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Abstract

Selectively inhibiting butyrylcholinesterase (BChE) is hypothesized to help in the management of Alzheimer’s disease (AD).
Several studies have determined a correlation between the increased activity of BChE and the onset of AD. An advantage of
BChE over acetylcholinesterase inhibition is that absence of BChE activity does not lead to obvious physiological disturbance.
However, currently no BChE inhibitors are available commercially as potential therapeutics for AD. In our continuous effort
to find potent BChE inhibitors for Alzheimer’s disease, a total of 22 novel benzimidazoles with diversified substitutions were
synthesized and evaluated for their anticholinesterase activities in this study. Among the synthesized compounds, 2j and 3f
were found to exhibit potent and selective BChE inhibition with IC, values of 1.13 and 1.46 pM, respectively. Molecular
docking studies were carried out to rationalize the observed inhibitory activities. The compounds were predicted to have high
penetration across the blood-brain barrier. Moreover, cell proliferative studies were also performed to evaluate the toxicity
profile of the interested compounds.

Graphical abstract
Compound 3f was found to be a potent and selective butyrylcholinesterase inhibitor with an IC, value of 1.46 uM.
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Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative
disease and the main cause of dementia. As the disease pro-
gresses, cognitive and memory decline are observed. It will
ultimately lead to death if left untreated. The lack of clear
evidence in what causes AD hampers the effort to find treat-
ment for this disease. Nevertheless, several theories were
proposed to explain the pathophysiological and molecular
changes during the disease progression. Cholinergic disrup-
tion is hypothesized to be one of the causes of AD [1, 2]. Itis
thus presumed that blocking the cholinergic degeneration in
the brain would delay or prevent the onset of AD. In fact, this
has been an important therapeutic approach in AD research
for the past 30 years [3]. More recently, positive correlations
have been reported between cholinergic dysfunction and the
deposition of amyloid beta (Af) plaques and neurofibrillary
tangles (NFT) [4, 5], which are the two major hallmarks of
AD. These findings gave a new perspective to cholinesterase
inhibitors in AD therapy.

Therapeutics drugs developed to enhance the cholinergic
activity involved the inhibition of the acetylcholine-hydrolys-
ing enzymes, such as acetylcholinesterase (AChE) and butyryl-
cholinesterase (BChE). Current cholinesterase inhibitors
(donepezil, galantamine and rivastigmine) [4], however, are
capable of only minimizing the symptoms when administered
during the prodromal stages and have positive effects only for
a short period of time (1-3 years) [6]. Due to the short-term
effects of the drugs and their side effects, there is a need to
look into developing new cholinesterase inhibitors from a dif-
ferent perspective. Various chemical structures such as tria-
zoles [7] and benzimidazoles [8—10] have been researched for
use as cholinesterase inhibitors. Benzimidazoles, in particular,
have been receiving significant attention due to some promis-
ing reported results, especially as selective BChE inhibitors
[1, 8]. Inhibiting BChE has recently been postulated to play an
important role in the management of AD [11, 12].

In this study, we aim to develop potent and selective
butyrylcholinesterase inhibitors based on the benzimidazole
scaffold. Cholinesterase activity was measured using a modi-
fied Ellman’s method while cell proliferative assay was also
carried out to evaluate the cytotoxicity of the synthesized com-
pounds. Moreover, molecular docking studies and preliminary
in silico ADME predictions of the active compounds were
conducted.
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Materials and methods
Chemistry

General procedure for the preparation of 2-(4-subst
ituedphenyl)-N-(3/4-substituedphenyl)-1H-benzimi
dazol-5-carboxamide derivatives.

2-(4-substitutedphenyl)-benzimidazole-5-carboxylic acid
derivative (1 mmol) was heated in a magnetic stirrer at
80 °C for 6 h under reflux in thionyl chloride. After the
reaction, excess thionyl chloride was evaporated. Obtained
2-(4-substitutedphenyl)-benzimidazole-5-carbonyl chlo-
ride derivatives were dissolved in anhydrous diethyl ether
(10 mL) and then were added dropwise to the mixture
of 3/4-substitued aniline (1 mmol), sodium bicarbonate
(2 mmol), ether (10 mL) and water (10 mL). The mix-
ture was stirred overnight in an ice bath, then filtered and
washed with water, 2 N HCI and ether, respectively. The
residues were recrystallized from EtOH and the obtained
2-(4-substituedphenyl)-N-(3/4-substituedphenyl)- 1H-ben-
zimidazol-5-carboxamide derivatives were dried in vacuo
[13].

General procedure for the preparation of N'-(4-substituedp
henyl)-2-(4-substitutedphenyl)-1H-benzimidazol-5-carbo-
hydrazide derivatives.

The procedure to obtain 2-(4-substitutedphenyl)-benzimi-
dazole-5-carbonyl chloride derivatives was the same as
the above. These derivatives were dissolved in anhydrous
diethyl ether (10 mL) and then were added dropwise to the
mixture of 4-substituedhydrazine (1 mmol), sodium bicar-
bonate (2 mmol), ether (10 mL) and water (10 mL). The
mixture was stirred overnight in an ice bath, then filtered
and washed with water, 2 N HCI and ether, respectively.
The residues recrystallized from ethanol and obtained N'-
(4-substituedphenyl)-2-(4-substituedphenyl)-1H-benzimi-
dazol-5-carbohydrazide derivatives were dried in vacuo.

N-(4-chlorophenyl)-2-(4-hydroxyphenyl)-1H-benzimida-
zole-5-carboxamide (2a)

34% yield; mp 274-277 °C; '"H NMR (DMSO-d,,
400 MHz): §=7.07 (d, 2H, J,=8.8 Hz, H-3", 5'), 7.41
(d, 2H, J,=8.8 Hz, H-3", 5"), 7.84 (d, 3H, H-7, 2", 6"),
8.06 (d, 1H, J,=8.8 Hz, H-6), 8.21 (d, 2H, J,=8.8 Hz,
H-2', 6'), 8.31 (s, 1H, H-4), 10.63 (s, 1H, N=H); *C
NMR (DMSO-d,, 100 MHz): §=113.28, 113.45, 116.45,
121.98, 125.01, 127.34, 128.46, 130.47, 131.55, 131.86,
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134.17, 138.03, 151.03, 162.52, 164.79; MS (ESI) m/z
364.5 [M* +H] (100), 366.5 [M* + H + 2] (50).

N-(4-methoxyphenyl)-2-(4-hydroxyphenyl)-1H-benzimida-
zole-5-carboxamide (2b)

35% yield; mp 300-302 °C; 'H NMR (DMSO-d,,
400 MHz): 6=3.74 (s, 3H, -CH,), 6.94 (d, 2H, J,=8.8 Hz,

*Yo

H-3', 5, 7.09 (d, 2H, J,=8.8 Hz, H-3", 5"), 7.70 (d, 2H,
J,=8.8 Hz, H-2", 6"), 7.85 (d, 1H, J,=8.4 Hz, H-7), 8.09
(dd, 1H, J,=8.4 Hz, J, = 1.6, H-6), 8.29 (d, 2H, J,=8.8 Hz,
H-2', 6"), 8.32 (s, 1H, H-4), 10.43 (s, 1H, N-H); '3C NMR
(DMSO-d,, 100 MHz): §=55.19, 113.25, 113.30, 113.41,
113.74, 116.52, 122.18, 124.99, 130.53, 131.81, 132.09,
132.11, 133.92, 150.91, 155.65, 162.59, 164.30; MS (ESI)

m/z 360.5 [M* +H] (100).

N-(4-trifluoromethylphenyl)-2-(4-hydroxyphenyl)-1H-ben-
zimidazole-5-carboxamide (2¢)

349 yield; mp 300-302 °C; '"H NMR (DMSO-d,, 400 MHz):
5=7.05 (d, 2H, J,=8.8, H-3', 5, 7.46 (d, 1H, J,=8 Hz,
H-4"), 7.61 (t, 1H, H-5"), 7.82 (d, 1H, J,=8.4 Hz, H-7),
8.04 (dd, 1H, J,=8.8 Hz, J, = 1.2 Hz, H-6), 8.08 (d, 1H,
J,=8.4 Hz, H-6"), 8.15 (d, 2H, J,=8.4 Hz, H-2', 6'), 8.30
(s, 1H, H-2"), 8.32 (s, 1H, H-4), 10.75 (s, 1H, N-H); COSY
[SH/SH: 7.46/7.61 [H-4"/H-5"], 7.05/8.15 [H-2',6/H-3'5",
7.61/8.08 [H-5"/H-6"], 7.82/8.04 [H-7/H-6]; MS (ESI) m/z
398.5 [M* +H] (100).

N,2-bis(4-methoxymethyl)-1H-benzimidazole-5-carboxam-
ide (2d)

31% yield; mp 276-280 °C; 'H NMR (DMSO-dj, 400 MHz):
8=3.73 (s, 3H, -CH;), 3.88 (s, 3H, —CH;), 6.92 (d, 2H,
J,=7.2 Hz, H-3", 5"), 7.25 (d, 2H, J,=8.8 Hz, H-3', 5"),
7.69 (d, 2H, J,=7.2 Hz, H-2", 6"), 7.84 (d, 1H, J,=8.4 Hz,
H-7), 8.08 (dd, H, J,=8.4 Hz, J, = 1.2 Hz, H-6), 8.32 (d, 1H,
J,=1.2Hz, H-4), 8,39 (d, 2H, J,=9.2 Hz, H-2', 6'), 10.42
(s, IH, N-H); 3C NMR (DMSO-d,, 100 MHz): 6=55.18,
55.82, 113.36, 113.46, 113.73, 115.15, 115.32, 122.17,
125.00, 130.33, 131.99, 132.10, 132.12, 134.09, 150.54,
155.64, 163.32, 164.27; MS (ESI) m/z 374.3 [M*+H] (100).

N-(4-chlorophenyl)-2-(4-methoxyphenyl)-1H-benzimida-
zole-5-carboxamide (2e)

29% yield; mp 301-305 °C; 'H NMR (DMSO-dj, 400 MHz):
5=3.90 (s, 3H, —CH;), 7.26 (d, 2H, J,=8.4 Hz, H-3', 5'),
7.43 (d, 2H, J,=8 Hz, H-3", 5"), 7.84-7.89 (m, 3H, H-7, 2",
6", 8.08 (dd, 1H, J,=8.8 Hz, J, = 1.6 Hz, H-6), 8.35 (s, 1H,
H-4), 8.39 (d, 2H, H-2', 6), 10.67 (s, 1H, N-H); >*C NMR
(DMSO-d,, 100 MHz): 6=55.65, 113.40, 113.76, 114.94,

116.19, 121.95, 124.55, 127.25, 128.34, 129.98, 131.13,
132.97, 135.22, 138.04, 150.99, 162.94, 164.86; MS (ESI)
m/z 378.3 [M* +H] (100), 379.4 [M* +H+ 1] (40).

N-(4-hydroxyphenyl)-2-(4-methoxyphenyl)-1H-benzimida-
zole-5-carboxamide (2f)

49% yield; mp 288-292 °C; 'H NMR (DMSO-d,,
400 MHz): §=3.84 (s, 3H, -CH,), 6.75 (d, 2H, J,=9.2 Hz,
H-3",5"), 7.26 (d, 2H, J,=8.4 Hz H-3", 5'), 7.54 (d, 2H,
J,=8.4 Hz, H-2", 6"), 7.84 (d, 1H, J,=8 Hz, H-7), 8.07
(d, 1H, J,=8.8 Hz, H-6), 8.31 (s, 1H, H-4), 8.37 (d, 2H,
J,=8.4 Hz, H-2' ve 6'), 10.31(s, 1H, N-H); '3C NMR
(DMSO-d,, 100 MHz): §=113.36, 114.98, 115.16, 115.45,
122.43, 124.93, 130.27, 130.54, 132.22, 134.14, 150.59,
153.86, 163.28, 164.14; MS (ESI) m/z 360.3 [M* +H] (100).

N-(4-bromophenyl)-2-(4-methoxyphenyl)-1H-benzimida-
zole-5-carboxamide (2 g)

36% yield; mp 310-313 °C; 'H NMR (DMSO-d, 400 MHz):
5=3.83 (s, 3H, -CH;), 7.29 (d, 2H, J,=9.2 Hz, H-3', 5'),
7.56 (d, 2H, J,=8 Hz, H-3",5"), 7.82 (d, 2H, J,=6.8 Hz,
H-2", 6"), 7.87 (d, 1H, J,=8.8 Hz, H-7), 8.08 (dd, 1H,
J,=8.8, Hz, J,,= 1.6 Hz, H-6), 8.34-8.37 (m, 3H, H-4, 2',
6), 10.65 (s, 1H, N-H); '3C NMR (DMSO-d,, 100 MHz):
§=55.71,113.25, 113.61, 115.04, 115.37, 122.31, 124. 94,
130.21, 131.30, 131.47, 132.12, 134.43, 138.42, 163.19,
164.74, 150.68; MS (ESI) m/z 422.5 [M* +H] (95), 424.6
[M*+H+2] (100).

N-(3-methoxyphenyl)-2-(4-methoxyphenyl)-1H-benzimida-
zole-5-carboxamide (2 h)

39% yield; mp 201-205 °C; '"H NMR (DMSO-d,, 400 MHz):
5=3.15 (s, 3H, -CHj), 3.46 (s, 3H, -CH,), 6.65 (dd, 1H,
J,=84Hz,J,=24Hz, H-4"),7.13 (d, 2H, J,=9.2 Hz H-3',
5,7.23 (t,1H, H-5"), 7.39 (dd, 1H, J,=8.4 Hz, J, =0.8 Hz,
H-6"), 7.51 (m, 1H, H-2"), 7.65 (d, 1H, J,=8.4 Hz, H-7),
7.83 (dd, 1H, J,=8.0 Hz, J, = 1.6 Hz, H-6), 8.15 (d, 2H,
J,=8.4 Hz, H- 2', 6'), 8.21 (s, 1H, H-4), 10.21 (s, 1H,
N-H); COSY [8H/6H]: 6.65/7.23 [H- 4"/H-5"], 7.13/8.15
[H-2',6/H-3',5', 7.23/7.39 [H-5"/H-6"], 7.65/7.83 [H-7/
H-6]; '*C NMR (DMSO-d,, 100 MHz): §=54.99, 55.41,
106.00, 108.92, 112.54, 114.53, 121.58, 122.20, 128.49,
128.86, 129.32, 140.68, 153.19, 159.43, 161.18, 165.89;
MS (ESI) m/z 374.5 [M* + H] (100).

N-(4-chlorophenyl)-2-(4-methylphenyl)-1H-benzimida-
zole-5-carboxamide (2i)

45% yield; mp 325-326 °C; "H NMR (DMSO-d,, 400 MHz):
§=2.41 (s, 3H, —CH,), 7.39 (d, 2H, J,=7.2 Hz, H-3', 5",

@ Springer
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7.48 (d, 2H, J,=8 Hz, H-3", 5"), 7.83-7.86 (m, 3H, H-7,
2",6"),8.05(dd, 1H, J,=8.4 Hz, J, = 1.6 Hz, H-6), 8.26 (d,
2H,J,=8 Hz, H-2",6"), 8.34 (d, 1H, J,, = 1.2 Hz, H-4), 10.62
(s, IH, N-H); 13C NMR (DMSO-d,, 100 MHz): 6=21.13,
113.71, 114.11, 121.74, 121.96, 124.59, 127.27, 127.88,
128.41, 129.96, 131.13, 133.44, 135.66, 138.10, 143.30,
151.27, 164.95; MS (ESI) m/z 362.4 [M* +H] (100), 364.4
M+ +H+2] (33).

N-(4-hydroxyphenyl)-2-(4-methylphenyl)-1H-benzimida-
zole-5-carboxamide (2j)

49% yield; mp 341-342 °C; '"H NMR (DMSO-d,, 400 MHz):
5=2.43 (s, 3H, -CH,), 6.75 (d, 2H, J,=7.2 Hz, 3", 5"), 7.50
(d, 2H, J,=8 Hz, H-3", 5'), 7.55 (d, 2H, J,=8.8 Hz, H-2",
6"),7.86 (d, 1H, J,=8.8 Hz, H-7), 8.08 (dd, 1H, J,=8.4 Hz,
J,,=1.6 Hz, H-6), 8.29 (d, 2H, J,=8.4 Hz, H-2', 6'), 8.33
(d, 1H, H-4), 10.32 (s, 1H, N=H); COSY [8H/8H]: 6.75/7.55
[H-3",5"/H-2",6"], 7.50/8.29 [H-3',5'/H-2',6'], 7.86/8.08
[H-7/H-6]; NOESY: 7.55/10.32 [H-2",6"/H-NH]; >*C NMR
(DMSO-dg, 100 MHz): 6=21.25, 113.59, 113.63, 115.00,
120.65, 122.46, 125.12, 128.19, 130.16, 130.55, 132.16,
132.40, 134.17, 144.07, 150.66, 153.66, 153.90, 164.12;
MS (ESI) m/z 344.5 [M* +H] (100).

N-(4-methoxyphenyl)-2-(4-methylphenyl)-1H-benzimida-
zole-5-carboxamide (2 k)

20% yield; mp 285-286 °C; 'H NMR (DMSO-d,, 400 MHz):
5=2.40 (s, 3H, 4' —CH,), 3.72 (s, 3H, 4"—CH,), 6.91 (d,
2H, J,=9.2 Hz, H-3", 5"), 7.49 (d, 2H, J,=8 Hz, H-3', 5'),
7.69 (d, 2H, J,=9.2 Hz, H-2", 6"), 7.86 (d, 1H, J,=8.8 Hz,
H-7), 8.08 (d, 1H, J,=8.4 Hz, H-6), 8.29 (d, 2H, J,=8 Hz,
H-2', 6'), 8.34 (s, 1H, H-4), 10.42 (s, 1H, N-H); '3C NMR
(DMSO-d,, 100 MHz): §=21.16, 55.10, 113.53, 113.64,
120.68, 122.09, 124.99, 128.09, 130.04, 132.05, 132.09,
132.21, 134.27; MS (ESI) m/z 358.3 [M* +H] (100).

N-(3-methoxyphenyl)-2-(4-methylphenyl)-1H-benzimida-
zole-5-carboxamide (2 1)

23% yield; mp 285-286 °C; 'H NMR (DMSO-d, 400 MHz):
8=2.40 (s, 3H, 4-CH,), 3.74 (s, 3H, 4"-CH,), 6.68 (dd, 1H,
J,=8Hz, J, =2 Hz, H-4"), 7.24 (t, IH, H-5"), 7.40 (d, 1H,
J,=8Hz, J,=1.6 Hz, H-6"), 7.50 (d, 2H, J,=6.8 Hz, H-3',
5°),7.87 (d, 1H, J,=8.4 Hz, H-7), 8.09 (dd, 1H, J,=8.4 Hz,
J,=1.6 Hz, H-6), 8.31(d, 2H, J,=8.4 Hz, H-2', 6), 8.36 (s,
1H, H-4), 10.52 (s, 1H, N-H); COSY [8H/8H]: 2.41/7.50
[CH4(4')/H-3",5'], 6.68/7.24 [H-4"/H-5"], 7.24/7.40
[H-5"/H-6"], 7.50/8.31 [H-3',5'/H-2',6'], 7.87/8.09 [H-7/
H-6]; '3C NMR (DMSO-d,, 100 MHz): §=21.23, 55.02,
106.24, 109.27, 112.73, 113.63, 113.88, 120.74, 125.15,
128.18, 129.36, 130.12, 132.04, 132.29, 134.46, 140.29,
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144.01, 150.80, 159.40, 164.76; MS (ESI) m/z 358.61
[M* +H] (100).

N-(4-methoxyphenyl)-2-(4-bromophenyl)-1H-benzimida-
zole-5-carboxamide (2 m)

30% yield; mp 288-292 °C; 'H NMR (DMSO-dg, 400 MHz):
8=3.73 (s, 3H, -CH;), 6.91 (d, 2H, J,=9.2 Hz, H-3", 5"),
7.69 (d, 2H, J,=9.2 Hz, H-3',5'), 7.85 (d, 1H, J,=8.8 Hz,
H-7), 7.91 (d, 2H, J,=8.4 Hz, H-2", 6"), 8.07 (dd, 1H,
J,=8.8 Hz, J,=1.2 Hz, H-6), 8.32 (d, 2H, J,=8.8 Hz,
H-2', 6, 8.36 (s, 1H, H-4), 10.39 (s, 1H, N-H); >*C NMR
(DMSO-d,, 100 MHz): §=55.16, 113.69, 113.88, 114.18,
122.12, 124.38, 124.52, 126.31, 129.68, 131.64, 132.16,
132.42, 134.04, 136.00, 150.31, 155.59, 164.46; MS (ESI)
m/z 422.4 [M* +H] (100), 424.4 [M*+H +2] (95).

N-(3-nitrophenyl)-2-(4-bromophenyl)-1H-benzimida-
zole-5-carboxamide (2n)

32% yield; mp 303-307 °C; 'H NMR (DMSO-dj, 400 MHz):
5=7.64 (t, 1H, H-5"), 7.76 (d, 1H, J,=8 Hz, H-7), 7.82
(d, 2H, J,=8.8 Hz, H-3', 5'), 7.92-7.97 (m, 2H, H-4", 6),
8.17 (d, 2H, J,=8.4 Hz, H-2', 6), 8.22 (dd, 1H, J,=8.4 Hz,
J,=1.6 Hz, H-6"), 8.33 (s, 1H, H- 4), 8.84 (m, 1H, H-2"),
10.78 (s, 1H, N-H); COSY [8H/8H]: 7.64/7.92 [H-5"/H-
4", 7.64/8.22 [H-5"/H-6"], 7.82/8.17 [H-3',5'/H-2,6'],
7.76/7.97 [H-7/H-6]; '*C NMR (DMSO-d,, 100 MHz):
5=114.28,115.36, 117.89, 123.18, 124.67, 126.13, 127.32,
128.92, 129.92, 132.16, 139.68, 140.52, 147.83, 151.85,
154.58, 165.95; MS (ESI) m/z 437.4 [M* +H] (100), 439.7

[M* +H+2] (50).

N-(4-chlorophenyl)-2-(4-bromophenyl)-1H-benzimida-
zole-5-carboxamide (20)

28% yield; mp 269-270 °C; MS (ESI) m/z 426.4 [M* + H]
(80), 428.3 [M* +H +2] (100).

N-(4-nitrophenyl)-2-(4-hydroxyphenyl)-1H-benzimida-
zole-5-carbohydrazide (3a)

31% yield; mp 236-239 °C; 'H NMR (DMSO-d,,
400 MHz): 5=6.85 (d, 2H, J,=8.8 Hz, H-3', 5"), 7.07 (d,
2H, J,=8.8 Hz, H-2", 6"), 7.85 (d, 1H, J,=8.4 Hz, H-7),
8.03 (dd, 1H, J,=8.8 Hz, J, = 1.2 Hz, H-6), 8.08 (d, 2H,
J,=8.8 Hz, H-3", 5") 8.21 (d, 2H, J,=8.8 Hz, H-2', 6'),
8.28 (s, 1H, H-4),9.29 (s, 1H, N'-H), 10.9 (s, 1H, N-H); 13C
NMR (DMSO-d,, 100 MHz): §=110.77, 113.24, 113.57,
113.64, 116.52, 124.68, 125.96, 129.15, 130.53,132.13,
134.61, 138.14,151.21, 154.97, 162.57, 165.59; MS (ESI)
m/z390.5 [M* +H] (100).
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N-(4-nitrophenyl)-2-(4-methoxyphenyl)-1H-benzimida-
zole-5-carbohydrazide (3b)

27% yield; mp 273-276 °C; "H NMR (DMSO-d, 400 MHz):
5=3.87 (s, 3H, —-CH,), 6.85 (d, 2H, J,=8.8 Hz, H-3' ve 5'),
7.23 (d, 2H, J,=9.2 Hz, H-2", 6"), 7.80 (d, 1H, J,=8.4 Hz,
H-7),7.97 (d, 1H, J,=8.4 Hz, H-6), 8.08 (d, 2H, J,=9.6 Hz,
H-2",6), 8.26-8.28 (m, 3H, 4, H-3", 5"), 9.28 (s, H, N'-H),
10.83 (s, 1H, N-H); '*C NMR (DMSO-d,, 100 MHz):
5=55.72, 110.76, 113.76, 113.97, 114.99, 117.39, 123.84,
125.97, 128.26, 129.76, 134.35, 136.78, 138.12, 151.68,
155.07, 162.67, 165,94; MS (ESI) m/z 404.4 [M* +H] (100).

N-(4-bromophenyl)-2-(4-methoxyphenyl)-1H-benzimida-
zole-5-carbohydrazide (3c)

19% yield; mp 288-292 °C; 'H NMR (DMSO-d,,
400 MHz): 6=3.87 (s, 3H, -CH,), 6.85 (d, 2H, J,=8 Hz,
H-3',5"), 7.24-7.30 (m, 4H, H-2", 3", 5" ve 6"), 7.85 (d, 1H,
J,=8.8 Hz, H-7), 8.04 (dd, 1H, J,,=1.2 Hz, J,=8.4 Hz,
H-6), 8.30 (s, 1H, H-4), 8.41 (d, 2H, J,=9.2 Hz, H-2', 6'),
10.66 (s, 1H, N-H); '3C NMR (DMSO-d,, 100 MHz):
5=55.75,109.39, 113.18, 113.59, 114.28, 115.07, 115.46,
124.50, 129.70, 130.26, 131.29, 132.25, 134.54, 148.73,
150.65, 163.23, 165.59; MS (ESI) m/; 437.48 [M* +H]
(100), 439.55, [M* +H+2] (100).

N-(4-chlorophenyl)-2-(4-methoxyphenyl)-1H-benzimida-
zole-5-carbohydrazide (3d)

28% vyield; mp 269-271 °C; 'H NMR (DMSO-d,,
400 MHz): 6=3.88 (s, 3H, -CH,), 6.81 (d, 2H, J,=8.8 Hz,
H-3', 5, 7.17 (d, 2H, J,=8.4 Hz, H-2", 6"), 7.25 (d, 2H,
J,=8.8 Hz, H-3", 5"), 7.85 (d, 1H, J,=8.8 Hz, H-7),
8.05 (d, 1H, J,=8.4 Hz, H-6), 8.31 (s, 1H, H-4), 8.42 (d,
2H, J,=8.4 Hz, H-2', 6'), 10.67 (s, 1H, N-H); '3C NMR
(DMSO-d,, 100 MHz): 6=55.75, 113.17, 113.57, 113.78,
115.07, 115.32, 121.91, 124.56, 128.45, 129.79, 130.30,
132.11, 134.39, 148.32, 150.57, 163.27, 165.60; MS (ESI)
m/z393.5 [M* +H] (100), 395.5 [M*+H+2] (33).

N-(4-chlorophenyl)-2-(4-methylphenyl)-1H-benzimida-
zole-5-carbohydrazide (3e)

37% yield; mp 284-285 °C; 'H NMR (DMSO-dj;, 400 MHz):
5=2.44 (s, 3H, —CH,), 6.82 (d, 2H, J,=6.8 Hz, H-3', 5'),
7.20 (d, 2H, J,=6.8 Hz, H-2", 6"), 7.53 (d, 2H, J,= 8.4 Hz,
H-3", 5"), 7.90 (d, 1H, J,=8.8 Hz, H-7), 8.08 (dd, 1H,
J,=8.4Hz,J,=12Hz, H-6), 8.33-8.35 (m, 3H, H-4, 2' ve
6), 10.73 (s, 1H, N-H); '*C NMR (DMSO-d,, 100 MHz):
5=21.24, 113.48, 113.82, 113.90, 120.73, 121.95, 124.73,
128.20, 128.54, 129.91, 130.13, 132.37, 134.63; MS (ESI)
m/z 377.5 [M*+H] (100), 379.5 [M* +H +2] (40).

N-(4-bromophenyl)-2-(4-methylphenyl)-1H-benzimida-
zole-5-carbohydrazide (3f)

21% yield; mp 282-283 °C; 'H NMR (DMSO-d,,
400 MHz): §=2.44 (s, 3H, -CH;), 6.78 (d, 2H, J, = 8.4 Hz,
H-3', 5", 7.31 (d, 2H, J,=8.8 Hz, H-2", 6"), 7.53 (d, 2H,
J,=8 Hz, H-3", 5"), 7.89 (d, 1H, J,=8.4 Hz, H-7), 8.07
(d, 1H, J,=8.4 Hz, H-6), 8.32 (d, 2H, J,=8 Hz, H-2, 6",
8.34 (s, 1H, H-4) 10.73 (s, 1H, N-H); '3C NMR (DMSO-
dg, 100 MHz): 6=21.24, 109.46, 113.53, 113.95, 114.34,
121.01, 124.61, 128.13, 129.76, 130.13, 131.39, 132.67,
134.94, 143.89, 148.82, 150.95, 169.69; MS (ESI) m/z 421.4
[M*+H] (100), 423.3 [M*+H +2] (85).

N,2-bis(4-bromophenyl)-1H-benzimidazole-5-carbohy-
drazide (3 g)

26% yield; mp 303-307 °C; 'H NMR (DMSO-dj, 400 MHz):
5=6.78 (d, 2H, J,=8.4 Hz, H-2", 6"), 7.32 (d, 2H,
J,=8.4 Hz, H-3",5"), 7.89 (d, 1H, J,=8.4 Hz, H-7), 7.95
(d, 2H, J,=8.8 Hz, H-3", 5'), 8.05 (d, 1H, J, = 8.4 Hz, H-6),
8.33-8.35 (m, 3H, H-4, 2, 6), 10.68 (s, IH, N-H); '*C NMR
(DMSO-d,, 100 MHz): 6=109.27, 109.52, 114.29, 121.98,
123.78, 126.93, 128.58, 128.89, 131.33, 132.07, 133.96,
149.10, 152.18, 166.66; MS (ESI) m/z 485.4 [M* +H] (50),
487.5 [M*+H+2] (100), 489.5 [M* +H + 5] (55).

In vitro cholinesterase inhibition assay

All reagents used in this assay were of analytical grade.
Acetylcholinesterase (AChE) from electric eel, butyryl-
cholinesterase (BChE) from equine serum, S-butyrylthio-
choline iodide and acetylthiocholine iodide were purchased
from Sigma-Aldrich chemicals (St. Louis, Missouri, USA).
5,5-dithiobis[2-nitrobenzoic acid] (DTNB) was purchased
from Nacalai Tesque (Kyoto, Kyoto Prefecture, Japan).
Donepezil and tacrine hydrochloride were purchased from
Cayman Chemical (Ann Arbor, Michigan, USA), whereas
galantamine hydrobromide was purchased from Tocris Bio-
sciences (Bristol, UK). Assays were performed in Greiner
Bio-One (Kremsmiinster, Austria) 96-well plate.

Ellman’s method was used to determine the cholinest-
erase inhibition activity of test compounds. All stock solu-
tions were prepared at 10 mM in 100% DMSO and the final
concentration of DMSO was maintained at 1%. Briefly, the
AChE inhibition assay started with the addition of 140 pL of
0.1 M phosphate buffer saline (pH 7.8) in the well in 96-well
plate, followed by the addition of 20 pL test compounds (in
10% DMSO), then the 0.1 unit/mL AChE (dissolved and
diluted in PBS). A 15 min pre-incubation under room tem-
perature was done before the addition of 10 mM DTNB (dis-
solved in PBS) and 14 mM acetylthiocholine iodide. Absorb-
ance was measured using Tecan Infinite M200 microplate
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reader (Tecan, Minnedorf, Switzerland). Absorbance
measurement at 412 nm was done after 45 min incubation
under room temperature. For BChE inhibition assay, AChE
and acetylthiocholine iodide were replaced by BChE and
S-butyrylthiocholine iodide, respectively. Absorbance of
each derivative was normalized by subtracting their respec-
tive blanks. The 50% inhibitory concentration (ICs,) deter-
mination of derivatives involved a set of six concentrations,
conducted in quadruplicate and two biological replications.
The value was expressed as mean + standard deviation.

Mode of binding

Lineweaver—Burk plots were carried out to determine
the enzyme kinetics and the mode of enzyme inhibition
by compound 3 h against the cholinesterase enzymes.
Lineweaver—Burk plots were plotted at varying inhibitor
concentrations (0 pM, ICs,, 2 XICs,) and varying substrate
concentrations. The type of inhibition and kinetic parameters
such as maximum velocity (V,,,,) and Michaelis—Menten
constant (K,,) were determined using the Michaelis—Menten
equation from the Lineweaver—Burk plot. The inhibitor con-
stant (K;) was determined from a secondary (Dixon) plot
obtained from the Lineweaver—Burk plot. Each test was con-
ducted in triplicates.

Antiproliferative assay

The liver hepatocellular carcinoma cell line (HepG2) was
obtained from ATCC (Old Town Manassas, Virginia, USA).
Dulbecco’s Modified Eagle Media (DMEM) high glucose
without pyruvate supplement was purchased from Gibco,
Thermo Fisher Scientific (Waltham, Massachusetts, USA).
The media was supplemented with 10% foetal bovine serum
(FBS) and 1% penicillin—streptomycin from Gibco, Thermo
Fisher Scientific (Waltham, Massachusetts, USA). The
3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
bromide (MTT) reagent was purchased from Merck (Kenil-
worth, New Jersey, USA). Dimethyl sulfoxide (DMSO) was
obtained from Nacalai Tesque (Kyoto, Kyoto Prefecture,
Japan). Assays were performed in Greiner Bio-One (Krems-
miinster, Austria) 96-well plate.

Briefly, HepG2 cells were cultured in a 96-well plate
with 5000 cells/well density. After adherence, the cells
were treated with 10 uM of compounds. The cell viability
after 24 h of incubation (37 °C, 5% CO,) in treatment well
was determined using MTT reagent. A concentration of
0.05 mg/mL MTT reagent was used in each treatment well
and was proceeded to 4 h incubation before the measure-
ment. Cell culture medium with MTT reagent was aspirated
from each treatment well and DMSO was added to dissolve
the formazan crystals. Absorbance was measured using
Tecan Infinite M200 microplate reader (Tecan, Ménnedorf,
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Switzerland) at 590 nm. The 50% growth inhibition (Gls)
determination of derivatives involved a set of five concentra-
tions, conducted in triplicate and two biological replications.
The value was expressed as mean + standard deviation.

Molecular docking

Docking simulations were performed using the Genetic
Algorithm(GA) method provided in the Autodock 4.2 [14]
software. First, BChE (PDB ID: 1POI) [15] crystal struc-
ture was retrieved from the Protein Data Bank. Autodock
4.2 software was used for protein and ligand preparations.
Control docking studies were performed for validation of
methods. Polar hydrogens were added and water molecules
were deleted. Gasteiger charge was applied while the ligand
(butanoic acid) was removed. Other parameters were applied
as default. In this regard, 2,500,000 maximum number of
evaluations, 10 GA runs and 27,000 maximum number of
generations were employed. The best pose of the largest
cluster was chosen for each ligand. After the method was
validated, ligands were docked into the active sites of the
BChE enzymes. Ligand interactions were examined in Dis-
covery Studio Visualizer software [16].

In silico ADME

ADME and molecular properties were calculated via Dis-
covery Studio 3.5. The investigated properties are molecular
weight, AlogP and aqueous solubility. The first two rules
are according to Lipinski’s rule of five [17] and aqueous
solubility value was the value that Cheng and Merz classi-
fied as soluble [18].

Results and discussion
Chemistry

The reaction scheme was adapted from Aki-Sener et al. [13].
Benzimidazoles with carboxamide and carbohydrazide were
successfully synthesized with facile conditions and easily
recrystallized using ethanol. In the first step, various substi-
tuted benzaldehydes were changed to their respective sodium
salt adducts for ease of purification before subsequent reac-
tion with 3,4-diaminobenzoic acid to yield the benzimida-
zole scaffold. This reaction scheme yielded 19-50% of 22
final products, followed by characterization by nuclear mag-
netic resonance (NMR) and mass spectrometry. Figures 1
and 2 show the reaction schemes for compounds synthesized
in this study.
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Fig.1 Synthetic = pathway  of  2-(4-substituedphenyl)-N-(3/4-
substituedphenyl)-1H-benzimidazole-5-carboxamide derivatives.
Reagents and conditions: (I) Na,S,0s; (I) DMF, 100-120 °C, 1.5—

Fig.2 Synthetic pathway of
2-(4-substituedphenyl)-N-
(4-substituedphenyl)-1H-ben-
zimidazole-5-carbohydrazide
derivatives. Reagents and condi-
tions: (V) NaHCO,/H,O/Diethyl
ether, 0-5 °C, overnight. 3a-g;
R.3: -NO,, -Br, -Cl

a-e

3a-3g; R3: -NO», -Br, -Cl

Cholinesterase inhibitory activity

All synthesized compounds were analysed for cholinesterase
inhibitory activity using modified Ellman’s method. Done-
pezil was used as the reference standard for AChE while gal-
antamine was used as the reference standard for BChE. Pre-
viously, benzimidazole derivatives have been shown to act as
cholinesterase inhibitors [17]. The current study explores the
potential of various other substitutions to the benzimidazole
core structure to generate potent cholinesterase inhibitors.
All compounds synthesized were screened at 10 pM and the
results are tabulated in Table 1. The half maximal inhibi-
tory concentration (ICs,) values were then determined for
selected compounds, which showed more than 80% inhibi-
tion during the initial screening process (Table 2). In general,

2.5 h; (II) SOCI,, 80 °C, 4 h; (IV) NaHCO;/H,O/Diethyl ether,
0-5 °C, overnight. 1a-e; R: -OH, —~OCH,, CH;, Br, 2a-2r; R': —OH,
~OCH,, Cl, Br, R.% -H, ~CF;, ~OCH, -NO,

H H
CIﬁKCEN + \©\N’NH2 N,N N
o) H H o
1

3a-g

the screened compounds demonstrated better BChE inhibi-
tory activity than AChE inhibitory activity, with the AChE
inhibitory activity mostly below 50% (at 10 uM) except for
2 g. Compound 2 g showed the best AChE inhibitory activ-
ity but only at moderately potent level (67.8% at 10 uM).
The only dibromo compound presented here, 3 g showed
moderate BChE inhibitory activity (70.8%) when screened
at 10 uM. All three compounds which were selected (2¢, 2j
and 3f) for ICs;, determination were selective BChE inhibi-
tors, with at least 30-fold selectivity against BChE than
AChE. Among all, compound 2j and 3f are the best BChE
inhibitors with comparable potency (ICs,=1.13 pM and
1.46 pM, respectively) while compound 2¢ was found to be
slightly less potent (IC5,=2.94 uM). They were more potent
than galantamine and donepezil against BChE, thereby
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Table 1 Cholinesterase inhibitory activity of compounds

H R3 “
O "0 OO
N~ N
R o) H 0
R2
2a-o 3a-g
Compound R R! R? R3 ACHE inhibition at ~ BChE inhibi-
10 pM (%) tion at 10 pM

(%)
2a -OH —C1 -H - NI* 254+1.8
2b -OH —-OCH; -H - 22.7+4.5 292+2.4
2c -OH -H —CF; - 124+2.2 85.0+11.3
2d —OCH; —OCH; -H - 19.0+2.7 NI
2e —OCH; —C1 -H - 43.2+6.4 47.5+59
2f —OCH; -OH -H - NI 26.1+3.1
2¢g —OCH; -Br -H - 67.8 15.7
2h —OCH; -H —OCH; - 17.6+3.8 32.3+3.0
2i —CH;, —C1 -H - 14.5+4.3 28.7+5.5
2j —CH; -OH -H - 11.0+7.4 84.5+5.5
2k —CH; —-OCH; -H - NI 184+34
21 —CH;, -H —OCH; - 37.8+2.3 414+93
2m -Br —-OCH; -H - 433 46.4
2n -Br -H -NO, - 42.5+5.7 52.6+5.3
20 -Br —Cl -H - 47.0 35.2
3a -OH - - -NO, 11.9+3.8 333+4.0
3b —OCH; - - -NO, NI 40.0%
3c —OCH; - - -Br NI 44.0+5.1
3d —OCH; - - —Cl 12.1% N.I
3e —-CH; - - —Cl1 NI 23.7%
3f —CH; - - -Br 49.6+1.2 93.8+2.0
3g -Br - - -Br 18.0+3.5 70.8+8.6
Donepezil 84.3+8.7at1 pM 6.93+15at1pM
Galantamine 70.8+6.35 at 10 upM 39.2+29at 10 uM

NI: No inhibition

The characters are bolded in the table as they are referring to the compound codes

Table 2 ICs, determination of selected compounds

Compound  ICsy AChE (uM) ICsy BChE (pM) Selectivity Index
(IC5, BChE/ICy,
AChE)

2c > 100 2.94+1.56 >34

2j >100 1.13+0.15 > 88

3f >100 1.46+0.39 >68

Donepezil 0.18+0.08 - -

Galantamine — 4.54+1.26 -

The characters are bolded in the table as they are referring to the
compound codes

@ Springer

demonstrating their potential to be used as selective BChE
inhibitors. Overall, based solely on the anticholinesterase
activity, it was clear that compounds 2j and 3f showed the
best potential. Although the compounds are substituted at
various positions with electron donating, electron withdraw-
ing and halogen groups, there was no clear trend observed in
regard to their structure—activity relationship. This implies
that the activity shown by the compounds is likely (at least in
part) due to the steric factor rather than purely electronic fac-
tor. This is further explored using molecular docking studies.

Both 2j and 3f contained a methyl substitution at the R
position. As shown in Table 1, there is a huge difference
between the potency of these 2 compounds with their closest
analogues. In comparison with 2 k, compound 2j has a—-OH
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group while 2 k has a—OCHj, group at the R position. It was
noted that for 2j, the hydrogen from —OH (at R') is able to
form a strong H bond with Gly117 (‘‘Molecular docking’
section) which may be the reason for its strong observed
activity. In comparison, 2 k which with its -OCH; group is
unable to have that interaction. Meanwhile, compound 3f
with a Br at the R® position fits well into the active cavity of
BChE and is able to have interactions with pi-alkyl bonding
with Ala328 and Trp430. Its close analogue, 3e meanwhile
lost its potency against BChE with a Cl substitution at R
which could be due to the smaller size of Cl atom.

Several studies have determined a correlation between the
increased activity of BChE and the onset of AD. Potential
therapeutics which target BChE are actively being studied.
However, currently BChE inhibitors are yet to be marketed
as potential therapeutics for AD [11]. In the past, BChE was
thought to play a supporting role in the hydrolysis of acetyl-
choline. However, more recent studies examining postmor-
tem brain samples of AD patients have identified its influ-
ence in the maturation of AP plaques and also its increased
activity in those diagnosed with severe AD [12, 19]. An
increase in activity of BChE was also observed as ageing
progressed compared to AChE, thereby making the enzyme
an important therapeutic target for AD [20]. Furthermore,
absence of BChE activity does not lead to obvious physi-
ological disturbance that is known to limit the use of AChE
inhibitors [21].

Kinetics and mode of BChE inhibition

BChE inhibition kinetics were determined for 3f and
results are summarized as Lineweaver—Burk plot (Fig. 3)
and its secondary plot and kinetic data (Supplementary

Fig.3 Lineweaver—Burk plot of
BChE inhibition by compound
3f

1/V .y (Min/AA)

-1 -0.8 -0.6 -0.4

o0uM

Information). The results suggest that 3f is a linear mixed-
mode inhibitor of BChE, where it can bind to the enzyme’s
active or allosteric sites. Binding to the active site of the
enzyme prevents the insertion and break down of substrate.
In contrast, a mixed-inhibitor may also bind to allosteric
sites causing changes in the shape of the enzyme and reduces
its activity. The estimated K; value was 0.84, which implied
strong binding between the 3f and the enzyme.

Molecular docking

Interested ligands (2¢, 2j and 3f) were docked into the active
site of the BChE (PDB: 1P0I) enzyme. The ligands were
drawn in Discovery Studio Visualizer [16] and converted
into pdbqt files with OpenBabel software. The results are
presented in Table 3 and depicted in Figs. 4, 5, 6, 7. Control
docking studies were performed with BUA to validate the
molecular docking. BUA exhibited good interactions with
the BChE enzyme. It interacted with the enzyme with four
conventional hydrogen bonds (Gly116, Gly117, Alal99,
His438) and a pi-sigma interaction with Trp231. Crystal
structure of BChE with some ligands complexed in it also
had similar non-covalent interactions at most of the resi-
dues detected in the molecular docking as mentioned in the
alternative binding suggested previously [15]. Hence, the
molecular docking results in this study fit with the experi-
mental binding analysis outcomes reported. Together with
the binding similarity between the standard binding ligand
(BUA) and the active compounds in the computational
analysis, this result validated the docking process. In addi-
tion to this, RMSD was calculated with the superimposi-
tion of BUA in the crystal structure and the docked one to

700
600 y = 739.66x + 151.62
R? =0.9243
500 y = 364.19x + 128.16
R?=0.9911
400 y = 192.06x + 116.63
R? = 0.9884
300
200
100
0
-0.2 0 02 04 06 08
-100
1/[BTChI] (mM1)
146 UM ®2.92 uM

@ Springer



Molecular Diversity (2022) 26:2863-2876

Hydrogen bond Other interactions

2872
Table 3 Docking results with Compound Binding energy
human BChE enzyme (kcal/mol)
BUA —4.64
2¢ -9.0
2j -94
3f -10.5

Glyl16, Glyl117, Alal99, His438
His438

Trp231*

T1e69°, Asp70°, Trp82°,
Gly116 (2)¢, Ala328°,
Tyr332(2)°

Trp82°, Gly116(2)°, Gly117*

T1e69°, Asp70°, Trp82°,
Gly1158, Ala328°,
Tyr332(2)°, His438¢

Ser198, Ser287, Tyr332, His438
Trp82, Trp430, His438, Tyrd440

2pi-sigma; ®pi-pi; °pi-ion; ‘carbon hydrogen bond; ®pi/alkyl-alkyl; fvan der Waals; ehalogen interactions

The characters are bolded in the table as they are referring to the compound codes

Fig. 4 Structural superimposition of the docked BUA (purple) and
from the crystal structure (green); RMSD =0.65 A (for heavy atoms)

assess their similarity. The outcome was an acceptable value
(RMSD=0.65 A) (Fig. 4).

Compound 3f was found to have better affinity towards
BChE although all the three compounds were found to bind
to the active site of BChE. This difference in affinity could
be due to the conformation of the compounds in the active
site. Compound 3f was demonstrated to form strong hydro-
gen bond with His438, which is catalytic residue for the

enzyme. Compounds 2¢ and 2j also had hydrogen bond with
His438. Compound 3f formed hydrogen bond with Trp82
at the choline binding pocket and pi-alkyl interaction with
Ala328 at the oxyanion hole, which are also important amino
acids responsible for activity of the enzyme [22]. Similarly,
compound 2c¢ had similar interactions with these residues
and 2j also had similar interaction with Trp82. Although
compounds 2j and 3f had four hydrogen bonds 3f inter-
acted slightly stronger than 2j. Furthermore, the similarity
between binding residues of 2j and the standard molecule in
the crystal structure of BChE was higher than 3f. In general,
the level of the interactions of the active ligands detected in
the computational analysis was compatible with the experi-
mental inhibition activity results (Tables 2, 3).

Histidine plays an important role as catalytic residue in
enzymatic active sites [23]. Since its side chain pKa (around
6) is close to the physiological pH, small changes in the

ALA
Tyr332 A328
GLY
Al116
/\{m&
Hjs438 ax
H
% TYR
# ASP
3 A332 270
HIS ILE
A¥38 A69
TRP
A82
Interactions

HELE

Conventional Hydrogen Bond

[:] Pi-Pi Stacked

[:I Amide-Pi Stacked

:] pi-Alkyl

Carbon Hydrogen Bond
Pi-Cation

Pi-Anion

Fig.5 Compound 2¢ in the binding site of BChE enzyme. 2D ligand interaction diagram of 2¢-BChE enzyme is as shown
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Fig.7 Compound 3f in the binding site of BChE enzyme. 2D ligand interaction diagram of 3f-BChE enzyme is as shown

environmental pH can readily change the histidine charged
state [24]. At low pH, both nitrogen of imidazole are pro-
tonated to give positive charge amino acid (HIP). At high
pH, the histidine is neutral with protonated d-nitrogen (HID)
or e-nitrogen (HIE) [25]. In the protein structure used for
molecular docking, His438 is among the residues in the
active site. Thus, theoretical calculation of the pH of the
amino acid environment was undertaken with PROPKA

[26]. The environment of His438 was predicted to be slightly
basic with the hit ligands in it. Hence, His438 is expected
to be neutral. Neutral histidine can serve as a general base
[24]. In this computational study, at least an interaction of
histidine with the hit ligands was detected. In the interaction
of His438 with 2¢ and 3f, the histidine was found to act as
hydrogen bond acceptor. In the rest of its interactions with
the hit ligands, the single nitrogen protonated histidine (HID,
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Table 4 ADME prediction of

) Compounds AquSolubility Solubility ADMET_BBB BBB Level ALogP PSA_2D

hit and reference compounds Level

towards the BBB
2c -6.474 1 0.094 1 4.755 77.242
2j —5.280 2 —0.047 2 4.299 77.242
3f —6.547 1 0.392 1 5.312 69.237
Donepezil —5.504 2 0.649 1 4.569 38.513
Galantamine —3.001 3 -0.373 2 1.442 42.028

The characters are bolded in the table as they are referring to the compound codes

HIE) took part in the pi-cation interactions. The interaction
profile of His438 was as anticipated that resulted from its
diverse protonation states.

ADME prediction

Synthesized compounds agreed with the Lipinski’s rule of
five, which is developed for predicting the drug-likeness
property of a small molecule. Polar surface area was also
calculated and blood-brain penetration model was prepared
via Discovery Studio 3.5. PSA less than 70 AZis considered
suitable for a compound to pass through the blood—brain
barrier (BBB) [27].

Accelrys recently developed robust model for the predic-
tion of BBB penetration. This model predicts BBB penetra-
tion after oral administration. They were derived from over
800 compounds that are known to enter the central nervous
system (CNS) after oral administration [28]. This model was
used for calculation of BBB level via Discovery Studio 3.5
software [16]. BBB level 1 represents high penetration while
level 2 is medium.

The target BChE resides deep in the brain, protected
by the highly selective semipermeable border made up of
endothelial cells [29]. Drugs targeting the central nervous
system must be designed such that they can pass through
the barrier and deliver the therapeutic effects. The results
predicted that the hit compounds (2¢, 2j, 3f) and references
(galantamine, donepezil) are aqueous soluble and have rela-
tively good BBB permeability. These results augur well for
compounds which targets the CNS, especially the brain.
In addition to this, PSA_2D outcomes for all the ligands
were found to be below 100 (Table 4). This implies that the
ligands are anticipated to have good membrane permeability.
Similarly, AlogP98 outcomes for all the ligands, except for
compound 3f, were found to be below five (Table 4). This
indicates that the ligands have suitable lipophilic property
[30]. The results are presented in Table 4.

Antiproliferative assay
One of the most common reasons for the withdrawal of

approved drugs from the market is drug-induced hepato-
toxicity [31]. In fact, this was one of the main issues that

@ Springer

have dogged tacrine which have led to its withdrawal as
an AD drug in 2013. As the best compounds, 2j and 3f,
have comparable BChE inhibitory activities, both com-
pounds are further tested for their cytotoxicity against liver
hepatoma HepG?2 cells. MTT assay was used to measure
cell growth and DMSO (5%) was used as positive con-
trol. Both compounds demonstrated different cytotoxicity
profiles when tested up until 50 uM final concentration
after 24 h incubation. Compound 3f was demonstrated
to have a better safety profile against HepG2 cells, with
Gl5,> 50 pM. However, compound 2j was found to be
cytotoxic with GIsy=5.19 pM. The GlIs, of compound 3f
is calculated to be > 30-fold greater than the concentration
required to achieve 50% in vitro inhibition of BChE. In
comparison to compound 2j, compound 3f is more promis-
ing for further development.

Conclusion

Most of the compounds are broadly better in inhibit-
ing BChE than AChE. Of all the compounds that were
screened, compounds 2c¢, 2j, 3f, 3 g were identified as the
most potent inhibitors for BChE. Afterwards, compounds
2¢, 2j and 3f were further screened to determine the ICy,
values on both AChE and BChE and compound 2j and 3f
were found most active on BChE. The compounds were
also selective towards BChE. Unlike 2j, antiproliferative
studies carried out indicated that compound 3f showed
good preliminary safety profile. Furthermore, molecular
docking studies carried out indicated that the compound
was bound within the enzyme active site with important
interactions with several amino acids. Compound 3f was
also predicted to have high penetration across the BBB.
Taken together, compound 3f showed good potential to
be used as a selective BChE inhibitor for AD treatment.
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