
ICs0 £ SEM (nM) ICsp+ SEM (nM)

150 3 1.02 +£0.10 159.74 £ 1.72
151 4 1.65+0.26 41.45+3.84
152 5 2.90+0.30 13.48 £ 0.63
153 6 420+0.43 12.86 +£0.35
154 9 3.12+041 3.33+0.64

Tacrine - 89.91 £9.14 14.98 £ 0.007

observed for the derivative 169 (ICso = 0.06 uM), and 171 having
propoxy moiety (0.08 pM) compared to tacrine
(ICsp = 0.03 = 0.01 uM). All the potent eeAChE inhibitors entail four-
carbon linker. While compound 168 with isopropoxy moiety
(ICsp = 0.00629 uM) yielded comparable result with that of tacrine
(IC509 = 0.0051 uM). The compound 170 bearing -OCH; at indole 5-
position elicited excellent hBuChE inhibitory (ICso = 0.011 uM); its
activity is approximately fourfold stronger potency compared to tacrine
(ICs0 = 0.045 uM); while hAChE inhibitory potency was found to be
descent activity (ICsp = 1.73 * 0.34 pM).

Most of the compounds were MAO-B inactive and the derivative
which  exhibited good  activity = was compound 171
(ICs0 = 1.39 = 0.11 uM); however the synthesized derivatives were
not good MAO-B inhibitors and hardly shown any activity.

AChE modeling analysis of compound 170 (Fig. 64) with hAChE
shown that indole moiety was aligned towards catalytic triad residues
His447, Ser203, and Glu334. Indole moiety was reported to form -1
interaction and amide-rt affinity with Trp86 and Gly120 respectively.
Alongside, the —NH and methoxy moieties have H-bonded with Glu202

Fig. 59. Molecular docking of compound 150 with AChE active site [117].

and Ser125 respectively. The chromone part has exhibited - 7t stacking
interaction with Tyr124 and Trp286; while N-benzylpiperidinium motif
shown affinity with Leu289 and Ser293 away from PAS.

In case of BuChE modeling (Fig. 65), the docking results indicated
that chromone moiety has m-m type interactions with Phe329 and
Trp231. The indole ring resulted s-;t stacking interaction with Trp82
and His438 of the catalytic triad. Apart from this, the —NH involved in
the formation of His438. The hydrogen bond interaction between the
carbonyl group of the di-substituted amide with Thr120 and NH group
of the mono-substituted amide with Asp70 was observed.

2.24. Kojotacrine derivatives

Multi-target small molecules (MTSMs) have emerged as most pro-
mising therapeutic strategy for design and discovery of novel drugs in
AD treatment [127]. Despite the hepatotoxicity of tacrine, a large
number of tacrine based drugs were being designed [128]. Kojic acid
172 (Fig. 66), a metabolite derived from fungus was reported as anti-
oxidant [129]. Hence antioxidant kojic acid was modified with AChE

I N N NN
HN/\/\ HN N | ~N
N/ Cl .HCI
150 154

Fig. 58. Illustration of structures of most potent AChE inhibitor (150) and BuChE inhibitor (154).
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Fig. 60. Molecular docking of compound 154 in active site of BuChE active [117].

A. Dorababu
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Fig. 61. Structure of memantine (155).
Table 8
AChE and BuChE inhibitory activities of cyclopentaquinoline hy-
brids.
o}
HN/%\)HH I :N
AN Cl
N7 Cl Hel
Compd n AChE BuChE
ICso = SEM (uM) ICso £ SEM (uM)
156 2 0.065 +0.007 1.863 £0.083
157 3 0.052 +0.002 0.158 +0.029
158 4 0.744 £ 0.046 0.797 £ 0.086
159 5 0.285+0.038 0.460 +0.038
160 6 0.053 +0.005 0.127 £0.014
161 7 0.125+£0.021 0.071 £0.012
162 8 0.152 +0.045 0.108 + 0.006
163 9 0.155+0.045 0.082 +0.030
Donepezil - 0.103 £0.016 11.826 +2.060
Tacrine - 0.163 £ 0.041 0.020 + 0.003

25

g
HN
(@)
o O
N
H O
164 165

Fig. 62. Structure of melatonin (164) and chromone (165).

inhibitor tacrine to afford a series of kojic acid modified tacrine deri-
vatives 173 and thereby evaluating their anti-AD properties [130].

Tacrine and kojic acid as reference compounds acetylcholinesterase
inhibitory activities of title compounds were performed. The tested
compounds have shown moderate anti-eeAChE activity. Among them
the tacrine derivative 174 (ICso = 0.64 * 0.06 uM) (Fig. 67) with 3-
methoxyphenyl moiety exhibited highest activity which was approxi-
mately twentyfold less potent compared to that of tacrine
(ICso = 0.031 = 0.006 uM). Although egqBuChE inhibitory activities
were weak compared to tacrine (ICso = 0.005 = 0.001 pM); most po-
tent (ICso = 4.54 = 0.20 uM) compound reported was 175 possessing
3-flurophenyl structural unit. Similarly weak inhibitory activities were
observed in case of hAChE inhibition compared to kojic acid
(ICso = 2.51 =+ 0.17 pM).

Few compounds were selected for Af; so-aggregation inhibitory
activity using melatonin and kojic acid as reference compounds. In
those, derivative 174 has shown descent activity (42.92 + 0.20%) at
3 uM concentration but comparatively less potent than that of mela-
tonin (60.02 *+ 3.57%) and kojic acid (65.11 * 0.20%).

2.25. Bis-aryltriazole derivatives

Radiolabelled diphenyltriazole derivatives 176 (Fig. 68) were re-
ported as imaging agents that could target AB-plaques [131]. The
triazole acetamide scaffolds have been described to possess AB-ag-
gregation inhibitory properties [132]. 1,2,3-Triazole derivatives were
highlighted to exhibit anti AB-aggregation properties [133]. Jiar-
anaikulwanitch et al. have described tryptoline and tryptamine triazole
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Fig. 63. Structures of potent cholinesterase inhibitors and MAO inhibitors.

derivatives 177 as multifunctional ligands in AD treatment [134]. In
this regard, a set of bis-aryltriazole derivatives were designed and
screened for their anti-AD properties [135].

Most of the synthesized compounds have shown moderate to good
self-induced Af4,-aggregation inhibitory activities. Among them, com-
pounds 178 and 179 (Fig. 69) exhibited descent activity and in parti-
cular derivative 179 (96.89%) comprising o-CH3 on phenyl ring was
most potent molecule compared to reference compound curcumin
(95.14%). Based on the percentage inhibitions, the ICso value of the
compound 179 was found to be 8.605 + 0.129 uM and that of cur-
cumin was 6.385 *+ 0.009 uM. Also, the formation of amyloid fibrils
was significantly reduced by the compound 179 which was attributed
to the presence of strong negative inductive effect of —CF3; moiety.
Inhibitory activity was also performed on Cu®*-induced aggregation
with compound 179 where in the formation of Af fibrils was 42%
higher compared to self-induced Af activity. When compound 179 and
clioquinol were incubated separately for Af4, fibril disaggregation at
40uM and the results were found to be 61.42% and 65.34% dis-
aggregation for compound 179 and clioquinol respectively.

The potent Af4, aggregation inhibitor 179 (Fig. 70) was subjected
to molecular docking studies with Af;» monomer and Af4, photofibril.

TRP236

V 4
V4

PHE295
PHE297

TRP286

AN
TYR124 \
-t—"\ /ASPT74

TYR72

PHE338

SER125

In case of docking with A4, monomer, triazole nitrogen atom was
hydrogen bonded with Ala42 in addition to hydrophobic interaction of
compound 179 with the amino acid residues Ala30, Ile31, Leu34,
Met35, Gly38, Val39, Val40, Ile4l and Ala42 of AfB,;, monomer.
Meanwhile, in the docking with Af4, photofibril, a H-bond was ob-
served between triazole nitrogen and Ile4l and second hydrogen
bonding was formed by amide NH with Val39. Alongside, hydrophobic
interactions were noticed with the amino acids Leul7(D), Phel9(D),
Leul7(E), Phel9(E), Gly37(E), Gly38(E), Val39(E), Val40(E), and
1le41(E).

2.26. N-Benzylpiperidine scaffolds

The compounds possessing BACE1 inhibitory activity also reported
to exhibit prominent antioxidant activity [136]. N-Benzylpiperidine
bearing donepezil was described to bind to the CAS of AChE [137].
Alongside, the indanone unit of donepezil was modified to improve
BACEL1 inhibitory potential [138]. Accordingly, the new series of N-
benzylpiperidine scaffolds have been synthesized and their cholines-
terase and Af-aggregation activities were evaluated [139].

Most of the designed scaffolds have shown good hAChE inhibitory

GLU334
HIS447

\TRPBG e
TYR133 ==

Fig. 64. Illustration of binding mode of compound 170 with hAChE active site [126].
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Fig. 65. Docking analysis of compound 170 on hBuChE [126].

ASN289 A VAL288 N\ LEU286
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TRP231 Q SER287
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| | Tacrine
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172 173

Fig. 66. Illustration of strategic design of kojic acid modified tacrine deriva-
tives.

174 175
Fig. 67. Structure of eeAChE/AB-inhibitor (174) and eqBuChE inhibitor.

activity compared to reference compound rivastigmine and even higher
potencies than rivastigmine. However, a few compounds (Table 9 and
Fig. 71) have exhibited activity close to donepezil. Amongst them,

benzylamine modified N-benzylpiperidine 180 possessing electron
withdrawing group —CF3 exhibited significant activity. In case of
BuChE inhibition half of the title compounds had moderate activity
compared to reference compounds. The derivatives which have shown
comparable BuChE inhibitory values were provided in Table 9. The
prominent hBuChE inhibitor 183 was threefold less potent compared to
rivastigmine.

Descent BACE1 inhibitory activities were observed in case of most
of the tested compounds compared to donepezil and few compounds
had very good activity (Table 9). Again compound 181 exhibited ex-
cellent hBACEL1 inhibitor activity which was more potent compared to
donepezil. Besides significant activity of compound 181, almost similar
hBuChE inhibitory activity (ICso = 0.28 + 0.03 uM) was observed for
the schiff base analog with —CF5 group 180. Keen observation of the
results revealed mostly the electron withdrawing groups at the 4-posi-
tion have yielded highest inhibitory values.

The synthesized compounds were also allowed to inhibit Af at
various concentrations. Significant figures have been observed for the
compounds 181 and 185. These derivatives (181; self-induced: 50.1%
& AChE-induced: 89.0%, 185; self-induced: 44.1% & AChE-induced:
69.3%) have exhibited higher aggregation inhibitory properties com-
pared to donepezil (Self-induced: 41.6%; AChE-induced; 62.8%).

Compound 181 was investigated for docking analysis with AChE
and BACEL1 active sites (Fig. 72). In AChE docking analysis, benzylpi-
peridine has formed polar interactions with Ser203 and His447. Where
as, the benzyl moiety has interacted with Trp86 via s-;t stacking and
with Glu202. When it comes to the docking studies with BACEL,
compound 181 has established significant interactions with the

R R = -NH-CHa/(CH3),N
176

177

Fig. 68. Structures of radiolabelled diphenyltriazole derivatives (176) and tryptamine triazole derivatives (177).
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179

Fig. 69. Structures of potent Af4>-aggregation inhibitors.

Ala 42
0.19 n

Fig. 70. Molecular binding analysis of compound 179 with Af4> monomer (a)
and A4, photofibril (b) [135].

catalytic aspartate residues Asp32 and Asp228 through ionic salt
bridge/H-bonding. The methanamide fragment has hydrogen bonded
with Tyr124.

2.27. N-Benzylpyridinium-based analogs

Replacement of indanone moiety of donepezil with different aro-
matic and heteroaromatic rings led to potent AChE inhibitors [140].

Table 9

Benzylpyridinium derivatized compounds were demonstrated that they
have the capability to interact with catalytic site of the AChE [141]. A
series of heteroaromatic scaffolds 188 (Fig. 73) possessing N-benzyl-
pyridinium motif as essential part was designed [142]. Benzothiazole
compounds were described to have interaction with Af-peptides and
could reduce the soluble amyloid oligomers [143]. Hybrid compounds
of tacrine and phenylbenzothiazole moieties 189 (ICsq,
AChE = 0.017 uM) were reported as multifunctional anti-AD agents
[144]. Considering all these, anti-AD agents have been designed by
appending N-benzylpyridinium motif on benzoheterocycles [145].

Using donepezil as reference compound the lead compounds were
assessed for AChE inhibitory activity. Moderate to most potent activ-
ities for compounds 190-194 were observed; notable activities are
depicted in Table 10. Approximately twofold higher AChE inhibitory
activity was found for plane benzypyridinium appended benzothiazole
190 (Table 10 & Fig. 74) compared to donepezil. All the potent AChE
inhibitors possessed with benzothiazole moiety. Unmentioned benzox-
azole and benzimidazole derivatized benzylpyridinum derivatives were
not as potent as benzothiazole analogs in case of AChE inhibition.

Except two compounds 190 and 191 which were dual inhibitors,
other derivatives 195-197 (Table 11) were selective BuChE inhibitors.
Compared to donepezil every derivative was reported to possess higher
activity. Even in case of BuChE inhibitory activity benzothiazole deri-
vatives have shown their impact except compound 195 which is a
benzoxazole derivative.

Alongside, AChE and BuChE inhibitory activities, some selected
compounds 190 and 198 (Fig. 74) were allowed inhibit AfB; 4o-

Cholinesterase inhibitory values and BACE1 inhibitory values of N-benzylpiperidine derivatives.

QT

=
H |
N N\
R

Compd R I1Cs0 (uM) = SEM Compd R  ICs (uM) £ SEM
hAChE hBuChE hBACE1

181 4-CFs 0.11+0.02 3.0+0.06 181 4-CF; 0.22 +0.02

182  4-OCFs 0.59+0.05 35+006 185 4-NO2 0.43 £0.04

183 2,4-diCl 0.62+0.05 3.5+£0.09 186 4-Cl 0.66 = 0.06

184 24-diF  0.71+0.06 3.1+0.10 187 4-F 0.55+0.03
Donepezil 0.033+£0.01 1.4+0.06 Donepezil 0.24 £ 0.03

Rivstigmine 1.9+0.06 1.1+0.04
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aggregation using donepezil and rifampicin as reference compounds at
100 uM concentration. Derivative 190 (44.9 = 3.6%) had twice as
potentiality as donepezil (22.0 * 5.4%) and rifampicin (27.5 = 4.3%)
with respect to self-induced AB-aggregation inhibition. Compound 198
(28.9 = 1.5%) was also as potent as rifampicin. Regarding AChE-in-
duced Ap-aggregation inhibition, both the compounds 190
(18.3 = 8.5%) and 198 (12.1 * 3.6%) exhibited similar potencies
compared to rifampicin (12.2 * 3.0%) and higher potencies compared
to donepezil (26.1 + 2.5%).

The docking of compound 190 (Fig. 75) with AChE active site re-
veals formation of m-m stacking of benzyl moiety with His439 and
Trp83. Where as, the pyridinium ring has descent interaction with
Phe329 through m-cation affinity and m-stacking. Further, positively
charged nitrogen has aligned towards Asp71 residue.

2.28. Pyrano[4,3-b][1]benzopyranone derivatives

Many bioactive molecules were described as interested candidates
for cholinesterase inhibition, BACE1 inhibition, MAO inhibition and
Ap-aggregation inhibition [146]. Chromone derivatized pyrano[4,3-b]
[1]benzopyranones have possessed significant biological activities
[147,148]. These paved to synthesis of a series of pyrano[4,3-b][1]
benzopyranones 199 (Fig. 76) and their MAO and cholinesterase in-
hibitory activities were determined [149].

Literally the synthesized derivatives have not shown any AChE in-
hibitory activity. Similarly a very weak BuChE inhibitory activity was
observed for most of the derivatives. Among them, compounds 200
(ICso = 20 uM) and 201 (ICsp = 21 uM) (Fig. 77) seems to show some
comparable activity with that of reference compound (ICso = 7.1 pM).
Both compounds 200 and 201 have almost similar BuChE inhibitory
activity and only structural difference lies with the presence of —Cl
group at 8-position of benzopyranone derivative 201.

Surprisingly almost half of the synthesized compounds were mod-
erate to potent MAO-A inhibitors. Compounds 202 (ICso = 7.7 uM) and
203 (ICsp = 4.3 uM) (Fig. 78) were descent MAO-A inhibitors where in
compound 203 with methoxy moiety at 8-position alongside butoxy
group in the exo configuration at 3-position has exhibited higher

[A] AChE (4EY7)

LEU 289

TYR 337

6L 334

PHE 338
PHE 295
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CF;

Fig. 71. Structures of most potent hAChE and
hBuChE inhibitors.

ZT

potential than the reference compound (ICso = 4.6 uM). Regarding
MAO-B inhibitory activity, few derivatives resulted comparable activity
with that of reference compound. Benzopyranone derivative 201
(IC50 = 0.20 uM) and 204 (ICsq = 0.39 uM) (Fig. 78), endo-isomer of
compound 203 were significant inhibitors. The exo-isomer 201 was as
potent as the reference compound (ICso = 0.22 uM).

2.29. Pyrazolone schiff bases

Moclobemide 205 is a second generation MAO inhibitor devoid of
problems such as drug-drug interactions, fatal hypersensitive crisis
[150]. A cyclic hydrazine constituting pyrazoline 206 (Fig. 79) and
pyrazolidine structural units form a prominent pharmacore and re-
ported to be present in several MAO inhibitors and cholinesterase in-
hibitors [151]. Pyrazole scaffolds were utilized in the AChE and MAO
inhibitor design strategy [152]. Encouragement of these drug discovery
developments led to design of new pyrazolone schiff base derivatives
[153].

Majority of the synthesized compounds could reach 30-40% AChE
inhibitory activity at 100 uM concentration; the reference used was
donepezil with inhibitory percentage 98.56 * 1.76%. Reduced BuChE
inhibitory activity was observed compared to AChE activity. In both the
inhibition activities, compounds 207 and 208 (Fig. 80) yielded ex-
cellent results compared to reference compounds. In comparison with
donepezil, compounds 207 (78.20 = 1.20%) possessing 4-piper-
idinophenyl moiety and 208 (88.12 = 1.07%) comprising 4-[3-(di-
methylamino)propoxy]phenyl motif have shown close AChE inhibitory
percentages with that of donepezil (98.56 * 1.76%). Similarly com-
pound 207 (78.20 = 1.20%) had almost close BuChE potential with
that of tacrine (82.14 + 2.69%) and derivative 208 (88.12 + 1.07%)
has exhibited most potent activity. In spite of prominent cholinesterase
activity of 207 and 208; these were tested for AChE inhibitory activities
at various concentrations and their ICs, values were determined to be
0.285 = 0.009 uM and 0.057 =+ 0.002 uM respectively. In these two
selective inhibitors, compound 208 revealed its potent activity but
twice less potent compared to donepezil (0.029 = 0.001 pM).

The title compounds scarcely exhibited any MAO-A inhibitory

[B] BACE-1 (2ZIM)

ILE 226
TRP 115

Fig. 72. Demonstration of binding interactions of compound 181 with AChE (A) and BACE1 (B) [139].
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7N

189

Fig. 73. Structures of indolinone derivative (188) and benzothiazole-tacrine hybrid (190).

Table 10
AChE inhibitory values of N-benzylpyridinium modified
benzothiazole derivatives.

Compd R X AChE ICs (nM)
190 H Br 14+0.7
191 2-Cl Cl 22+1.5
192 3-CH3; (I 21+1.8
193 3-F Cl 23+0.6
194 2-Cl,6-F Cl 27+1.4
Donepezil - - 23+£1.3

activity. Astonishingly, greatest inhibitory percentages were observed
in case of MAO-B inhibition. Almost all tested compounds shown at
least 40% inhibitory activity. In those compounds p-hydroxyphenyl
analog 209 (85.13 = 1.08%), 210 (89.10 + 1.24%) and 211
(87.22 = 1.18%) (Fig. 81) have exhibited significant inhibitory per-
centages compared to selegiline (96.88 = 1.31%). The results revealed
that these were selective MAO-B inhibitors. Here structure and corre-
sponding activity could not be correlated precisely as the inhibitors
possessed electron donating and electron withdrawing moieties at dif-
ferent positions of phenyl ring.

Molecular docking analysis of compound 210 (Fig. 82) with MAO-B
active site exhibited following results. Carbonyl group of pyrazole es-
tablished H-bond with Cys172 residue; the pyrazole ring has interacted
with Tyr32 via n-nt stacking. Moreover, the nitrogen atom of -NO,
group has led to the cation- interaction with Tyr435.

2.30. Indole-piperidine analogs
Alongside classical targets such as ChEs, secretases, MAOs, etc.,
modulation of 5-HT receptors [154] (5-HT4R &5-HT¢R) of seretonergic

system were also considered for progress in AD treatment. 5-HT4R
Activation could lead to amyloid protein precursor cleavage which

190

O
NBF @Q_@N'

Table 11
BuChE inhibitory values of N-benzylpyridinium modified
benzoheterocycles.
7 N\
N — . =R
N
-G
X
Compd A R X BuChE ICso (nM)

190 S H Br 182+ 5.6

191 S 2-Cl Cl 348 £ 6.3

195 O H Br 280+£9.8

196 S 2-NO2 (I 331+11.2

197 S 2,6-diCl1 (I 379+8.9

Donepezil - - 3400 + 23

{Phe329

Fig. 75. Illustration of binding affinities of compound 190 with AChE active
site [145].

Fig. 74. Structures of AChE/BuChE/Ap-ag-
gregation inhibitor (190) and ApB-aggregation
inhibitor (198).

CHj
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199

Fig. 76. Illustration of design strategy of cholinesterase/MAO inhibitors.

subsequently resulting into formation of a neurotrophic protein, sAPPa
[155]. RS67333 212 (Fig. 83), 5-HT4R antagonist when administered in
a transgenic mouse model, significant reduction of amyloidogenesis
was observed [156]. o;R Off-target approach has been a promising
route for AD treatment; [157] compound 213 has shown affinity to-
wards o;R. Taken together all these facts in addition to potent o;R
antagonist property of indole modified haloperidol-inspired molecules
[158], a series of novel indole-piperidine analogs were designed by
introducing pharmacologically significant structural parts of 212 and
donepezil [159].

Using the reference compound donepezil and donecopride, hAChE
inhibitory activity of synthesized compounds was determined. All most
all derivatives exhibited 70-98% inhibition. Despite the descent per-
centage inhibitions, only two compounds 214 (97%) and 215 (98%)
(Fig. 84) have shown significant inhibitory activities with ICso values
20.4 + 0.8nM and 13.3 * 0.4nM compared to donepezil
(ICs0 = 6.0 = 0.6 nM) and donecopride (ICso = 16 * 5nM).

Although many derivatives were assessed to possess 100% 5-HT4R
inhibitions, only compound 216 (K; = 25 = 1.6nM) could show sig-
nificant kinetic inhibitory activity compared to RS67333
(K; = 9.33 = 5nM). Other derivatives were weak inhibitors. The in-
hibitory percentages and kinetic inhibitory values could not be ra-
tionally correlated. However in case of o;R inhibition, few compounds
were active in which compounds 215 (K; = 3.3 = 0.7nM) and 217
(K; =5.1 £ 1.7nM) (Fig. 85) could be mentioned as prominent in-
hibitors. Out of these, compound 215 was the most potent and half as
potent as haloperidol (K; = 1.6 = 0.7 nM). Compound 215 possessing
propionyl moiety flanked by indole and benzylpiperidine units was
AChEI/o;R dual inhibitor. Indole N-substitution of the derivatives has
resulted in reduced inhibitory activity.

2.31. Salicylamide derivatives

In spite of descent AChE inhibitory activity of salicylic acid 218 and
its derivatives [17], new salicylamide derivatives 220 were designed by
appending pharmacore of chromone-2-carboxamido-alkylbenzylamines
219 (Fig. 86) and synthesized [160].

The designed salicylamide derivatives have been screened for in-
hibition of cholinesterase inhibition (RatAChE, RatBuChE and eeAChE)
using reference compounds rivastigmine and donepezil. The inhibitory
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activities revealed that the tested derivatives were selective AChE in-
hibitors as BuChE activity could hardly be observed. Although the
tested compounds were only weak RatAChE inhibitors compared to

donepezil (ICs0 = 0.015 = 0.002 puM), compounds 221
(ICs50 = 31.4 = 0.73uM), 222 (ICs50 =21.2 = 1.10puM) and 223
(ICs0 = 10.4 = 0.478 uM) (Fig. 87) had significant activities compared

to rivastigmine (ICsp = 37.1 * 1.22 uM). Regarding eeAChE inhibitory
activity, again compounds 222 (ICso = 17.7 * 0.20uM) and 223
(ICsp = 15.2 = 0.33 uM) have shown impact in comparison with riv-
astigine (ICso = 23.2 + 0.44 uM) but tenfold lower activity compared
to donepezil (ICso = 0.021 = 0.003 pM).

The synthesized compounds were evaluated for Af-aggregation in-
hibition activity with curcumin as reference compound. Most of the
derivatives have given descent self-induced Af-aggregation inhibition
percentages. Amongst them AChE inhibitors 221 (45.1 + 2.0%) and
223 (42.5 = 0.9%) exhibited prominent inhibitory percentages and
higher activity compared to curcumin (40.2 = 0.9%). However, ma-
jority of the derivatives exhibited poor Cu®*-induced activity. Most
potent derivative 223 (31.4 + 1.0%) was approximately half as potent
as curcumin (66.0 * 1.3%).

In the structures of the cholinesterase/Af-aggregation inhibitors,
the four/six carbon linker in between salicylamide and N-alkylbenzy-
lamine motifs was most beneficial. Also, N-methy/ethyl benzylamine or
N-methy/ethyl o-methoxybenzylamine moieties with appropriate
combination of carbon spacers (four/six) have yielded the best results.

The molecular modeling studies of compound 223 (Fig. 88) re-
vealed hydrogen bonding interaction of amide NH with Phe331 residue.
Side chain N-(2-methoxybenzyl) ethylamine portion has formed par-
allel st-;t stacking affinity with Trp84 and hydrophobic interaction with
residues Asp72, Phe330, His440 and Gly441. Special conformation of
methylene side chain and salicylamide ring in the gorge has formed
Gly118, Tyrl21, Trp279, Ser286, I1le287, Phe288, Phe290, Phe331,
Tyr334 and Gly335 through hydrophobic interaction.

2.32. Tetrahydroisoquinoline-benzimidazole hybrids

Benzimidazole based compounds were reported to exhibit BACE1
inhibitory activity [161] in addition to anti-inflammatory activities.
The significant biological activities such as anti-oxidation, neuropro-
tection and anti-AD properties [162] were exhibited by tetra-
hydroisoquinoline analogs. Based on the anti-AD properties of benzi-
midazole and tetrahydroisoquinoline derivatives, a set of hybrid
tetrahydroisoquinoline-benzimidazoles 224 (Fig. 89) were engineered
[163].

Resveratrol was used as positive control for determination of neu-
roinflammation inhibitory activity. Except two derivatives, all the
compounds have exhibited excellent NO inhibitory activity which have
twice the activity shown by resveratrol (ICso = 11.1 * 1.3 uM).
Among those 6-hydroxybenzimidazole analog 225
(IC50 = 3.80 = 0.42uM), 6-methoxybenzimidazole derivative 226
(ICso = 5.07 = 0.54uM) and 6-fluorobenzimidazol derivative at-
tached to benzene 227 (ICso = 5.42 + 1.21 pM) (Fig. 90). Compound
225 was threefold higher potent compared to reference compound.
Electron withdrawing effects have found to be more beneficial for NO

/\/\CHB Fig. 77. Structures of potent BuChE inhibitors.



A. Dorababu
Cl
202
HO
0 0
a § A
N O
i N N
CI—< >—< < %N\j
o —
205 206

Fig. 79. Structure of moclobemide (205) and pyrazole derivative (206).

inhibitory activity. Although compounds 225 and 226 do not have
electron withdrawing groups attached to benzimidazole moieties but
they have electron withdrawing pyridine structural units. Whereas
derivative 227 has electron withdrawing 6-fluorobenzimidazole at-
tached to simple phenyl ring.

Most of the synthesized compounds were BACE1 inhibitors de-
termined using MK-8931 as positive control. However, three derivatives
namely 6-trifluoromethoxybenzimidazole analog 228 (98.7 + 1.0%),
6-chlorobenzimidazole attached to pyridine and phenyl ring for 229
(95.3 = 2.3%) and 230 (92.7 * 4.3%) respectively (Fig. 91). The ICsq
values of derivatives 228, 229 and 230 were 1.1 = 0.02pM,
1.8 = 0.3uM and 1.3 *= 0.03puM respectively. In comparison with
MK-8931 (ICso = 0.0207 + 0.0012 uM), the potent inhibitors ex-
hibited were fiftyfold less potential. All the inhibitors (NO/BACE1)
have possessed 6-substituted benzimidazole structural units which
might be beneficial for exact fit into the active site of enzyme.

2.33. Donepezil-butylated hydroxytoluene hybrids

8-Hydroxyquinoline derivatives have been reported to possess anti-
AD characteristics [164]. An FDA approved drug donepezil was pa-
tented for its reversible acetylcholinesterase inhibitory activity [165].
Another patented molecule was phenolic antioxidant butylated hydro-
xytoluene 231 (Fig. 92) [166]. These facts of pharmacological sig-
nificance have led to design of donepezil-butylated hydroxytoluene
analogs 232 [167].

Cholinesterase inhibitory activities were performed using donepezil
as reference compound. Compared to donepezil, most of the synthe-
sized compounds have exhibited moderate eeAChE and egBuChE in-
hibitory activities. In that, compound 233 (ICso, = 0.53 *= 0.11 pM)
(Fig. 93) was most potent eeAChE inhibitory compound but tenfold less
potent than that of donepezil (ICso = 0.05 *+ 0.01 uM). Whereas,
compound 234 (ICsp = 5.38 *= 0.4 uM) exhibited only half of the eq-

BuChE inhibitory activity shown by donepezil
O
N
N/
H3C

CHj3

207 208

203

Fig. 78. Structures of potent MAO inhibitors.
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(ICs0 = 2.48 = 0.11 uM). Likewise, inhibitory activity was also per-
formed towards hAChE. In comparison with donepezil
(ICs0 = 0.048 =+ 0.003 uM), low profile of inhibitory activity towards
was observed towards hAChE; amongst them derivative 235
(ICs0 = 1.38 = 0.11 uM) stood atop. While compound 235
(ICs0 = 9.61 = 0.51 uM) was most potent among the hBuChE in-
hibitors and exhibited one-third activity compared to donepezil
(ICs0 = 3.17 = 0.10 pM).

A very weak MAO-A inhibitory activity was shown by title com-
pounds in which derivative 236 (Fig. 94) the most potent molecule
exhibited only 49.2% inhibitory activity. In case of MAO-B inhibitory
activity, a few compounds yielded significant activity particularly
compound 233 (ICso = 8.5 * 0.3 uM) (Fig. 93) was as potent as do-
nepezil (ICso = 8.5 = 0.6 uM). Accordingly derivative 237
(ICs0 = 11.7 = 0.2 M) has shown comparable activity with that of
reference compound.

Another series of derivatives with substitutions on phenyl ring of
benzylpiperidine moiety were designed. These derivatives were also
allowed for inhibition of cholinesterases and MAOs. Among the choli-
nesterase inhibitors only the derivative 238 (ICso = 0.075 = 0.6 pM)
(Fig. 95) was an excellent eeAChE inhibitor which can be comparable
with that of donepezil (ICso = 0.05 = 0.01 uM). The derivative 239
(ICs0 = 0.75 = 0.11 uM) was also able to exhibit significant hAChE
inhibitory activity. Weak and moderate inhibitory activities were ex-
hibited towards hBuChE and eqBuChE respectively.

This series of derivatives have been screened for h(MAO inhibitory
activity using iproniazid. No single synthesized compound has ex-
hibited significant hAMAO-A inhibitory activity. However, all the tested
compounds have exhibited descent MAO-B inhibitory activity and half
of which were as potent as iproniazid (ICso = 8.75 * 0.6 pM).
Compounds 239 (ICs50 = 6.7 = 1.2 uM) and 240
(ICs0 = 6.5 = 0.5uM) have exhibited highest activity even greater
than iproniazid. All the MAO inhibitors (except 236) had possessed a,
B-unsaturated amide linker flanked by butlylated hydroxyphenyl and
benzylpiperidine moieties.

The potent AChE/MAQO inhibitor 233 and AChE inhibitor 238 were
selected for AB4, aggregation inhibitory activity using curcumin as re-
ference compound. Noteworthy results were obtained in range of
43.5-56.7% activity compared to curcumin (52.6%) towards self-in-
duced activity. Particularly, derivative 238 had higher potency.
However diminished AChE-induced activity was observed for com-
pound 233 and 238 with percentage inhibitions 38.4% and 40.1% re-
spectively.

Fig. 80. Structures of AChE/BuChE inhibitors.
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Fig. 81. Structures of prominent MAO inhibitors.

2.34. 1,2,3-Triazole appended tacrine-coumarin hybrids

Tacrine as specific catalytic anionic site inhibitor and coumarin
scaffold that has affinity towards the PAS of ChEs have been reported by
many researchers [168]. Coumarin and tacrine scaffolds 241 and 242
(Fig. 96) were developed and demonstrated for inhibition of cholines-
terases [110,115,168]. Based on anti-AD properties of coumarin-tacrine
derivatives [169], 1,2,3-triazole appended tacrine-coumarin hybrids
were engineered and synthesized [170].

All the synthesized compounds were evaluated for cholinesterase
inhibitory activities using tacrine and donepezil as references. All most
all the derivatives exhibited good inhibitory activity; where in large
fraction of synthesized compounds showing descent AChE inhibitory
activity were provided in Table 12. In those, derivative 245 possessing
—Cl at 6-position of tacrine and —CHj3 at 4-position of coumarin
flanking alkyltriazole moiety (Fig. 97) had highest AChE inhibitory
activity; its activity was twice the activity of both donepezil and tacrine.

Similarly a very nice activity was observed towards BuChE in-
hibitory activity and all the evaluated derivatives exhibited higher
potency compared to donepezil. However comparable BuChE inhibitory
activity was shown by half of the compounds where in most potent
compound 250 entailed methylene triazole conjugated plane tacrine
and plane coumarin flanking pentyl chain (Table 12 & Fig. 97) was far
most potent compared to tacrine.

The moderate BACE1 inhibitory activity was observed for synthe-
sized compounds where in OM99-2 used as reference compound. In
comparison with OM99-2 (ICso = 14.7 = 2.83nM) potent AChE in-
hibitor 245 shown 28.69 * 4.79% and 13.97 + 12.99% inhibition at
50 uM and 10 uM respectively.

2.35. 2-Benzofuran carboxamide-benzylpyridinum salts

The novel derivatives have been designed possessing dual inhibitory
activity which might be promising approach for AD treatment [171].
Benzofuran-2-carboxamide derivatives are well known for their AChE
inhibitory activity [172]. Similarly benzofuran based scaffolds were
demonstrated to exhibit cholinesterase inhibitory activity [173]. With
these evidences of cholinesterase inhibitory activities, a set of N-ben-
zylpyridinium halides have been synthesized and their cholinesterase
inhibitory activities were screened [174].

The lead compounds have shown excellent inhibitory activity to-
wards BuChE. Some of the BuChE inhibitory activities were provided in
Table 13. Among them, benzofuran derivative 256 (Table 13 & Fig. 98)
in which benzene ring of benzylpyridinium attached with -F and NO,
moieties at 2- & 6-postions respectively was most potent molecule. It
has possessed hundred-fold higher potency compared to donepezil.
Both electron donating and electron withdrawing groups have shown
their impact on BuChE inhibitory activity.

However, a very poor AChE inhibitory activity was observed for
designed compounds. The moderate inhibitory activity was shown by
the compounds 258 and 259 (Fig. 98) with ICso values 2.0 = 0.8 uM
and 2.1 + 0.1 uM respectively which were approximately seventyfold
less potent compared to donepezil (ICso = 0.031 = 0.005 pM). Hence,
the results revealed that the synthesized compounds were selective
AChE inhibitors.

The amyloid-B-self-aggregation inhibitory activity was determined
at 10 uM concentration using donepezil and rifampicin as reference
compounds. The activity results indicated the inhibitory percentages of
the derivatives were potent BuChE inhibitors where in 256
(33.1 = 11.2%) and AChE inhibitor 259 (46.4 *+ 2.2%) were better

Fig. 82. Binding interactions of potent MAO-B inhibitor 210 with MAO-B active site [153].
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than the donepezil (22.0 = 5.4%) and rifamficin (27.5 = 4.3%). The
methoxy group on phenyl ring of benzylpyridinium moiety might be
reason for twofold activity compared to reference compounds.

Docking interaction of compound 256 with BuChE (Fig. 99) re-
vealed a H-bond between oxygen of benzofuran and Ser198 amino acid.
Pyridinium nitrogen makes st-cation interaction with aromatic residues
Phe329 and Trp82 by virtue of its positive charge. Furthermore, benzyl
pyridinium moiety has -t affinity with Tyr332 residue.

2.36. Coumarin-pyridinium hybrids

Coumarin motifs found in natural products were reported to have
many biological properties in addition to anti-AD properties [175].
Many coumarin based scaffolds are under clinical trials for anti-choli-
nesterase properties [47]. Based on the previous research on coumarin
and pyridinium moieties [176,177] coumarin-pyridinium hybrid deri-
vatives were designed [178].

In the cholinesterase inhibitory activity determined using rivas-
tigmine and donepezil as reference compounds. Compared to both re-
ference compounds (rivastigmine: ICso = 7.72 * 0.02pM, done-
pezil: ICso = 8.06 = 0.38uM), the tested compounds exhibited
descent anti-BuChE activity; particularly 3-chloro benzylpyridinium
analog 260 (ICso = 0.32 = 0.06 uM) and 2,3-dichloro benzylpyr-
idinium derivative 261 (ICso = 0.43 * 0.03 uM) (Fig. 100) have ex-
hibited excellent activity. Whereas no single derivative was a potent
AChE inhibitor compared to donepezil (ICso = 0.028 + 0.002 uM).
However, in comparison with rivastigmine (ICso = 11.07 *= 0.01 pM),
few compounds have resulted good activity; among them 3-fluoro
benzylpyridinium derivative 262 (ICso = 10.14 *+ 0.14uM) was a
potent inhibitor.

The significant cholinesterase inhibitors 260 (BuChE) and 262
(AChE) were chosen for inhibition of -secretase (BACE1) using OM99-
2 as a positive control. BACE1 inhibitory percentages obtained were in
accordance to cholinesterase inhibitory values observed previously;
moderate and weak activities were shown by derivatives 260 (6.7%)
and 262 (22%) respectively compared to OM99-2 (ICso = 0.014 puM).

The most potent BuChE inhibitor 260 (Fig. 101) was subjected to
docking in the active site of BuChE wherein alignment of coumarin ring
towards Trp231 and Phe329 residues via mt-it stacking was observed. In
addition, m-;v stacking was also formed between benzyl moiety and
Trp82. The phenyl ring of coumarin has affinities with Leu286 and
Val288 through m-alkyl and pyridinium moiety has affinity with Trp
residue via s-alkyl interactions.

Q o
L)
HN 0
— &n, HN
214
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Fig. 83. Structure of RS67333 (212) and o,R
antagonist (213).
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3. Cholinesterase inhibitors

Acetylcholine enzyme acts as a neurotransmitter of the peripheral
and central nervous system (CNS). It establishes neural conduction at
the neuromuscular junctions in the peripheral nervous system and in
particular controls the memory and learning process in the CNS. Two
enzymes that hydrolyze the acetylcholine are the AChE and BChE en-
zymes leading to disruption of neurotransmission. Hence, inhibition of
cholinesterases would be a novel approach for AD treatment.

3.1. Aryl-1,2,3-triazolyl benzylpiperidine

Based on donepezil structure, two series of derivatives were en-
gineered wherein the first series constitute replacement of 5,6-di-
methoxy-1-indanone moiety by 1,2,3-triazole conjugated with sub-
stituted/un-substituted aromatic scaffolds and in the second series,
replacement was made with azido amino acids to yield aryl-1,2,3-tria-
zolyl benzylpiperidine analogs [179].

Using donepezil as reference compound, the cholinesterase in-
hibitory activities were determined. Compared to donepezil
(ICsp = 0.0057 + 0.0005 pM), the synthesized derivatives have not
shown any significant hAChE inhibitory activity. Lower moderate ac-
tivity (ICso = 3.94 * 0.26 uM) was observed in case of compound 263.
Surprisingly, towards hBuChE inhibition spectacular activity has been
exhibited by the evaluated compounds except three compounds. Among
those, benzimidazole thiol derivatized triazole analog 264
(ICs0 = 0.065 =+ 0.002 uM), amino acid azide derivative 265 and its
acetyl analog 266 yielded the best results with ICso values
0.0099 + 0.0043uM and 0.00017 = 0.000021 uM respectively.
Compared to donepezil (ICso = 9.14 + 0.56 uM), the derivative 266
(Fig. 102) with BuChE inhibitory value (ICs, = 1.7 dM) at decimolar
concentration level was 54000-fold higher potent. So it can be con-
cluded that all the tested compounds were selective BuChE inhibitors.

The most significant BuChE inhibitory activity of 266 was supported
by the molecular docking studies (Fig. 103). In this, m-t aromatic in-
teractions were observed for benzyl group with Trp430 and Trp82 side
chains in addition to H-bond interaction carbonyl of acetyl group and
Thr284 side chain. The impressive activity of 266 was related to its
flipped conformation within the active site which is attributed to the
acetyl group that hides corresponding primary amine.

3.2. Imidazole analogs

Heteroaromatic rings such as benzimidazole and other heterocycles
have been reported to possess promising acetylcholinesterase inhibitory

e

Fig. 84. Structure of significant hAChE in-
hibitors.

215



A. Dorababu

0 O
Cl
HN § HN %
— =/ CHj

216

activity [180,181]. Inspired by the potent AChE and BuChE inhibitory
activity of thiazole derivatives, [182] new series of derivatives was
designed by substitution of sulfur of thiazole with nitrogen to afford 2-
substituted-4,5-diphenyl-1H-imidazole analogues [183]. The in vitro
cholinesterase inhibitory activities were determined for synthesized
molecules.

Donepezil and galantamine were used as reference compounds for
determination of percentage inhibitions of AChE and BuChE at 10 uM.
Few derivatives have shown moderate to descent AChE activity; 3-hy-
droxyphenyl derivative 267 (65.08 + 4.34%) and 3,4-dimethoxy
analog 268 (67.33%) (Fig. 104) were the compounds which exhibited
good inhibitory activity compared to donepezil (91.07 = 8.23%). In
spite of potent activity of compound 268, it was excluded from potent
molecules as the solubility issues arisen. In case of BuChE activity, most
of the compounds exhibited inactive or weak activity. However com-
pounds 269 (79.45 + 6.60) and 270 (81.28 *+ 6.85) were as potent as
galantamine (80.77 = 8.01). ICs( values of significant AChE inhibitor
267 and 270 have been determined and compared to donepezil (AChE:
ICso = 0.1uM,) and galantamine (AChE: ICso = 1.6 uM, BuChE:
ICso = 3.31 uM). The inhibitory results indicated that compound 267
was inactive towards BuChE and moderate inhibitor (ICsq = 5.33 uM)
of AChE. The derivative 270 has not shown inhibition towards AChE
but exhibited significant inhibitory activity (ICso = 4.99 uM) on BuChE.

3.3. p-Aminobenzoic acid derivatives

4-Aminopyridine scaffolds were designed and demonstrated as po-
tential cholinesterase inhibitors [184,185]. Lot of research has been
carried out on m- & p-aminobenzoic acid derivatives towards choli-
nesterase inhibition and results inferred that p-substituted analogs had
higher inhibitory activity than that of m- or o-substituted derivatives
[186,187]. In this regard, carbazides of p-aminobenzoic acid were
prepared and screened for cholinesterase inhibitory activity [188].

Large portion of the synthesized compounds were weak inhibitors of
AChE and BuChE. Few derivatives have shown moderate activity to-
wards AChE. In comparison with donepezil, simple benzophenone
analog 271 (ICso = 0.056 = 0.016 pM), 4-hydroxy benzophenone de-
rivative 272  (ICso = 0.050 = 0.01uM) and 4,4’-dihydrox-
ybenzophenone derivative 273 (ICso = 0.046 + 0.01 uM) (Fig. 105)
were most significant AChE inhibitors and these were almost as potent
as donepezil (ICso = 0.040 + 0.012uM). Keen observation of the
AChE inhibitory activity revealed that benzophenone carbazides of p-

oH © OCH;
N’H\N
4
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Fig. 85. Structures of prominent HT4R inhibitor
(216) and o,R antagonist (217).

aminobenzoic acid were selective AChE inhibitors. While the synthe-
sized compounds displayed weak to good BuChE inhibitory activity
compared to donepezil (IC5o = 15.240 + 0.42 uM). However, only a
few compounds have exhibited moderate inhibitory values compared to
rivastigmine (ICso = 1.660 * 0.44 pM); amongst them simple acet-
ophenone derivative 274 (ICso = 1.112 * 0.76 uM) has shown greater
potency than that of rivstigmine and 3-methoxy-4-hydroxy acet-
ophenone analog 275 (ICso = 5.840 = 1.75uM) (Fig. 105) was a
moderate BuChE inhibitor.

Docking simulation of compound 273 (Fig. 106) in AChE active site
exhibited m-i stacking between biphenyl portion with p-hydroxy sub-
stituent and Trp279. The compound 273 has also formed interaction
with the PAS residues such as Tyr70, Tryl21, and Tyr334 by hydro-
phobic pocket and Asp72 through charged interaction. Besides these
interactions, compound 273 has descent affinity with acyl binding
pocket with residues Phe288, Phe290, and Phe331.

3.4. Phenyl benzoxazole derivatives

Various hybrid compounds of phenyl benzoxazole tethered to ber-
berine and tacrine have been designed and synthesized as acet-
ylcholinesterase inhibitors [144]. Likewise, coumarin, piperazine, and
piperidine derivatized benzoxazole molecules were reported to exhibit
AChE inhibition at nanomolar to micromolar concentration [189,190].
Based on Gaussian quantitative structure-activity relationship (QSAR)
drug design [191], novel series of phenyl benzoxazole derivatives was
synthesized as potent cholinesterase inhibitors [192].

In the inhibitory activity towards AChE, poor to moderate potencies
were seen. A few compounds 276-279 with good yet lower activity
compared to donepezil are provided in Table 14. The derivative 277
with 4-chloro phenyl linked to diaminoalkanol chain was most potent
inhibitor among the synthesized compounds. Accordingly poor BuChE
inhibitory activity has been exhibited by most of the tested compounds.
However few compounds provided in Table 14 were potent inhibitors
and all of them exhibited 3-7 fold higher potency compared to done-
pezil. The derivatives provided in Table 14 were dual inhibitors having
the capability of inhibiting both AChE and BuChE.

3.5. Tetrasubstituted thiazoles

Aryl urea/thiourea containing coumarinyl thiazoles have been re-
ported to play significant role in inhibition of cholinesterases [193]. An

OH O
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H
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220

Fig. 86. Illustration of strategic design of salicylamide derivatives.
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Fig. 87. Structures of potent cholinesterase/AfB-aggregation dual inhibitors.

Fig. 88. Representation of compound 223 having interaction with AChE [160].
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Fig. 89. Depiction of design of tetrahydroisoquinoline-benzimidazole hybrids.
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excellent inhibitory activity towards AChE and BuChE was exhibited by
fluorobenzo[d]thiazol-2-yl)ethanamine [194]. In this context, multi-
substituted thiazoles from 1,3-disubstituted thiourea analogs were en-
gineered and subsequently in silico cholinesterase inhibitory activity
was determined [195].

Moderate AChE inhibitory values were observed for synthesized
compounds compared to reference compounds donepezil and galanta-
mine. Among the evaluated derivatives 280 (ICso = 1.03 *= 0.06 pM)
and 281 (IC50 = 1.69 = 0.08 uM) (Fig. 107) have exhibited compar-
able activity. Although these two compounds exhibited lower activity
compared to donepezil (ICso = 0.032 + 0.003 uM); they have com-
parable activity with that of ralantamine (ICso = 0.62 = 0.01 puM).
More than half of the synthesized compounds were as potent as done-

pezil (ICs50 = 6.41 *= 0.34 uM); two compounds 281
(ICsp = 0.75 + 0.08 uM) and 282 (ICso = 0.49 * 0.04 uM) (Fig. 107)
have yielded higher potencies than that of galatamine
(IC50 = 0.87 = 0.03 uM). Compound 280 with electron donating me-

thyl groups on phenyl rings was a selective AChE inhibitor and deri-
vative 282 with electron withdrawing —Cl atoms on phenyl ring shown
selective BuChE inhibitory activity. Whereas the compound 281 with
electron donating -CH3; moiety and electron withdrawing OCH; (ne-
gative inductive effect) acted as AChE/BuChE dual inhibitor.

Binding interactions of compound 280 (Fig. 108) in active site of the
AChE revealed sandwich type binding of 2-oxo-2-phenylacetyl group by
aromatic residues Tyr72, Tyr337 and Trp86 through m-m stackings. In
continuation, s-; interactions were also formed by the 2-methyl ben-
zamide moiety with amino acid Trp86. The p-tolyl-thiazol-2(3H)-imine
portion was found to be stacked active pocket center and attribute to
the potential activity of the compound 280.

3.6. Tricyclic fused ring system

A novel homodimer of tacrine with heptylene spacer, bis-tacrine
(283, Fig. 109) was reported as dual binding site inhibitor. Bi- and
tricyclic fused ring systems entailing quinolizidinyl moiety have been
designed as acetylcholinesterase inhibitors [196]. Similarly phe-
nothiazine and phenoselenazine derivatives 284 and 285 were potent
towards cholinesterases [197]. Taking consideration of all these choli-
nesterase inhibitors, novel tricyclic fused ring derivatives were de-
signed as ChE inhibitors [198].

The tricyclic fused ring derivatives have been allowed to inhibit
cholinesterases using donepezil and tacrine as reference compounds.
Tricyclic analog 286 (Fig. 110) in which desloratadine tethered to
carbazole moiety by hexylene chain has shown potent AChE and BuChE
inhibitory activities with ICsy values 0.10 = 0.009uM and
4.3 = 0.08 pM. Both AChE and BuChE inhibitory activities were en-
hanced by substitution of carbazole with indanone moiety for the
compound 287 has resulted into most potent cholinesterase activity.
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Fig. 91. Structures of prominent BACE1 inhibitors.

The inhibitory activities of derivative 287 with ICso values
0.09 + 0.003 uM and 1.04 = 0.08 uM towards AChE and BuChE re-
spectively were comparable with that of donepezil (AChE:
IC50 = 0.05 * 0.01 uM, BuChE: IC5q = 5.4 = 0.27 uM) and tacrine
(AChE: ICsp = 0.4 = 0.019puM, BuChE: ICso = 0.06 * 0.009 uM).
Remaining compounds have exhibited weak to moderate inhibitory
activity.

The most potent eeAChE inhibitor 287 (Fig. 111) established H-
bond and st interactions with key amino acid residues in molecular
docking studies. Where as, the carbonyl group of tricyclic indanone ring
formed H-bond interactions with catalytic triad residue Ser200. Fur-
ther, phenyl ring at 4-position has interacted with Trp84 via m-m
stacking.

3.7. 3-(4-Aminophenyl)-coumarin derivatives

The schiff base scaffolds comprising triazole ring, uracil moiety and

Donepezil
—_——> HO

OH
231

aryl methanesulfonate derivatives have been reported as prominent
AChE and BuCheE inhibitors [199,200]. Coumarin and benzylpiperidine
were set into single molecular frame to afford benzylpiperidine deri-
vatives as inhibitors of cholinesterases [171]. Hence, focus was put into
design and preparation of 3-(4-aminophenyl)-coumarin derivatives
[201].

Although, most of the evaluated molecules have not shown sig-
nificant AChE inhibitory activity; some derivatives had moderate ac-

tivity and in particular naphthalene analog 289
(ICs0 = 0.128 =+ 0.011 uM) (Fig. 112) has relatively good activity yet
tenfold less potent compared to donepezil (IC5o = 0.012 *= 0.001 pM).

4-Chloromethylene phenyl analog 288 was found to be strongest AChE
inhibitor (ICso = 0.091 * 0.011 uM). Approximately half of the syn-
thesized derivatives were descent BuChE inhibitors. 3-Fluoro phenyl
derivative 290 (ICso = 0.905 = 0.081 pM) and 4-fluoro phenyl analog
291 (ICso = 0.559 = 0.017 uM) (Fig. 112) were potent BuChE in-
hibitors; where in compounds 290 and 291 have shown twofold and

Optimal linker |~y N—:

232

Fig. 92. Demonstration of design of donepezil-butylated hydroxytoluene analogs.
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Fig. 93. Structures of donepezil-butylated hydroxytoluene hybrids possessing significant cholinesterase inhibitors.

fourfold higher potencies than that of

(ICsp = 2.665 * 0.015 uM).

donepezil

3.8. Biphenyl-3-oxo-1,2,4-triazine conjugated piperazine derivatives

1,2,4-Triazine was reported as attractive moiety towards potential
AChE inhibitory activities [202,203]. The literature so far indicated
that vicinal biaryl-1,2,4-triazine derivatives 292 could modulate cho-
linesterase activity through intrinsic antioxidant property [204]. 3-
Thioalky-5,6-biaryl-1,2,4-triazine scaffolds 293 (Fig. 113) possess the
capability to suppress ROS generation and induce oxidative stress-in-
duced cell death [205]. Despite the lower AChE inhibitory activity of
piperazine motif; its derivatives have been reported to have substantial
neuroprotective activity [206]. All these consequently led to design of
1,2,4 triazine derivatized piperazine derivatives [207].

Triazine derivatives were analyzed for anti-ChE activity using do-
nepezil as reference compound. Except few derivatives, most of the
synthesized molecules were descent AChE inhibitors. Significant ac-
tivity exhibited by the triazine derivatives was provided in Table 15.
Almost comparable potencies were shown by the 4-methoxy benzyl
analog 298 and simple benzyl derivative 299 (Fig. 114) with that of
donepezil. Three carbon spacer tethered by biaryl triazine and piper-
azine moiety on either sides was more beneficial in both AChE and
BuChE inhibitors which was inferred by the potent cholinesterase in-
hibitory values.

In spite of the best AChE inhibitory activity of the synthesized de-
rivatives; most of them were inactive towards BuChE. Only a few de-
rivatives have exhibited comparable activity. Particularly compound
benzylpiperidine derivative 299 (ICso = 4.6 *+ 0.19 pM) and 4-fluor-
obenzyl piperidine scaffold 301 (IC5o = 5.2 + 0.19 uM) were almost
as potent as donepezil (ICso = 4.1 = 0.28 uM).

The molecular docking studies of significant AChE inhibitor 299
(Fig. 115) on AChE has shown following results. The polar interactions
were observed for compound 299 between benzylpeperidine and ami-
noacid residues His440 and Ser200. The derivative also forms -
stacking interactions and cation-m interaction with the Trp84. While the
cation quarternery nitrogen exhibited cation-w interaction with

O

236

HO

O
HO N
237
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Phe330, Phe331 and Phe334. Apart from this, 5t-nt stacking interactions
were also observed in between Trp279 and biaryl nucleus.

3.9. Indol-3-acetic acid-tacrine hybrids

Indol-3-acetic acid scaffolds 302 (Fig. 116) have been developed as
anti-AD compounds possessing weak to moderate cholinesterase in-
hibitory activity [208,209]. Potent anti-AD properties of indol-3-acetic
acid (IAA) analogs have paved to structural modification of tacrine with
IAA and design of new IAA-tacrine derivatives 303 [210].

All the synthesized derivatives have been allowed for AChE and
BuChE inhibitory evaluation where in tacrine was used as a positive
control. The synthesized compounds include two series of molecules;
indol-3-acetic acid linked to secondary amines/amides/alkoxide/es-
ters/sulfonates through alkyl chain form first series of derivatives and
the second set entails indol-3-acetic acid tethered to tacrine bridged
with alkyl chain. The first series of derivatives have shown inhibitory
activity neither towards AChE nor towards BuChE.

While most of the IAA-tacrine derivatives of second series have
managed to produce good AChE and BuChE inhibitory values compared
to that of tacrine. Compounds 304-308 (Table 16) have descent AChE
inhibitory activity among the competing inhibitors. The AChE in-
hibitory value of most potent inhibitor 306 possessing pentylene chain
(Fig. 117) was comparable to that of tacrine. Regarding inhibitory ac-
tivity towards BuChE, strongest inhibitory activity was observed for
compounds 304-306. Compared to tacrine, these compounds have very
high inhibitory values; particularly compound 305 with butylene chain
had approximately fivefold higher potency than that of reference
compound.

3.10. Uracil derivatives

5-Fluorouracil 307 (Fig. 118), a well-known antineoplastic drug has
been used for inhibition of thymidine phosphorylase. Likewise, fluor-
oxyuridine 308, a uracil analog was reported to treat malignant neo-
plasms of the liver and gastrointestinal tract and hepatic metastases.
Similarly, lymphatic malignancies which causes gastrointestinal and

Fig. 94. Structures of compounds showing sig-
nificant MAO inhibitory activity.
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239

Fig. 95. Structures of AChE (238) and MAO inhibitors (239 & 240).

bone marrow damage were treated by uramustine 309 [211,212]. Till
now uracil derivatives have utilized mostly for cancer treatment. Re-
searchers have investigated some reported uracil drugs for their choli-
nesterase inhibitory activity [213].

The uracil was derivatized at N;, Cs and Cg positions to afford the
various uracil analogs. These derivatives were tested for cholinesterase
inhibitory activities using neostigmine as reference compound. Few
compounds have exhibited comparable AChE inhibitory activity with
that of neostigmine; significant AChE inhibitory values for compounds
310-314 are given in Table 17. Compound 312 (Fig. 119) with p-to-
luene sulfonyl moiety at N; and bromo group at Csposition has ex-
hibited strong inhibitory activity; approximately 1.5 higher potency
than that of neostigmine. In case of inhibitory activity towards BuChE,
weak activity was seen for all most all derivatives. However the potent
AChE inhibitor 312 (ICso = 0.137 uM) was also a significant BuChE
inhibitor but 1.6-fold lower potent than that of neostigmine.

In the molecular docking studies of AChE/BuChE dual inhibitor 312
(Fig. 120), locates itself between aminoacid residues Serl25 and
Glu202 and forms descent H-bond interaction with Glu202 and m-m
stacking affinity with Trp86. Regarding BuChE, the aromatic rings have
formed m-;t stacking interaction with Trp82 and Tyr332; while uracil
ring has H-bonded with residues Glu197 and His438.

4. Monoamine oxidases

Monoamine oxidase (MAO) enzymes comprise of flavin adenine
dinucleotide (FAD) which exist as two different isoforms (MAO-A and
MAO-B) [214]. MAOs were reported to have prominent role in treat-
ment of AD and regulate xenobiotic amine and monoamine neuro-
transmitters. Usually the AD patients express symptoms related to de-
pression [215]. MAO-A inhibitors were reported as significant
antidepressants and therefore used to treat parkinson disease and AD
[216]. Since MAO-Bs were the culprits responsible for the increased

CH,
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Table 12

Cholinesterase inhibitory values of tacrine-coumarin hybrids.

N7
N
X NN % {
R
Compd n R X AChE (ICsp, pM) BuChE (ICsp, pM)
243 1 H H ns 0.032+0.011
244 1 H ClI 0.056+0.011 ns
245 1 Me CI 0.027 £0.009 ns
246 2 H H 0.046+0.021 ns
247 2 H Cl 0.044+0.014 0.060 + 0.004
248 2 Me H 0.066=0.005 0.078 +£0.010
249 2 Me CI 0.068 +0.009 ns
250 3 H H 0.095+0.014 0.006 + 0.002
251 3 H CI 0.052+0.026 0.070 £ 0.016
252 3 Me H 0.050+0.033 0.038 + 0.004
253 3 Me CI 0.039- +0.021 ns
Tacrine 0.048 « £0.011 0.010 + 0.004
Donepezil 0.039 « +£0.097 8.416 « £0.628

ns - not significant.

Fig. 96. Structures of significant AChE in-
hibitors.
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BuChE inhibitory values of benzofuran carboxamide-benzyl-
pyridinum salts.
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BuChE
254 H 3-CHs Br 0.11+0.01
255 H 2-NO2 Br 0.15+0.01
256 H  2-F,6-NOz2 Br 0.054+0.002
257 OCHs 2,4-diCl1 Cl 0.18£0.01

Donepezil - - - 54+£0.1

expression of y-secretase and f-secretase and improvement of Af-pla-
ques [217], inhibition of MAO-Bs would aid in AD treatment.

4.1. 3-(E)-Styryl-2H-chromene derivatives

Pharmacological significant structural moiety chromone, a struc-
tural analog of chromene was reported for its potent MAO inhibitory
property [218,219]. (E)-Styrylisatin [220] and (E)-8-styrylcaffeine
[221], structurally related derivatives of resveratrol were report to
possess inhibitory effects on MAOs. Thus having confirmed the anti-AD
properties of chromene and styryl derivatives, both moieties were fit
into single molecular frame to afford a series of 3-(E)-styryl-2H-chro-
mene derivatives [222].

Pargyline is used as a positive control for MAO inhibitory activity of

/Y\
N=N'Nﬂ‘7'3”\o /

250
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Fig. 97. Structures of excellent inhibitors of
cholinesterase.

Fig. 99. Interaction of most potent BuChE inhibitor 256 in BuChE active site
[174].

styryl-chromene scaffolds at 10 uM. No single compound of the eval-
uated derivatives has shown good MAO-A inhibitory properties. Except
few derivatives, all the synthesized molecules were successful in in-
hibiting MAO-B (Table 18); these derivatives have far higher potency
compared to pargyline.

Among the significant MAO-B inhibitors with ICs, values
0.010-0.048 uM, compound 316 (Fig. 121) possessing simple chromene
linked to p-fluoro styryl moiety was the strongest MAO-B inhibitor with
22 times higher potency compared to pargyline. Similarly, compound
319 having 7-methoxy chromene tethered to 4-fluoro styryl structural

0 g5 NO; 0
H H
O N NS €O 0 N SN OCH;
I /N
F
256 258
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HsCO 0 \ N r
;
=
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Fig. 98. Structures of potent cholinesterase inhibitors.
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Fig. 100. Structures of significant inhibitors of ChEs.
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Fig. 101. Depiction of binding mode of compound 260 in BuChE active site
[178].

unit was also having significant inhibitory activity; where in its activity
was fifteen-fold higher potency than that of pargyline. Small and highly
electronegative fluoro group at 4-position of styryl moiety in compound
316 has rendered the strongest activity. However introduction of
methoxy group at 7-postion of chromene in case of compound 319 has
resulted in abated inhibitory activity. All the synthesized 3-(E)-styryl-
2H-chromene derivatives were exclusively selective MAO-B inhibitors.

4.2. Isoprenyl-resveratrol dimer derivatives

Resveratrol, a polyphenol analog has been used in the treatment of
AD [223] and it could interfere with the formation of A and improve
antioxidant activity [224]. Resveratrol was found in oligomeric forms
in which trans-veniferin 325 (Fig. 122) has higher potency than that of
resveratrol. It has been reported that natural products possessing iso-
prene moiety have good pharmacological properties in addition to an-
tioxidant properties [225]. In this regard isopentadienyl derivatives
exhibited higher potencies towards anti-inflammation and antioxidant
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activity compared to resveratrol [226,227]. These findings led to the
design of resveratrol appending to the isoprene structural unit [228].

The synthesized molecules were screened for htMAO-A and hMAO-B
inhibitory properties using iproniazid as a reference compound. In the
hMAO-A activity weak, moderate and potent activities were observed
for various tested molecules; approximately half of them have com-
parable inhibitory activity. Particularly the best inhibitory activity to-
wards MAO-A was displayed by compound 326 (Fig. 123) with ICso
value 2.60 * 0.04 uM which is threefold higher potent than that of
iproniazid (IC50 = 6.85 = 0.33 uM) and derivative 327
(ICs0 = 8.12 = 0.05 uM) was one of the significant MAO-A inhibitors.
In case of MAO-B inhibitory activity, every tested derivative was a
significant inhibitor. Except one compound, all other compounds have
elicited greater potency than that of iproniazid
(ICs0 = 8.35 = 0.46 uM); particularly compounds 326
(ICso = 0.92 = 0.11puM) and 328 ((ICso = 1.90 + 0.65puM) were
most active molecules with ninefold and fourfold higher inhibitory
activities respectively in comparison with iproniazid.

4.3. Lazabemide derivatives

Most of the MAO inhibitors have been successful only up to the
stage of in vitro activity screening [229]; few drugs namely moclobe-
mide, isoniazid 329, isocarboxazid 330, lazabemide 331, and safina-
mide (Fig. 124) were successful up to usage level. MAO inhibitory ac-
tivity in all these molecules was attributed to the amide functionality
present in them [230]. This very statement triggered to design the novel
lazabemide derivatives with amide groups [231].

Rasagiline and moclobemide were used as reference compounds for
determination of MAO inhibitory properties of the synthesized lazabe-
mide derivatives. The reference compound rasagiline itself was having
larger ICsq value (401.32 = 3.11 uM) and compared to it, most of the
tested derivatives were MAO-A active. However in comparison with
moclobemide (ICso = 6.30 + 0.12 uM), most of the evaluated deriva-
tives were weak inhibitors; a few derivatives namely hydroxyethylene
moiety tethered to p-chloro benzamide 333 (IC5p = 7.49 = 0.10 uM),
hydroxylbutylene analog 334 (ICso = 3.12 = 0.05 uM) and aminobu-
tylene derivative of p-chloro benzamide 335 (ICso = 5.04 *= 0.13 pM)
(Fig. 125) have potencies that could reach inhibitory activity of mo-
clobemide. Increase of two methylene units in compound 233 affording
234 which resulted in doubling of activity. However, replacement of
hydroxy group by amine for derivative 335 led to slightly reduced
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Fig. 102. Structures of prominent cholinesterase inhibitors.
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Fig. 103. Demonstration of binding interaction of compound 266 in hBuChE
active site [179].

activity. The significant MAO-A inhibitors were p-chlorobenzamide
derivatives; the significant activity was decreased upon substitution of
p-chlorobenzamide with m-chloropyridine motif. The resulted deriva-
tives were MAO-B inhibitors where in the inhibitory selectivity has
shifted from MAO-A to MAO-B. Approximately half of the evaluated
derivatives have shown descent MAO-B inhibitory activity compared to
moclobemide (ICso = 783.31 = 3.28 uM). While moderate to poor

activity = was  observed when compared to rasagiline
(ICso = 10.36 * 0.21 uM). Among the good inhibitors, compound 336
(ICso = 12.78 + 0.34puM) and 337 (ICso = 5.04 + 0.06 uM) ex-

hibited higher potencies. Similar to the MAO inhibitors, even in MAO-B
inhibitors (336 and 337) increased alkyl chain length has doubled the
inhibitory activity.
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4.4. 4(3H)-Quinagolinone derivatives

Quinazolinone scaffolds have been investigated to possess wide
range of biological activities and substituted quinazolinone derivatives
have MAO and AChE inhibitory properties [232]. Hydrazine and pyr-
azoline containing quinazolinone analogs 338, 339 (Fig. 126) have
been possessed good MAO inhibitory potencies [233]. Accordingly,
descent MAO inhibitory properties were possessed by 4(3H)-quinazo-
linone moieties [234-238]. Some representative MAO inhibitors in-
clude quinazolinone derivatives 340-342 (Fig. 126). In order to in-
vestigate the better MAO inhibitory properties of quinazolinone moiety,
6-mono- and N3/Ce-disubstituted derivatives of 4(3H)-quinazolinone
were engineered [239].

The synthesized quinazolinone scaffolds were allowed to inhibit
MAO-A and MAO-B using toloxatone and lazabemide as reference
compounds. The designed molecules include two series of derivatives
namely; Ns-substituted quinazolinone analogs and N3- & Cg-di-sub-
stituted derivatives. Both the series of quinazolinone scaffolds have not
exhibited any inhibitory activity towards MAO-A. Even in case of MAO-
B inhibitory activity, most of the derivatives were inactive. However,
only a few derivatives have shown weak to moderate activity. To
mention, p-fluoro benzyl motif of compound 343
(IC50 = 0.685 *+ 0.013uM) and p-cyano benzyl derivative 344
(ICs0 = 0.847 =+ 0.078 uM) (Fig. 127) of N3- & Cg-substituted quina-
zolinone series were most potent MAO-B inhibitors among the com-
peting inhibitors; yet the activity displayed by these compounds was
approximately one-tenth of the inhibitory activity of lazabemide
(ICs0 = 0.091 uM). Hence, the synthesized molecules possess MAO-B
selectivity. The inhibitory results inferred that di-substitution was
crucial for MAO-B inhibitory activity. Highly negative inductive effects
of fluoro and cyano groups at 4-position have contributed to the good
inhibitory values.

The interaction of potent MAO-B inhibitor 373 was checked with
molecular docking studies (Fig. 128). H-Bond has occurred with Thr201
in the entrance cavity of substrate. A large number of pi-interactions are
noticed with amino acid residues Tyr398, Tyr326, Ile199, Cysl172,
Leul71 and Leu88. Potential steric repulsion is observed between
Tyr326 and quinazolinone carbonyl functionality.
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Fig. 104. Structures of potent AChE inhibitors (267 & 268) and BuChE inhibitors (269 & 270).

4.5. Chalcone analogs

Some chalcone derivatives were developed and reported to possess
reversible selective MAO-B inhibitory properties. The effect of in-
troduction of benzodioxol ring into the chalcone molecule appended
with various substituents has been demonstrated [240]. In this regard, a
series of chalcone scaffolds have been engineered and prepared [241] in
order to get better reversible inhibitory properties.

hMAO Inhibitory activity of the designed chalcone derivatives was
determined using pargyline and (R)-deprenyl as positive controls.
Observation of inhibitory activity results revealed that most of the
tested compounds have good MAO-B inhibitory properties. Out of these
descent inhibitors, seven derivatives 345-351 (Table 19) have ex-
hibited potent activity at nanomolar concentration. All the potent de-
rivatives (except compound 345) depicted in Table 19 have higher
potencies compared to (R)-deprenyl; especially the derivative 348
(Fig. 129) with 4-chloro moiety on benzoyl benzene benzene ring and
4-NO, attached to benzene of -carbon was bestowed most significant

Fig. 106. Docking analysis of compound 273 on AChE [188].

s NH N_
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Fig. 105. Illustration of structures of p-aminobenzoic acid derivatives as potent cholinesterase inhibitors.
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Table 14
Structures and their inhibitory values of benzoxazole derivatives.
Compd Structure 1Cso (M) = SEM
AChE BuChE
276 0.842 + 0.042 3.54 + 0.10
Oy
O/\©\ =z ]
X
277 Q\ 0.363 = 0.017 2.29 = 0.09
N
\
278 Q\ 0.807 = 0.04 2.74 = 0.10
N
\
O
279 0.723 = 0.03 4.71 = 0.13
N OH
OO
o
Donepezil 0.04 = 0.01 15.24 + 0.88
CH; CH;
O/)N\OCH3 O, /7N O OCH;
N N
ST °N ST ON
O O
280 281
O
0 — Cl
Cl S. N
\’r
N
Cl
O
282
Fig. 107. Demonstration of structures of prominent cholinesterase inhibitors.
result with twofold greater MAO-B inhibitory value than that of (R)- (ICso = 0.149 + 0.011 pM) and derivative 352 (ICs50 =

deprenyl. Replacement of either 4-Cl or 4-NO, has led to reduced ac-
tivity indicating that best binding of chalcone to MAO-B occurs when
the two benzene rings attached with —Cl and —NO, at para-positions.

Whereas, inhibitory activity towards MAO-A was not shown by
some derivatives. However, descent inhibitory activity was also ob-
served for few derivatives; amongst them compound 348
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0.173 = 0.003 uM) (Fig. 129) were most prominent MAO-A inhibitors.
Unlike the MAO-B inhibitors, chalcone scaffolds with 1,3-dioxolane
fused at 3,4-positions of benzoyl benzene ring and electronegative
elements (—Cl/Br) at 4-position of benzene appended to $-carbon have
results with the best inhibitory values. MAO-A Selectivity was observed
in these derivatives. However compound 353 is found to be MAO-A/
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Fig. 108. Representation of binding mode of compound 280 with AChE [195].

MAO-B dual inhibitor with ICso value 0.050 *+ 0.002 uM towards
MAO-B.

The potent MAO-B inhibitors 348 and 352 investigated for their
molecular binding studies in MAO-B active site (Fig. 130). In this study,
Tyr398 and Tyr435 along with FAD, formed an aromatic cage. Amino
acid Ile199 functions as gateway between entrance and substrate-
binding pockets via open or closed conformation poses. Tyr398 and
Tyr435 amino acid residues formed binding interactions with electron-
deficient aromatic rigs of chalcone. Carbonyl oxygen exhibited H-bond
with Cys172 of MAO-B active site.

4.6. Thiazole analogs

A large number of thiazole compounds have been designed for their
potent MAO inhibitory properties. Some researchers demonstrated ar-
ylidene-hydrazinyl-thiazole containing thiazoles 353 (Fig. 131) as sig-
nificant MAO inhibitors [242,243]. Hydrazinyl-thiazole scaffolds were
suggested to be enzyme inhibitors [244-246]. Recently, benzylidene-
hydrazinyl-thiazoles have been designed and determined their MAO
inhibitory activity [247]. These findings have inspired to design new
series of benzylidene-hydrazinyl-thiazole analogs [248].

Benzylidene-hydrazinyl-thiazole derivatives were allowed to inhibit
the MAOs using moclobemide and selegiline as reference compounds.
All the synthesized molecules were active towards both MAO-A and
MAO-B enzymes. The derivatives have exhibited strong MAO-A in-
hibitory activity in the range ICso = 0.123-0.849 uM. The most potent
inhibitors include compound 354 (ICso = 0.134 = 0.004 pM) where in
3,4-dihydroxy benzene appended to thiazole, 4-methyl piperidine
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attached at 4-position of benzylidene-hydrazinyl motif and 355
(ICsp = 0.123 = 0.005 uM), 3-methyl analog of 354 (Fig. 132). The
significant inhibitors 354 and 355 have shown 49-fold higher potency
than that of moclobemide (ICsy = 6.054 = 0.174 uM). All the eval-
uated compounds have exhibited moderate activity towards MAO-B.
The very same potent MAO-A inhibitors 354
(ICso = 0.027 = 0.001 pM) and 355 (ICso = 0.025 + 0.001 uM) con-
tinued their legacy even towards strong inhibition of MAO-B also. These
inhibitors were 1.5 times higher potent compared to selegiline
(IC50 = 0.039 £ 0.001 uM). The efficiency of MAO inhibitory activity
was at its peaks with the presence of strong electron donating hydroxy
groups at 3,4-postions of benzene attached to thiazole.

The molecular binding studies were conducted for MAO-A/MAO-B
inhibitor 355 (Fig. 133) in MAO-A enzyme active site. Compound 355
has resulted s-;t interaction with Tyr444; while hydrazine N1 has
formed a H-bond with Tyr444. The —OH group of compound 355 has
interacted with amino acid residue Lys305. Van der waals interactions
are observed with residues such as Tyr60, Phe99, Phel03, Prol04,
Trpl19, Leul64, Leul67, Phel68, Leul71, Cys172, 11e198, Ser200,
Gln206, Leu328, Tyr398 and Tyr435. Also, electrostatic interactions are
noticed with amino acids Phe103, Leul67, Leul71, Ile198, Tyr326 and
Leu328.

Where as, in the molecular binding properties with MAO-B active
site, phenyl ring next to the piperidine has an interaction with Tyr326
via n- © stacking. Thiazole ring and Tyr398 are in good interaction
through st-it stacking. 3-OH Group has formed two H-bonds with Ser59
and Tyr60; while 4-OH group has interacted with Gly434 via H-bond.
Besides, compound 355 has Van der waals affinities with Gly58, Ser59,
Tyr60, Phel03, Trpl19, Leul64, Leul67, Phel68, Leul71, Cysl72,
11e198, 11e199, GIn206, Ile316, Tyr326, Phe343, Tyr398 and Tyr435
residues.

5. Amyloid beta-aggregation inhibitors

According to amyloid hypothesis, main cause of AD was formation
and aggregation of the f-amyloid peptide [249,250]. As a consequence
of enzymatic cleavage of the amyloid precursor protein (APP) by
BACE1 and y-secretase, a neurotoxic peptide, A comprising 37-42
amino acids is formed; particularly A possessing 42 amino acids is
culprit for the cause of conditions such as neuron loss, neuroin-
flammation, oxidative stress, cognitive and psychological ailments.
Hence, reduction of AB in CNS could be a novel approach for AD
treatment [251,252]. Close relationship prevail in between PAS (per-
ipheral anionic site) of AChE and aggregation of Amyloid fibrils [253].

5.1. 2,3-Diaminopyridine analogs

Glycogen synthase kinase-3 (GSK-3) was one of hypothesis postu-
lated for cause of AD [254,255]. The activated GSK-3f impairs the in-
teraction  between tau proteins and microtubules by

@SD |O " O .
~
HsC.
N 3“9 =

H-,C
HN/\/\/\/\NH 3 W) HN\/\S/II"
N N HsC CH,4
283 284 285

Fig. 109. Structures of tricyclic analogs possessing cholinesterase inhibitory activity.



A. Dorababu

=N

. NVH;/N Q

286

Bioorganic Chemistry 93 (2019) 103299

287

Fig. 110. Structures of significant tricyclic cholinesterase inhibitors.

Ser200

Fig. 111. Depiction of binding interactions of compound 287 with eeAChE
active site [198].

hyperphosphorylating the tau protein and subsequently resulting into
neurofibrillary tangles and it ultimately leads to neuronal cell death
[256]. GSK-3p is also responsible for increased activity of BACE1 which
is one of the culprits for A formation [257,258]. Hence, inhibition of
GSK-3B would pave to an effective way for AD treatment. Also, in-
hibition of metal-induced A accumulation is one of the approaches for
clinical treatment of AD.

The compound 356 (Fig. 134), possessing pyrrolopyridinone moiety
has been reported to have potent GSK-3f inhibitory properties [259]. In
this regard, novel GSK-3f inhibitors were designed by incorporating N-

Oy
H,cO O )—@—cn—w
o) o)

288

290
Fig. 112. Illustration of structures of significant AChE and BuChE inhibitors.

46

(pyridine-2-yl)cyclopropanecarboxamide structural unit [260]. Totally
three series of 2,3-diaminopyridine scaffolds were designed in which 2-
aminopyridine was linked to N-(pyridine-2-yl)cyclopropanecarbox-
amide by amide moiety 357/imine 358/methylene amine 359
(Fig. 135).

The designed derivatives were screened for GSK-3f inhibitory ac-
tivity wherein staurosporine was used as a positive control. Although
three series of N-(pyridine-2-yl)cyclopropanecarboxamides have been
tested for the inhibitory activity; only the derivatives where in 2-ami-
nopyridine moiety linked N-(pyridine-2-yl)cyclopropanecarboxamides
have shown significant GSK-3f inhibitory effects. Amongst them the
compound 360 (ICso = 71 * 4.6 uM) possessing simple 2-aminopyr-
idine, 5-phenyl-2-aminopyridine analog 361 (ICso =49 *= 3.2 uM)
and, 5-pyridine-2-aminopyridine analog 362 (ICso = 38 + 2.8 uM)
(Fig. 136) were noteworthy molecules. The imine linker has provided
beneficial factors for inhibition of GSK-3f. Imine linker and pyridine
ring at 5-position of 2-aminopyridine of compound 362 have sy-
nergistic effect in GSK-3f inhibitory activity and its activity was com-
parable with that of reference staurosporine (ICso = 24 * 3.0 uM).

The potent GSK-38 inhibitors 360, 361 and 362 have been hy-
pothesized to have good Af aggregation inhibitory activity and chosen
for that particular inhibitory activity. There was no effect of the tested
compounds on Af aggregation and disaggregation in control test.
Whereas in Cu®*-induced AB,.4, aggregation, descent inhibitory effects
were observed. In comparison with reference clioquinol (38.8%), the
compounds 360, 361 and 362 have inhibitory percentages 24.3%,

H
OOO
OO

o O

291
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Table 15
AChE inhibitory values of 5,6-biaryl-1,2,4-triazine deri-
vatives.
I /N °N /HF N
o
AChE
Compd n R -
1Cso (uM)
294 2 -CH(CsHs)2 0.5+0.04
295 2 -CH2C6Hs 0.5+0.04
296 3 4-NO2CsHs 0.5+0.02
297 3 4-F-CeHs 0.4+0.03
298 3 4-OCHsCeéHs  0.3+0.03
299 3 -CH2C6Hs 0.2+0.01
300 4  4-OCHsCeHs  0.5+0.03
Donepezil 0.1+0.01

63.0% and 33.8% respectively. The compound 361 was found to be
relatively strong Af;.4» aggregation inhibitor than that of clioquinol.
Likewise the same compounds were allowed to disaggregate Cu®*-in-
duced Af;_4o aggregation; where in the evaluated derivatives 360, 361
and 362 have shown 42.5%, 66.1% and 50.9% disaggregation rates,
respectively compared to clioquinol (34.9%). Even in this activity the
compound 361 managed to be most potent inhibitor.
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Fig. 113. Structures of 5,6-biaryl-1,2,4-triazine
scaffolds with anti-AD properties.

Fig. 115. Docking of compound 299 with active site of AChE [207].

In the molecular docking studies of compound 362 (Fig. 137) with
GSK-3p, the pyridine nitrogen and amide hydrogen of N-(pyridin-2- yl)
cyclopropanecarboxamide moiety have good interactions with Vall35
via hydrogen bonds. The pyridine nitrogen of 2,3-diaminopyridine
motif has exhibited another hydrogen bond with Lys85. Besides this, 5-
(4-pyridyl) moiety has shown good interaction with Phe67 through
hydrophobic and z:-m stacking. These prominent interactions have
contributed to potent GSK-3f activity.
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N

O
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Fig. 114. Demonstration of potent triazine-piperazine scaffolds towards ChEs.
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Table 16
Cholinesterase inhibitory activity of IAA-tacrine deri-
vatives.

Compd n ICs (M)
AChE BuChE
304 3 0395+0.010 0.076+0.004
305 4 0.264+0.008 0.057+0.008
306 5 0.173+£0.012 0.066 +0.003
307 6 0.376+0.022 0.246 +0.028
308 7 0.353+£0.003 0.150+0.021
Tacrine  0.158 +£0.021 0.268 +£0.037

5.2. 2-Substituted-8-aminoquinoline derivatives

Since excess copper ion concentration in the brain is responsible for
the formation of Cu-amyloids; there is urgent need for scavenge of Cu®*
trapped in amyloids by organic ligand chelation and thus the process
would be an effective approach for AD treatment. Recently research has
been going towards the discovery of organic ligands to chelate metal
ions from Cu-amyloids [261,262] and thus restoring metal homeostasis
in AD-brain. Bidentate ligands clioquinol and PBT2 could not be used
for copper chelation as they form ternary complexes with Cu-amyloids
[263,264]. However tetradentate ligands of the PA1637 series were
described as copper homeostasis regulators and inhibitors of ROS pro-
duction inhibitors induced by Cu-amyloids. All these have inspired the
researchers to design new series of 2-substitiuted-8-aminoquinoline
scaffolds [265].

Among the various 8-aminoquinoline derivatives, the compounds
363-366 (Fig. 138) have shown prominent chelation activity
(Table 20). The activity of the compounds particularly 6,8-dichloro
aminoquinolines 363 and 366 have exhibited best activities towards
both Cu®>* and Zn** ions.

5.3. Sarsasapogenin-triazolyl hybrids

Few natural products were reported to play significant role in drug
discovery and development. For instance, heparzine A 367, a

HN

\/\NJ\
/ Qj/\”/ \H/” R = secondary amine/amide/

alkoxide/esters/sulfonates
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Fig. 116. Structure of potent AChE inhibitor
(302) and illustration of design strategy (303).

lycopodium alkaloid was recognized as reversible acetylcholinesterase
inhibitor [266]; curcumin and resveratrol could be included in the ca-
tegory of ApB-aggregation inhibitors [267,268]. Catechins, namely epi-
gallocatechin-3-gallate 368 present in green tea in the phase III clinical
trial of AD treatment [269]. Sarsasapogenin 369 (Fig. 139), an active
ingredient of Rhizoma Anamarrhenae has been reported to possess Af
inhibitory properties [270]. In addition to this, significant neuropro-
tective activities were exhibited by sarsasapogenin analogs with sub-
stituted 3-carbamate and 26-amino acid methyl ester groups [271].
Also, a series of 3-benzyloxy scaffolds of 26-amino acid methyl ester
substituted sarsasapogenin derivatives reported to have prominent
neuroprotective effects than that of sarsasapogenin [272]. Studies have
reported that triazole derivatives can bind to enzymes and exhibit anti-
AD properties, particularly inhibition towards AB-aggregation [273].
Thus, the promising sarsasapogenin was derivatized with pharmacolo-
gical important triazole to afford hybrid molecules [274].

The derivatives were engineered such that the pyran motif of sar-
sasapogenin was substituted by arylalkyl triazole through alkylamide
spacer on one end and benzylation of hydroxy group on the other end of
sarsasapogenin.

AB-Aggregation inhibitory activity of sarsasapogenin-triazole deri-
vatives was determined using curcumin and sarsasapogenin as re-
ference compounds. Most of the designed derivatives have shown
higher potencies compared to curcumin (55.87 * 3.57%). Particularly,
p-methoxybenzyl derivative 370 (84.74 + 1.25%) and 2-methylene
thiazole analog 371 (75.06 = 2.42%) (Fig. 140) were most potent
compounds; their inhibitory percentages were far higher than that of
curcumin. The 4-methoxybenzyl and 2-methylene thiazole structural
units attribute to the beneficial effects on Af-aggregation inhibitory
activity.

6. BACE1 inhibitors

Sequential proteolytic cleavage of APP at the f-site a transmem-
brane aspartyl protease, BACE1 and y-secretase leads to the generation
and release of amyloid beta protein, A peptide in the brain [275].
Amyloid-beta comprising 40 or 42 amino acid residues needs two se-
quential cleavages of the APP. Initially, soluble extracellular fragment
and a cell membrane-bound fragment, C99 were produced on APP
cleavage by BACE1. Further, C99 cleavage by y-secretase within its
transmembrane domain generates the intracellular domain of APP and
finally produces Af. Therefore, inhibition of amyloidogenic secretases
particularly BACE1 would be an attractive target for AD treatment.
Studies report that BACE1 inhibitors exhibit great potentiality in re-
ducing concentration of Af in brain [276].

N Fig. 117. Structure of most potent BuChE in-
| A hibitor (305) and AChE inhibitor (306).
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Fig. 118. Structures of uracil derivatives.
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Table 17
AChE inhibitory values of significant uracil derivatives.
)
Ri [ NH
Ry ’T‘/&O
Rs
ICso (M)
Compd Ri R; R3 -
AChE
310 H H COCH3 0.136
311 Br H H 0.151
312 Br H SO2PhCH;3 0.088
313 Br H SO.CH3 0.111
314 H CHs H 0.191
Neostigmine 0.136

CH;
312

Fig. 119. Structure of uracil analog possessing potent AChE and BuChE in-
hibitory activities.

6.1. Thiophenyl-triazine derivatives
The small molecules such as acyl guanidine, aminoimidazole,

amino/iminohydantoin, aminothiazoline, aminooxazoline and 2-ami-
nopyridine have been developed as potential BACE1 inhibitors to
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combat AD [277,278]. In spite of the demand of potential drugs for AD
treatment, dithiophene and 1,2,4-triazine derivatives 372 (Fig. 141)
were designed and tested for BACE1 inhibitory potential [279]. The
1,2,4-triazine was appended to substituted aryl group via hydrazine
linker at 3-position and thiophene rings at 5- & 6- positions.

BACE1 inhibitory activity was performed using reference com-
pounds OM99-2 and quercetin. Most of the evaluated derivatives were
inactive towards BACE1l. However, few derivatives shown weak ac-
tivity; particularly 2,4-dihydroxyphenyl derivative 373
(ICs0 = 0.91 = 0.25uM) and indole analog 374
(ICs0 = 0.69 = 0.20 uM) (Fig. 142) have some significant activity yet
65-fold and 50-fold lower activity respectively compared to OM99-2
(ICsp = 0.014 = 0.003 pM). The BACE1 inhibitory activity indicated
that 2,4-dihydroxyphenyl and indole motifs in combination with di-
thiophene moiety could form the best interaction with BACE1. Espe-
cially the triazines with aryl group possessing electron withdrawing
substituents have hardly exhibited any inhibitory activity. But com-
pound 373 with lower ICs, value elicited 100% inhibitory percentages
both at 50 uM and 10 pM concentrations; while the compound 374 has
revealed 100% inhibition at 10 pM.

Molecular binding studies of compound 373 with BACE1 (Fig. 143)
revealed best results; wherein, the two hydroxy moieties of dihydrox-
yphenylhydrazone of compound 373 has formed two H-bond interac-
tions with Phel08 and GIn73. In addition to these, H-bond affinities
were observed for 1,2,4-triazole and hydrazinyl linker with amino acid
residues such as Asp32 and Asp228.

6.2. Fluoro-bengimidazole derivatives

Benzimidazole scaffolds have been demonstrated to have anti-AD
properties. Accordingly, fluoro-benzimidazole derivatives were syn-
thesized and their BACE1 inhibitory activity was determined [280]. The
evaluated molecules have shown weak to moderate activity. Out of the
tested triazine scaffolds, compound 375 (ICso = 0.51 uM) (Fig. 144)
was found to be most potent BACE1 inhibitor. In spite of the best ac-
tivity of 375; it was further modified by substitution of 4-fluorobenzyl
motif at N;-position of benzimidazole to afford 376 with IC5o value
5.6 uM. Even though, the inhibitory activity of derivative 376 was not
greater than the parent compound 375 but relatively stronger than
those of remaining derivatives. In addition to this, the benzimidazole
analog 377 (ICso = 1.3 uM) with —CF3 at Cy-position of benzimidazole
was found to be descent BACE1 inhibitor.

7. Tau inhibitors

The tau protein composed of 441 amino acid residues found in large
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Table 18
MAO-B inhibitory values of chromene-styryl deriva-

tives.
R, ! (0]
R1
Rs

Compd Ry R2 3 M
MAO-B

315 H H H 0.041
316 H H F 0.010
317 H H Cl 0.021
318 OCHs H H 0.020
319 OCHs H F 0.015
320 H OCHs H 0.042
321 H OCH; 0.016
322 H OCHs (I 0.026
323 Cl H H 0.048
324 Cl H 0.019

Pargyline 0.22

quantities in neurons; generally bound to microtubules. Unlike to its
natural state, tau protein is mostly unfolded in solution [281,282].
Whereas in the diseases pertaining to neurological disorders, tau pro-
tein is aggregated leading to formation of amyloid fibrils [283]; that
subsequently results in AD. In other words the microtubules are stabi-
lized by tau protein in healthy brain. However, hyperphosphorylated
tau protein forms paired helical filaments which aggregate into neu-
rofibrillary tangles. Alzheimer was the first to report aggregation of tau
protein to form intracellular tangles.

0 H,CO 0
by L

316 - 317
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325

Fig. 122. Structure of trans-veniferin.

7.1. Pyridine-pyrimidine-benzamide analogs

Death-associated protein kinase (DAPK1) was described as pro-
mising target for neurodegenerative diseases [284,285]. DAPK1 was
believed to be involved in phosphorylation of tau protein. Hence, de-
sign and discovery of DAPK1 would be viable drug target [286].
Colony-stimulating factor 1 receptor (CSF1R) inhibition was shown to
reduce microglia-dependent neuroinflammation and neurodegenerative
diseases [287,288]. Alongside, CSF1R inhibitors have been reported to
inhibit tau protein transmission from neuron to neuron and thereby
reducing microglial-assisted neurotoxicity [289]. In order to inhibit tau
and subsequently combat AD, a set of pyridine-pyrimidine-benzamide
analogs 378 (Fig. 145) were designed and evaluated for their DAPK1
and CSF1R inhibitory activities [290].

The synthesized pyrimidine-benzamide derivatives displayed mod-
erate to descent CSF1R inhibitory activity to some extent. Few deriva-
tives namely; compound 379 (ICso = 0.12 + 0.003 uM) possessing
3,5-dimethoxybenzamide moiety at Cs-position, 4-methoxyphenoxy
motif at C4-postion and 4-morpholinophenyl on NH of 2-aminopyr-
imidine ring, 3-methoxybenzamide analog 380
(ICs0 = 0.78 = 0.04uM) and compound 381 (ICso = 0.15
+ 0.006 uM) (Fig. 146), 2-fluoropyridine analog of derivative 379
were notable CSF1R inhibitors. Combination of 3,5-dimethox-
ybenzamide, 4-methoxyphenoxy motif and 4-morpholinophenyl groups
have bestowed the compound 379 with most potent activity. The in-
hibitory percentages of compounds 379, 380 and 381 were

Fig. 121. Structures of significant MAO-B in-
hibitors.
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Fig. 123. Structures of molecules with most potent MAO inhibitory activity.
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Fig. 124. Structures of standard MAO-inhibitors.
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Fig. 125. Demonstration of lazabemide derivatives as MAO inhibitors.
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Fig. 126. Structures of potent MAO inhibitors.

95.34 + 1.28%, 91.85 + 1.31% and 77.94 * 0.52% respectively.

In case of DAPK inhibitory activity, most of the derivatives were
inactive. However few derivatives yielded significant results which in-
clude derivative 382 (ICso = 2.61 = 0.31 uM) (Fig. 147) bearing 3-
trifluoromethylbenzamide moiety at Cs-position, 4-methoxyphenoxy
motif at C4-postion and 4-morpholinophenyl on NH of 2-aminopyr-
imidine ring. While, the compound 383 (ICso = 2.69 = 0.21 pM), 4-
morpholinopyridine analog of 379 has shown similar potency as that of
compound 382. However the most potent DAPK inhibitory activity was
elicited by the compound 381 (ICsy = 1.25 * 0.35 uM). Compound
381 could be CSF1R/DAPK dual inhibitor as it was bestowed with
potent CSF1R and DAPK inhibitory values. Selectivity was reversed on
substitution of phenyl ring appended to amine NH of 2-aminopyr-
imidine with pyridine-5-yl from CSF1R to DAPK. Just slight reduction
in the size of atom and increase in electronegativity for C — N atom
substitution has completely varied its pharmacological activity.

Molecular docking of compound 383 (Fig. 148) with DAPK has re-
vealed some interesting facts. The dimethoxybenzoyl moiety has shown
interactions with Leul11l, Lys108 and Alal06. The amide carbonyl has
resulted hydrogen bond interaction with Leul11. The morpholine ring
was exposed to solvent exposure region whereas p-methoxyphenyl has
interactions with Asn243 and Glu239. Where as, in the flipped binding
mode, dimethoxyphenyl moiety of compound 383 has made interac-
tions with Leul9, Val27, Ala40, Glu94, and Ile160. Alongside these,
interaction of Lys42 and Aspl61 residues with pyrimidine ring was
observed.

8. Terpenoids

Terpenoids are versatile pharmacological agents reported to be
found in plants, microorganisms, insects and some marine organisms.
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Fig. 128. Illustration of binding interaction of derivative 343 in MAO-B active
site [239].

Terpenoids represent diverse set of natural products; and estimated to
be more than 80,000 structurally characterized terpenoids [291].

Terpenoids are produced via terpene synthases utilizing poly-
isoprenoid pyrophosphatses as substrates. Thereby formation of various
terpene skeletons such as mono-, sesqui-, di-, sester-, tri-, tetra-, and
polyterpenes. Structural diversity of terpenoids pave to the wide range
of biological applications viz., antimalarial and antitumor properties
and other prominent medicial properties.

8.1. Euphorbia dendroides L. latex

Plant extracts have been well characterized owing to their anti-
oxidant properties [292]. Alongwith plant extract, latex of the plants
has been reported to possess secondary metabolites such as alkaloids,

Fig. 127. Structures of MAO-B active quinazoli-
none derivatives.
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Table 19
Potent MAO-B inhibitors of chalcone derivatives.
(0]
2 1 2
3 | Ny “ | X3
anX X4
R4 R,
ICso (uM)
Compd Ry R: -
hMAO-B
345 3-Br 2,3-OCH20 0.081 £0.012
346 3-Cl 2,3-OCH20 0.058 +0.009
347 4-F 4-NO2 0.069 + 0.006
348 4-Cl 4-NO2 0.034 +0.006
349 3,4- OCH20 4-F 0.043 £ 0.004
350 3,4- OCH20 4-C1 0.050 +£0.002
351 3,4- OCH20 4-NO2 0.069 + 0.004
Pargyline 13
(R)-deprenyl 0.079

terpenoid, polyphenolic compounds, resins and enzymatic protiens
[293]. The plant of genus Euphorbia described to produce an irritant
latex rich in phytochemical compounds which have been well char-
acterized [294]. The bioactivities of most of the phytochemicals of the
species Euphorbia are determined. In this context, investigation of anti-
AChE, antioxidant and other pharmacological properties were carried
out on the latex of plant, Euphorbia dendroides L [295].

In the free radical scavenging activity against ABTS* "~ and DPPH" is
performed for latex of Euphorbia dendroides L, a great free radical
scavenging activity was observed with ABTS™ " which was compara-
tively stronger than DPPH’; the results indicate that DPPH" is likely to
be more selective than ABTS™" in reaction with hydrogen donors.
While the acetylcholine inhibitory properties evaluated at concentra-
tions 0.81-13 uM/mL using galanthamine as standard AChE inhibitor
exhibited significant potencies. The inhibitory evaluation has shown
dose-dependent enzyme inhibition in the range 6.91%-94.62% at
highest latex concentration with ICs, value 4.46 uM. AChE inhibitory
value elicited at highest dose is 1.5 fold higher potency comapared to
galathamine (ICso = 6.5 uM); it may be attributed to the synergistic
effect produced by the major components of Euphorbia dendroides latex,
terpenoids and phenolic acids.

8.2. Botryane terpenoids

Recent studies have proved that marine-derived endophytic micro-
organisms are potential sources of bioactive natural products [296].

0
C
Cl NO,
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Efforts have been put to identify novel secondary metabolites produced
by endophytic fungi isolated from the red alga Asparagopsis taxiformis
[297]. The genus Nemania was demonstrated to exhibit interesting
applications associated with bioactive small molecules. Diterpenoids
have been demonstrated to have cholinesterase inhibitory activities
[298,299]. Inspired by these, new terpenoids were isolated from Ne-
mania bipapillata and their cholinesterase inhibitory properties were
investigated [300]. In this study, isolation and structural elucidation of
three new botryane sesquiterpenes, two nonsesquiterpenes and other
two terpenoids was accomplished (Fig. 149). These isolated terpenoids
were checked for their ability to inhibit cholinesterases and cytotoxi-
city.

Regarding the determination of cholinesterase inhibitory properties
using an immobilized capillary enzyme reactor (ICER), compounds
385-389 have exhibited selective AChE inhibitory properties; whereas
compound 384 was found to be non-selective cholinesterase inhibitor
possessing similar AChE and BuChE inhibitory effects (Table 21). The
results observed were found to be only moderate inhibitory potencies
compared to standard inhibitor galanthamine. Amongst the isolated
terpenoid molecules, compound 387 has elicited strongest inhibitory
value. AChE/BuChE dual inhibitor 384 would transform to a selective
AChE inhibitor (385) with change in the stereochemistry at one of the
carbon. Although the isolated terpenoids were moderate cholinesterase
inhibitors, these can be considred as lead compounds for further de-
velopment as selective potent cholinesterase inhibitory agents. Com-
pound 387 bearing a,B-unsaturated ketone moiety exhibited most sig-
nificant inhibitory percentage; however with similar structure but
change in the stereochemistry at three carbon atoms (compound 388)
has resulted in diminished inhibitory percentage indicating that ste-
reochemistry at every atom is most crucial. Alongside, a,f-unsaturated
ketone analogs (387 and 388) were proven to be more favorable
compared to a,-unsaturated aldehyde scaffolds (384-386).

8.3. Trachyloban-19-oic acid analogs

Trachylobane-19-oic acid 390 is one in the list of trachylobane di-
terpenes found in the plants of various genera such as Croton [301],
Xylopia [302], Arctopus [303] and lostephane [304]. Biotransforma-
tion has been an efficient tool utilized for the preparation of trachylo-
bane diterpene derivatives. The AChE inhibitory work done on tra-
chylobane-19-oic acid and its derivatives has triggered further
preparation of trachylobane-19-oic acid analogs through bio-
transformation by S. Racemosum [305].

In this study, the biotransformation has resulted into one known
compound 391, 7-hydroxytrachyloban-19-oic acid and two new com-
pounds 392, trachyloban-17,19-dioic acid and 393, ent-16f,17-dihy-
droxykaur-11-en-19-oic acid (Fig. 150).

All these derivatives were subjected to acetylcholinesterase in-
hibitory activity using galanthamine as standard positive control. The
biotransformed molecules have exhibited descent anti-AChE values.
Among the evaluated molecules, compound 392 was found to render
most remarkable activity (ICso = 0.06 uM); the activity was sixfold
greater activity compared to galanthamine (ICso = 0.38 uM). The
strongest activity might be attributed to the two —-COOH groups.

Fig. 129. Illustration of structures of reversible
MAO-B inhibitors.
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Fig. 130. Representation of molecular docking of compound 348 (A) and 353 (B) in hMAO-B active site [241].
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Fig. 131. Demonstration of arylidene-hydrazinyl-thiazole containing thiazoles.

However, monocarboxylic acid analog 391 with one ~OH moiety shown
diminished activity (ICso = 0.31 uM) yet potent activity compared to
galanthamine. Further reduction in the AChE inhibitory activity
(ICs0 = 0.48 uM) was observed for the compound 393 with two —-OH
groups. The significant anti-AChE inhibitory activity of compound 392
would lead to redesign and subsequent improvement of anti-AChE
properties.

8.4. Prunus armeniaca L. and P. domestica L. leaf essential oils

Some of the plant extracts and naturally occuring compounds in-
cluding alkaloids, polyphenols, and terpenes and so forth have been
demonstrated to possess potential neuroprotective properties. Most of
these naturally occuring compounds were cholinesterase potential in-
hibitors. Most of the essential oils and phytochemicals have been
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Fig. 134. Structure of GSK-3p inhibitor possessing pyrrolopyridinone moiety.

described as multi-target inhibitors towards AD [306,307]. Based on
previous utility of different essential oils from Citrus, Salivia, Cistus and
Pinus for AD treatment [308,309], essential oils from the leaves of
Prunus armeniaca and P. domestica were checked for their antioxidant
and cholinesterase inhibitory properties [310].

The essential oils were fractionated based on the major component
present in them as P1, P2, P3 fractions from P. armeniaca; P4, P5 and
P6 fractions from P. domestica. In the cholinesterase inhibitory prop-
erties, weak inhibitory effects were observed (ICsy = 97.60-171.80 puM)
compared to physostigmine (ICso = 0.17 = 0.01 uM). Amongst the
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Fig. 132. Structures of significant MAO-A/MAO-B dual inhibitors.
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Fig. 133. Demonstration of binding interactions of MAO-A/MAO-B dual inhibitor 355 with MAO-B enzyme (A) and MAO-B enzyme (B) [248].
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Fig. 135. Design strategy of 2-aminopyridine derivatized N-(pyridine-2-yl)cyclopropanecarboxamides.
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Fig. 136. Demonstration of structures of potent GSK-3f inhibitors.

tested fractions, fraction P1 has elicited highest AChE inhibitory
property (ICso = 97.60 = 1.94 uM). Where as, the essential fractions
P2, P3 and P4 have exhibited almost similar activities with ICs, values
98.20, 98.50 and 98.60 respectively. The essential oil fractions P1, P2,
P3 and P4 were reported to constitute mainly phytol, 394 (Fig. 151), a
diterpene. Hoping that the phytol was responsible for the potent AChE

\

Fig. 137. Demonstration of interaction of compound 362 with GSK-3f active
site [260].

55

inhibitory activity, it was purified and tested individually for anti-AChE
effects. In this activity, phytol has bestowed with significant AChE
(ICs0 = 2.70 uM) and BuChE (ICso = 5.79 uM) properties.

In case of BuChE inhibitory properties, poor inhibitory potencies are
noticed (ICso = 95.80-226.90 uM) compared to galanthamine
(ICsp = 2.40 uM) essential oil fractions P5 and P6 have been shown to
possess descent inhibitory potencies with ICso values 100.20 uM and
95.80 uM.

8.5. Carbazole derivatives

Carbazoles can be listed in the naturally occuring phytochemicals
possessing versatile pharmacological properties in addition to AD
[311]. Carbazole derivatives have been described to exhibit Af in-
hibitory effects [312]. Further, the substituted cabazole analog carve-
dilol 395 (Fig. 152) was reported as Af fibril inhibitor [313]. Among
the series of carbazole derivatives designed through ring opening of the
galathamine, derivatve 396 was found to be potent molecule [314].

Carbazole scaffolds have been shown to be representive molecules
possessing AD inhibitory properties. To enhance these anti-AD effects,
further design of carbazole moiety was undertaken wherein N-benzyl-
1,2,3-triazole motif was appended to 9H-carbazole part in designing
and preparing N-benzyl-1,2,3-triazole derivatized carbazoles [315].
Amongst the synthesized molecules evaluated towards cholinesterase
inhibitory properties, compound 397 (Fig. 153) has exhibited most
potent AChE inhibitory activity with ICso value 1.93 uM. However, no
single evaluated derivative in this series has exhibited good BuChE
inhibitory activity below 100 pM concentration.

8.6. Tetrahydrocarbazole benzyl pyridine derivatives

Based on the selective BuChE inhibitory properties of indole scaf-
folds [316], design and synthesis of a novel series of 2,3,4,9-tetrahydro-
1H-carbazole derivatives appended with benzyl pyridine moiety was
accomplished [317]. All the designed molecules were investigated for



A. Dorababu

Cl
X CI;H3
— N .
Cl N H/\/ CHs
NH,  -HC
363
FsC N
P N
: N
NH,  -HCl _
365

Bioorganic Chemistry 93 (2019) 103299

FsC

A CHj
N.
N7 H/\/ CHs
364
Fs;C X
N/ N/\rN\
|
\,  cHOLOH NJ
366

Fig. 138. Structures of significant copper ion chelators.

Table 20
Chelating effects of potent Gu®*-chelators.
Compd Log Kqpp [M-L]*
M = Cu®* M = Zn**
363 16.5 4.2
364 15.1 4.1
365 16.0 6.0
366 15.9 5.7
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Fig. 141. Illustration of strategic design of thiophenyl-triazine derivatives.
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Fig. 139. Structures of heparzine A, epigallocatechin-3-gallate and sarsasapogenin.
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Fig. 140. Structures of most significant AB-aggregation inhibitors.
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Fig. 142. Structures of significant BACE1 in-
hibitors.

374

(IC50 = 5.1 £ 0.20 uM) have exhibited some significant activity. The
most remarkable AChE inhibitor 398 (Fig. 154) entails N-methylene
pyridinium bromide connected to 2,3,4,9-tetrahydro-1H-carbazole ni-
trogen and 3-chlorobenzyl ring was appended to pyridinium nitrogen.
Corresponding pyridinium chloride analog with N-(3-methyl)benzyl
moiety 399 has shown slight diminished activity.

Likewise, pyridinium chloride with N-(2-chloro)benzyl moiety fur-
ther reduced activity (ICso = 6.5 *= 0.10 uM). Also, carbazole deriva-
tive possessing pyridinium bromide and N-(2-methyl)benzyl moiety
rendered good inhibitory activity (ICsop = 8.4 * 0.20 pM). Remaining
derivatives have possessed weak AChE activity. All the potent AChE
inhibitors possess pyridinium moiety appended to carbazole scaffold via
Phe 108 pyridinium 4-position.

! Where as, a good account of BuChE inhibitory activity was exhibited
by the synthesized molecules. Most of them possessed stronger in-
hibitory activity compared to donepezil (ICso = 0.35 * 0.02 uM). Out
of the potent BuChE inhibitors, compound 400 (Fig. 155) bearing
pyridinium chloride and N-(4-methyl)benzyl moiety has elicited most
Fig. 143. Diagramatic representation of affinity of compound 373 with BACE1 remarkable activity (ICso = 0.088 =+ 0.02 uM). In this compound, the

[279]. pyridinium ring is connected to carbazole nitrogen via pyridinium 3-
position.

The most significant AChE inhibitor 398 was chosen for BACE1

their AD inhibitory properties. In the cholinesterase inhibitory activity, inhibitory using OM99-2 as positive control. Unfortunately only poor

weak to moderate AChE inhibitory potentials were observed compared BACE1 inhibition (ICso = 30.01 = 0.1 uM) was observed for the
to standard AChE inhibitor donepezil (ICso = 0.023 = 0.01 pM). The compound 398 compared to OM99-2 (0.003 uM). Further, the com-
compound 398 (ICs0 = 4.8 = 0.10 pM) and 399 pound 398 was subjected to inhibition of AChE-induced and self-
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Fig. 144. Structure of fluoro-benzimidazoles with potent BACE1 inhibitory activity.

AN Fig. 145. Strategic design of pyridine-pyr-
| TRy R4 = 3-OCH3/4-OCH3 imidine-benzamide derivatives.
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Fig. 146. Demonstration of structures of potent CSF1R inhibitors.

OCHj3 OCH3 Fig. 147. Structures of potent DAPK inhibitors.
P S P i
FsC ZON /@/ H,CO \K\N N
NS
N

N
383 H

A B

Fig. 148. Illustration of binding interactions of compound 383; (A) Calculated binding mode of 383 within the substrate-binding site of DAPK1, (B) Calculated
binding mode of 383 within the ATP-binding site of DAPK1 [290].

induced Af aggregation in presence of reference compound donepezil. The compound 398 was subjected to molecular docking analysis in
The results revealed stronger Af3; 4o inhibitory effect of compound 398 AChE active site (Fig. 156). The carbazole moiety has good interaction
(55.7 = 2.9%) compared to donepezil (16.4 = 1.7%). In continua- with Tyr332 through m-; stacking. The negative charge of Trp82 and
tion, Af 4> inhibitory activity was found to be 51.8 + 1.5% which was Glul197 allows the central pyridinium ring to align towards the men-
better than the donepezil (25.2 + 1.1%) and tacrine (7.2 * 1.2%). tioned aminoacids. The charge transfer binding with Trp82 was thought
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Fig. 149. Structures of terpenoids isolated from Nemania bipapillata.

Table 21
Percent inhibition of isolated terpenoids from Nemania bipapillata.

Compd % inhibition
hAChE (ICER = SEM) hBuChE (ICER * SEM)

Galanthamine 90.7 = 0.0 82.0 = 0.2
384 199 + 1.7 141 + 1.7
385 18.3 = 1.8 6.7 + 0.7
386 21.1 = 0.1 55 + 1.5
387 27.7 + 1.3 7.3 £ 1.5
388 22.8 = 0.8 5.1 = 0.0
389 19.6 = 2.7 32 + 15

S.Racemosum N
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to be favorable for better interaction. Furher, the molecule has estab-
lished interactions with Ile62, Thr120, Pro84 and Glyl21 in hydro-
phobic pocket.

8.7. Carbazole scaffolds linked to secondary amine

Carbazole analogs (401, Fig. 157) were described to inhibit Af; 40
[318]. Alongside, pyridinium/quinolinium containing carbazoles have
been reported as noteworthy self-induced and AChE-induced Af ag-
gregation inhibitors [319]. In addition, -carbolinium salts have ex-
hibited potential AChE/BuChE inhibitory properties [320]. Inspired by
the discovery of potent anti-AD agents, design of a new set of carbazole
derivatives incorporated with secondary amine was achieved [321].

390

A
COOH 392

~h
COOH 393

Fig. 150. Formation of biotransformed products of trachyloban-19-oic acid.
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394

Fig. 151. Structure of a diterpene, phytol.

The prepared molecules were tested for cholinesterase and AS-ag-
gregation inhibitory properties. Moderate to descent AChE inhibitory
effects were observed among the synthesized compounds wherein de-
rivative 402 (Fig. 158) has bestowed with excellent AChE inhibitory
activity (ICso = 0.11 = 0.18 uM). The second strongest AChE in-
hibitory property (ICso = 0.44 = 0.12 uM) was shown by compound
403. Besides these derivatives, compounds 404
(IC50=1.4 = 0.19uM) and 405 (ICso=0.17 = 0.14uM) have
shown good activity. Other carbazole analogs rendered moderate to
poor AChE activity.

The remarkable AChE inhibitor 402 comprises carbazole tethered to
quinolinium bromide through pentylene chain connected between two
nitrogens. However, replacement of quinolone by isoquinoline (com-
pound 403) led to fourfold reduced activity. Furthermore, compound
404 bearing 3-bromobenzyl ring tethered to carbazole via five carbon
alkyl chain exhibited descent inhibitory activity; while change in po-
sition of —Br atom from benzyl 3-position to benzyl 4-position resulted
into slightly diminished AChE activity. Structures of the potent com-
pounds inferred that carabazole derivatives with five carbon spacer
were strong AChE inhibitors.

Where as in the BuChE inhibitory property of synthesized mole-
cules, a few compounds have shown best activity. Out of these com-
pounds, the remarkable AChE inhibitors 402-405 have also succeeded
in exhibition of good BuChE inhibitory activity. Particularly, compound
402 shown highest inhibitory potential (ICso = 0.02 = 0.11 uM) fol-
lowed by compound 403 with fourfold diminished activity
(ICso = 0.08 = 0.15uM). Also, slightly abated BuChE activities
5.1 = 1.02puM and 6.8 = 1.02 uM were observed for the compounds
404 and 405 respectively. The compound 402 rendered 225 fold
greater activity compared to donepezil (ICso = 4.5 * 0.11 pM).
Further, the AChE and BuChE inhibitory values indicated that there is
synchronization between the AChE and BuChE of all the carbazole
derivatives which infers all the molecules are AChE/BuChE dual in-
hibitors.

Molecular binding analysis of potent AChE inhibitor 402 in active
site of AChE (Fig. 159) revealed good interaction of quinolone motif
with Tyr332 through m-stacking interaction. Besides, compound 402 is
well fitted into the PAS and anionic site of the AChE indicating higher
pharmaceutical activity.
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Fig. 153. Structure of carbazole derivative with significant AChE inhibitory
activity.

9. Futuristic modeling of Anti-alzheimer’s drug based on its recent
drug discovery

Based on the very recent advances in Alzheimer drug discovery,
some recommendations have been made in order to yield the best re-
sults. Taking consideration of most potent molecules (Table 22) having
anti-AD properties would pave to futuristic models of the drug those
have to be designed and synthesized. Such design is purely a hy-
pothetical, logical and calculated way of approach. The researchers
could try these remodels and make a go for synthesis.

The structural similarities of the three compounds 56, 74 and 266
were observed where some of the pharmacological significant frag-
ments could be appended or substituted to afford a new speculated
derivatives presumed to possess better anti-AD properties. From above
derivatives, firstly S—C=S fragment in the compound 74 is substituted
by amide. Since benzyl group was present in a large number of mole-
cules having AD inhibitory properties, it is subsequently attached at the
4-position of 2-methyl-N-piperidine to get a urea derivative ADM1. As
it was reported that urea/thiourea scaffolds possessed anti-AD proper-
ties, potent inhibitory properties of AD would be speculated. Now
second model ADM2 was designed by substitution of 3-chloro-4-me-
thyl-8-oxy coumarin of 74 with 8-hydroxyquinolinium chloride motif
and 2-methyl-N-piperidine as 2-acetamido-6-methylpiperidine and then
appended to S—C=S fragment. The most potent BuChE inhibitory
compound 266 was redesigned by modifying the benzyl benzene ring
by 3-cyclopropylmethoxy group and difluoromethoxy moiety at 3- and
4-positions respectively to have PDE4D2 inhibitory properties in the
derivative ADM3 (Fig. 160).

The most significant AB aggregation inhibitor 11, prominent BACE1
inhibitor 116 as well as 215, potent o;R inhibitor were utilized to
construct new models. The t-butyl moiety of potent BACE1 inhibitor 11

H,CO

j\ﬂ
‘ )N\ 39:N02

Fig. 152. Structures of carbazole derivatives with potent anti-AD properties.
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Fig. 154. Illustratation of structures of AChE active carbazole pyridinium derivatives.

XN CH;
Cl™
N
(A0
400

Fig. 155. Carbazole-pyridinium analog with most potent BuChE activity.

is replaced by pharmacological important non-benzenoid compound
indole and the free NH at the benzyl end is acetylated to yield ADM4
which might possess descent anti-AD characteristics. Similarly, the ex-
cellent BACE1 inhibitor 116 is modified by substitution of coumarin
ring with indole scaffold and 3,4-dimethylbenzyl ring is replaced by
diphenylmethine moiety to afford ADM5 (Fig. 161).

The derivative 216 possessing most remarkable 5-HT4R inhibitory
activity, significant neuroinflammation inhibitor 225 and potent MAO-
B inhibitor 316 witness the prominent properties pertaining to anti-AD
properties. Hence, these molecules could lead to super active molecules
by building hybrid compounds via fragment replacement process. Here
compound 316 is structurally modified upon connecting 3-fluropyr-
idine to the -carbon of a, f-unsaturated spacer and then appending 6-
hydroxybenzimidazole motif at 2-position of pyridine ring resulting
into ADM6. It might be credible to bring about the three activities 5-
HT4R, NO and MAO-B in structural framework by introduction of N-
cyclopentylmethylene piperidine tethered with propanoyl chain into

ro84

\

Thr120

401

Fig. 157. Structure of potent Af; 4 inhibitor.

compound 225 and transformation of 6-hydroxybenzimidazole to 6-
hydroxyindole by N3-removal; this would pave to future anti-alzheimer
agent ADM7 (Fig. 162).

The structural changes are made for the DAPK/CSF1R dual inhibitor
381; wherein m-trifluoromethyl phenyl moiety at 6-position of pyr-
imidine ring is substituted with cyclopropyl ring tethered pyridine
through amide linkage of significant GSK-3f inhibitor 362 and subse-
quently transforming amide functionality into imine led to ADMS8.
Likewise the structural vivacity of compound 94 towards H3R inhibi-
tion is made use in remodeling. 4-Substituted phenoxy motif of com-
pound 94 is replaced by pyrimdine-2-amine structural unit of derivative

Fig. 156. Molecular docking analysis of compound 398 with AChE active site [317].
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Fig. 158. Illustration of structures of potent AChE inhibitors.

la328

Fig. 159. Demonstration of molecular binding studies of compound 402 with
AChE active site [321].

381. N-Ethylpiperidine is attached to NH of 2-aminopyridine moiety.
Another slight modification include replacement of alkoxyamine chain
at 7-position of chromone scaffold by trifluoromethyl unit yielding
ADMO (Fig. 163).

The CSF1R inhibitory activity could be introduced into the com-
pound 215 in addition to o;R inhibitory properties. This is made pos-
sible on transformation of pyridine ring into pyrimidine ring retaining
indole motif intact in the molecule. Alongside, the benzyl benzene ring
is appended at its 4-position by N-morpholine structural unit. Such
modifications have resulted into the formation of pryridinium scaffold
ADBI10. Furthermore, compound 71 possessing remarkable hMAO-A
inhibitory activity is made to undergo structural modification; wherein
piperidine ring attached to S—C=S fragment is replaced with pyr-
idinium-2-amine motif of 379 and on the other end 4-methoxyphenoxy
group is connected to coumarin at 5-position in addition to introduction
of imine functional group in the alkyl chain to get ADM11 (Fig. 164).

A single structural framework is constructed with hypothesized anti-
AD properties. In this regard compound 11 is utilized for modeling of
descent inhibitor ADM12; where in retaining the basic structure of an
excellent AChE inhibitor 74, introducing unsaturation at carbon next to
the oxygen of coumarin at 8-position and 1,1-diphenylethylene motif of

62

derivative 11 is attached to -carbon of newly created a, S-unsaturated
group. Chloro group at 3-position of coumarin moiety is exchanged
with highly electronegative fluoro atom speculating higher potencies
towards AD. In continuation, potent MAO-B inhibitor 316 was made
use in the structural modification of compound 11. Keeping diamino-
hydroxybutyl chain and diphenylmethine moieties intact, m-t-butly-
phenyl is replaced by 6-t-butyl chromene. While on the other end of the
molecule, one of the diphenylmethine benzenes is fluorinated at 4-po-
sition to afford ADM13 (Fig. 165).

In this set of models, the derivatives namely; CSFIR/DAPK dual
inhibitor 381, significant BACE inhibitor 116 along with 216 posses-
sing strongest 5-HT4R inhibitory potency are considered for remodeling
of the drug. Structural modification is allowed for the compound 116;
wherein central coumarin unit is substituted with indole of compound
216, secondly cyclopentylmethoxy group is attached at 4-position of
the indole scaffold. Finally the third modification entails tethering of 3-
trifluoromethyl phenyl part at 3-position of indole via amide linkage
giving ADM14. The BACEL1 inhibitor is structurally modified in order to
inculcate other inhibition properties of AD. To accomplish this, re-
placement of coumarin is brought about using pyrimidine-2-amine
structural unit. Finally the benzyl benzene linked to piperidine is con-
nected with —CF3; group at 3-position of benzyl benzene leading to
ADM15 (Fig. 166).

Structural engineered molecules could be built form the derivatives
possessing inhibitory effects towards AD. Here, a set two Alzheimer
models could be designed using remarkable PDE4D2 inhibitor 56,
compound 225 most active towards neuroinflammation inhibition and
the structural features of GSK-3f 362 are also included. Compound 56
is redesigned using pharmacological significant structural features of
derivative 316; wherein the hydroxy group at 8-position of quinolinium
motif is exchanged with fluoro atom followed by inter conversion of
amide linkage to imine linkage. Furthermore, benzene attached to
imine carbon is transformed into chromene by fusing 3,4-unsaturated
pyran ring at 5,6-positions of benzene resulting into ADM16 with an-
ticipated inhibitory properties of AD. The neuroinflammation inhibitor
225 could be restructured to possess additional anti-AD properties. In
this regard benzene fused piperidine is modified as chromene alongside
insertion of amide functionality in between pyridine ring and indole
motif. Subsequent structural changes include; replacement of 6-hy-
droxy group by difluoromethoxy group and new addition of cyclopro-
pylmethoxy moiety at indole 7-position. These modifications have re-
sulted into incarnation of anti-AD model ADM17 (Fig. 167).
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Table 22
Most potent anti-AD compounds with their inhibitory values.
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Sl. No. Structure

Inhibitory activity

Inhibitory value (ICsg, tM)
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Ap-aggregation

PDE4D2

hMAO-A

eeAChE

H3R

BACE1

o1R

5-HT4R

NO

BuChE

MAO-B

GSK-38

84.9% *+ 0.8, ICso = 1.22 M

0.399 + 0.021

0.654 + 0.021

0.0068 + 0.0002

0.27 = 0.004

0.014

K; = 0.0033 + 0.7

K; =0.025 * 1.6

3.80 = 0.42

0.00017 = 0.000021

0.010

38 + 2.8

(continued on next page)
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Sl. No. Structure Inhibitory activity Inhibitory value (ICsg, tM)
13 OCH, /©/OCH3 CSF1R 0.12 = 0.003
HsCO \If;\y
(@] >
379 N H
14 /©/OCH3 DAPK 1.25 * 0.35
g aeve
© \N)\N
381 H
S}hC
s
CH, N

ADM1

NQ/N

H,C
ADM3

ADM2

N

HN o 7?2
0 o)

Ao

Fig. 160. Illustration of structures of ADM1-ADM3.

10. Conclusive discussion

The work done regarding the anti-AD drug design in the recent
years is sorted out in an apt way. In spite of continuous research is being
carried out, only few drug molecules turned out to be potent scaffolds
for AD treatment. Most of the research has been done on discovery of
anti-AD agents as multifunctional/multi-target drug molecules. In this
conjuncture, the design of 1-benzylamino-2-hydroxyalkyl derivatives
were possessed moderate inhibitory activities. Amongst them com-
pound 11 has most potent Af inhibitory activity of all. There was no

much significant inhibition observed in case of 2, 5-
NH
/
Y
N/\’/\/
OH
H3c/go O

ADM4

dihydroxyterephthalamide derivatives. 3-Phenylcoumarin-lipoic acid
conjugates have not managed to be remarkable inhibitors towards AD.
Moderate AChE inhibitory effects were observed for the 5, 6-di-
methoxybenzo[d]isothiazol-3(2H)-one-N-alkylbenzylamine derivatives.
Likewise significant inhibitory activity was seen for the 2,4-dioxo-
chroman benzyl modified pyridinium derivatives. Although phe-
nylpyridazine bearing carboxamide & propanamide derivatives were
designed as multifunctional drugs, the synthesized molecules have
displayed some AChE inhibitory activity. The impressive PDE4D2 in-
hibitory property was shown by compound 56 possessing 8-hydro-
xyquinolinium motif. Significant AChE inhibitory properties have been

Qi» o N o
O N-N

ADM5 HsC CHs

Fig. 161. Demonstration of structures of futuristic anti-AD drugs.
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ADM9

(0]

ADM10 ADM11

displayed by the coumarin-dithiocarbamate hybrids. Another series of
coumarin-dithiocarbamate derivatives have bestowed with descent
MAO inhibitory activity. The compound 74 designed as a part of cou-
marin-dithiocarbamate derivatives was the best AChE inhibitor.
Miconozole analogs have not turned out to be potent AD inhibitors. In
the series of isoflavone derivatives designed compound 94 exhibited
most potent H3R inhibitory activity. While the piperidinehydrazide-
hydrazones got only moderate inhibitory activity. Good LOX-5 in-
hibitory activity was displayed by flavonoid-N,N-dibenzyl(N-methyl)
amine hybrids. The most significant BACE1 inhibitory activity has been
exhibited by compound 116, one of the derivatives in 1,2,3-triazole-
chromenone carboxamides. 3-Arylcoumarin scaffolds could not exhibit
strong inhibitory activity. Weak anti-AD properties have been displayed
by the 3-hydrazinyl 1,2,4-triazine analogs. Various natural products
were screened for inhibition of anti-AD properties; no single compound
has shown prominent activity. 4’-Hydroxy-flurbiprofen mannich base
derivatives have failed to show good potencies. The designed chalcone
mannich base derivatives have exhibited good AChE inhibitory effects.
Remarkable cholinesterase inhibitory properties were elicited by cy-
clopentaquinoline hybrids. Most of the hybrids of donepezil, chromone
and melatonin resulted descent AChE inhibitory activity. Bis-aryl-
triazole derivatives were designed and found to be good Af aggregation
inhibitory properties. BACE1 inhibitory properties have been displayed
by the N-benzylpiperidine scaffolds. Again the AChE and BuChE in-
hibitory properties were exhibited by N-benzylpyridinium-based

o

ADM12

/©/OCH3

o CH; O
O M0

N XN 0”0 OMNVST

Bioorganic Chemistry 93 (2019) 103299

Fig. 162. Structures of future AD significant re-
modeled drugs.

Fig. 163. Structural designed molecules as anti-
AD derivatives.

Fig. 164. Structures of speculated potent drug
molecules with descent activity.

e
Y

NH

=z

S

N

analogs up to nanomolar level. Selective MAO-B inhibitory activities
have been bestowed for the pyrazolone schiff bases. Descent anti-AD
activities were exhibited by indole-piperidine analogs; wherein com-
pound 216 has turned out to be most significant 5-HT4R inhibitor.
Tetrahydroisoquinoline-benzimidazole hybrids have been reported as
neuroinflammation inhibitors; wherein compound 225 has yielded
most potent results. Most of the synthesized 1,2,3-triazole appended
tacrine-coumarin derivatives have elicited remarkable cholinesterase
inhibitory activity. Further, 2-benzofuran carboxamide-benzylpyr-
idinum salts have exhibited selective BuChE inhibitory properties. A
descent BuChE inhibitory properties were observed for aryl-1,2,3-tria-
zolyl benzylpiperidine scaffolds in which compound 266 shown elite
BuChE inhibitory activity. 4-Aminobenzoic acid derivatives have de-
signed to show potent anti-AD properties and found to be selective
AChE inhibitors. The descent AChE inhibitory properties were observed
in case of designed tricyclic fused ring scaffolds. While the significant
BuChE inhibitory activity was exhibited by indol-3-acetic acid-tacrine
hybrids. Regarding inhibitory activity towards MAO-B, 3-(E)-styryl-2H-
chromene derivatives were reported to be the best inhibitors; wherein
compound 316 has elicited the most potent activity. Also, 4(3H)-qui-
nazolinone derivatives and chalcone analogs possessed potential MAO-
B inhibitors. Furthermore the inhibition towards GSK-3 was displayed
by 2,3-diaminopyridine analogs; particularly compound 362 was finest
inhibitor. Relatively strong Af aggregation inhibitory activity was
shown by sarsasapogenin-triazolyl analogs. Pyridine-pyrimidine-

© H OH
= N\/j\/\N
G
ADM13

Fig. 165. Demonstration of structures of remodeled drugs as anti-AD inhibitors.
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CF,

ADM15 N

Fig. 166. Illustration of redesigned molecules as anti-AD agents.

ADM16

IZ

ADM17

Fig. 167. Depiction of novel designed drug molecules.

benzamide analogs have been reported as tau inhibitors; where in
compound 379 was found to be potent CSFIR inhibitor and derivative
381 has remarkable CSF1R/DAPK dual potency. The fraction of the
Euphorbia dendroides L. plant extract is found to exhibit 0.81 uM.
Meanwhile, the terpenoid 384 has exhibited AChE/BuChE dual in-
hibitory property and diterpene oil fraction having phytol exhibited
descent AChE activity. When it comes to carbazole analogs, significant
BuChE inhibitory potentials were noticed in addition to good BACE1
activity. Besides this, compound 402 has been reported to render
AChE/BuChE inhibitory activity. The structural activity relationship of
the most potent inhibitors was discussed qualitatively. The potential
inhibitory activities of the compounds were supported by the molecular
docking studies.To encourage the research on AD drug discovery, fu-
turistic AD drug models are designed considering the pharmacological
significant structural features of the potent inhibitors of AD.
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