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ABSTRACT: A series of halogenated coumarin−chalcones were synthesized, characterized, and their inhibitory activities against
monoamine oxidases (MAOs), acetylcholinesterase (AChE), butyrylcholinesterase (BChE), and β-site amyloid precursor protein
cleaving enzyme 1 (BACE-1) were evaluated. Compound CC2 most potently inhibited MAO-B with an IC50 value of 0.51 μM,
followed by CC1 (IC50 = 0.69 μM), with a selectivity index (SI) of >78.4 and >58.0, respectively, over MAO-A. However, none of
the compounds effectively inhibited MAO-A, AChE, and BChE, except for CC2 and CC3 inhibiting BChE with IC50 values of 7.00
(SI > 5.73 over AChE) and 11.8 μM, respectively. CC1 and CC2 were found to be reversible and competitive inhibitors of MAO-B,
with Ki values of 0.50 ± 0.06 and 0.53 ± 0.04 μM, respectively, and CC2 was also a reversible and competitive inhibitor of BChE,
with a Ki value of 2.84 ± 0.09 μM. The parallel artificial membrane permeability assay (PAMPA) method showed that lead
candidates can cross the blood−brain barrier (BBB). The in vitro toxicity analysis on the Vero cell line (Normal African green
monkey kidney epithelial cells) by MTT confirmed that both CC1 and CC2 were nontoxic up to 100 μg/mL, which is almost
equivalent to 100 times of their effective concentration used in biological studies. In addition, CC1 and CC2 attenuated H2O2-
induced cellular damage via their reactive oxygen species (ROS) scavenging effect. These results suggest that CC1 and CC2 are
selective and competitive inhibitors of MAO-B, and that CC2 is a selective and competitive inhibitor of BChE. Molecular docking
studies of lead compounds provided the possible type of interactions in the targeted enzymes. Based on the findings, both
compounds, CC1 and CC2, can be considered plausible drug candidates against neurodegenerative disorders.

1. INTRODUCTION

Alzheimer’s disease (AD) is a neurodegenerative disorder that
is genetically complex, irreversible, and slowly progressive in
the older population.1 Due to the multifactorial pathogenesis
of AD, researchers have focused on the development of
multitarget-directed ligands (MTDL).2 Studies have been
proposed for a novel paradigm shift to develop a therapeutic
molecule that acts on different targets of the disease with
different persuasion levels.3,4 Understanding the etiology and
design of scaffolds by molecular hybridization induces potent
MTDL development. The putative factors included in the
pathology of AD are oxidative/nitrosative stress, altered
apoptosis, mitochondrial damage, neuroinflammation of the
immune system, genetics, Ca2+ and metal dyshomeostasis,

autophagy, and enzymes such as cholinesterases (ChEs), β-site
amyloid precursor protein cleaving enzyme 1 (β-secretase,
BACE-1), and monoamine oxidases (MAOs).
MAOs have two types of enzymes (MAO-A and MAO-B),

which are responsible for the degradation of neurotransmitters
like epinephrine, norepinephrine, dopamine, and serotonin
present in peripheral and central tissues.3,4 One of the major

Received: August 8, 2021
Accepted: September 24, 2021
Published: October 12, 2021

Articlehttp://pubs.acs.org/journal/acsodf

© 2021 The Authors. Published by
American Chemical Society

28182
https://doi.org/10.1021/acsomega.1c04252

ACS Omega 2021, 6, 28182−28193

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nisha+Abdul+Rehuman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jong+Min+Oh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lekshmi+R.+Nath"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ahmed+Khames"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohamed+A.+Abdelgawad"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nicola+Gambacorta"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nicola+Gambacorta"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Orazio+Nicolotti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rakesh+Kumar+Jat"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hoon+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bijo+Mathew"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.1c04252&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04252?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04252?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04252?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04252?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04252?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04252?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04252?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04252?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/6/42?ref=pdf
https://pubs.acs.org/toc/acsodf/6/42?ref=pdf
https://pubs.acs.org/toc/acsodf/6/42?ref=pdf
https://pubs.acs.org/toc/acsodf/6/42?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.1c04252?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


T
ab
le

1.
In
hi
bi
ti
on

s
of

R
ec
om

bi
na
nt

H
um

an
M
A
O
-A
,
M
A
O
-B
,
A
C
hE

,
B
C
hE

,
an
d
B
A
C
E
-1

by
C
om

po
un

ds
of

th
e
C
C

Se
ri
es

re
si
du
al
ac
tiv
ity

at
10

μM
(%

)
IC

50
(μ
M
)a

co
m
po
un
ds

M
A
O
-A

M
A
O
-B

A
C
hE

c
B
C
hE

B
A
C
E-
1

M
A
O
-A

M
A
O
-B

A
C
hE

B
C
hE

SI
b

C
C
1

94
.8

±
1.
8

10
.4

±
4.
4

86
.0

±
3.
6

66
.1

±
1.
5

74
.6

±
0.
2

>4
0

0.
69

±
0.
09

>4
0

>4
0

>5
8.
0

C
C
2

76
.6

±
1.
8

19
.8

±
5.
9

69
.4

±
3.
6

43
.9

±
3.
7

61
.1

±
1.
0

>4
0

0.
51

±
0.
29

40
.1

±
0.
12

7.
00

±
0.
02

>7
8.
4

C
C
3

95
.5

±
0.
9

34
.9

±
0.
7

77
.1

±
1.
8

55
.8

±
4.
1

91
.0

±
0.
8

>4
0

1.
53

±
0.
39

>4
0

11
.8
0
±

0.
54

>2
6.
1

C
C
4

86
.8

±
0.
8

60
.1

±
4.
5

76
.9

±
9.
9

69
.9

±
3.
9

78
.1

±
0.
6

>4
0

26
.2
0
±

0.
22

>4
0

>4
0

>1
.5
3

C
C
5

86
.8

±
5.
7

69
.6

±
5.
4

78
.2

±
0.
0

62
.1

±
2.
2

92
.5

±
0.
8

>4
0

23
.6
0
±

1.
55

>4
0

>4
0

>1
.6
9

C
C
6

86
.2

±
0.
0

95
.6

±
4.
5

73
.7

±
6.
4

63
.2

±
6.
4

92
.8

±
0.
8

>4
0

33
.6
0
±

1.
21

>4
0

>4
0

>1
.1
9

C
C
7

87
.3

±
7.
7

31
.6

±
1.
7

69
.6

±
0.
5

85
.4

±
6.
0

75
.6

±
0.
2

>4
0

2.
50

±
0.
30

>4
0

>4
0

>1
6.
0

C
C
8

83
.1

±
3.
4

37
.7

±
1.
2

69
.6

±
0.
5

75
.0

±
3.
0

89
.1

±
0.
3

>4
0

7.
76

±
0.
81

>4
0

>4
0

>5
.1
5

C
C
9

98
.8

±
3.
4

39
.3

±
4.
6

75
.5

±
0.
5

55
.7

±
3.
4

80
.8

±
0.
4

>4
0

3.
61

±
0.
12

>4
0

30
.0

±
2.
00

>1
1.
1

C
C
10

88
.1

±
5.
1

30
.8

±
1.
2

76
.7

±
3.
8

75
.0

±
6.
3

81
.2

±
0.
2

>4
0

3.
36

±
0.
71

>4
0

>4
0

>1
1.
9

to
lo
xa
to
ne

1.
08

±
0.
03

la
za
be
m
id
e

0.
11

±
0.
02

cl
or
gy
lin
e

0.
00
70

±
0.
00
07

pa
rg
yl
in
e

0.
14

±
0.
01

ta
cr
in
e

0.
27

±
0.
02

0.
06
0
±

0.
00
2

do
ne
pe
zi
l

0.
00
95

±
0.
00
19

0.
18
0
±

0.
00
4

a
R
es
ul
ts

ar
e
ex
pr
es
se
d
as

m
ea
ns

±
st
an
da
rd

er
ro
rs

of
du
pl
ic
at
e
or

tr
ip
lic
at
e
ex
pe
ri
m
en
ts
.
b
Se
le
ct
iv
ity

in
de
x
(S
I)

va
lu
es

ar
e
ex
pr
es
se
d
fo
r
M
A
O
-B

as
co
m
pa
re
d
w
ith

M
A
O
-A
.
c V
al
ue
s
fo
r
re
fe
re
nc
e

co
m
po
un
ds

w
er
e
de
te
rm

in
ed

af
te
r
pr
ei
nc
ub
at
io
n
fo
r
30

m
in

w
ith

en
zy
m
es
.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c04252
ACS Omega 2021, 6, 28182−28193

28183

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c04252?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


etiologies of neurodegenerative disease is oxidative damage of
the brain, which is likely to be caused by the degradation of
neurotransmitters. Reactive oxygen species (ROS) and hydro-
gen peroxide are produced by the degradation of amines,
which are responsible for oxidative damage. Other than MAOs,
ChEs, such as acetylcholinesterase (AChE) and butyrylcholi-
nesterase (BChE), also play important roles in the etiology of
AD.5−9 Research studies have claimed that multitargeting
drugs provide better efficacy than single-targeting drugs due to
the multifactorial pathogenesis of AD.10−13

Drugs like donepezil (AChE inhibitor) increase the
cholinergic system by inhibiting the enzyme acetylcholinester-
ase.14 On the other side, the N-methyl-D-aspartate (NMDA)
receptor antagonist (memantine) acts by attenuating glutamate
receptor activity.15 For AD therapy, the aforementioned drugs
are insufficient. Therefore, the aim of the study is to develop a
new class of drugs to reduce this impairment of their causative
reason. Currently, the available drugs are single targets that
help to improve cognition and memory loss. However, the
single-target drugs are poor curative agents for AD. Due to the
complex pathogenesis of AD, a multitarget drug could be more
effective (synergistic effect) in leading to an improvement of
cognition and memory.16,17 It has been suggested that
chalcones are better pharmacophores for the development of
multitarget ligands for targeting neurodegenerative disor-
ders.18−20

Coumarin is a bicyclic heterocyclic compound comprising
an aromatic ring fused to a 6-member lactone ring, which is
chemically 1-benzopyran-2-one.21 Both the synthetic and
natural coumarin compounds showed versatile pharmacolog-
ical activities, such as antioxidant,12−24 antimicrobial,25

anticarcinogenic,26,27 MAO-B inhibiting,28 and anti-ChE
activities.29,30 Chalcones are chemically olefinic (containing
α,β-unsaturated ketones) compounds formed with a linkage
between the two aryl/hetero aryl moieties. The presence of
electron-withdrawing and electron-donating groups on ring A
and ring B greatly influences MAO-B and AChE inhibitory
activities, and the orientation of the electron-withdrawing and
electron-donating groups greatly influences the electrophilic
character of the Michael acceptor.31−48 Recent studies have
reported that the presence of a halogen atom on ring B results
in a compound with a highly selective MAO-B inhibitor.49,50

Due to the presence of olefinic linkage, chalcones exist both
as cis and trans, where trans is more stable than cis.51 The
presence of electron-withdrawing or electron-donating func-
tional groups present in the benzene ring shows the fluorescent
property of chalcones.52 Michael acceptors are electrophiles
that are biologically and actively involved in the signaling
pathway in cells. The α,β-unsaturated ketone present in the
chalcone was perceived as a Michael acceptor. The electrophile
present in the chalcone forms a covalent bond with the thiol or
sulfhydryl group present in cysteine form, Michael adduct.53

Recently, Moya-Alvarado et al. synthesized and evaluated the
MAO-B inhibitory profiles of some methoxy-bearing coumar-
in-based chalcones.54 Therefore, in this study, we synthesized a
group of coumarin−chalcones and studied their ability to
inhibit MAOs, ChEs, and BACE-1, which are responsible for
neurodegenerative diseases. The most promising lead mole-
cules were further evaluated for their biological safety profiles
and ROS assay using the Vero cells in vitro system.

2. RESULTS AND DISCUSSION

2.1. Synthesis. The synthesis of halogenated coumarin−
chalcones was done by the condensation of 3-acetylcoumarin
with various substituted halogenated benzaldehydes by
Claisen−Schmidt condensation.55,56 1H NMR of CC2 showed
the sharp doublet peak for Hα and Hβ at 8.29−8.26 and 7.95−
7.92, respectively. A large coupling constant of 15−16 Hz of
the double bond of chalcones confirmed its trans conforma-
tion.57 The presence of a sharp deshielded sp2 carbonyl carbon
at 186.24 δ in the 13C-NMR of CC2 gave the confirmation of
the α,β-unsaturated ketone system. The HRMS analysis
showed the molecular weights of the targeted compounds
(Supporting Information Figures S1−S21).

2.2. Inhibitory Activities Against MAOs, AChE, BChE,
and BACE-1. Among the 10 derivatives tested, seven
compounds showed residual activities of <50% for MAO-B
at 10 μM. However, all compounds weakly inhibited MAO-A,
AChE, BChE, and BACE-1, except that CC2 inhibited BChE
with a residual activity of <50% at 10 μM (Table 1).
Compound CC2 most potently inhibited MAO-B with an IC50
value of 0.51 μM, followed by CC1 (IC50 = 0.69 μM), with
selectivity index (SI) values of >78.4 and >58.0, respectively,
over MAO-A. Moreover, CC2 potently inhibited BChE (IC50
= 7.00 μM). All compounds weakly inhibited MAO-A, AChE,
and BACE-1 with >50% of residual activity at 10 μM (Table
1). From the analysis of the synthesized compounds, the
structure−activity relationship (SAR) indicates that the
orientation of the halogen atoms at the various positions of
phenyl ring B greatly influences MAO-B inhibition. Consid-
ering the halogen substitution on the phenyl B ring, chlorine at
the ortho position leads to greater MAO-B inhibition compared
to bromine and fluorine substitution.
The rotatable bond in the α,β-unsaturated ketone was

perceived as a Michael acceptor, which is responsible for
binding with different enzyme targets.18 This depends on the
bulkiness and nature of the groups attached on rings A and B
of the chalcones, which greatly influence the binding
interaction in the inhibitor cavity of the enzymes. It has
been reported that in chalcones, the presence of electron-
withdrawing groups (F, Cl, Br) and electron-donating groups
(methyl, ethyl, methoxy, dimethylamino) at the para position
of phenyl ring B lead to better MAO-B inhibition compared to
MAO-A.19 For better AChE inhibition, a nitrogen-derived
pharmacophore or methyl-containing group is essential in
chalcones.18

This study shows that (i) the unsubstituted phenyl B ring
shows better MAO-B inhibition with an IC50 value of 0.69 μM,
having high residual activities for MAO-A, AChE, BChE, and
BACE-1 (94.8, 86.8, 66.1, and 74.6%, respectively); (ii) the
polarizability of the halogen atoms at the ortho position of the
phenyl ring B shows MAO-B inhibition with IC50 values of
0.51, 7.76, and 23.6 μM for 2-Cl, 2-F, and 2-Br, respectively,
i.e., Cl > F > Br in order, and with BACE-1 residual activities of
61.1, 89.1, and 92.5%, respectively, at 10 μM; (iii) moving the
halogen atom Cl from ortho to meta position leads to less
MAO-B inhibition (IC50 of 3-Cl = 1.50 μM); (iv) lipophilic
atoms Br and F at the para position of the phenyl ring B show
better MAO-B inhibition compared to the atoms at the meta
position with IC50 values of 3.36 and 2.50 μM for 4-F and 4-Br,
respectively; (v) the presence of the electron-withdrawing Cl
atom at the ortho and meta positions leads to BChE inhibition
with IC50 values of 7.00 and 11.8 μM for 2-Cl and 3-Cl,
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Figure 1. SAR analyses of halogenated coumarin−chalcones.

Figure 2. Lineweaver−Burk plots for MAO-B inhibition by CC1 and CC2 (A, C) and their respective secondary plots (B, D) of the slopes vs
inhibitor concentrations.
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respectively. The fluorine atom at the meta position leads to
BChE inhibition with an IC50 value of 30.0 μM. The SAR
study concluded that all of the halogen-substituted compounds
moderately inhibited MAO-B compared to MAO-A inhibition.
Regarding AChE inhibition, the Cl atom at the ortho position
of phenyl ring B shows an IC50 value of 40 μM.
For the development of dual-acting MAO-B and AChE

inhibitors, researchers have used MTDL strategies. In AD, the
production of neurotoxic free radicals, the production of β-
amyloid, and the degradation of acetylcholine are caused by
the enzymes MAO-B, AChE, and BACE-1, respectively; thus,
studies have focused on the development of highly selective
ligands to the target enzymes. BACE-1 inhibition from the
coumarin−chalcones is not much promising. The lead
molecule CC2 showed a moderate residual activity of 61.1%
for BACE-1 at 10 μM. This study focused on the development
of coumarin-based halogen-substituted chalcones on MAO-A,
MAO-B, AChE, BChE, and BACE-1. Our results concluded
that the lead molecules CC1 and CC2 selectively inhibit
MAO-B at the submicromolar level, and CC2 moderately
inhibits both AChE and BChE. The SAR is depicted in Figure
1.
2.3. Kinetics of MAO-B and BChE Inhibitions. In kinetic

studies of MAO-B by CC1 and CC2, Lineweaver−Burk and
secondary plots showed that CC1 and CC2 were competitive
inhibitors for MAO-B (Figure 2A,C), with Ki values of 0.50 ±
0.06 and 0.53 ± 0.04 μM, respectively (Figure 2B,D). In
kinetic studies of BChE by CC2, Lineweaver−Burk and
secondary plots showed that CC2 was a competitive inhibitor
of BChE (Figure 3A), with Ki values of 2.84 ± 0.09 μM
(Figure 3B).
2.4. Reversibility Studies. In reversibility experiments

using dialysis methods, the inhibition of MAO-B by CC1 was
recovered from 37.6 (value of AU) to 87.9% (value of AD),
and CC2 was also recovered from 37.7 (AU) to 90.2% (AD)
(Figure 4). The recovery values were similar to those of the
reversible reference lazabemide (from 36.8 to 85.5%).
Inhibition of MAO-B by the irreversible inhibitor pargyline
was not recovered (from 34.2 to 26.9%). In addition,
inhibition of BChE by CC2 was recovered from 26.6 (value
of AU) to 72.1% (value of AD) (Figure 5). The recovery value
was similar to that of the reversible reference donepezil (from
26.8 to 85.4%). These experiments showed that inhibitions of
MAO-B by CC1 and CC2 were recovered to the reversible
reference level, and CC2 was also recovered to the reversible

reference level by BChE, indicating that CC1 and CC2 are
reversible inhibitors of MAO-B, and CC2 is a reversible
inhibitor of BChE.
Reversible inhibitors of monoamine oxidase selectively and

reversibly inhibit MAO enzymes. Compared to irreversible
MAO inhibitors, reversible ones are safe in single-drug
overdoses due to their reversibility.58 Irreversible MAO
inhibitors cause long-term enzyme inactivation, thus causing
serious side effects that induce serotonin syndrome. For
reversible MAO inhibitors, the formation of high levels of
endogenous ligands can be decreased by displacing MAO
inhibitors from the active site. Therefore, the discovery of
selective and reversible MAO inhibitors is beneficial for the
treatment of CNS disorders, particularly AD.59 Current studies

Figure 3. Lineweaver−Burk plots for BChE inhibition by CC2 (A) and their respective secondary plots (B) of the slopes vs inhibitor
concentrations.

Figure 4. Recoveries of MAO-B inhibitions by CC1 and CC2 using
dialysis experiments.

Figure 5. Recoveries of BChE inhibitions by CC2 using dialysis
experiments.
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Figure 6. Effect of CC1 on Vero cell viability. (A) Cell viability; a high viability (>80%) up to 100 μg/mL (363.4 μM). (B) Representation of a
dose−response curve with IC50 119.3 μg/mL (431.9 μM). (C) Morphological observation of Vero cells with different concentrations under a
phase-contrast microscope, exposed for 48 h. The control value was taken as 100%, and the data were presented as means ± SE from three
independent experiments.

Figure 7. Effect of CC2 on Vero cell viability. (A) Cell viability; a high viability (>70%) up to 100 μg/mL (321.9 μM). (B) Representation of a
dose−response curve with IC50 141.7 μg/mL (456.1 μM). (C) Morphological observation of Vero cells with different concentrations under a
phase-contrast microscope, exposed for 48 h. The control value was taken as 100%, and the data were presented as means ± SE from three
independent experiments.
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on the reversible inhibition of MAO-B by CC1 and CC2
propose minimal disruption to the target.
2.5. In Vitro Toxicity Evaluation. We further tested the in

vitro toxicity of the compounds CC1 and CC2 on a normal
epithelial cell line from the kidney of an African green monkey
(Vero Cells) by MTT to prove the biological safety. The Vero
cells were exposed to different concentrations (1−500 μg/mL)
of the tested compounds for 48 h, and the relative cell viability
was calculated as absorbance measured at λmax 540 nm using an
ELISA microplate reader. The results indicated that the
compounds induced concentration-dependent cell toxicity at
the indicated time point of 48 h. It was found that more than
80% of the cells were even viable up to 100 μg/mL (363.4
μM) for CC1 (Figure 6A), whereas CC2 showed an
approximate cell viability of 70% at the same concentration
level (321.9 μM) (Figure 7A). The IC50 values of CC1 and
CC2 were calculated from a dose−response curve plotted
using GraphPad Prism 6.0 software. The IC50 values were
119.3 μg/mL (431.9 μM) for CC1 (Figure 6B) and 141.7 μg/
mL (456.1 μM) for CC2 (Figure 7B), whereas the EC50 values
of the respective compounds were below 1 μM. We also
examined whether the addition of CC1 and CC2 to Vero cells
had any effect on the cellular morphology using phase-contrast
microscopy. The membrane integrity and reduction in cell
numbers associated with cellular viability are also demon-
strated morphologically on Vero cells. When CC1- and CC2-
treated cells were compared with their respective controls, no
distinct signs of toxicity were observed at 100 μg/mL (Figures
6C and 7C). The cells exposed to higher concentrations (300
and 500 μg/mL) showed marked morphological alterations
typically associated with cytotoxicity, such as marked reduction
in cellular density, cellular shrinkage, and blebbing. This study
showed that CC1 and CC2 were not toxic for Vero cells up to
a concentration of 100 μg/mL, which is almost equivalent to

100 times of their effective concentration in the biological
study.

2.6. ROS Assay. To further explore the intracellular ROS
scavenging effect of CC1 and CC2, Vero cells were exposed to
H2O2 for excess ROS generation for 10 min, and the images
were taken under a fluorescence microscope.60 The IC50
concentrations of CC1 and CC2 (119.3 and 141.7 μg/mL,
respectively) showed excellent ROS scavenging activity
compared to that of the H2O2-treated control cells alone.
These results indicate that CC1 and CC2 treatment inhibited
intracellular ROS generation in H2O2-treated Vero cells. A
decrease in ROS level was evaluated as a decrease in the
intensity of fluorescence after 24 h of drug treatment,
indicating the balance of prooxidant and antioxidant levels in
the cell system (Figure 8A,B). Many studies have indicated
that a high concentration of ROS leads to neural damage via
oxidative stress in the brain during neurodegenerative
disease.61 Both compounds can effectively regulate the ROS
production induced by H2O2 treatment with its significant
radical scavenging activity.

2.7. Computational Studies. To investigate the effect of
interactions between compounds CC1 and CC2 toward
MAOs, in silico analyses were performed, and the docking
score and MM-GBSA values obtained from computational
studies are provided in Table 2. For completeness, the
reference values concerning cognate ligands within the targets
are provided in Tables S1 and S2 of the Supporting
Information.
The main interactions engaged from compounds CC1 and

CC2 toward MAO-A are shown in Figure 9. Interestingly, the
coumarin ring can interact with Y407 through π−π contacts
being placed within the hydrophobic region made up of FAD,
Y407, and Y444, while the styrene moiety establishes π−π
interaction with F208.

Figure 8. Effects of CC1 (a) and CC2 (b) on Vero cells treated with H2O2 to generate ROS. Vero cells were treated with 100 μg/mL of 30% H2O2
for 10 min, and the production of ROS was evaluated immediately.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c04252
ACS Omega 2021, 6, 28182−28193

28188

https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c04252/suppl_file/ao1c04252_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04252?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04252?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04252?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04252?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c04252?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Given the binding modes toward MAO-B, the coumarin ring
can make π−π interactions with Y398 that is trapped in the
aromatic cage formed by FAD, Y398, and Y435 (Figure 10).
Furthermore, the carbonyl group of the chalcone bridge can
form a hydrogen bond with the hydroxyl group of the side
chain of the Y326 MAO-B selective residue.
The molecular docking and MM-GBSA analyses were

helpful in explaining the binding toward MAO-A and MAO-
B at a molecular level following the experimental IC50
inhibition data. The interaction of CC1 and CC2 with the
selective MAO-B residue Y326 is crucial for binding toward
MAO-B. Furthermore, both the docking score and MM-GBSA
values confirmed the observed binding mode and the
interactions toward MAO-B. In particular, with the MM-
GBSA method, it was possible to select docking poses and
perform a more accurate rescoring, considering some empirical
corrections concerning both polar and hydrophobic inter-
actions, thus providing more reliable results. For the sake of
completeness, computational simulations have been performed
also towards AChE and BChE targets: docking score and MM-
GBSA values can be retrieved in Table S2 of the Supporting
Information. Interestingly, compounds CC1 and CC2 did not
reach the catalytic W82 in the AChE catalytic anionic site
(CAS) and can interact with F295 and W286 (Figure S1). On
the other hand, only compound CC2 can make π−π
interactions with the catalytic W82 residue towards BChE
(Figure S2), in agreement with the experimental data.

3. CONCLUSIONS
In summary, a series of 10 coumarin−chalcones substituted
with halogens were synthesized and tested for MAOs, ChEs,
and BACE-1 inhibitory activities. All of the compounds
showed better MAO-B inhibitory activity compared to
MAO-A. CC1 and CC2 in particular showed the best MAO-
B inhibition. The nature and orientation of the halogen group
at the phenyl B ring were responsible for the MAO-B and ChE
inhibitory activities. From the series, the halogen atom

substituted at the ortho position potentially inhibited MAO-B
with IC50 values of 0.51, 7.76, and 23.6 μM for 2-Cl, 2-F =
7.76, and 2-Br, respectively, and CC2 moderately inhibited
MAO-B. In addition, compound CC1 with an unsubstituted
phenyl ring showed better MAO-B inhibition with an IC50
value of 0.51 μM. None of the compounds effectively inhibited
MAO-A, AChE, and BChE, except for CC2 and CC3
inhibiting BChE with IC50 values of 7.00 (SI > 5.73 over
AChE) and 11.8 μM, respectively. It is concluded that CC1
and CC2 are selective and competitive inhibitors of MAO-B,
and CC2 is a selective and competitive inhibitor of BChE.
Moreover, the biological safety of both CC1 and CC2 depicts
the nontoxic behavior of the compounds at the EC50 level. We
believe that this study provides the first evidence for the
synthesized chalcone derivatives, CC1 and CC2, which have a
free radical scavenging effect, thereby inhibiting oxidative stress
in a disease condition. Therefore, this study may provide
information for the design and development of a novel potent
drug against neurodegenerative diseases.

4. MATERIALS AND METHODS
4.1. Synthesis. The chemicals for the synthesis were

purchased from Sigma-Aldrich (St. Louis, MO). Acetylcou-
marin (0.01 mol) and substituted benzaldehyde (0.01 mol)
were dissolved in 50 mL of ethanol in the presence of
piperidine (0.001 mol) as a catalyst, and the mixture was
stirred for 10 min at room temperature. It was refluxed for 8−
10 h with a constant temperature at 80 °C and cooled, and the
solution was then filtered, washed with water, and dried. The
product was recrystallized with ethanol to obtain pure
crystals.62,63 The purities of the compounds were analyzed
by thin-layer chromatography [10:90 ethylacetate/hexane]
(Scheme 1).

4.2. Enzyme Assays. MAO activities were assayed using
recombinant human MAO-A and MAO-B in the presence of
kynuramine (0.06 mM) and benzylamine (0.3 mM) as
substrates, respectively, as described previously.64 The
substrate concentrations were 1.5× and 2.3× Km, respectively;
the Km values of these substrates were 0.041 and 0.13 mM,
respectively. AChE and BChE activities were measured using
the enzymes from Electrophorus electricus Type VI-S and
equine serum, respectively, in the presence of 0.5 mM
acetylthiocholine iodide (ATCI) and butyrylthiocholine iodide
(BTCI) as substrates, respectively, and 0.5 mM 5,5′-dithiobis-
(2-nitrobenzoic acid) (DTNB) as a color-developing agent, as
described previously.65,66 Inhibitory activities were measured

Table 2. Docking Score and MM-GBSA Values of
Compounds CC1 and CC2 toward MAOs

MAO-A MAO-B

compound
docking score
(kcal/mol)

MM-GBSA
(kcal/mol)

docking score
(kcal/mol)

MM-GBSA
(kcal/mol)

CC1 −8.70 −32.11 −10.47 −49.54
CC2 −8.55 −24.60 −10.47 −50.52

Figure 9. Zoomed-in view of an MAO-A binding pocket. Panels (a) and (b) show the best pose returned from the docking analysis of CC1 (green
sticks) and CC2 (cyan sticks), respectively. Cyan spheres indicate water molecules. Green lines show π−π contacts.
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after preincubating the substrates and inhibitors for 15 min.
BACE-1 activity was measured using a BACE-1 activity
detection kit at excitation 320 nm and emission 405 nm
using a fluorescence spectrometer (FS-2, Scinco, Seoul,
Korea), as described previously.67 The enzymes and chemicals
were purchased from Sigma-Aldrich (St. Louis, MO).
4.3. Analysis of Enzyme Inhibitions and Kinetics. The

inhibitory activities of 10 compounds against MAO-A, MAO-
B, AChE, BChE, and BACE-1 were first observed at a
concentration of 10 μM, and then IC50 values were determined
for the compounds, of which the residual activities were <50%.
Reversibility and kinetic studies were performed on the most
potent inhibitors, i.e., CC1 and CC2 for MAO-B and CC2 for
BChE, as previously described.68 Kinetic experiments were
conducted at five concentrations of substrates and three
inhibitor concentrations.
4.4. Analysis of Inhibitor Reversibility. The reversibility

of compounds CC1 and CC2 was analyzed using a dialysis
method after preincubating with MAO-B for 30 min, as
previously described.69 In the reversibility of MAO-B, the
concentrations used were 1.00 and 1.40 μM for CC1 and CC2,
respectively, 0.20 μM for lazabemide (a reversible MAO-B

reference inhibitor), and 0.28 μM for pargyline (an irreversible
MAO-B reference inhibitor). In BChE experiments, the
concentration used was 14.0 μM for CC2 and 0.36 μM for
donepezil (a reversible BChE reference inhibitor).70 The
relative activities for the undialyzed (AU) and dialyzed (AD)
samples were compared to determine the reversibility
patterns.71

4.5. Cytotoxicity and ROS Assay. The lead molecules
CC1 and CC2 were evaluated for cytotoxicity and ROS
scavenging potentiality, as previously described72,73 and as
described shortly in the Supporting Information.

4.6. Computational Studies. The X-ray crystal structures
of MAO-A and MAO-B were taken from the Protein Data
Bank with entries 2Z5X and 2V5Z, respectively.74,75 These
structures were treated with the Protein Preparation Wizard
available in the Schrödinger Suite to predict the correct
protonation states, remove nonfunctional water molecules, and
minimize the total energy.76,77 Ligands were treated with the
Ligprep Tool to generate all possible tautomers and the
allowed conformations. The grid boxes were centered on the
center of mass of the cognate ligands, and the SP docking
protocol was set when using the GLIDE software. Finally, an

Figure 10. Zoomed-in view of an MAO-B binding pocket. Panels (a) and (b) show the best pose returned from docking analysis of CC1 (green
sticks) and CC2 (cyan sticks), respectively. Cyan spheres indicate water molecules. Green lines and red arrows show π−π contacts and hydrogen
bonds, respectively.

Scheme 1. Synthetic Route for CC Series
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estimation of the free energy of binding was done by
employing the Molecular Mechanics Generalized Born Surface
Area (MM-GBSA) approach.78,79
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(63) Rodriguez, S. V.; Guíñez, R. F.; Matos, M. J.; Azar, C. O.; Maya,
J. D.; Santana, L.; Borges, F. Synthesis and trypanocidal properties of
new coumarin-chalcone derivatives. Med. Chem. 2015, 5, 173−177.
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