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Abstract

Alzheimer’s disease (AD) is now ranked as the third leading cause of death after heart disease and cancer. There is no definite
cure for AD due to the multi-factorial nature of the disease, hence, multi-target-directed ligands (MTDLs) have attracted
lots of attention. In this work, focusing on the efficient cholinesterase inhibitory activity of tacrine, design and synthesis of
novel arylisoxazole-tacrine analogues was developed. In vitro acetylcholinesterase (AChE) and butyrylcholinesterase (BChE)
inhibition assay confirmed high potency of the title compounds. Among them, compounds 71 and 7b demonstrated high
activity toward AChE and BChE with ICy, values of 0.050 and 0.039 pM, respectively. Both compounds showed very good
self-induced AP aggregation and AChE-induced inhibitory activity (79.4 and 71.4% for compound 71 and 61.8 and 58.6%
for compound 7b, respectively). Also, 71 showed good anti-BACEL1 activity with ICy, value of 1.65 uM. The metal chela-
tion test indicated the ability of compounds 71 and 7b to chelate biometals (Zn2+, Cu?*, and Fez+). However, they showed
no significant neuroprotectivity against Ap-induced damage in PC12 cells. Evaluation of in vitro hepatotoxicity revealed
comparable toxicity of compounds 71 and 7b with tacrine. In vivo studies by Morris water maze (MWM) task demonstrated
that compound 71 significantly reversed scopolamine-induced memory deficit in rats. Finally, molecular docking studies
of compounds 71 and 7b confirmed establishment of desired interactions with the AChE, BChE, and BACEI active sites.
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Graphic Abstract

71, ICs0 (AChE) = 0.050 pM
ICs (BChE) I= 0.413 pM
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Introduction

Alzheimer’s disease (AD) is a progressive and fatal neuro-
degenerative disorder, known as the main cause of dementia
in elderly population. It is usually characterized by the loss
of cognitive function and behavioral disturbances [1, 2].
Although some cases of AD have been observed before the
age of 65, old age is still a major risk factor as the number of
new cases of AD increases dramatically with age. Accord-
ing to the 2020 Alzheimer’s disease facts and figures, the
average annual incidence in people aged 65-74 is 0.4% and
it increases to 3.2% in people aged 75-84. And as for the
age demographic of 85 and older, the incidence is 7.6% [3].
Despite the tremendous efforts and financial expenditures
aimed at finding an efficient treatment for AD, no definite
cure has been found so far. Because AD is a multi-factorial
disease and single-targeted drugs usually do not work effi-
ciently [4, 5]. To date, autopsy studies and clinical diag-
nosis [6] have identified several factors responsible for the
onset and progression of AD [7]. Intracellular formation of
neurofibrillary tangles (NFTs) and neuropil threads (NTs)
resulting from abnormal hyperphosphorylation of tau pro-
tein are of great importance [8]. In addition, the aggregation
and extracellular deposition of amyloid beta (Ap) protein is
the main cause of plaque formation [9], which is usually cat-
alyzed by p-secretase 1 (BACE-1) [10], leading to activation
of cell death [11]. Also, metal-ion dysregulation has been
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known to interact with the AP peptide, trigging its aggrega-
tion and increasing toxicity [12]. Another important factor
in the creation of AD which is described by the cholinergic
hypothesis is associated with the reduction of acetylcholine
(ACh) levels in the brain, up to 90 percent [13, 14].

ACh is the main neurotransmitter of the parasympa-
thetic nervous system which is immediately hydrolyzed by
cholinesterases (ChEs), acetylcholinesterase (AChE) and
butyrylcholinesterase (BChE). AChE and BChE are serine
hydrolase, having similar three-dimensional structures but
have shown diverse catalytic actions. For example, they have
shown different substrate specificity and inhibitor sensitiv-
ity. In the case of hydrolysis of ACh, BChE usually plays
a supportive role when AChE exists in low concentrations
[15]. Despite the development of other theories, the cholin-
ergic theory has played a significant role in the treatment of
AD, since current FDA approved drugs such as donepezil,
rivastigmine, and galantamine are ChE inhibitors (ChEIs)
[16, 17] and development of both acetylcholinesterase and
butyrylcholinesterase inhibitors (AChEIs and BChEIs) have
been considered as a prominent strategy for the amelioration
of AD symptoms [15, 18].

As previously mentioned, single-targeted drugs have not
been completely successful in the treatment of AD and for
this reason, design of multi-targeted ligands (MTDLs) has
been in the center of attention in drug discovery research.
One of the design strategies is based on a core, possessing
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potent ChEI activity which is hybridized with different func-
tional groups, inducing different biological properties such
as A and BACEI inhibitory activity as well as metal chelat-
ing ability and neuroprotectivity [19].

Tacrine (1,2,3,4-tetrahydroacridin-9-amine) (Fig. 1) has
been removed from the market due to serious side effects
such as hepatotoxicity [20]; however, its structure has
remained as a versatile core in the design and synthesis of
MTDLs [21] as it is a strong ChE inhibitor, possessing high
affinity for desired interactions with enzymes active site.
In this respect, tacrine-isatins have shown efficient ChEI
activity in the nM range and among them, compound A
(ICsy (AChE)=0.42 nM, ICy, (BChE)=0.57 nM, Fig. 1)
showed significant capacity to chelate Fe?* ions [22].
Tacrine-1,2,4-thiadiazoles have been designed and synthe-
sized as potent multifunctional agents. In this series, com-
pound B exhibited the highest ChE inhibitory activity (ICs

(AChE)=0.431 uM, IC5, (BChE) =0.004 uM, Fig. 1) along
with the ability to scavenge free radicals [23]. Moreover, the
efficacy of substituted tacrine analogues has attracted lots
of attention since the presence of an appropriate substitu-
ent can lead to lower toxicity [24]. Compound C (Fig. 1),
a tacrine-pyrazolo[3,4-b]pyridine hybrid has shown potent
AChEI and BChEI activity with ICs, values of 0.12 and
0.045 pM, respectively [25].

Tacrine-1,2,3-triazole hybrids D and E (Fig. 1) also
depicted potent anti-ChE activity. The instructive point
comes back to the effect of the presence of CI on the tacrine
moiety. The inhibitory activity of compound D was indicated
by ICs, values of 0.52 and 0.05 pM toward AChE and BChE,
respectively. Elimination of CI (compound E) led to approxi-
mately a fourfold decrease in the AChEI activity; however,
compound E showed stronger BChEI activity by 37 times.
It should be noted that compound D showed remarkable
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Fig. 1 The structure of tacrine based compounds

ICso (AChE) = 0.52 uM
ICso (BChE) = 1.85 uM

ICs0 (AChE) = 2.00 uM
ICso (BChE) = 0.05 uM
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neuroprotective activity caused by H,0O, in distinguished
PC12 neuron cells [26].

Good results obtained by tacrine analogues possessing
efficient anti-AD activity encouraged us to develop synthe-
sis of novel tacrine-isoxazole hybrids as MTDLs. In this
respect, all synthesized compounds were evaluated for their
anti-ChE activity and the most potent compounds were can-
didate for complementary tests including in vitro self- and
AChE-induced AP aggregation inhibitory activity, anti-
BACEI activity, metal chelating ability, neuroprotectivity
against AB-induced damage in PC12 cells, and hepatotoxic-
ity as well as in vivo studies by Morris water maze (MWM)
task.

Methods and material

All chemicals and reagents were purchased from Merck
and Aldrich. Melting points were determined on a Kofler
hot stage apparatus and are uncorrected. The IR spectra
were obtained on a Nicolet Magna FTIR 550 spectrometer
(potassium bromide disks). NMR spectra were recorded on a
Bruker 500 spectrometer and chemical shifts were expressed
in 8 (ppm) with respect to tetramethylsilane as the internal
standard.

Chemistry
Synthesis of chlorotetrahydroacridines 3

A mixture of anthranilic acid derivative 1 (23 mmol) and
cyclohexanone 2 (25 mmol) was heated in POCIl; (20 mL)
for 3 h under reflux conditions. After completion of the reac-
tion (TLC control), the reaction mixture was diluted with
ethyl acetate, the excess POCl; was neutralized using a 20%
potassium carbonate solution, the organic phase was dried
over anhydrous sodium sulfate, and the solvent was reduced
under vacuum. The obtained product was purified through
flash chromatography on silica gel using petroleum ether/
ethyl acetate (9:1), yielding 70-80% of product [27, 28].

Synthesis of compounds 5

A mixture of chlorotetrahydroacridine derivative 3 (2 mmol)
and phenol (1 mmol) was heated under reflux conditions at
150° C for 30 min. Ethylene diamine 4 (2 mmol) was then
added dropwise to the mixture and the reaction was contin-
ued at the same conditions for 3 h. After completion of the
reaction (TLC control), it was cooled to room temperature,
extracted by chloroform, and washed three times using 3%
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KOH solution. It was then dried over anhydrous sodium sul-
fate and the solvent was evaporated under vacuum. The oily
product was obtained with a yield of 60-70% [28].

General procedure for the preparation
of tacrine-arylisoxazoles hybrids 7a-I

A mixture of isoxazole-3-carboxylic acid derivative 6
(1 mmol), 1-ethyl-3-(3-dimethylaminopropyl)carbodiim-
ide (EDCI) (1.1 mmol), and hydroxybenzotriazole (HOBT)
(1 mmol) in dry acetonitrile (10 mL) was stirred at room
temperature for 1 h. Then, the corresponding derivative 5
(1 mmol) was added and the reaction was continued for
24-48 h at room temperature. After completion of reaction
(TLC control), the mixture was extracted using chloroform,
and washed with a 10% NaHCOj; solution, 10% citric acid
solution, and brine, respectively. The organic phase was then
dried over anhydrous sodium sulfate and the solvent was
removed under vacuum to obtain pure solid product [29].

5-(4-Fluorophenyl)-N-(2-((1,2,3,4-tetrahydroacri-
din-9-yl)amino)ethyl)isoxazole-3-carboxamide (7a)

Yield: 55%. Mp: 114-116 °C. IR (KBr): 3395, 3122,
2939, 2872, 1661, 1636, 1588, 1511, 1445 cm™'. 'H NMR
(DMSO-dy, 500 MHz) 8 (ppm): 9.15 (t, J=6.0 Hz, 1H, NH),
8.49 (d, /=8.0 Hz, 1H, Hy), 8.00-7.95 (m, 3H, Hs, Hy, NH),
7.86 (d, J=8.0 Hz, 2H, H,’, Hy’), 7.52 (t, J=8.0 Hz, 1H,
H,), 7.40 (t, /=8.0 Hz, 2H, H5’, Hs5’), 7.35 (s, 1H, isoxazole),
4.09-4.06 (q, /=6.0 Hz, 2H, CH,), 3.67-3.64 (q, /=6.0 Hz,
2H, CH,), 3.00-2.99 (m, 2H, H,), 2.70-2.69 (m, 2H, H,),
1.82-1.81 (m, 4H, H,, H,). BCNMR (DMSO-dg, 125 MHz)
o (ppm):169.6, 164.4,162.4, 160.2 (J - p=250.0 Hz), 159.3,
156.1, 150.7, 137.8, 132.5, 128.3, 125.1, 122.9, 119.1, 116.5
(J cp=12.5Hz), 115.7, 111.6, 99.6, 46.7, 40.1, 27.9, 23.9,
21.4,20.2. Anal. calcd. for C,sH,5FN,0O,: C, 69.75; H, 5.39;
N, 13.02. Found: C, 69.52; H, 5.26; N, 12.90.

5-(4-Chlorophenyl)-N-(2-((1,2,3,4-tetrahydroacri-
din-9-yl)amino)ethyl)isoxazole-3-carboxamide (7b)

Yield: 50%. Mp: 117-119 °C. IR (KBr): 3389, 3122,
2940, 2871, 1661, 1636, 1584, 1522, 1444 cm™'. '"H NMR
(DMSO-dy, 500 MHz) & (ppm): 9.10 (bs, 1H, NH), 8.47
(d, J=8.0 Hz, 1H, Hy), 7.95 (d, J=7.5 Hz, 2H, H,’, Hy"),
7.95-7.74 (m, 2H, Hs, NH), 7.77-7.76 (m, 1H, Hy), 7.63
(d, J=7.5 Hz, 2H, Hy’, Hy), 7.59-7.58 (m, 1H, H,), 7.39
(s, 1H, isoxazole), 4.08—4.06 (m, 2H, CH,), 3.66-3.65 (m,
2H, CH,), 2.97-2.96 (m, 2H, H,), 2.71-2.70 (m, 2H, H,),
1.83-1.82 (m, 4H, H,, H;). *C NMR (DMSO-dj, 125 MHz)
& (ppm):169.9, 164.4, 162.1, 159.9, 155.4, 147.5, 145.8,
136.1, 132.2, 130.0, 127.4, 125.0, 122.5, 119.7, 115.1,



Molecular Diversity (2022) 26:409-428

413

111.5,99.8, 52.0, 40.0, 24.4, 21.8, 20.7, 20.3. Anal. calcd.
for C,5H,;CIN,O,: C, 67.19; H, 5.19; N, 12.54. Found: C,
67.42; H, 4.83; N, 12.81.

5-(4-Bromophenyl)-N-(2-((1,2,3,4-tetrahydroacri-
din-9-yl)amino)ethyl)isoxazole-3-carboxamide (7c)

Yield: 50%. Mp: 115-118 °C. IR (KBr): 3397, 3121,
2940, 2870, 1663, 1635, 1582, 1538, 1445 cm™'. 'H NMR
(DMSO-d,, 500 MHz) & (ppm): 9.14 (bs, 1H, NH), 8.48 (d,
J=8.0Hz, 1H, Hy), 7.92 (d, J=8.0 Hz, 1H, Hy), 7.88-7.74
(m, 4H, Hy, H,’, Hy’, NH), 7.77 (d, J=8.0 Hz, 2H, Hy’,
Hy’), 7.58 (t, J=8.0 Hz, 1H, H;), 7.41 (s, 1H, isoxazole),
4.10-4.08 (m, 2H, CH,), 3.67-3.65 (m, 2H, CH,), 3.01-2.99
(m, 2H, H,), 2.70-2.69 (m, 2H, H,), 1.82-1.81 (m, 4H, H,,
H,). *C NMR (DMSO-d,, 125 MHz) & (ppm): 170.0, 163.2,
162.1, 159.5, 154.5, 148.5, 145.1, 135.9, 133.0, 130.5,
127.7, 125.0, 123.5, 119.6, 116.2, 111.2, 99.9, 51.8, 40.3,
24.4,21.7, 20.5, 20.0. Anal. calcd. for C,5H,;BrN,O,: C,
61.11; H, 4.72; N, 11.40. Found: C, 60.89; H, 4.78; N, 11.24.

5-Phenyl-N-(2-((1,2,3,4-tetrahydroacridin-9-yl)
amino)ethyl)isoxazole-3-carboxamide (7d)

Yield: 55%. Mp: 100-103 °C. IR (KBr): 3399, 3123,
2933, 2863, 1661, 1635, 1576, 1542, 1443 cm™'. '"H NMR
(DMSO-d,, 500 MHz) & (ppm): 9.80 (bs, 1H, NH), 9.15
(d, J=7.5 Hz, 1H, Hy), 8.59-8.52 (m, 5H, H, H¢, H,", H',
NH), 8.23-8.21 (m, 4H, H,, Hy", H,”, Hy"), 8.02 (s, 1H, isox-
azole), 4.74-4.73 (m, 2H, CH,), 4.34—4.33 (m, 2H, CH,),
3.66-3.65 (m, 2H, H,), 3.38-3.37 (m, 2H, H,), 2.52-2.50
(m, 4H, H,, H;). *C NMR (DMSO-d,, 125 MHz) § (ppm):
170.5, 164.4, 159.2, 156.0, 150.9, 147.5, 136.1, 132.5, 131.0,
129.3, 126.2, 125.7, 125.0, 119.3, 115.8, 111.7, 99.8, 46.8,
40.0, 28.0, 23.9, 21.4, 20.3. Anal. calcd. for C,5H,,N,0,: C,
72.80; H, 5.86; N, 13.58. Found: C, 72.56; H, 5.49; N, 13.28.

N-(2-((1,2,3,4-Tetrahydroacridin-9-yl)amino)
ethyl)-5-(p-tolyl)isoxazole-3-carboxamide (7e)

Yield: 55%. Mp: 102-104 °C. IR (KBr): 3379, 3130,
2941, 2870, 1660, 1634, 1586, 1518, 1446 cm™'. '"H NMR
(DMSO-d,, 500 MHz) & (ppm): 9.10 (t, J=6.0 Hz, I H, NH),
8.47 (d, J=8.0 Hz, 1H, Hy), 7.91-7.85 (m, 2H, Hs, NH),
7.83-7.80 (m, 3H, Hy H,’, Hy’,), 7.58-7.57 (m, 1H, H,),
7.36 (d, J=8.0 Hz, 2H, Hy’, Hy"), 7.25 (s, 1H, isoxazole),
4.07-4.05 (m, 2H, CH,), 3.66-3.63 (m, 2H, CH,), 2.98-2.96
(m, 2H, H,), 2.71-2.68 (m, 2H, H,), 2.38-2.37 (m, 4H, H,,
H,), 1.83 (s, 3H, CH;). '*C NMR (DMSO-d;, 125 MHz)
S (ppm): 169.8, 161.5, 159.9, 154.1, 148.0, 144.7, 143.1,
140.2, 138.4, 134.0, 131.8, 130.2, 129.1, 127.7, 125.0,
118.4, 116.1, 48.8, 40.3, 29.1, 24.0, 21.7, 20.5, 20.0. Anal.

calcd. for C,4H,cN,O,: C, 73.22; H, 6.14; N, 13.14. Found:
C,73.05; H,5.89; N, 12.93.

5-(3-Methoxyphenyl)-N-(2-((1,2,3,4-tetrahydroacri-
din-9-yl)amino)ethyl)isoxazole-3-carboxamide (7f)

Yield: 65%. Mp: 105-107 °C. IR (KBr): 3382, 3127,
2928, 2863, 1661, 1635, 1574, 1525, 1460 cm™'. '"H NMR
(DMSO-d, 500 MHz) & (ppm): 9.07 (bs, 1H, NH), 8.46 (d,
J=8.0 Hz, 1H, Hy), 7.84-7.80 (m, 3H, Hs, H, H,), 7.58 (bs,
1H, NH), 7.50-7.45 (m, 3H, H,’, Hs’, Hy"), 7.37 (s, 1H, isox-
azole), 7.10 (s, 1H, H,’), 4.10-4.08 (m, 2H, CH,), 3.84 (s,
3H, OCH,), 3.65-3.63 (m, 2H, CH,), 2.99-2.98 (m, 2H, H,),
2.71-2.69 (m, 2H, H,), 1.87-1.85 (m, 4H, H,, H;). 3*C NMR
(DMSO-d,, 125 MHz) & (ppm): 171.0, 165.5, 161.8, 160.2,
159.4, 155.7, 150.1, 139.2, 137.0, 131.8, 127.7, 125.9,
124.1,122.6, 119.1, 116.3, 114.7, 111.4, 99.7, 54.5, 46.3,
40.0, 28.0, 24.1, 21.5, 20.3. Anal. caled. for C,qH,N,O;: C,
70.57; H, 5.92; N, 12.66. Found: C, 70.73; H, 6.02; N, 13.01.

5-(4-Nitrophenyl)-N-(2-((1,2,3,4-tetrahydroacri-
din-9-yl)amino)ethyl)isoxazole-3-carboxamide (7g)

Yield: 40%. Mp: 121-123 °C. IR (KBr): 3237, 3079, 2936,
1673, 1543, 1522, 1449, 1425, 1345, 1313 cm™!. '"H NMR
(DMSO-d,, 500 MHz) & (ppm): 9.13 (bs, 1H, NH), 8.38
(d, J=8.0 Hz, 2H, H;’", Hy"), 8.21 (d, J=8.0 Hz, 2H, H,’,
Hg’), 7.66 (s, 1H, isoxazole), 7.62-7.58 (m, 2H, Hg NH),
7.48-7.34 (m, 3H, Hs, Hg, H;), 4.27-4.26 (m, 2H, CH),),
4.10-4.03 (m, 2H, CH,), 3.11-3.07 (m, 2H, H,), 2.89-2.75
(m, 2H, H,), 2.06-1.97 (m, 4H, H,, H;). 1*C NMR (DMSO-
dg, 125 MHz) & (ppm): 168.1, 162.8, 159.7, 157.8, 150.9,
145.5, 143.7, 137.5, 135.4, 131.1, 128.8, 127.0, 125.5,
117.6, 112.5, 111.0, 124.5, 50.5, 40.1, 29.1, 26.1, 22.5, 21.1.
Anal. calcd. for C,sHy3NsO,: C, 65.64; H, 5.07; N, 15.31.
Found: C, 65.37; H, 4.87; N, 15.04.

N-(2-((6-Chloro-1,2,3,4-tetrahydroacridin-9-yl)
amino)ethyl)-5-(4-fluorophenyl)isoxazole-3-carbox-
amide (7h)

Yield: 50%. Mp: 125-127 °C. IR (KBr): 3333, 3050, 2940,
1673, 1632, 1578, 1506, 1446 cm™'. '"H NMR (DMSO-d,,
500 MHz) & (ppm): 9.1 (bs, 1H, NH), 8.51 (d, /J=8.5 Hz,
1H, Hy), 8.04 (s, 1H, Hy), 8.02-7.94 (m, 3H, H,’, Hy’, NH),
8.57 (d, J=8.5 Hz, 1H, H,), 7.42-7.38 (m, 2H, Hy’, Hy"),
7.35 (s, 1H, isoxazole), 4.10-4.06 (m, 2H, CH,), 3.66-3.65
(m, 2H, CH,), 2.99-2.97 (m, 2H, H,), 2.68-2.67 (m,
2H, H,), 1.83-1.81 (m, 4H, H,, H;). 3*C NMR (DMSO-
dg, 125 MHz) & (ppm): 169.4, 164.5, 162.2, 160.0 (J
cr=250.2 Hz), 159.3, 156.4, 150.2, 143.1, 137.5, 134.0,
132.5, 128.7, 125.5, 122.8, 118.9, 116.0 (J o= 12.5 Hz),
99.6, 46.75, 40.10, 27.9, 23.9, 21.4, 20.2..Anal. calcd. for
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C,sH,,CIFN,O,: C, 64.59; H, 4.77; N, 12.05. Found: C,
64.23; H, 4.69; N, 11.89.

N-(2-((6-Chloro-1,2,3,4-tetrahydroacridin-9-yl)
amino)ethyl)-5-(4-chlorophenyl)isoxazole-3-carbox-
amide (7i)

Yield: 55%. Mp: 120-122 °C. IR (KBr): 3338, 3050, 2941,
1673, 1632, 1577, 1519, 1444 cm™!. '"H NMR (DMSO-
dy, 500 MHz) & (ppm): 9.12 (t, J=6.0 Hz, 1H, NH), 8.50
(d, J=9.5 Hz, 1H, Hy), 7.98-7.96 (m, 2H, H5, NH), 7.94
(d, /=8.0 Hz, 2H, H,’, Hy’), 7.62 (d, J=8.0 Hz, 2H, H;’,
Hy’), 7.58 (d, J=9.5 Hz, 1H, H;), 7.39 (s, 1H, isoxazole),
4.08-4.04 (m, 2H, CH,), 3.66-3.62 (m, 2H, CH,), 2.98-2.96
(m, 2H, H,), 2.67-2.65 (m, 2H, H,), 1.84-1.82 (m, 4H, H,,
H,). *C NMR (DMSO-d,, 125 MHz) & (ppm): 169.5, 164.5,
159.9, 156.8, 150.7, 147.2, 144.4, 143.1, 140.6, 138.9,
135.1, 132.1, 130.3, 129.1, 125.5, 118.6, 116.1, 46.5, 40.3,
28.6, 23.0, 21.7, 20.2. Anal. calcd. for C,sH,,C1,N,0O,: C,
62.38; H,4.61; N, 11.64. Found: C, 62.12; H, 4.28; N, 11.55.

N-(2-((6-Chloro-1,2,3,4-tetrahydroacridin-9-yl)
amino)ethyl)-5-phenylisoxazole-3-carboxamide (7j)

Yield: 65%. Mp: 114-117 °C. IR (KBr): 3381, 3064, 2927,
1661, 1635, 1574, 1524, 1459 cm™!. 'H NMR (DMSO-dj,
500 MHz) & (ppm): 9.11 (bs, 1H, NH), 8.51 (d, J=9.0 Hz,
1H, Hy), 8.03-7.99 (m, 2H, Hs, NH),7.92-7.90 (m, 2H,
H,’, Hy’), 7.59-7.54 (m, 4H, H,, Hy’, H,’, Hy’), 7.33 (s,
1H, isoxazole), 4.07-4.06 (m, 2H, CH,), 3.65-3.64 (m,
2H, CH,), 2.97-2.96 (m, 2H, H,), 2.67-2.66 (m, 2H, H,),
1.82-1.80 (m, 4H, H,, H). BC NMR (DMSO-dy, 125 MHz)
o (ppm): 169.0, 162.3, 162.0, 159.9, 153.5, 147.7, 144.5,
136.5, 134.2, 131.1, 130.2, 125.1, 124.9, 118.2, 116.2,
115.8, 99.5, 46.2, 40.1, 28.6, 23.9, 21.4, 20.2.Anal. calcd.
for C,5sH,;CIN,O,: C, 67.19; H, 5.19; N, 12.54. Found: C,
66.95; H, 4.89; N, 12.68.

N-(2-((6-Chloro-1,2,3,4-tetrahydroacridin-9-yl)
amino)ethyl)-5-(p-tolyl)isoxazole-3-carboxamide
(7k)

Yield: 45%. Mp: 110-112 °C. IR (KBr): 3270, 2941, 1664,
1577, 1508, 1445 cm™'. "TH NMR (DMSO-d,, 500 MHz) &
(ppm): 9.08 (bs, 1H, NH), 8.50 (d, /J=9.5 Hz, 1H, Hy), 8.05
(bs, H, NH), 7.93 (s, 1H, Hy), 7.94 (d, J=7.5 Hz, 2H, H,’,
Hy), 7.60 (d, J=9.5 Hz, 1H, H;), 7.35 (d, J=7.5 Hz, 2H,
H;’, Hy’), 7.26 (s, 1H, isoxazole), 4.07-4.05 (m, 2H, CH,),
3.98-3.95 (m, 2H, CH,), 2.82-2.81 (m, 2H, H,), 2.67-2.66
(m, 2H, H,), 2.37 (s, 3H, CH,), 1.80-1.77 (m, 4H, H,, H;).
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13C NMR (DMSO-d;, 125 MHz) & (ppm): 169.7, 161.9,
159.9, 153.8, 147.8, 144.4, 143.1, 140.6, 138.9, 134.3,
131.1, 130.2, 129.6, 128.7, 125.1, 118.6, 116.1, 46.8, 40.1,
28.0, 23.9, 21.4, 20.6, 20.0.Anal. calcd. for C,sH,sCIN,O,:
C, 67.75; H, 5.47; N, 12.15. Found: C, 67.52; H, 5.38; N,
11.81.

N-(2-((6-Chloro-1,2,3,4-tetrahydroacridin-9-yl)
amino)ethyl)-5-(3-methoxyphenyl)isoxazole-3-car-
boxamide (71)

Yield: 50%. Mp: 118-120 °C. IR (KBr): 3255, 3064,
2938, 1665, 1633, 1576, 1437 cm™'. 'H NMR (DMSO-dj,
500 MHz) & (ppm):): 9.10 (t, J=6.0 Hz, 1H, NH), 8.49 (d,
J=9.0 Hz, 1H, Hy), 7.98 (s, 1H, Hy), 7.94-7.92 (bs 1H,
NH), 7.56 (d, J=9.0 Hz, 1H, H,), 7.47-7.44 (m, 2H, Hy,
Hg’), 7.39-7.38 (m, 2H, H,’, isoxazole), 7.09 (d, /J=7.0 Hz,
1H, H,"), 4.05-4.04 (m, 2H, CH,), 3.83 (s, 3H, OCH,),
3.64-3.63 (m, 2H, CH,), 2.96-2.95 (m, 2H, H,), 2.66-2.65
(m, 2H, H,), 1.81-1.79 (m, 4H, H,, H;). *C NMR (DMSO-
dg, 125 MHz)3 (ppm): 170.4, 164.2, 162.9, 159.7, 159.2,
156.0, 150.6, 139.0, 132.4, 127.4, 125.4, 124.1, 122.2,
121.0, 117.9, 116.8, 115.4, 110.8, 100.4, 55.4, 46.8, 39.8,
27.1, 24.4, 21.3, 20.2.Anal. calcd. for C,4H,sCIN,O;: C,
65.47; H, 5.28; N, 11.75. Found: C, 65.33; H, 5.03; N, 12.01.

Biological activity
Cholinesterase inhibitory activity

Acetylcholinesterase (AChE, E.C. 3.1.1.7, Type V-S, lyophi-
lized powder, from electric eel, 1000 unit), butyrylcholinest-
erase (BChE, E.C. 3.1.1.8, from equine serum), acetylthi-
ocholine iodide (ATCI), and 5,5-dithiobis-(2-nitrobenzoic
acid) (DTNB) were purchased from Sigma-Aldrich. Potas-
sium dihydrogen phosphate, dipotassium hydrogen phos-
phate, potassium hydroxide, and sodium hydrogen carbonate
were obtained from Fluka.

The in vitro cholinesterase inhibitory activity of all syn-
thesized compounds 7a-1 was studied using the modified
Ellman’s method, exactly according to our previous studies
[30-32]. For this purpose, synthesized compounds 7a-1 were
dissolved in DMSO (1 mL) and diluted with a mixture of
DMSO and methanol to achieve desired concentrations of
the test compounds and obtain final ratio of 50/50 DMSO/
methanol. Each well contained 50 pL potassium phosphate
buffer (KH,PO,/ K,HPO,, 0.1 M, pH 8), prepared sample
as described above (25 pL), AChE (25 pL) with final con-
centration of 0.22 U/mL in buffer. They were preincubated
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for 15 min at room temperature, and then DTNB (3 mM in
buffer) (125 pL) was added. Characterization of hydrolysis
of ATCI catalyzed by the AChE, was spectrometrically per-
formed at 405 nm following with the addition of substrate
(ATCI, 3 mM in water). After 15 min, the change in the
absorbance was measured at 405 nm. A control experiment
was performed under the same conditions without inhibi-
tor, containing buffer, water, DTNB, and substrate.The ICs,
values were graphically determined using inhibition curves.
BChE inhibition assay was performed in the same described
method. For all synthesized compounds, four different con-
centrations were tested in triplicate, to obtain an appropriate
range of 20-80% inhibition for both enzymes.

Kinetic studies

Kinetic studies were carried out for the inhibition of AChE
and BChE, respectively by compounds 71 and 7b accord-
ing to the Ellman’s method used for the inhibition assay,
using various concentrations of inhibitors [32]. For the
kinetic study on the inhibition of AChE, compound 71 was
used at the concentrations of 0, 0.01, 0.05, and 0.1 pM. The
Lineweaver—Burk reciprocal plot was constructed by plotting
1/V against 1/[S] at variable concentrations of the substrate
acetylthiocholine (187.5, 750, 1500, 3000 uM). The inhibi-
tion constant Ki was calculated by the plot of slopes versus
the corresponding concentrations of compound 71. The same
method was performed for the kinetic study on the inhibition
of BChE using different concentrations of compound 7b (0,
0.01, 0.04, and 0.08 uM) and butyrylthiocholine (187.5, 750,
1500, 3000 uM).

Investigation of beta-secretase (BACE1)
inhibitory effects

The BACE-1 inhibitory activity was studied via a fluores-
cence resonance emission transfer (FRET) method. The used
kit consisted of BACE1 enzyme and APP peptide-based sub-
strate (Rh-EVNLDAEFK- quencher) and the evaluation was
performed according to our previous study [32].

Inhibition of AChE-induced and self-induced
AB aggregation

The test was performed against AP, 4, aggregation and
AChE-induced Af,_,, peptide aggregation using the Thi-
oflavin T (ThT) assay according to our previous work [33].

Neuroprotection effect against AB-induced
damage

The neuroprotectivity assay for protecting neuronal PC12
cells against AB,s—;5 induced damage was examined accord-
ing to our previous report [34].

Hepatoxicity

To evaluate the effect of selected compounds on cell viability,
the MTT assay was performed using HepG2 cell line [32].

Metal chelating studies

To study the metal chelating ability of selected compounds,
a mixture of the methanolic solutions of the related com-
pound (1 mL) and metal ion (1 mL) with the same final con-
centrations of 20 uM was incubated at room temperature for
30 min in a quartz cuvette. The absorption spectra were then
recorded in the range of 200-600 nm [29] and compared with
those spectra obtained from compounds alone.

Molecular docking evaluation

Interactions between selected derivatives and studied enzymes
were investigated by in silico molecular docking to explore
the preferred orientation of the ligands in the corresponding
receptors’ binding site. The crystal structures of AChE (PDB
code: 4ey7), BChE (PDB code: 4bds), and BACE1 (PDB
code: 1w51) were downloaded from the Protein Data Bank.
Before screening the most potent compounds, the dock-
ing protocol was validated. The structure of cognate ligands
(known potent compounds) were sketched using Hyperchem
software and minimized with molecular mechanics MM* and
AMI1 methods. All the water molecules and the co-crystallized
ligands were removed from the enzyme structures. Polar hydro-
gens and gasteiger charges were assigned to the structures with
AutoDockTools1.5.2 (ADT) and the PDBQT file format was
prepared. ADT was used to select a docking grid and the param-
eters for the X, Y, Z grid dimensions were defined as 60 by 60
by 60 A°. AutoDock 4.2 was applied with a total of 100 runs
that were carried out with a population size of 150 individuals,
a maximum of 25 million energies evaluations, a maximum of
270,000 generations, a gene mutation rate of 0.01, and a crosso-
ver rate of 0.8 [35]. After validation of protein—ligand perfor-
mance, the structure of selected compounds were sketched, min-
imized, and docked with the validated method [36]. Schematic
3D representations of the ligand-receptor interactions were
generated using Discovery Studio Visualizer software programs.
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In vivo memory evaluation using the Morris
water maze (MWM) test

Ethical considerations

The Ethics Committee of Tehran University of Medical Sci-
ences approved this research by the code IR. TUMS.TIPS.
REC.1398.091 in 2019.

Drugs and animals

The required drugs including scopolamine hydrobromide
and donepezil hydrochloride were purchased from Sigma
and dissolved in saline as a carrier for the drugs. Com-
pound 71 was dissolved in 20% polyethylene glycol (PEG-
400) as a carrier.

Rats (Male Albino Wistar) with an average weight of
80-120 g were obtained from the Faculty of Pharmacy,
Tehran University of Medical Sciences. They were ran-
domly divided into several experimental groups. Their
12 h sleep and wake cycle was maintained and food and
water were placed in their special place. Room tempera-
ture was maintained between 25 +2 °C. The method of
handling animals in our laboratory is approved by the Eth-
ics Committee for Animal Behavior.

Morris water maze

The Morris water maze is a water tank with a diameter of
136 cm and a depth of 35 cm. The maze is hypothetically
divided into four equal parts, and a 10 cm diameter fiber-
glass escape platform is placed in one of the four sections,
1 cm below the water surface and cannot be seen from the
outside. The water temperature is set at 25° C. The maze
is placed in a room with various spatial signs, fixed during
the tests and visible to the animal in the maze. The set is
monitored by a tracker camera, located above the center of
the water maze, and the test related information is stored
using the Ethovision software. The choice of starting loca-
tion is random. Simultaneously with releasing the animal
into the water, the start button of the program is pressed
and the program starts recording the behavior of the ani-
mal inside the maze. The maximum time allowed for the
animal to find the platform is 90 s.

If the animal is unable to find the platform during the
time (usually seen in the early days), it will be guided to
the platform after the program is stopped and allowed to
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stand there for 15 s. During the 15 s, the animal remem-
bers its position in the tank according to the position
of the platform and the signs installed in the room. If
the animal finds the platform by any means (acciden-
tally or by using the signs) before the end of 90 s, the
recording will be stopped as soon as the animal stands
on the platform and it will be given 15 s to remember
the signs. Rats are taught for 4 consecutive days, 4 times
a day from 4 different random directions in the water
maze. In this stage, the learning process of the animal is
studied based on the time and distance traveled to find
the platform.

On the fifth day after the training tests, a probe trial
is performed. After removing the platform, the animal is
randomly released inside the maze from one of the direc-
tions. The test is based on the assumption that the animal
remembers the location of the platform, and must spend
most of its time in the quarter where the platform was
located. If this result is obtained, it will be clear that the
animal did not accidentally find the platform, but it has
determined the position of the platform based on the evi-
dence and the signs in the room. This step is repeated
once for each animal, for 90 s, and the duration of the
time elapsed in the target quarter, where the platform was
located, is a criterion of measuring the animal’s memory
and learning abilities.

Experimental groups

In this study, five groups each consisting of 7 rats: control,
scopolamine, synthesized compound at different concentra-
tions plus scopolamine, and donepezil as positive control
were investigated. All injections were done intraperitoneal
and were given 30 min before the test. In the synthesized
compound group, the compound was injected 1 h before the
start of the test and the scopolamine was injected 30 min
before the start of the test. For each group, the duration and
distance traveled to find the platform and the speed of swim-
ming in the first 4 days of training were recorded. On day
5 (probe day), the time elapsed in the target quarter where
the platform was located, was used to measure the animal’s
memory.

Control group

The rats in this group received normal saline (5 mL/kg)
30 min before the test during the first 4 learning days.
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Scopolamine group

This group of rats received scopolamine hydrobromide
(4 mg/kg) 30 min before the test in the first 4 days of
learning.

Synthesized compound group

Compound 71 at different doses and scopolamine (4 mg/
kg) was given to the animals 60 and 30 min before the test,
respectively, in the first 4 learning days.

Donepezil group (positive control)
The rats in this group received donepezil (2.5 mg/kg) and

scopolamine (4 mg/kg) 60 and 30 min before the test,
respectively, in the first 4 days of learning.

(Cch,fsfngfist‘)’r ChE inhibitor (CAS, PAS)
ChE inhibitor ChE inhibitor

MG ) ICso (AChE) = 16.82 uM
ICso (BChE) = 0.32 uM

ICso (AChE) = 0.90 pM

IC BChE) = 31.20 uM
50 ( ) u NH,

=

NS
N

Tacrine

BACE1 inhibitor

Statistical analysis

The results were evaluated using the “one way anova”
method, followed by a statistical comparison of “Bonfer-
roni” and “Newman-Keuls”. Prism software version 6.0 was
also used.

Results and discussion
Design of target compounds

To design novel multi-targeted tacrine analogues (Fig. 2),
tacrine moiety was maintained as the main core and it was
tried to incorporate a potent heterocyclic scaffold linked to
tacrine moiety as heterocycles have shown versatile ChEI
activity [37]. In this regard, isoxazole derivatives were
selected based on our previous studies [29, 31, 38—40].
As can be seen in Fig. 2, compound F demonstrated good
and selective AChEI activity (IC5,=0.90 pM), however,
it inhibited BChE with ICs, value of 31.20 uM [31]. In
addition, compound G showed good and selective activity

ChE inhibitor (CAS, PAS)
Metal chelator
NBr Neuroprotective
ChE inhibitor

IC50 (AChE) = 1.23 uM
No BChEI activity

Hybridization

N

=

oy
H

Fig.2 Design of target compounds

e
Designed compounds
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toward BChE (IC5,=0.32 uM) and depicted lower activ-
ity toward AChE (IC5,=16.82 pM). It also possessed
negligible BACE] inhibitory activity and neuroprotectiv-
ity [40]. Compound H showed selective AChEI activity
(IC5,=1.23 pM) and it was completely inactive against
BChE. It also could inhibit BACE1 by 48.46% at 50 uM
and moderate neuroprotectivity. Compound H was able to
chelate Zn**, Fe?*, and Cu®* ions [30]. Apart from isoxa-
zole moiety, the presence of the amide moiety (Fig. 2) has
also been found as an important linker which is prone to
construct desired interactions with the active site backbone
and able to chelate metal ions.

Chemistry

Synthesis of tacrine analogues 7 has been schematically
explained in Scheme 1. Initially, different derivatives of
anthranilic acid 1 and cyclohexanone 2 reacted in POCI, for
3 h under reflux conditions to afford chlorotetrahydroacri-
dine derivative 3 [27]. Then, reaction of compound 3 and
ethane-1,2-diamine 4 at reflux for 4 h led to the nucleo-
philic reaction of the amine and formation of compound 5
[28]. Finally, reaction of various derivatives of isoxazole-
3-carboxylic acid 6 and compound 5 in dry acetonitrile, in
the presence of EDCI and HOBT at room temperature for
24-48 h [29] gave the title compounds 7.

Anti-cholinesterase activity

All synthesized compounds 7a-1 were tested in vitro through
the modified Ellman’s method comparing with tacrine and
donepezil as the reference drugs. Tacrine was selected as
the positive control to compare the potency of synthesized
hybrids based on structural similarity. For each compound,

Scheme 1 Synthesis of tacrine

50% inhibitory concentration (ICs;) was determined and
reported in Table 1. According to the presence or absence
of the chlorine substitution in compounds 7, they were clas-
sified into two categories depending on the (i) absence and
(i) presence of Cl at 6- position of acridine moiety (7a-g
and 7 h-l).

In the case of AChEI activity, the most potent compounds
71 and 7i with ICy, values of 0.050 and 0.052 uM belonged
to the second category. These compounds have different sub-
stituents on the aryl ring connected to the isoxazole moiety,
compound 71 contained meta-methoxy and compound 7i
contained para-chloro aryl groups. Their counterparts in the
first category, compounds 7f and 7b showed lower activity
(IC5ys=0.129 and 0.075 uM, respectively) than compounds
71 and 7i. It should be noted that compound 7b having para-
chloro aryl group showed potent anti-AChE activity indicat-
ing the efficacy of Cl even if it is not present on the acridine
moiety. Compounds 7h and 7a containing para-fluoro aryl
group also were found to be potent AChE inhibitors, how-
ever, 7h possessing CI on the acridine moiety was a little
more potent than 7a. The absence of substituents on the aryl
ring (compounds 7j and 7d, IC5,s =0.100 and 0.299 uM,
respectively) generally resulted in the reduction of activity.
Also, replacement of F and Cl by large-size halogen (Br, 7c,
IC5,=0.175 uM) led to at least a twofold reduction in the
anti-AChE activity. Finally, compounds 7e and 7k having
para-methyl aryl group showed IC5,s=0.147 and 0.170 uM,
respectively. Nevertheless, the presence of strong electron
withdrawing group (NO,, 7g, ICs,=10.26 pM) absorbed
more attention since its activity was remarkably deteriorated.
With these results in hand, it can be concluded that (i) the
presence of Cl at 6- position of acridine usually improved
AChEI activity (71> 7f, 7i>7b, Th> 7a, 7j > 7d) which was
in good accordance with our previous results (Fig. 1). How-
ever, an exception was observed in the case of 7e > 7Kk. (ii)
The CI substituent was not only effective when it was present
on the acridine moiety but also when it was inserted into the

D X N
analogues 7a-1 x\©:"“"2 POCI, = Ethane-1,2-diamine 4
+
=
COOH reflux/3 h Phenol/reflux/4 h
1 2 Cl
3
o—N\ OH
=~ 5 4
X N S =
S R ™Y Y %o . 3
= HOBT, EDCI, CH3CN/24 hirt HN\/\NME
Ho \
AN Nh, N-G ¢ s
5 7a-l
R=F, Cl, Br, H, Me, OMe, NO,
X=H, Cl
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Table 1 Anticholinesterase activity (ICs,, pM)* of compounds 7a-1

X N\
7 o)
HN —R
N h}\; \_/
Ta-l
Entry Compound 7 X R AChEI [ICy, (upM)] BChEI [ICs, (pM)]
1 Ta H 4-F 0.087 £0.002 0.047 +0.000
2 7b H 4-Cl 0.0752+0.005 0.039 +0.000
3 Tc H 4-Br 0.175+0.003 0.087 +0.002
4 7d H H 0.299+0.010 0.088 +0.003
5 Te H 4-CH, 0.147 £0.001 0.051+0.003
6 7f H 3-OCH; 0.129+0.001 0.075+0.001
7 7¢g H 4-NO, 10.257+0.123 1.064+0.02
8 7h Cl 4-F 0.082 +0.000 0.202+0.013
9 7i Cl 4-Cl 0.052+0.001 0.372+£0.007
10 7j Cl H 0.100+0.000 0.088 +0.000
11 7k Cl 4-CH;, 0.170 +£0.000 0.104 +0.004
12 71 Cl 3-OCH; 0.050+0.003 0.413+£0.008
13 Tacrine - - 0.48+0.01 0.01+0.00
14 Donepezil - - 0.079+£0.002 5.19+0.38

#Data are expressed as Mean + SE (three independent experiments)

aryl group connected to the isoxazole ring. (iii) The presence
of strong electron donating group (OMe) and F on the aryl
was found to be effective for inducing desired anti-AChE
activity, while the presence of strong electron withdrawing
group (NO,) was not beneficial at all.

In the case of anti-BChE activity, compound 7b from
the first category having para-chloroaryl group showed the
most potent activity (ICs5,=0.039 uM). However, its coun-
terpart in the second category 7i depicted approximately a
tenfold decrease in the inhibitory activity (IC5,=0.372 uM).
Replacement of CI by F in compounds 7a and 7h led to
the reduction of anti-BChE activity (IC5ys =0.047 and
0.202 uM, respectively), still the compound from the first
category was much more active than its counterpart in the
second category. Moderate electron donating group (Me)
was found to be important, ranking after CI and F since
compound 7e showed good activity toward BChE with
ICy, value of 0.051 uM. Introduction of a strong electron
donating substituent (OMe) decreased activity (compound
7f, 1C5,=0.075 pM) and it should not be forgotten that
compounds 7e and 7f were significantly more potent than
those counterparts in the second category (IC5,s=0.104 and
0.413 uM, respectively). Compound 7¢ containing para-bro-
moaryl group showed moderate activity (IC5,=0.087 uM)
as potent as compound 7d with no substituents on the aryl
group (IC5,=0.088 puM). Interestingly, the counterpart

of 7d, compound 7j showed the same BChEI activity
(IC5,=0.088 uM). Compound 7g possessing para-nitroaryl
group was the weakest inhibitor of BChE in the series 7a-1
(IC5y=1.064 uM). In summary, i) anti-BChE activity of
synthesized compounds lacking Cl on the acridine moiety
led to better activity than those possessing it, as the order
of activity 7b>7i, 7a>Th, 7e > 7k, 7f > 71 was observed.
ii) The effect of substituents on the aryl group connected
to the isoxazole moiety was completely in relation with the
absence or presence of Cl on the acridine moiety. In the first
category (7a-g), the presence of Cl, F, and Me was found
to be important but in the second category of compounds
(7h-1), the absence of substituents led to higher activity.
However, the presence of methyl group was effective.

Comparing AChEI and BChEI activity of synthesized
compounds 7 indicated that the first category of compounds
7a—g were better inhibitor of BChE than AChE while in the
second category 7h-l, the results were generally reversed.
For the first category, AChEI and BChEI activity was
improved by the presence of Cl and F on the aryl ring con-
nected to the isoxazole moiety. However, in the case of the
second category, no definite rule was followed. Also, the
presence of strong electron withdrawing group (NO,) dete-
riorated both AChE and BChE inhibitory activity.

The presence of Cl on the acridine moiety often improved
AChEI activity comparing with their analogues lacking this
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substituent, while it decreased BChEI potency. The AChEI
activity of chlorinated tacrine derivatives has been previ-
ously discussed in the literature [28, 41—43], which can be
explained by the formation of halogen bonding with the
receptor [44].

Comparing our results with those reported for tacrine-
hybrids (Fig. 1) showed that synthesized tacrine-isoxazoles
7 were found to be generally more potent than compounds
B-E. It seems that the hybridization of isoxazole with
tacrine was more efficient than the presence of thidiazole
(compound B) [23], pyrazolo[3,4-b]pyridine (compound C)
[24], and 1,2,3-triazole (compound D and E) [26]. However,
oxindole hybrids [22] were found to be more potent than
isoxazole.

Kinetic studies

Kinetic studies were performed to investigate the mecha-
nism of inhibition by the most potent inhibitors of AChE
and BChE, compounds 71 and 7b, respectively. Graphical
analysis of the reciprocal Lineweaver—Burk plot of both
inhibitors indicated a competitive inhibition (Fig. 3 and 4)
describing that both compounds had exclusive affinity for the
enzymes and competed with the substrate for binding to the

active site. In addition, the Ki values were calculated using
the secondary plot as Ki=0.035, 0.009 uM for the inhibition
of AChE and BChE, respectively.

Beta-secretase 1 (BACE1) inhibitory activity
of compound 71

Small molecule nonpeptide inhibitor of BACEI is a promis-
ing target for the treatment of AD. This enzyme functions
in the first step of the pathway of production and deposition
of AP [45]. In this respect, BACEI inhibitory activity of
compound 71 was evaluated and compared with OM99-2
(IC5,=0.014 £0.003 uM). Our results indicated that 71 had
good inhibitory activity with IC5,=1.65+0.005 uM.

Inhibition of AChE-induced and self-induced
AB aggregation

Ap peptide has been detected as the major component of
the amyloid plaques found in the brains of people with AD.
Thus, the effect of potent inhibitors 7b and 71 were investi-
gated for their inhibition ability against Ap, 4, aggregation

Fig.3 Kinetic study of com-
pound 71 [I] against AChE.
Lineweaver—Burk plot and dou-
ble reciprocal Lineweaver—Burk
plot are shown
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Fig.4 Kinetic study of
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and AChE-induced A, 4, peptide aggregation comparing
with donepezil and tacrine as the reference compounds.
Compound 7b showed 61.8 +3.55% and 58.6+2.9%
potency for the inhibition of A, 4, self-aggregation and
AChE-induced AP aggregation, respectively. Those val-
ues for compound 71 were 79.4+1.9 and 71.4 +1.8%,
respectively. However, donepezil showed 15.9 +1.2 and
28.4 +3.6% inhibition and tacrine’s values were found to be
7.9+0.5 and 7.0+ 1.4%, respectively. Our results indicated
high activity of compounds 7b and 71 for the inhibition of
AChE-induced and self-induced A aggregation.

Neuroprotection effect against AB-induced
damage

The neuroprotective role of the strongest AChE inhibitor
71 against Ap-induced PC12 cell damage was investigated
comparing with caffeic acid as a positive control which pro-
tected the PC12 cells with 33.85% at 100 pM. Unfortunately,
no significant protection was observed by compound 71 at
different concentrations.

In vitro hepatotoxicity test

The clinical use of tacrine has been restricted due to its poor
oral bioavailability and severe hepatotoxicity [20]. There-
fore, development of tacrine analogues with low hepatotox-
icity is in the center of attention.

Compounds 7b and 71 were selected to be evaluated in vitro
toward HepG?2 cells (Fig. 5). It was found that the cytotoxic-
ity of 71 was comparable with that of tacrine. It demonstrated
lower toxicity since the cell viability values were calculated as

Compound 7b

[
N
o

® Compound 71

m Tacrine
I ==
. ==
0

2.5 pg/mL

Cell Viability %
g 8 8

N
o

N
o

5 pg/mL 10 pg/mL 20 pg/mL

Concentration

Fig.5 Cytotoxicity of compounds 7b and 71 against HepG2
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100, 100, 87.5, and 54.3% at concentration of 2.5, 5, 10, and
20 pg/mL, respectively compared to tacrine which showed
cell viability (%) of 100, 100, 89.4, and 65.8% at the same
concentrations. However, compound 7b was found to be more
toxic than 71 and tacrine based on cell viability (%) values of
54, 50, 42, and 44% at the similar concentrations.

Metal chelating studies

Compounds 71 and 7b were tested for their metal chelating
abilities toward Fe>*, Cu®>*, and Zn*" ions (Fig. 6a and b).
In the case of compound 71 (Fig. 6a), UV spectrum of its
methanolic solution (20 uM) showed two absorption peaks
at 254.4 and 333.3 nm. After interaction of compound 71
with Zn?* (71-Zn*) for 30 min, those peaks shifted to
250.1 and 331.2 nm, respectively. The similar interaction
with Fe?* ions (71-Fe?*) resulted in the shift of those peaks
to 252.3 and 329.1 nm. In the case of interaction of 71 and
Cu?* ions, only one shift to 329.1 nm was observed and
the peak at 254.4 did not change.

Compound 7b (Fig. 6b) depicted three characteristic
peaks at 248.0, 273.6, and 335.5 nm. After interaction

Fig.6 The absorbance change

of compounds 71 (A) and 7b 1.5 4
. =
(B) alone and in the presence S13 -
of Zn?*, Fe?*, and Cu®* ions at -
wavelength of 200-600 nm ] .
209 -
<

Lo e o -
— W L 3 O =
1

of 7b and metal ions, the peak at 248.0 nm shifted to
245.9 nm for 7b-Zn**, however 7b-Cu?* and 7b-Fe?*
showed no change. Also, the peak at 273.6 nm was simi-
larly observed for 7b-Zn** and 7b-Cu’* but it shifted to
275.7 nm for 7b-Fe?*. It should be noted that all 7b com-
plexes showed peaks at 335.5 nm with different intensity.

Docking studies

To gain further insight into the interactions and related
inhibitory effects, in silico simulations of molecular dock-
ing were carried out on the crystal structures of AChE (PDB
code: 4ey7), BChE (PDB code: 4bds), and BACE1 (PDB
code: 1w51).

Validation of protein —ligand docking was performed and
recorded the RMSD values of 0.73 /OX, 0.36 A, and 1.39 A
between the docked structure and crystallographic inhibitors
of AChE, BACEI, and BChE, respectively (RMSD <3 A
is the commonly acceptable limit). The results indicated
that the parameters for docking simulations were good in
the prediction and validation of protein-ligand docking
performance.

A Compound 71 (20 pM)

Compound 71 (20 pM) + Zn ions

Compound 71 (20 pM) + Cu ions
Compound 71 (20 pM) + Fe ions

0-1205 305 405 Wavelength (nm)
B Compound 7b (20 pM)

- 1.2 - Compound 7b ( 20 pM) + Zn ions
'% 1 - Compound 7b ( 20 pM) + Cu ions
2 0.8 '/ Compoun 7b (20 pM) + Fe ions
< 06 -

0.4 -

0.2 -

0 . l —
02230 330 430 530
Wavelength (nm)
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GLPp202

Fig.7 Docking conformations of compound 71 (green line) in the
AChE. Hydrogen bonds are depicted in green dashed lines, m-m
stacked interactions are depicted in dark pink dashed lines, m-aryl

Docking study results of the most potent AChE inhibitor
(compound 71) in the AChE active site (Fig. 7) showed that
71 displayed three conventional hydrogen bonding interac-
tions between the oxygen of the amide group and Tyr124, the
amine group of tetrahydroacridin moiety and Tyr124, and
the oxygen of 3-methoxyaryl group and Tyr72, respectively.
It was found that tetrahydroacridin core established effec-
tive n-m and m-aryl interactions with side chains of Trp86

TR
P~ A224
5
% ds b A
. . o
. .
A B &
B TRP.
. 28
. TR
% A341
TR
A72
6L Tep
A202 AB6

interactions are depicted in pink dashed lines, n-donor interactions
are depicted in pale green dashed lines, and halogen interactions are
depicted in blue dashed lines

and Tyr124 (important residues of the choline-binding site).
The same n-w interactions were evident between Trp286,
Tyr341 (residue of the PAS pocket), and 3-methoxyaryl
and isoxazole moieties. Also, the AChE residues, His447
(critical residue of catalytic triads) and Gly448 showed
n-donor and halogen interactions with the chlorotetrahy-
droacridin-9-amine ring [45]. Taking into account all of

TRP
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Fig.8 Docking conformations of compound 7b (gray line) in BChE. Hydrogen bonds are depicted in green dashed lines, n-n stacked interac-
tions are depicted in dark pink dashed lines, and m-aryl interactions are depicted in pink dashed lines

@ Springer



424

Molecular Diversity (2022) 26:409-428

these interaction modes confirmed the higher stability of
71-AChE (-9.52 kcal mol~") and its potent activity.

Next, to confirm the potential of 7b as a potent BChE
inhibitor, molecular docking was also developed. Regard-
ing the results depicted in Fig. 8, it can be understood that
7b was mainly stabilized by hydrogen bonding interac-
tions between the nitrogen of tetrahydroacridin ring and
Ser198 (catalytic triads of the BChE) as well as nitrogen
of amide linker and Pro285. Additionally, 4-chloroaryl
substituent contributed to binding by n-n-T-shape inter-
actions with Pro285 residue in the PAS pocket. Moreo-
ver, hydrophobic interactions were established between
the tetrahydroacridin ring and Trp231 (n-alkyl), Leu286
(m-alkyl), and Phe329 (n-7t) which described the stability
of the 7b-BChE complex (—9.74 kcal mol~!). The molec-
ular docking was consistent with the results of enzyme
assays. The above results suggested sufficient explanation
for 7b as a potent BChE inhibitor.

Figure 9 shows the docking interactions of compound
71 within the BACEI active site. Chloro-tetrahydroacr-
idin-9-amine moiety made H-bonding interaction with
Gly230 (2.05 A) as well as ©- stacked interaction with
Tyr71. Chlorotetrahydroacridine ring also showed a
n—alkyl interaction with Ile110. On the other side of the
molecule, 3-methoxyaryl pendant formed three Vander
Waals interactions with Gly34, Asp228, and Thr329.
n-Sigma and =w-alkyl interactions were also observed
between the methoxyaryl substituent and Val332 and
11e226 residues, respectively. Two other H-bonding inter-
actions were also seen between the nitrogen of amide
linker and Thr231 (1.86 A) as well as oxygen of carbonyl
group with GIn73 (3.00 A). Also, isoxazole core was

Fig.9 Docking conformations of compound 71 (green line) in the
BACEI enzyme. Hydrogen bonds were depicted in green dashed
lines, van der Waals interactions were depicted in pale green dashed

@ Springer

fixed through two n-alkyl and one Vander Waals interac-
tions with Arg235, Val332 and Thr72, respectively. These
results confirmed the high potential of 71 as a potent
BACEI inhibitor.

Morris water maze test

Morris water maze (MWM) has been developed to evalu-
ate the efficacy of drug candidates for the improvement
of memory deficits. Practically, scopolamine which is an
anticholinergic compound, is used to induce amnesia and
memory loss in animal models [47]. In this work, the effect
of compound 71 (the most potent AChE inhibitor) was evalu-
ated for its ability to reverse scopolamine-induced memory
deficit in rats.

The effect of prescribing 71 on the escape
latency time, traveled distance

and the swimming speed during learning
days

Figure 10 (A-C) shows the escape latency time, traveled dis-
tance, and swimming speed during learning days, respec-
tively for all groups in the first 4 day of trials. As can be
seen in Fig. 10A and 10B, the scopolamine group depicted
a significant increase of escape latency time (P <0.01) and
traveled distance (P <0.01) comparing with the control
group. Group administered by compound 71 at the dose of
1.25 mg/kg plus scopolamine showed a smaller significant
difference (P < 0.05) in terms of the escape latency time and
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Fig. 10 (A) The effect of prescribing 71 on the escape latency time
during learning days. (B) The effect of prescribing 71 on the trave-
led distance during learning days. (C) The effect of prescribing 71 on
the swimming speed during learning days. Each column displays the

traveled distance than scopolamine group comparing with
control group.

This result indicated that compound 71 at the dose
of 1.25 mg/kg could slightly improve learning memory
impairment made by scopolamine. However, the group
administered by compound 71 at the dose of 2.50 mg/
kg plus scopolamine showed significant improvement of

mean +SEM for seven rats in all 4 training days for each group. Sco,
scopolamine; “Significantly different from control group. *P <0.05;
#¥P<0.01. *Significantly different from scopolamine group. *
P<0.05; % P<0.01

both escape latency time and traveled distance (P < 0.05
and P <0.01, respectively) comparing with scopolamine
group. It should be noted that all groups showed no sig-
nificant differences in swimming speed (Fig. 10c) due to

MWM learning impairment are independent of locomotor
effects [48, 49].
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Time spent in target quadrant (sec)

Fig. 11 The effect of prescribing 71 on the probe test in the different
groups. Values are expressed as mean+SEM for seven animals in
each group. Sco, scopolamine; *Significantly different from control
group. ““P<0.01, # Significantly different from scopolamine group.
#p<0.01

The effect of prescribing 71 on the probe test

After training rats for 4 days, the probe test was performed
on the fifth day. The trained rats were released into the
water tank for 90 s and the hidden platform was removed
and the time spent in the target quarter was recorded.

As shown in Fig. 11, this parameter was significantly
reduced in the groups receiving scopolamine and compound
71 at the dose of 1.25 mg/kg plus scopolamine comparing
with control group (P <0.01). However, it was increased
in the groups administrated by compound 71 at the dose
of 2.50 mg/kg and donepezil plus scopolamine comparing
with the scopolamine group (P <0.01). These data indicated
that memory impairment was occurred in two first groups,
whereas in the two-latter groups, compound 71 and done-
pezil could reverse memory deficit made by scopolamine.

Conclusion

In conclusion, searching efficient multi-targeted ligands
against AD led us to the design and synthesis of novel
arylisoxazole-tacrine hybrids. According to the Ellman’s
method, all compounds demonstrated excellent in vitro
ChE inhibitory activity and among tested compounds, 71
and 7b depicted the most potent AChEI (IC5,=0.050 pM)
and BChEI (IC5,=0.039 pM) activity, respectively. It was

@ Springer

perceived that anti-AChE activity of all compounds was
more potent than tacrine and their activity was compara-
ble with that of donepezil. Also, synthesized compounds
showed dual activity toward ChEs. Their anti-BChE activ-
ity was much more potent than donepezil and found to be
weaker than tacrine.

The important aspect of this work comes back to the
potency of target compounds for the inhibition of fA aggre-
gation and BACEI] as the main mechanisms involved in the
onset of AD. Self-induced and AChE-induced AP aggre-
gation inhibitory activity of compounds 71 and 7b were
much more potent than those of donepezil and tacrine. It
should be noted that compound 71 depicted better results
than compound 7b. Evaluation of the inhibitory activity
of compound 71 toward BACEI indicated its high efficacy
(IC5y=1.65 uM).

Compounds 71 and 7b were found to be efficient chelators
of zinc, copper, and iron ions. However, in vitro hepato-
toxicity assay on HepG2 cells revealed that compounds 71
and 7b were not safer than tacrine. Furthermore, compound
71 lacked satisfactory neuroprotectivity against Ap-induced
damage in PC12 cells. The effect of compound 71 on the
improvement of cognitive and spatial memory deficits in
AD was investigated through MWM test which remarkably
reversed scopolamine-induced memory deficit in rats.

All results suggested that synthesized tacrine hybrids par-
ticularly compounds 71 and 7b can be considered as the ver-
satile drug candidates against AD. Although various benefits
were achieved in this work, more complementary animal and
human tests are in demand to show desired efficacy of 71 as
a lead compound.
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