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zyloxybenzene derivatives as
monoamine oxidase inhibitors with
neuroprotective effect targeting neurogenerative
disease treatment†

Feba Benny,‡a Jong Min Oh,‡b Sunil Kumar,a Mohamed A. Abdelgawad,c

Mohammed M. Ghoneim,d Mohamed Sadek Abdel-Bakky,e Neelima Kukerti,f

Jobin Jose, g Hoon Kim *b and Bijo Mathew *a

Eighteen isatin-based benzyloxybenzaldehyde derivatives from three subseries, ISB, ISFB, and ISBB, were

synthesized and their ability to inhibit monoamine oxidase (MAO) was evaluated. The inhibitory activity of

all synthesized compounds was found to be more profound against MAO-B than MAO-A. Compound

ISB1 most potently inhibited MAO-B with an IC50 of 0.124 ± 0.007 mM, ensued by ISFB1 (IC50 = 0.135 ±

0.002 mM). Compound ISFB1 most potently inhibited MAO-A with an IC50 of 0.678 ± 0.006 mM, ensued

by ISBB3 (IC50 = 0.731 ± 0.028 mM), and had the highest selectivity index (SI) value (55.03). The three

sub-parental compounds, ISB1, ISFB1, and ISBB1, had higher MAO-B inhibition than the other derivatives,

indicating that the substitutions of the 5-H in the A-ring of isatin diminished the inhibition of MAO-A and

MAO-B. Among these, ISB1 (para-benzyloxy group in the B-ring) displayed more significant MAO-B

inhibition when compared to ISBB1 (meta-benzyloxy group in the B-ring). ISB1 and ISFB1 were identified

to be competitive and reversible MAO-B inhibitors, having Ki values of 0.055 ± 0.010, and 0.069 ± 0.025

mM, respectively. Furthermore, in the parallel artificial membrane penetration assay, ISB1 and ISFB1

traversed the blood–brain barrier in the in vitro condition. Additionally, the current study found that ISB1

decreased rotenone-induced cell death in SH-SY5Y neuroblastoma cells. In docking and simulation

studies, the hydrogen bonding formed by the imino nitrogen in ISB1 and the pi–pi stacking interaction of

the phenyl ring in isatin significantly aided in the protein–ligand complex's stability, effectively inhibiting

MAO-B. According to these observations, the MAO-B inhibitors ISB1 and ISFB1 were potent, selective,

and reversible, making them conceivable therapies for neurological diseases.
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Introduction

Parkinson's disease (PD) is a progressive neurological condition
associated with motor impairment, with approximately 2% of
people over 65 years of age affected by this condition world-
wide.1,2 Dopamine (DA) levels in the putamen and caudate
nucleus are reduced in people with PD. Dopaminergic neurons
are selectively reduced in the substantia nigra pars compacta
and cytoplasm. The symptoms of this illness include Lewy
bodies with aggregated a-synuclein.3–5 Although the exact
trigger of PD is unknown, numerous studies reveal that, besides
the DA depletion, additional factors such as neuro-
inammation, protein aggregation, a lack of support from
neurotrophic factors, oxidative stress, dysregulation of the
autophagy-lysosomal pathway, and mitochondrial dysfunction
contribute to the advancement of the disease. The 1960s
marked the introduction of monoamine oxidase (MAO) inhibi-
tors, but small biogenic molecules containing 3,4-dihydrox-
yphenylalanine (L-DOPA) have been used to treat PD symptoms
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Design strategy of benzyloxy isatin hydrazones.
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since the end of the 1950s.6,7 MAO-B inhibitors have been widely
employed for the symptomatic treatment of PD,8 because they
reduce the rate of oxidative deamination catalyzed by MAO-B
and subsequently decrease the formation of reactive oxygen
species (ROS).9,10 MAO-B inhibitors have remarkable efficacy
and safety when used in the early stages of PD and as adjunctive
therapy for advanced illnesses.8 Dopamine is released into the
synaptic cle and absorbed by glial cells, where it is metabo-
lized by MAO-B. An age-related increase in glial cells has been
linked to elevated MAO-B activity in neurodegenerative
disorders.11–13 MAO-B inhibitors suppress brain MAO-B activity,
inhibit dopamine catabolism, improve dopamine signaling,
and elevate synaptic dopamine levels.14,15 Numerous studies
have suggested that irreversible MAO-B inhibitors, such as
rasagiline and selegiline, can successfully x the motor
dysfunction and prevent dopamine degradation in PD patients.
However, the target disruption, a longer half-life, de novo
formation of MAO enzyme in the human brain, decreased
sensitivity to ADME testing and immunogenicity of the MAO-B-
inhibitor adduct include the pitfalls of irreversible MAO-B
inhibitors.16–18 These characteristics aided in creating effective
and reversible MAO-B inhibitors for treating PD. Recently, the
European Union (EU) and the US Food and Drug Administra-
tion (USFDA) approved sanamide, which is a reversible MAO-B
inhibitor to combat mid- to late-stage PD.19–21

A considerable number of reports have been published on
the synthesis, biological assessment, and formulation of MAO
inhibitors. Most drugs frequently contain specic pharmaco-
phores with strong MAO-B inhibitory action and selectivity.
Such pharmacophores include compounds that contain ben-
zyloxy groups with strong MAO inhibitory effects.22–24 Benzyloxy
substituents have been reported as selective MAO-B inhibitors
in a series of oxadiazon derivatives.25 A series of compounds are
reported to have improved molecular hydrophobicity as a result
of the benzyloxy group attached to the h position of the
indole ring, which is consistent with the environment of the
active site and is crucial for MAO-B selectivity.26 Studies have
conrmed that a benzyloxy group, which is substituted at the
indole ring's h position, is found crucial to establish the
selectivity of MAO-B inhibitory activity.27,28 Sanamide is the
rst anti-Parkinson's medication to be recognized in the last 10
years that also inhibits glutamate release and the reuptake of
DA and serotonin. Early anti-Parkinson's medications include
selegiline and rasagiline, of which selegiline has a reversible
effect and good pharmacokinetic prole and a bioavailability29

of about 95%. Sanamide, on the other hand, has a distinctive
structural makeup with an apparent benzyloxy pharmacophore
on the phenyl ring and an aminoamide in the proper para
position.30 It has been reported that sanamide31,32 and indo-
lalkylamines33,34 contain benzyloxy groups and that halogena-
tion of the benzyloxy pharmacophore of the chalcone
framework could enhance MAO-B inhibition.35

Isatin is an indoledione, a pharmacologically activemolecule
that is the 2,3-diketo derivative of indole.36,37 Derivatives of
isatin are widely known for their effective blood–brain barrier
(BBB) penetration as well as their selectively reversible MAO-B
inhibitory action.38 Human MAO-A and MAO-B are both
© 2023 The Author(s). Published by the Royal Society of Chemistry
reversibly inhibited by isatin, with Ki values of 15 mM and 3 mM,
respectively.39,40 Isatin is an extremely reactive compound that
has been employed as both an electrophile and a nucleophile in
synthetic chemistry. Isatin derivatives possess several biological
properties, including anticancer,41–43 antibiotic,44 antidepres-
sant, anxiogenic, sedative, anticonvulsant,45,46 antibacterial,
antidiabetic,47 carboxyesterase,48,49 anti-platelet, and anti-HIV50

effects. The most prevalent electrophilic reaction of isatin is
a nucleophilic addition to the third-position keto group. There
have been many published investigations on the synthesis of
isatin spiro analogues at the C-3 position.28

We developed a versatile chemical methodology (Fig. 1) that
employs the molecular hybridization of isatin and sanamide
to produce benzyloxy isatin hydrazones. Isatin is an endoge-
nous MAO inhibitor, and substituting C-3 position with the
lipophilic group markedly enhances the MAO-B inhibition.39,40

Main pharmacophore of the FDA-approved drug sanamide is
3-uoro-(benzyl)-benzyloxy unit. Our design was focused on
generating a hybrid class of compounds with these pharmaco-
phores to produce a novel class of chemical entities in the
category of MAO inhibitors. A hydrazone linker was used to link
the isatin scaffold to a benzyloxy pharmacophore. This chem-
istry uses a microwave-mediated attachment of an isatin
hydrazone linker to different benzyloxy benzaldehyde func-
tionalities catalyzed by glacial acetic acid. Isatin hydrazone-
based derivatives are selective, reversible, and effective inhibi-
tors of MAO-B.51 According to earlier research, all isatin
hydrazone-based inhibitors bind to both the substrate (Ile168,
Tyr60, Tyr398, Cys172, Phe343, Tyr435, and Gln206) and
entrance (Tyr326, Leu171, and Ile199) cavities, which is similar
to the behavior of the reference MAO-B inhibitor,
sanamide.28,51,52
RSC Adv., 2023, 13, 35240–35250 | 35241
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Results and discussion
Chemistry

With various substituted isatin hydrazides and para-substituted
benzyloxy benzaldehyde, the isatin-based benzyloxy-
benzaldehyde derivatives were synthesized in a microwave
reactor (Monowave 50, Anton Paar, Graz, Austria) by means of
a nucleophilic addition reaction (Fig. 2). Using 1H NMR, 13C
NMR (Bruker Advance Neo 500 MHz NMR spectrometer, Bill-
erica, MA, USA), mass spectroscopy (Waters Xevo G2-XS QTOF,
Milford, MA, USA), and HPLC (Shimadzu Prominence-i LC-
2030C 3D Plus, Ramsey, MN, USA), structures of all nal
derivatives were investigated. Isatin with NH atom for proton
occurs inside the 10.66–11.00 ppm di-shielded region. Benzy-
loxy–CH2 atom shielded proton in 5.23–5.33 ppm. The exten-
sively di-shielded area 163–164.24 ppm included sp2 carbon of
carbonyl carbon of isatin. In the di-shielded region of 159–
163 ppm, C–F coupling also occurred (source data supporting).†
Inhibition studies of MAO-B and MAO-A

There were 18 compounds in this series, divided into three
subseries and three sub-parental compounds: ISB1, ISFB1, and
ISBB1. In this series, all of the compounds displayed more
profound MAO-B inhibitory actions than MAO-A (Table 1).
Compound ISB1most potently inhibited MAO-B, with an IC50 =

0.124 mM, followed by ISFB1 (IC50 = 0.135 mM) (Table 1). These
IC50 values were lower than methylthiosemicarbazone SM5
(IC50 = 5.48 mM) and piperazine-substituted chalcones PC10
and PC11 (IC50 = 0.65 and 0.71 mM, respectively)53 but higher
than benzyloxy pharmacophore B10 (IC50 = 0.067 mM).54

Compound ISFB1 inhibited MAO-A with an IC50 = 0.678 mM,
followed by ISBB3 (IC50 = 0.731 mM). The selectivity index (SI)
for compounds ISB1 and ISFB1 were 55.03 and 5.02, respec-
tively, for MAO-B compared to MAO-A, indicating that these
compounds were selective MAO-B inhibitors (Table 1).

The structure–activity relationship (SAR) for the ISB deriva-
tives showed that ISB1 (5-H in A-ring of isatin and para-benzyloxy
group in B-ring) had 52.93- to 142.11-times higher MAO-B
Fig. 2 Synthesis of ISB, ISFB, and ISBB compounds.

35242 | RSC Adv., 2023, 13, 35240–35250
inhibition than other ISB derivatives with the substituents of –H
> –H3C > –Cl > –F > –Br > –H3CO at the 5-position in the A-ring. In
the ISFB derivatives, ISFB1 (5-H in A-ring of isatin and para-
benzyloxy group containingmeta-F in B-ring) had 8.81- to 153.84-
times higher MAO-B inhibition than other ISFB derivatives with
the substituents of –H > –F > –H3C > –H3CO > –Br > Cl at 5-
position in the A-ring. Among the ISBB derivatives, ISBB1 (5-H in
the A-ring and meta-benzyloxy group in the B-ring) showed 1.12-
to 28.07-times higher MAO-B inhibition than the other ISBB
derivatives with –H > –F > –Cl > –Br > –H3CO > –H3C at the 5-
position in the A-ring. When we compared the B-ring, the B-ring
at the para-position (ISB1, IC50 = 0.124 mM) had higher MAO-B
inhibition than that in the meta-position (ISBB1, IC50 = 0.540
mM), and MAO-B inhibition increased in order by –H ISB1 > –F
(ISFB1, IC50 = 0.135 mM). Overall, most compounds with –H
substituents showed high MAO-B inhibition (Fig. 3 and Table 1).
Collectively, the basic structures ISB1, ISFB1, and ISBB1 with 5-H
in the A-ring of isatin showed higher MAO-B inhibition than the
other derivatives, suggesting that the substitution of the –H
group of the A-ring contributed to a decrease in MAO-B inhibi-
tion. Among these, ISB1 (para-benzyloxy group in the B-ring)
showed higher MAO-B inhibition than ISBB1 (meta-benzyloxy
group in the B-ring). However, three sub-parental compounds,
ISB1, ISFB1, and ISBB1 (5-H substituent in the A-ring) displayed
potent MAO-A inhibition, with IC50 values of 6.824, 0.678, and
1.570 mM, respectively. In addition, ISBB3 (5-F in the A-ring and
meta-benzyloxy group in the B-ring) showed high inhibitory
activity (IC50= 0.731 mM). In each subseries, the substitution of 5-
H in the A-ring with other groups generally decreased MAO-A
inhibition (Fig. 3 and Table 1). According to these results, ISB1
and ISFB1 were strong and selective MAO-B inhibitors.
Reversibility studies

Using the dialysis approach, the reversibility of inhibition of the
ISB series was evaluated using concentrations that were ∼2.0
times their respective IC50 values for ISB1 and ISFB1 (0.24 and
0.28 mM, respectively). Recovery patterns were determined by
comparing the undialyzed (AU) and dialyzed (AD) relative
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Inhibition of MAO-A and MAO-B by the 18 compounds of ISB seriesa

Compound

Residual activity at 10 mM (%) IC50 (mM)

SIbMAO-A MAO-B MAO-A MAO-B

ISB1 38.78 � 0.25 −8.77 � 0.14 6.824 � 0.049 0.124 � 0.007 55.03
ISB2 87.76 � 1.11 64.91 � 1.24 >40 14.182 � 0.250 >2.82
ISB3 74.49 � 0.95 59.65 � 1.11 >40 13.943 � 0.204 >2.87
ISB4 84.69 � 1.55 54.39 � 2.01 >40 9.764 � 1.349 >4.10
ISB5 85.71 � 2.04 66.67 � 1.35 >40 17.622 � 0.202 >2.27
ISB6 89.80 � 1.12 40.35 � 0.99 >40 6.563 � 0.206 >6.09
ISFB1 4.17 � 0.32 −3.03 � 0.24 0.678 � 0.006 0.135 � 0.002 5.02
ISFB2 88.54 � 1.38 57.58 � 1.10 >40 16.043 � 0.308 >2.49
ISFB3 53.13 � 0.44 24.50 � 1.03 10.937 � 0.220 1.189 � 0.362 9.20
ISFB4 84.38 � 1.24 63.64 � 0.15 >40 20.768 � 0.027 >1.93
ISFB5 87.50 � 1.88 50.00 � 0.38 >40 8.986 � 0.079 >4.45
ISFB6 84.38 � 1.52 30.30 � 0.77 >40 4.100 � 0.311 >9.76
ISBB1 4.84 � 1.61 1.99 � 0.86 1.570 � 0.048 0.540 � 0.029 2.91
ISBB2 81.52 � 1.64 46.88 � 0.88 >40 8.127 � 0.383 >4.92
ISBB3 35.87 � 1.02 29.69 � 0.54 0.731 � 0.028 0.607 � 0.011 1.20
ISBB4 73.91 � 0.04 40.63 � 0.63 >40 6.058 � 0.318 >6.60
ISBB5 58.70 � 0.29 48.44 � 0.44 11.054 � 0.060 12.061 � 3.567 0.92
ISBB6 65.22 � 0.87 39.06 � 0.21 14.422 � 0.670 15.157 � 0.419 0.95
Toloxatone 1.080 � 0.025 —
Lazabemide — 0.110 � 0.016
Clorgyline 0.007 � 0.0007 —
Pargyline — 0.140 � 0.006

a Results are the means± standard errors of duplicate or triplicate experiments. b Selectivity index (SI) values are expressed for MAO-B compared to
MAO-A.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
D

es
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 2

02
6-

02
-0

5 
12

:2
1:

35
 n

m
.. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
activities. Compounds ISB1 and ISFB1 recovered from 31.61%
to 83.77% and from 31.42% to 79.32%, respectively (Fig. 4). The
compounds' recovery values were comparable to those of
Fig. 3 Structure–activity relationships (SARs) of benzyloxybenzaldehyde

© 2023 The Author(s). Published by the Royal Society of Chemistry
lazabemide (from 36.30% to 89.00%) and contrary to those of
pargyline (from 33.55% to 30.46%). These ndings demon-
strated ISB1 and ISFB1 were reversible MAO-B inhibitors.
derivatives.

RSC Adv., 2023, 13, 35240–35250 | 35243
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Fig. 4 Recovery of MAO-B inhibition by ISB1 and ISFB1 using dialysis
experiments. The concentrations of ISB1 and ISFB1 were ∼2.0-times
of their IC50 values (0.24 and 0.28 mM, respectively). After 30 min
preincubation, the mixtures were dialyzed for 6 h with two buffer
changes.
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Enzyme kinetics

The enzyme kinetics of MAO-B and the inhibition of ve
concentrations of benzylamine as a substrate and three inhib-
itor concentrations were analyzed. Lineweaver–Burk plots
Fig. 5 Lineweaver–Burk plots for MAO-B inhibition (A and C, respe
concentrations (B and D, respectively) after ISB1 and ISFB1 treatment. T
amine as a substrate and at three different inhibitor concentrations.

35244 | RSC Adv., 2023, 13, 35240–35250
illustrated that ISB1 and ISFB1 appeared to be competitive
MAO-B inhibitors (Fig. 5A and C). Secondary plots revealed that
the Ki values were 0.055 ± 0.010 and 0.069 ± 0.025 mM,
respectively, for ISB1 and ISFB1 (Fig. 5B and D). These results
suggested that ISB1 and ISFB1 are competitive inhibitors of
MAO-B.

PAMPA for BBB permeation study

PAMPA revealed that the central nervous system (CNS)
bioavailability and permeability of the benzyloxy isatin hydra-
zones (ISB1 and ISFB1) were signicant, with Pe values higher
than 4.0 × 10−6 cm s−1 (Table 2). Brain penetration is an
important requirement for the effective delivery of CNS medi-
cations. The PAMPA-BBB was implemented in the present study
to evaluate the brain penetration of all derivatives. Using the
equation and the compound's effective permeability, the rate of
permeation was computed (log Pe). Molecules were categorized
as potentially non-BBB permeable (CNS−), if their Pe value was
less than 2.0 × 10−6 cm s−1 and as potentially permeable
(CNS+), if their Pe value was greater than 4.0 × 10−6 cm s−1.

Effect of ISB1 on rotenone-induced cell viability

SH-SY5Y-human bone marrow neuroblastoma cell line was
supplied from National Center for Cell Science (NCCS), Pune,
ctively), and respective secondary plots of the slopes vs. inhibitor
he experiments were conducted using five concentrations of benzyl-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 BBB assay of key benzyloxy chalcone compounds using the
PAMPA methoda

Compound
Experimental Pe
(×10−6 cm s−1) Prediction

ISB1 4.93 � 0.13 CNS+
ISFB1 4.09 � 0.24 CNS+
Selegiline 5.69 � 0.04 CNS+

a Pe (10−6 cm s−1) > 4.00: CNS+ (high permeation).

Table 3 XP docking scores of promising compounds to the MAO-B
(2V5Z) active sites

Compound
Docking score
(kcal mol−1)

ISB1 −10.413
ISFB1 −9.370
Sanamide −11.029
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India. MTT assay test was used to determine neuroprotective
effect of ISB1 on rotenone-induced SH-SY5Y cells. ISB1
increased cell viability in a dose-dependent manner for
rotenone-treated SH-SY5Y cells (Fig. 6a). The cell viability was
increased from about 50% at 1.5 mg ml−1 to 85.59% at 25 mg
ml−1 of ISB1. The fundamental morphological changes of the
cells on each concentration were observed by direct microscopic
method (Fig. 6b).
Molecular docking

According to the results of enzyme assays, ISB1 and ISFB1 were
determined to be the most effective and selective analogues of
the series studied against human MAO-B enzymes. Thus,
docking analyses were conducted to examine the binding
mechanisms of compounds ISB1 and ISFB1 and to evaluate the
effects of structural modications on the MAO-B inhibitory
activity of these compounds. The X-ray crystal structure of
human MAO-B was found using the Protein Data Bank (PDB
Fig. 6 (a) Graphical representation depicting the neuroprotective effe
attenuated vulnerability of SH-SY5Y to rotenone. (b) The morphology ch

© 2023 The Author(s). Published by the Royal Society of Chemistry
ID:2V5Z). ISB1 and ISFB1 had substantial docking scores for
MAO-B, corroborating the ndings of the enzyme activity assay
and implying the selectivity for MAO-B (Table 3). ISB1 had
a docking score of −10.413 (XP Glide Score) for MAO-B. Fig. 7A
displays the binding interactions between compound ISB1 and
MAO-B. The docking poses of hMAO-B displayed that the NH
group of isatin was linked to Cys172 through a water molecule
(2.15 Å) via hydrogen bonding. ISB1 makes polar contact with
Gln206, while the Tyr398, Tyr435, Phe343, Tyr60, Tyr326, Ile316,
Trp119, Leu164, Ala165, and Leu171 amino acid side chains
interacted hydrophobically with ISB1. As neither of the other
compounds displayed a comparable interaction, it was assumed
that this interaction was crucial for ISB1 and would help to
explain its stronger inhibitory effect. Thus, the presence of
hydrogen bonding interactions between the –NH of isatin and
Cys172 may signicantly inuence its biological activity.
Compound ISFB1 had a docking score of 9.370 (XP Glide Score)
for MAO-B. Fig. 7B displays the interactions between compound
ISFB1 and MAO-B, which illustrates that the aromatic benzene
ring of isatin in ISFB1 was extended to hydrophobic residues
ct of ISB1 on SH-SY5Y cells by MTT assay. Co-treatment with ISB1
anges of the cells.
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Fig. 7 Binding interactions of compounds ISB1 (A) and ISBF1 (B) to the active site of the MAO-B (PDB ID 2V5Z).
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and engaged in p–p stacking with Phe343 (4.15 Å) and that
ISFB1 made polar contact with Gln206. The binding modalities
of the novel compounds in the 2V5Z complex were predicted
using hydrophobic interactions established with the adjacent
amino acids compared to the reversible monoamine oxidase
inhibitor, sanamide.
MD simulation

Since MD provides a single snapshot of the interaction between
a protein and its ligands, it could possibly be used to describe
all biological systems as dynamic networks of molecular inter-
actions. To sample all of the conformations that this complex
might acquire in a solvated state, we employed an explicit water
model to simulate the dynamic behavior of the docked ISB1-
MAO-B complex for a period of 100 ns. The main objective was
to keep the ligand occupied in the substrate-binding pocket of
the MAO-B enzyme and to conserve the major interactions
found in the best docked posture throughout the MD
simulation.
RMSD

The RMSD value obtained from the MD simulation trajectory is
one of the crucial metrics that demonstrates uctuations in the
structural conformation of the protein backbone over time
during system equilibration; low and consistent RMSD values
signify the stability of a protein structure. The RMSD of MAO-B
with ISB1 ranged from 2.00 and 3.60 Å, with the complex's
RMSD value reported at 2.28 Å on average. In the simulation
trajectory, the ligand RMSD displayed little change and was
estimated to be between 40 and 60 ns. Thereaer, the simula-
tion's remaining frame marked gradual convergence. Analysis
of the trajectory revealed that the phenyl ring of the free-moving
benzyloxy moiety was the main cause of this uctuation. Over-
all, there was little departure from the docked stance in the
ISB1-hMAO-B docked complex (Fig. 8).

In addition to RMSD, the RMSF value of a protein is widely
used to assess ligand-induced variations in the protein's
35246 | RSC Adv., 2023, 13, 35240–35250
internal chains. The RMSF renders details on the exibility and
mobility of specic amino acids. A lower RMSF value indicates
that the residue is less exible and mobile. In ligand–protein
interactions, the ligand establishes stronger binding with the
protein when the RMSF value is low at the active site residues.
Low values reect the existence of secondary structures,
including sheets and helices, which determine structural
stability. The presence of twists, loops, terminal ends, and loose
bonding, on the other hand, is represented by greater RMSF
values (peaks), which implies structural exibility.55–60 Thus, the
protein RMSF plot analysis provided details of the exible areas
of the protein. Our analysis found that ISB1 made contact with
24 amino acids of the hMAO-B protein, which included His90
(0.715 Å), Gly101 (1.212 Å), Pro102 (1.16 Å), Phe103 (1.02 Å), Pro
104 (0.892 Å), His 115 (0.832 Å), Trp 119 (0.699 Å), Leu 164 (0.803
Å), Leu 167 (0.735 Å), Phe 168 (0.701 Å), Leu 171 (0.703 Å), Cys
172 (0.778 Å), Tyr 188 (0.542 Å), Ile 198 (0.588 Å), Ile 199 (0.716
Å), Thr 201 (0.832 Å), Gln 206 (0.592 Å), Ile 316 (0.666 Å), Tyr 326
(0.523 Å), Leu 328 (0.627 Å), Phe 343 (0.474 Å), Leu 345 (0.677 Å),
Tyr398 (0.475 Å), and Tyr 435 (0.457 Å). The catalytic pocket
residues displayed considerably less uctuation than other
residues, with the exception of the terminal 498–502 residues
near the N-terminus, implying that the conformation of the
residue remained reasonably stable during the simulation
(Fig. 8).

Materials and methods
Chemical synthesis

Isatin hydrazone (1 equivalent) was synthesized using the
chemical reaction of isatin substituted with hydrazine hydrate
(2.5 equivalent) and glacial acetic acid under microwave radia-
tion using methanol as a solvent. The mixture of isatin hydra-
zone (1 equivalent) and a substituted benzyloxy benzaldehyde (1
equivalent) was dissolved in 7.5 mL methanol using glacial
acetic acid as a catalyst, and placed in the microwave reactor for
10 min at 120 °C. The precipitate obtained as a solid product
was then ltered. The mixture was washed with methanol and
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Molecular docking (MD) simulation analysis of ISB1-MAO-B complex. Root-mean-square deviation (RMSD) (A) and root-mean-square
fluctuation (RMSF) of various amino acids (B). A 2D interaction diagram of ISB1-MAO-B complex (C). Protein–ligand contact analysis of the MD
trajectory (D). In panel (A), the RMSD of protein and ISB1 are depicted in blue and red, respectively.
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the dried products were recrystallized (Fig. 2). Employing the
solvent system hexane : ethyl acetate (2 : 1), thin layer chroma-
tography (TLC) was performed on pre-coated TLC plates (silica
gel 60-120#) to monitor all of the reactions.

Chemicals

For synthesis, isatin derivatives and hydrazine hydrate were
purchased from Sigma-Aldrich (St. Louis, MO, USA) and TCI
chemical. Substrates (benzylamine and kynuramine) and
reference inhibitors (clorgyline, lazabemide, pargyline, and
toloxatone) as well as recombinant human MAO-A and MAO-B
were purchased from Sigma-Aldrich. For reversibility test was
performed by using Dialyzer 6–8 kDa DiaEasy™ (BioVision, St.
Grove, MA, USA).

Inhibition studies of MAO-B and MAO-A

The MAO-B and MAO-A activities were evaluated using and
0.3 mM benzylamine and 0.06 mM kynuramine, respectively.61

The previously reported continuous assay method (MAO-A at
316 nm and MAO-B at 250 nm) was used to determine the
absorbance.62 The inhibition of the compounds was compared
to that of the reference inhibitors of MAO-A (toloxatone and
clorgyline) and MAO-B (lazabemide and pargyline). Utilizing
version 5 of the GraphPad Prism soware, the compounds' IC50

values were determined.63 The selectivity indices (SI) of the
compounds were estimated by: (IC50 of MAO-A)/(IC50 of MAO-
B).64

Enzyme kinetics

The inhibition types of the ISB1 and ISFB1 lead compounds for
MAO-B were determined at ve distinct substrate
© 2023 The Author(s). Published by the Royal Society of Chemistry
concentrations (0.0375–0.60 mM benzylamine for MAO-B),61,65

and at three different inhibitor concentrations that were 0.5,
1.0, and 1.5 times their IC50 values.63 By comparing Lineweaver–
Burk plots and their secondary plots, the patterns of enzyme
inhibition and the Ki values were determined.62

Reversibility studies

By comparing the residual activities of dialyzed and undialyzed
samples, the reversibility for MAO-B inhibition was determined
for lead compounds ISB1 and ISFB1 at a concentration of
approximately 2.0-times the IC50 value aer 30 min incubation,
as previously described.61,65 The activities of the compounds
were juxtaposed with those of the reference drugs lazabemide
and pargyline, which are reversible and irreversible inhibitors
of MAO-B, respectively. The reversibility patterns were deter-
mined by comparing the activities of the undialyzed (AU) and
dialyzed (AD) compounds.61,65

BBB permeability study

The parallel articial membrane permeation assay (PAMPA)
method was rst used in drug research to predict the passive
transcellular penetration of pharmaceuticals over the BBB.
Using a previous technique developed by our lab, the PAMPA
test was carried out on 96-well microtiter and Millipore lter
plates with 0.45 micron-sized pores and 125 microns thick
(ipvh). The drug concentrations in the receiver, donor and
reference wells were determined using UV spectroscopy. The
penetration rate was calculated using the formula below.35,66

log Pe = −ln[1 − CA/equilibrium]/A × (1/VD + 1/VA) × t.
RSC Adv., 2023, 13, 35240–35250 | 35247
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Effect of ISB1 on rotenone-induced cell viability

The neuroprotective effect of ISB1 on rotenone-induced SH-
SY5Y cells was analyzed by MTT assay. The cell line was
cultured in two 25 cm-tissue culture asks with DMEM (Sigma-
Aldrich, D5648) supplemented with 10% FBS (Gibco, US
Origin), L-glutamine (Sigma-Aldrich, G3126), sodium bicar-
bonate, and antibiotic solution. Cultured cell lines were kept at
37 °C in a humidied 5% CO2 incubator (NBS Eppendorf,
Germany). In 96-well plates, SH-SY5Y cells (5 × 104 cells per
well) were cultivated. Cells were pre-treated with rotenone (10
mM) (Sigma-Aldrich, R-8875) at different concentrations in the
presence or absence of ISB1 (1.5, 3.1, 6.25, 12.5, 25 mg in 500 ml
of 5% DMEM). Aer 24 h of incubation, the sample material in
wells was removed and 30 ml of reconstituted MTT (Sigma-
Aldrich, M-5655) solution was added. Aer 4 h of incubation
at 37 °C in a humidied 5% CO2 incubator, the supernatant was
removed and 100 ml of MTT solubilization solution (DMSO) was
added to solubilize the formazan crystals. At a wavelength of
540 nm, the absorbance values were measured using a micro-
plate reader (Erba Lisa Scan EM, Mannheim, Germany).67

Molecular docking

Using a in silico technique, the binding affinities of ISB1 and
ISFB1 to the binding sites of human MAO-B with PDB ID:2V5Z
were identied. The three-step Protein Preparation Wizard
(PPW) was utilized to generate the protein crystal structures,
including the program's pre-processing, optimization, and
protein energy minimization steps.68,69 LigPrep was employed
during the ligand preparation for docking studies.70 Receptor
grid generation module to grid le was generated at the site of
the co-crystallized ligand. Ligand docking was performed in
Extra Precision mode (XP).

Molecular dynamic (MD) simulation

By docking poses, the lead molecule ISB1, in the hMAO-B
enzyme with the least negative score (e.g., the top-docking
poses), was the subject of molecular dynamics (MD) research
utilizing Desmond in NVIDIA Quadro 6000 graphics processing
unit.71–73 In order to construct trajectories of 1000 frames each
to explore interactions between protein and ligand, the default
parameter was employed for the systems under research. This
included 100 ns MD generation with coordinates recorded at
100 ps. According to previous studies, additional data for MD
investigations including box type, estimates of long- and short-
range interactions, thermostat and barometer settings, were
taken into consideration.74–78 Finally, stability analysis was
performed by employing a tool for simulating interaction
diagrams.

Conclusions

Novel classes of eighteen isatin-based benzyloxybenzaldehyde
derivatives were synthesized, and their effectiveness in inhib-
iting MAOs was tested. The lead molecules (3Z)-3-((4-(benzyloxy)
benzylidene)hydrazineylidene)indolin-2-one (ISB1) and (3Z)-3-
((4-((3-uorobenzyl)oxy)benzylidene)hydrazineylidene)indolin-
35248 | RSC Adv., 2023, 13, 35240–35250
2-one (ISFB1) exhibited potent MAO-B inhibitory activity with
IC50 values of 0.124 ± 0.007 and 0.135 ± 0.002 mM, respectively.
The leading compounds ISB1 and ISFB1 appeared to be
competitive MAO-B inhibitors with the Ki values of 0.055 ±

0.010 and 0.069 ± 0.025 mM, respectively. The reversible mode
of MAO-B inhibition and the BBB permeation nature of the lead
molecules also claimed its CNS-drug likeness. Finally, the
present study revealed that ISB1 signicantly reduced rotenone-
induced cell death in SH-SY5Y neuroblastoma cells. The dock-
ing and simulation studies indicated a pi–pi stacking interac-
tion in the phenyl ring of isatin and hydrogen bonding formed
by the imino nitrogen in ISB1 that maintained the stability of
the protein–ligand complex. In short, our ndings imply that
ISB1 and ISFB1 are considered to be candidate agents for the
treatment of PD based on the reversible inhibition of MAO-B.
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40 F. Hubálek, C. Binda, A. Khalil, M. Li, A. Mattevi,
N. Castagnoli and D. E. Edmondson, J. Biol. Chem., 2005,
280, 15761–15766.

41 C. Liang, J. Xia, D. Lei, X. Li, Q. Yao and J. Gao, Eur. J. Med.
Chem., 2014, 74, 742–750.

42 K. Kopka, A. Faust, P. Keul, S. Wagner, H.-J. Breyholz,
C. Höltke, O. Schober, M. Schäfers and B. Levkau, J. Med.
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