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ARTICLE INFO ABSTRACT

Keywords: Neurodegenerative diseases have complex etiology and pose a challenge to scientists to develop simple and cost-
Acetylcholinesterase effective synthetic compounds as potential drug candidates for such diseases. Here, we report an extension of our
Butyrylcholinesterase previously published in silico screening, where we selected four new compounds as AChE inhibitors. Further,
](;llé ?ﬁiﬁ:;:;s; based on favorable binding possess, MD simulation and MMGBSA, two most promising compounds (3a and 3b)
DPPH were selected, keeping in view the ease of synthesis and cost-effectiveness. Due to the critical role of BChE, LOX

and a-glucosidase in neurodegeneration, the selected compounds were also screened against these enzymes.

The ICsp values of 3a against AChE and BChE found to be 12.53 and 352.42 pM, respectively. Moderate to
slight inhibitions of 45.26 % and 28.68 % were presented by 3a against LOX and a-glucosidase, respectively, at
0.5 mM. Insignificant inhibitions were observed with 3b against the four selected enzymes. Further, in vivo trial
demonstrated that 3a could significantly diminish AChE levels in the mice brain as compared to the control.
These findings were in agreement with the histopathological analysis of the brain tissues. The results corroborate
that selected compounds could serve as a potential lead for further development and optimization as AChE in-
hibitors to achieve cost-effective anti-Alzheimer’s drugs.

1. Introduction which accounts for 60-70% of cases (World Health Organization, 2019).

Studies revealed that it occurs after the age of 65 years, but an increase

Slow and gradual mental deterioration and diminution in cognition
is a customary part of the aging process. In some people, it becomes
relatively accelerated with respect to aging, which results in impairment
of everyday life functions. It is believed to be a syndrome called de-
mentia and is associated with numerous other symptoms, most
commonly including decreased motivation, difficulty in language and
emotional problems. Complete underlying causes of this phenomenon
are not clear, but the most significant cause in its progression includes
genetics, along with the role of environment and lifestyle. Around 50
million people worldwide have dementia, with the introduction of about
10 million new cases every year (World Health Organization, 2019).

The most common form of dementia is Alzheimer’s disease (AD),
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in socioeconomic and social life burdens shorten the age for dementia
(Qiu et al., 2009). It has been suggested that its pathogenesis is based on
three hypotheses; (1) cholinergic, (2) amyloid, and (3) tau hypothesis
(Hebert et al., 2003; Crespo-Biel et al., 2012). Among these hypotheses,
the dysfunction of the acetylcholine system is the key etiology of the AD.

On therapeutic fronts, acetylcholinesterase (AChE) inhibitors open a
new era for the AD treatment. Up till now, different AChE inhibitors
(donepezil, tacrine, galantamine, rivastigmine, etc.) have been approved
by the FDA and used as a frontline treatment for AD (Piazzi et al., 2008).
A complete cure of AD is not available, and these drugs are used to
mitigate various associated symptoms and retardation of the memory
loss and disease development. The clinical efficacy of the available drugs
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remains a question and usually have been proved to pose little to no
effect. Another major challenge in AD treatment is a long-term medi-
cation which raises a substantial fiscal load on healthcare institutes. So
there is a dire need of the new agents with improved efficacy and low
cost (Dickson and Gagnon, 2009).

Lipoxygenases (LOXs) are enzymes that catalyze lipid hydro-
peroxidation and regulate chronic inflammation (Di Francesco et al.,
2013). A growing body of evidence suggests that 5-lipoxygenase
(5-LOX) and its corresponding leukotrienes have a strong involvement
in brain inflammation related to the prognosis of neurodegeneration and
age-dependent dementia (Sugaya et al., 2000; Radmark et al., 2007).
The inhibition of 5-LOX could serve as a safe anti-inflammatory
approach for the control of AD-associated neurodegeneration (Di Fran-
cesco et al., 2013).

Impaired uptake and metabolism of glucose is a hallmark and pri-
mary aetiology concomitant with AD, initiated many years before the
disease becomes symptomatic, particularly in sporadic AD (Cao et al.,
2003). Reduction in glucose consumption ranges from 10 to 40 %
depending upon the severity of the disease (Jia et al., 2017). On the
other hand, diabetes mellitus is the provoking cause of dementia. Insulin
controls the synaptic and cholinergic functions in the brain. The
decrease in insulin levels in the brain causes the neurodegeneration that
leads to the loss of cholinergic transmission (De Felice and Ferreira,
2014).

Moreover, glucose imbalance and raised amount of lipids in AD brain
upregulate lipid peroxidation giving rise to disturbed redox homeostasis
and oxidative stress (Rojas-Gutierrez et al., 2017). This situation can
promote neurodegeneration by damaging intracellular contents (Poli-
dori and Mecocci, 2002). Besides, the impairment of insulin signaling
has previously been linked with raised mitochondrial dysfunction and
oxidative stress in neurons (Hoyer and Lannert, 1999). Accumulation of
reactive oxygen species (ROS) in AD patients induces mitochondrial
damage and promotes the production of $-amyloid plaques and neuro-
fibrillary tangles, leading to the development of AD (Matsuoka et al.,
2001).

In the present era, in silico studies have greatly facilitated the selec-
tion of promising compounds for bench investigations (Ikram et al.,
2019; Noor et al., 2019; Saleem et al., 2019). The design of the current
project is based on the study of in silico acetylcholinesterase inhibitors
for their potential role against AD (Iman et al., 2018). Apart from
acetylcholinesterase, due to the role of butyrylcholinesterase, inflam-
mation, oxidative stress and glucose uptake in AD, the selected com-
pounds were also tested against LOX, di(phenyl)-(2,4,6-trinitrophenyl)
iminoazanium (DPPH) and a-Glu.

Naphthalene structure has been proven to be an efficient platform for
the synthesis of new compounds that may have various biological and
clinical applications. Many naphthalene derivatives have been identi-
fied as a new potent antimicrobial, antihypertensive, antimalarial and
antitubulin. Several naphthalene based drugs such as nafcillin, terbi-
nafine and naftifine are armamentarium of the therapeutics being used
presently (Desai et al., 2012). The present study deals with the
computer-aided discovery of naphthalene-based AChE inhibitors, and
there in vitro and in vivo evaluations as anti-AD leads. Alongside this,
selected compounds have also been evaluated for their inhibitory po-
tential against BChE, LOX, and a-glucosidase.

2. Material and methods
2.1. Materials

2-Naphthol, 3,5-dinitrobenzoic acid, 2-chloro-5-nitrobenzoic acid,
triethylamine and related chemicals and solvents used were of analytical

grade and purchased from the local supplier of Sigma Aldrich (St. Louis,
MO, USA).
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2.2. Synthesis

The general reaction scheme followed for the synthesis of selected
naphthalen-2-yl 3,5-dinitrobenzoate (3a) and naphthalen-2-yl 2-chloro-
5-nitrobenzoate (3b) is presented in Fig. 1.

2.2.1. General procedure for the synthesis of acid chlorides (2)
Carboxylic acid (1) (5 mmol) and phosphorus pentachloride (1.5 eq.,
1.56 g, 7.5 mmol) were mixed in dry toluene (100 ml), calcium chloride
drying tube was applied at the top of the condenser and the reaction
mixture was refluxed for 1.5h. The completion of the reaction was
confirmed by TLC and the solvent was evaporated on a rotary evapo-
rator. The resulting product was pure enough for further reaction.

2.2.2. General procedure for the synthesis of esters (3)

Acid chloride (2) was dissolved in dry chloroform and cooled on an
ice bath under nitrogen atmosphere. A solution of 2-naphthol (0.85 eq.)
in dry chloroform was added to the solution of acid chloride in dry
chloroform on ice bath along with stirring. Dry triethylamine (1 eq.) was
added to the reaction mixture, the ice bath was removed, and the re-
action mixture was stirred overnight under nitrogen atmosphere. The
reaction mixture was shifted to the separating funnel, 150 mL chloro-
form was added, and the organic layer was washed twice with 1 N NaOH
and water until the water phase reacted neutral. Sodium sulphate was
added to the organic phase, filtered and the solvent evaporated on a
rotary evaporator. The product was crystallized from ethanol and dried
in the desecrator to get analytically pure product.

Yields, melting points and spectral data are provided in supporting
information.

2.3. Invitro assay

2.3.1. AChE & BChE assays

Acetylcholine esterase and butyrylcholine esterase activities were
measured by using the Ellman’s method. The reaction mixture consisted
of 160 pL of tris HCI buffer (50 mM, pH 7.4), 10 pL of the enzyme (0.005
unit/well for AChE or 0.5 unit/well for BChE) in their respective wells.
Mixtures were mixed well and incubated for 10 min at 25°C. After in-
cubation, the absorbance was recorded at 412nm. The reaction was
initiated by the addition of 10 uL. DTNB (1 mM) solution and 20 pL
substrate (acetylthiocholine iodide (3mM) for AChE and butyrylth-
iocholine chloride (0.5 mM) for BChE). The reaction mixture was incu-
bated for 15 min at room temperature and absorbance was recorded at
412 nm. In control, the enzyme was added after the DTNB reagent (Yar
et al., 2014a). Eserine was used as a standard and the experiment was
carried out in triplicate. ICsy values were calculated using the EZ-Fit
enzyme kinetics software (Perrella Scientific Inc. Amherst USA).

2.3.2. Lipoxygenase assay

For the LOX assay, the reaction mixture contained 140 pL of sodium
phosphate buffer (100 mM, pH 8.0), 20 pL of test compound and 15 pL of
purified LOX enzyme (600 U). The plate was read at 234 nm and the
reaction mixture was incubated at 25°C for 10 min. The reaction was
initiated by the addition of 25 pL of the substrate (linoleic acid in tween
20). The change in absorbance was measured at 234 nm after 6 min of
reaction. Quercetin was used as a standard and experiment was per-
formed in triplicate and percentage inhibition was calculated by using
the following formula (Yar et al., 2014b).

Abs. of control —Abs. of test
Abs. of Control

Inhibition (%) = x 100

2.3.3. a-Glucosidase assay

In a total reaction mixture contained 70 pL phosphate buffer (50 mM,
pH 6.8), 10 pL (0.5 mM) test compound and 10 pL of the a-Glu enzyme.
Before the incubation reaction mixture was pre-read at 400 nm. The
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Fig. 1. General synthesis scheme for naphthalen-2-yl 3,5-dinitrobenzoate (3a) and naphthalen-2-yl 2-chloro-5-nitrobenzoate (3b); (i) dry toluene, PCls, reflux, 1.5h,

(ii) dry chloroform, 2-naphthol, 0 °C, triethylamine, rt overnight.

reaction mixture was incubated at 37°C for 10 min and the reaction was
initiated by the addition of 10 pL of the substrate (0.5 mM, p-nitrophenyl
glucopyranoside). The reaction mixture was incubated for 30 min at
37°C and absorbance was measured at 400 nm (Riaz et al., 2015).
Acarbose was used as a standard and percentage inhibition was
measured by using the same formula described in LOX assay.

2.3.4. DPPH free radical scavenging assay

The selected concentration of test sample or standard rutin (1 mL)
(0.125, 0.25, 0.5, 1 and 2mg/ml in methanol) was mixed with 3 mL
DPPH (0.01 mM in methanol) and the reaction mixture was incubated at
room temperature for 1h in the dark. Absorbance was read at 515 nm
(Kang and Saltveit, 2002). The percentage antioxidant activity (%AA)
was measured by using the following formula:

(Abs control — Abs sample) x 100

AA% =100 —
? Abs control

2.4. In vivo assay

Swiss albino mice of either sex, weighing 30—35 g, 6-8 weeks old
were selected for this study. All the experimental animals were placed in
controlled conditions like 22 + 2°C temperature, 45-55 % humidity and
12h light and dark cycle and provided with standard animal diet and
water. Before the commencement of the study, permission was taken
from the research ethical committee of Riphah international university
with a voucher number of REC/RIPS-LHR/2020/033. This committee
followed the rules and regulations of the Institute of Laboratory Animals
Resources, Commission on Life Sciences University, National Research
Council (1996).

2.4.1. Study design

The male and female animals were randomly divided into three
groups having six subjects in each group (n=6). Group I served as
negative control and received vehicle (carboxymethyl cellulose, 1 mL/
kg) while group II and III received 5 mg/kg dose of 3a and 3b, respec-
tively. All the treatments were given via oral route for one week once
daily.

2.4.2. Acetylcholinesterase assay

After the treatment, animals were anesthetized with 3-5 % iso-
flurane diluted with oxygen and then sacrificed by cervical dislocation
method. The brain was removed and homogenized with phosphate
buffer (pH 7.4). The supernatant was removed after centrifugation at
4000 rpm for 10 min at 4°C. In 0.4 mL homogenate, 2.6 mL phosphate
buffer (pH 8) and 100 pL of DTNB reagent were added. Initial absor-
bance was noted at 412 nm and then 20 pL of acetyl thiocholine iodide
(substrate) was added in the reaction mixture and change in absorbance
was measured for ten minutes.

Mean change in absorbance was obtained and the rate of the mole of
acetylthiocholine iodide hydrolyzed/min/gm of brain tissue (R) was
calculated by using formula R =5.74 x 10~ x A/ Co. Where, A is mean

change in absorbance per minute and Co is original concentration (Hira
et al., 2019).

2.4.3. Histopathological analysis

After sacrificing the brain was removed and preserved in a 10 %
formalin solution. After the tissue fixation in a paraffin block, the sec-
tions were cut using a digital microtome and histological analysis was
performed using the hematoxylin and eosin staining.

2.5. Molecular docking studies

The corresponding proteins were retrieved from the Protein data-
bank. These include human acetylcholinesterase bound with huprine W
(PDB ID: 4BDT) and human butyrylcholinesterase (PDB ID: 4BDS)
complexed with tacrine. The proteins were prepared, optimized and
minimized prior to docking as explained in previous studies (Iman et al.,
2018; Mirza et al., 2019). Briefly, heteroatoms were removed, while
hydrogens and charges were added followed by energy minimization
using AMBER ff14SB force field (Maier et al., 2015). The ligands were
prepared, minimized and saved to MOL2 format. Molecular docking was
performed using AutoDock Vina (Trott and Olson, 2010) which uses a
gradient optimization method that approximates the ligand-binding
affinity in kcal/mol and ranks the best poses efficiently. Individual li-
gands were docked into the respective active sites of the representative
structures. The (x,y,z) coordinates for the gird-centers of AChE and BChE
were (-1.93,-36.44,-51.87) and (135.31,115.98,42.05), respectively.
The cubical grids with 25 A length were used.

2.5.1. MMGBSA binding free energy calculations

To estimate the total binding free energies, molecular dynamics
(MD) simulations were performed (AMBER18 simulation package) using
the explicit solvent environment (TIP3 molecule system) in the octa-
hedral box (10A dimensions from solute) under standard temperature
(300 K) and pressure (1 bar) for a period of 20 ns. We employed the same
MD protocol as implemented in other related studies (Iman et al., 2018;
Mirza et al., 2019, 2016). The MD simulated most representative
conformation was extracted from each simulation system in PDB format
and analyzed from molecular interactions. The binding free energies
(AGyo)) of representative docked complexes were calculated using the
MMGBSA method (Hou et al., 2011a), implemented in AMBER 18. A
total of 1000 snapshots with an interval of 2ps (picosecond) were
generated from 20 ns MD simulation and binding energy is calculated as
follows:

AE¢lec=AEin+AEele+AEyaw
AGSOIZAGP+Aan
AGbind (AGpred) :AEMM"FAGS(,] - TAS

(AEpmM) is molecular mechanics binding energy which is further
divided into internal energy (AE;,;), electrostatic energy (AEje), and van
der Waals energy (AE,qy); total solvation free energy (AGgo) is
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contributed by the sum of polar (AGp) and non-polar (AGpp) compo-
nents; -TAS is the change of conformational entropy upon ligand bind-
ing. The later entropic calculations are computationally expensive and
give better accuracy (Hou et al., 2011b). The performance of the
MMGBSA method has already been well-documented previously (Hou
et al., 2011a, b; Genheden and Ryde, 2015; Sun et al., 2014; Xu et al.,
2013).

The experimental binding energies (AGeyxp) were calculated from ICs
by the following equation, using the gas (R) and temperature (T) con-
stant and compared with AGeyp.

AGexp=RT In ICs9

3. Results
3.1. Invitro assay

Results revealed that 3a depicted a promising potential of 89.13 %
inhibition against AChE in in vitro along with the moderate activities
against BChE (63.27 %), LOX (45.26 %) and a-Glu (28.68 %) at 0.5 mM
concentration. The compound 3b showed around 35 % inhibition of
AChE, LOX and a-Glu and a very low inhibition of 21.68 % against BChE
at 0.5 mM concentration (Table 1).

Due to the promising potential against AChE, 3a was further evalu-
ated for IC5¢ value against AChE and BChE, producing 50 % inhibition of
enzymes at 12.53 £0.21 and 325.42 4 5.3 pM, respectively (Table 1).
The experiments were repeated in triplicate and the values represent
mean and standard deviation.

3.2. DPPH free radical scavenging assay

The selected naphthalene derivatives did not show any promising
free radical scavenging activity when compared with rutin at different
concentration levels (Table 2). Five different concentrations ranging
from 0.125 to 2 mg/ml were tested against DPPH and maximum inhi-
bition of around 20 % was observed at 2 mg/ml in the case of 3a, while
standard rutin presented 82.74 % inhibition at this concentration.

3.3. In vivo acetylcholinesterase assay

In vivo acetylcholinesterase assay revealed that 3a and 3b signifi-
cantly decreased AChE levels in the brain tissues compared with the
control group. The results are presented in Fig. 2. The values are rep-
resented as mean and standard deviation of six readings.

3.3.1. Histopathological analysis
Histopathological studies showed the normal architecture and intact
cells present in the slide sections in all treatment groups (Fig. 3).

Table 1
In vitro percentage inhibition of selected compounds (3a and 3b) and their
respective standards against AChE, BChE, LOX and a-Glu enzymes.

% Inhibition at 0.5 mM ICs0 (UM)
Enzymes

Standard 3a 3b 3a
AChE 91.46 £1.25 89.13 +0.57 35.29 £0.36 12.53+0.21
BChE 83.75+1.16 63.27 £0.75 21.68 +0.45 325.42+5.3
LOX 89.25+0.62 45.26 + 0.56 35.37 +£0.58 -
a-Glu 65.73+£1.93 28.68 +1.20 35.65+1.74 -

Eserine was used as a standard for AChE and BChE assay while quercetin and
acarbose were used as standards for LOX and a-Glu, respectively. Data repre-
sented as mean + standard deviation, n = 3.
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Table 2
Percentage DPPH radical scavenging potentials of standard rutin and test com-
pounds (3a and 3b) at 0.125, 0.25, 0.5, 1 and 2 mg/mL.

Percentage DPPH scavenging activity

Concentration (mg/mL)

Rutin 3a 3b
2 82.74 +0.831 20.44 +0.63 6.5+0.12
1 73.78 £1.109 15.80 +0.35 5.40 £0.24
0.5 68.51 £1.599 14.84 +0.20 4.7 +1.2
0.25 56.59 +1.787 9.76 +£0.03 4.6 +3.2
0.125 43.42+1.033 5.67 +0.197 3.1+0.58

The data represented as the mean + standard deviation with n=3.

Control 3a 3b

Fig. 2. AChE levels (pmole/min/mg of protein) in brain tissues of control, 3a
and 3b groups.

3.4. Molecular modeling studies

Molecular docking studies were performed to analyze the predicted
binding poses of corresponding compounds with thee crystal structure of
AChE and BChE and plausible binding free energy was estimated after
20 ns MD simulation in the explicit solvent under standard temperature
and pressure.

3.4.1. Predicted binding mode of compounds against AChE and BChE
enzymes

The complexes were simulated for a period of 20 ns and potential
binding poses of the compounds were investigated. Both compounds (3a
and 3b) were found to remain deep inside the gorge and showed overall
ligand RMSD less than 1 A, which validates the stability of ligand inside
the active site (Figs. 4 and 5). More in-depth molecular interaction
analysis shown in Fig. 4 revealed that the dinitrobenzene moiety of 3a
established three H-bonds with the side chains of Tyr341 and Thr83.
This network of H-bonds anchored the terminal dinitrobenzene moiety
to establish strong n- interaction with Tyr337 and Trp86. Moreover, the
oxygen atom connected to naphthalene also formed one H-bond with
Tyr337. Likewise, 3b also established zn-r interaction with Tyr337 and
Trp86 with two additional H-bonds formed by the oxygen atom con-
nected to naphthalene with Tyr337 and terminal nitrobenzene with
Ser125. Previous studies have reported that Tyr72 and Trp286, and
Trp86 residues play a vital role in AChE inhibition.

Both compounds showed consensus binding mode with strong n-n
interaction with aromatic residues Tyr337 and Trp86, but compound 3a
was found to be the most potent (89.13 % inhibition) as compared to the
3b (35.29 % inhibition). Although 3a and 3b have the naphthalene
moiety, which slightly contributed, 3a has two strong electron-
withdrawing nitro groups on the terminal benzene ring. The presence
of these two nitro groups might play an important role in AChE inhi-
bition, which formed three H-bonds with Tyr341 and Thr83 addition to
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Fig. 3. Histopathology of normal control (A), 3a (B) and 3b (C).
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Fig. 4. (A) Root-mean-square-deviation of AChE complexed with compound 3a (black) and 3b (red) over a period of 20 ns. Both complexes showed all-atom
backbone stability as depicted by MD simulation of conformations of 3a (B) and 3b (C) inside the binding pocket of AChE. Molecular interactions of individual

compounds are displayed, and residues are labelled accordingly.

Butyrylcholinesterase (BuChE)

T ¥ T T T

— compouad 3b
| — compound 3a

RMSD (&)

05 L

His438

“rime (ns)

1 1 I | Phe3 29\/
0 4000 8000 12000 16000 20000

C

/ Tyr128
\/\
=

Leu286

A7
Ser198 Phe398

—
Trpzﬁ‘v

Fig. 5. (A) Root-mean-square-deviation of BChE complexed with compound 3a (black) and 3b (red) over a period of 20 ns. Both complexes showed all-atom
backbone stability in MD simulation of conformations of 3a (B) and 3b (C) inside the binding pocket of BChE. Molecular interactions of individual compounds

are displayed, and residues are labelled accordingly.

stalking interactions. In BChE complexes, 3b established one H-bond
between the terminal nitro group and Ser198, where dinitrobenzene
moiety of 3a established strong n-n interaction with Trp82 and formed
two H-bonds with the side chain of Thr120. Like AChE inhibition, the
presence of two nitro groups in the terminal region of 3a might play an

important role in BChE inhibition (Fig. 5).

3.4.2. Predicted free energy of binding (AGpina)
To evaluate the contribution of molecular mechanics and solvation
energies, absolute ligand’s free energy of binding was evaluated with the

Table 3
Molecular mechanics generalized born surface area (MMGBSA) binding free energy calculation of the 3a and 3b against AChE and BChE.
Targets Cpds AEyqw AEee AEymym AG, AGyp AGgo AGy| -TAS AGping (AGpred) Kicar (nM)
AChE 3a —42.11 -16.2 —58.31 29.65 -5.77 23.88 —34.43 20.3 -14.13 0.051
3b —40.26 -9.14 —49.4 28.12 -5.14 22.98 —26.42 18.1 —8.32 868.98
BChE 3a —39.88 —-14.21 —54.09 29.41 —6.77 22.64 —31.45 20.12 -11.33 5.575
3b —37.19 -8.15 —45.34 28.98 —6.89 22.09 —23.25 19.21 —4.04 1140049

Note: All the units are in kcal/mol. AE,q, and AE.e are the van der Waals and electrostatic contributions from MM. AGy,, is the non-polar contribution to solvation and
AGy, is the polar contribution to solvation. AGyy is total gas-phase energy and AG;, is total solvation energy. TAS is entropic conformational change. AGpyreq is
calculated binding free energy by MM/GBSA method using the following equation: AGpreq = AEMm+AGso-(-TAS); while AGeyp, is experimental binding free energy
derived from ICs, values calculated by the following equation: AGping = -RT In(Kica).
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incorporation of entropy (-TAS). The absolute ligand free energy of
binding (AGyping) with entropic contributions calculated through the
amber-MMGBSA module and four energy components (AEyqy, AEelec,
AGy;, and AGyp) were carefully analyzed. From Table 3, it is evident that
AE,qw was dominant in all complexes and showed a value of
-42.11 kcal/mol in AChE/3a and -40.26 kcal/mol in AChE/3b, likewise
in BChE/3a (-39.88 kcal/mol) and BChE/3b (-37.19 kcal/mol) com-
plexes. However, the AEg). of AChE/3a complex (-16.2 kcal/mol) was
found stronger compared to AChE/3b (-9.14 kcal/mol). In AChE/3a, the
most representative conformation obtained from 20 ns MD clustering
exhibited a more negative value of AE¢je., which was due to the network
of consistent H-bonds interaction by the dinitrobenzene moiety in
comparison to the presence of only H-bond in 3b. The flipped orienta-
tion of 3b due to the absence of dinitro group might contribute to less
AEle. towards overall AEp;,g. A similar trend of energy contributions
was observed by 3a and 3b with BChE. Overall, the energy contribution
revealed a more favorable AGying (-14.13 kcal/mol) for 3a as compared
to 3b (-8.32 kcal/mol) with AChE. While, values were found less nega-
tive in case of BChE/3a (-11.33 kcal/mol) and BChE/3b (-4.04 kcal/
mol) (Table 3). The entropic contributions (-TAS) which is the compu-
tationally most expensive calculations in MMGBSA method (Genheden
and Ryde, 2015), revealed unfavorable for the ligands in all pro-
tein/ligand system. Furthermore, to estimate the rationale with the
enzyme-based assay, measured inhibition constants (ICsp) of compounds
were converted to experimental binding free energy (AGeyp), and the
quantitative agreement was observed in 3a/AChE between the calcu-
lated AGeyp and AGping as shown in Table 3.

The results of QikProp ADME predictions for 3a and 3b are presented
in supplementary data (Table S1). Percentage oral absorption of 73 and
98 % were observed for 3a and 3b, respectively. Moreover, the values of
blood brain permeability descriptors were observed well within the
recommended limits of the QikProp manual.

4. Discussion

AD poses enormous social, health care and economic burden due to
its time-dependent progression and ongoing treatment. On average, its
annual treatment cost ranges from 12,000 to 19,000 USD, depending
upon the type of drug regime (Mucha et al., 2008). Apart from the
synthesis cost of the anti-AD drugs, bioavailability and specificity may
also affect the amount of drug used and hence the overall cost. This
accounts for a dire need for inexpensive drugs capable of lowering down
the tremendous financial drain. This is only possible by the development
of new drugs having high bioavailability and specificity, as well as, low
synthesis cost.

The current study is an extension of our previously published work,
where we used in silico tools to identify novel AChE inhibitors (Iman
et al., 2018). Here, we report the synthesis and biological evaluation of
two selected lead compounds (3a and 3b). During our screening process,
apart from promising in silico results, the economic feature was kept in
mind. The ease of synthetic possibility and the cost-effective synthesis of
these inhibitors using readily available substrates and short reaction
scheme was taken into consideration. Chemically easy to synthesize
small molecules involving high yield synthesis steps were selected for
the synthesis, testing and development. As the number of steps increases
in a multistep reaction scheme, the overall yield for the final product
exponentially diminishes. The bona fide precept in the synthesis econ-
omy favors the decreased number of reactions steps in terms of cost and
time, leading to the target molecule (Newhouse et al., 2009).

Different 2-naphthol, 3,5-dinitrobenzoic acids and 2-chloro-5-nitro-
benzoic acid are among the readily available cheap starting materials
required to synthesize selected compounds. The reaction schemes
involved two steps and the yields of these steps were quantitative and
therefore avoiding the need for lengthy and expensive purification steps,
e.g., chromatography. To the best of our knowledge, it is the first report
of AChE, BChE, a-Glu and LOX inhibitory potential of these naphthalene
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derivatives connected to nitrobenzene residues via an ester linkage.

Due to the demonstration of excellent in vitro activity of 3a against
AChE, it was evaluated for in vivo potential in mice model. Acid hy-
drolysis on oral administration was a concern before the start of in vivo
trial. However, plenty of evidence is available in literature in the form of
salsalate, aspirin, remimazolam, propanidid, parabens, etc., where aro-
matic and aliphatic esters are administrated orally. Alongside this, a
large amount of data is available where closely related esters have been
trialed in the animal models via oral route (Husain et al., 2012; Abbas
et al., 2010; Masic et al., 2015). Highly nonpolar nature of the selected
compounds and the presence of bulky aromatic residues could hinder
the approach of water for hydrolysis and proton attach on ester moiety,
thus, avoiding acid-induced ester hydrolysis. Moreover, QikProp from
Schrodinger Suite is among the most reputed in silico tools for the ADME
analysis, including oral stability, oral absorption and blood brain
permeability. The QikProp predictions potentiated the hypothesis of
oral administration of selected compounds with auspicious results. Since
permeability is one of the most factors affecting drug absorption (Volpe,
2008), the predictive values obtained for 3a displayed significant
permeability using Caco-2 and MDCK cell permeability model (develop
in QikProp), which signifies the optimum physicochemical properties
necessary for a drug to cross the BBB (Jeffrey and Summerfield, 2010).

A selected dose of 5 mg/kg was orally administrated for seven days
and brain tissues were examined for the concentration of AChE and
photomicrographs. Both the test compounds presented a significant
drop in AChE levels in brain tissue as compared to the control. Alongside
this, no noticeable changes were observed among photomicrographs of
brain tissues of different groups. Through molecular modeling, the
binding pose of the most active compound 3a observed after 20 ns MD
simulation displayed good rationale with the enzyme inhibition assays,
where the H-bonds established by nitro groups of 3a might play a key
role in AChE enzyme inhibition. Moreover, in AChE/3a, the observed
n-n stacking interaction between the terminal dinitrobenzene moiety
and Tyr337 was evident from a cation-n interaction between the
piperidine ring of donepezil (Cheung et al., 2012), and this particular
interaction was not observed with 3b. Moreover, the role of Tyr337 is
crucial for enzyme inhibition, as observed with the interaction of
donepezil (Cheung et al., 2012) and huperzine A (Ashani et al., 1994) to
the active site of human AChE. While binding at the active site, three
additional H-bonds with Tyr341 and Asp74 could make the interaction
stronger, which were found absent in complex with donepezil. Hence,
the stability of the AChE/3a complex was evident due to vdW and
electrostatic interaction and ligand did not undergo conformational
changes during MD simulations. Therefore, 3a displayed higher free
energy of binding in comparison to 3b.

Among four FDA approved cholinesterase inhibitors (galantamine,
rivastigmine, tacrine, and donepezil) only donepezil can inhibit targets
involved in inflammation including IL-1f (Reale et al., 2005; Zhang
etal., 2015) and TSG-6 (Hwang et al., 2010). Yiran Wu et. al. (2012) has
reported anti-inflammatory activity of naphthalen-1-yl 3,5-dinitroben-
zoate with IC5p values of 1.04 and 8.6 pM against human 5-LOX in
cell-free and human whole blood assays, respectively (Wu et al., 2012).
This close analogy of compounds identified in this study with
naphthalen-1-yl 3,5-dinitrobenzoate, having potent anti-inflammatory
activity, intended towards LOX inhibitory potential of 3a and 3b. In
this study, 3a presented 45.26 % inhibition of LOX at 0.5 Mm while
quercetin standard inhibited 89.25 % of the enzyme at the same con-
centration. So, the substitution of 3,5-dinitrobenzoate residue at 2-posi-
tion of naphthalene (3a) resulted in around 50 % drop in the LOX
inhibitory activity as compared to naphthalen-1-yl 3,5-dinitrobenzoate.

5. Conclusion
The study validates that the selected compounds could serve as

multitargeting inhibitors for the control of AD. The percentage in-
hibitions of 89.13 and 63.27 % against AChE and BChE, respectively,
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were observed with 3a at 0.5mM concentration. In vivo studies
corroborated these observations with a considerable decrease in AChE
levels in brain homogenates after the administration of 3a. Conse-
quently, it could serve as a potential candidate for future development as
an anti-AD drug.
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