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Heterocycles are the key structures in organic chemistry owing to their immense applications in the
biological, chemical, and pharmaceutical fields. Heterocyclic compounds perform various noteworthy
functions in nature, medication, innovation etc. Most frequently, pure nitrogen heterocycles or various
positional combinations of nitrogen, oxygen, and sulfur atoms in five or six-membered rings can be
found. Inhibition of acetylcholinesterase (AChE) and butyrylcholinesterase (BChE) enzymes is a popular
strategy for the management of numerous mental diseases. In this context, cholinesterase inhibitors are
utilized to relieve the symptoms of neurological illnesses like dementia and Alzheimer's disease (AD). The
present review focuses on various heterocyclic scaffolds and their role in designing and developing new
potential AChE and BChE inhibitors to treat AD. Moreover, a detailed structure—activity relationship (SAR)
has been established for the future discovery of novel drugs for the treatment of AD. Most of the
heterocyclic motifs have been used in the design of new potent cholinesterase inhibitors. In this regard,
this review is an endeavor to summarize the biological and chemical studies over the past decade
(2010-2022) describing the pursuit of new N, O and S containing heterocycles which can offer a rich
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1 Introduction

Heterocyclic chemistry constitutes one of the most significant
subclasses of organic chemistry. Heterocycles are cyclic organic
compounds that contain at least one hetero-atom such as
nitrogen, oxygen, sulfur etc. Among the heterocyclic
compounds, five or six-membered heterocycles with one, or two,
or three hetero atoms in their nucleus have attained special
interest owing to their stability and ubiquitous occurrence in
natural as well as synthetic compounds.®**® Synthetic heterocy-
clic chemistry is used in a variety of domains including medi-
cine, pharmacology, biocidal formulation, polymer science,
electronics, agriculture, biology, optics, anticorrosive agents,
agrochemicals, photo-stabilizers and material sciences.®® In
particular, they considered one of the significant classes of
organic compounds, which are used in many biological fields
on account of their multiple uses in treating various illnesses.”*®
Many biological compounds, such as vitamins, hemoglobin,
hormones, DNA, RNA, and others contain these heterocyclic
rings as a key structural constituent. These structures can also
be found in several FDA-approved medications that are used to
treat a variety of disorders.' Furthermore, heterocyclic
compounds have a wide range of biological applications as
antifungal, anticonvulsant, antibacterial, antioxidant, antidia-
betic, anti-inflammatory, enzyme inhibitors, herbicidal action,
antiallergic, anticancer tumor, anti-HIV, and insecticidal
agents.”>

N-containing heterocycles are such organic compounds
which contain one or more than one N-atom present in five- or
six-membered ring systems (Fig. 1).>*** Likewise, the O-con-
taining heterocycles are also important scaffolds in organic
chemistry mainly because of their diverse biological functions.
The various subclasses of O-containing heterocycles are chro-
mones, coumarins, furan, oxazole, and benzofuran etc. A

Fig. 1 Various heterocyclic scaffolds.

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

substantial number of O-containing heterocycles exhibit
a broad range of pharmacological activities such as anti-
microbial, anti-HIV, antimalaria, anticancer, anti-tubercular,
and diabetic activities.>®?* Moreover, S-containing heterocyclic
compounds are often associated with foul odors but are widely
used in various biological processes. Organosulfur compounds
are fundamental entities in primary (cystine and methionine
amino acids) and secondary metabolites (biotin and thiamine),
and are also used in medicines, dyes, and agrochemicals etc.?*°
Many S-containing bioactive molecules, such as glutathione,
hydrogen sulfide, and taurine play a crucial role in maintaining
cellular redox equilibrium in living organisms. Additionally, S-
containing PB-lactam ring system is present in commercially
available antibiotics such as penicillin and cephalosporin.®*-*

The applications of heterocyclic motifs in medicinal chem-
istry and chemical sciences are very vast as illustrated by the
marketed medicines containing N, O, and S heteroatoms. The
exceptional function of these heteroatoms in a variety of inter-
actions with essential biological targets broadens the possibility
of drug design and development. In this context, four cholin-
esterase (ChE) inhibitors (tacrine, donepezil, rivastigmine, and
galantamine) have been approved as safe and non-toxic drugs
for the symptomatic treatment of Alzheimer's disease (AD).
Although, there are six types of these inhibitors which are
commercially available in the market (Fig. 2).**"** However, the
drugs based-on edrophonium and pyridostigmine structural
motifs have been found to show toxicity. Due to their toxic
nature, such inhibitors have been commercially banned now.

Since heterocyclic compounds occupy a crucial rank in
organic chemistry**** and comprise a significant share of the
chemical and biological sciences, they are used as potent motifs
for many bio-evaluations.*** Such compounds play a vital role
in the discovery of novel pharmacologically bioactive mole-
cules.” Indeed, with respect to the pharmaceutical industry,
heterocyclic nuclei are remarkably ubiquitous with over 60% of
the top most selling pills having at least one heterocyclic scaf-
fold as part of the whole structure of the molecule.*® Further-
more, molecules containing heterocyclic scaffolds frequently
demonstrate enhanced solubilities and can ease salt formation,
both of which are recognized to be necessary for bioavailability
and oral absorption.*® In this regard, various heterocycles show
evidence of various biological and pharmacological activities
partly due to certain parallels with many natural and synthetic
molecules with known bioactivity.**

Therefore, there has been continuous research related to
synthesis of more potent and highly efficacious cholinesterase
inhibitors by modifying the main template moieties of available
inhibitors for AD management. The present review discusses
a variety of most significant heterocyclic structures, con-
taining N, O and S atoms, exhibiting high potential as cholin-
esterase inhibitors in a concise way. Structure-activity
relationship has also been established. To the best of our
knowledge, such structures have not been considered before
against  acetylcholinesterase = and  butyrylcholinesterase
enzymes.
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Fig. 2 Selected examples of commercially available cholinesterase inhibitors.

2 Cholinesterase enzymes

Cholinesterases are essential enzymes present in vertebrates
and insects that hydrolyze the acetylcholine (ACh) in the central
and peripheral nervous system.**** In the body, ChE act as
neurotransmitters responsible for the conduction of nerve
impulses to the cholinergic synapses.

Acetylcholinesterase (AChE; EC 3.1.1.7) and butyr-
ylcholinesterase (BChE); (EC 3.1.1.8) are two forms of cholin-
esterases. BChE is an enzyme closely related to AChE and serves
as a cholinergic neurotransmission co-regulator that hydrolyzes
ACh. During the progression of Alzheimer's disease, investiga-
tions have revealed an increase in BChE activity (40-90%) in the
most affected parts of the brain, such as the temporal cortex and
hippocampus. During the early phases of senile plaque devel-
opment, enhanced BChE activity is also significant in AB-
aggregation. As a result, inhibition of AChE and BChE has been
identified as a significant target for the effective management of
AD, as evidenced by a rise in ACh availability in brain areas and
a decrease in AB deposition.*® However, BChE is primarily found
in peripheral tissues, including plasma, with only a trace
amount present in the brain. Moreover, the possible benefit of
selective inhibition of AChE over BChE may include a lower risk
of peripheral cholinesterase enzyme inhibition and related side
effects.”®

Cholinergic theory states, Alzheimer's disease (AD) symp-
toms are largely produced by structural alterations in cholin-
ergic synapses, the damage of subtypes of acetylcholine (ACh)
receptors, the death of acetylcholine-generating neurons, and,
as a result, cholinergic neurotransmission degradation. These
problems cause AChE, an ACh-hydrolyzing enzyme to
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accumulate.”” Apart from a small number of familial instances
caused by genetic abnormalities, no viable therapy options exist
for most patients, and the illness's primary causes remain
unknown. The following are the main categories of pharmaco-
therapeutic tactics for the treatment of AD: (i) therapies that
prevent the commencement of the disease by isolating the main
progenitors; (ii) disease-modifying treatments that stop or
reverse disease development; and (iii) symptomatic treatments
that target the disease's cognitive signs and protect patients
from further cognitive decline.*®* Because cholinergic neuron
damage is prevalent in disease states, the present pharmaco-
therapeutic method founded on cholinesterase inhibitors offers
a viable therapeutic aim for partial stabilization of cognitive
function in AD patients. However, these compounds only have
a short-term effect, usually 1-3 years, and they have no effect on
disease progression.®**>

2.1 Alzheimer's disease and properties of various kinds of
cholinesterase

Alzheimer's disease (AD) is a progressive chronic illness that
causes gradual neurodegeneration. It was first characterized by
Alois Alzheimer in 1907. Alzheimer's disease produces gradual
cognitive dysfunction, including difficulty in making decisions,
language problems, mood swings, learning, orientation, and
other behavioral issues. Aging is the most important risk factor
for Alzheimer's disease.®*** Physical activity, on the other hand,
can help to lower dementia rates. The enzyme cholinesterase
(ChE) is a promising therapeutic target for Alzheimer's disease
(AD). The loss of neurotransmission and the deterioration of
cholinergic neurons in the brain are the main causes of cogni-
tive decline in Alzheimer's patients.*>%®

© 2022 The Author(s). Published by the Royal Society of Chemistry
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According to the cholinergic hypothesis, the main cause of
Alzheimer's disease is decline in acetylcholine synthesis. Brain
atrophy is the most visible clinical feature in Alzheimer's
disease as acetylcholine (ACh), a neurotransmitter involved in
the transmission of electrical impulses from one nerve cell to
another, is rapidly hydrolyzed by the acetylcholinesterase
(AChE) enzyme.®”*® According to the amyloid hypothesis, AChE
has non-cholinergic effects such as promoting the formation of
B-amyloid (AB), a proteolytic fragment produced from amyloid
precursor protein (APP), and deposition in the brain of afflicted
persons in the form of senile neurofibrillary tangles. The
accumulation of Af is thought to have a key role in the onset
and progression of Alzheimer's disease.®®”>

Cholinesterase (ChE) is a choline-based esterase that
hydrolyzes choline-based esters like acetylcholine (ACh),
a neurotransmitter. The hydrolysis of cholinergic neurotrans-
mitters is catalyzed by two enzymes known as AChE and BChE.
AChE activity is prominent in the healthy brain, whereas BChE,
which works as a coregulator of cholinergic neurotransmission,
plays a supporting role.””* AChE activity remains constant or
decreases in individuals with AD, but BChE activity rises,
resulting in an imbalance between BChE and AChE.” Conse-
quently, both enzymes are involved in the control of ACh levels
and act as a useful therapeutic target for treating cholinergic
deficits”® (Fig. 3). As a result, inhibiting both AChE and BChE at
the same time may be beneficial in the latter phases of the
illness.”” Accordingly, AChE and BChE inhibitors have surfaced
as effective symptomatic therapies for AD. So far, four acetyl-
cholinesterase inhibitors (AChEIs) have been authorized for
commercial use: galantamine, rivastigmine, tacrine, and
donepezil. Nevertheless, tacrine was detached from clinical use
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due to wunadorned adverse effects
hepatotoxicity.”®

accompanying with

2.2 Properties of acetylcholinesterase

AChE is an esterase-like acetylcholine hydrolase enzyme (Fig. 4).
Through cholinergic pathways, it plays an important role in
brain function.

In 1991, the 3D structure of AChE was discovered in a Pacific
electric ray (Torpedo californica (TcAChE)). The enzyme is mainly
found in the central and peripheral nervous systems' synaptic
gaps, and on red cell membranes.””® ACh is a cholinergic
system neurotransmitter that regulates a variety of processes,
including cognition.®” Botox, an exotoxin produced by the
bacterium Clostridium botulinum, inhibits the discharge of ACh
from cholinergic nerves blocking local neural conduction and
muscle contraction. Botox is used in cosmetics to diminish
facial creases, and for other therapeutic purposes.®***

Inhibiting AChE by specific inhibitors is the therapeutic
target to control Myasthenia gravis, glaucoma, Lewy body
dementia, and AD.* Enzyme inhibitors are crucial in a variety of
disease management situations.*® AChE inhibitors are utilized
in clinical practice to treat these problems, as they improve
cholinergic function by increasing the amount of ACh in
cholinergic synapses.*” AChEIs were initially utilized in the
treatment of myasthenia gravis, a neuromuscular condition
that generates skeletal muscle weakening, in 1932. These
inhibitors were first approved (1938) for the treatment of indi-
viduals with myasthenia gravis.®® Antibodies targeting ACh
receptors were developed later in 1960.**°° AChEIs have been
utilized to protect retinal ganglion cells from ocular hyperten-
sion in glaucoma. The intraocular pressure was reduced, the
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Fig. 4 Diagrammatic representation of the active site of acetylcholinesterase.

arteries were protected, and ocular blood flow was
enhanced.”®* AChEIs can also treat the symptoms of AD,
known as the most frequent kind of dementia defined by the
accumulation of amyloid plaques,” which is triggered by the
loss of ACh functions in the brain, which occurs most
commonly in the elderly.”* Many compounds have been
approved to prevent AChE breakdown in the brain, which can
boost ACh activity and lessen AD symptoms,* despite the fact
that no treatments exist that to stop or reverse Alzheimer's

progression (Fig. 5).

2.3 Properties of butyrylcholinesterase

BChE is found in a variety of organs, including the liver, where it
is produced and released into the bloodstream.’®*” BChE has
a restricted neuronal distribution in the central nervous system
as a pseudocholinesterase (CNS). In the human cerebral cortex,
the number of BChE-rich neurons is around 2 orders of
magnitude lower than the number of AChE-rich neurons. Glial
origins are the most common.*®* Although the role of BChE in
normal conditions is unknown, it has been linked to lipopro-
tein, drug, and detoxification metabolism.****** It has a role in
the breakdown of succinylcholine, an amyorelaxant used in
surgical procedures. It also activates the antiasthmatic prodrug
bambuterol and hydrolyzes medicines like heroin and physo-
stigmine.’® As a result, the level of BChE has been demon-
strated to play an important role in diabetes, obesity, hepatic
steatosis, and other diseases.’®® BChE knockout mice show no
physiological Similarly, BChE-deficient
persons can live long and healthy lives.'”® BChE's compen-
sating nature, on the other hand, is a prominent aspect. BChE
compensates for the absence of AChE in the AChE-knockout
mouse model, allowing normal cholinergic pathways to be
maintained in AChE nullizygous animals.® Due to highly
damaged cholinergic neurons, the amount of AChE reduces by

abnormalities.*®*

19768 | RSC Adv, 2022, 12, 19764-19855

90% in advanced AD. Meanwhile, BChE levels and function rise
to 105-165% of normal, making it the primary ACh metabolic
enzyme.'®”” Because of the critical role of BChE, ACh does not
significantly increase in AChE knocked-out mice.'*®'* As
aresult, licensed selective AChE inhibitors such as galantamine
and donepezil have a very limited effect on severe AD, which is
linked to a significant drop in AChE levels in individuals with
serious AD. In recent years, a growing number of researchers
have focused their research efforts on the design of BChE
inhibitors for the treatment of advanced AD."'*"*?

2.4 Mechanism of action of cholinesterase enzymes

As mentioned previously, there are two types of cholinesterase
(ChE) enzymes: acetyl and butyrylcholinesterase (AChE and
BChE). The ChE inhibitors are the most valuable agents for
increasing ACh levels in neuronal cells by preventing the
hydrolysis of ACh into choline and acetic acid. Clinical data
suggest that BChE plays an significant role in the control of ACh
and the maintenance of normal cholinergic activities, making it
an additional intriguing target in the battle against AD."*"*'* As
a result, addressing both ChEs (AChE and BChE) simulta-
neously might provide a remedial benefit in advanced and late-
stage AD. Furthermore, both ChEs are known to play an
important role in AP aggregation.'® The AP is an insoluble
protein fragment produced by beta secretase-1's catalytic
proteolysis of amyloid precursor protein (BACE-1). The
production of oligomers, fibrillary rods, or -sheets, which have
been implicated in increasing neurotic damage and cognitive
failure, is triggered by the buildup of AP aggregates.'"”
Furthermore, the buildup of AP aggregates in mitochondria
may result in the formation of free radicals, resulting in
oxidative stress."*® As a result, multitargeted therapeutics that
inhibit ChEs (dual AChE and BChE), BACE-1, and AP aggrega-
tion while also having antioxidant potential could be useful in

© 2022 The Author(s). Published by the Royal Society of Chemistry
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slowing the progression of AD instead of just delivering symp-
tomatic relief (Fig. 6).

3 Cholinesterase inhibition

Cognition is a blend of memory, attention, acquaintance,
perception, skills, decision making, reminiscence, planning
and judgment."***° The loss of memory coupled with cognitive
impairment are noted in a variety of conditions such as aging,

© 2022 The Author(s). Published by the Royal Society of Chemistry

head injury and neurodegenerative disorders like depression,
schizophrenia, AD and Parkinson's disease***** (Fig. 7).
Acetylcholine, glutamate, serotonin, and dopamine are
neurotransmitters that regulate cognitive functioning. ACh, is
an essential neurotransmitter in the control of learning and
memory processes.’*™**” Low acetylcholine concentrations in
the cortex, hippocampus, and basal forebrain have been linked
to cognitive impairment and short-term memory loss."*® By
forming AChE-A complexes, AChE also causes the aggregation
and deposition of A fibrils, resulting in cognitive dysfunction.

RSC Adv, 2022, 12, 19764-19855 | 19769
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As a result, increasing ACh by AChE inhibition and preventing
AP aggregation are the best promising treatments to slowing
dementia development.' Oxidative stress is another harmful
component where excessive reactive oxygen species (ROS)
production causes lipid peroxidation and protein oxidation,
which causes oxidative damage and impairs cognitive
function.'?*1%?

The United States Food and Drug Administration (US FDA)
has licensed three AChE inhibitors (rivastigmine, galantamine,
and donepezil) to treat the symptoms of AD, however these
drugs have no effect on disease progression.'** These medica-
tions have several adverse effects, including urine incontinence
and muscular cramping, which restricts their usage in the latter
periods of the disorder.”®*'** As a result, it is critical to develop
novel drugs that will obstruct ACh metabolism by blocking
AChE and inhibiting AR aggregation and should demonstrate
antioxidant activity to slow disease progression.***%

3.1 Cholinesterase inhibition mechanism

Aggregation of B-amyloid proteins and decreased cholinergic
neurotransmission, which degrade the structural proteins of
neurons, are the two major targets of treatment methods for
cognitive decline.”® In the pathogenesis of cognitive decline,
oxidative stress has also been implicated. ROS cause oxidative
damage to the lipid and protein composition of neurons,
resulting in changes in neuronal structure and function. The
most severe and persistent biochemical alteration in cognitive
impairment is cholinergic insufficiency (Fig. 8). Diminished
levels of AChE, acetylcholine, and choline acetyltransferase

19770 | RSC Adv, 2022, 12, 19764-19855

have been reported in necropsy brain samples, indicating this.
Choline esters are hydrolyzed by AChE, a hydrolase™*® exhibiting
high catalytic activity where each molecule is capable of
degrading around 25000 acetylcholine (ACh) molecules/
second, reaching the substrate's diffusion limit. The anionic
and esteratic subsites of AChE's active site are separated by
a membrane. The crystal structure of AChE has revealed the
shape and mechanism of action of the enzyme."****°

AChE is one of the most important enzymes in the serine
hydrolase family, as it is engaged in the cleavage of ACh,
exhausting ACh levels linked to memory and learning.®* As
a result, the cholinergic hypothesis for cognition problems
implies that degeneration in ACh-containing neurons play
a significant role in the cognitive decline linked to old age.
Multiple cognition enhancers have been developed throughout
the years, but the discovery and development of several possible
AChE inhibitors has cleared the path for a more effective
therapy and treatment methodology to cognitive decline.*** As
a result, cholinesterase inhibitors (ChEIs) are employed to treat
cholinergic insufficiency. AChEIs have been designed using
a variety of pharmacophoric scaffolds. The FDA has already
authorized AChE inhibitors including physostigmine, riva-
stigmine, tacrine, and donepezil for the treatment of neurode-
generative illnesses like AD.'5>*5*

4 Synthetic sources of ChE inhibitors

Donepezil and galantamine are agents that inhibit AChE func-
tion in a reversible and selective manner.'*® Rivastigmine, on
the other hand, connects covalently to the receptors’ active site

© 2022 The Author(s). Published by the Royal Society of Chemistry
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and is thus referred to as a pseudo-irreversible drug due to the
sluggish release of the substrates. Rivastigmine is additionally
a dual inhibitor of AChE and BChE."*'*” Rivastigmine is the
only carbamate medicine that is prescribed to cure the symp-
toms of AD in patients. Other important functions of the
carbamate group in pharmaceuticals include chemical stability,
the ability to enhance permeability across cellular membranes,

© 2022 The Author(s). Published by the Royal Society of Chemistry

and participation in serine hydrolase inhibitors to cure asthma
and pesticides for pest control.**® The amino acid sequences of
human AChE and BChE are about 89% similar.**®

Surface specificity and gorge sensitivity, as well as the
volume of the gorge exposed to entrance inhibitors, are the
main differences between AChE and BChE. The entrance of the
BChE gorge is noticeably broader than AChE, and the amino

RSC Adv, 2022, 12,19764-19855 | 19771
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Fig. 10 Mechanism of action of anti-AD drug.

acid residues at the peripheral site of AChE and BChE are partly
different, according to X-ray spectroscopic study (Fig. 9). Three
aromatic amino acids are missing from the peripheral site of
BChE, resulting in altered interactions between ligand and
substrate.’*'®* The role of BChE in normal conditions of
healthy brain activity is overlooked, even though BChE level
rises in tandem with AD progression in the latter phases of the
illness. Remarkably, the level of AChE begins to decrease in
these situations'*>*** (Fig. 10).

5 Synthetic cholinesterase inhibitors
5.1 Nitrogen-, oxygen- and sulfur-based heterocycles

Taslimi et al. (2018) reported a series of substituted pyrazol-4-yl-
diazene derivatives 1 and their in vitro cholinesterase (ChE)
studies and suggested that all the analogs were potent AChE (K;
= 44.66-78.34 nM) and BChE (K; = 50.36-88.36 nM) inhibitors
even better than tacrine (standard) for the treatment of AD
(Table 1). Later, inhibition of such metabolic enzymes has
emerged as a promising factor for pharmacologic intervention
in a range of disorders like epilepsy, obesity, and neurodegen-
erative diseases.'*”

Qin et al. (2019) prepared a series of 3-sulfonolactone-fused
pyrazole motif using sulfur(vi) fluoride exchange chemistry
employing pyrazolones and aryl sulfonyl fluorides. The in vitro
enzyme screening demonstrated their ChE inhibitory action.
Among the synthesized compounds, compounds 2, 3, and 4
were recognized as selective BChE inhibitors with ICs, = 0.20,
0.46 and 0.42 pM, respectively. Kinetic studies showed that
BChE inhibition of compounds 3 and 4 were reversible, mixed,

19772 | RSC Adv, 2022, 12, 19764-19855
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and non-competitive (K; = 145 nM and 60 nM respectively). This
type of inhibition exhibited remarkable neuroprotective activity
and developed as promising therapeutics for AD treatment'®®
(Table 1).

Sen et al. (2019) prepared a series of substituted pyrazole-
based pyridazine derivatives and checked their inhibitory abili-
ties against AChE inhibitors. These pharmacophores have gained
special attention in many different synthetic drug designs due to
their various bioactivities and the scaffolds of various bioactive
natural compounds. All the synthesized analogs 5 and 6a-f
exhibited excellent AChE inhibition (1-9 = 506 to 1022 nM). The
discovery of novel inhibitors of AChE, one of the ChE enzymes, is
particularly important for AD'” (Table 1).

Singh et al. (2019) prepared several 3,5-diaryl-1H-pyrazole
derivatives and evaluated them for their potencies against AChE
and BChE inhibitors. All analogs demonstrated mild to good
activity compared to the reference standard donepezil.
Compound 7 (p-Cl) was found to be potent inhibitor of AChE
and BChE with 2-folds increase in ICsy (IC50 = 1.937 uM for
AChE; 1.166 puM for BChE). These results represent a valuable
milestone for the design of new agents against AD'®® (Table 1).

Shaikh et al. (2020) reported novel scaffolds of N-substituted
pyrazole derived a-amino phosphonates and evaluated their
anti-ChE activity, where two of these analogs 8 (ICs, = 0.055 uM
for AChE) and 9 (ICs, = 0.017 uM for AChE) showed strong
efficacy against AChE. The remaining compounds possessed
moderate to good BChE inhibition and performed better than
the commercially available drugs galantamine and riva-
stigmine. This research produced promising lead compounds
for further development as anti-Alzheimer agents'® (Table 1).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Chemical structures of pyrazole derivatives 1-9 and their ICsg values against cholinesterase enzymes
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IC5 values (uM)

Compound no. Chemical structure AChE BChE References
BI”\@\
-N
N
1 44.66-78.34 nM 50.36-88.36 nM 165
R =-H, -Me, -Et, -Ph
2 F — 0.20 166
L
3 — 0.46 166
CI :
4 — 0.42 166
O O
OH
— 167

I\
5 O N’ 506-1022 nM
Hs
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Table1 (Contd.)
IC5, values (uM)
Compound no. Chemical structure AChE BChE References
Ra
N—N
R—< o)
\
/ /N
N
6 CHj 506-1022 nM — 167
H3C
R1 = -Ph (a-f)
R, = -Ph (a), -H(b), -Ph(CH3), (c),
-PH(NO>) (d), -Ph(Cl)3 (e), -PH(CF3) ()
7 1.937 1.166 168
R =-H, -Cl, -Br, -F, -OCH3, -CF3, -CN, -CH3
OEt
Qs OEt
[ S
8 | N / 0.055 — 169
N~-N
OEt
ol O OFt
, V
TN
9 0.017 — 169
N-N

Limited SAR studies were conducted based on the central
core and substitution pattern on the pyrazole scaffold (Fig. 11).
Accordingly, it may be deduced that the variations observed in
cholinesterase activity of the above-mentioned analogs is
a consequence of variations in substitution pattern present on
the main structural motif of the molecule. All these structural
features are performing a considerable role in the inhibitory
activity, though, observed variation in the activity of these
analogs, which may be substantial in some cases, is ascribed to
variability in the nature and positions of substituents on aryl
rings. The smaller groups attached to the pyrazole ring promote
higher AChE and BChE inhibitory abilities compared to bulky

19774 | RSC Adv,, 2022, 12, 19764-19855

ones. Electron withdrawing atoms or groups (-F, —Cl, -Br, etc.)
increase the activity whereas electron-donating groups (EDG)
(-CH3, -OCHj; etc.) decrease the activity. Thus, ChE activity
seems to be impacted by electronic and steric factors inherent
to the inhibitor molecule.

In all the figures (Fig. 11 to 25) given below, the red arrow
indicates the decrease in activity and green arrow indicates an
increase in activity.

Ghalib et al. (2012) synthesized two indenoimidazoles by
reacting ninhydrin with diphenylthiourea and diphenylurea for
the treatment of AD. In vitro assays demonstrated that most of
the compounds successfully inhibited ChEs in the uM range.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 SAR analysis of different pyrazole derivatives as AChE and BChE inhibitors.

Analogs 10 (IC5o = 177.69 uM for AChE and 90.20 pM for BChE)
and 11 (IC5o = 274.69 puM for AChE and 101.20 pM for BChE)
demonstrated good ChE enzyme. Moreover, 11 was found to be
3 times more selective BChE inhibitor, highlighting its potential
for possible use in preventing further neurodegeneration as well
for symptomatic treatment of Alzheimer patients. The AChE
inhibitors are the mainstay drugs for the management of AD*7®
(Table 2).

Yoon et al. (2013) synthesized a novel series of compounds
containing benzimidazole core structure and evaluated their
inhibitory potential against AChE and BChE inhibitors. Among
the synthesized analogs, four benzimidazoles exhibited excel-
lent AChE inhibition with ICsy < 10 puM. Compound 12 showed
the highest inhibitory activity (-NO,, IC5o = 5.12 uM for AChE
and 8.63 pM for BChE). This work demonstrated that manipu-
lating substituents on the 2™® position on the benzimidazole
core as well as the 4™ position on the aryl ring moiety could
potentially result in novel analogs with potent ChE inhibition
activity. The compounds containing EWGs at the 4™ position in
the phenyl ring are important for better activities as shown by
13 (-CF3; IC50 = 9.74 uM for AChE and 6.59 pM for BChE), 14
(-COOH; ICs = 16.38 uM for AChE and 11.44 uM for BChE) and
15 (-COOH; IC5o = 19.57 uM for AChE and 18.08 uM for BChE)
compared to donepezil and rivastigmine. Compound 12-15
gave AChE inhibition activity with IC5, value <20 pM. The best
inhibitor was 12 with IC;, of 8.63 uM (ref. 171) (Table 2).

Alam et al. (2018) described the preparation and AChE
inhibition of imidazole iminium chloride derivatives. Among
these, compound 16 was the best inhibitor of AChE with an IC5,
value of 0.33 uM compared to the standard drug tacrine (ICsq =
0.20 uM)*’* (Table 2).

Inspired by multi-target-directed ligands (MTDLs), Xu et al.
(2018) described the preparation of a new series of

© 2022 The Author(s). Published by the Royal Society of Chemistry

propargylamine-modified imidazole substituted pyrimidinyl
thiourea derivatives. All compounds successfully inhibited
AChE but displayed poor inhibitory activity toward BChE.
Compound 17 was the best and most selective inhibitor having
an IC5, = 0.324 puM. SAR studies demonstrated that the size of
the propargylamine N-substituent strongly influenced the
inhibitory profile. Moreover, the outcomes revealed that analog
17 may represent a multifunctional agent for the therapy of
AD'3 (Table 2).

Menges et al. (2019) synthesized a series of mono and di-
substituted imidazole derivatives and evaluated them in vitro
for AChE and BChE inhibitory abilities. The synthesized deriv-
atives exhibited excellent inhibition of AChE (ICs, = 17.3-120.9
nM) as well as BChE (ICs, = 27.02-151.2 nM) which was nearly
equal to donepezil and 20-40 folds higher than the standard
drug tacrine. Among them, compound 19 (substituted with o-
naphthyl groups) displayed the most potent inhibition of both
the esterases with ICs, values of 17.3 and 27.02 nM, respectively.
The dimethoxy substituted imidazole derivative 18 and pyrene-
substituted derivative 20 also displayed potent AChE and BChE
inhibitory abilities with ICs, values of 17.3 and 17.32 nM (for
AChE) and 41.67 and 64.28 nM (for BChE), respectively. SAR
studies revealed that the nature of the substitution and their
relative positions on the aromatic ring has a significant effect on
the biological activity profile'* (Table 2).

Arumugam et al. (2020) synthesized a small library of spi-
ropyrrolidine tethered imidazole heterocyclic hybrids. These
were evaluated for their in vitro ChEs inhibitory abilities, where
analogs possessing p-CH; 21 and p-OCHj; 22 substituents dis-
played potent activities with IC5, values of 2.02 and 2.05 uM
against AChE and 12.40 and 11.45 puM against BChE enzyme,
respectively, compared to galantamine (IC5, = 2.09 uM for
AChE and 19.34 pM for BChE). Therefore, novel heterocycles

RSC Adv, 2022, 12,19764-19855 | 19775
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Table 2 Chemical structures of imidazole derivatives 10—24 and their ICsq values against cholinesterase enzymes
IC5 values (uM)

Compound no. Chemical structure AChE BChE References

HO N
10 : i; 177.69 90.20 170
11 f ; 274.69 101.20 170

P N
o \>_< >_
12 N 5.12 8.63 171
(0]
/\O
13 N: ( ) 9.74 6.59 171
(0]
N COOH
14 N 16.38 11.44 171
(0]
-0 N
N COOH

15 '} 19.57 18.08 171

(N

O\)

CHC)

HO N NH,CI

16 NH 0.33 — 172
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Table 2 (Contd.)
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IC5, values (uM)

Compound no. Chemical structure AChE BChE References
( n N\
17 — CHs, 0.324 — 173
N_N NN
N~ W ~
T
S N ~ N
MeO OMe
MeO
18 N 17.3 nM 41.67 nM 174
MeO \ A\
N (0]
H
19 OO N 17.3 1M 27.02 nM 174
\ \
(0]
H
20 OO O 17.32 nM 64.28 nM 174
N
(J X
N (0]
H
21 2.02 12.40 175
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Table 2 (Contd.)
IC5, values (uM)

Compound no. Chemical structure AChE BChE References
22 2.05 11.45 175

23 11.8 — 176

CHj;
0]
24 8.77 — 177
Cl )
NAN

capable of suppressing the ChEs enzyme activity can compete
with current ChEIs for promising AD treatments'”® (Table 2).

Boulebd et al. (2020) synthesized 10 hydrazones bearing
a benzimidazole nucleus and assessed them for their anti-ChE
activities. Among them, compound 27 (IC5, = 11.8 uM) was
the best AChE inhibitor with an ICs, value comparable to that of
the standard galantamine (IC5, = 8.9 uM). Furthermore, dock-
ing studies results revealed that these analogs inhibited the
AChE enzyme mainly through H-bonds, m-m stacking, and
hydrophobic interaction. These researchers succeeded in
incorporating these two independently biologically active
moieties (imidazole and hydrazone) into one molecule to
generate compounds with new and/or enhanced biological
activities'’® (Table 2).

Sari et al. (2021) reported a variety of azole antifungals like
miconazole to possess ChE inhibitory effects. In this study, they
have tested a set of azole antifungal analogs selected through
virtual screening of an in-house library for their AChE and BChE
inhibitory effects. Compound 24 showed potent and selective
AChE inhibition, 70 times more potent (ICs, = 8.77 uM) than
the standard. The study also yielded dual AChE/BChE inhibitors
in addition to several potent AChE inhibitors. All the active
compounds were imidazole derivatives and the modeling study

19778 | RSC Adv, 2022, 12, 19764-19855

showed that imidazole in the protonated state contributed
greatly to the binding interactions with some key residues of
AChE and BChE active site'”” (Table 2).

According to SAR studies, as represented in Fig. 12, the
imidazole core moiety is essential for cholinesterase activity.
Imidazole-based cholinesterase inhibitors proved excellent
drugs against neurological diseases i.e., Alzheimer's and Par-
kinson's disease. All the imidazole structural features perform
a considerable role in the inhibitory activity, though, a slight
variation in the activity of the reported analogs is attributed to
variability in the nature and positions of substituents on
aromatic rings. Smaller groups attached to the imidazole ring
foster higher AChE and BChE inhibitory abilities compared to
bulky ones. The AChE and BChE activities change with the
volume of substitution. Electron withdrawing groups (-CF3, —Cl,
-NO,, -COOH etc.) enhance the activity and electron-donating
groups (-CHj, -OCH3 etc.) exhibit inhibitory effect. Thus, new
imidazole derivatives are a gateway to many novel and cheap
anticholinesterase drugs.

Abbasi et al. (2013) synthesized S-substituted analogs of 5-(2-
nitrostyryl)-1,3,4-oxadiazole-2-thiol 25-30 and evaluated their
ChE inhibitory activity. The analysis demonstrated that the
synthesized analogs exhibit moderate to good activity against

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra03081k

Open Access Article. Published on 12 July 2022. Downloaded on 11/10/2025 10:29:15 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

Imidazole core moiety essential

View Article Online

RSC Advances

Smaller groups attached to the
imidazole ring show high AChE & BChE
inhibitory activities

for enhancing activity HO N R -CHj, -OCHj g
/|
©i>(" -Cl, -NO,, -CF3, -COOH A
R L °H\© o
. — /\OJ\@N\ ]
D | ! oprw—
Activity changes with the
// volume of substitution
( n N\
_ CH;
H H N
R N
S NN Significant increase in activity when

Bulky groups attached to the imidazole ring
show lower inhibitory activity -
Thiourea, Diphenylthiourea, Naphthalene,{jz‘
Spiropyrrolidine, Pyrlene

substituted with Hydrogen

EWGs enhance the activity
EDGs decrease the activity

R

R = Diphenylurea, Thiourea, -NO,, -CF3, -COOH, Iminium chloride, -OCH3, Naphthalene, Pyrlene, -CH3, Spiropyrrolidine

Fig. 12 SAR analysis of different imidazole derivatives as AChE and BChE inhibitors.

BChE and excellent inhibitory potential against AChE as evident
from the ICs, values obtained for 25-30 (ICs, = 135, 254, 301,
289, >400, 101 uM for AChE and 132, 138, 74, 114, 80, 152 pM for
BChE), respectively, relative to the reference standard eserine
(ICs0 = 0.04 mM for AChE and 0.85 mM for BChE). Hence,
based on the outcome of this work, it was that halogenated
analogs of 1,3,4-oxadiazoles 29 and 30 appear as good drug
contenders for the treatment of AD.178 (Table 3).

Kamal et al. (2014) prepared a library of 2,5-disubstituted
1,3,4-oxadiazole analogs and evaluated their AChE inhibitory
activity in vitro. All compounds showed good to moderate
inhibitory activity toward the AChE enzyme. Amongst the
surveyed oxadiazole analogs, compounds 31, 32, 33 and 34 (ICs,
= 24.89, 13.72, 37.65, and 19.63 pM, respectively) stood out as
the most promising inhibitors of AChE. Based on molecular
modeling results, it was observed that the compounds 31-34
bind to the AChE enzyme in a similar fashion to donepezil. This
investigation provided an insight for the future direction in the
development of conjugates as potential AChE inhibitors'”®
(Table 3).

Acridone-1,2,4-oxadiazole-1,2,3-triazole hybrids were
prepared and assessed by Akbarzadeh et al. (2015) for their
AChE and BChE inhibitory potential. Among the series,
compound 35 was the most potent AChE activity (IC5o = 11.55
uM), being as potent as rivastigmine. Among all newly synthe-
sized acridone-1,2,4-oxadiazole-1,2,3-triazoles, compounds 36
and 37 (ICso = 11.55-77.79 uM) showed anti-AChE activity and
35 (IC5o = 11.55 uM) was found as potent as rivastigmine (ICso, =
11.07 pM). According to their findings, compound 35 possess-
ing substitution-free acridone and 4-methoxyphenyl-1,2,4-

© 2022 The Author(s). Published by the Royal Society of Chemistry

oxadiazole groups displayed the best activity (ICs, = 11.55
uM)**® (Table 3).

Siddiqui et al. (2017) described the preparation of 5-benzyl-
1,3,4-oxadiazole-2-thiol derivatives and screened all the
synthesized analogs against AChE and BChE. Among these, 38-
42 demonstrated moderate to good anti-ChE activity (ICs5, =
74.7, 129.6, 107.9, 70.84, 17.50 uM for AChE; 41; 82.2, 42; 72.7
uM for BChE, respectively) compared to eserine (IC5o = 0.04 uM
for AChE, 0.85 uM for BChE) and was credited to the presence of
the 3,4-dimethoxyphenylacetamide moiety'®* (Table 3).

Al-Harrasi et al. (2018) synthesized novel coumarin-
oxadiazole hybrids and evaluated them against AChE and
BChE in order to explore their potential for the prevention of
AD. In the case of the coumarinyl oxadiazole series, 43 was lead
candidate against AChE with an ICs, value of 6.07 uM, whereas
compound 45 was found significantly active against BChE with
an ICs, value of 0.15 pM. To realize the binding interaction of
these compounds with AChE and BChE, molecular docking
studies were performed. The docking studies of coumarinyl
oxadiazole derivatives suggested that the compounds with high
anti-BChE activity 43-45 provided MOE scores of —9.9, —7.4,
and —8.2 kecal mol ™', respectively, with the active site of BChE
building w-m stacking with Trp82 and water bridged interac-
tion. In the future, these compounds and their functionalized
derivatives may be helpful in the development of potent drugs
for AD"** (Table 3).

Rehman et al. (2018) synthesized 5-substituted-1,3,4-oxa-
diazole-2yl-N-(2-methoxy-5-chlorophenyl)-2-sulfanyl acetamide
derivatives and screened these derivatives against AChE and
BChE. These findings revealed that the desired compounds

RSC Adv, 2022, 12, 19764-19855 | 19779
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Table 3 Chemical structures of oxadiazole derivatives 25—-84 and their ICsg values against cholinesterase enzymes
IC5, values (uM)
Compound no. Chemical structure AChE BChE References
N-N S—
P
25 0] 135 132 178
NO,
N-N >\
| \
26 AN O>NS 254 138 178
NO,
N-N Vs
s A D—s
27 (0] 301 74 178
NO,
N-N
A >—s
28 (0] 298 114 178
NO,
N-N
[ s/\Q\F
29 X O>\ >400 80 178
NO,
Cl
30 N-N 101 152 178
s A >—s
(e}
NO,
-N
NN
H;CO N o
31 24.89 — 179
H;CO
OCH;
NN o
HaCO Ay U
32 13.72 — 179
HsCO
OCH3
-N
179

NN
O
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IC5, values (uM)

Compound no. Chemical structure AChE BChE References
34 19.63 — 179
35 11.55 — 180
Cl
36 11.55-77.79 — 180
Cl
37 11.55-77.79 — 180
38 74.7 64.3 181
OC3H;5
N~
39 é /'t 129.6 69.6 181
© SN NH
o]
N-N
COCH
40 { I§ ° 107.9 66.1 181
[e) /\”/NH
S
O
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Table 3 (Contd.)
IC5, values (uM)
Compound no. Chemical structure AChE BChE References
CHs
n /le 70.8 82.2 181
5 ) )
S/»]/NH CaHs
(e}
OCH3
OCH;
N~
42 /i 17.5 72.7 181
o NH
S/w’/
(0]
_CH
-N
43 N 6.07 2.98 182
| \FS
X O
O (0]
j\l,n-Bu
-N
44 N 7.12 1.45 182
| \/:3
X (@)
(@) (e}
_.CgH4ClI
j‘ 64
45 l\f’N 9.18 0.15 182
S
N (0]
o "0
CHj3
/"“)I\\l\ y  OCHs
46 @) S/\”/N 34.61 — 183
(0]
Cl
N-N OCH
3
g N
47 /\ﬂ/ 40.21 — 183

Cl
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IC5, values (uM)

Compound no. Chemical structure AChE BChE References
N~-N OCH
y J\ H s
N
0T
48 45.11 — 183
H,N o
Cl
;‘“jl\ y OCHs
0 sﬁfN
49 8 33.31 — 183
Cl
Oé,o
50 g Nﬂ\/o 62.54 — 184
IS R
WO
o]
U
& \Nﬂ(
o]
51 0 47.69 — 184
| )—S
HsCO
@LS,,O
52 d \Nﬂro 28.54 — 184
| '\f>~s \/«0
HN
HaC
O\\S,/o y o CHs
53 N NN 7.21 — 185
|
o /©/ Q/<o/\\s/\/u\ N
Q0 CHs
5
| N-N 0
54 /©/ C}« ) /@\ 5.76 — 185
al o)\s/\)LH CHs
Q0
\ Ne
55 /©/ {‘}« N o CHa 3.64 — 185
. Ay
H,CO
O\\,/ N
56 \ -N 7.62 — 185
7\ /\/u\
/©/ 0)\8 N
Cl
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Table 3 (Contd.)
IC5, values (uM)
Compound no. Chemical structure AChE BChE References
HsC
57 7 O/\Q\(N\j/CNH 9.49 8.17 186
o \
(0]
HsC
58 ﬁ\Q\O/\Q\(Nﬁ/CNH 7.58 9.56 186
\
o (@)
N\
59 | \\/\W 5.69 — 187
_N
N )
60 | Y\W > OCH;3 5.91 - 187
_N N-N
61 | NY\W 6.52 — 187
B
62 HO’®'/< 1.098 — 188
63 7 N\ NC N 0.054 0.787 189
—
N-
|
64 O 0.055 0.186 190
N\/®
FsC
N\>\
@ 70 F
65 0.086 0.143 190
@N
66 @ 0.144 0.220 190
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IC5, values (uM)

Compound no. Chemical structure AChE BChE References
HN
o
67 \ N, /)\CL 0.119 0.751 190
W
OCF;
Br
.N
N AN
\\N \ J
68 7.19 4.61 191
—/ \
0]
(0]
N Br
\\ N\/ N\
N 0]
69 - { 9.45 5.28 191
(0]
(0]
N-N
70 » )X\N/\ 0.51-69.44 — 192
o~ S \
HsC CHj
N— (0]
7\ S
71 O)\S/\\\ N 0.51-69.44 — 192
CH;
OH
-N
NN
72 H3CO:©/\/‘\O 0.16 3.12 193
HO
N-N
| \)
73 H3CO X o>\©0H 1.10 1.94 193
HO
HO
NN
74 HsCO N ’O 1.59 1.86 193
HO
HO
NN
75 H;CO N ’o OH 1.82 2.76 193
HO
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Table 3 (Contd.)
IC5, values (uM)
Compound no. Chemical structure AChE BChE References
-N
NN
76 HsCO X (o) CHs 2.17 5.23 193
HO
N-N
| \
77 HsCO X (6] CFs 0.068 0.218 193
HO
N-N
| A\
78 H3CO:©/\/LO OCFs 0.092 0.163 193
HO
-N
NN
79 HyCO X0 cl 0.33 0.73 193
HO
Cl
NN
80 HsCO SN ’O cl 0.22 0.91 193
HO
N-N
L)~
81 HsCO X o] F 0.28 0.29 193
HO
F
N-N
A\
82 H3CO X ' o F 0.19 0.42 193
HO
N-N
| \
83 HN/I\O>\©\CH3 — 0.463 194
N
-N
NN
HN~ ~O F — 0.359 194

" ©\/N
F

were potent AChE inhibitors relative to eserine (IC5y, = 0.04 pM
for AChE, 0.85 uM for BChE). Compounds 46, 47 and 48 showed
reasonably good inhibiting activity against AChE having an ICs,
value of 34.61, 40.21 and 45.11 pM, respectively. Screening
against the BChE enzyme showed that only one compound 49
exhibited excellent inhibitory potential having ICs, 33.31 uM.
The current study emphasizes the research and development of
new therapeutic approaches for AD'® (Table 3).

19786 | RSC Adv, 2022, 12, 19764-19855

Rehman et al. (2018) reported the green synthesis of N-
(substituted)-2-(5-(1-(4-nitrophenylsulfonyl)piperidin-4-yl)-
1,3,4-oxadiazol-2-ylthio) acetamide hybrids and their pharma-
cological applications to overcome enzymatic disorders. All the
synthesized compounds were screened for AChE inhibition
potential. Compounds 50, 51, and 52 were found to be very
active AChE inhibitors having ICs, values 62.54, 47.69, and
28.54 and % inhibition values of 85.36, 88.72, and 89.75,
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Oxadiazole core moiety
essential for enhancing activity
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o
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oxadiazole ring show high AChE &

Smaller groups attached to the
BChE inhibitory activities

-CHj, -Ph, -Et, n-Bu ﬁ A

-CF3, -CN, -CI, -F, -Br, -OCH,, -OH V"
N

N-
oA o\>\R

Activity changes with the
volume of substitution

N=,
N/\

N=N Significant increase in activity when

substituted with Hydrogen

Bulky groups attached to the oxadiazole ring
-N show lower inhibitory activity

Furan, Coumarin, Triazole Aminopyrimidineq
Sulfonylpiperidine, Pyridylpiperazine, N-g=
Benzylpiperidine, 2-Carbamothioate ~ {*

Sulfonylpiperidine, Aminopyrimidine, Pyridylpiperazine, N-Benzylpiperidine, 2-Carbamothioate

Fig. 13 SAR analysis of different oxadiazole derivatives as AChE and BChE inhibitors.

respectively. Eserine (IC5, = 0.04 pM) was the reference drug for
AChE inhibition*** (Table 3).

Rehman et al. (2018) synthesized N-substituted derivatives of
3-[(5-{1-[(4-chlorophenyl)sulfonyl]-3-piperidinyl}-1,3,4-
oxadiazol-2-yl)sulfanyl]propenamide and assessed them as new
drug contenders for AD. The synthesized products were tested
for enzyme inhibition activity against the AChE enzyme. All the
derivatives showed moderate to excellent inhibition activity
against the ChE enzyme. Compounds bearing dimethyl phenyl
groups, 53 and 54, showed enhanced inhibitory ability against
AChE with ICs, values of 7.21 uM and 5.76 puM, respectively, yet
were less efficient than the reference drug eserine (ICs, value =
0.04 pM). The improved activity may be credited to the presence
of 3,4-dimethyl phenyl and 3,5-dimethylphenyl groups due to
the collective electron-donating positive inductive effect of two
methyl groups. Compounds bearing mono-substituted phenyl
groups like 55 and 56 exhibited excellent AChE inhibitory
activity with ICs, values of 3.64 pM and 7.62 pM, respectively,
compared to the reference drug'®® (Table 3).

Sun et al. (2018) synthesized a series of new chiral coumarin/
1,2,4-oxadiazole hybrids and evaluated them for ChE inhibitory
activity. Among them, enantiomers 57 and 58 showed potent
BChE inhibitory activity with ICs, values of 8.17 and 9.56 uM,
respectively, compared to tacrine (IC5, = 0.16 uM for AChE, 0.24
uM for BChE) and also exhibited good selectivity for BChE over
AChE by 9.49- and 7.58-fold, respectively. In the current study,
coumarin/1,2,4-oxadiazole hybrids 57 and 58 could be high-
lighted as a new chiral molecular template for developing
multifunctional anti-AD drugs'®® (Table 3).

Shrivastava et al. (2019) synthesized new hybrids bearing a 2-
aminopyrimidine (2-AP) moiety linked to substituted 1,3,4-
oxadiazoles and evaluated them biologically. Among the
synthesized derivatives, compound 59, with a phenyl ring at the

© 2022 The Author(s). Published by the Royal Society of Chemistry

5th position of the 1,3,4-oxadiazole core, exhibited considerable

AChE inhibitory activity (ICso = 5.69 puM). Compound 60,
bearing an EWG 3,4,5-trimethoxyphenyl group, showed signif-
icant AChE inhibitory potential (IC5, = 5.91 uM). Among all the
evaluated derivatives, compound 61, bearing a naphthyl ring,
displayed the most significant AChE inhibitory activity (ICs, =
6.52 uM). The enhanced lipophilicity of compound 61 due to its
naphthyl group may be the cause of its effective interactions
with the active site residues of AChE. Thus, this study indicated
that multitargeted N-(pyrimidin-2-yl)-1,3,4-oxadiazole deriva-
tives are potential scaffolds for the treatment of dementia with
compound 61 representing a promising lead for further
research'’ (Table 3).

Shrivastava et al. (2019) synthesized novel hybrid bearing 4-
aminopyridine tethered with substituted 1,3,4-oxadiazole
nucleus and evaluated them for their potential AChE inhibitory
property and antioxidant potential. Among all the compounds,
62 with 4-hydroxyl substituent promoted optimum AChE inhi-
bition with the non-competitive type of enzyme inhibition (ICs,
= 1.098 uM; K; = 0.960 uM). These findings highlighted the
potential of compound 62 as significant lead for the develop-
ment of orally active therapeutics in the treatment of AD'*
(Table 3).

Shrivastava et al. (2019) designed and synthesized molecular
hybrids of 2-pyridylpiperazine and 5-phenyl-1,3,4-oxadiazoles.
Compound 63 comprising 2,4-difluoro substitution at the
terminal phenyl ring emerged as the most promising AChE
inhibitor lead (ICs, = 0.054 pM), BChE (IC5o = 0.787 uM). The
enzyme kinetics study of 63 against AChE indicated a mixed
type of inhibition (K; = 0.030 pM). Compound 63 may be
deemed as a notable lead with multifunctional actions against
AD'® (Table 3).
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Shrivastava et al. (2019) synthesized multitargeted hybrids of
substituted 5-phenyl-1,3,4-oxadiazoles and N-benzylpiperidine
and assessed them against AD. The analyzed compounds
showed moderate to excellent enzyme inhibition against hAChE
and hBChE. Among them, 64 (IC5, = 0.055 uM for hAChE; 0.186
uM for hBChE), 65 (IC5, = 0.086 uM for hAChE; 0.143 uM for
hBChE), 66 (IC5, = 0.144 uM for hAChE; 0.220 uM for hBChE)
and 67 (ICso = 0.119 uM for hAChE; 0.751 uM for hBChE) dis-
played balanced and noteworthy inhibition of hAChE and
hBChE in nanomolar concentration range compared to done-
pezil (ICs, = 0.046 uM for hAChE; 1.94 uM for hBChE) and
rivastigmine (ICs, = 2.58 uM for hAChE; 1.07 uM for hBChE).
The results of in vitro assays corroborated their results, indi-
cating that an increase in the chain length and suitable place-
ment of the 1,3,4-oxadiazole between the N-benzylpiperidine
core and terminal phenyl group would significantly improve the
inhibitory potential against target enzymes. In conclusion, all
these results emphasized 64 as a potential candidate for the
treatment of AD*° (Table 3).

Chen et al. (2020) synthesized 7-diethylaminocoumarin-
based-1,3,4-oxadiazole analogs via I,-induced oxidative cycliza-
tion. The in vitro outcome of these compound's activities
inhibiting AChE showed that 68 and 69 had moderate inhibi-
tory abilities with 69.19% and 65.06%, respectively. The
preliminary SAR showed that the introduction of halogen atom
on the p-position of the aryl ring of oxadiazole derivatives could
lead to a promising AChE inhibitor. Molecular docking study
suggested that 69 possessed an optimal docking pose with
interactions inside AChE*" (Table 3).

Safavi et al. (2020) synthesized a new series of 5-aryl-1,3,4-
oxadiazole-2-carbamothioate compounds using structure-
based drug discovery approaches. The potential of the synthe-
sized compounds was evaluated against AChE and BChE to
determine their ICs, values. The results of biological experi-
ments demonstrated that most synthetic compounds exhibit
moderate to excellent selective activity against BChE (0.51-69.44
uM). Docking studies showed the range of binding affinity for
the best poses of individual conformers for any compound was
between —7.81 70 and —6.75 71 kcal mol'. Recent essay data
survey indicates that BChE plays a significant interest role in
AD, especially at the advance stage of the disease, therefore
these selective BChE inhibitors can be favorable drug candi-
dates in the future'? (Table 3).

Shrivastava et al. (2020) synthesized a series of molecular
hybrids with ferulic acid and 1,3,4-oxadiazole framework for the
treatment of AD and screened them for multifunctional inhib-
itory potential against AChE and BChE. Compound 77 was the
most potent inhibitor of AChE (IC5, = 0.068 pM). It also showed
equipotent inhibition of BChE with ICs, value of 0.218 pM.
Compound 78 possessed the most significant inhibition of
BChE with IC5, value 0.163 pM. Among all the tested
compounds, analogs with 4-CF; and 4-OCF; substitution
exhibited excellent AChE inhibitory profile 77, IC5, = 0.068 uM;
78, IC5o = 0.092 puM. Several findings suggested that inhibition
of BChE is also a vital therapeutic strategy in the treatment of
AD. The dual inhibition of AChE and BChE could be beneficial
in halting the disease progression rather than providing

19788 | RSC Adv, 2022, 12, 19764-19855
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symptomatic relief only. Therefore, the BChE inhibitory
potential of all the target compounds was also evaluated.
Several of the prepared compounds 72 (ICs, = 3.12 uM for
BChE), 73 (IC5, = 1.94 uM for BChE), 74 (IC5, = 1.86 uM for
BChE), 75 (IC5¢ = 2.76 uM for BChE) and 76 (IC5, = 5.23 uM for
BChE) demonstrated micromolar inhibitory ability against
BChE. The remaining compounds 79 (ICs, = 0.33 pM for AChE;
0.73 uM for BChE), 80 (ICs, = 0.22 uM for AChE; 0.91 uM for
BChE), 81 (IC50 = 0.28 uM for AChE; 0.29 uM for BChE), and 82
(ICso = 0.19 uM for AChE; 0.42 pM for BChE) prompted
outstanding dual inhibitory ability against both cholinesterases
compared to donepezil (IC5, = 0.046 pM for AChE; 1.94 uM for
BChE) and rivastigmine (ICs, = 2.58 uM for AChE; 1.07 uM for
BChE)™* (Table 3).

Shrivastava et al. (2021) synthesized a hybrid of substituted
5-phenyl-1,3,4-oxadiazole and N-benzylpyrrolidine and the
derivatives were at first screened for ChE inhibition ability. The
results indicated that the highest BChE inhibition was attained
with analogs (ICso, 83: 0.463 uM 84: 0.359 uM) substituted by 4-
CH;, and 2,4-difluoro on the phenyl ring, respectively.
Compound 84 also exhibited outstanding oral absorption
attributes in a primary pharmacokinetic study'* (Table 3).

SAR studies of different oxadiazoles demonstrate that
various derivatives are active against AChE and BChE enzymes
(Fig. 13). All the structural features contribute to the inhibitory
activity in different capacities where any slight variation in the
activity of these analogs is due to variability in the nature and
positions of substituents on aryl rings. The smaller groups
attached to the oxadiazole ring seem to promote higher AChE
and BChE inhibitory abilities compared to bulky groups. The
ChE activity changes with the size of substitution. Electron
withdrawing groups (-F, -Cl, -Br, -CN, -OH, etc.) increase the
activity and electron-donating groups (-CHjz, -OCHj3, Et, n-Bu
etc.) decrease it. All the presented analogues so far have shown
good to excellent ChE inhibitory abilities with a low risk of
harmful side effects. Moreover, these species are economical
and easy to synthesize in the laboratory, making them attractive
for commercial development and marketing as drugs against
cholinesterase.

Ucar et al. (2005) prepared some 1-N-substituted thio-
carbamoyl-3-phenyl-5-thienyl-2 pyrazoline analogs and among
the synthesized analogs, compound 85 selectively inhibited
hAChE (IC5, = 0.09 pM) and is much more potent than riva-
stigmine (IC5, = 12.23 pM). Compound 85 carrying the p-OCHj;
group on the phenyl ring inhibited the hAChE non-
competitively and reversibly. The obtained results suggested
that ChE inhibitors have promising features in the therapy of
AD's' (Table 4).

Jayaprakash et  al (2010)  synthesized = some
3,5-diaryl-2-pyrazoline-1-carbothioamides and assessed their
AChE inhibitory profile. Compound 86 showed outstanding
AChE inhibitory activity (ICs, = 19.45 uM) and 87 displayed
better BChE inhibitory ability (IC5, = 6.31 uM).

All analogs tested were potent inhibitors of ChE'*® (Table 4).

Altintop et al. (2013) synthesized new pyrazoline derivatives
and each analog was evaluated for its ability to inhibit AChE and
BChE using a modification of Ellman's spectrophotometric

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Chemical structures of pyrazoline derivatives 85-113 and their ICsq values against cholinesterase enzymes

View Article Online

RSC Advances

ICs, values (uM)

Compound

no. Chemical structure AChE BChE References
85 0.09 — 195

86 19.45 — 196

87 — 6.31 196

88 0.72 pg mL " 7.46 pg mL " 197

89 7.2 pg mL™* >80 pg mL ™" 197

90 O/}\\ 3.2 pug mL " 26.9 pg mL " 197

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 4 (Contd.)
ICs, values (uM)
Compound
no. Chemical structure AChE BChE References
91 48 pg mL~? — 197
92 50.68 ug mL ™" — 197
93 62 ug mL™" — 197
94 0.68 — 198
95 0.74 — 198
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Table 4 (Contd.)
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ICs, values (uM)

Compound
no. Chemical structure AChE BChE References
HN*N S
N \ !
96 L 0.13 — 199
~ N
\ S
HsC
HN-NC s
\ |
cl N
97 ~ ~ 0.15 — 199
S N
D
Cl
HN-N S
N \ !
98 = N/ 0.20 — 199
(¢]]
\ S
D
929 38.5 — 200
100 — 43.02 200
<N
vﬁ
— 201

F
L
N~ N\ AN
101 H ’N 48.15
. .
F
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Table 4 (Contd.)
ICs, values (uM)
Compound
no. Chemical structure AChE BChE References
Br\©\
N’N\ A\ N
102 H N 52.65 — 201
o Cl
CI\Q
Cl
O OCHg3;
H,N O OH
\
N-N o)
103 HsC 123 nM — 202
H3C CH3
H,C CH,
\%/C%
104 201 nM — 202
o -N
N \
O NH2
HO OH
SO,NH,
105 N—N 9.77 nM — 203
F O / O
MeO OMe
F
SO,NH,
106 N—N 3.43 nM — 203
F. |
O OMe
MeO
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Table 4
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ICs, values (uM)

Compound
no. Chemical structure AChE BChE References
SO,NH,
107 N—N OMe 6.86 nM — 203
F. /
! MeO
F
SO,NH,
108 N—N 8.32 nM — 203
F /
O OMe
OMe
F
N:\Q\(/\S
NﬁkN,N
109 N/\\ 14.37 nM — 204
O _/
F
HSC\WS
NAN,N
110 N O N/\\ 26.64 nM — 204
O P
F
N’kN’N
111 /\ 16.18 nM — 204
N
O s
F
O
N’]\N,N
112 A\ /\ 17.96 nM — 204
N
O \__/
F
OCH3
S N~
N
113 @[N/>_ 1.3 — 205
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method. The most potent AChE inhibitor was found to be
compound 88 followed by compounds 89 and 90. Effective
compounds against AChE are characterized by the presence of
the 2-dimethylaminoethyl moiety, which resembles the trime-
thylammonium group and the ethylene bridge of acetylcholine.
Among all compounds, compound 88 bearing 2-dimethylami-
noethyl and 3,4-methylenedioxyphenyl moieties were also
found to be highly effective inhibitor of BChE. Compound 88
can be regarded as the most promising anticholinesterase agent
due to its inhibitory effect on AChE with an ICs, value of 0.72 pg
mL ™! when compared with eserine (ICs, = 0.0013 pg mL™%).
Compounds 89 and 90 exhibited AChE inhibitory activity with
ICs5o values of 7.2 pg mL™' and 2.32 pg mL™', respectively.
Compounds 91, 92 and 93 exhibited AChE inhibitory activity
with ICs, values of 48, 50.68 and 62 pg mL ', respectively.
Compound 88 also exhibited the highest inhibitory effect on
BChE with an ICj5, value of 7.46 ug mL™ " when compared with
eserine (ICs, = 0.012 pug mL ™). Compound 90 exhibited BChE
inhibitory activity with an ICs, value of 26.93 ug mL~". Although
compound 89 carries the 2-dimethylaminoethyl group, it was
a weak inhibitor of BChE (ICs, > 80 pg mL™")*’ (Table 4).

Chigurupati et al. (2016) synthesized novel indolopyrazoline
derivatives and assessed them as prospective anti-Alzheimer
compounds through AChE inhibition study (in vitro). Specifi-
cally, 94 shows AChE inhibition (IC5, = 0.68 puM), while 95
ranked second best compound with AChE inhibition (IC5, =
0.74 pM). This study described the first use of indolopyrazoline
compounds as potential anti-Alzheimer drugs'® (Table 4).

Igbal et al (2017) synthesized novel pyrazoline-based
analogs and appraised their ChE inhibitory activity. Out of the
synthesized compounds, compounds 96, 97 and 98 were the
best inhibitors against AChE with an IC5, of 0.13, 0.15 and 0.20
uM, respectively. Compound 96 exhibited 173-fold higher
inhibitory ability compared to neostigmine (ICs, = 22.2 uM). All
the 2-pyrazoline analogs showed comparatively less (<50%)
inhibitory capacity against BChE'® (Table 4).

Altintop et al. (2018) synthesized new thiazolyl-pyrazoline
derivatives. The compounds were investigated for their inhibi-
tory effects on AChE and BChE using a modification of Ellman's
spectrophotometric method. As a part of this study, the
compliance of the compounds to Lipinski's RO5 was evaluated.
Naphthalene-substituted compound 99 was the most potent
AChE inhibitor (IC;, = 38.5 pg mL™'), whereas fluoro-
substituted compound 100 was the most effective BChE inhib-
itor (ICso = 43.02 ug mL™ ") in this series relative to the standard
galantamine (ICs5, = 97.17 pg mL ™" for AChE; 80.98 ug mL ™" for
BChE)** (Table 4).

Turkan et al. (2019) synthesized novel pyrazoline analogs
and assessed their AChE inhibitory activity. These pyrazoline
analogs were efficient inhibitors of the AChE, with K; values
ranging between 48.2-84.1 uM for AChE. In this study, all the
evaluated pyrazoline derivatives showed potent inhibition
against the AChE enzyme, but compounds 101 and 102 showed
outstanding inhibition profiles against AChE with K; values of
48.15 and 52.65 uM, respectively. Tacrine molecule was
employed as a control compound for AChE inhibition>** (Table
4).
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Mumtaz et al. (2019) synthesized a series of 1-(3-(4-amino-
phenyl)-5-phenyl-4,5-dihydro-1H-pyrazol-1-yl)-2-(4-
isobutylphenyl)propan-1-one derivatives and evaluated their
biological potential as potent ChE inhibitors. The top potent
and most selective inhibitor for the AChE was analog 103 which
had an inhibitory concentration of 123 nM. Compound 104 was
discovered as a selective inhibitor of BChE with an IC5, value of
201 nM. The results showed that the attachment of different
substituents at the para, ortho, and meta positions at the main
moiety has a significant impact and contribution towards the
inhibitory profile of ChE*** (Table 4).

Gul et al (2020) synthesized a novel series of 4-(3-
(difluorophenyl)-5-(dimethoxyphenyl)-4,5-dihydropyrazol-1-yl)
benzenesulfonamides since sulfonamide and pyrazoline phar-
macophores have garnered attention in drug design due to their
wide range of bioactivities including AChE, hCA-I and hCA-II
inhibitory potencies. In vitro enzyme assays showed that the
novel compounds had a significant inhibitory profile against
hCAT, hCA II and AChE enzymes at the nanomolar levels. When
AChE inhibitory activity of the 3,5-difluorophenyl derivatives as
assessed, ICs, values were calculated in the range of 8.66-
15.07 nM. Compounds 105-108 having ICs, values 9.77, 3.43,
6.86 and 8.32 nM, respectively can be considered as promising
AChE inhibitors for the development of novel bioactive mole-
cules®” (Table 4).

Sever et al. (2020) prepared thiazolyl-pyrazolines analogs and
evaluated their AChE inhibitory potential. In vitro studies
demonstrated that all the compounds notably inhibited AChE
even more than the reference drug tacrine. Compound 109 (ICs,
= 14.37 nM for AChE) with the cyanophenyl substitution
inhibited AChE with the lowest K; value, whereas compound 110
(ICsp = 26.64 nM for AChE) with methyl substitution was
determined as the most selective hCA I inhibitor. Compound
111 (ICs5o = 16.18 nM for AChE) with the chloro substitution
exhibited the most potent and selective inhibition towards
AChE. In such a manner, compound 112 (IC5, = 17.96 puM)
without any substitution was found as the best and most
selective AChE enzyme inhibitor in this series. All compounds
in the series stand out as excellent multi-targeted inhibitors for
further investigations in AD treatment®** (Table 4).

Gl et al. (2020) assessed a novel series of pyrazoline
compounds as potent AChE inhibitors. Compound 113 (ICs, =
1.3 uM; K; = 0.13 pM) possessed the highest AChE inhibitory
effect in the series, proving 2-fold more potent than the stan-
dard tacrine (ICso = 0.84 uM; K; = 0.26 uM)**® (Table 4).

The SAR analysis of pyrazoline derivatives summarized
Fig. 14 has indicated that various derivatives are active against
cholinesterase enzymes. All the structural features perform
critical function in the inhibition where fine tuning of the
activity of these analogs is possible with varying the nature and
positions of substituents on aryl rings. The smaller groups
attached to the pyrazoline ring foster higher AChE and BChE
inhibitory abilities compared to bulky ones. The ChE activity
changes with the size of substitution suggesting that steric and
electronic factors are important in fine tuning the structure. In
this context, electron withdrawing groups (-F, —Cl, -Br, etc.)
have been found to increase the activity and electron-donating

© 2022 The Author(s). Published by the Royal Society of Chemistry
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pyrazoline ring show high AChE &
BChE inhibitory activities

-CH3, -OH, <CH,), {3

-Cl, -F, -Br, -H 5

AChE & BChE activities change
with the volume of substitution

Smaller groups attached to the ’

Significant increase in activity when
substituted with Hydrogen

Bulky groups attached to the pyrazoline
ring show lower inhibitory activity

Furan, Naphthalene, Carbothioamides,
Indole, Thiophene, Benzenesulfonamides,
Thiazolyl, Diarylpentanoids g

EWGs enhance the activity
EDGs decrease the activity

R =-H, -OCHj, -Cl, -CHj3, -F, -OH, -(CH3),, Furan, Naphthalene, Carbothioamides,

Indole, Thiophene, Benzenesulfonamides, Thiazolyl, Diarylpentanoids

Fig. 14 SAR analysis of different pyrazoline derivatives as AChE and BChE inhibitors.

groups (-CHj, —-(CHj),, etc.) reduce it. All the presented
analogues thus far have shown moderate to good ChE inhibi-
tory abilities with a minimal risk harmful side effect. Moreover,
these analogs are cost-effective and easy to prepare in the
laboratory, making them attractive for commercial develop-
ment and marketing as drugs against cholinesterase.

Alinezhad et al. (2015) synthesized various 1,2,3-triazole
linked acridone analogs and evaluated for their proficiency to
inhibit AChE using rivastigmine as a drug. Most compounds
(IC50 = 100 pM mL™") were inactive, although compound 115
was very potent (ICso = 7.31 pM mL ') in comparison to riva-
stigmine (ICso = 11.07 pM mL'). The SAR study showed that
the substituents' electronic properties on acridone and 1,2,3-
triazole rings impacts the anti-AChE activity since no activity
was observed for compound 114 (ICs, = 100 uM mL ). Notably,
the existence of 4-substituted chlorine on the benzyl group 115
plays a substantial role in the anti-AChE activity. Compound
115 was the best contender against AChE, highlighting the
usefulness of methoxy and chlorine groups to generate effective
interactions with the active site of the enzyme and is in agree-
ment with factors outlined earlier that play a crucial role in
inhibitory activity**® (Table 5).

Munawar et al. (2015) synthesized a variety of escitalopram
triazoles and assessed them for their AChE and BChE inhibitory
abilities. Most of these revealed moderate activities, and four of
these analogs showed potent BChE inhibitory ability (IC5, =
4.52-9.52 uM) in comparison eserine (ICs, = 0.85 uM). The SAR
showed that the escitalopram function was essential for the

© 2022 The Author(s). Published by the Royal Society of Chemistry

activity; 2-F 116 > 4-F 117 with optimum inhibition by ligands
116 and 117 that scored the lowest IC5, = 4.52 uM and 5.31 puM,
respectively. The effect of substituent nature on the inhibition
has been noted in the order of 2-F > 4-F > 4-OH-3-OCHj; > 2-1 > 3-
Cl > 3-F. Consequently, the escitalopram triazoles have shown
decent inhibitory activity against BChE and can be utilized as an
essential entry point for further analysis of the possible use of
these compounds in the process of drug discovery against
neurodegenerative diseases*” (Table 5).

Carvalho et al. (2016) reported the synthesis of 1,2,3-triazole-
quinoline derivatives for use as selective dual binding site AChE
inhibitors. All hybrids showed 0-55.7% growth inhibitory of
hAChE at 100 pM level, but not as active as tacrine (92.8%
growth inhibitory of hAChE at 100 pM) and donepezil (83.9%
growth inhibitory of hAChE at 100 uM). Among these, products
118 (48.1% at 100 pM) and 119 (55.7% at 100 uM) demonstrated
good hAChE inhibitory ability with IC5, values ranging between
114 and 104 pM, respectively. In contrast, compounds 118
(0.2% at 100 pM) and 119 (0% at 100 puM) proved inactive for
hBChE enzyme** (Table 5).

Park et al. (2016) synthesized 1,2,3-triazole linked decursinol
hybrids 120 and tested them for their inhibitory ability against
ChE and BChE for AD. Compound 120 (ICs, = 5.89 uM against
BChE) showed more efficient inhibitory ability against BChE
than galantamine (ICs5, = 9.4 pM). In addition, compound 120
exhibited no inhibitory capacity against AChE (ICs, value > 350
uM). Triazole-linked decursinol derivative 120 can be deemed as
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Table 5 Chemical structures of triazole derivatives 114—-148 and their ICsg values against cholinesterase enzymes
ICs, values (uM)
Compound
no. Chemical structure AChE BChE References
(0]
114 >100 uM mL* — 206
S
N\
N=N
(0]
OMe

N
115 7.31 pM mL™* — 206
116 4.52 — 207
117 5.31 — 207
118 114 — 208
119 104 — 208
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Compound
no. Chemical structure

ICs, values (uM)

AChE

BChE

References

120

122
[N

123

0
. J{/y
N
e ol
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[e]
AN N_
121

>350

4.89

10

11.07

19.59

5.98

3.61

6.06

61.13

66.68

209

210

210

210

210
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Table 5 (Contd.)
ICs, values (uM)
Compound
no. Chemical structure AChE References
125 1.46 pg mL " 211
W\
N
126 0.521 212
HN
Cl X
~
N
H3CO’®’\ _
NN
N
127 0.055 212
HN
X
~
N
HaC Non
3 /\/\N
) 5 \/S
o HN
128 o) - ) 27 213
N
Cl
N.
/\/\/\N/ N
Y 5 \,S
129 (0] HN 6 213
(@) —
//
N
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ICs, values (uM)

Compound
no. Chemical structure AChE BChE References
=N
130 o N A\ — 0.42 214
S N NH
{Sj\/\/\mN\/]\/
o]
(e}
O, )\\ H
N. =
131 @\/NNE\QN /,E'/\(f)f N@ 0.0876 — 215
7
HsC
o
o H
>\\QN»\ NN
132 ol N=NG . 0.0574 — 215
7 cl
HaC
HsC,
H3CQ N=N
133 NA o 0_0 — 1.80 216
T
SOV
(0]
7 ]
134 0 3'}‘% 0.059 — 217
N=N N—N
\
@ N
Cl
e
N/
135 | 6.4 — 218
NS
~
N TSN
N=N
Br,
W
N/
136 | 7.9 — 218
NS
AN
NTSTN
N=N
S
O~ s
N o]
137 O O N%N 7.3 68.6 219
& ”
[Oe]
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Table 5 (Contd.)
ICs, values (uM)
Compound
no. Chemical structure AChE BChE References
NO,
NO,
138 N=N HN 2.06 — 220
N\)\/O XN
—
=
0
N=N HN
139 N 0.23 — 220
= o]
\)\/ A )N
~
N
g
N=N HN
140 N 1.10 — 220
\)\/O X )N
~
N
S
141 Cl \NW/ \)J\H Cl 5.41 7.52 221
N-N
Cl
|
2T
NN%fS\/J\N
142 \_N H 13.75 — 221
6 C
HO
HBCOQ o OH
143 N\/@[ 26.30 — 222
- NS
N/%Hku OCHj,
N=N
F
F
144 y /ﬁ/o 0._0 CH, 21.71 >100 223
L 1
N=N = A N\CH3
o)
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Table 5 (Contd.)
ICs, values (uM)
Compound
no. Chemical structure AChE BChE References
145 0.259 — 224
146 0.372 — 224
147 0.327 — 224
148 — 4.78 225
(0]
N
CHs

a new class inhibitor for BChE and can be employed to be a new
drug contender to treat AD** (Table 5).

Liu et al. (2017) prepared tacrine-1,2,3-triazoles via a Cu(1)-
catalyzed alkyne-azide 1,3-dipolar cycloaddition reaction. The
compounds were assessed for their inhibition ability against
AChE and BChE as prospective drug targets for AD. Among
these, compound 121 displayed most potent and optimum
inhibition against AChE and BChE with ICs, values of 4.89 uM
and 3.61 uM, respectively. Besides, the inhibitory efficacy of 122,
123, and 124 produced ICs, values of 10, 11.07 and 19.59 uM
against AChE, respectively. As for anti-BChE activity, ICs, value
of 122 was 6.06 uM, followed by 123 (ICs, = 61.13 uM) and 124
(ICso = 66.68 uM) were obtained. However, all compounds
proved weaker inhibitors compared to tacrine. Further SARs
and molecular modeling studies may offer invaluable insights
to design and optimize better tacrine-triazole analogs with
potential therapeutic uses for AD*' (Table 5).

Liu et al. (2017) synthesized new C2-glycosyl triazoles and
assessed them as ChE inhibitors. The AChE inhibitory abilities
of the derivatives were tested using Ellman's method. Those

© 2022 The Author(s). Published by the Royal Society of Chemistry

that displayed over 85% inhibition were consequently evaluated
for their ICso. Compound 1 exhibited the best AChE inhibition
ability with ICs, of 1.46 pug mL ™" (ref. 211) (Table 5).

Sharifzadeh et al. (2017) designed tacrine-1,2,3-triazole
hybrids as dual ChE inhibitors. The majority of the synthe-
sized compounds demonstrated good in vitro inhibitory abili-
ties against both AChE and BChE. Amongst them, compound
126 proved the best potent anti-AChE derivative (IC5, = 0.521
pM) and compound 127 demonstrated the best anti-BChE
activity (ICso = 0.055 puM). Molecular modeling and kinetic
investigations indicated that 148 and 149 bind concurrently to
the peripheral anionic site (PAS) and catalytic sites (CS) of the
AChE and BChE*** (Table 5).

Akbarzadeh et al (2019) synthesized tacrine-coumarin
hybrids linked to 1,2,3-triazole and verified them as potent
dual binding ChEIs for the treatment of AD. Amongst them, 128
was the best potent anti-AChE species (IC5, = 27 uM) and 129
exhibited the optimum anti-BChE activity (IC5, = 6 pM)
exceeding that of tacrine (IC5, = 0.048 uM for AChE; 0.01 uM for

RSC Adv, 2022, 12, 19764-19855 | 19801
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BChE) and donepezil (IC5, = 0.039 uM for AChE; 8.416 uM for
BChE) as the reference drugs®*® (Table 5).

Park et al. (2019) synthesized tryptamine-triazole hybrid
compounds via the click reaction. Their ChE inhibitory ability
was assessed. Amongst the synthesized analogs, compound 130
displayed the top potent inhibitory ability (IC5, = 0.42 uM) for
horse BChE and 1.96 uM for human BChE. From the molecular
modeling investigation, derivative 130 was bound to the cata-
lytic anionic site, anionic subsite, peripheral anionic subsite,
acyl-binding pocket, and oxyanion hole of BChE by forming
a hairpin or U-shaped structure. The Lineweaver-Burk plot of
130 against BChE suggested a mixed type of inhibition which
matches well with the molecular modeling study*** (Table 5).

Ozil et al. (2019) reported 1,2,4-triazole containing Schiff's
bases and screened them for AChE and BChE activities. All
compounds (IC5, = 0.0465-0.0966 uM for AChE, and ICj, =
0.0486-0.1253 puM for BChE) showed noteworthy potency
against the two enzymes compared to neostigmine (ICs, = 0.136
uM for AChE and 0.084 uM for BChE). The SAR study showed
that the aryl position substituent of the phenyl has a superior
influence on AChE and BChE abilities than other groups, and
EWGs as well as EDGs at the aryl position decrease the activity.
The fact that only the phenyl group containing derivative 131
displayed the strongest inhibitory capacity may indicate that its
overall geometry fosters strongest interactions with the
enzyme's active site. A chlorine-containing analog 132 (0.0574
uM) substituted in the p-position appears to have an inhibitory
value of 1.23 times less than 131. The results obtained in this
study show that compounds can potentially be used to produce
strong inhibitors that target AChE and BChE enzymes. These
newly synthesized compounds can also be used as drug
precursors or building blocks in the preparation of more
effective drug molecules®*® (Table 5).

Saeedi et al. (2019) synthesized 1,2,3-triazole-chromenone
carboxamides and assessed their cholinesterase inhibitory
ability. Amongst them, 133 showed the best BChE inhibitory
activity (ICso = 1.80 pM), though, it was not active against BChE.
Noteworthy, 133 was appraised for its BACE1 inhibitory ability
and the calculated ICs, = 21.13 pM confirmed its inhibitory
activity®'® (Table 5).

Singh et al. (2020) synthesized triazole tethered coumarin-
benzotriazole hybrids based on donepezil framework multi-
functional agents for the treatment of AD. Amongst the
prepared compounds, 134 displayed the top potent AChE
inhibition (ICs, = 0.059 pM) with mixed type inhibition
scenario. Therefore, hybrid 134 may act as potential lead for
further construction of selective AChE inhibitors as multifunc-
tional anti-Alzheimer's agents®” (Table 5).

Edraki et al. (2020) synthesized a series of 5,6-diphenyl
triazine-thio methyl triazole hybrid and assessed their ChE
inhibitory activity, demonstrating that most of the derivatives
displayed more selectivity against BChE than AChE. Compound
135 was determined as the top potent BChE inhibitor with an
IC5, value of 6.4 pM, and 136 showed AChE inhibitory activity
with 25.1% inhibition at 50 pM. Additionally, molecular dock-
ing investigations indicated that the thiazolidinediones
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function plays a key part in the inhibition mechanism by well-
fitting into the enzyme binding pocket*® (Table 5).

Foroumadi et al. (2020) synthesized 1,2,3-triazole-containing
3-phenylcoumarin-lipoic acid conjugates which showed prom-
ising AChE and BChE activity, with ICs, at the pM level.
Compound 137 displayed excellent AChE (IC5, = 7.3 uM) and
BChE (IC5, = 68.6 uM) activity, indicating that it may act as
promising multi-functional agent for additional development®*®
(Table 5).

Nguyen et al. (2020) synthesized a library of 12 quinazoline-
triazole hybrids and tested them as AChE inhibitors to treat AD.
The biological assay data confirmed the ability of several hybrid
compounds to inhibit the AChE enzyme (ICs, range = 0.2-83.9
uM). To understand the high activity of these compounds,
molecular docking simulations were carried out to get better
insights into the mechanism of binding of these quinazoline-
triazole hybrid compounds. As expected, compounds 138 (ICs,
=2.06 uM), 139 (IC5, = 0.23 uM) and 140 (ICs, = 1.10 uM) bind
to both catalytic anionic site (CAS) and peripheral anionic site
(PAS) in the active site of the AChE enzyme, suggesting that
these compounds could act as dual binding site inhibitors.
These compounds were not cytotoxic, and they also displayed
appropriate physicochemical as well as pharmacokinetic
profiles to be developed as new AD drug contenders®® (Table 5).

Riaz et al. (2020) synthesized two groups of N-aryl derivatives
of 2-(4-ethyl-5-(3-chlorophenyl)-4H-1,2,4-triazol-3-ylthio) acet-
amide and 2-(4-phenyl-5-(3-chlorophenyl)-4H-1,2,4-triazol-3-
ylthio)acetamide. All the compounds were assessed for their
inhibitory ability against AChE and BChE, where these analogs
exhibited moderate to good activities against the investigated
enzymes. Compounds 141 and 142 showed strong inhibitory
potential (IC5, = 5.41 and 13.57 uM, respectively) against AChE
while 141 showed strong inhibitory activity (IC5, = 7.52 puM)
against BChE. The remaining compounds displayed good to
moderate inhibitory abilities against the enzymes in the range
of IC5¢ 14.29-43.94 uM for AChE and ICs, 21.59-41.54 uM for
BChE** (Table 5).

Silva et al. (2020) synthesized a series of new triazole N-
acylhydrazone hybrids and evaluated them for ChE inhibition.
Compound 143 (IC5, = 26.30 uM) showed a potential profile of
a multifunctional compound with the ability to inhibit AChE
activity, though it was weaker than donepezil (IC5, = 0.026 pM).
This compound also showed a good safety profile in the same
neuronal model and in silico ADME parameters. Taken together,
these results suggest that compound 143 could be considered as
a lead compound for the development of further AD therapeu-
tics®** (Table 5).

Saeedi et al. (2020) synthesized a set of novel 1,2,3-triazole-
chromenone carboxamide derivatives and assessed them for
their ChE inhibitory activity. Most of the prepared products
were not active at a concentration of 100 uM, though analog 144
was the top potent AChE inhibitor (ICs5, = 21.71 uM). However,
it was inactive toward BChE (IC5, = 100 uM). A kinetic study was
undertaken to examine the mechanism of inhibition by 144
against BChE, revealing a mixed-type inhibition pattern based
on graphical analysis of the reciprocal Lineweaver-Burk plot.
Noteworthy, the butyrylcholinesterase inhibitor (BChEI) activity

© 2022 The Author(s). Published by the Royal Society of Chemistry
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depended strongly on the electronic property of functional
group substituents and their locations on the Bz group attached
to the 1,2,3-triazole ring. For instance, changing the location of
the methyl from the 2- to the 3-position destroyed the AChE
inhibitory activity. The presence of EWGs (-Cl, -F and -Br) on
the terminal phenyl ring was favorable in the 3-position yet
detrimental in the o- and p-positions®* (Table 5).

Kumar et al. (2021) reported the preparation of 1H-1,2,3-tri-
azole tethered tacrine-chalcone conjugates and measured their
AChE inhibitory ability. In vitro AChE inhibition assay revealed
three compounds, 145 (IC5o = 0.259 uM), 146 (IC5, = 0.372 uM)
and 147 (ICs, = 0.327 uM), exceeding the activity of tacrine. The
three active compounds 145-147 were further evaluated in vitro
against AChE using the Ellman method with tacrine (ICs5, =
0.375 uM) as a standard. Only compound 146 attained 50%
inhibition at 10 uM concentration against the AChE enzyme. An
IC5, value of 5.328 pM was obtained for compound 146, indi-
cating that these hybrid analogs are selective inhibitors of the
AChE enzyme** (Table 5).

Mirfazli et al. (2021) prepared methylindolinone-1,2,3-
triazole derivatives and assessed their in vitro ChE inhibitory
activity. While most synthesized products exhibited weak AChE
inhibitory activity, they showed moderate to good activity
against BChE. The ICs, value for the anti-BChE activity of 148
was calculated as 4.78 uM which exceeded that of donepezil
(5.19 uM). Based on the molecular docking assessment,
compound 148 was found capable of binding at once to the
peripheral and catalytic sites of BChE*** (Table 5).

According to SAR analysis, the aforementioned triazole
derivatives are potent AChE and BChE inhibitors (Fig. 15). In
general, the activity is highly dependent on the electronic

Triazole core moiety essential
for enhancing activity

EWGs enhance the activity
EDGs decrease the activity
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property of substituents and their locations on the moieties
linked to the 1,2,3-triazole ring. The smaller groups attached to
the triazole ring show higher AChE and BChE inhibitory abili-
ties as compared to the bulky groups present on the rings. The
electron withdrawing groups (-F, -Cl, -Br, -CN, -OH, etc.) may
enhance the activity, depending on their positions, and
electron-donating groups (-CHjz;, -OCHj, Et, n-Bu etc.) may
decrease the activity accordingly. All the presented analogues
thus far have shown good to excellent ChE inhibitory abilities
with a low risk of harmful side effects. Moreover, new modifi-
cations may be introduced in the main scaffold to design novel
and more potent such types of compounds.

Igbal et al. (2012) reported a series of 2,5-disubstituted-1,3,4-
thiadiazoles analogs and screened them for their AChE inhibi-
tion activity. Among the series, compound 149 showed excellent
AChE inhibition (ICso = 0.351 uM) due to the presence of the m-
Cl group at the aryl ring®*® (Table 6).

Matysiak et al. (2012) synthesized a new series of (1,3,4-
thiadiazol-2-yl)benzene-1,3-diol based compounds and investi-
gated their potential AChE properties using the modified of
Ellman's spectrophotometric method. Most of the compounds
acted as AChE and BChE inhibitors in vitro, with IC5, values
ranging from >500 to 0.053 puM and from >500 to 0.105 uM,
respectively. The most potent compound 151 (IC5, = 0.053 pM)
proved to be selective toward AChE, exhibiting selectivity ratios
versus BChE of ca. 950. The kinetic studies showed that it is
a mixed type of AChE inhibitor. Another compound, 150 (IC5, =
0.060 pM), was active against both enzymes with ICs, values in
the low uM range, quite comparable to donepezil (IC5, = 0.02
uM) and neostigmine (ICso = 0.05 uM)**’ (Table 6).

Smaller groups attached to the triazole
ring show high AChE & BChE inhibitory
activities

-CF3, CN, -Ph, -Et ﬁ i
-CF3, -H, -, -Cl, -F, -Br, -OCHj3, -OH {i’l

with the volume of substitution

AChE & BChE activities change ]

Significant increase in activity when
substituted with Hydrogen

Bulky groups attached to the triazole ring show
lower inhibitory activity

Acridone, Deeursinol, Alkyne-azide, Isatip,
Glycosyl, Tryptamine, N-acylhydrazone &
Chalcone, Coumarin, Chromenone
carboxamides |

R =-H, -Cl, -I, -F, -Br, -OH, -OCHjs, -CF3, -CN, -CHj3, -N(CH3),, Acridone, Chalcone, Coumarin, N-acylhydrazone,
Deeursinol, Alkyne-azide, Isatin, Glycosyl, Tryptamine, Chromenone carboxamides, Quinazoline, Acetamide

Fig. 15 SAR analysis of different triazole derivatives as AChE and BChE inhibitors.
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Table 6 Chemical structures of thiadiazole derivatives 149-168 and their ICsg values against cholinesterase enzymes

ICs values (uM)

Compound
no. Chemical structure AChE BChE References
CHj
149 S 0.351 - 226
| )—NH CHs
=N
Cl
HO
N-N
150 |\ 0.060 — 227
WS OH
HO OH
151 C 0.053 — 227
HO OH
(0]
|
/N\
152 N 0.344 — 228
S
\ )
N-N
Br
-N
NN
153 S CFs3 0.09 — 229
HO OH
-N
| \
154 S 0.16 — 229
HO OH CHs
N
/ A\
155 0.77 — 230
N~
NN
AN
H3COOO S N
N
/ A\
156 N\N { 9.57 - 230
cl 7 N
S/LN
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Table 6 (Contd.)

ICs, values (uM)

Compound
g no. Chemical structure AChE BChE References
o)
R
-
3
o]
= 157 18.38 — 231
-]
o
o
8
o
[0)
e
IS
Q
o
c
o
z
5
e 158 21.91 — 231
2
<
1))
c
o
e
IS
Q
(@]
(&)
=
G
©
o)
g 159 28.86 — 231
o
=l
o
Qo
2
©
1)
2
'_
- 160 2.464 — 232
8
161 0.189 — 233
162 18.1 nM — 234
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Table 6 (Contd.)
ICs, values (uM)
Compound
no. Chemical structure AChE BChE References
163 0.002 — 235
164 0.006 — 235
Cl
Y
165 NH S 1.30 — 236
HsC o N/ - CHs
N
S
=Y
166 NH S 1.22 — 236
©/\O ° N/\ PN
HO
N-N
167 /“\ \ 0.029 1.731 237
H3C/\/\N s OH
H
CHs3
N-N
| \
168 S OH 0.074 3.028 237
HO

Seo et al. (2012) synthesized different 3,6-disubstituted 1,2,4-
triazolo[3,4-b]1,3,4-thiadiazole analogs which were tested for
their AChE inhibition activities. Neostigmine methyl sulfate
with IC5, value of 69.1 pM and donepezil with ICs, value of
0.021 uM were used as reference drugs. Almost all compounds
showed more activity than neostigmine methyl sulfate. The
most active compound 152 with ICs, value of 0.344 pM showed
comparable activity to that of donepezil. All other compounds
showed ICs, values ranging from 1.78 to 78.21 uM (ref. 228)
(Table 6).

19806 | RSC Adv, 2022, 12, 19764-19855

Matysiak et al. (2013) synthesized a series of new 1,3,4-thia-
diazole derivatives and evaluated them as AChE and BChE
inhibitors. Some analogs showed promising inhibition of both
enzymes in vitro in the pM range. Furthermore, the inhibitory
potency of the compounds was stronger against AChE than
BChE, where one analog was 1154-fold more active inhibiting
AChE (ICs0 = 0.17 uM) than BChE. The kinetic studies showed
that one of the most active analogs 153 (IC5, = 0.09 uM, AChE)
acted as a non-competitive AChE inhibitor and was character-
ized by a high selectivity index (300). The other derivative 154

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(IC5o = 0.16 uM) exhibited a mixed type of AChE inhibition.
Docking simulations enabled the detection of key binding
interactions of the compounds with AChE and revealed that
they occupied mainly the catalytic active site. The scoring
function for the novel compounds was similar or higher than
that of the reference drug® (Table 6).

Igbal et al. (2014) reported the preparation of 3,6-disubsti-
tuted-1,2,4-triazolo-[3,4-b]-1,3,4-thiadiazoles. The newly
synthesized analogs were assessed for AChE and BChE inhibi-
tion. Almost all the compounds showed outstanding activities
against AChE even superior to the reference drug. Compound
155 showed IC5, = 0.77 uM against AChE and 156 showed ICs,
= 9.57 uM against BChE, rendering these derivatives useful
candidates for the therapy of AD** (Table 6).

Liu et al. (2015) synthesized 4-substituted glycosyl-based
thiadiazols and evaluated their AChE activity. The AChE
inhibitory abilities of all the analogs were analyzed by Ellman's
method. Amongst them, compound 157 displayed the best
AChE-inhibition activity with ICs, of 18.38 pM and compounds
158, 159 with 4-nitrophenyl and 2-thienyl substituent exhibited
a moderate inhibition of AChE with IC5, = 21.91 uM and 28.86
uM, respectively. Compared with tacrine (IC5, = 0.26 puM),
known as the first medication used for the treatment of AD, the
above species offered promising inhibition activity against
AChE, potentially useful in the treatment of AD** (Table 6).

Liu et al. (2017) prepared novel glycosyl containing 1,2,4-
triazolo[3,4-b][1,3,4]thiadiazole compounds and evaluated their
ChE inhibitory activity. The AChE inhibitory activity of the tar-
geted compounds was screened by Ellman's method where the
AChE extracts from Electrophorus electricus were used. The
results indicated that all compounds had higher ICs, against

Thiadiazole core moiety
essential for enhancing activity

EWGs enhance the activity
EDGs decrease the activity

R =-H, -Cl, -CH3, -CF3, -OH, -OCHj,
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AChE than the precursor p-glucosamine hydrochloride. The
best compound 160 showed high activity with an ICs, of 2.464
uM against AChE*? (Table 6).

Shi et al. (2017) prepared 5-benzyl-1,3,4-thiadiazole deriva-
tives and tested their AChE inhibitory activity. Bioassay results
revealed that compound 161 was the best anti-AChE analog and
potential multi-target lead candidate against AD*** (Table 6).

Saeed et al. (2019) synthesized a library of new 1,3,4-thia-
diazole hybrids and measured their AChE enzyme inhibitory
activity. The compounds demonstrated encouraging activities
against AChE, particularly 162 (IC5, = 18.1 nM), which was the
most promising analog in the library and considerably more
active than the reference drug neostigmine methyl sulfate; (ICs,
2186.5 nM)>** (Table 6).

Lotfi et al. (2020) synthesized new acridine derivatives con-
taining substituted thiadiazol-2-amine moiety. Anticholines-
terase (AChE) activity evaluation of the derivatives showed that
all the derivatives are capable of inhibiting both enzymes and
are highly selective towards AChE. Among them, the ability of
163 and 164 with respective ICs, values of 0.002 and 0.006 uM to
inhibit AChE was higher than tacrine (IC5, = 0.016 uM)>** (Table
6).

Aggarwal et al. (2021) synthesized thiazolidin-4-one analogs
with thiadiazole derivatives in appreciable yield. The in vitro
AChE inhibitory activity of these compounds was assessed
using Ellman's method spectrophotometer and donepezil as
a standard drug. Compounds 165 and 166 were found to be
potent AChE enzyme inhibitors, with ICs, values of 1.30 and
1.22 pM, respectively. Finally, these significant results could
pave the way for the development of new AChE inhibitors®®
(Table 6).

Smaller groups attached to the
thiadiazole ring show high AChE &
BChE inhibitory activities
CF3, -CHy, -0cH; A
0, -Cl, -Br, -NO,, -OH 5;3

with the volume of substitution

AChE, BChE activities change J

Significant increase in activity when
substituted with Hydrogen

Bulky groups attached to the thiadiazole
ring show lower inhibitory activity
Furan, Triazole, Glycosyl

-NO,, -Br, Furan, Triazole, Glycosyl

Fig. 16 SAR analysis of different thiadiazole derivatives as AChE and BChE inhibitors.
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Table 7 Chemical structures of pyrrolidine derivatives 169-181 and their ICsq values against cholinesterase enzymes

IC5, values (uM)

Compound

no. Chemical structure AChE BChE References
169 0.10 pmol L™* — 238

170 1.57 — 239

171 1.88 — 240

172 1.37 — 240

173 11.84 Pg g’ — 241

O™ NH
HsC
CH;
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Table 7 (Contd.)
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IC5, values (uM)

Compound

no. Chemical structure AChE BChE References
174 11.3Pgg ! — 241

175 13.7 — 242

176 21.8 — 242

177 22.1 — 242

178 22.9 — 242
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Table 7 (Contd.)
IC5, values (uM)
Compound
no. Chemical structure AChE BChE References
179 24.9 — 242
180 3.35 5.63 243
181 3.15 4.74 243

Matysiak et al. (2021) synthesized two series of novel 1,3,4-
thiadiazole-resorcinol conjugates and evaluated them as ChE
inhibitors. N-(Butyl- and N-chlorophenyl-5-amino-1,3,4-
thiadiazol-2-yl)benzene-1,3-diols were identified as the most
promising compounds of low nanomolar activity against AChE
(ICso = 29-76 nM) and moderate activity against BChE. The
inhibition mechanism studies proved that the compounds are
mixed-type inhibitors. ICs, values of the N-butyl thiadiazol and
N-chloro thiadiazol derivatives are the most potent analogs
against AChE and BChE, ranging from 0.029 to 0.085 uM and
from 3.154 to 24.711 pM, respectively. The most potent
compounds 167 has IC5q = 0.029 pM for AChE, 1.731 uM for
BChE, 168 has ICs5, = 0.074 uM for AChE, and 3.028 uM for
BChE*’ (Table 6).

19810 | RSC Adv, 2022, 12, 19764-19855

SAR studies of different oxadiazoles demonstrate that the
different derivatives are active against AChE and BChE enzymes
(Fig. 16). All the structural features are performing a significant
role in the inhibitory activity, though, a slight variation in the
activity of these analogs is due to variability in the nature and
positions of substituents on aryl rings. The smaller groups
attached to the thiadiazole ring show higher AChE and BChE
inhibitory abilities as compared to the bulky groups present on the
rings. The electron with-drawing groups (-F, -Cl, -NO,, -OH, -CF;
etc.) increase the activity and electron-donating groups (-CHs,
—-OCHyg, etc.) decrease the activity. All the presented analogs thus
far have shown good to excellent ChE inhibitory abilities with a low
risk of toxic side effects. Furthermore, these species are inexpen-
sive and easy to synthesize in the laboratory, making them
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attractive for viable development and marketing as drugs against
cholinesterase.

Lee et al. (2010) synthesized pyrrolidine analogs and exam-
ined these analogs as AChE inhibitors. Among the compounds,
169 ranked as the top potent inhibitors of the series. Compound
169 demonstrated effective inhibitory activity against the AChE
enzyme with ICso 0.10 umol L. Pyrrolidine analogs might be
potential AChE agents for AD** (Table 7).

Kumar et al. (2015) synthesized a series of novel dimethox-
yindanone embedded spiropyrrolidines in ionic liquid and were
evaluated for their inhibitory abilities towards ChEs. Among the
spiropyrrolidines, compound 170 exhibited the most potent
activity with an ICs, value of 1.57 uM against AChE. Molecular
docking simulation for the most active compound was
employed to disclose its binding mechanism to the active site of
the AChE receptor®* (Table 7).

Murugaiyah et al. (2017) synthesized a library of piperidone
grafted spiropyrrolidines and assessed the compounds for their
AChE and BChE inhibitory abilities. Within the series, species
171 and 172 was more potent against AChE than the standard
drugs with IC5, values of 1.88 and 1.37 uM, respectively.
Molecular docking simulations for 172 revealed its appealing
binding templates to the active site channel of AChE enzymes.
These analogs are astonishing AChE inhibitors and may serve
as prospective AD drugs>* (Table 7).

Mohamed et al. (2018) prepared oxopyrrolidines and evalu-
ated their effect on AD by measuring their inhibitory activity
against AChE enzyme and amyloid f-42 protein. Most

Pyrrolidine core moiety
essential for enhancing activity

AChE & BChE activities change with
the volume of substitution

EWGs enhance the activity
EDGs decrease the activity

R =-H, -Cl, -Br, -F, -OCHj, -NO,, -CHj3, Imidazole
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compounds showed decent inhibitory ability where compound
173 garnered the highest activity against AChE with ICs, value
1.84 ng g tissue compared to the standard donepezil 3.34 ng
g~ ' tissue. Furthermore, compound 174 displayed the greatest
activity against B-42 protein with IC5, value of 11.3 Pg g~ * tissue
compared to 18.4 Pg g ' tissue of donepezil*** (Table 7).

Srour et al. (2019) synthesized regioselectively dispiro
[indene-2,3’-pyrrolidine-2/,3"-indoline]-1,2" (3H)-diones and
explored them as inhibitors of AChE and BChE enzymes;
although no substantial inhibitory activity for the tested analogs
were detected on AChE, analogs 175, 176, 177, 178 and 179
proved best against BChE with IC5q = 13.7 uM, 21.8 uM, 22.1
uM, 22.9 uM and 24.9 uM respectively, compared to donepezil
(ICso = 0.72 pM). Compound 175 was determined to exhibit
a mixed-type mode of inhibition®** (Table 7).

Girgis et al. (2020) synthesized a set of dispiro[indoline-3,2"-
pyrrolidine-3’,3"-pyrrolidines] in a regioselective manner using
multi-component azomethine cycloaddition reaction of 3-
(arylmethylidene)pyrrolidine-2,5-diones, isatins and sarcosine.
Compounds 180 (ICs, = 3.35 uM for AChE, 5.63 uM for BChE)
and 181 (ICs, = 3.15 pM for AChE, 4.74 uM for BChE) exhibited
cholinesterase inhibitory abilities with promising inhibition of
both AChE and BChE and were most selective towards AChE than
BChE, showing consistent selectivity index trend to that done-
pezil (ICso = 0.59 uM for AChE, 0.77 uM for BChE)*** (Table 7).

SAR studies of pyrrolidine derivatives describe above indi-
cate that the various analogous are potent against both AChE
and BChE enzymes (Fig. 17). Limited SAR is establish based on

pyrrolidine ring show high AChE &
BChE inhibitory activities

CH,-Ph

-NO,, -Cl, -F, -Br, -OCHj, -OH, -H

‘ Smaller groups attached to the

Significant increase in activity when
substituted with Hydrogen

Bulky groups attached to the

o] pyrrolidine ring show lower inhibitory
(o] activity
Imidazole
N\/lko/\
NH
CH;3

Fig. 17 SAR analysis of different pyrrolidine derivatives as AChE and BChE inhibitors.
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the substitution pattern on the pyrrolidine motif and are
accountable for influencing bioactivities. The smaller groups
(-CH3, -Ph, -NO,, -Cl, -F, -Br, -OCHj3;, -OH, -H, etc.) attached
to the pyrrolidine ring promote higher AChE and BChE inhib-
itory abilities compared to the bulky (imidazole) groups present
on the rings. All the analogs presented thus far have shown
good ChE inhibitory abilities with minimum toxic side effects.
Furthermore, these species are inexpensive and easy to
synthesize in the laboratory, making them attractive for viable
development and marketing as drugs against cholinesterase.

Rangappa et al. (2009) developed many lead compounds
including piperidine derivatives to enhance the efficacy and
reduce the general side effects of these AChE inhibitors.
Donepezil is a regularly recommended AChE inhibitor having
a piperidine ring in its structural composition. The group
synthesized cis-2,6-dimethyl piperidine sulfonamides 182-187
in the presence of triethylamine using a nucleophilic substitu-
tion procedure between cis-2,6-dimethyl piperidine and alkyl/
aryl sulfonyl chlorides and docked the products on the AChE
enzyme. These piperidine sulfonamides were used to inverse
scopolamine-induced memory loss in rats through in vitro AChE
enzyme inhibition trials and in vivo antiamnesic studies. The
SAR of the synthesized piperidine derivatives 182-187 based on
in vitro findings indicated that adding a methyl group to
sulfonyl-cis-2,6-dimethyl piperidine 182 inhibits AChE moder-
ately, whereas adding an electronegative chlorine atom to
positions 2 and 5 inhibits AChE. Inhibition was also suppressed
by the electronegative NO, function at the m-position of the
phenyl ring of 183 and the nitro group at the ortho position 184
of the phenyl ring (IC5, = 186, 192, 200 and 195, 185, 180 nM,
respectively). The nitro group at the p-position of the phenyl
ring 185 is detrimental to activity (IC5, = 120, 1150, and 1210
nM). Also, having a chlorine atom at the p-position of the phenyl
group 186 reduces inhibitory activity (ICs, = 325, 318, and 312
nM) when compared to ortho, meta substitution of chlorine
atoms as in 187. Alkyl substitution at the para position (methyl
and tert-butyl) inhibits AChE (ICs, = 362, 368, 365, 463, 458, and
450 nM, respectively)*** (Table 8).

Rehman et al. (2014) synthesized N'-[(alkyl/aryl)sulfonyl]-1-
(phenylsulfonyl)piperidine-4-carbohydrazide analogs using
ethyl piperidine-4-carboxylate to generate 2-(phenylsulfonyl)
piperidine-4-carbohydrazide =~ 188  N'-[(alkyl/aryl)sulfonyl]
piperidine-4-carbohydrazide 189, and 4-(bromomethyl)-N'-(1-
(phenylsulfonyl)piperidine-4-carbonyl)
benzenesulfonohydrazide 190. The structures were confirmed
using IR, 'H-NMR, and EI-MS spectra, and they were all exam-
ined for their capacity to inhibit the enzymes AChE and BChE.
The interactions of these chemicals with the human proteins
AChE and BChE were studied using molecular docking. The
binding mechanisms of the inhibitors under investigation were
identified and compared to anti-enzymatic ICs, values using an
automated docking program (AutoDock). Both studies deter-
mined that the compounds are potentially effective AChE and
BChE inhibitors*** (Table 8).

Brahmachari et al. (2015) used a diastereoselective one-pot
multicomponent approach to synthesize a range of densely
functionalized piperidine scaffolds under eco-friendly
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conditions. The piperidines were tested in vitro for inhibitory
activity against AChE, and i silico studies were carried out for
all analogs using molecular docking, pharmacophore mapping,
and QSAR investigation to better appreciate the structural
topographies mandatory for interaction with the AChE enzyme
and the main active site residues implicated in intermolecular
interactions. Nitration, halogenation, or 3,4-methylenedioxy-
substitution at the benzene ring linked to the 2- and 6-
carbons of the 1,2,5,6-tetrahydropyridine nucleus significantly
improved the AChE inhibitory effect of compounds 191-198.
The ICs, values of the reported analogs 191 (IC5, = 0.71 pM),
192 (IC5, = 0.26 uM), 193 (IC5, = 0.88 pM), 194 (IC5, = 0.05 pM),
195 (IC5o = 0.02 uM), 196 (IC5, = 0.13 uM), 197 (IC5, = 0.17 pM)
and 198 (IC5, = 0.01 uM) showed that these derivatives are more
potent than the standard galantamine (ICs, = 0.09 uM).
According to docking studies, the inhibitors fit neatly in the
active sites. Researchers will be able to better grasp how to alter
scaffolds for improved therapeutic effectiveness against AD
based on in silico tests**® (Table 8).

According to Tiwari et al. (2015), the creation of multi-target
directed ligands (MTDLs) has emerged as a potential strategy
for addressing the complex etiology of AD. Using this approach,
set of  N'-(4-benzylpiperidin-/piperazin-/
benzhydrylpiperazin-1-yl)alkylamine derivatives were designed,
synthesized, and physiologically assessed as inhibitors of
cholinesterase (ChEs), amyloid-beta (AB) self-aggregation, and
radical scavenging activity. According to in vitro experiments,
the majority of the compounds produced inhibited AChE and
BChE with ICs, values in the low nanomolar range and were
more powerful than the reference drug donepezil in this regard.
With ICs, values of 6.83 nM and 2.13 nM, respectively, inhibi-
tors 199 and 200 significantly suppressed AChE, while
compound 200 was shown to be exceptionally selective for AChE
(38-fold). Furthermore, both the kinetic analysis of AChE inhi-
bition and the docking study revealed that 200 binds to both the
catalytic active site and the peripheral anionic site of AChE.
Additionally, at 25 pM, these compounds reduced self-induced
AB;_4, aggregation with percentage inhibition ranging from 54
to 89%, with compound 200 offering the highest inhibition
(88.81%). The ORAC of the compounds with methoxy and
hydroxy groups ranged from 2.2 to 4.4 times that of Trolox.
Furthermore, ADMET tests demonstrated that all compounds
have sufficient drug-like properties. These findings suggest that
200 could be a promising lead chemical for the development of
future Alzheimer's therapies or their AChE inhibiting activity®*”
(Table 8).

Kumar et al. (2015) disseminated a study aiming to discover,
manufacture, and test novel AChE/BChE inhibitors. A series of
4-thiazolidinone and piperidine substituted arecoline
compounds with inhibitory action against AChE and BChE was
revealed, and the chemical structures of all compounds were
validated using IR, "H NMR, **C NMR and mass spectroscopy.
Only a few of the compounds generated demonstrated
substantial activity for AChE over BChE at micromolar doses
according to the cholinesterase inhibition studies. Compound
201 inhibits AChE the most, with IC5, values of 6.62 uM for
AChE and 13.78 uM for BChE, which are similar to the normal

a novel
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Table 8 Chemical structures of piperidine derivatives 182—-202 and their ICso values against cholinesterase enzymes

IC5, values (uM)

Compound
no. Chemical structure AChE BChE References
g O\\S/CH3
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H O\\ /©\ L0
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o) o)
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S
0]
»
(0]
Il +
) o
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e
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»
Cl
o LT
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Table 8 (Contd.)
IC5, values (uM)
Compound
no. Chemical structure AChE BChE References
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IC5, values (uM)

Compound
no. Chemical structure AChE BChE References
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Table 8 (Contd.)
IC5, values (uM)
Compound
no. Chemical structure AChE BChE References
Cl
202 NH — 35.30 249

neostigmine's ICs, values of 2.05 pM for AChE and 3.64 uM for
BChE*** (Table 8).

Emre et al. (2016) presented hydrazones and piperidines as
suitable substrates for drug development. The objective of their
study was to prepare benzoyl hydrazones from 2,6-
diphenylpiperidin-4-one  and  ethyl  4-oxopiperidine-1-
carboxylate. The antioxidant, anticholinesterase, and anti-
cancer activities of the synthesized compounds were investi-
gated. Anticholinesterase activity was measured using the
enzyme BChE. Compound 202 (ICs, = 35.30 pM) inhibited
BChE more efficiently than galantamine (ICso = 46.03 puM),
pointing to 202 as a more suitable BChE inhibitor. The docking
method was also used to determine the BChE inhibitory
mechanism of analog 202. A molecular docking investigation
revealed that analog 202 connected to the BChE enzyme more
efficiently than AChE owing to its orientations and various sorts
of interactions with the enzyme®* (Table 8).

Piperidine core moiety essential
for enhancing activity

o
M
HC F

cl
n NH
B}
0

AChE & BChE activities
change with the volume of
substitution

Significant increase in activity when
substituted with Hydrogen

EWGs enhance the activity R :
EDGs decrease the activity
R

R =-H, -Cl, -Br, -F, -OCHj, -CF3, -CN, -CH3, Sulfonamide

H3CO,S O ‘ inhibitory activities
s CHg, -Ph, -Et 4 2
Ay O 0 cntisman
o
N,
S

SAR studies of piperidine explore that the various derivatives
are potent against AChE and BChE enzymes (Fig. 18). All the
structural features are performing a significant role in the
inhibitory activity, though, a slight variation in the activity of
these analogs is due to variability in the nature and positions of
substituents on aryl rings. The smaller groups (-F, -Cl, -NO,,
-OH, Br, -1, -CH3;) attached to the piperidine ring show higher
AChE and BChE inhibitory abilities as compared to the bulky
(sulfonamide) groups present on the rings. The electron with-
drawing groups (-F, -Cl, -NO,, -OH, -CF; etc.) increase the
activity and electron-donating groups (-CHjz;, -OCHj, etc.)
decrease the activity. All the presented analogs thus far have
shown good to excellent ChE inhibitory abilities with a low risk
of toxic side effects. Furthermore, these analogs are less toxic
and easy to synthesize in the laboratory, making them attractive
for viable development and marketing as drugs against
cholinesterase.

Smaller groups attached to the

piperidine ring show high AChE & BChE

N
O\NH
R o]
N—(Hzclz@N’CHZ
R
(o]

Bulky groups attached to the
piperidine ring show lower inhibitory
activity

H <
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s
S ILE RO
R

Fig. 18 SAR analysis of different piperidine derivatives as AChE and BChE inhibitors.
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Table 9 Chemical structures of piperazine derivatives 203-220 and their ICsq values against cholinesterase enzymes
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ICs, values (uM)

Compound
no. Chemical structure AChE BChE References
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ICs, values (uM)
Compound
no. Chemical structure AChE BChE References
216 (\ 0.286 — 256
; N
CHs3
(0]
217 o N/\ 289.61 — 257
\_| N
L8
218 H (\N% 252.36 — 257
PR,
(@]
S
219 G)k N/\ 412.71 — 257
&N
220 54.81 — 257

Kaplanckl et al. (2013) described a process for making novel
2-(4-substituted piperazine-1-yl)-N-[4-(2-methylthiazol-4-yl)
phenyl]acetamide derivatives which were subsequently tested
for anticholinesterase activity on AChE and BChE enzymes
using Ellman's approach. The structures of all compounds were
deduced based on IR, *"H-NMR, *C-NMR, and MS spectral data,
as well as elemental analysis measurements. The most powerful
compounds against AChE at 0.1 pM concentration were 203
which showed 89.70% inhibition rates, respectively, in the
described assay. Furthermore, the ICs, value of compound 203
was revealed to be 0.011 uM, whereas the IC;, value of the
reference drug donepezil was 0.054 uM. The ICs, values of
compounds, on the other hand, are in the range of 6.34-8.42
uM. The molecules which were comparable to donepezil, also
have AChE inhibitory action. The chemical 203 has the same
inhibitory efficacy as the reference drug because it contains a 2-
pyridyl moiety in the fourth position of the piperazine ring.

© 2022 The Author(s). Published by the Royal Society of Chemistry

Compound 203, which included a 4-benzylpiperazine fragment,
also demonstrated a five-fold lower ICs, (0.11 uM) than done-
pezil. There is no evident inhibitory effect of the compounds
generated on BChE>* (Table 9).

According to Hamulakova et al. (2014) the potential of
synthetic piperidine derivatives as novel AChE and BChE
inhibitors with nanomolar inhibitory activity was investigated
using a new series of substituted tacrine/acridine and tacrine/
tacrine dimers with aliphatic or alkylene-thiourea linkers. The
most potent AChE inhibitor was found to be homodimeric
tacrine derivative 204, which had an ICs, value of 2 nM, indi-
cating a 250-fold higher activity rate than tacrine and 7500-fold
higher activity rate than the study's standard, 7-MEOTA. Dual
site binding is evident in the generated compounds with two
tacrines or tacrine and acridine as terminal moieties, signifying
a second binding site. According to the ICs, values obtained
throughout the study, all compounds had an inhibitory effect

RSC Adv, 2022, 12,19764-19855 | 19819
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on both AChE and BChE. Among the synthesized derivatives
204 and 205 displayed the highest levels of nanomolar AChE
inhibition. The findings reveal that combining terminal acri-
dine or tacrine units with alkylene-piperazine or alkylene-
thiourea linkers is highly successful. Inhibitors of both mono
and dual binding sites are present in ligands 204 and 205. A
study of inhibitory efficacy within the series revealed the
importance of linker length. The solitary ethylene unit in 204
provides only medium-nanomolar activity, but the two ethylene
units in 205 ensure low-nanomolar inhibitory action (260 nM).
This demonstrates that the length of molecule 204 is insuffi-
cient to simultaneously reach both enzyme binding sites. The
tacrine derivatives 204 and 205, which have an ethylene unit
attached to them, have a low, even sub-nanomolar effectiveness
(for BChE: 0.4-20 nM), which is superior to tacrine itself. In this
family of compounds, the presence of another aromatic rings
on the opposite side of the molecules is a crucial factor that
promotes binding (Bn or THA). Finally, a comparison of AChE/
BChE selectivity within the series shows that compound 205
(despite its low activity) is the most selective for AChE, whereas
compound 204 is the most selective for BChE*** (Table 9).

Ozkay et al. (2017) established a procedure for evaluating the
anticholinesterase effects of different hydrazone derivatives. A
sequence of eleven new N-(2,4-disubstitutedbenzylidene)-2-(4-
nitrophenyl-piperazin-1-yl)acetohydrazide analogs
prepared by reacting  2-[4-(4-nitrophenyl)piperazin-1-yl|
acetohydrazide with aromatic aldehydes. The inhibitory effi-
cacy of compounds against AChE and BChE was tested and
assessed using a modified version of Ellman's spectrophoto-
metric approach. The most active derivative of the compounds
studied was found to be compound 206. The drug galantamine
was used as a reference drug. All the compounds had lower
anticholinesterase potency than the reference drug. Only
compound 206, which had a hydroxyl substituent at the para
position, inhibited AChE, with an ICs, of 29.5 uM (ref. 252)
(Table 9).

Ozkay et al. (2018) discussed a study in which they synthe-
sized 2-(9-acridinylamino)-2-oxoethyl piperazine/piperidine/
morpholinecarbodithioate analogs to investigate anticholines-
terase activity. All the compounds exhibited unique and
encouraging anti-BChE activity. The first class of compounds
inhibit BChE with ICs, values ranging from 0.014 to 2.097 uM.
Piperazine derivatives including 2-dimethylaminoethyl, 3-
dimethylaminopropyl, 2-hydroxyethyl, 4-chlorophenyl, 4-(tri-
fluoromethyl)benzyl and 4-methylbenzyl exhibited higher
inhibitory activity against BChE than the other compounds in
the group. Additionally, it inhibited BChE 15.4-fold better than
the positive control, donepezil (IC5, = 1.419 pM), and the
highest active chemical, 207 (IC5, = 0.092 pM)>** (Table 9).

Akbarzadeh et al. (2019) outlined a technique for developing,
synthesizing, and testing a novel family of arylisoxazole-
phenylpiperazines against AChE and BChE. [5-(2-
Chlorophenyl)-1,2-oxazol-3-yl](4-phenylpiperazin-1-yl)
methanone 208 was determined to be the most potent AChE
inhibitor, with an IC5, of 21.85 uM. It should be noted that most
of the compounds synthesized exhibited little anti-BChE
activity, with the most active being [5-(2-fluorophenyl)-1,2-

were
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oxazol-3-yl|(4-phenylpiperazin-1-yl)methanone 208 (IC5, =
51.66 uM). Additionally, kinetic studies of the inhibitory activity
of compounds 208 and 209 on AChE and BChE indicated that
they bind to both the catalytic site (CS) and the peripheral
anionic site (PAS) of AChE and BChE. Additionally, docking
analysis demonstrated that compound 208 formed favorable
contacts with amino acid residues in the active and peripheral
anionic sites. Finally, compound 208 had a negligible neuro-
protective effect against AP-induced neurotoxicity in PC12
cells** (Table 9).

Tripathi et al. (2019) reported the synthesis of several
piperazine-tethered biphenyl-3-oxo-1,2,4-triazine analogs. In
comparison to donepezil (AChE, ICs, = 0.1 uM), compound 210
demonstrated substantial non-competitive inhibitory activity
against AChE (ICso = 0.2 puM). In in vivo behavioural studies,
compound 210 significantly improved cognitive dysfunctions in
scopolamine-induced amnesia animal models. Ex vivo tests also
demonstrated that compound 210 suppressed AChE and
repaired the oxidative damage caused by scopolamine. The PAS
and active catalytic site (CAS) residues of AChE displayed
a reciprocal binding affinity and active site interactions,
according to docking and dynamics simulations of 210. The
compound 210 with a propyl (n = 3) linker have potential AChE
inhibitory action. Compound 210, which contains a phenyl-
piperazine moiety, was found to have satisfactory AChE inhib-
itory activity (ICso = 0.6 uM). Notably, EWG (nitro, 211; and
fluoro, 212) and electron-releasing (methoxy, 213) substituents
increased AChE inhibition at the p-position of the phenyl-
piperazine ring (211, IC5o = 0.5 uM; 212, IC5, = 0.4 uM; 213,
IC50 = 0.3 uM). Compound 213, which contains a 4-methox-
yphenyl group, inhibited AChE more effectively than
compounds 211 and 212. The OCH; group's non-polar proper-
ties, which interacted with AChE's hydrophobic pocket, may
have improved AChE inhibitory potential. In a study of
compounds with various electron-withdrawing groups, analog
211 with a fluoro atom demonstrated somewhat greater inhib-
itory capability against AChE than compound 212 with a nitro
group. The increased inhibitory effectiveness might be
explained by the fluorine's high electronegativity, which
changes the molecule's lipophilicity. Of all the derivatives
tested, compound 214, which contains 3 carbon atoms linked to
the benzylpiperazine end group, exhibited the most potent
inhibition of AChE (ICs, = 0.2 uM). Because of the engagement
of the Bz group at the bottom of the enzyme gorge and improved
interaction with AChE CAS residues, the AChE inhibitory
activity of compound 214 matched that of donepezil (ICs5, =
0.01 uM). The ability of all the produced species to inhibit BChE
was then tested, but none of them showed any discernible
effect. Because two aromatic amino acids have been replaced
with smaller aliphatic amino acids, BChE has a wider gorge
than AChE>** (Table 9).

Yurttas et al. (2019) described a method for synthesizing [2-
(4-(2,3,4-substituted phenyl)piperazin-1-yl)-4-phenylthiazol-5-yl]
[3,4-substituted phenyl]methanone derivatives 297 and investi-
gated their anticholinesterase properties. The molecular inter-
actions as well as the kinetic mode were examined. The Ellman
approach was used to look at how AChE and BChE enzymes

© 2022 The Author(s). Published by the Royal Society of Chemistry
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were inhibited. The activity of 44 compounds was assessed on
AChE and BChE enzymes at doses of 103 and 104 puM. The
inhibitory dosage for six compounds on AChE varied from 0.268
UM to 2.104 pM. Compound 215 with the 4-methoxy group (ICs,
= 0.268 pM) and compound 216 with the 4-methoxy and 3-
methyl substituents had the greatest AChE inhibitory action
(ICso = 0.286 uM). Hydrogen bonding with Arg296 and Ar
interactions with Trp286 were also investigated>*® (Table 9).

Abbasi et al. (2020) described a technique for synthesizing
and testing multifunctional compounds 217-220 against BChE.
The BChE enzyme has been shown to be inhibited by two of
these compounds 217 and 219. Assessment of the hemolytic
activity potential of 218 indicated that it possesses low toxicity
level. An approach previously published for the BChE. Enzyme
was used to measure the activity of the enzyme inhibitor. The
data reveal that several of the chemicals have potential inhibi-
tory capacity against this enzyme. Though the observed activity
is related to the combined effect of all functionalities embedded
in a molecule's entire framework, the effects of different entities
in these four molecules, such as furoyl, piperazine, and ben-
zamide functionalities, were examined to establish a brief SAR.
N-Cyclohexyl-4-[4-(2-furoyl)-1-piperazinyl|methyl-benzamide
218 and N-cyclohexyl-3-[4-(2-furoyl)-1-piperazinyl] methyl-
benzamide were the most effective inhibitors of BChE enzyme
220. The other two compounds, 217 and 219, remained the least
efficient due to their higher ICs, values. Eserine was utilized as
the reference drug, attaining ICs, value of 0.85 uM. The differ-
ence between these compounds can be seen in the N-
substituted groups such as aralkyl/aryl and the location of the
methylene group on the benzamide moiety, as shown in the
structures. In compounds 218 and 220, the cyclohexyl group is
linked to the nitrogen of the benzamide functionality, but in
compounds 217 and 219, a benzyl group is attached to the
amide nitrogen. In molecules 217 and 218, the methylene group
is perpendicular to the benzamide moiety, but in molecules 219
and 220, it is in the third position. When compared to the
reference drug, eserine, which has an ICs, of 0.85 pM, the
addition of methylene at the third position of the benzamide
moiety reduces the ICs, from 252.36 uM in 218 to 54.81 pM in
220. Compounds 217 and 219 both had an evident impact due
to the existence of a methylene group in p-position to the ben-
zamide, as indicated by the IC5, of compound 217 (289.61 pM),
which exhibited stronger enzyme inhibition than 219, which
had an inhibitory potential of 412.71 uM. Eserine was utilized as
a positive control for cholinesterase enzymes. The inhibitory
potential could be improved even further by replacing
a substituted cycloalkyl or straight chain alkyl group for the
cycloalkyl group. Compounds 218 and 220, as a result, might be
viable novel therapeutic candidates for inhibiting the BChE
enzyme>’ (Table 9).

SAR studies of piperazine analogs demonstrate that the re-
ported derivatives are active against AChE and BChE enzymes
(Fig. 19). All the structural features are performing a significant
role in the inhibitory activity, though, a slight variation in the
activity of these analogs is due to variability in the nature and
positions of substituents on aryl rings. The smaller groups
(-CHj, -Ph, -Et, -CF;, -CN, -Cl, -F, -Br, -OCH,, ~-OH) attached

© 2022 The Author(s). Published by the Royal Society of Chemistry
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to the piperazine ring show higher AChE and BChE inhibitory
abilities as compared to the bulky groups (furan, urea, thiazole)
present on the rings. All the presented analogs thus far have
shown excellent ChE inhibitory abilities with minimum toxic
side effects. Moreover, these analogs are easy to synthesize in
the laboratory, making them appealing for viable development
and marketing as drugs against cholinesterase.

Szymanski et al. (2012) present a method for synthesizing
and testing 4-fluorobenzoic acid and 2,3-dihydro-1H-cyclopenta
[b]quinoline derivatives for AChE and BChE inhibition. The
compounds were made by condensing amino derivatives of 2,3-
dihydro-1H-cyclopenta[b]quinoline and 4-fluorobenzoic acid.
The Ellman spectrophotometric method was used to conduct
biological testing for cholinesterase inhibition. Compounds 222
(IC50 = 10.80 uM for AChE; 4.70 uM for BChE) and 224 (IC5, =
153 uM for AChE; 559 uM for BChE) proved less active than
tacrine (ICso = 0.016 uM for AChE; 0.0026 uM for BChE). The
activity of compounds 223 (IC5, = 5.83 uM for AChE; 14.00 uM
for BChE), 226 (ICs, = 5.20 uM for AChE; 699 uM for BChE), and
227 (IC50 = 5.48 uM for AChE; 744 uM for BChE), on the other
hand, is comparable to that of tacrine. Compounds 221 (IC5, =
1.07 uM for AChE; 4.59 uM for BChE), 224 (IC5, = 0.49 uM for
AChE; 5.91 uM for BChE), and 225 (ICs, = 2.77 uM for AChE;
717 puM for BChE) were shown to be more effective in deacti-
vating AChE than tacrine. When compared to tacrine, all the
generated compounds displayed better selectivity for AChE than
BChE, except for compound 221. This compound was like
tacrine in terms of AChE selectivity, although it was more
selective for BChE>*® (Table 10).

Najafi et al. (2016) reported a collection of acridine-
chromenone and quinoline-chromenones and evaluated them
for AD. 7-(4-(6-Chloro-2,3-dihydro-1H-cyclopenta[b]quinolin-9-
ylamino)phenoxy)-4-methyl-2H-chromen-2-one 228 had the
most anti-AChE inhibitory action (IC5, = 16.17 uM) compared
to rivastigmine (ICs, = 11.07 uM). It is worth noting that kinetic
studies and molecular modelling demonstrated that 228 inter-
acted with both the catalytic active site and the peripheral
anionic site of AChE simultaneously. The anti-AChE activity of
228 was the greatest (IC5, = 16.17 uM), while the rest of these
compounds were only moderately effective in suppressing
AChE. This compound has a 4-methylchromenone group as
a peripheral site interaction unit and a quinoline structure as
a catalytic site binding unit. Based on kinetic studies and
molecular modelling, analog 228 has enough span to bind to
both the CAS and the PAS of AChE as a dual binding inhibitor.
In the PAS, the 4-methylchromenone group of 228 showed
parallel t-7t stacking with Trp279 at the gorge's mouth, but in
the CAS, parallel mw-m stacking with Trp84 was seen at the
gorge's bottom. The neuroprotective effect was low as compared
to quercetin®® (Table 10).

Liu et al. (2017) developed a novel class of multitarget drugs
that bind to AChE, BChE and monoamino oxidase (MAO) A and
B. Novel 3,4-dihydro-2(1H)-quinoline-O-alkylamine compounds
were prepared using a conjunctive technique combining the
JMC49 (MAO-B inhibitor) and donepezil. The study described
the synthesis of a novel family of 3,4-dihydro-2-(1H)-quinoline-
O-alkylamine derivatives that can be used to treat AD. According
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to both kinetic and molecular modelling studies, the most
promising compound 229 exhibited powerful and balanced
inhibitory effects against AChE, BChE, hMAO-A and hMAO-B.
With ICs, values of 0.56 pM and 2.3 pM, compound 229
exhibited the highest inhibitory action against AChE and BChE
and showed even better inhibitory effectiveness against hMAO-
A (ICso = 0.3 pM) and hMAO-B (ICs5, = 1.4 uM). The kinetic
study showed that 229 inhibited AChE in a mixed-type manner
and that it could bind to both the CAS and the PAS, which was
consistent with the molecular modelling studies. Furthermore,
their findings showed that the compound could cross the
blood-brain barrier (BBB) in vitro and adhered to Lipinski's rule
of five. The findings of this study imply that 229 might be
a potential multi-target lead chemical for further development
into advanced AD therapy>*® (Table 10).

Sarrafi et al. (2017) described a procedure for developing and
manufacturing cholinesterase inhibitors, which consisted of
polyfunctionalized tacrine-derived compounds, most notably 5-
amino-2-phenyl-4H-pyrano[2,3-b] quinoline-3-carboxylates. In
vitro inhibition studies against AChE and BChE established that
most compounds were efficient AChE inhibitors, with the
potential for BChE inhibition remaining. The most potent
compound against AChE/BChE was compound 230, which
bears a 4-(3-bromophenyl) moiety (ICs, = 0.069 uM and 1.35
uM, respectively). The anti-AChE activity of 230 was 5 times that
of tacrine. Furthermore, the promising chemical 230 demon-
strated lower cytotoxicity in HepG2 cells when compared to
tacrine. According to the SAR study, a chloro/bromo atom at the
o- or m-position of the 4-phenyl ring can enhance anticholin-
esterase activity. With respect to modification of substituents
on the 4-phenyl ring, while electron releasing and EWG are not
favorable for para-position, electron withdrawing groups such
as chloro and bromo located at the ortho or meta positions may
improve the cholinesterase inhibition potential>*** (Table 10).

Igbal et al. (2018) synthesized a series of quinoline carboxylic
acids and investigated their inhibitory capabilities against
monoamine oxidase and cholinesterase in vitro to identify novel
and efficient Parkinson's disease inhibitors. The strongest
inhibitors were subjected to molecular docking and in silico
studies to uncover the likely binding mechanisms in the active
site of monoamine oxidase enzymes. To measure the
compounds' drug-likeness, molecular properties were also
assessed. The examined compounds were shown to be partic-
ularly active against monoamine oxidase (A and B), with ICs,
values of 0.51 and 0.51 pM for both isoforms of MAO, respec-
tively. The tested compounds displayed a significant and
completely specific inhibitory action on AChE, with IC5, values
ranging from 4.36 to 89.24 pM (AChE). Quinoline 231 was
shown to be the most powerful inhibitor of AChE among the
compounds examined, with an ICs, value of 4.36 pM. Docking
experiments confirmed strong binding site interactions with
the inhibitors. Such quinolines hold promise as potential
agents to treat neurodegenerative illnesses although they will
require additional pharmacophore tweaking to boost their
binding affinities. Given the importance of this target in PD
pathogenesis, compound 232 might be a promising new
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chemical entity for the creation of multi-target directed
ligands®** (Table 10).

According to Igbal et al. (2018) cholinesterases (ChEs) play
an important role in cholinergic transmission control. By
restoring ACh levels in the brain, inhibition of ChEs is believed
to embody a novel and potentially therapeutic target for
neurodegenerative illnesses like AD. To increase the chemical
diversity of cholinesterase inhibitors, a variety of quinoline
chalcones derivatives were tested against AChE and BChE
isoenzymes. These were discovered to exhibit strong anti-AChE
and anti-BChE activity. Homology models were used to conduct
molecular docking experiments on both AChE and BChE
isoenzymes with the objective of establishing the likely binding
mechanisms of the strongest inhibitor in the series. To analyze
the pharmacological similarity of newly studied compounds,
they employed in silico ADME assessment. The ADME results for
compounds 233 (ICs, = 0.032 for AChE and 0.90 uM for BChE)
and 234 (ICso = 2.99 for AChE and 0.11 pM for BChE) were
positive, indicating that these derivatives will have high oral
bioavailability and projected to be more potent than donepezil
(ICso = 0.02 for AChE and 0.23 pM for BChE). Because of their
favorable ADME profiles, the investigated analogs are expected
to be a safer class of cholinesterase inhibitors>®* (Table 10).

Chen et al. (2019) presented the development, production,
and testing of a variety of new multifunctional quinoline-ferulic
acid hybrids with cholinesterase inhibitory characteristics. Both
AChE and BChE were inhibited by most of the compounds. The
most effective inhibitor of AChE and BChE was determined to
be 235 (AChE ICs, = 0.62 uM; BChE ICs, = 0.10 uM). According
to molecular docking and dynamic modelling, the generated
compounds connect to the target by simultaneously interacting
with the catalytic active site (CAS) and the peripheral anionic
site (PAS) of both AChE and BChE. The U-shaped conformation
of 235 coupled to BChE was preferred over the linear confor-
mation of 235 bound to AChE. According to cell-based experi-
ments, compound 235 exhibit moderate neuroprotective effects
against H,0,-induced oxidative damage in PC12 cells.
Furthermore, 235 had lesser hepatotoxicity than tacrine, sug-
gesting that it might be a safer alternative to treat AD>**
(Table 10).

Brum et al (2019) developed and evaluated quinoline-
piperonal hybrids as prospective AD therapies. Theoretical
examination of the compounds' pharmacokinetic and toxico-
logical attributes revealed that they have excellent oral
bioavailability and can pass the blood-brain barrier to reach
their target. Three compounds were shown to exhibit inhibitory
action against acetyl- and butyrylcholinesterase in the Ellman's
test, with one analog capable of deactivating both enzymes.
Further molecular docking studies of the 6 analogs developed
aided in clarifying the primary interactions that might be
accountable for the detected inhibitory effects. The existence of
aromatic rings in the quinolines resemble the base structure of
tacrine (ICso = 0.0414 uM) allows enables - interactions with
the amino acids present in the active site, while the guanyl
hydrazone is able of interacting with the CAS of AChE via the
guanidine function. In comparison to rivastigmine, compound

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Smaller groups attached to the
piperazine ring show high AChE &
BChE inhibitory activities
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Fig. 19 SAR analysis of different piperazine derivatives as AChE and BChE inhibitors.

236 (IC5o = 32.06 pM) showed promise as AChE inhibitors®®
(Table 10).

Kouznetsov et al. (2019) reported the preparation of triazolyl-
quinoline hybrids and described their modest inhibitory action
against commercial AChE from Electrophorus electricus (electric-
eel AChE) (IC5, = 27.7 g mL™ ") and low anti-ChE activity on S.
frugiperda larval homogenate (ICs, = 68.4 g mL™'). Molecular
docking simulations revealed that hybrid 237 binds to the
enzyme's catalytic active site (CAS) and the rim of the cavity,
operating as a mixed (competitive and noncompetitive) inhib-
itor like methomyl. Triazolyl-quinolines 238 and 239 act as non-
competitive inhibitors of AChE by binding around the periphery
of the enzyme cavity®®® (Table 10).

Bazine et al. (2020) employed the Kabachnik-Fields reaction
to develop and synthesize a series of novel amino phosphonate
derivatives with quinoline moiety. The derivatives 240 (IC5, =
28.42 pM), 241 (IC5, = 38.39 uM), 242 (ICs, = 52.55 pM), and
243 (IC5o = 55.23 puM) demonstrated the highest inhibitory
activity against AChE when compared to galantamine standard
(ICs50 = 21.81 uM). All tested compounds showed strong anti-
BChE activity when compared to galantamine standard (ICs,
= 120.93 uM)>*” (Table 10).

Garlapati et al. (2020) prepared several novel tacrine
analogues and evaluated them for cholinesterase inhibitory
activity. Most synthesized compounds showed inhibitory action
against AChE and BChE enzymes in vitro. With ICs, values of
0.65, 1.32 and 0.85, 1.65 and 0.92, 1.91 uM against AChE and
BChE, compounds 244, 245 and 246, which have a larger satu-
rated carboxylic ring tethered to the pyridine group and 3,4-
dihydroxy, 3,4,5-trimethoxy substituents on the aryl ring
attached at the stereogenic centre, have shown identical

© 2022 The Author(s). Published by the Royal Society of Chemistry

potency to tacrine. Tacrine's ICs, values against AChE and BChE
were 0.47 and 0.65 pM, respectively, while donepezil had ICs,
values of 0.71 and 0.31 uM respectively. All the analogs had
hydrogen bond interactions with the binding site, according to
docking experiments®*® (Table 10).

Garlapati et al. (2021) prepared a new family of AChE and
BChE inhibitors based on the structure of tacrine using
a multicomponent Friedlander reaction between 2-amino-
benzonitrile and cycloalkanones. The Ellman technique was
used to test their inhibitory ability against AChE and BChE.
When compared to the standard tacrine and rivastigmine,
which had IC5, values of 0.23, 0.47 uM for AChE and 0.31, 0.65
uM for BChE, respectively, compounds 247 and 248, which
contained piperazine containing acetamide and butyrylamide
chains, had IC;, values of 0.71, 0.04 uM for AChE, 1.01, 0.03 uM
for BChE, 0.52, 0.03 uM for AChE, and 0.73, 0.04 uM for BChE,
respectively. As a result, these five membered-ring novel tacrine
analogs have emerged as possible cholinesterase inhibitors that
might one day be employed as Alzheimer's anti-drugs. Docking
studies on all the compounds demonstrated tight hydrogen
bond interactions inside the binding area. With ICs, values of
0.97 and 1.74 uM, the unsubstituted compound 247 (n = 3 and
n’ = 1), which has a five-membered ‘C’ ring and a two-carbon
linker, has demonstrated significant activity against AChE and
BChE. These findings pointed to a larger nonpolar area in the
binding pocket that might accommodate the larger cycloalkyl
ring. The inhibitory action of the preceding species found active
in vitro on AChE and BChE in the brain was investigated in vivo.
To further understand the binding interactions inside the active
site of cholinesterases, the compounds were also subjected to
molecular docking investigations. Except for a few compounds,
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Table 10 Chemical structures of quinoline derivatives 221-248 and their ICsg values against cholinesterase enzymes
IC5, values (uM)
Compound
no. Chemical structure AChE BChE References
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221 HN (CHa)s F 1.07 4.59 258
X
7
N
(0]
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222 HN'(CH2)4 F 10.80 4.70 258
A
=
N
O
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CH
223 HN'( 2)s F 5.83 14.00 258
X
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224 HN‘(C 2)e F 0.49 5.91 258
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HN
CH
225 HN'( 2)7 F 2.77 717 258
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IC5, values (uM)

Compound
no. Chemical structure AChE BChE References
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Table 10 (Contd.)

IC5, values (uM)

Compound
no. Chemical structure AChE BChE References
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IC5, values (uM)

Compound
no. Chemical structure AChE BChE References
1
O=P-0O
241 MeO 38.39 — 267
N H OH
NH
N” 0 2
H
/\O >
|
CHs; O=P-0O
242 52.55 — 267
NH
N~ 0 2
H
243 55.23 — 267
244 0.65 1.32 268
245 0.85 1.65 268
246 0.92 1.91 268
247 0.71 0.04 269

© 2022 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2022, 12, 19764-19855 | 19827


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra03081k

Open Access Article. Published on 12 July 2022. Downloaded on 11/10/2025 10:29:15 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

RSC Advances Review
Table 10 (Contd.)
IC5, values (uM)
Compound
no. Chemical structure AChE BChE References
_H
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N
HNJ\H 3

248 1.01 0.03 269

docking tests revealed that the developed molecules interacted
with the nicotinic receptor via at least two hydrogen bond
interactions* (Table 10).

The SAR studies of the aforementioned quinolines demon-
strate that the various analogs are active AChE and BChE
inhibitors (Fig. 20). All the structural features are performing
a significant role in the inhibitory activity, though, a slight
variation in the activity of these analogs is due to variability in
the nature and positions of substituents on aryl rings. The
smaller groups (-N(CHj3),, -CHj3, -Ph, -Et, -CF3, -Cl, -F, -Br,
—-OCHj;, -OH, etc.) attached to the quinoline ring show higher
AChE and BChE inhibitory abilities compared to the bulky
groups (tacrine, furan urea, etc.) present on the rings. All the
presented analogs thus far have shown good to excellent ChE
inhibitory abilities with a minimum toxic side effect.

Quinoline core moiety essential
for enhancing activity

H
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-
R; N Ry
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R =-H, -Cl, -Br, -F, -OCHj, -Et, -CHj3, -NO,, -N(CHg),, Thiazole, Tacri
Amino phosphonate, Urea

H
° (o}
R N R lo) R R N
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Furthermore, these are easy to synthesize in the laboratory,
making them attractive for viable development and marketing
as drugs against cholinesterase.

Rao et al. (2011) created a novel class of 2,4-disubstituted
pyrimidines and investigated them as dual cholinesterase and
amyloid-p (AB)-aggregation inhibitors. In vitro, the most potent
AChE inhibitor was determined to be N-(naphth-1-ylmethyl)-2-
(pyrrolidin-1-yl)pyrimidin-4-amine 249 (ICs, = 5.5 puM). The
most effective and selective BChE inhibitor was discovered to be
2-(4-methylpiperidin-1-yl)-N-(naphth-1-ylmethyl)pyrimidin-4-
amine 250, which was roughly 5.7 times more potent than the
commercially available, authorized reference drug galantamine
(BChE; ICs, = 12.6 pM). Furthermore, N-benzyl-2-(4-
methylpiperazin-1-yl)pyrimidin-4-amine 251, a specific AChE
inhibitor, effectively reduced hAChE-induced AB;_4, fibril

quinoline ring show high AChE & BChE
inhibitory activities

N(CHy)p, -CHy, -Ph, -Et
-CF3, -Cl, -F, -Br, -OCHs, -OH

Smaller groups attached to the ‘

a

Q oy
HN @(Z
R

Activity changes with the
volume of substitution

Significant increase in activity when
substituted with Hydrogen

Bulky groups attached to the
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Thiazole, Tacrine, Acetohydrazid
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Fig. 20 SAR analysis of different quinoline derivatives as AChE and BChE inhibitors.
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Table 11 Chemical structures of pyrimidine derivatives 249—

View Article Online

RSC Advances

262 and their ICsq values against cholinesterase enzymes

IC5, values (uM)

Compound
no. Chemical structure AChE BChE References
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IC5, values (uM)
Compound
no. Chemical structure AChE BChE References
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IC5, values (uM)
Compound
no. Chemical structure AChE BChE References
(0]
261 47.33 nM 159.43 nM 274
262 51.36 nM 153.3 nM 274

aggregation (59% inhibition). Furthermore, molecular model-
ling studies revealed that a central pyrimidine ring can be
employed as a template for generating dual inhibitors of
cholinesterase and AChE-induced AP aggregation, allowing for
the targeting of a variety of pathogenic pathways in AD. ChE
inhibition against AChE was enhanced by the addition of a five-
membered heterocycloalkyl C-2 group, such as pyrrolidine 251
(AChE IC5, = 8.7 uM; BChE IC;, = 26.4 uM). The ChE inhibitory
potency was lowered when the C-2 five-membered pyrrolidine
was replaced with a six-membered ring. On the other hand, the
addition of a C-2 4-methylpiperidine 250 increased BChE
inhibitory potency and selectivity. Compound 250 had a 5.7-fold
higher BChE inhibition (IC5, = 2.2 pM) and selectivity (S.I. =
11.7) than the reference drug galantamine (BChE ICs, = 12.6
uM; S.I. = 0.27) and was much more potent than donepezil
(BChE ICs, = 3.6 uM), relative to 250 (AChE ICs, = 25.8 uM)*”°
(Table 11).

Based on the pharmacological relevance of the dihydropyr-
imidine (DHPM) scaffold, Rashid et al. (2016) synthesized
substituted DHPMs coupled with an acetamide linker to
substituted aromatic anilines and tested their effectiveness as
AChE and BChE inhibitors. Among the 4-dihydropyrimidine-2-
thione and 2-amino-1,4-dihyropyrimidines series, compounds
355 and 356 having the highest IC5, values of 0.17 and 0.39 uM,
respectively, inhibited AChE effectively. BChE inhibition was
seen at higher doses (2.37-56.32 uM). The compounds were
tested for AChE (Electrophorus electricus) and BChE inhibition
using Ellman's approach (equine serum). The most efficient
ChE inhibitor was identified to be compound 252, which has
a 14-fold selectivity for AChE. (ICs, values for AChE 0.17 pM and
BChE 2.37 uM). With an ICs, of AChE 0.39 uM and BChE ICs, =
5.69 uM, S.I = 15, compound 253, which includes a benzyloxy

© 2022 The Author(s). Published by the Royal Society of Chemistry

phenyl ring, is likewise more selective against AChE.
Compound 254 demonstrated significant AChE activity with
IC5o values of 2.01 uM. 255, on the other hand, had a low
inhibitory effect on BChE, with an IC5, of 30 uM (S.1I. = 15). With
an ICs, of 1.07 uM (S.I. = 17), the 4-benzoxypehnyl derivative
256, which belongs to the 2-amino-1,4-dihyropyrimidine family,
is the strongest and selective AChE inhibitor. The 4-chloro
substituted derivative 256 demonstrated strong AChE activity
with an IC5, of 2.01 uM and a substitution pattern on the aniline
ring. The ICs, value of the compounds in 2-amino-1,4-
dihyropyrimidine series for BChE inhibition is seen over
a greater concentration range (15.01-38.53 uM) than for AChE
inhibition. Compound 257 has emerged as the most potent
BChE inhibitor in this series, with an IC5, of 15.01 uM (ref. 271)
(Table 11).

Khan et al. (2017) synthesized novel pyrimidine-based
sulfonamides with fair to excellent yield (54-86%) in short
period of time under microwave conditions. Structurally, these
heterocycles have a core pyrimidine ring with a phenyl group
and pyrimidine groups with sulfonamide functions. The
capacity of these compounds to suppress the enzymes AChE
and BChE, which are key in AD therapy, was investigated. When
compared to the reference drug eserine, the ICs, values of the
synthesized compounds varied from 3.73 pM to 57.36 uM for
AChE and 4.81 pM to 111.61 pM for BChE. Among the
compounds tested, compound 258 with a —-CH; group was
shown to be the most effective against both enzymes (AChE,
ICs0 = 143.73 uM; BChE, ICs5, = 144.81 uM). Molecular docking
and QSAR studies were also conducted on the synthesized
molecules. The goal of the molecular modelling work on
sulfonamide 258 was to anticipate how it would bind to the
active sites of the relevant enzyme. This study presents
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a straightforward approach for generating compounds with
high yields and a fast response time that are helpful against
AD?”* (Table 11).

Kumar et al. (2020) investigated AD as a complicated
neurological ailment in which single-targeted treatments failed
to reduce or reverse disease progression. In recent years, multi-
target medicines have been explored as a therapeutic strategy
for the successful treatment of AD. A variety of (4-(pent-4-yn-1-
yloxy)phenyl)-2-phenylpyrimidine analogs have been examined
for their effects on AChE enzyme. The bulk of the synthesized
compounds were discovered to be effective AChE inhibitor, with
ICs values in the low micromolar range. Analogs 259 and 260
were the most effective inhibitors of AChE enzyme. The former
inhibited AChE with ICs, value of 2.84 pM, respectively. The
AChE enzyme was likewise inhibited by 260, with ICs, value of
2.19 uM. Consequently, 259 and 260 may be employed as lead
compounds in the design of more effective AD treatments®”
(Table 11).

According to Kumar et al. (2021) AD is a complicated
neurological condition characterised by impaired behavioural
and cognitive functions. Multitarget-directed ligand (MTDL)
approaches are a potential drug development paradigm that
might lead to new AD therapy alternatives. A series of new
MTDLs phenylsulfonyl-pyrimidine carboxylate derivatives were
designed and synthesized for the treatment of AD. To investi-
gate the likely binding affinity of the prepared pyrimidines,
a molecular docking study was done, and the findings revealed
a significant interaction with the active sites of AChE and BChE.
The synthesized compounds show moderate to excellent in vitro
enzyme inhibitory activity against AChE and BChE at nano-
molar (nM) doses. The drug 262 inhibited AchE non-
competitively with K; 14 nM in an enzyme kinetics study. The
hybrids generated demonstrated moderate to good in vitro
inhibitory effectiveness against AchE and BchE at nanomolar

Pyrimidine core moiety
essential for enhancing activity
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doses. 261 and 262 substances inhibited AchE and BChE,
respectively, with ICs, values of 47.33, 51.36 nM and ICs, 159.43,
153.3 nM, respectively. Compounds 261 and 262 had the
strongest AChE inhibitory action, which can be attributable to
the presence of electron-donating dimethoxy and chloro
groups, which enhance AChE binding affinity. These derivatives
were able to attach to both the CAS and PAS of AChE at the same
time*”* (Table 11).

SAR studies of pyrimidines demonstrate that the various
derivatives are potent against AChE and BChE enzymes
(Fig. 21). All the structural features perform significant role in
the inhibitory activity, though, the observed variation in the
activity of these analogs is due to variability in the nature and
positions of substituents on aryl rings. The smaller groups
(-CH3, -Et, -Ph, -OCH3;, -CF;, -NH,, -CN, etc.) attached to the
pyrimidine ring show higher AChE and BChE inhibitory abili-
ties as compared to the bulky group (sulfonamide) present on
the rings. All the presented analogs thus far have shown to
excellent ChE inhibitory abilities with a low risk of toxic side
effects. Furthermore, these species are inexpensive and easy to
synthesize in the laboratory, making them attractive for viable
development and marketing as drugs against cholinesterase.

A series of new cyanopyridine-triazine hybrids were synthe-
sized and assessed by Hoda et al. (2016) as multitarget agents.
These molecules were created with the aid of computational
tools and synthesized utilizing a feasible and efficient synthetic
approach. The inhibitory potencies of the triazines against
cholinesterases were investigated. Compounds 263 and 264
showed high inhibitory action against AChE, as well as good
inhibition selectivity towards AChE over BChE, with IC5, values
of 0.059 and 0.080 pM, respectively. According to molecular
modelling, these compounds interacted with AChE's catalytic
active site (CAS) and peripheral anionic site (PAS) simulta-
neously. The mixed type inhibition mode of compound 263 in

Smaller groups attached to the
pyrimidine ring show high AChE &
BChE inhibitory activities

-CH,, -Ph, -Et

-CF3, -CN, -NH, -Cl, -F, -Br, -OCHj, -OH é\‘

[
T,

Significant increase in activity when
substituted with Hydrogen

EWGs enhance the activity
EDGs decrease the activity

Fig. 21 SAR analysis of different pyrimidine derivatives as AChE and BChE inhibitors.
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kinetic studies further confirmed the dual binding nature.
Furthermore, an in silico analysis of the absorption, distribu-
tion, metabolism, and excretion (ADME) profiles of the best
compounds 263 and 264 revealed that they had drug-like
properties. Overall, these cyanopyridine-triazine hybrids seem
to be a decent candidate for further pharmacological investi-
gation in the treatment of AD. Ellman's approach was utilized to
evaluate the inhibitory activity of synthesized compounds
against AChE (from Electrophorus electricus) and BChE (from
horse serum) with donepezil (IC5, = 0.038 uM for AChE; 3.14
uM for BChE) and tacrine (IC5, = 0.13 pM for AChE; 0.054 pM
for BChE) acting as positive controls. To improve the inhibitory
effect of the generated compounds on ChEs, substituents with
varied electronic properties were added to the core triazine
scaffold. Compounds with 3-(trifluoromethyl) aniline con-
nected to the triazine moiety inhibited AChE more efficiently
than those with 2-fluoro and 3-chloro-4-fluoro substituents, i.e.
265 (IC5o = 1.412 uM) and 266 (IC5, = 1.701 uM), respectively.
Within the subgroup of triazines containing 3-(trifluoromethyl)
aniline, the inhibitory effect against AChE improved as the
electron withdrawing properties of the 5-(substituted) aniline
moiety increased. Compound 263, which included 3-chloro-4-
fluoroanaline, showed the highest inhibitory potency (ICs, =
0.059 puM). Furthermore, substituting cyclopropylamine for the
modified aniline group in compound 267 resulted in a 9-fold
drop-in inhibitory activity (IC5, = 0.528 uM), compared to the
most powerful compound 263. All the target compounds
demonstrated a greater selectivity for AChE than for BChE, with
the best derivative 263 having a 61-fold selectivity ratio. In
addition, the inhibitory efficacy of 263 was shown to be
comparable to conventional donepezil (IC5, = 0.038 uM) and
superior to tacrine (ICs, = 0.038 puM). Additionally, docking
experiments involving cholinesterases were carried out to better
understand their method of action®”* (Table 12).

According to Boga et al. (2019), 1,3-diaryltriazenes are useful
linkers for diverse pharmacological applications. In their
investigation, the diazonium salt of sulfanylamide and
substituted aryl amines were used to synthesize a series of 1,3-
diaryltriazene sulfonamides. Most of the 1,3-diaryltriazene
sulfonamides in the present series showed high activity against
both cholinesterases, AChE and BChE. All chemicals, except for
268 and 269, showed stronger BChE inhibitory activity than
AChE inhibition activity. With % inhibition values of 84.48,
85.01 and 93.67, the compounds 268, 270 and 271 inhibited
AChE more efficiently than the standard drug galantamine. The
compounds 269, 272, 273 and 274 were moderate inhibitors of
this enzyme, with % inhibition values ranging from 55.35 to
69.60. With 98.47 and 97.00% inhibition, compounds 271 and
274 reduced BChE activity the highest at 200 uM. Because the
AChE and BChE enzymes are associated to neurodegenerative
diseases and their inhibition is important for various sorts of
brain problems, these 1,3-diaryltriazene sulfonamides could
serve as useful in in vivo research®® (Table 12).

Supuran et al. (2020) investigated novel triazine benzene-
sulfonamides containing aromatic amines, dimethylamine,
morpholine, and piperidine as substituents on the 1,3,5-
triazine moiety. They compounds were investigated as AChE,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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BChE, and tyrosinase inhibitors. Compounds 275, 276 and 277
demonstrated inhibitory activity against AChE with % inhibi-
tion values >90. Most of the synthesized compounds also
successfully inhibited BChE, with inhibitory potencies >90%.
The most potent AChE inhibitors were compounds 275, 276 and
277 with % inhibition values of 96.37, 91.10 and 93.19,
respectively, exceeding the standard medicine galantamine.
The bulk of the generated compounds, on the other hand,
effectively inhibited the BChE enzyme. On the % inhibition
scale, several of the remaining compounds 275, 276, 277 and
278 exhibited % inhibition values of 87.44, 88.76, 89.21 and
88.48, respectively, which were quite comparable in values to
the standard drug. The three compounds have anticholines-
terase activity, suggesting that they may be produced and used
as effective cholinesterase inhibitors®” (Table 12).

SAR studies of triazines demonstrate that the different
derivatives are active as AChE and BChE inhibitors (Fig. 22). All
the structural features are performing a significant role in the
inhibitory activity, though, a slight variation in the activity of
these analogs is due to variability in the nature and positions of
substituents on aromatic rings. The smaller groups (-Ph, -Me,
-Et, -OMe, -CF3, -OH, Cl, -Br, -CN, etc.) attached to the triazine
ring show higher AChE and BChE inhibitory abilities as
compared to the bulky groups present on the rings. All the
presented analogs thus far have shown excellent ChE inhibitory
abilities with less toxic side effects. Moreover, these analogs are
easy to synthesize in the laboratory, making them attractive for
viable development and marketing as drugs against
cholinesterase.

Alptiziin (2016) used a series of pyridinium salts with
alkylphenyl groups at position 1 and hydrazone structure at the
4™ position of the pyridinium ring to inhibit both AChE and
BChE enzymes. The inhibitory activity of cholinesterase was
measured using Ellman's colorimetric method (ChE). All the
compounds displayed considerable AChE and BChE inhibitory
activity when compared to galantamine, the reference drug, and
some of them had exceptional anti-AChE activity. The series of
title compounds with a benzofuran aromatic ring had the
highest inhibitory action on both AChE and BChE enzymes.
With an ICs, value of 0.23 uM, 1-(3-phenylpropyl)pyridinium
bromide 280 was the most effective molecule against AChE
(hAChE), whereas 4-[2-(1-(benzofuran-2-yl)ethylidene)
hydrazinyl]-1-phenethylpyridinium bromide 279, with an ICs,
of 0.95 uM, was the most effective compound against BChE.
Pyridinium ions 279 and 280 were also found to be more active
than galantamine (AChE (hAChE) IC5, 0.43 uM; BChE IC5, 14.92
uM). Compound 280, which demonstrated the highest inhibi-
tory action against AChE, was the subject of molecular docking
investigations. Several hydrazone-containing pyridinium salts
were tested for their ability to inhibit cholinesterase. All
compounds demonstrated inhibitory activity ranging from
excellent to moderate on both AChE and BChE enzymes. In the
title compounds, the length of the side chain and its hydro-
phobic feature appear to be important for AChE activity. The
scaffold of benzofuran-pyridiniumhydrazone can be utilized as
a starting point for further study and a template for further
structural adjustments®”® (Table 13).

RSC Adv, 2022, 12, 19764-19855 | 19833


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra03081k

Open Access Article. Published on 12 July 2022. Downloaded on 11/10/2025 10:29:15 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

Table 12 Chemical structures of triazine derivatives 263—278 and their ICsq values against cholinesterase enzymes
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Compound
no. Chemical structure

ICs, values (uM)

AChE

BChE

References

NH,

263

264

265

266
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—Z

NH,

0.059

0.080

1.412

1.701

275

275

275

275
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IC5, values (uM)

Compound
no. Chemical structure AChE BChE References
NH»
N
N
N*N CFs
267 [N] 0.528 — 275
N
Na
~ "N
S |
268 O \©\ 84.48 — 276
SO,NH;
269 \© 69.60 — 276
SOZNH
OCHs
270 /©/ \C[ 85.01 — 276
SO,NH; OCHs;
271 93.67 — 276
SOzNHz
272 Q/ \©\ 98.47 — 276
SO,NH5
273 /©/ \©/ 55.35 — 276
SO,NH;
274 /©/ \(:[ 97.00 — 276
SO,NHy
AN
275 /©/ | WN/ \©\ 96.37 — 277
H,NO,S
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no. Chemical structure AChE BChE References
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Bergamini et al. (2017) developed and synthesized a novel
class of pyridine compounds with carbamic or amidic functions
that can inhibit cholinesterase. The molecules feature two
aromatic ends connected by a flexible alkyl chain of variable
length. AChE and hAChE, as well as BChE and hBChE, were
used to evaluate the produced compounds. Compound 281 was
the best inhibitor of hAChE (ICs, 0.153 nM), whereas compound
282 was the most effective inhibitor of hBChE (ICs, 0.828 nM).
According to molecular docking study, 281 may bind AChE
through interacting with both CAS and PAS, confirming
a mixed-type inhibition mechanism. The most active
compounds against EeAChE were 281 and 282, which had K;
values of 38.6 nM and 52.8 nM, respectively. Further research on
the human isoforms of AChE and BChE revealed that, despite
some differences in enzyme source, both carbamate and amide
derivatives were effective inhibitors of hChE, with 283 being the
most potent inhibitor of hAChE (ICs, 153 nM) and 284 being the
best inhibitor of hBChE (ICs, 828 nM). Molecular docking
experiments on hAChE (co-crystallized with donepezil, PDB
code 4EY7) provided more insight on the most powerful ChEI in
the series’ method of interaction. The study found that 281 may
form a variety of connections with the amino acids of the CAS
area via the benzyl group and protonated amine nitrogens,
whereas the 2,6-dichloro-pyridine moiety can contact Trp286
inside the PAS. In the amyloid self-aggregation experiment, 281,
the most potent hAChEI in this investigation, inhibited AB42
self-aggregation by 26.5% at 50 nM. This compound was also
less toxic to T67 and HeLa cells, with IC5, values of 24.1 and
20.8 nM, respectively. Finally, it appears that 281 has a high
inhibitory efficacy against hAChE, as well as a high selectivity
against hBChE and the ability to prevent AB42 self-aggregation.

19836 | RSC Adv, 2022, 12, 19764-19855

These findings, together with the low toxicity and strong pro-
jected BBB permeability properties, make this chemical
a promising candidate for the creation of novel multifactorial
cholinesterase inhibitors that might help cure AD*”® (Table 13).

According to Amini et al (2018), BChE inhibitors have
emerged as a viable target for AD therapy. A class of dual
binding site BChE inhibitors was designed and synthesized
using 2,3,4,9-tetrahydro-1H-carbazole linked benzyl pyridine
moieties. In an in vitro investigation, all the prepared
compounds were found to be selective and potent BChE
inhibitors. The most potent BChE inhibitor with mixed-type
inhibition was compound 285 (IC5, 0.088 uM). According to
docking studies, 285 is a BChE inhibitor with two binding sites.
Furthermore, 285 pharmacokinetic characteristics were in
accordance with Lipinski's rule. In addition, 285 is neuro-
protective and inhibits the enzyme B-secretase (BACE1). This
compound may also inhibit AChE-induced and self-induced AB
peptide aggregation at doses of 100 pM and 10 pM. The findings
suggest that selective BChE inhibitors hold therapeutic promise
in the treatment of AD. Because intact BChE compensates for
the loss of AChE activity as AD progresses, they may have
therapeutic use in the treatment of the condition. According to
molecular modelling studies, compound 285 had strong inter-
actions with BChE's choline binding site, peripheral binding
site, and catalytic site. It was long enough to contact the acyl
pocket as well. BACE1 inhibitory and neuroprotective effects
were also found in compound 285. The pharmacokinetic
properties of 285 were also confirmed using Lipinski rules of 5.
In summary, the study has discovered new highly selective
BChE inhibitors with therapeutic promise for AD therapy>*®
(Table 13).
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Fig. 22 SAR analysis of different triazine derivatives as AChE and BChE inhibitors.

Shirsat et al. (2018) synthesized and characterized new 4-
aminopyridine analogs using analytical methods such as UV,
IR, NMR, elemental analysis, and assessed their inhibitory
character on AChE activity using molecular docking studies and
Ellman's spectrophotometric method for enzyme kinetics. The
antiamnesic and cognition-enhancing properties of the
synthesized analogues were then evaluated using a passive
avoidance test. The AChE inhibitory activity of all produced
analogs was measured using the Ellman spectrophotometric
technique. The inhibitory concentration of produced analogs
(ICs0) for inhibiting AChE was calculated using Graph Pad
Prism. The ICs, values for all the analogs ranged from moderate
to excellent. Compounds 286 and 287 produced ICs, values of
6.32 uM and 5.58 pM, respectively, compared to rivastigmine
(6.15 pM). The most active compounds 286 and 287 inhibited
AChE in a non-competitive manner (K; = 11.23 and 6.44,
respectively). The non-competitive inhibition is attributed to
a probable contact of the analog with the peripheral anionic site
(PAS) of AChE and docking investigations have supported this.
In vitro studies of the synthesized analogs revealed that
compounds 286 and 287 had the highest activity when
compared to the standard drug rivastigmine, whereas enzyme
kinetic studies demonstrated a non-competitive inhibition of
AChE, which was attributed to a possible interaction of the
analogs with AChE's peripheral anionic site (PAS) and
confirmed by molecular docking studies. The hydroxyl group of
one of these compounds’ phenyl rings was observed forming an
H-bond with Tyr-70 in docking studies, and Tyr-70 appears to
play a dual role in the active centre: (a) its hydroxyl appears to
maintain the functional orientation of Phe-288 and Tyr-70 by
hydrogen bonding, and (b) its aromatic moiety appears to
maintain the functional orientation of the anionic subsite Trp-
84. Compounds 286 and 287 were discovered as the most potent
species in an AChE inhibition and passive avoidance test, which

© 2022 The Author(s). Published by the Royal Society of Chemistry

could lead to the discovery of new cognition enhancers soon®**

(Table 13).

The SAR studies of the aforementioned pyridines demon-
strate that the different derivatives are potent as AChE and
BChE inhibitors (Fig. 23). All the structural features are per-
forming a significant role in the inhibitory activity, though,
a slight variation in the activity of these analogs is due to vari-
ability in the nature and positions of substituents on aryl rings.
The smaller groups (-CH3z, -OCHj3, —CF;, -F, -Cl, -NO,, -OH,
etc.) attached to the pyridine ring show higher AChE and BChE
inhibitory abilities as compared to the bulky group (benzo-
furan) present on the rings. All the presented analogs thus far
have shown good to excellent ChE inhibitory abilities with a low
risk of toxic side effects. Furthermore, these species are inex-
pensive and easy to synthesize in the laboratory, making them
attractive for viable development and marketing as drugs
against cholinesterase.

Sultana et al. (2017) described using the N1-substitution of
the 2,3-dihydroquinazolin-4(1H)-one nucleus to make AChE
inhibitors that were effective. A set of N-alkylated/benzylated
quinazoline derivatives were made and evaluated to see if they
could inhibit cholinesterases. N-Alkylation improved the
activity of a series of compounds previously described (N-
unsubstituted). All the substances inhibited both enzymes in
the micromolar to submicromolar range. According to the SAR
of the synthesized derivatives, N-benzylated compounds have
higher activity than N-alkylated compounds. The N-benzylated
compounds 288 and 289 were found to be extremely effective
against AChE, with ICs, values in the micromolar range (0.8 uM
and 0.6 puM, respectively). According to ADMET computational
projections, all the substances exhibited good pharmacokinetic
properties and no AMES toxicity or carcinogenicity. Further-
more, all the chemicals were expected to be absorbed and cross
the blood-brain barrier in humans. Generally, the prepared
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Table 13 Chemical structures of pyridine derivatives 279-287 and their ICsq values against cholinesterase enzymes
IC5, values (uM)
Compound
no. Chemical structure AChE BChE References
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no. Chemical structure AChE BChE References
HO
SUNNS
N. X
~ N N
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OH

compounds have paved the path for the development of new
cholinesterase inhibitors®** (Table 14).

Rao et al. (2017) created and appraised a series of 2,4-
disubstituted quinazoline analogs as a new type of AD multi-
targeting therapy (AD). The results of the biological assays
show that several quinazoline derivatives can inhibit both AChE
and BChE enzymes (ICs, range 1.6-30.5 uM). Compound 290
was reported to be a dual cholinesterase inhibitor (AChE IC5, =
14.3 uM; BChE IC5, = 8.3 uM) that also inhibited Ap aggregation
(AB40 IC50 = 2.3 uM). A 2,4-disubstituted quinazoline ring can
be utilized as a template for generating multi-targeting drugs to
treat AD, according to these thorough SAR investigations.
Compound 290 demonstrated a 4.7-fold increase in AChE
potency and a 1.4-fold rise in BChE potency when compared to
the pyrimidine derivative previously disclosed (AChE ICs, =

9.90 uM; BChE ICs5, = 11.40 uM)?* (Table 14).
PR
Q HN
N
R N 4

R
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AChE & BChE activities change
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Fig. 23 SAR analysis of different pyridine derivatives as AChE and BChE
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Sarfraz et al. (2017) developed and evaluated several cholin-
esterase inhibitors based on 2,3-dihydroquinazolin-4(1H)-one
analogs. In vitro experiments demonstrated that all compounds
were active against both AChE and BChE enzymes, where
analogs with a longer alkyl chain at the C-2 position displayed
stronger inhibitory activity than galantamine. Bromo deriva-
tives were also more active than their non-substituted coun-
terparts and nitro derivatives. Dihydroquinazolinone 291
proved a potent cholinesterase (AChE/BChE) inhibitor with
a higher selectivity for BChE, with IC5, values of 4.8 uM for
AChE and 11.1 pM for BChE. Synthetically, the reaction of 2-
aminobenzamide with butyrylchloride produces quinazolinone,
which is subsequently brominated to generate inhibitor 291
(ref. 284) (Table 14).

SAR studies of quinazoline demonstrate that the different
derivatives are potent AChE and BChE inhibitors (Fig. 24). All
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Table 14 Chemical structures of quinazoline derivatives 288-291 and their ICsg values against cholinesterase enzymes
IC5, values (uM)
Compound
no. Chemical structure AChE BChE References
(0]
NH
288 0.8 — 282
NK
O
NH
289 N’ ; 0.6 — 282
~
(0]
_0
290 14.3 8.3 283
HN
Z "N N
NN
N N
H
(0]
Br
"
291 )< 4.8 11.1 284
H C4Hg
Br

the structural features are performing a significant role in the
inhibitory activity, though, a slight variation in the activity of
these analogs is due to variability in the nature and positions of
substituents on aryl rings. The smaller groups (-F, -Cl, -NO,,
-OH, -CHj3, -OCHj, -CF; etc.) attached to the quinazoline ring
show higher AChE and BChE inhibitory abilities as compared to
the bulky group (triazole) present on the rings. All the presented
analogs thus far have shown good to excellent ChE inhibitory
abilities with a low risk of toxic side effects. Furthermore, these
species are inexpensive and easy to synthesize in the laboratory,
making them attractive for viable development and marketing
as drugs against cholinesterase.

Gulcin et al. (2017) designed and synthesized a series of new
1-(4-(3-(aryl)acryloyl)phenyl)-1H-pyrrole-2,5-diones and
screened them for ChE inhibitory activities. All the target
compounds exhibited AChE inhibiting activity with ICs, values
in the range of 139.43-244.70 nM. Chalcone-imide derivatives
effectively inhibited AChE enzyme with K; values in the range of
70.470-229.42 nM. All the synthesized chalcone-imide

19840 | RSC Adv, 2022, 12, 19764-19855

derivatives showed similar inhibition profile against AChE.
Compound 292, which showed the weakest AChE inhibition,
had two times AChE inhibition effects than that of tacrine. The
best inhibition for AChE enzyme was determined by compound
293 with K; value of 70.470 nM (ref. 285) (Table 15).

Mughal et al. (2017) reported a series of 3-oxoaurones and 3-
thioaurones. All the synthetic compounds were screened for
their inhibitory potential against in vitro AChE and BChE
enzymes. The results showed that compounds 294 (IC5, = 1.26
uM), 295 (IC5, = 0.98 uM) and 296 (IC5, = 6.39 pM) showed
AChE inhibition activities whereas, compounds whereas 295
(ICso = 1.02 uM) and 297 (IC5, = 5.27 uM) against BChE.
Noteworthy, the compound 295 was found to be the potent dual
inhibitor of AChE (IC5, = 0.98 uM) and BChE (ICs, = 1.02 uM)
as compared to the standard donepezil (IC5, = 0.09 uM for
AChE; 0.13 pM for BChE). Furthermore, compound 294 (ICso =
1.26 uM) found to have considerable selective activity against
AChE and may serve as lead compound for the development of
powerful inhibitor for AChE. Overall, it is concluded from the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 15 Chemical structures of different N, O and S based heterocycles 292-323 and their ICsg values against cholinesterase enzymes

IC5 values (uM)

Compound

no. Chemical structure AChE BChE References
292 210.56 — 285

293 70.470 — 285

294 1.26 — 19

295 0.98 1.02 19

296 6.39 — 19

297 5.27 — 19

298 2.05 5.42 18
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IC5, values (uM)

Compound
no. Chemical structure AChE BChE References
299 10.2 3.12 18
300 18.52 25.51 18
301 2.01 1.40 13
302 0.08 0.12 13
303 0.07 0.15 13

_N

O

304 3.63 — 286

©[N O g O O\

~
S (0]
O\

g ®

305 1.10 — 286

0
Ly 0
S ril/
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Table 15 (Contd.)
IC5, values (uM)
Compound
no. Chemical structure AChE BChE References
(¢]]
306 324 nM — 287
307 226 nM — 287
O
308 | H '\O 0.09 27.91 288
N
o) o ~
@)

O

309 _O O J 0.103 — 289
\©\A cl) (0]
NTET

O

N
310 0.05 0.09 21

(0]

311 0.07 — 21

19844 | RSC Adv, 2022, 12, 19764-19855

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra03081k

Open Access Article. Published on 12 July 2022. Downloaded on 11/10/2025 10:29:15 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

Table 15 (Contd.)

View Article Online

RSC Advances

IC5, values (uM)

Compound
no. Chemical structure AChE BChE References
312 0.08 — 21
313 1.29 umol L™* — 290
314 9.68 11.59 291
315 15.8 — 291
316 0.077 — 292
N
AN
317 @[ j 40.64 — 292
—
N
318 N\ 14.91 — 292
~
N
Cl N
319 K/N N 0.12 — 293
N A ~
~ONTON 0
H H
j\ i
HN N
H
320 0.1761 — 294
HsC
H
N\H/NH
(0] S
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Table 15 (Contd.)
IC5, values (uM)
Compound
no. Chemical structure AChE BChE References
H3C©\
NH
321 Nék 3.63 56.01 295
S
\
NJ< 0 NH,
s—< //_< >—<
HN—N
@)
322 AN 52.50 — 296
CH,
HS—HC H
\C/
H>
7 S O\/(O A X
323 = P 0.42 — 297

study that 3-oxoaurones are appeared to be more potent as
compared to 3-thioaurones. The replacement of oxygen with
sulfur caused decreased in the activities such compounds 294
(IC50 = 1.26 pM for AChE) and 295 (IC5, = 0.98 uM for AChE;
1.02 uM for BChE) when transformed their thio derivatives (IC5,
= 0.00 uM for AChE; 0.10 uM for BChE) and (IC5, = 0.00 uM for
AChE; 0.00 uM for BChE) they completely lost the AChE activity.
These compounds may serve as a lead-candidates in near future
for the development of new drugs to treat AD* (Table 15).
Mughal et al. (2018) designed and synthesized 3-O-flavonol
glycosides, which were evaluated for inhibition potential
against ChE enzymes. The results displayed that most of the
derivatives were potent inhibitors of AChE and BChE with
varying degree of ICs, values (IC5, = 0.205 to 102.91 uM for
AChE; 0.13to 49.83 uM for BChE). Donepezil was used as stan-
dard (ICso = 0.09 uM for AChE; 0.13 uM for BChE). Among the
series, the compound 298 was found to be the most active dual
inhibitor (ICso = 02.05 uM for AChE and 05.42 uM for BChE)
having isobutyl at p-position. The next most potent dual
inhibitor is compound 299 (IC5, = 10.20 uM for AChE and 03.12
uM for BChE) with bromo group at p-position of the phenyl ring.
Moreover, sulfur containing ring, for example compound 300,
makes strong interaction with active pockets of AChE (ICs, =
18.52 pM) rather than BChE (ICs, = 25.51 pM). These

19846 | RSC Adv, 2022, 12, 19764-19855

compounds could be used for the development of new drugs for
the cure of AD'® (Table 15).

Similarly, Mughal et al (2019) reported a series of
substituted flavonols and 4-thioflavonols potent as ChE inhib-
itors. Therein, the results unveiled that these derivatives were
potent selective inhibitors of acetylcholinesterase (AChE),
except the compound 301 (IC5, = 2.01 uM for AChE; 1.40 uM for
BChE) which was selective inhibitor of butyrylcholinesterase
(BChE), with varying degree of ICs, values. Remarkably, the
compounds 302 (ICs5, = 0.08 uM for AChE; 0.12 pM for BChE)
and 303 (ICso = 0.07 uM for AChE; 0.15 uM for BChE) have been
found the most potent dual inhibitors of ChE amongst the
series with ICs, values even less than the standard drug done-
pezil (IC5o = 0.09 uM for AChE; 0.13 pM for BChE)* (Table 15).

Thai et al. (2020) synthesized a series of N-substituted-4-
phenothiazine-chalcones and tested them for AChE inhibitory
activity. All the synthesized target analogs showed ICs, values in
the range of 186.21 to 1.10 pM for AChE. Among all the
synthesized compounds, two substances 304 (IC5, = 3.63 uM
for AChE) and 305 (IC5, = 1.10 uM for AChE) exhibited the most
potent AChE inhibitory activity as compared to the standard
galanthamine (IC5, = 1.26 uM for AChE). These synthesized
compounds could be used as AChE inhibitors to cure the AD**
(Table 15).

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra03081k

Open Access Article. Published on 12 July 2022. Downloaded on 11/10/2025 10:29:15 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

Mekky et al. (2020) explored a new series of nicotinonitrile-
coumarin hybrids as potent AChE inhibitors. The in vitro
AChE inhibitory activity was examined for the new
nicotinonitrile-coumarin hybrid molecules, when compared
with donepezil as a standard drug with ICs, of 14 nM. Coumarin
derivative, linked to 6-(4-nitrophenyl)-4-phenylnicotinonitrile,
showed more effective inhibitory activity than the reference
donepezil with ICs, of 13 nM. Compounds 306 and 307, with p-
Cl and p-NO, linked to 6-aryl moiety, respectively, exhibited the
best AChE inhibitory activities with ICs, of 324 and 226 nM,
respectively®®” (Table 15).

Lomlim et al. (2020) designed and synthesized chromone-2-
carboxamido-alkylamine derivatives and evaluated their ChE
inhibitory activities. The compounds exhibited potent AChE
inhibitory activities at micromolar range (ICso = 0.09-9.16 pM)
and demonstrated weak BChE inhibitory activities (ICs, =
12.09-44.56 uM). Compound 308 (ICs, = 0.09 uM) was the most
potent AChE inhibitor in this series; it showed higher activity
than the clinical used drug tacrine (IC5o = 0.13 uM for AChE)
and weak BChE inhibitor (IC5, = 27.91 uM) as compared to the
tacrine (ICso = 0.01 pM for AChE). Chromone-2-
carboxamidoalkylamines can be promising lead compounds
for development of anti-Alzheimer's agents®*® (Table 15).

Jadhav et al. (2020) synthesized a series of N-substituted a-
aminophosphonates-bearing chromone moiety evaluated for
ChE activities. Inhibitory activity against AChE ranged between
0.103 and 5.781 uM, whereas for BChE, activities ranged
between 8.619 and 18.789 uM. The results showed that among
the different synthesized analogs, strongest AChE inhibition
was found for the compound containing aliphatic amine
analogs, while in case of BChE, aromatic amines showed better
activity as compared to aliphatic amines. Compound 309 was
found to be the most potent inhibitor of AChE with an ICs,
value of 0.103 puM and inhibited AChE through mixed-type
inhibition. Compound 309 was 2-folds more potent than
tacrine (ICs, = 0.289 pM), 35-folds potent than galantamine
(IC50 = 3.643 uM) and 50-folds potent than rivastigmine (IC5, =
5.207 uM)** (Table 15).

Mughal et al. (2020) explored 3-benzyloxyflavones as the
potent ChE inhibitors. The findings showed that all the
synthesized target compounds were dual inhibitors of AChE
and BChE enzymes with varying ICs, values. In comparison,
they are more active against AChE than BChE. Fascinatingly,
amongst the series, the compound 310 was identified as the
most active inhibitor of both AChE (ICs, = 0.05 uM) and BChE
(IC50 = 0.09 uM) relative to the standard donepezil (IC5o = 0.09
uM for AChE; 0.13 uM for BChE). Moreover, the compounds 311
(IC50 = 0.07 uM) and 312 (IC5, = 0.08 pM) exhibited the highest
selective inhibition against AChE as compared to the standard
(Table 15).

Liu et al. (2020) designed and prepared a series of new
flavone derivatives containing 6 or 7-substituted tertiary amine
side chain and evaluated those compounds against AChE and
BChE inhibition. The results indicated that the alteration of
aromatic ring connecting to chromone scaffold markedly
changed biological activity. Compared with flavones, the
inhibitory activity of 2-naphthyl chromone, 2-anthryl-chromone

© 2022 The Author(s). Published by the Royal Society of Chemistry
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derivatives against AChE significantly decreased, while that of 2-
biphenyl chromone derivatives with 7-substituted tertiary
amine side chain is better than relative flavones derivatives.
Among the newly synthesized compounds, compound 313 was
potent in AChE inhibition (IC5, = 1.29 pmol L") with high
selectivity for AChE over BChE (selectivity ratio: 27.96)>*°
(Table 15).

Khan et al. (2021) synthesized a library of quinoline thio-
semicarbazones endowed with a piperidine moiety by a micro-
wave-assisted method. The in vitro ChE assay results revealed
several compounds as potential inhibitors of AChE (IC5, = 15.8
to 62.3 uM) and BChE (IC5, = 11.59 to 60.02 uM) enzymes.
Among all the synthesized compounds, five compounds
exhibited ICs, values less than 20 uM. Moreover, compound 314
emerged as the most potent dual inhibitor of AChE and BChE
with ICs, values of 9.68 and 11.59 uM, respectively as compared
the standard donepezil (IC5, = 2.98 uM for AChE; 7.21 uM for
BChE). Moreover, compound 315 appeared to be the selective
inhibitor of AChE with an ICs, value of 15.8 pM. Despite several
clinically approved drugs and development of anti-Alzheimer's
heterocyclic structural leads, the treatment of AD requires safer
hybrid therapeutics with characteristic structural and
biochemical properties®* (Table 15).

Lomlim et al. (2021) designed and synthesized quinoxaline-
based derivatives and evaluated them as novel AChE inhibi-
tors. The results showed that all compounds exhibited potent
AChE and BChE inhibitory activities with IC5, values of 0.077 to
50.080 uM and 14.91 to 60.95 uM, respectively. Compound 316
(ICso = 0.077 uM) displayed the highest AChE inhibitor activity
and the compounds 317, IC5, = 40.64 uM and 318, (IC5, = 14.91
uM) resulted in elevated butyrylcholinesterase inhibitory
activity as compared to tacrine (ICso = 0.107 uM for AChE;
0.00066 uM for BChE) and galanthamine (ICs, = 0.59 puM for
AChE; 11.55 pM for BChE). Therefore, the quinoxaline analogs
could offer the lead for the newly developed candidates as
potent AChE inhibitors®* (Table 15).

Munir et al (2021) synthesized a series of quinoline-
thiosemicarbazones and evaluated their AChE inhibitory
activity. All the tested hybrid derivatives were found completely
selective towards AChE and showed inhibition in the range of
0.12-60.9 pM. In vitro inhibitory results revealed compound 319
as a promising and lead inhibitor with an ICs, value of 0.12 uM,
a 5-fold higher potency than standard drug (galanthamine; ICs,,
= 0.62 uM). The synergistic effect of electron-rich (methoxy)
group and ethylmorpholine moiety in quinolinethiosemi-
carbazone conjugates contributes significantly to improving the
inhibition level** (Table 15).

Bahadur et al. (2021) synthesized a new series of bis-
thioureas and screened them for AChE inhibition activity. The
results of AChE inhibition assay were found to be active in
inhibiting the target enzyme with different ICs, values. The
synthesized compounds showed AChE inhibition in the range
of IC5y = 0.176 to 25.2063 uM. Among all derivatives, the 4g
showed highly potent inhibition potential against AChE enzyme
with ICs, value of 0.1761 uM, which is several times better than
the reference inhibitor neostigmine methylsulfate IC5, = 2.469
uM. The pharmacokinetic studies guided those compounds
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possess good lead-like properties with little toxicity and hence
be used as a ChE inhibitors in near future for the cure of AD***
(Table 15).

Recently, Cevik et al. (2022) reported some new substituted
thiazolylhydrazine analogs and evaluated their inhibitory
effects against AChE and BChE enzymes. According to the
enzyme inhibition results, the target compounds showed
selectivity against BChE. Among all synthesized derivatives,
compound 321 was found to be the most potent dual AChE and
BChE inhibitor with an ICs, value of 3.63 and 56.01 uM,
respectively as compared to the standard donepezil (IC5, =
98.86 uM for AChE; 78.95 uM for BChE). Further alterations in
the structural framework of these compounds could be
a determining factor to improve their anticholinergic potential
which may complement the drug-discovery process against
Alzheimer's disease®® (Table 15).

Gulcin et al. (2022) prepared and reported various derivatives
of 1,2-aminopropanthiols. These synthesized derivatives were
found to be effective inhibitors for the AChE enzyme, with ICs,
and K; values in the range of 25.48 to 60.37 uM and 5.76 to 55.39
uM for AChE, respectively.

Particularly, the evaluation of the inhibitory efficacy of
compound 322 (ICs, = 52.50 uM) against AChE enzyme as
compared to the standard tacrine (IC5, = 70.87 uM) also indi-
cates the anti-AD potential®®® (Table 15).

Jamalis et al. (2022) reported chalcone-based coumarin
derivatives and evaluated them as ChE inhibitors for the treat-
ment of AD. The in vitro assessment of the synthesized
compounds revealed that all of them showed significant activity
(ICs0 ranging from 0.42 to 1.296 uM) towards AChE as compared
to the standard drug, galantamine (IC5, = 1.142 pM). Amongst
the series, compound 323 displayed the most potent inhibitory
activity with ICs, value of 0.42 puM. Moreover, bromo substitu-
tion on C-5 of thiophene ring in chalcone moiety led to decrease
in AChE inhibition activity. The obtained results showed that
the linker length connecting chalcone moiety and coumarin
core played a vital role in AChE inhibition. Hence, the identified
compound may be considered as lead for further study in the
search of novel AChE inhibitory agent®” (Table 15).

The SAR studies of the previously mentioned heterocyclic
compounds demonstrate that the different derivatives are
potent AChE and BChE inhibitors (Fig. 25). All the structural
features are performing a significant role in the inhibitory
activity, though, a slight variation in the activity of these
analogs is due to variability in the nature and positions of
substituents on aryl rings. The smaller groups (-CHz, ~-OCHz,
-CF3, -F, -Cl, -NO,, -OH, etc.) attached to the scaffold show
higher AChE and BChE inhibitory abilities as compared to the
bulky group (benzothiophene, sulfonamide) present on the
rings. All the presented analogues so far have shown good to
excellent ChE inhibitory abilities with a low risk of toxic
side effects. Furthermore, these species are inexpensive and
easy to synthesize in the laboratory, making them attractive for
viable development and marketing as drugs against
cholinesterase.
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6 Conclusions and future
perspectives

AD is the most common neurodegeneration disease which has
a limited number of drug candidates available for its treatment.
Currently, anticholinesterase drugs represent the main choice
for pharmacotherapy of AD. In this context, the search for new
drugs with anticholinesterase activity can be an alternative for
treatment and it could be an important form to prolong and
improve the life of the patient. This review summarizes the
anticholinesterase activity of the most potent N-, O-, S-based
heterocyclic compounds. The scope of N-, O-, S-based
compounds in medicines is growing daily and their diverse
analogs provide a viable and important path for the discovery of
drugs with various biological applications. The N-, O-, S-based
heterocyclic frameworks offer a high degree of structural
diversity that has proven useful for the search of new thera-
peutic agents with improved pharmacokinetics and other
physicochemical features. Research and development of N-, O-,
S-based compounds in medicinal chemistry has become
a rapidly developing and increasingly active topic. The over-
whelming advantages of N-, O- and S-containing drugs in the
medicinal field, including easy preparation, low toxicity, less
adverse effects, high bioavailability, lower drug resistance, and
good biocompatibility, encourage efforts towards further
research and development. Although, extensive in vitro testing
has been reported on compounds summarized in this review,
few have selected for in vivo tests and subsequent steps for
development as drug candidates. Thus, further studies should
be performed in vivo and more theoretical work should be
carried out to predict drug-likeness and drug ability. In addi-
tion, we have explored their SAR studies. The SAR studies of the
discussed molecules offer a greater understanding of the
pattern of substituents on their basic skeleton and appropriate
substitutions accountable for their effectiveness and for further
exploration of biological efficacy. These significant points
confirm the enormous potential of various heterocyclic cores in
pharmaceutical applications suggesting a massive scope for
these promising moieties because of their diverse molecular
targets. We believe that this review article will be valuable for
encouraging the structural design and development of
sustainable and effective N-, O-, S-based drugs against AD, with
minimal side-effects. At last, we hope that this current work
could be used as reference to design more potent AChE and
BChE inhibitors with excellent inhibitory activity and in the
search for new drugs for the treatment of AD.

Abbreviations

AChE Acetylcholinesterase
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