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1. Introduction

Synthetic strategies and medicinal chemistry
perspectives of dual acting carbonic anhydrase
modulators with monoamine oxidase and
cholinesterase inhibitors

Sandeep Bindra,?® Ehab M. Mostafa, @ *¢ Mohamed A. Abdelgawad,® Samy Selim,®
Sunil Kumar® and Bijo Mathew @ *°

Multi-target drug design (MTDD) represents the paradigm shift in pharmaceutical research, moving beyond
the conventional one-drug-one-target approach to address the complexity of multifactorial diseases. This
strategy aims to develop single therapeutic candidates that can simultaneously modulate multiple
biological targets, offering more comprehensive disease management and reducing the likelihood of drug
resistance. In this article, we highlighted the design, synthesis, and structure-activity relationships (SARs) of
various dual acting inhibitors involved in treatment of neurodegenerative diseases. Dual acting inhibitors
targeting carbonic anhydrases (CAs), monoamine oxidases (MAOs), and cholinesterases (ChEs) have
emerged as promising therapeutic agents due to their potential in treating complex neurodegenerative and
psychiatric disorders such as Alzheimer's disease (AD) and Parkinson's disease (PD). By integrating CA
inhibitors with MAO and ChE inhibition, researchers aim to address both the neuroprotective and
symptomatic aspects of these disorders. The review also discusses key SAR studies that have guided the
optimization of dual inhibitors, focusing on achieving selectivity and potency while minimizing off-target
effects. From a medicinal chemistry perspective, the dual inhibition approach offers advantages such as
improved efficacy, reduced polypharmacy, and better management of disease progression. However,
challenges remain, including maintaining selectivity for target isoforms and overcoming pharmacokinetic
limitations. Overall, the development of dual-acting CA-MAO-ChE inhibitors represents a compelling
avenue in drug discovery, with the potential to significantly impact the treatment of neurodegenerative
diseases.

to  serendipity. =~ Multiple  additive  or  synergistic
pharmacodynamic activities may be highly advantageous for

Multi-target drugs are therapeutic agents designed to act on
multiple molecular targets or pathways simultaneously (Fig. 1).
These drugs are becoming increasingly important in the
treatment of complex diseases, particularly cancer, metabolic
syndrome, neurodegenerative disorders, inflammation and
infectious diseases." Even if their discovery has long been due
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treating certain disorders in terms of increased therapeutic
efficacy or postponed development of resistance. There are
several reasons why multitarget drugs are crucial: 1. complex
diseases involve multiple pathways, 2. reduction of drug
resistance, 3. synergistic effects, 4. improved patient
compliance, and 5. reduced toxicity.>

1.1. Complex diseases involve multiple pathways

Many complex diseases like cancer, diabetes, and
neurodegenerative diseases, involve a network of signaling
pathway. A single-target drug may not be sufficient to manage
such diseases effectively. Multitarget medications can achieve
more thorough therapeutic effects by targeting multiple
pathways. For instance, lapatinib (Fig. 2) is a reversible ATP-
competitive inhibitor of the human epidermal growth factor
receptor 2 (HER2), and breast cancer is treated by targeting
epidermal growth factor receptor (EGFR) tyrosine kinases.*

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Multi-target drug design.

1.2. Reduction of drug resistance

One of the main challenges in diseases like cancer and
infections is the development of drug resistance. Single-target
therapies can lead to the emergence of resistant strains or
cells, as the disease can adapt to inhibit one target.
Multitarget drugs reduce the likelihood of resistance by
simultaneously attacking multiple vulnerabilities within a
disease, making it harder for resistant variants to emerge.
Antitubercular medication with multi-target characteristics,
SQ109 (Fig. 2), for instance, has been shown to inhibit MenA
and MenG, which are involved in the manufacture of
menaquinones, as well as MmpL3 and MmpL11, which are
transporter proteins involved in the formation of cell walls.?

1.3. Synergistic effect

Targeting multiple pathways or molecules can create a
synergistic effect, where the combined effect of the drug on
different targets is greater than the sum of its individual
effects. This can improve the overall efficacy of the treatment
and may allow for lower dosages, reducing side effects of
drugs, such as caproctamine (Fig. 2), which showed a
synergistic cholinergic action against Alzheimer's disease (AD)
by antagonizing presynaptic muscarinic acetylcholine M2
autoreceptors and inhibiting acetylcholinesterase (AChE).°
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1.4. Improved patient compliance

Multitarget drugs can potentially reduce the number of
medications a patient has to take, simplifying treatment
regimens. For instance, instead of taking multiple drugs to
target different aspects of a disease, a single multitarget drug
could achieve the same results. This can lead to better
adherence to treatment.”

1.5. Reduced toxicity

By distributing the drug's effects across several targets rather
than focusing on a single one at high potency, multitarget
drugs may help minimize the risk of off-target effects and
toxicity, leading to a better safety profile.® For example,
sorafenib (Fig. 2) was approved by the FDA for the treatment
of renal cell carcinoma (RCC) in 2005, unresectable
hepatocellular carcinoma (HCC) in 2007 and radioiodine-
refractory differentiated thyroid carcinoma in 2013.°7"
Sorafenib inhibits the activity of serine-threonine kinases
Raf-1 and B-Raf, vascular endothelial growth factor receptor
(VEGFR)-1/2/3, platelet-derived growth factor receptor f
(PDGFR-B), c-Kit, RET, and FLT3.">™**

Multi-target drug design for CNS acting molecules
focuses on creating compounds that can interact with
several Dbiological targets implicated in CNS disorders.
Conditions such as Alzheimer's disease, Parkinson's disease,
depression, and schizophrenia involve intricate pathological
mechanisms. By addressing multiple pathways at once, this
approach offers potential therapeutic benefits, tackling the
complex and multifactorial nature of these diseases more
effectively.'” In the development of multi-target drug design,
Dual-acting
molecules for CNS disorders are drugs designed to target

dual-acting molecules play a crucial role.

two distinct biological mechanisms such as monoamine
oxidase (MAO) and acetylcholinesterase/butyrylcholinesterase
(AChE/BChE), MAO and carbonic anhydrases (CAs)'® or
AChE/BChE and CAs, providing broader therapeutic effects.
There are several dual-acting drug molecules in the last 5
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Fig. 2 Structures of clinically used multi-target drugs.
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Fig. 3 Dual acting drugs used in the treatment of neurological diseases.

years for the treatment of CNS diseases, which are discussed
below (Fig. 3).

Carbonic anhydrases (CAs) are a family of zinc
metalloenzymes catalyzing the reversible reaction of CO, and
H,O into bicarbonate ions and protons.”**® CAs are mainly
found in archaea, prokaryotes, and eukaryotes. They are
encoded by eight distinct, evolutionarily unrelated genes known
as o-CAs (found in vertebrates, eubacteria, algae, and the
cytoplasm of green plants), B-CAs (primarily in eubacteria, algae,
and the chloroplasts of both monocots and dicots), and y-CAs
(mainly in archaea and some eubacteria), and &, n-, 0-, C-
(found in marine diatom) and +-CAs (found in diatoms and
bacteria).>**° In mammals, 16 distinct a-CA isozymes or CA-
related proteins (CARPs) have been identified, each exhibiting
unique subcellular localization and tissue distribution.*’"?
Some of these CA isozymes are cytosolic, including CA I, CA 1II,
CA III, CA VII, and CA XIII. Others are membrane-bound, such
as CA IV, CA IX, CA XII, CA XIV, and CA XV. CA VA and CA VB
are localized in the mitochondria, while CA VI is secreted in
saliva and milk. Additionally, there are three known catalytic
forms of the CA-related proteins (CARPs), specifically CARP VIII,
CARP X, and CARP XI, which also appear to be cytosolic
proteins.®® These enzymes catalyze a simple yet vital
physiological reaction: the interconversion between carbon
dioxide and bicarbonate ions. This process plays a key role in
several crucial physiological functions, including respiration

1534 | RSC Med. Chem., 2025, 16, 1532-1549
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and the transport of CO,/bicarbonate between metabolizing
tissues and the lungs, maintaining pH and CO, homeostasis,
and facilitating electrolyte secretion in various tissues and
organs. They are also involved in biosynthetic pathways like
gluconeogenesis, lipogenesis, and ureagenesis, as well as in
bone resorption, calcification, tumorigenesis, and many other
physiological and pathological processes.**® As will be
discussed shortly, many of these isozymes are key targets for
the design of inhibitors with potential clinical applications. In

0=C=0 + H,0 =—= HCOz + H* 1
0=C=NH + H,0 =— H,NCOOH
HN=C=NH + H,0 HaNCONH, 3
RCH,0H + H,0 RCH(OH), 4
RCOOAr + H,O <==—== RCOOH + ArOH 5
RSOsAr + H,0 RSOsH + ArOH 6
ArF + H,0 HF + ArOH 7
(Ar = 2,4-dinitrophenyl)
PhCH,0COCI + H,0 PhCH,OH + CO, + Hcl 8
RSO,CI + Hy0 RSOsH + HCI 0
(R =Me, Ph)

Fig. 4 Reactions catalyzed by a-carbonic anhydrase.
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Fig. 5 Drug design strategy of dual acting inhibitors of CAs and MAO-B.

addition to catalyzing the reversible hydration of CO, to
bicarbonate (reaction (1), Fig. 4), carbonic anhydrases also
facilitate several other reactions. These include the hydration of
cyanate to carbamic acid and cyanamide to urea (reactions (2)
and (3)), the hydration of aldehydes to form gem-diols (reaction
(4)), and the hydrolysis of carboxylic acids or sulfonic acids
(reactions (5) and (6)). They are also involved in other, less-
studied hydrolytic processes, as described in reactions (7)-
(9).°°°7 The recent advancements in the development of CA
inhibitors (CAIs) have led to the creation of novel therapeutic
agents targeting a wide range of diseases. The new generations
of CAIs are being designed with improved selectivity, potency,
and pharmacokinetic properties, including sulfonamides,
coumarins, and sulfamates.*®** CAIs are being explored due to
their potential in treating conditions such as glaucoma,
epilepsy, obesity, and cancer.””** Additionally, CAIs are being
investigated for their roles in managing conditions like
hypertension, osteoporosis, and neurological disorders. In
Alzheimer's disease (AD) and cerebral amyloid angiopathy
(CAA), harmful amyloid-beta (AP) aggregates build up around
and within the walls of cerebral vessels, and form parenchymal
plaques in specific brain regions such as the hippocampus and
cortex.’® Researchers have shown that cytochrome c is released
from the mitochondria of the neurovascular unit (NVU) in a
variety of cell types, including endothelial cells (ECs), smooth
muscle cells (SMCs), neurons, and glial cells, as a result of AB
oligomers and protofibrils. Caspases are activated as a result of
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this release, which causes cell death.””*® Methazolamide (MTZ)
reduced mitochondria-mediated cell death caused by Af in all
neurovascular cell types. Additionally, MTZ lowered the
activation of caspase-3 and caspase-9 in endothelial cells,
neurons, and glial cells in vitro, and also reduced caspase-3
activation in vivo.*® Furthermore, in cerebrovascular endothelial
cells, acetazolamide (ATZ) and MTZ inhibited Ap-induced
caspase-9 activation and subsequent apoptosis. Sun and Alkon
demonstrated that CAAs improve synaptic efficacy, spatial
learning, and memory in rats, as shown by the Morris water
maze test. This effect occurs because CA activation increases
bicarbonate (HCO;) levels in the hippocampus, which triggers
a shift in GABAergic synaptic outputs from inhibitory to
excitatory.”® Under these conditions, GABA activates a specific
group of hippocampal pyramidal neurons, thereby enhancing
associative memory formation. In 2017, research found that
CAA (p-phenyl alanine) improves object recognition memory in
mice by promoting ERK phosphorylation in the cortex and
hippocampus.®® Cytosolic carbonic anhydrases, particularly
isoforms II and VII, are thought to be the primary isozymes
responsible for this pharmacological effect.>®

Monoamine oxidase (MAO) is a mitochondrial, flavin-
dependent enzyme responsible for metabolizing arylalkylamine
neurotransmitters such as epinephrine, norepinephrine (NE),
dopamine (DA), serotonin (5-HT), and phenylethylamine (PEA),
along with various exogenous amines. This process occurs
through oxidative deamination, converting these compounds
into their corresponding aldehydes and hydrogen peroxide
(H,0,) in the central nervous system (CNS) and tissues.” The
Fenton reaction, catalyzed by iron and neuromelanin,
transforms hydrogen peroxide (H,O,) into highly dangerous
reactive oxygen species (ROS).>* Two isoforms of MAO, known
as MAO-A and MAO-B, have been identified based on
differences in enzyme inhibition, substrate selectivity,
specificity, amino acid sequence, and tissue distribution.>® The
enzyme MAO-A preferentially deaminates neurotransmitters
such as serotonin, adrenaline, and noradrenaline (e.g., inhibited
by  clorgyline), while  MAO-B  primarily  oxidizes
phenylethylamine and benzylamine (e.g, inhibited by
selegiline). Both isoforms, however, are active against tyramine
and dopamine.*® The primary differences between MAO-A and
MAO-B lie in the specific details of their active sites, which
explain their varying substrate and inhibitor selectivities.
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Z=H,F, Cl,Br,
n=0-2

K,COj, Dry DMF, 40 °C

R,
H
N
71/\0 o0 Yo
0
13-26

Fig. 6 Synthesis of compounds 13-26.
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Fig. 7 SARs of coumarin based compounds (13-26).

Despite having a similar overall folding structure, MAO-A and
MAO-B share 70% sequence similarity. The availability of
structural data has facilitated the development of isoform-
selective MAO inhibitors through rational drug design.>” The
design strategy for MAO inhibitors requires a careful
consideration of selectivity between MAO-A and MAO-B,
reversibility, bioavailability, and safety to meet the therapeutic
needs for conditions such as depression, Parkinson's disease,
and other neuropsychiatric disorders. Recently, the design
strategy for the treatment of neurological disease focused on
the synthesis of compounds with multitargeting such as MAO
and CAs, and MAO and AChE.”®

Cholinesterases (ChEs) are essential enzymes involved in
several critical fields, including neurobiology, toxicology, and
pharmacology. Among these, acetylcholinesterase (AChE) and
butyrylcholinesterase (BChE) are two key groups that play
significant roles in the functioning and health of humans
and animals.>® AChE, also referred to as true cholinesterase,
is predominantly found in the CNS.®® AChE is attached to the
cell membranes of excitable tissues and plays a key role in
nerve signal transmission. Its primary biological function is

to catalyze the breakdown of the neurotransmitter
acetylcholine into choline, a process essential for a
cholinergic neuron to return to its resting state after being
activated. AChE is also present in the membranes of red
blood cells, where it is referred to as erythrocyte ChE. BChE,
also known as pseudocholinesterase, plasma, or serum ChE,
is mainly found in plasma, liver, and muscle tissues. Its exact
biological function, however, remains unclear. Although
BChE has a molecular structure similar to AChE, it differs in
its substrate specificities. AChE primarily hydrolyzes acetyl
esters, such as acetylcholine, whereas BChE predominantly
hydrolyzes butyrylcholine, although there is some overlap in
their substrate preferences.”’ The design strategy of ChE
inhibitors, which target both AChE and BChE, is crucial for
developing therapies for neurodegenerative diseases (like
Alzheimer's disease), antidotes for neurotoxins, and
insecticides. The design of these inhibitors involves several
key aspects, focusing on maximizing potency, selectivity, and
bioavailability and minimizing side effects. In recent
decades, the primary approach for drug discovery has shifted
to designing highly selective drug molecules that target a

R =H,0CH;
Z=H,F, Cl, Br
n=0-2

z SO,NH
HoN
X OH 2 R 28 N N
H n|
R 27 (O ©) PyBOP, DIPEA, Dry DMF, rt Ri o o z SO,NH,

29-40

Fig. 8 Synthesis of compounds 29-40.
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single drug target.°> However, in many cases, the efficacy of
single-target drugs often fails to meet people's expectations.
Due to the diversity of the pathogenesis of neurodegenerative
diseases, the molecules that regulate the activity of single-
target proteins may not significantly change the progression
of the disease.® To improve efficacy, many may consider
combining drugs. However, drug combinations can increase
the risk of adverse reactions due to contraindications and
potential drug-drug interactions.®* In 2005, Morphy et al.
introduced a multi-target drug therapy strategy (MTDTS),
offering a novel approach to drug discovery.®”> As a result, the
creation of synergistic multi-target inhibitors has emerged as
a more promising strategy for treating diseases, particularly
those caused by complex factors like AD.®® AChE is regarded
as a primary target, and it can be combined with other
targets to design and synthesize multi-target drug ligands
(MTDLs), such as AChE with CAs, AChE with BACE-1, AChE
with MAO, and AChE with PDE. Therefore, we reviewed
studies from the past decade, summarizing the design
concepts and structure-activity relationship (SAR) that may
offer new pathways for the future development of small
molecule candidate drugs wused in the treatment of
neurodegenerative disease. To the best of our knowledge, this
is the first review which covers the chemistry and SAR of dual
acting carbonic anhydrase inhibitors with MAO and ChE.

2. Dual acting carbonic anhydrase
inhibitors

2.1. Dual acting carbonic anhydrase with monoamine oxidase
inhibitors

Giovannuzzi et al. (2024) designed and synthesized various dual
acting CAs-MAO-B inhibitors and evaluated their inhibitory
activity against an SH-SY5Y human neuroblastoma cell model
exposed to toxic AP peptides in vitro.”” All the design
compounds were synthesized by a linking strategy, where two
distinct scaffolds, known for their MAO-B and CAs inhibition,
were connected by a linker. They conjugate benzopyrone
scaffolds (chalcone or coumarin) as MAO-B inhibitors with a
benzenesulfonamide motif (CAs inhibitor) at different
positions, using a linker for the connection (Fig. 5).

By using this design strategy, they synthesized different sets
of  coumarin-benzenesulphonamide and chromone-
benzenesulphonamide derivatives. The first set of derivatives
was synthesized by reacting 7-hydroxycoumarin with
benzenesulfonamide bearing a 4-(2-chloroacetamide) moiety in
the presence of K,CO; as a base in anhydrous DMF at 40 °C to
obtain hybrid compounds 13-26 (Fig. 6). Among the
synthesized derivatives, compound 13 was found to be most
potent molecule with a K; value ranging from 0.8 to 9.4 nM
against CA II, VA and VII as compared to standard drugs
acetazolamide (AAZ) with a K; value = 2.5 to 63 nM and
methazolamide (MTZ) with a K; value = 2.1 to 65 nM.
Compound 14, featuring a 3-fluoro-sulfanilamide scaffold
connected to an unsubstituted coumarin fragment,
demonstrated good inhibitory activity against CAs II, VA, VB,

This journal is © The Royal Society of Chemistry 2025
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Fig. 9 SARs of compounds 29-40.

and VII, with a Kj value ranging from 8.9 to 25.5 nM. The
substitution of the fluorine atom with hydrogen or other
halogen (compounds 18-20) reduces the CA inhibitory activity.
A similar decrease in activity was observed with the elongation
of the spacer between the amide linker and the CAI portion
(compounds 21 and 22), or with the substitution of the
coumarin scaffold with a 3-chloro-4-methyl pattern (compounds
23-26). All the synthesized compounds showed very less or no
MAO inhibitory activity as compared to standard drugs
clorgyline (CLO) with an ICs, value of 15610 nM for MAO-A and
47.6 nM for MAO-B and selegiline (SEL) with an ICs, value of
3.0 nM for MAO-A and 2501 nM for MAO-B (Fig. 7).

The second set of derivatives was synthesized by a
coupling reaction between 3-carboxycoumarin and amine-
bearing benzenesulfonamide in the presence of PyBOP as a
coupling reagent and DIPEA as a base, in anhydrous DMF to
give compounds 29-40 (Fig. 8). Compound 29 with a
3-fluoro-sulfanilamide scaffold connected to an unsubstituted
coumarin fragment was the most effective inhibitor of CA II
(K; value = 0.4 nM), CA-VA (K; value = 6.9 nM), and CA-VII (K;
value = 11 nM) among the produced derivatives. The
elongation of the spacer (ethylene group) between the amide
linker and CAI portion (30) increases the CA inhibitory
activity. The substitution of the fluorine atom with hydrogen
or other halogen atom decreases the CA inhibitory activity
with respect to standard drugs AZZ (K; value = 2.5 to 63 nM)
and MTZ (K; value = 2.1 to 65 nM). Similarly, the elongation

H,NO,S R,

R R
2 R Br N
Xy 2 42
K,COg3, Dry DMF, rt ° °o°
HO (o ) 2L03, Dry )
H,NO,S 43-45

R; = H, COOE, Cl
R, =H, CH,

4

Fig. 10 Synthesis of compounds 43-45.
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Fig. 12 Synthesis of compounds 48-53.

of the spacer between the amide linker and CAI portion (34)
or substitution at the coumarin scaffold with a 7-OCH; group
(35-40) dramatically decreases the CA inhibitory activity.
Compound 40 (K; value 7.0 nM) was found as the most active
compound against CA-XII among the synthesized drugs but
less than standard drugs AZZ (K; value = 5.7 nM) and MTZ (K;
value = 3.4 nM). Some of the synthesized compounds showed
increased MAO-B inhibitory activity as compared to the first
set of derivatives. Among them, compound 36 was found as
the most active compound against MAO-B with an ICs, value
of 14.9 nM (Fig. 9).

The third set of derivatives (43-45) was synthesized by
reacting 7-hydroxycoumarin with 4-sulfamoylbenzyl bromide
in the presence of K,CO; in dry DMF (Fig. 10). Among the
synthesized derivatives, compound 43 was found as the most
potent CAI against CA-II, VA, VB, VII and XII with Ky values of
6.1, 37.1, 15.5, 8.2 and 37.8 nM, respectively. Substitution of
chlorine at R; and the methyl group at the R, position
(compound 46) showed good inhibitory activity against CAs
with a K; value ranging from 5.6 to 66.1 nM. Substitution of
the COOEt group at R; and hydrogen at the R, position
decreases the CA inhibitory activity with respect to standard
drugs AZZ (K; value = 2.5 to 63 nM) and MTZ (K; value = 2.1
to 65 nM). Notably, compounds 43 and 44 exhibited highly
potent MAO-B inhibition, with ICs, values of 9.1 and 6.7 nM,
respectively (Fig. 11).

The fourth set of derivatives (48-53) were synthesized by
converting the aldehyde group of compound 46 (chromone
derivatives) into acyl bromide through a free radical reaction
involving NBS and AIBN in CCl,, followed by a coupling
reaction with benzenesulfonamide in the presence of K,CO;
as a base in CCl, (Fig. 12). All the synthesized chromone

1538 | RSC Med. Chem., 2025, 16, 1532-1549

derivatives showed less CA inhibition as compared to
coumarin derivatives (second set). Among the synthesized
derivatives, compound 48 was found as the most potent CAI
with a K; value ranging from 8.3 to 58.4 nM. The elongation
of the spacer between the amide linker and CAI portion was
responsible for increasing CA inhibitory activity. The fluorine
substituted compound 50 showed good inhibitory activity
with a K; value of 6.4 nM. The substitution of fluorine with
hydrogen or other halogen atom dramatically decreases the
CA inhibitory activity. The unsubstituted compound 49
showed good MAO-B inhibitory activity with an ICs, value of
32.6 nM (Fig. 13).

Carradori et al. (2022) synthesized various resveratrol (RSV)
analogues (Fig. 14) as dual inhibitors of MAO-B and CAs and
evaluated their inhibitory activity by a stopped-flow technique
or the esterase activity assay.®*”’° All the derivatives were
synthesized by a previously reported method.””* Among the
synthesized derivatives, compound 55 was found as the most
potent molecule with ICs, values of 0.433 pM (MAO-A) and 0.01

Com Z n
48 H 2 Most active CAs inhibitors (K| value = 8.3 to 58.4 nM)
Most active MAO-B inhibitor (IC5q =32.6 nM)

49 H 1
A ot o 08 i LA VA, Vi X1
MTZ K, = 2.1t0 65 nM CAIl, VA, VII, XII
50 0 showed good inhibitory activity againstCA-XII
51 H 0 K value = 6.4 nM
0
52 ¢ CAs inhibitory activity decreases
53 Br 0

Fig. 13 SARs of chromone based compounds 48-53.
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Fig. 14 Structure and synthesized derivatives of RSV.

UM (MAO-B) with respect to the parent compound RSV with
ICs, values of 13.5 uM (MAO-A) and >100 uM (MAO-B) and
standard drug isatin with ICs, values of 8.43 uM (MAO-A) and
3.90 uM (MAO-B) (Fig. 15). Substitution of the CF; group at R,
and the chlorine atom at the R; position is responsible for the
inhibitory activity of compound 55. It also showed good
inhibitory activity against CAs with ICs, values of 15.6 uM (CA
II), 70.9 uM (CA VA), 36.2 uM (CA VB), 0.7 uM (CA VII), and 6.9
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uM (CA XII) but less than those of parent molecule RSV and
standard drug AAZ with ICs, values ranging from 0.9 to 2.8 uM
and 0.006 to 0.054 uM, respectively. The substitution of CF; with
other electron-withdrawing groups (EWGs) like -CN or -Cl at
the R; position, while keeping a halogen (-Cl) or hydrogen at
the R, or R; positions (compounds 56-58), demonstrated good
inhibitory activity against MAO, but resulted in a decrease in CA
inhibitory activity. The substitution of CF; with hydrogen at the
R, position (61) retained the MAO-A and MAO-B inhibitory
activity, whereas substituting -Cl with hydrogen at the R;
position (compound 62) reduced the MAO-B inhibitory activity
compared to the standard drug isatin. Similarly, substitution of
the naphthyl group at the Ar position (60) retained the MAO-B
inhibitory activity while the substitution of the pyridyl group at
the Ar position (63) decreases the MAO-B inhibitory activity.
Substitution of electron withdrawing CF; with an electron
donating group (EDG) such as -OCHj; at the R, position and
hydrogen at R, and R; positions (59) retained the MAO-B
inhibitory activity. All the synthesized RSV derivatives showed
less CA inhibitory activity with respect to parent molecule RSV
and standard drug AAZ. The molecular docking study of
compound 55 for MAO-A and MAO-B was conducted using

Com R, Ry Rs Ar
H cl _ [>Most potent molecule M(AAZ)ICsp =0.006 -
55 Grs ICs = 0.433 M (MAO-A), 0.01uM (MAO-B) 0.054 UM
| H - IC59 =6.9-70.9 uM (CA 1I,VA, VB, VII, XII)~| )

56 Cl C 50 uM ( ) ICsp =0.9-2.8uM

57 CN H H -

58 Cl Cl Cl - MAO inhibitory activity increases

59 OCH3 H H -

= - - Naphthyl CAs inhibitory activity
60 decreases
61 H H cl -
ICsp = 8.43 UM (MAO-A), 3.90 uM (MAO-B)
62 CF3 -
(RSV )ICso = 13.5 uM (MAO-A), >100 uM (MAO-B)
- - - Pyridyl
63 yncy ﬁMAO inhibitory activity decreases
Fig. 15 SARs of RSV derivatives.
L - alanine (Ala)
al b
Z-Ala-OH Fmoc—?la-OH
AMC, ¢
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R’N%N 0o
H
64

|
o
65-70
P >
R’ W)LN (O No]
H

71-72

Fig. 16 Synthesis of coumarin derivatives (64-72); reagents and conditions:
THF (2:1), r.t., 4 h; (c) IBCF, TEA, dry THF, =10 °C under Ny, 1 h, then r.t., 24
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Fig. 17 Synthesis of coumarin derivatives (73 and 74). Reagents and
conditions: (a) IBCF, TEA, dry THF, =10 °C under N, 1 h, then r.t., 20 h.
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Schrédinger Life-Sciences Suite 2021-4 (Maestro v13), with PDB
codes of 275X and 2V5Z, respectively. Interestingly, the docking
score of compound 55 was found to be similar to the standard
drug safinamide (10.336 for MAO-A, 10.375 for MAO-B). The
docking study of compound 55 for CAs was performed in GOLD
5.1 program, using the PLP scoring function. The crystal
structures of CA I (PDB code 1AZM), CA II (PDB code 4E3H), CA
VII (PDB code 3MDZ), CA IX (PDB code 5FL4), and CA XII (PDB
code 1JCZ) were obtained from the Protein Data Bank, while
previously developed homology models were used for CA VA
and CA VB.”>”® The docking study of compound 55 revealed

R'T)J\N [JEN6]
L H
C

om R

64

O
o  OF

respectively

| 0}
69 Om/LNJ\s”:
O H

~ Most active compound
K, value = 23.4 nM (CA 1X), 30.5 nM (CA XII)
|| ICs0 value = 1.92 uM (MAO-A), >100 uM (MAO-B)

0
Ay 0O AAZ }--K, value = 25.8 nM (CA IX)
(o |

5.7 nM (CA XII)

O - - )
I, showed good inhibitory activity against
88 oy CA Xl with K, value = 9.5 and 9.6 nM

| (0]
70 OT]/\N&
5 H

(0]
P J@ﬁ
Ry j)LN 0o
R, H |
R4 R,

“CAs inhibitory activity decreases

Retained CAs inhibitory activity with
K| value = 27 nM (CA 1X),54.7nM (CA XII)
and 29.4 nM (CA 1X),46.8nM (CA XII) respectively

CAs inhibitory activity decreases

(Isatin }-1Cs = 8.43 uM (MAO-A)

3.90 M (MAO-B)

Retain MAO-A inhibitory activity
with ICsq value = 5.9 yM

4

MAO inhibitory activity decreases

Fig. 18 SARs of coumarin derivatives.
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specific and significant interactions within the active sites of
both targets.

Agamennone et al. (2022) synthesized various coumarin
based dual inhibitors of CAs and MAO and evaluated their
inhibitory activity against MAO-A, MAO-B, CA I, CA II, CA IX
and CA XIL”” A stopped-flow instrument from Applied
Photophysics was employed to measure the CO, hydration
activity catalyzed by CA.”® Phenol red, at a concentration of
0.2 mM, served as the indicator, with reactions monitored at
a wavelength of 557 nm. A buffer of 20 mM HEPES (pH 7.4)
containing 20 mM Na,SO, was used to maintain constant
ionic strength. Amino acyl methyl coumarin (AMC) and
amino acyl methoxymethyl coumarin (AMMC) derivatives
were synthesized by applying solution phase synthesis (Fig. 16
and 17). Due to the low nucleophilic reactivity of the aromatic
amino group, the acylation reactions of coumarins with
N-protected amino acids were preferably carried out using the
mixed anhydride method. Amino acyl coumarins 65-74 were
synthesized by reacting the respective N-protected amino acid
with isobutyl chloroformate (IBCF) and triethylamine (TEA) at
-10 °C in tetrahydrofuran (THF) under an inert atmosphere.
Afterwards, the appropriate coumarin nucleus was added.
Once the ice bath was removed, the reaction proceeded for
20-24 hours, yielding the expected conjugate as brown-red
slurry. The precipitate was processed, and the compounds
were purified through chromatography and recrystallization,
resulting in the expected products with satisfactory yields. All
the synthesized compounds showed very less or no CA
inhibitory activity against CA I and CA II. Among the
synthesized derivatives, compound 64 was found as the most
active compound with Kj values of 23.4 nM (CA IX) and 30.5
nM (CA XII) as compared to standard drug AAZ having K;
values of 25.8 nM (CA IX) and 5.7 nM for CA XII. It also
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demonstrated good MAO inhibition activity with ICs, values
of 1.92 pM (MAO-A) and >100 pM (MAO-B) with respect to
standard drug isatin having ICs, values of 8.43 uM (MAO-A)
and 3.90 pM for MAO-B. The substitution of methyl ketone at
position R is responsible for the good inhibitory activity of
compound 64. Substitution of methyl ketone with other
groups (65-70) dramatically decreased the potency of the
molecule except compounds 68 and 69 which showed good
inhibitory activity against CA XII with K; values of 9.5 and 9.6
nM, respectively. Substitution of methyl ketone and methyl
acetylalaninate at position R of AMMC derivatives (71 and 72)
retained the CA inhibitory activity. Further substitution of
butane and isobutane at the R, position decreased the CA
inhibitory activity. Substitution of methyl ketone with other
groups (65-74) decreased the MAO-A and MAO-B inhibitory
activity (Fig. 18). The molecular docking study was performed
on Schrodinger Life-Sciences Suite 2021-4 (ref. 79) by using
PDB ID 275X (MAO-A), 2V5Z (MAO-B), 6F3B (CA I), 5BNL (CA
II), 6G9U (CA IX) and 5LL5 (CA XII).

2.2. Dual acting carbonic anhydrase with cholinesterase
(ChE) inhibitors

Several pyrazole carbamide derivatives are designed and
synthesized as selective inhibitors of carbonic anhydrase and
cholinesterase (Durgun et al., 2024), and their inhibitory action
against acetylcholinesterase (AChE), butyrylcholinesterase
(BChE), CA I, and CA II is assessed in vitro.*® All the pyrazole
carboxamide derivatives were synthesized by the reaction of
diazotization of appropriate sulphonamide derivative 75 to give
diazonium salt 76, followed by the reaction with malononitrile
in sodium acetate in methanol at 0-10 °C to give 77. On
reacting compound 77 with compound 78 in alcohol at 60 °C,

= R . 0
HN_ 0 H. /0 Malononitrile, MeOH, S
7
o’ C HNO,/HCI, H,0, 0 - 5 °C O’O Sodium acetate, 0- 10°C 0 Q
C) e) N
=N
5 NH, 76 N‘\\N Cl 7 N——
I
N

EtOH , reflux, 6h | NH;NHCONHR,

78
Ri
HN_ O
/,S/
"
N
‘\N NH,
H,NT N
o7 "NH
79-90 R2

Fig. 19 Synthesis of pyrazole carboxamide derivatives.
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pyrazole carboxamide derivatives (79-90) were obtained in
desirable yields of 62-85% (Fig. 19). All the synthesized
compounds showed good inhibitory activity against ChEs
having K; values ranging from 6.60-14.15 nM (AChE) and
54.87-137.20 nM (BChE) and CAs having K; values ranging from
10.69-70.87 nM (CA I) and 20.01-56.6 nM (CA 1II) as compared
to standard drugs tacrine (K; value = 112 nM for AChE, 172 nM
for BChE) and AZZ (K; value = 412 nM for CA I, 98.2 nM for CA
II). Among the synthesized derivatives, compound 79 was found
as the most potent molecule against ChEs with K; values of 6.60
nM for AChE and 68.9 nM for BChE. The substitution of
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4,6-dimethylpyrimidin-2-amine at the R; position and
1,2-dichlorobenzene at the R, position is responsible for the
most potent inhibitory activity of compound 79 against ChEs.
Compound 87 was found as the most active compound against
CAs with K; values of 10.6 nM (CA I) and 20.01 nM (CA II) as
compared standard drug AAZ having K; values of 412 nM for CA
I and 98.2 nM for CA II. The substitution of guanidine at the R;
position and p-methyl benzene at the R, position is responsible
for the good inhibitory activity against CAs (Fig. 20). The
docking study of the most active compounds (79, 83, 84 and 80)
was performed by using Small-Molecule Drug Discovery Suite
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Most active compound
with K, value = 10.6 nM
(CA1), 20.01 nM (CA I)
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Fig. 20 SARs of pyrazole carboxamide derivatives.
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Fig. 21 Drug design strategy of dual acting CA activators and AChE
inhibitors.
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Fig. 22 Synthesis of intermediate compounds (91-98). Reagents and
conditions: (a) cyclohexanone, POCl;, 0 to 115 °C, (b) 1l-w-
diaminoalkane, KI, phenol, 180 °C, (c) w-aminoalkan-1-ol, Kl, phenol,
180 °C, and (d) CBr4, PPhz, DMF, rt.

2023-2 with PDB ID 7XN1 (AChE) and 4BDS (BChE), and 1AZM
(CA 1) and 3HS4 (CA 1II). The docking methodology's reliability
was confirmed by the low RMSD values (0.26, 0.12, 0.22, and
0.99 A for 7XN1, 4BDS, 1AZM, and 3HS4, respectively) and the
ability of the docking poses of the co-crystallized ligands to
accurately replicate all key interactions. Compounds 79, 83, 84
and 80 formed primary interactions via hydrogen bonding and
pi-pi stacking. These inhibitors exhibited docking scores of
-9.686, —5.306, —2.958, and —6.376 kcal mol ™ with 7XN1, 4BDS,
1AZM, and 3HS4, respectively. The result of in silico and in vitro
study supported to each other (Fig. 21).

Nocentini et al. (2024) designed and synthesized various
dual acting CA activators and AChE inhibitors, and evaluated
their biological activity in vitro.*' The intermediate 9-chloro-
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1,2,3,4-tetrahydroacridine (92) was synthesized through the
condensation of anthranilic acid (91) with cyclohexanone in
the presence of POCI; at 115 °C. Subsequently, intermediate 92
was reacted with the appropriate 1,o-diaminoalkane in the
presence of potassium iodide in phenol at 180 °C, yielding the
aminoalkyl TAC intermediates 93-96 (Fig. 22). The
o-bromoalkyl intermediates 97 and 98 were prepared via two-
step synthesis. First, intermediate 92 was reacted with the
appropriate amino alcohol in the presence of KI in phenol at
180 °C. This was followed by the Appel reaction using CBr, and
PPh; in DMF at room temperature (Fig. 22). Intermediates
93-96 were coupled with commercially available protected
r-amino acids using PYBOP as the coupling agent and DIPEA
in DMF, resulting in the formation of amide compounds
99-123. Specifically, compounds 99-112 and 121-123 were
synthesized using N,N'’-diBoc-i-histidine and N-Boc-N'-Cbz-L-
lysine, respectively, to prevent undesired side reactions. The
N-Boc groups of compounds 99-123 were subsequently
removed by treatment with 1.25 M methanolic HCI at room
temperature, yielding the corresponding amine compounds
124-138 (Fig. 23). Intermediates 97 and 98 underwent an Sy2
reaction with methyl ester r-amino acids in the presence of
K,CO; and KI, resulting in the formation of amine-linked
hybrids 139-146 (Fig. 24). Similarly, the TAC hybrids 147 and
148 were synthesized using histamine dihydrochloride
(Fig. 25). Finally, the tyrosine derivatives 149 and 150 were
synthesized by reacting intermediates 97 and 98 with N-Boc-L-
tyrosine methyl ester. The N-Boc groups of compounds 149 and
150 were subsequently removed by treatment with 1.25 M HCI
in methanol at room temperature, yielding hybrids 151 and
152. All the synthesized compounds showed less CA activator
activity against CA I and CA II as compared to standard drug
t-phenylalanine having K, values of 70 nM and 13 nM,
respectively. Among the synthesized derivatives, compound 148
was found as the most active compound against CA I with a K
value of 236 nM but less than standard drug r-phenylalanine.
Similarly, compound 126 was found as the most active
compound against CA II having a K, value of 65.1 nM but less
than standard drug i-phenylalanine. Among the synthesised
derivatives, compounds 135 and 124 were found as the most
potent CA activators against CA IV with K, values of 541 nM
and 619 nM, respectively, as compared to standard drug r-Phe
having a K, value of 36 000 nM. Similarly, compounds 135 and
127 were found as the most potent CA activators against CA VB
with K, values of 353 nM and 544 nM, respectively, as

HN’H\nNHZ

A a

93-96 99-123

R O R
@5@ @53 : p
Vs
N" N7 N

124-138

Fig. 23 Synthesis of dual acting CA activators and AChE inhibitors (124-138). Reagents and conditions: (a) protected L-amino acid (N,N’-diBoc-L-
histidine, N-Boc-L-phenylalanine, N-Boc-L-tryptophan, N-Boc-N'-Cbz-L-lysine), PYBOP, DIPEA, DMF, rt and (b) 1.25 M methanolic HC|, 0 °C to rt.

This journal is © The Royal Society of Chemistry 2025

RSC Med. Chem., 2025, 16, 1532-1549 | 1543


https://doi.org/10.1039/d4md00837e

Published on 06 2025. Downloaded by Fail Open on 23.07.2025 09:31.:16.

Review
R
O\
HN’H\Br HN/H\N
97 98 139 146

Fig. 24 Synthesis of dual acting CA activators and AChE inhibitors
(139-146). Reagents and conditions: (a) L-amino acid methyl ester (L-
histidine, L-phenylalanine, L-tryptophan, and N’-Cbz-L-lysine), K,COs3,
Kl, DMF, rt.

N=\
/\A/NH
A HNJd\nH
A a X
N/ —
97,98 147,148

Fig. 25 Synthesis of dual acting CA activators and AChE inhibitors
(147 and 148). Reagents and conditions: (a) histamine dihydrochloride,
K>COs3, KI, DMF, rt.

compared to standard drug r-phenylalanine having a K, value
of 10000 nM. Among the synthesized derivatives, compounds
127 and 126 were found as the most potent CA activators
against CA VII with K, values of 82.8 nM and 96.4 nM,
respectively, as compared to standard drug r-phenylalanine
having a K, value of 10000 nM. All derivatives, except for the
histamine-derived compound 148, demonstrate selective
inhibition of BChE over AChE, resembling the lead compound
tacrine. Among the synthesized compounds, compounds 148
and 135 showed the most potent inhibitory activity against
AChE with ICs, values of 2.2 uM and 2.4 uM, respectively, as
compared to standard drug tacrine having an ICs, value of 33.9
puM. Similarly, compounds 151 and 100 showed the most
potent inhibitory activity against BChE with ICs, values of
0.048 uM and 0.064 uM, respectively, as compared to standard
drug tacrine having an ICs, value of 3.9 pM (Fig. 27). Docking
study was performed in the Maestro Schrodinger suite against
hCA 11 (PDB: 2ABE),** hCA VII (PDB: 6H38),** hAChE (PDB:
4BDT)** and hBChE (PDB: 610B) (Fig. 26).%
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Berrino et al. (2023) designed and synthesized various alkyl
substituted coumarins and evaluated their biological activity
in vitro against CAs, MAO-A, MAO-B, AChE and BChE.*® The
target compounds 154 and 155 were synthesized by reacting
starting material 153 with 5-chloropent-1-yne and 6-chlorohex-1-
yne, respectively. The compound 156 was reacted with
3-bromopropane-1-yne and 1-bromobut-2-yne in dry DMF at 150
°C to give compounds 157 and 158, respectively.
Compounds 160-164 were obtained by a similar reaction
between compound 159 and 3-bromoprop-1-yne, 1-bromobut-2-
yne, 1-bromopent-2-yne, 5-chloropent-1-yne, and 6-chlorohex-1-
yne in dry DMF at 150 °C (Fig. 28). All the synthesized
derivatives showed less CA I, CA II, CA VII inhibitory activity as
compared to standard drug AZZ having K; values of 250 nM,
12.1 nM, and 2.5 nM, respectively. Among the synthesized
derivatives, compound 154 was found as the most active CA I
inhibitor with a K; value of 6262 nM, but less active than
standard drug AZZ. All the synthesized compounds showed less
CA 1I inhibitory activity with K; values of >10000 nM as
compared to standard drug AZZ. Among the synthesized
derivatives, compound 155 was found as the most active CA VII
inhibitor with a K; value of 46.93 nM, but less active than
standard drug AZZ. Compound 155 also showed the most
potent inhibitory activity against CA IX with a K; value of 9 nM
as compared to standard drug AZZ having a K; value of 25.8 nM.
The substitution of the hex-1-yne group at the R; position is
responsible for the most potent inhibitory activity of compound
155. Among the synthesized derivatives, compound 158 showed
the most potent inhibitory activity against CA XII with a K; value
of 4.3 nM as compared to standard drug AZZ having a K; value
of 5.7 nM. Substitution of the but-2-yne group at the R, position
is responsible for the most potent inhibitory activity of
compound 158. All the synthesized derivatives showed less
AChE and BChE inhibitory activity as compared to standard
drug galantamine having ICs, values of 1.29 uM (AChE) and 5.4
UM (BChE). All the synthesized compounds showed less AChE
inhibitory activity with IC5, values of >100 uM as compared to
standard drug galantamine. Among the synthesized derivatives,
compound 155 was found as the most active compound with an
ICs5o value of 21 pM, but less active than the standard drug.
Among the synthesized derivatives, compound 164 was found
as the most potent inhibitor against MAO-A and MAO-B with
IC5, values of 0.65 uM and 0.007 pM, respectively, as compared

H<T5Br 50
A a A
— /
N N
97,98 149,150

~0 ~0
o] o]
HN\«O\tBU NH,
° HnAT70
b X
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Fig. 26 Synthesis of dual acting CA activators and AChE inhibitors (149, 152). Reagents and conditions: (a) N-Boc-L-tyrosine methyl ester, K,CO3,

Kl, DMF, rt and (b) 1.25 M methanolic HCl, MeOH, 0 °C to rt.
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This journal is © The Royal Society of Chemistry 2025

View Article Online

Review

N N
o T

156

HO O~ "0
159

X
\/\/\ X
I GEN
o 0 Yo
164

Fig. 28 Synthesis of alkyl substituted coumarins.

to standard drug curcumin having ICs, values of 5.54 uM for
MAO-A and 4 pM for MAO-B. The substitution of the hex-1-yne
group at the R; position is responsible for the most potent
inhibitory activity of compound 164 (Fig. 29).

Kurban et al. (2024) designed and synthesized a new class
of sulfonamide derivatives and evaluated their inhibitory
activity in vitro against CA I, CA II, AChE and BChE.*” All the
derivatives were synthesized by reacting compound 165 with
phenolic aldehyde in TEA and DCM under reflux conditions
to give compounds 166-170, which were reacted with
compound 171 in ethanol under reflux conditions to give
target compounds 172-176. Among the synthesized
derivatives, compound 172 was found as the most potent CAI
and CA II inhibitor with K; values of 8.98 nM and 7.55 nM,
respectively, as compared to standard drug AZZ having K;
values of 250 nM for CA I and 12 nM for CA II. Among the
synthesized derivatives, compound 176 was found as the least
active CAI and CA II inhibitor with K; values of 14.56 nM and
13.85 nM, respectively. All the synthesized derivatives showed
more AChE and BChE inhibitory activity as compared to
standard drug neostigmine having Ky values of 55.5 nM for
AChE and 33.3 nM for BChE. Among the synthesized
derivatives, compound 174 was found as the most potent
inhibitor against AChE and BChE with K; values of 12.90 and
6.21 nM, respectively, as compared to standard drug
neostigmine. Among the synthesized derivatives, compound
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Fig. 30 Synthesis of a new class of sulfonamide derivatives.

172 showed the least potent inhibitory activity against AChE
and BChE with K; values of 16.38 and 14.52 nM, respectively.
The docking study of the synthesized compound was
performed by using PDB ID 1AZM for CA I, 4Q6E for CA II,
4EY7 for AChE and 4BDS for BChE. The docking scores of
the most active compound 172 against CAs were found to be
-5.209 (CA I) and -5.863 (CA II), and those of 174 against
ChEs were found to be -10.500 (AChE) and -6.825 (BChE)
(Fig. 30 and 31).

1546 | RSC Med. Chem., 2025, 16, 1532-1549

Conclusion

Multi-target drug design (MTDD) offers a transformative approach
to drug discovery, particularly for the treatment of complex and
multifactorial diseases such as neurodegenerative disorders. By
simultaneously modulating multiple biological targets, MTDD
addresses the limitations of traditional single-target therapies,
offering potential for improved therapeutic efficacy, reduced drug
resistance, and more comprehensive disease management. In this
article, we provided a summary of dual-acting drugs used in the
treatment of neurodegenerative diseases over the past five years.
In this article, we emphasize the design, synthesis, structure-
activity relationships (SARs), docking study and biological activity
of various dual-acting inhibitors targeting CAs, MAO, and ChE
involved in the treatment of neurodegenerative diseases. The
review also discusses key SAR studies that have guided the
optimization of dual inhibitors, focusing on achieving selectivity
and potency while minimizing off-target effects. SAR analysis of
dual-acting drugs has proven essential in the development of
effective therapeutic agents for neurodegenerative diseases. By
understanding how structural modifications influence the
biological activity and selectivity of dual inhibitors targeting

This journal is © The Royal Society of Chemistry 2025
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Fig. 31 SARs of a new class of sulfonamide derivatives.

multiple pathways, researchers can optimize drug candidates for
enhanced efficacy and reduced side effects. The insights gained
from SAR studies facilitate the fine-tuning of molecular properties,
such as potency, selectivity, and pharmacokinetics, thereby
addressing the complex nature of neurodegenerative conditions.
As the landscape of drug discovery continues to evolve, integrating
SAR findings with advanced computational methods and high-
throughput screening will further enhance the design of dual-
acting agents. While challenges such as maintaining selectivity for
specific isoforms and managing potential off-target effects remain,
ongoing research in SAR will be pivotal in overcoming these
hurdles. Ultimately, the strategic application of SAR in the
development of dual-acting drugs holds great promise for
improving  treatment  outcomes for  patients  with
neurodegenerative diseases, paving the way for more effective and
personalized therapeutic strategies.
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