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ctivity of new coumarin-based
derivatives targeting acetylcholinesterase
inhibition†

Nahla N. Kamel,a Hanan F. Aly,*a Ghadha I. Fouad, a Somaia S. Abd El-Karim, a

Manal M. Anwar, a Yasmin M. Syam,a Samia A. Elseginy, b Kawkab A. Ahmed,c

Hoda F. Booles,d Mohamed B. Shalaby,e Wagdy K. B. Khalil,d Rajat Sandhir,f

Sonam Deshwalf and Maha Z. Rizka

New 2-oxo-chromene-7-oxymethylene acetohydrazide derivatives 4a–d were designed and synthesized

with a variety of bioactive chemical fragments. The newly synthesized compounds were evaluated as

acetylcholinesterase (AChE) inhibitors and antioxidant agents in comparison to donepezil and ascorbic

acid, respectively. Compound 4c exhibited a promising inhibitory impact with an IC50 value of 0.802 mM

and DPPH scavenging activity of 57.14 ± 2.77%. Furthermore, biochemical and haematological studies

revealed that compound 4c had no effect on the blood profile, hepatic enzyme levels (AST, ALT, and

ALP), or total urea in 4c-treated rats compared to the controls. Moreover, the histopathological studies

of 4c-treated rats revealed the normal architecture of the hepatic lobules and renal parenchyma, as well

as no histopathological damage in the examined hepatic, kidney, heart, and brain tissues. In addition, an

in vivo study investigated the amelioration in the cognitive function of AD-rats treated with 4c through

the T-maze and beam balance behavioural tests. Also, 4c detectably ameliorated MDA and GSH,

reaching 90.64 and 27.17%, respectively, in comparison to the standard drug (90.64% and 35.03% for

MDA and GSH, respectively). The molecular docking study exhibited a good fitting of compound 4c in

the active site of the AChE enzyme and a promising safety profile. Compound 4c exhibited a promising

anti-Alzheimer's disease efficiency compared to the standard drug donepezil.
1. Introduction

Alzheimer's disease (AD) is one of the most common forms of
dementia occurring in the elderly population worldwide, and is
the most common fatal age-related neurodegenerative disease,
characterized by a decline of cholinergic function, progressive
loss of brain function, and memory decline. Approximately 13%
of people over the age of 65 and 45% of people over the age of 85
are estimated to have AD.1 According to mounting evidence
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from genetic, pathological, and functional studies, there is an
imbalance between the production and clearance of amyloid
b (Ab) peptides in the brain, resulting in their accumulation and
aggregation. The toxic Ab aggregates in the form of soluble Ab
oligomers, intraneuronal Ab, and amyloid plaques injure
synapses and ultimately cause neurodegeneration and
dementia.2 The toxicity of Ab seems to depend on the presence
of the microtubule-associated protein tau, the hyper-
phosphorylated forms of which aggregate and deposit in AD
brains as neurobrillary tangles and prevent the passage of
essential molecules and nutrients.3 This causes axonal trans-
port dysfunction and neuronal loss.4 Moreover, theories such as
the neurotoxicity of the excitatory neurotransmitters, altered
insulin signaling, oxidative stress, and inammation can also
explain the causes of dementia and provide a new theoretical
basis and therapeutic target for the development of novel drugs
for AD.5 Acetylcholine esterase (AChE) is the most vital enzyme
that maintains the balance of acetylcholine levels. Many studies
have suggested a relationship between learning and memory
functions and AChE activity in experimental animals.6 Thus, the
use of acetylcholinesterase (AChE) inhibitors like rivastigmine
or dopenzil that increase the availability of acetylcholine at
cholinergic synapses represents a major therapeutic approach
© 2023 The Author(s). Published by the Royal Society of Chemistry
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to the disease.7 Literature survey showed that the coumarin
nucleus, also known as 2H-1-benzopyran-2-one constitutes the
main structural component of many natural products and
synthetic compounds with a wide range of biological activity.
Coumarins are intriguing compounds for drug discovery in the
arena of AChEIs because of the possibility of chemical substi-
tutions at numerous places in this core structure.8 The
coumarin moiety's potential to inhibit cholinesterase enzymes
has been demonstrated in recent in vitro assays. Furthermore,
the coumarin nucleus has a number of biological effects on
various aspects of Alzheimer's disease, in addition to AChE
suppression, including inhibition of the enzyme secretase-1
(BACE-1), cyclooxygenase (COX)/lipoxygenase (LOX) antago-
nists, antagonists of the cannabinoid receptor 2 (CB2), agonists
of the gamma amino butyric acid (GABA) receptor, antagonists
of the NMDA receptor, and monoamineoxidase (MAO)
inhibitors.9–12 Many coumarin natural products are have anti-
Alzheimer activity, such as esculetin I, decursinol II, scopole-
tin III, and mesuagenin IV.13

Docking studies using 2H-chromen-2-one demonstrate this
nucleus's ability to attach to the peripheral anionic sites (PAS) of
both isoforms of cholinesterase, simulating the enzyme's
natural substrate. Because of this value, medicinal chemists
working on medicines for AD have viewed coumarin as
a preferred scaffold for combining with other pharmacophores
Fig. 1 The chemical structures of various naturally occurring and synthe

© 2023 The Author(s). Published by the Royal Society of Chemistry
that can interact with different targets.14 It has been investi-
gated that the use of benzyloxy group at position 7 of the
coumarin scaffold has a signicant impact on AChE inhibitory
activity, as seen in compounds V, VI,15 and VII.16 In addition,
AChE inhibitory activity may have increased as a result of the 4-
uorophenyl ring forming p–p stacking with Trp86, as revealed
by a closer investigation of compound VII's binding mecha-
nism.16 Additionally, studies showed that the coumarin's
substitution at position 4 emphasizes its AChE inhibitory
activity, which is found in compounds VIII,17 and IX 18 (Fig. 1).

Moreover, different studies exhibited that numerous AChEIs
have various aromatic or heterocylic rings conjugated with
coumarin cores via nitrogenous linkers, which were intended to
stabilize the molecules within the gorge of the AChE enzyme.19

Thus, it was thought valuable to present new compounds as
promising potent AChEIs, having the coumarin scaffold
conjugated with different distinct aromatic and/or heterocycles
at position 7 via an appropriate oxyacetohydrazide linker, in
order to gain new compounds with potent AChE inhibitory
activity and a safe prole for AD treatment (Fig. 2).

Based on molecular docking study as acetylcholinesterase
inhibitors, the target compounds were selected and synthe-
sized. The biosafety of the new compounds was also deter-
mined. Furthermore, the inhibitory activity of the most active
compound as well as its impact on several biomarkers related to
tic coumarin compounds with AChE inhibitory activity.

RSC Adv., 2023, 13, 18496–18510 | 18497
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Fig. 2 The strategy of the development of new coumarin compounds as AChE inhibitors.
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the disease were investigated. In addition, the impact of the
most promising compound on the amelioration of the disorders
associated with these biomarkers in AD was elucidated.
Molecular docking study was carried out to nd out the binding
mode of the most active compound to interact with the active
site of the target enzyme.

2. Experimental
2.1. Chemical synthesis

The instruments used to determine melting points, spectral
data (IR, 1H NMR, 13C NMR, and mass), as well as chemical
analyses were included in a detailed description of the in ESI
le.†

2.1.1. Synthesis of ethyl-2-((4-methyl-2-oxo-2H-chromen-7-
yl)oxy)acetate (2). A mixture of 7-hydroxy-4-methyl-2H-
chromen-2-one (1) (1.7 g; 10 mmol) in acetone (30 mL) was
reuxed with ethyl bromoacetate (10 mmol) and K2CO3 (1.38 g)
for 12 h. Aer cooling, the organic solvent was concentrated and
the obtained solid was ltered washed several times with water,
dried, and crystalized from ethanol to give the compound 2.20

2.1.2. Synthesis of 2-((4-methyl-2-oxo-2H-chromen-7-yl)oxy)
acetohydrazide (3). A solution of compound 2 (2.60 g; 10 mmol)
in ethanol (25 mL) was reuxed with hydrazine hydrate (0.75
mL, 15 mmol) for 3 h. Aer concentrating the reaction mixture,
the solid mass obtained was ltered and recrystallized from
ethanol to give compound 3.20

2.1.3. Synthesis of 2-((4-methyl-2-oxo-2H-chromen-7-yl)
oxy)-N′-substituted (methylene)acetohydrazide derivatives 4a–d.
A solution of compound 3 (0.50 g, 2mmol) and various aromatic
ketones and aldehydes, including a-tetralone, isatin, 1-inda-
none, and 4-carboxybenzaldehyde (2 mmol) in ethanol (25 mL)
was reuxed for 2–3 h. Aer cooling to room temperature, the
separated solid mass was ltered, and recrystallized from
ethanol to give the target derivatives 4a–d.

2.1.3.1. N′-(3,4-dihydronaphthalen-1(2H)-ylidene)-2-((4-
methyl-2-oxo-2H-chromen-7-yl)oxy)acetohydrazide (4a). White
solid, yield 78.0%; IR (KBr, cm−1): 3354 (NH), 1720, 1660 (2C]
O), 3056 (aromatic C–H), and 2914.5 (alkane C–H); 1H NMR (500
MHz, DMSO-d6): d 1.82, 2.63, 2.73 (3m, 6H, 3CH2-tetralone
ring), 2.39 (s, 3H, CH3), 4.90 (s, 2H, OCH2 minor conformer),
5.35 (s, 2H, OCH2 major conformer), 6.21 (s, 1H, coumarin-H3),
6.94–7.03 (m, 2H, Ar–H), 7.19–7.29 (m, 3H, Ar–H), 7.67–7.71 (m,
1H, Ar–H), 8.08 (dd, 1H, Ar–H, J = 7.5 Hz), 10.62 (br, 1H, NH,
minor conformer, D2O exchangeable), 10.90 (br, 1H, NH, major
conformer, D2O exchangeable); 13C NMR (125 MHz, DMSO-d6):
18498 | RSC Adv., 2023, 13, 18496–18510
d 18.53 (CH3), 21.71, 25.85, 29.29 (3CH2-tetralone ring), 66.08 (–
OCH2), 101.98, 111.62, 112.78, 113.74, 124.99, 126.71, 126.77,
128.93, 129.51, 132.51, 140.27, 148.86, 153.75, 155.00, 160.53,
161.88 (CO), 169.63 (C]O); anal. calcd for: C22H20N2O4: C,
70.20; H, 5.36; N, 7.44, found: C, 70.52; H, 5.06; N, 7.15.

2.1.3.2. 2-((4-Methyl-2-oxo-2H-chromen-7-yl)oxy)-N′-(2-
oxoindolin-3-ylidene) acetohydrazide (4b). White solid, yield
67.0%; IR (KBr, cm−1); 3355 (NH), 1720.5, 1695, 1660 (3C]O),
3062 (aromatic C–H), and 2920 (alkane C–H); 1H NMR (500
MHz, DMSO-d6): d 2.40 (s, 3H, CH3), 5.01 (s, 2H, OCH2, major
conformer), 5.45 (s, 2H, OCH2, minor conformer), 6.25 (s, 1H,
coumarin-H3), 6.96 (d, 1H, Ar–H, J = 7.5 Hz), 7.09–7.10 (m, 3H,
Ar–H), 7.39 (t, 1H, Ar–H, J= 7.5 Hz), 7.56 (br, 1H, Ar–H), 7.75 (br,
1H, Ar–H), 11.29 (s, 1H, NH, D2O exchangeable), 12.58 (br, 1H,
NH, minor conformer, D2O exchangeable), 13.70 (s, 1H, NH,
major conformer, D2O exchangeable); 13C NMR (125 MHz,
DMSO-d6): d 18.53 (CH3), 66.54 (–OCH2), 102.78, 111.63, 112.16,
112.84, 120.04, 121.45, 123.08, 127.05, 132.35, 143.08, 153.66,
154.99, 160.40, 162.97 (CO), 167.00 (C]O); anal. calcd for:
C20H15N3O5: C, 63.66; H, 4.01; N, 11.14; found: C, 63.46; H,
4.31; N, 11.54.

2.1.3.3. N′-(2,3-Dihydro-1H-inden-1-ylidene)-2-((4-methyl-2-
oxo-2H-chromen-7-yl)oxy)acetohydrazide (4c). White solid, yield
77.0%; IR (KBr, cm−1); 3340 (NH), 1715, 1660 (2C]O), 3057
(aromatic C–H), and 2920 (alkane C–H); 1H NMR (500 MHz,
DMSO-d6): d 2.39 (s, 3H, CH3), 2.80–2.87 (m, 2H, CH2 indane
ring), 3.07–3.09 (m, 2H, CH2, indane ring), 4.88 (s, 2H, OCH2,
minor conformer), 5.30 (s, 2H, OCH2, major conformer), 6.22 (s,
1H, coumarin-H3), 6.94–7.04 (m, 2H, Ar–H), 7.30–7.41 (m, 3H,
Ar–H), 7.65–7.73 (m, 2H, Ar–H), 10.49 (s, 1H, NH, minor
conformer, D2O exchangeable), 10.82 (s, 1H, NH, major
conformer, D2O exchangeable); 13C NMR (125 MHz, DMSO-d6):
d 18.55 (CH3), 27.48, 28.55 (2CH2, indane ring), 65.87 (–OCH2),
101.97, 111.64, 112.76, 112.84, 121.75, 126.13, 126.82, 127.37,
127.50, 130.97, 137.98, 153.79, 155.02, 158.61, 160.55, 161.91
(C]O), 169.21 (C]O); anal. calcd for: C21H18N2O4: C, 69.60; H,
5.01; N, 7.73; found: C, 69.21; H, 5.41; N, 7.52.

2.1.3.4. 4-((2-(2-((4-Methyl-2-oxo-2H-chromen-7-yl)oxy)acetyl)
hydrazineylidene)methyl) benzoic acid (4d). White solid, yield
75.0%; IR (KBr, cm−1); 3445 (OH), 3360 (NH), 1710, 1695, 1665
(3C]O), 3054 (aromatic C–H), and 2920 (alkane C–H); 1H NMR
(500 MHz, DMSO-d6): d 2.39 (s, 3H, CH3), 4.84 (s, 2H, OCH2,
minor conformer), 5.33 (s, 2H, OCH2, major conformer), 6.21 (s,
1H, coumarin-H3, major conformer), 6.24 (s, 1H, coumarin-H3,
minor conformer), 6.99–7.06 (m, 2H, Ar–H), 7.69 (d, 1H, Ar–H, J
= 8.5 Hz, major conformer), 7.73 (d, 1H, Ar–H, J= 8.5 Hz, minor
© 2023 The Author(s). Published by the Royal Society of Chemistry
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conformer), 7.82 (d, 2H, Ar–H, J = 8.5 Hz, minor conformer),
7.85 (d, 2H, Ar–H, J = 8.5 Hz, major conformer), 7.97–8.00 (m,
2H, Ar–H), 8.07 (s, 1H, –N]CH, major conformer), 8.38 (s, 1H, –
N]CH, minor conformer), 11.82 (s, 1H, NH, D2O exchangeable,
minor conformer), 11.83 (s, 1H, NH, D2O exchangeable, major
conformer); 12.63 (br, H, COOH, D2O exchangeable); 13C NMR
(125 MHz, DMSO-d6): d 18.54 (CH3), 65.70 (–OCH2), 102.05,
111.68, 112.83, 113.82, 126.79, 127.00, 127.45, 127.62, 130.12,
132.11, 138.39, 143.38, 153.76, 155.03, 160.54, 161.79 (CO),
167.32 (C]O), 169.10 (C]O); anal. calcd for: C20H16N2O6: C,
63.16; H, 4.24; N, 7.37.

2.2. Biological evaluation

2.2.1. In vitro studies
2.2.1.1. Acetylcholinesterase inhibition screening protocol.

Acetylcholinesterase (AChE) inhibitory activity was measured
using quantitative colorimetric assay according to the method
developed by Ellman et al.21 More details are in the ESI le.†

2.2.1.2. Antioxidant assay by DPPH. In vitro estimation of
antioxidant activity according to Gulcin et al.22

2.2.1.2.1. Calculation. Inhibition (%) = read of control −
read of test/read of control × 100.

2.2.2. In vivo studies
2.2.2.1. Animal care. Wistar albino rats weighing between

180–200 g were housed in the animal house of National
Research Centre. More details are in the ESI le.†

2.2.2.2. Biosafety assay. Different concentrations of the
most promising synthetic compounds were used to determine
LD50 in experimental animals for 24 hours. LD50 is the dose that
produces mortality in 50% of animals. For each concentration
six animals were used.

2.2.2.3. Toxicity study. Selected 8 Wistar rats of uniform
weight were taken and divided into two groups of 4 rats each for
each concentration. The synthesized compound 4c was given
orally to rats in doses 50 and 100 mg per kg b.wt as described by
Desoukey et al.23 More details are in the ESI le.†

2.2.2.3.1. Acute toxicity. No mortality was observed at the
dose of 50 mg per kg b.wt. While, one rat of 4 in the group
administered 100 mg per kg b.wt died post 24 h (25%). No
further death or any behaviour changes were observed for one
month. Thus, the applied dose for the compound 4c was
considered to be (10 mg per kg b.wt), which is the dose applied
for the reference drug donepezil.

2.2.2.3.2. Chronic toxicity. In chronic toxicity, we used 1/10
of the LD50 (10 mg per kg b.wt) supplemented orally to male
Wistar rats for one month and didn't see any indication of
harmfulness (no mortality, no going bald, no loose bowels, and
so on). Moreover, irregularities in conduct, food and water
admissions, and well-being status among the treated creatures
weren't noticed. Toxicity tests on liver and kidney functions, as
well as a complete blood picture, were also performed.

2.2.2.4. Histopathological investigation. Specimens of liver,
kidneys, heart, and brain were harvested from all mice/group,
immediately xed in 10% neutral buffered formalin, and
routinely processed according to Suvarna et al.24 Sections of 4–5
© 2023 The Author(s). Published by the Royal Society of Chemistry
mm thickness were prepared and stained with Hematoxylin and
Eosin (H&E), for histopathological examination by a light
microscope (Olympus BX50, Tokyo, Japan).

2.2.2.5. Biochemical analyses
2.2.2.5.1. In vivo studies. Aer one month, rats were anaes-

thetized with diethyl ether, blood was drawn via sublingual vein
rupture, and rats were decapitated. Blood samples were
centrifuged at 3000 rpm, and the clear serum that was separated
was frozen at −80 °C for biochemical analysis.25–29 More details
are in the ESI le.†

2.2.2.5.2. Induction of AlCl3 and grouping of animals. Induc-
tion of AlCl3-induced Alzheimer's disease. AlCl3 solutions were
made freshly at the beginning of each experiment. AlCl3 was
dissolved in drinking water and administered orally to rats daily
for two months at 0.5 mL per 100 g b.wt at a dose of 100 mg
kg−1.30

2.2.2.5.3. Behaviour studies. The neurocognitive function of
rats was estimated by T-maze test (constructed in the NRC,
Egypt) according to Deacon and Rawlins.31 Before performing
this experiment, the animals were le without food for 24 h,
with only water to drink.32,33 More details are in the ESI le.†

2.2.2.6. In vivo determination of oxidative stress
2.2.2.6.1. Blood sample preparation. The rats were fasted

overnight. Then, they were anaesthetized by inhaling 1.9%
diethyl ether on a small piece of cotton (0.08 mL per litre of
container volume). Blood samples were collected aer anaes-
thetizing the animals using a cardiac puncture in a clean and
dry test tube. Blood was le to clot for 10 minutes and centri-
fuged at 3000 rpm (1.1750g) to obtain serum. The separated
serum was stored at −80 °C for biochemical analyses.

2.2.2.6.2. Brain tissue sampling preparation. At the end of the
experiment, the rats were fasted overnight, subjected to anaes-
thesia, and scaried. The whole brain of each rat was rapidly
dissected, washed with isotonic saline, and dried on lter
paper.34,35 More details are in the ESI le.†

2.3. Molecular docking studies

The crystal structure of acetylcholinesterase (PDB: 1EVE) was
retrieved from Protein Data Bank (http://www.rcsb.org). Protein
is prepared with Molecular Operating Environment (MOE)
soware; the water was removed, and the hydrogen atoms
were added using MOE. More details are in the ESI le.†

3. Results and discussion
3.1. Chemistry

A new series of 2-((4-methyl-2-oxo-2H-chromen-7-yl)oxy)-N′-
substituted (methylene)acetohydrazide derivatives 4a–d were
synthesized according to the synthetic route adopted in Scheme
1. The key starting compound 7-hydroxy-4-methyl-2H-chromen-
2-one (1) was reuxed with ethyl bromoacetate in the presence
of anhydrous potassium carbonate in acetone to give the cor-
responding ester 2. Hydrazinolysis of compound 2 with hydra-
zine hydrate produced the corresponding acetohydrazide 3 in
a good yield.20 Furthermore, condensation of compound 3 with
RSC Adv., 2023, 13, 18496–18510 | 18499
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Scheme 1 Synthetic route for the synthesis of the target 4-methyl-2-oxo-2H-chromene Schiff's bases 4a–d.

Table 1 AChE inhibiting activity of the new compoundsa

Compound no. AChE IC50 (mg mL−1) SD (�)

4a 4.941 0.25
4b 7.869 0.4
4c 0.802 0.04
4d 1.20 0.06
Donepezil 0.155 0.01

a
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different aromatic ketone and aldehydes such as; a-tetralone,
isatin, 1-indanone, and 4-carboxybenzaldehyde in reuxing
ethanol led to the formation of the corresponding target Schiff's
bases 4a–d. The molecular structures of the new compounds
were conrmed via micro and spectral analyses. The FT-IR
spectra of compounds 4a–d showed absorption bands at
3355–3340 cm−1 related to the NH group, 1720–1710 cm−1

(lactonic –C]O carbonyl stretching), and 1671–1650 cm−1

(amide –C]O carbonyl stretching). The 1H-NMR and 13C-NMR
spectral data of compounds 4a–d conrmed the presence of
these derivatives as trans and cis conformers in ratios ranging
between 2 : 1 and 3 : 1. The 1H-NMR and 13C-NMR spectral data
of compounds 4a–d showed that they are present as trans and
cis isomers. The 1H-NMR spectra of compounds 4a–d exhibited
three singlets at d 2.39–2.40, 4.84–5.45, and 6.21–6.25 ppm
related to CH3, O–CH2, and coumarin-H3, respectively. In
addition, the methine proton of the N]CH group of compound
4d appeared as a singlet signal at d 8.07 and 8.38 ppm, while the
NH proton appeared as an exchangeable signal at d 10.62–
13.70 ppm. The aromatic protons appeared as multiplet signals
in the range d 6.94–8.08 ppm. 13C-NMR spectra of compounds
4a–d showed signals at d 18.53–18.55 and 65.70–66.54 ppm due
to CH3 and OCH2 carbons alongside different signals at the
range d 101.97–160.40 ppm representing coumarin-C3, N]CH,
and the aromatic carbons. The carbonyl groups appeared as two
singlets at d 161.79 and 169.63 ppm. The mass spectra of the
new compound 4a–d represented their molecular ion peaks
which were in agreement with their molecular formulae
(Scheme 1).
18500 | RSC Adv., 2023, 13, 18496–18510
3.2. In vitro studies

3.2.1. Acetyl cholinesterase inhibition and DPPH scav-
enging activity. The acetylcholinesterase inhibitory activity of
the synthesized compounds 4a–d was evaluated in comparison
to the standard drug donepezil, and the results are shown in
Table 1 as IC50 (mg mL−1) values. The tested compounds showed
IC50 values ranging from 0.802 to 7.869 mg mL−1 against AChE.
The obtained data indicated that the indene analogue 4c rep-
resented the most potent suppression activity that is close to
that obtained by the reference drug donepezil, with IC50 values
of 0.802 and 0.155 mg mL−1, respectively. An observable
decrease in activity was detected by the benzoic acid analogue
4d, which produced an IC50 value of 1.20 mg mL−1. This indi-
cates that the increased lipophilic characteristic of the substit-
uent at coumarin's position 7 is more favourable for its
promising inhibitory potency. Furthermore, the increase in the
size of the substituent, as in the case of tetralone analogue 4a,
reduced the inhibition potency with an IC50 value of 4.941 mM. A
Data are mean ± of three replicate in each group.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 AChE inhibiting activity of the new compounds.

Table 2 Percent of antioxidant activity of the new coumarin
compoundsa

Compounds Concentration (0.01 mg) Concentration (0.05 mg)

4a 31.8 � 0.2 40.9 � 3.1
4b 31.8 � 1.2 35.00 � 1.00
4c 28.00 � 0.4 57.14 � 2.77
4d 4.5 � 0.4 10.3 � 0.33
Vitamin C 80.00 � 5.00 89.00 � 6.99

a Data are means ± SD of three replicates in each group.

Table 4 Hepatic enzyme levels in male rats after supplementation
with 10 mg per kg body weight of the synthetic chemical compound
4c

Groups ALT (U/l) AST (U/l) ALP (U/l)

Control male rats 68.00 � 3.00a 29.00 � 2.00a 134.00 � 8.00a

Treated male rats 79.00 � 4.40a 32.00 � 1.20a 136.00 � 9.00a

a Data are means ± SD of 8 rats in the treated group. Statistical analysis
was carried out using Co-state and SPSS computer programs (version 8),
where the unshared letter is signicant at P # 0.05.

Table 5 Levels of urea and creatinine in male rats after supplemen-
tation with 10 mg per kg body weight of the synthetic chemical
compound 4c a

Groups Urea (mg dL−1) Creatinine (mg dL−1)

Control male rats 18.60 � 1.22 2.40 � 0.10
Treated male rats 20.00 � 1.57 2.80 � 0.07

a Data aremeans± SD of 15 rats in the treated group. Statistical analysis
was carried out using co-state and SPSS computer programs (version 8),
where the unshared letter is signicant at P # 0.05.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

6.
10

.2
5 

1:
20

:0
1.

 
 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
further reduction in potency was detected by the indole
analogue 4b with an IC50 value of 7.869 mM (Table 1 and Fig. 3).

In addition, the new compounds 4a–d were subjected to
DPPH scavenging assay to evaluate their antioxidant activity in
comparison with vitamin C as a reference drug. Table 2 shows
the percentage of free radical scavenging activity at two different
concentrations of 0.01 mg, and 0.05 mg. The results showed
that the activity of the tested analogues increased in a dose
dependent manner. The most promising antioxidant activity
Table 3 Blood profile in male rats after one month of supplementation w

Blood components

Hemoglobin (Hb) (g L−1)
Red blood cells (RBCs) (million cells per mm)
Haematocrit (%)
Mean corpuscular volume (MCV) (fL)
Mean corpuscular hemoglobin (MCH) (pg)
Mean corpuscular hemoglobin concentration (MCHC) (g dL−1)
RDW-CV (%)
Platelets (103 mm−1)
MPV (fL)
White blood cells WBCs (103 cmm−1)
Neutrophils (103 cm−1)
Lymphocyte (103 cm−1)
Monocyte (103 cm−1)

a Data are means ± SD of 8 rats in the treated group. Statistical analysis w
where the unshared letter is signicant at P # 0.05.

© 2023 The Author(s). Published by the Royal Society of Chemistry
was obtained by compound 4c in comparison with vitamin C,
with a DPPH percentage of inhibition 57.14 ± 2.77%, and 89.00
± 6.99%, respectively, at 0.05 mg. Low inhibition activities were
obtained by compounds 4a and 4b with percentages of 40.9 ±

3.1, and 35.00 ± 1.00%, respectively. Compound 4d appeared to
be inactive as an antioxidant agent, showing a percentage of
inhibition 10.3 ± 0.33%.

3.2.2. Chronic toxicity, biochemical and hematological
effects of compound 4c in rats. Due to the promising acetyl-
cholinesterase inhibition activity of compound 4c, it was of
interest to study its safety prole on blood picture, hepatic
enzymes, urea, and creatinine levels in a male rat group treated
with supplementation of 10 mg per kg b.wt of 4c for one month.
The resultant data were compared with those obtained by the
untreated control group. The results are summarized in Tables
ith 10 mg per kg body weight of the synthetic chemical compound 4c

Control rats 4c-treated rats

14.55 � 0.14a 14.58 � 0.59a

7.88 � 0.22a 8.00 � 0.08a

45.90 � 0.11a 45.00 � 1.87a

55.50 � 0.20a 59.00 � 0.03a

17.00 � 0.90a 17.78 � 0.88a

34.78 � 0.29a 33.98 � 0.25a

16.00 � 0.60a 15.80 � 0.19a

449.00 � 14.80a 465.00 � 12.00a

7.19 � 0.11a 8.66 � 0.19a

10.00 � 0.10a 10.89 � 1.90a

2.59 � 0.07a 2.39 � 0.09a

7.88 � 0.22a 7.62 � 0.66a

1.87 � 0.08a 1.93 � 0.06a

as carried out using co-state and SPSS computer programs (version 8),
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3–5. Table 3 showed insignicant changes in blood prole levels
between the control and treated rats. Also, Table 4 exhibited an
insignicant difference in the hepatic enzyme levels (AST, ALT,
and ALP) as compared to the corresponding control group.
Moreover, an insignicant change in the total urea level was
detected in the 4c-treated rats, while a signicant increase in
the creatinine level was detected in the 4c-treated group when
compared with the untreated one (Table 5).

3.2.3. Histopathological examination of chronic toxicity
study. Light microscopic examination of hepatic tissue sections
from normal control mice revealed the normal architecture of
hepatic lobules, which consist of a central vein and hepatocytes
arranged in hepatic cords around the central vein (Fig. 4a).
Likewise, the liver of mice administered compound 4c showed
only slight Kupffer cell proliferation (Fig. 4b). Concerning
kidneys, renal tissue from control mice revealed normal
Fig. 4 Representative photomicrographs exhibited H & E-stained sectio
respectively (scale bar, 50 mm); (a) normal control liver with normal h
hepatocytes (H). (b) Received compound 4c, showing slight Kupffer cell
structure of renal parenchyma; normal glomeruli (GL), and renal tubu
alterations. (e) Normal control heart exhibiting normal cardiac myocytes
Normal control brain extracts, showing histologically normal brain tissue

18502 | RSC Adv., 2023, 13, 18496–18510
histological structure of glomeruli and renal tubules (Fig. 4c).
Furthermore, kidney sections of mice administered compound
4c exhibited histologically normal renal parenchyma with no
histopathological alterations (Fig. 4d). In addition, the exam-
ined slices from all experimental groups (control and 4c-
treated) showed no histopathological damage in the heart and
brain and appeared histologically normal (Fig. 4e–h).

3.2.4. Behavioural assessment of the effect of compound 4c
in AD-induced rats. The T-maze test results demonstrated
a signicant increase in the time (seconds) taken by rats to
reach the food in the T-maze for the AlCl3-neurotoxicant rats
(AD-group), denoting deteriorated neurocognitive function,
with a percentage increase of 243.92% (Table 6). Whereas AD-
groups treated with 4c showed a signicant decrease in the
time taken by the rats to reach food compared to donepezil,
with percentages of improvement reaching 148.37% compared
ns of liver (a and b), kidney (c and d), heart (e and f) and brain (g and h)
epatic tissue histoarchitecture: normal central vein (CV) and normal
activation (arrow). (c) Normal control kidneys, showing the histological
les (RT). (d) Received compound 4c, showing no histopathological
. (f) Received compound 4c, showing normal cardiac tissue. (g and h)
s with no histopathological alterations.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Efficacy of compound 4c in AD-induced rats using T-maze testa

Tested groups Baseline (Sc)
Induction two
months (Sc) Treatment 4 weeks (Sc)

Control 13.30 � 1.00 14.80 � 1.00 14.90 � 1.00
AlCl3-AD 15.30 � 1.10 50.90 � 3.00 —
% change 1.53 243.92
AD-4c — — 28.20 � 1.80
% improvement 148.37
Donepezil — — 23.10 � 1.70
% improvement 181.70

a Data are expressed as mean SD (n= 10) in seconds. Groups with similar letters are not signicantly different, while those with different letters are
signicantly different at p # 0.05.

Table 7 Efficacy of compound 4c on the beam balance test in Alzheimer's disease-induced rats

Tested groups Baseline (Sc)
Induction 2 months
(Sc) Treatment 4 weeks (Sc)

Control 9.60 � 0.87 9.80 � 0.66 10.15 � 0.22
AlCl3-AD 9.00 � 1.10 2.90 � 0.70 —
% change 6.25 70.41
AD-4c — — 8.99 � 1.00
% improvement 60.00
Donepezil standard drug — — 9.80 � 0.88
% improvement 67.98
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to the standard drug (181.70%). The results of the beam balance
test revealed that AlCl3 caused a 70.41% decrease in the brain
cognitive functions of AlCl3-neurotoxicant rats (AD-group)
(Table 7). However, treatment of rats with donepezil and the
compound 4c resulted in an improvement in their behavioural
status, which was represented by improved motor coordination
and improved cognition, with percentage improvements
reaching 60.00%, compared to the standard drug (donepezil),
which recorded 67.98%.

3.2.5. Effect of compound 4c on the antioxidant status of
AD-induced rats. Examining the brain tissue of AD-induced rats
compared to control rats brain cells, it has been found that
there was a signicant increase in MDA (181.54%) concomitant
with a signicant decrease in GSH (54.15%). Treatment of AD
Table 8 The effectiveness of compound 4c in reducing oxidative stress

Group/parameters MDA (mg per

Control 11.75 � 0.43
AD 33.08 � 2.10
% change 181.54
4c-AD treated 22.43 � 1.66
% change to disease 32.19
% improvement 90.64
Donepezil-AD treated 22.43 � 2.00
% change to disease 32.19
% improvement 90.64

a Data are expressed in seconds as mean± SD (n= 8). Groups with similar
signicantly different at p # 0.05.

© 2023 The Author(s). Published by the Royal Society of Chemistry
rats with the compound 4c showed noticeable ameliorations in
MDA and GSH, reaching 90.64 and 27.17%, respectively,
compared to the standard drug, which recorded improvement
percentages of 90.64% and 35.03% for MDA and GSH, respec-
tively (Table 8).

3.2.6. Effect of compound 4c on Bcl-2, Bax and Tau gene.
The present study also aimed to investigate the effect of the
compound 4c as on the expression of B-cell lymphoma-2 (Bcl-2),
Bcl-2-associated X protein (Bax), and tau genes in AlCl3-neuro-
toxicant rats (AD-group). The Bcl-2 family is intricately involved
in neuronal apoptosis; Bcl-2 is an important endogenous anti-
apoptotic gene, Bax is the most important pro-apoptotic gene
in this family and the ratio between these two genes plays a role
in the physiological state. Previous experiments have shown
in AD-induced ratsa

g tissues) GSH (mg per g tissues)

29.66 � 0.55
13.60 � 0.91
54.15
21.66 � 1.21
59.26
27.17
23.99 � 2.00
76.40
35.03

letters are not signicantly different, while those with different letters are
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Fig. 5 The expression alterations of Bcl-2 gene in brain samples of AD induced rats treated with compound 4c. Means with different superscripts
(a, b, c) between groups in the same treatment are significantly different at P < 0.05. Data are presented as mean ± SD.

Fig. 6 The expression alterations of Bax gene in brain samples of AD induced rats treated with the compound 4c. Means with different
superscripts (a, b, c) between groups in the same treatment are significantly different at P < 0.05. Data are presented as mean ± SD.
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that overexpression of tau genes can lead to increase toxicity in
neural cells, reduced Bcl-2 expression, increased Bax expres-
sion, and imbalanced Bax/Bcl-2 ratios, all of which undermine
the integrity of cell membranes.36–40

In the same line, we have found that AD rats exhibited down-
regulation of Bcl-2 expression and overexpression of the Bax and
Tau genes. However, AD rats treated with compound 4c showed
improved expression of Bcl-2 and reduced expression of Bax and
Tau genes (Fig. 5–7).

3.3. Molecular docking studies

In order to validate our rational design, compounds 4a–4d were
docked against the acetylcholine esterase enzyme. The crystal
structure of the acetylcholinesterase complex with donepezil
18504 | RSC Adv., 2023, 13, 18496–18510
(PDB: 1EVE) was used as a target for the molecular modelling
analysis.41,42 In order to validate the docking protocol, the native
ligand (donepezil) was re-docked using MOE. The self-docking
result showed that the RMSD value between the native ligand
and the re-docked pose #2 Å which indicated the reliability of
the docking protocol. The docking results of donepezil revealed
interactions between the di-methoxy phenyl group and Trp279,
while the phenyl group demonstrated an arene–arene interac-
tion with Trp84. The N atom of the piperidine ring showed
arene–cation interactions with Trp84 and Phe330. Hydrophobic
interactions were found between donepezil and Leu282, Phe288
and Phe290, and Phe331. Tyr121 showed hydrophilic interac-
tions with the carbonyl group (Fig. 8).
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 The expression alterations of Tau gene in brain samples of AD induced rats treated with the compound 4c. Means with different
superscripts (a, b, c) between groups in the same treatment are significantly different at P < 0.05. Data are presented as mean ± SD.

Fig. 8 Illustrated interaction of the native ligand (yellow stick) with amino acid residues (cyan stick), the protein is represented as a white cartoon.
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We studied the binding mode and the interactions between
the compounds 4a–4d and the active site of the enzyme.
Compounds 4a and 4b showed good binding modes within the
active site in comparison with the native ligand (Fig. 9a and 10a,
respectively). The two compounds nearly showed the same
binding mode with binding scores of−8.7 and−7.4 kcal mol−1,
respectively (Table 9). Compound 4a showed H-bonds with OH-
Tyr121 and OH-Tyr130 at a distance (2.5 and 3.2 Å), respectively.
The chromen and naphthalene moieties showed arene–arene
(p–p) interactions with Trp84 and Trp279, respectively. The
naphthalene moiety showed hydrophobic interactions with
© 2023 The Author(s). Published by the Royal Society of Chemistry
Phe331 and the hydrophobic part of Tyr334 (Fig. 9b). While
compound 4b showed a H-bond with OH-Tyr121 at a distance
3.1 Å, arene–arene interactions with Trp48 and Trp279. The
chromenmoiety showed hydrophobic interactions with Phe290,
Phe331, and Tyr334 (Fig. 10b).

Compound 4c, the most promising compound, showed the
best docking score (−9.1 kcal mol−1) and the best bindingmode
(Fig. 11a). Compound 4c showed H-bonds between C]O of
chromen and OH-Tyr130 at a distance of 2.5 Å and C]O of
acetohydrazide and Tyr121 at a distance 2.9 Å (Fig. 11b). The
chromen moiety showed arene–arene interactions with Trp84,
RSC Adv., 2023, 13, 18496–18510 | 18505
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Fig. 9 (A) Bindingmode of 4a (green, stick) and native ligand (brown, stick) within the active site. (B) Interactions of compound 4a (green) and key
residues (purple), H-bond was represented as a black-dotted line.

Fig. 10 (A) Binding mode of 4b (green, stick) and native ligand (brown, stick) within the active site. (B) Interactions of compound 4b (green) and
the key residues (purple), H-bond was represented as a black-dotted line.
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while the indene moiety showed arene–arene interactions with
Trp279 and showed hydrophobic interactions with Phe330,
Phe331 and Tyr 334 (Fig. 11b and Table 9).

Compound 4d showed a moderate binding mode (binding
score of −8.1 kcal mol−1) as the chromen moiety moved a little
away from the binding site (Fig. 12a). However, compound 4d
showed good interactions with the active site residue; the
oxygen atom of 4-(methyl-2-oxo-2H-chromen-7-yl)oxy formed
18506 | RSC Adv., 2023, 13, 18496–18510
a H-bond with OH-Tyr121 at distance (3 Å), and C]O of benzoic
acid formed a H-bond with Tyr130 at distance (2.2 Å) (Fig. 11b
and Table 9). The chromen moiety showed arene–arene inter-
actions with Trp279 and hydrophobic interactions with Phe330
and Phe 331.

In conclusion, the four compounds showed good binding
modes and nearly similar poses within the active site of the
cholinesterase enzyme. However, compound 4c showed the best
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 9 Results of molecular docking study of compounds 4a–4d within the active site of acetylcholine esterase

Compd no. Moieties from compounds Residue-ID Distance (Å) Type of interactions Score (kcal mol−1)

4a (1) Oxygen atom of 4-methyl-2-oxo-2H-
chromen-7-yl)oxy

OH-Tyr121 3.2 H-bond −8.7

(2) C]O of 4-methyl-2-oxo-2H-chromen
moiety

OH-Tyr130 2.5 H-bond

(3) Chromen moiety Trp84 p–p
(4) Naphthalene moiety Trp279 p–p

Phe331, Tyr334 Hydrophobic
4b (1) Oxygen atom of 4-methyl-2-oxo-2H-

chromen-7-yl)oxy
OH-Tyr121 3.1 H-bond −7.4
Trp279 p–p

(2) Chromen moiety Phe290, Phe331, Tyr334 Hydrophobic
(3) Oxoindoline moiety Trp84 p–p

4c (1) Carbonyl of 4-methyl-2-oxo-2H-
chromen-7-aryloxy

OH-Tyr130 2.5 H-bond −9.1

(2) C]O of acetohydrazide OH-Tyr121 2.9 H-bond
(3) Chromen moiety Trp84 p–p
(4) Indene moiety Phe330, Phe331, Tyr334 Hydrophobic

Trp279 p–p
4d (1) Oxygen atom of 4-methyl-2-oxo-2H-

chromen-7-yl)oxy
OH-Tyr121 3.0 H-bond −8.1

(2) Chromen Trp279 p–p
(3) C]O group of benzoic acid Phe330, Phe331, Tyr334 Hydrophobic
(4) Phenyl group of benzoic acid OH-Tyr130 2.2 H-bond

Trp84 p–p
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binding mode and the best binding score, which indicates the
stability of the compounds within the acetylcholine esterase
pocket. This result may explain the promising activity of 4c. All
compounds showed good interactions with Tyr121, Tyr130, and
hydrophobic residues Phe330 and Phe 331. Besides, the arene–
arene interactions with Trp84 and trp279.

3.3.1. Pharmacokinetics analyses. We studied the phar-
macokinetic prole of lead compound 4c. The compound
contains a 7-alkoxy coumarin moiety, which undergoes
Fig. 11 (A) Binding mode of 4c (green, stick) and native ligand (brown, st
the key residues (purple), H-bond represented as a black-dotted line.

© 2023 The Author(s). Published by the Royal Society of Chemistry
metabolism using liver microsomes. The microsomal enzyme
catalyzed the dealkylation of 7-alkoxy coumarin to 7-hydroxy-
coumarin in the presence of NADPH and molecular oxygen. In
the presence of NADPH and oxygen, the metabolite 7-hydrox-
ycoumarin is metabolized to unidentied metabolite(s) at a very
slow rate. The formation of the conjugate of 7-hydroxycoumarin
with glucuronic acid happens in the presence of UDPGA.43

The drug-likeness, Lipinski's, and ADM/Tox (absorption,
distribution, metabolism, and toxicology) properties of
ick) within the active site. (B) Interactions of compound 4c (green) and

RSC Adv., 2023, 13, 18496–18510 | 18507
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Fig. 12 (A) Binding mode of 4d (green, stick) and native ligand (brown, stick) within the active site. (B) Interactions of compound 4d (green) and
key residues (purple), H-bond represented as a black-dotted line.

Table 10 Drug likeness properties and Lipinski's rule of compound
4c a

Drug likeness parameters Compound 8

Smile [O+]]1c2c(CC]1c1nn(cc1C1]C(C#N)
C(]O)N(N)C(N)]C1C#N)-c1ccccc1)cccc2

MW 362.39
log Po/w 2.95
HBD 1
HBA 5
NRB 4
MR 102.39
TPSA 80.90 Å2

Lipinski Yes (no violation)
Bioavailability score 3.54
PAINS ltrate 0 alert
Synthetic accessibility 3.54

a MW = molecular weight, log Po/w = lipophilicity, HBD = hydrogen
bond donor, HBA = hydrogen bond acceptor, NRB = no. of rotatable
bonds, MR = molecular refractivity, SA = synthetic accessibility (from
1 (very easy) to 10 (very difficult)) TPSA = topological polar surface
area, good #140 Å2.

Table 11 Predicted pharmacokinetic properties (absorption, distribu-
tion, metabolism, and excretion) of compound 4c a

Absorption
Model name Predicted value
Water solubility −3.823 mol L−1

Human intestinal absorption (HIA) 92.5
Caco2 permeability 0.82 cm s−1

Skin permeability −2.69

Distribution
BBB permeability −0.21
CNS permeability −2.18

Metabolism
CYP1A2 inhibitor Yes
CYP2D6 inhibitor No
CYP3A4 substrate Yes

Excretion
Total clearance 0.87 mL min−1 kg−1

Renal OCT2 substrate No

a HIA = human intestinal absorption [0–20 (poor), 20–70 (moderate),
70–100 (well)], Caco2 = In vitro Caco2 cell permeability, SP = skin
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compound 4c were assessed using SwissADME, pkCSM,44 and
Data Warrior.

It was observed that compound 4c followed Lipinski's rule
(compound 4c showed molecular C log p < 5, molecular weight
#500, H-bonds acceptor <10, and H-bonds donor <5) and
showed total polar surface area = 80.90 Å2 which was #140 Å2.
These results indicate 4c has good oral bioavailability and
absorbance. Also, compound 4c passed the PAINS lter, and the
synthetic accessibility of 4c is 3.54, which means it is an easily
synthesized compound (Table 10).
18508 | RSC Adv., 2023, 13, 18496–18510
Table 11 summarized the absorption, distribution, metabo-
lism, and excretion of compound 4c. It was observed that
compound 4c has good human intestinal absorption (92.5%),
moderate Caco-2 permeability (0.82 cm s−1), and low skin
permeability, which indicates that compound 4c is not suitable
for transdermal preparations.

Cytochrome P450 is an important detoxication enzyme in
humans, many drugs are activated or inhibited by cytochrome
P450. It was found that compound 4c is a CYP1A2 and CYP2D6
inhibitor. At the same time, compound 4c is predicted to be
permeability, BBB = blood–brain barrier permeability.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 12 Predicted toxicity and reproductive effect by Data Warrior

Test
Carcinogenicity
(mouse)

Mutagen None
Tumorigenic None
Irritant None
Reproductive effect High
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deactivated by the CYP3A4 enzyme. The total clearance rate of
compound 4c is 0.87 mL min−1 kg−1. Toxicity evaluation of
compound 4c showed it is not tumorigenic, or mutagenic, and it
is not a skin irritant, which indicated it has a safe prole. Also, it
has a high reproductive effect.

In conclusion, compound 4c has good binding within the
active site, which is considered the most stable binding mode
among other compounds. Also, compound 4c showed the
lowest binding energy score. The pharmacokinetic prole
showed that it followed Lipinski's rule and had a good total
polar surface area value, which revealed its good oral bioavail-
ability. The pharmacokinetic prole of compound 4c showed its
high human intestinal absorption. The CYP3A4 enzyme is
responsible for the deactivation of compound 4c. Table 12
showed that compound 4c is not mutagenic, not tumorigenic,
and not an irritant. Fortunately, it revealed a safe toxicity
prole.

4. Conclusion

This study represents the design and synthetic pathway for the
synthesis of new 2-oxo-coumarin-7-oxymethylene acetohy-
drazide derivatives 4a–d. The chemical structures of the new
analogues were conrmed via IR, 1H-NMR, 13C-NMR, and Mass
spectra. The newly synthesized compounds were evaluated as
acetylcholinesterase (AChE) inhibitors and antioxidant agents
in comparison to donepezil and ascorbic acid, respectively, as
reference drugs. Compound 4c represented the most promising
AChE inhibitory impact, with an IC50 value of 0.802 mM and
DPPH scavenging activity of 57.14 ± 2.77%. Moreover, the
biochemical and haematological studies showed that
compound 4c produced an insignicant change in the blood
prole levels, the hepatic enzyme levels (AST, ALT, and ALP-1),
and the total urea between the control and 4c-treated rats.
Furthermore, normal architecture of hepatic lobules and
normal renal parenchyma, as well as no histopathological
damage in the examined hepatic, kidney, heart, and brain
tissues, were obtained by the histopathological studies in 4c-
treated rats. In addition, the T-maze test investigated that AD-
groups treated with 4c exhibited a remarkable reduction in
the time taken by the rats to reach food in comparison to
donepezil, with percentages of improvement reaching 148.37%
compared to the standard drug (181.70%). Also, 4c detectably
ameliorated MDA and GSH, reaching 90.64 and 27.17%,
respectively, in comparison to the standard drug, which recor-
ded improvement percentages of 90.64% and 35.03% for MDA
and GSH, respectively. Also, compound 4c increased the
expression of Bcl-2 gene and down-regulated the expression Bax
© 2023 The Author(s). Published by the Royal Society of Chemistry
and Tau genes in the brain samples of AD-induced rats treated
with compound 4c in a similar manner to that obtained by the
reference drug donepezil.

In silico studies showed that compound 4c has a promising
binding mode within the active site of acetylcholine esterase
and is considered the most stable binding mode among other
compounds 4a, 4b, and 4d. Also, compound 4c exhibited the
lowest binding energy score. In addition, the pharmacokinetic
prole showed that compound 4c followed Lipinski's rule,
revealing its good oral bioavailability, its high human intestinal
absorption, and that the CYP3A4 enzyme is responsible for the
deactivation of compound 4c. Compound 4c is not mutagenic,
not tumorigenic, and not an irritant. Fortunately, it revealed
a safe toxicity prole. Accordingly, the coumarin analogue 4c
could be considered a basic nucleus in the eld of drug
discovery for new multi-targeted directed ligands against
Alzheimer.
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