&t | Journal of Biomolecular Structure and Dynamics

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/tbsd20

Taylor & Francis

Taylor & Francis Group

Drug repurposing for Alzheimer’s disease: in silico
and in vitro investigation of FDA-approved drugs as
acetylcholinesterase inhibitors

Navneet Kumar, Anuj Gahlawat, Rajaram Naresh Kumar , Yash Pal Singh ,
Gyan Modi & Prabha Garg

To cite this article: Navneet Kumar , Anuj Gahlawat , Rajaram Naresh Kumar , Yash Pal Singh ,
Gyan Modi & Prabha Garg (2020): Drug repurposing for Alzheimer’s disease: in silico and in vitro
investigation of FDA-approved drugs as acetylcholinesterase inhibitors, Journal of Biomolecular
Structure and Dynamics, DOI: 10.1080/07391102.2020.1844054

To link to this article: https://doi.org/10.1080/07391102.2020.1844054

A
h View supplementary material &

@ Published online: 10 Nov 2020.

N
CA/ Submit your article to this journal

||I| Article views: 314

A
& View related articles '

P

(&) view Crossmark data

CrossMark

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journallnformation?journalCode=tbsd20


https://www.tandfonline.com/action/journalInformation?journalCode=tbsd20
https://www.tandfonline.com/loi/tbsd20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/07391102.2020.1844054
https://doi.org/10.1080/07391102.2020.1844054
https://www.tandfonline.com/doi/suppl/10.1080/07391102.2020.1844054
https://www.tandfonline.com/doi/suppl/10.1080/07391102.2020.1844054
https://www.tandfonline.com/action/authorSubmission?journalCode=tbsd20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=tbsd20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/07391102.2020.1844054
https://www.tandfonline.com/doi/mlt/10.1080/07391102.2020.1844054
http://crossmark.crossref.org/dialog/?doi=10.1080/07391102.2020.1844054&domain=pdf&date_stamp=2020-11-10
http://crossmark.crossref.org/dialog/?doi=10.1080/07391102.2020.1844054&domain=pdf&date_stamp=2020-11-10

JOURNAL OF BIOMOLECULAR STRUCTURE AND DYNAMICS Taylor & Francis

https://doi.org/10.1080/07391102.2020.1844054 Taylor & Francis Group

‘ ') Check for updates ‘

Drug repurposing for Alzheimer’s disease: in silico and in vitro investigation
of FDA-approved drugs as acetylcholinesterase inhibitors

Navneet Kumar® (®, Anuj Gahlawat®, Rajaram Naresh Kumar®, Yash Pal Singh®, Gyan
Modi® and Prabha Garg?

“Department of Pharmacoinformatics, National Institute of Pharmaceutical Education and Research (NIPER), S.A.S. Nagar, Mohali, Punjab,
India; ®Department of Pharmaceutical Engineering & Technology, Indian Institute of Technology (Banaras Hindu University), Varanasi, Uttar
Pradesh, India

Communicated by Ramaswamy H. Sarma

ABSTRACT ARTICLE HISTORY
Alzheimer's disease (AD) is one of the most familiar multifactorial and complex neurodegenerative dis- Received 19 June 2020
orders characterized by loss of cholinergic neurons in the brain. The various attempts for drug devel- Accepted 23 October 2020

opment to treat AD have been hampered by largely unsuccessful clinical trials in the last two
decades. Developing a new drug from scratch takes enormous amounts of time, effort and money,
mainly due to several barriers in the therapeutic drug development process. Drug repurposing strat- repurposing; hydroxychloro-
egy resuscitates this slow drug discovery process by finding new uses and clinical indications for exist- quine: rosigI’itazone; MD
ing drugs. This study is focused on the cholinergic hypothesis, a well-established target of the simulations; vir-

clinically available drugs in the market for the treatment of AD. The computational virtual screening tual screening

(VS) led to the identification of thiazolidinedione (TZD, antidiabetic) and aminoquinoline (antimalarial)

class of drugs as acetylcholinesterase (AChE) inhibitors. Intriguingly, rosiglitazone (RGZ) and hydroxy-

chloroquine (HCQ) were found to be mild-to-moderate inhibitors of hAChE (human acetylcholinester-

ase) in our enzyme inhibition studies which are complementary to our computational studies. On the

basis of our computational and experimental studies, it can be suggested that the beneficial effect of

RGZ and HCQ in AD patients reported in the literature may partly be due to their AChE inhibitory

property. The VS also led to the identification of antifungal drugs miconazole and oxiconazole as

potential AChE inhibitors. The molecular dynamics (MD) simulation of the potential hits belonging to

TZD, aminoquinoline and azoles class were also carried out. The MD simulations studies revealed

detailed computational insights related to molecular interactions and protein-ligand stability for

selected hits.
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Abbreviations: AD: Alzheimer’s disease; ACh: acetylcholine; AChE: acetylcholinesterase; DZP: donepezil;

RGZ: rosiglitazone; PIO: pioglitazone; HCQ: hydroxychloroquine;
TZD: thiazolidinedione; T2DM: type 2 diabetes mellitus

1. Introduction

Alzheimer's disease (AD) is a progressive neurodegenerative
disorder leading to impairment in memory, language skills,
personal behavior and thinking. The exact pathogenesis
and etiology of this progressive disorder are still dubious
(Burns & lliffe, 2009; Mayeux & Stern, 2012). However, there
are several hypotheses that help in explaining the plausible
reasons for the onset of the disease. The amyloid and
T-protein aggregation hypotheses include deposition of vari-
ous species of amyloid B and t-proteins in the dying neu-
rons (Castro & Martinez, 2006; Grundke-Igbal et al., 1986;
Kumar, Ganeshpurkar, et al., 2018; Kumar, Gupta, et al,
2018), cholinergic hypothesis supports the diminished level
of neurotransmitter especially acetylcholine (ACh, Gauthier
et al, 2005; Holzgrabe et al., 2007), metal dyshomeostasis
(Ayton et al,, 2015; Singh et al, 2019) and oxidative stress
(Scarpini et al., 2003) also play an important role in the
pathophysiology of this disease. All these hypotheses tend
to provide the potential targets to treat AD. Among all
these hypotheses, the cholinergic pathway remains one of
the promising targets for the treatment of AD.
Acetylcholinesterase (AChE) is an enzyme belonging to the
carboxylesterase family, catalyzes the hydrolysis of excess
ACh into acetic acid and choline after neurotransmissions
(Francis et al., 1999). The cholinergic hypothesis refers to
the selective decreased level of ACh in the brain which is
caused by an enhanced activity of AChE in AD and old

MCZ: miconazole; OXZ: oxiconazole;

age. Therefore, the currently available treatments for AD in
the market including donepezil (DZP), rivastigmine and gal-
antamine are well-known AChE inhibitors (Colovic et al,
2013; McGleenon et al, 1999; Mehta et al., 2012). These
inhibitors work by slowing the process of degradation of
ACh which increases both the level and duration of the
neurotransmitter.

Drug repurposing is a sub-branch of polypharmacology
which deals with marketed or withdrawn drugs, as their
pharmacokinetic and safety profile are already known in the
human population. This approach is implemented to scrutin-
ize other new clinical indications for marketed drugs. It over-
comes cost, time and risk of failure during the drug
development process. It also helps in dose adjustment of a
drug against a target while keeping minimal effect on other
known targets. Different experimental and computational
approaches have been used to frame these multiple target
interactions of drugs, to avoid side effects and to design
rational drugs for disease. Computational methods are fast,
less expensive and can easily handle large datasets as com-
pared to experimental methods (Karaman & Sippl, 2019;
Pushpakom et al.,, 2019; Talevi & Bellera, 2020). There are
various drug molecules that have been successfully repur-
posed for other targets. The phosphodiesterase-5 inhibitor,
sildenafil, an erectile dysfunction drug has been indicated
for cardiovascular disorders indications (Raja & Nayak,
2004).  Procainamide  (local anesthetic), hydralazine



(antihypertensive) and olsalazine (anti-inflammatory) were
repurposed for epigenetic activity on DNA methyltransferase
(Méndez-Lucio et al.,, 2014). There are many other drugs like
thalidomide (withdrawn due to teratogenesis), ketoconazole
(antifungal), itraconazole (antifungal), acrisorcin (antifungal)
and mebendazole (antihelminthic) were repurposed for new
disease indications multiple myeloma, Cushing’s syndrome,
angiogenesis inhibitor, antimalarial and cancer, respectively
(Naveja et al,, 2016).

It has been reported in the literature that various mar-
keted drugs which were indicated for different diseases like
cancer, diabetes, depression, heart and epilepsy also have an
affinity toward various targets of AD and these typical drugs
include carmustine (anticancer) (Hayes et al., 2013), lisinopril
(ACE [angiotensin-converting enzyme] inhibitor) (Singh et al.,
2013), telmisartan (angiotensin receptor blockers) (Singh
et al., 2013), divalproex sodium (antiepileptic) (Tariot et al.,
2011), levetiracetam (antiepileptic) (Sanchez et al., 2012),
tetracycline (antibacterial) (Forloni et al., 2001), minocycline,
nilvadipine (calcium channel blocker) (Meulenbroek et al.,
2016; Ryu et al, 2004), perindopril (ACE inhibitor) (Dong
et al, 2011), rosiglitazone (RGZ, antidiabetic) (Miller et al,
2011), rasagiline (anti-Parkinson) and liraglutide (antidiabetic)
(Hughes et al,, 2016). Bansode et al. carried out drug repur-
posing via docking and biophysical assay on 140 centrally
acting FDA-approved drugs and reported multiple targets
(i.e. AChE, B-secretase and amyloid B aggregation) for pro-
triptyline (antidepressant) to treat AD (Bansode et al., 2014).
Similarly, Nousheen et al. explored the anti-Alzheimer mech-
anism of bexarotene (anticancer) using computational biol-
ogy approach and found it impedance on amyloid  peptide
aggregation (Bibi et al., 2019). Shivani et al. used docking-
based approach to screen 150 antipsychotic drugs against
BACE1 (beta-site amyloid precursor protein cleaving enzyme
1), BuChE (butyrylcholinesterase), AChE, MAO (monoamine
oxidase) and NMDA (N-methyl-D-aspartate) as AD’s targets
and reported good potential for pimozide, bromperidol, ben-
peridol, etc. (Kumar et al.,, 2017).

It is clear from the above discussion that drug repurpos-
ing offers a new solution to complex biological problems.
Thus, in this study, a combination of computational and
experimental approaches was utilized to identify FDA-
approved drugs as potential AChE inhibitors. Amongst all
the top hits identified, the thiazolidinedione (TZD) and ami-
noquinoline class of drugs were already reported to show
mixed effects in AD patients (Aisen, 2002; Aisen et al., 2001;
Pedersen et al, 2006; Pérez & Quintanilla, 2015). Earlier
studies have also indicated AChE inhibition properties of
chloroquine in uM range in vitro assays (Katewa & Katyare,
2005; Lim & Go, 1985). Our finding through virtual screen-
ing (VS) and in vitro studies indicates AChE inhibition prop-
erty of HCQ of which could provide synergistic effects in
addition to its reported anti-inflammatory property.
Similarly, this study also elaborates on detailed computa-
tional insights on selected hits in terms of important
molecular interactions, stability and binding mode using
molecular dynamics (MD) simulations.
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2. Materials and methods
2.1. Molecular docking

The 3D crystal structure of hAChE (human acetylcholinester-
ase) in complex with DZP (PDB ID-4EY7) was retrieved from
the Brookhaven protein data bank (Berman et al, 2000;
Cheung et al, 2012). Protein Preparation Wizard of
Schrodinger software package (Schrodinger, LLC, New York,
NY) was used to prepare the protein. This step includes add-
ition of missing hydrogen, removal of water beyond 5 A from
the HET group, assignment of right bond orders, optimiza-
tion of orientations of hydroxyl and amino groups and the
determination of ionization of amino acids using ProtAssign
utility. The resulting structures were further subjected to
restrained minimization with cutoff root mean square devi-
ation (RMSD) of 0.3 A. Finally, the prepared complex was fur-
ther used for molecular docking and MD simulation study.

All the FDA-approved drugs obtained from the DrugBank
database (Wishart et al, 2008) available at (https://www.
drugbank.ca/) were subjected for ligand preparation using
the LigPrep module of Schrodinger software package
(Schrodinger, LLC, New York, NY). The different possible ion-
ization states were generated at the pH (7.0+2) using
Epik ionizer.

The receptor grid generation module of Schrodinger soft-
ware package (Schrodinger, LLC, New York, NY) was used to
define the site of molecular docking. The grid center was
defined using the centroid of co-crystallized ligand, i.e., DZP.
The grid was standardized by re-docking the co-crystallized
ligand DZP. Further, the docked ligand in the previous step
was aligned to co-crystallized ligand to compare the RMSD
value between them. Molecular docking of all ligands was
performed in extra precision (XP) mode (Friesner et al., 2006).

2.2. Virtual screening protocol

A combined VS protocol was used to get the promising top
hits from a list of FDA-approved drugs. It comprises molecu-
lar docking, Prime/MM-GBSA (molecular mechanics/general-
ized born surface area) calculation (Genheden & Ryde, 2015)
and blood-brain barrier (BBB) permeability filter. DrugBank
(Wishart et al., 2008) consists of a total of 2389 FDA-
approved drugs. All ligands (FDA-approved drugs) were
docked to AChE in XP mode using the method described in
Section 2.1 or in our previous study (Arora et al, 2019).
Docked molecules having XP GScore lower than —9.0 were
further subjected to Prime/MM-GBSA calculation. All the
poses of small molecules having different docking scores
were considered during the MM-GBSA calculation. Finally,
those molecules which have binding free energy lesser than
the DZP were used in the next step of screening. The next
stage of filtering was based on BBB permeability using the
ADMET Descriptor module of Discovery Studio 2.5 software
(Discovery Studio Visualizer 2.5.5 (2010) Accelrys Inc.) (Egan
& Lauri, 2002). Few molecules were selected amongst the
final top filtered molecules for MD simulations to assess the
stability of docked complexes. Also, a detailed analysis of key
interacting residues was performed during the whole period
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of MD simulations for the selected ligands. Apart from this, a
rigorous MM-GBSA calculation was performed on MD trajec-
tory to estimate the average binding free energy of different
protein-ligand complexes to remove any false positives
obtained from VS protocol. Finally, two compounds were
subjected to in vitro hAChE inhibition assay selected on the
basis of the absence of experimental evidence reported
in literature.

2.3. Molecular dynamics simulations

All-atom MD simulations were performed using the
Desmond-v6.1 module (Bowers et al, 2006) of Schrodinger
software package (Schrodinger, LLC, New York, NY). The sys-
tem builder panel was used to prepare the initial system for
MD simulations. Apo-AChE and all docked complexes were
placed in a cubic box of 1.0nm size. The box was solvated
with TIP3P water models (Mark & Nilsson, 2001) and negative
charge of the system was neutralized using Na*t ions. An
ionic strength of 0.15M was maintained by adding Na™* and
ClI™ ions to the system. Further, the solvated system was
minimized and equilibrated under NPT ensemble using the
default protocol of Desmond. It includes a total of nine
stages among which there are two minimization and four
short simulations (equilibration phase) steps (Samad et al.,
2016). All minimized and equilibrated systems were sub-
jected to MD run with periodic boundary conditions in NPT
ensemble using OPLS_2005 force field parameter
(Shivakumar et al., 2010) for 100ns. During the simulation,
the pressure (1atm) and temperature (300K) of the system
were maintained by Martyna-Tobias—Klein barostat and
Nose-Hoover Chain thermostat, respectively (Cho et al.,
1993; Evans & Holian, 1985; Hoover, 1985; Nosé, 1984).
Binding energy between the AChE and all ligands was calcu-
lated using the inbuilt script thermal_mmgbsa.py (Genheden
& Ryde, 2015; Lyne et al, 2006). An average of binding
energy between protein and ligand was calculated from the
last 30 ns of trajectory. The solvent accessibility surface area
(SASA) of AChE in the presence of different ligands was cal-
culated using the script binding_sasa.py. Apart from this, the
number of hydrogen bonds were also calculated using the
simulation event analysis panel and in-house codes.

2.4. In vitro hAChE inhibition assays

The inhibitory activity for ChE was performed using the
modified method of Ellman et al. (1961) and following the
previous work of Kumar, Ganeshpurkar, et al. (2018), Kumar,
Gupta, et al. (2018) and Singh et al. (2020). Cholinesterase
(ChE) catalyzes the hydrolysis of acetylthiocholine iodide
(ATCI) to produce the thiocholine and acetate, which reduces
the 5,5-dithiobis-(2-nitrobenzoic acid) (DTNB) to yellow color
product that can be detected colorimetrically at 415nm.
hAChE (CAS No. 9000-81-1), DTNB (CAS No. 69-78-3), ATCI
(CAS No. 1866-15-5), DZP (CAS No. 120011-70-3), hydroxy-
chloroquine (HCQ, CAS No. 747-36-4) and RGZ (CAS No.
122320-73-4) were purchased from Sigma-Aldrich. The stock
solution of enzyme 0.022U/mL was prepared in a 50mM

Tris-HCl buffer (pH 8.0). DZP was used as a standard drug.
The stock solutions of test and standard (2.5 mM) were pre-
pared in molecular biology grade dimethyl sulfoxide (DMSO).
The percentage inhibitions were determined at five different
concentrations of 20, 10, 1.0, 0.1 and 0.01 uM of test com-
pounds. Briefly, 50 uL of AChE (0.022U mL™") and 10pL of
test or standard compounds were incubated in 96-well plates
for 30 min at room temperature. Further, 30 uL (1.5mM) of
substrate ATCI were added into it and allowed to stand for
an additional 30 min. Finally, 160 uL of DTNB (0.15 mM) was
added to it, and absorbance was recorded immediately at
415 using Synergy HTX multi-mode reader (BioTek, USA).
Results are expressed as the mean + SEM of at least three dif-
ferent experiments performed in triplicate. The blank assay
consisted of all components except enzyme and control con-
tain all components except test compound. The percentage
inhibition was calculated from the equation: 1—A;/A. x 100,
where A; and A, are the absorbance values obtained for
AChE in the presence and absence of inhibitors, respectively.

3. Results
3.1. Virtual screening

3.1.1. Molecular docking-based virtual screening

The crystal structure of AChE with co-crystallized ligand DZP
was used for the molecular docking using the Glide in XP
mode (Friesner et al., 2006). The co-crystallized ligand DZP
was used to define the grid. The co-crystallized ligand was
redocked to the AChE and the binding poses of both co-
crystallized and redocked DZP were compared and the
RMSD difference between them was found to be 0.657 A
(Supplementary Figure S1). The VS of all the 2389 FDA-
approved drugs was performed using the same validated
grid. All the molecules having XP GScore lesser than
—9.0 kcal/mol were selected in order to have a diverse set of
molecules for the next stage of screening.

3.1.2. Binding free energy calculation

Binding free energies of docked protein-ligand complexes
were calculated using the Prime/MM-GBSA method.
Combining the docking results with Prime/MM-GBSA not
only rank a large set of ligands rapidly but also yield more
reliable results and remove any false positives (Genheden &
Ryde, 2015; Lyne et al, 2006). A cutoff of (XP GScore)
—9.0 kcal/mol filter 1164 compounds out of a total of 2389
compounds from docking-based VS. The binding free energy
of 1164 docked complexes was computed. A total of 80
compounds were predicted to have binding free energy
lesser than the DZP. The predicted binding free energy of
DZP bound to AChE was found to be —84.82 kcal/mol.

3.1.3. BBB permeability predictions

The BBB permeability is one of the imperative requirements
for a drug molecule which is intended to target and treat
AD. All 80 molecules screened in the previous step on the
basis of binding free energy were further subjected to BBB
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Figure 1. Plot of PSA versus AlogP for the 80 hits obtained from docking and free energy-based virtual screening method. The 95% and 99% confidence limit ellip-

ses that correspond to the blood-brain barrier model.

permeability prediction. The ADMET Descriptor module of
Discovery Studio 2.5 predicts the blood-brain penetration of
small molecules after the oral administration. This method is
based on quantitative linear regression which predicts the
blood-brain penetration, as well as 95% and 99% confidence
ellipses in the ADMET_AlogP98, ADMET_PSA_2D plane. There
are four prediction levels within the 95% and 99% confi-
dence ellipsoids. The different prediction level of molecules
is identified by four different values, i.e., 0 (very high pene-
trant), 1 (high), 2 (medium), 3 (low) and 4 (undefined). In this
study, only those molecules which are predicted to have
very high or high penetrant represented by values 0 and 1
were considered. A total of 22 compounds were retained out
of 80 compounds using BBB filter. Figure 1 shows the plot of
PSA versus AlogP for the 80 hits obtained from docking and
free energy-based VS method. Table 1 depicts the docking
results, important interaction (hydrogen bond and hydropho-
bic interaction) between residues of AChE and small mole-
cules, binding free energy and BBB prediction level of top 22
top hits.

Out of 22 compounds obtained from a combined compu-
tational VS method, top 10 molecules were considered for
further study. A literature search was performed for top 10
molecules. It was found that RGZ and pioglitazone (PIO)
belonging to TZD class of antidiabetic drugs which acts by
activation of the peroxisome proliferator-activated receptor y
(PPAR-y). Both drug molecules have been already shown to
be therapeutically beneficial in mild-to-moderate stages of
AD (Pedersen et al., 2006; Pérez & Quintanilla, 2015). Another
aminoquinoline class of drugs including HCQ and pipera-
quine (PPQ) is mainly used in the treatment of malaria. Apart
from antimalarial activity, HCQ is also a prescribed medica-
tion in the treatment of rheumatoid arthritis, chronic discoid
lupus erythematosus and systemic lupus erythematosus (Al-
Bari, 2015). Recently, HCQ in combination with azithromycin
has been used in novel coronavirus (COVID-19) patients
which is caused by infection of SARS-CoV-2 virus (Gautret
et al., 2020). HCQ's ability to inhibit the destructive inflamma-
tory mechanisms have shown benefit in AD (Aisen, 2002;
Aisen et al., 2001). So, the antidiabetic drugs (RGZ and PIO)
and antimalarial drug HCQ have shown to be beneficial in

the treatment of AD but none of the mechanisms suggests
anything related to cholinergic hypothesis. PPQ is a bisquino-
line antimalarial drug which is also structurally related to
HCQ. Since PPQ is ranked on top in in silico VS study and
structural similarity of this molecule with HCQ led us to
study this molecule in more detail along with other top hits.
Miconazole (MCZ) and oxiconazole (OXZ) belonging to the
imidazole family is used as antifungal agents have also
shown good affinity for AChE in our computational study. In
literature, only MCZ has been already reported to inhibit the
AChE with 0.65+016 M (Chen et al, 2015). Since OXZ
shares similarity in structure with MCZ and both belong to
the same chemical class (imidazole derivative), we expect
that OXZ should also show AChE inhibitory activity with
almost similar potency as that of MCZ. We did not find any
experimental evidence where the biological inhibitory activ-
ity of OXZ against hAChE is reported. The reported study on
MCZ focuses very little on computational aspects so we
included MCZ along with OXZ for MD simulation study.

Our next stage of study focused on identifying the struc-
tural stability, detailed interaction analysis of AChE with six
selected molecules and average binding free energy calcula-
tion over a trajectory snapshot using MD simulations. Six
hits, i.e.,, HCQ, PPQ, RGZ, PIO, MCZ, OXZ and reference mol-
ecule DZP in complex with AChE were selected for MD simu-
lation study.

3.2. Molecular dynamics simulations

The MD simulation study of AChE_apo state and aforemen-
tioned hits along with reference crystallized molecule DZP in
complex with AChE were carried out for 100ns. This study
further shed the light on the detailed computational insights
in terms of molecular interactions, protein-ligand stability
and binding modes for all six drug molecules.

3.2.1. Analysis of interaction of different drug molecules
with AChE

3.2.1.1. Hydroxychloroquine and piperaquine. The quin-

oline moiety of HCQ interacts with the catalytic active site

while the long chain having positive charged amine group
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Table 1. Docking, binding free energy and BBB permeability results of top 22 molecules obtained from virtual screening of DrugBank database.

ADMET

MM-GBSA
dG bind
—125.3

XP
GScore
—18.24

—14.64
—14.64

glide Docking

emodel
—116.85

glide
gscore

m—cation
Trp86, Tyr341

Trp86

-7 interaction

Trp286 His447

Trp86

Hydrogen bonding

Phe295

BBB_Level

score
—17.98

—1233
—13.15

Generic_name

S. No.

—18.24
—14.64
—14.64

Piperaquine

—97.50
—96.57

—74.13

Pipazethate

Tyr341,His447, Trp86

Ser293, Arg296, Tyr124

—87.50

Pioglitazone

Tyr337, Trp86
Tyr337, His447, Trp286

Trp86, Tyr124

Trp86

Ser125

—94.17
—93.36

—91.88
—91.65
—91.56
—91.03
—91.00
—90.16
—89.66
—89.10
—89.09
—88.81
—88.81
—87.95
—86.92
—86.74
—86.67
—86.66
—85.08
—84.82

—-11.23
—11.93
—16.90
—14.22

—10.19
—11.72

—16.83
—11.57

—94.02

—-11.23
—11.93
—16.90
—14.22

—-9.71
—12.09
—11.49
—11.39
—13.14
—1233
—13.20

Oxiconazole
Miconazole

Asp74, Tyr124
Phe295

—96.16
—-117.23
—109.12

Trp86, Tyr337, Phe338

Trp86

Nefazodone
Abemaciclib

Trp286, Tyr341

Phe295, Tyr72
Phe295

Phe338
Trp286

Trp86, Tyr337 Tyr341

Trp86

-9.71
—12.09
—11.49
—11.39
—13.14
—1233
—13.20

—9.57
—12.04
—11.29
—11.06
—12.94

—12.0
—12.87

—78.48
—82.40

—-91.11

Rosiglitazone

Ser125, Arg296
Tyr124, Asp74
Asp74

Hydroxychloroquine

Econazole

9

Trp86, Tyr124

Tyr124

10

11

—91.98

—84.64
—97.29
—71.50

—116.24

Sulconazole
Isoconazole
Astemizole
Bifonazole

Trp86

Trp286, His447, Tyr337

Trp286, Trp86

Tyr337
Tyr124

12
13
14

Tyr337, Trp86

Trp86

Phe338, Tyr341

Tyr341

His447
Ser293
Trp86

—9.46
—10.97

—9.21

—10.97

—9.46
—10.97

Terconazole
Lapyrium

15
16

Trp86
Trp86

—76.49

—68.63
—101.42

Tyr337, Phe338
Trp286, His447

Tyr124, His447

—9.47
—16.33
—-11.34

—13.41
—10.85

—9.47
—16.33

—9.47
—16.33
—11.34
—13.41
—10.85

—-9.7
—17.50

Penbutolol

Phe338, Tyr337, Trp86

Phe338 Gly122

Mebeverine

18
19
20
21

Tyr337, His447, Trp286

Trp286 Trp86

—9.21
—13.28
—10.47

—83.40
—103.27

Drotaverine

Tyr337, Phe338, Tyr341

Phe295

Brexpiprazole
Butoconazole
Chloroquine
Donepezil

Trp286 Trp86

Tyr341

—78.83
—68.15

Trp86, Tyr341, Phe338

Tyr124

—9.66
—17.48

22
23

Phe338, Tyr337, Trp86

Trp286, Trp86

Phe295

—17.50

—87.40

interacts with peripheral active site (PAS) of AChE. During
the initial period of MD simulation, the interaction between
the quinoline ring and Trp86 via m-n stacking was observed
occasionally. While this same interaction (i.e. Trp86 and quin-
oline moiety) was found to be more prominent during the
last 30ns of simulation maintained via both n—m stacking
and m—cation interaction (Figure 2). This m—cation interaction
between Trp86 (belonging to catalytic anionic subsite or
choline-binding subsite) and quaternary ammonium ligands
is already reported to be important in the literature (Junaid
et al,, 2019; Santos et al., 2018; Zhang et al., 2018). Terminal
quaternary nitrogen in the side chain also forms a m—cation
interaction with Trp286 and this interaction with PAS was
maintained for more than 50% of simulation time (Figure
3(C), Supplementary Figure S2(B)). The quinoline fragment of
HCQ also makes hydrogen bonds with the residue Ser125
and since this interaction was maintained for 88% of total
simulation time, it can be considered as one of the strong
and consistent interactions (Figure 3(C), Supplementary
Figure S2(B)). Other important and consistent interaction of
HCQ with AChE includes a hydrogen bond between Tyr341
and amino group directly attached to quinoline at the fourth
position. Supplementary Figures S4-S6 show interactions and
contacts (H-bonds, Hydrophobic, lonic, Water bridges) in
timeline form. The timeline figure, having the top panel
shows the total number of specific contacts the AChE makes
with the HCQ over the course of the trajectory and the bot-
tom panel shows residues and ligand interaction information
in each trajectory frame. The residues making more than one
specific contact with the ligand is represented by a darker
shade of orange, according to the scale to the right of
the plot.

PPQ belongs to the 4-aminoquinoline class having two
quinoline groups joined by a linker which is composed of
two piperazine moieties. One terminal quinoline moiety
mainly orients toward the catalytic active site while the
opposite quinoline moiety orients toward the PAS (Figure
3(B)). The PAS residue, i.e., Trp286 forms m—cation interaction
with nitrogen of quinoline, and this interaction was main-
tained for 40% of total simulation time. Also, this residue
forms m-m stacking with one ring of quinoline (Figure 3(B),
Supplementary Figure S2(C)). Glu292 is another PAS residue
which forms salt bridge and one hydrogen bond with this
terminal quinoline group. The opposite quinoline moiety
interacts mainly with Trp86 and Tyr449 via n-n stacking and
m—cation interaction. The electron-rich m system of aromatic
rings present in both amino acids, i.e, Trp86 and Tyr449
make strong and consistent m-cation interaction with the
positive charged quaternary amine present in the quinoline
group (Figure 3(B), Supplementary Figure S2(C)). MD simula-
tion analysis on the basis of occupancy and histogram in
Supplementary Figure S2(C) indicates that the interaction of
PPQ with both PAS and catalytic site is stable and main-
tained throughout the simulation time.

3.2.1.2. Rosiglitazone and pioglitazone. RGZ is mainly com-
posed of TZD rings attached to a lipophilic group through
phenoxyalkyl linker. The TZD moiety of RGZ mainly interacts
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with PAS and lipophilic tail (i.e., pyridine) interacts with cata-
lytic site of AChE (Figure 4(B)). The TZD ring makes one
hydrogen bond directly and one water-mediated hydrogen
bond with Glu292, and this interaction was present in the
majority of time during the whole period of simulation
(Figure 4(B), Supplementary Figure S3(C)). The histogram
depicts (Supplementary Figure S3(C)) hydrogen bond and
water-mediated hydrogen bond (in two different colors)
between Glu192 and TZD moiety of RGZ. The lipophilic pyri-
dine moiety present at the terminal of RGZ mainly interacts
with the residues of the catalytic anionic site of AChE.

Figure 2. The m-m interaction (cyan color) and m—cation interaction (green
color) between quinoline group of hydroxychloroquine and Trp86 consistent
only during the last 30 ns of simulation, while the m—cation interaction (green
color) between Trp286 and hydroxychloroquine was consistent during the
whole simulation time.
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Residues Trp86, Tyr337 and Tyr341 form n-m stacking with
the pyridine ring and having occupancy of 46%, 60% and
49%, respectively. The nitrogen of pyridine interacts with res-
idues Trp86, Tyr337, Phe338 and Tyr341 through the
m—cation interaction. These m—cation interactions were main-
tained for more than 60% of total simulation time for all four
residues (Supplementary Figure S3(C)). The residues Trp86
and Tyr337 are the important residues of catalytic anionic
site of AChE and hydrophobic interactions with these resi-
dues for different potent ligands including DZP are reported
in the literature.

Similar to RGZ, TZD moiety of PIO also interacts with PAS
and tail part (i.e., pyridine) orient toward the catalytic site of
AChE (Figure 4(A)). The positively charged amine group in
TZD rings make two hydrogen bond with Glu292 and
GIn291. Residue Glu292 also forms a water-mediated hydro-
gen bond with oxygen of TZD ring in a similar fashion to
RGZ. The pyridine ring forms hydrophobic interaction with
Tyr337 and Phe338. The timeline representation of inter-
action  (Supplementary Figure S5(C)) and histogram
(Supplementary Figure S3(D)) represents that important inter-
acting residues belonging to both catalytic and PAS are sta-
ble and consistent.

3.2.1.3. Miconazole and oxiconazole. The imidazole ring
present in MCZ interacts with PAS and one dichlorobenzene
ring interacts with the catalytic site of AChE (Figure 3(D)).
The nitrogen in the imidazole ring forms a water-mediated
hydrogen bond with Asn87. This water-mediated hydrogen
bond was maintained for more than 40% of total simulation

125
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Figure 3. 2D interaction diagram of hAChE with (A) donepezil, (B) piperaquine, (C) hydroxychloroquine, (D) miconazole and (E) oxiconazole, where green, red and
violet colored arrows represent the n—n stacking, m—cation interactions and hydrogen bonds, respectively.
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Figure 4. 2D interaction diagram of hAChE with (A) pioglitazone and (B) rosiglitazone where green, red and violet colored arrows represent the m—mn stacking,

n—cation interactions and hydrogen bonds, respectively.

time (Supplementary Figure S3(A)). Another important and
stable hydrophobic interaction was observed between
dichlorobenzyl ring and Trp86, and this m-m stacking inter-
action with anionic site residue was maintained over 95% of
total simulation time (Figure 3(D), Supplementary
Figure S3(A)).

It was observed that the dichlorobenzyl group of OXZ
forms a m-n stacking with Trp86, and this hydrophobic inter-
action was maintained for only initial 20ns of simulation.
After 20ns of simulation Trp86 form n-m stacking and
n—cation stacking with the imidazole group of OXZ (Figure
5(A,B)). This is one of the important events observed during
the MD simulations. Also, this same moiety forms a hydrogen
bond with Asp74 (Figure 3(E), Supplementary Figure S3(B)).
Imidazole ring of OXZ interacts with both catalytic sites and
PAS of AChE.

3.2.2. Analysis of binding free energy

The binding free energy between the AChE and all seven
ligands was calculated from the last 30ns trajectory. The
average binding free energy and its different contributing
terms for all simulated complexes are summarized in Table 2.
Figure 6 shows the fluctuation in the binding free energy of
all complexes with respect to simulation time. The plot
shows that binding free energy of all complexes with respect
to time fluctuates around a stable value. The average bind-
ing energy of AChE_HCQ and AChE_PPQ complexes was
found to be —84.64+5.5 and —105.09 + 7.7 kcal/mol, respect-
ively. Similarly, the binding energy for both antifungal drugs
MCZ and OXZ with AChE was found to be —81.77+4.9 and
—92.37 + 4.6 kcal/mol, respectively. Remaining both TZD class

of antidiabetic drugs, RGZ and PIO in complex with AChE
were found to have almost equal average binding free
energy of approximately —88kcal/mol. The van der Waals
energy remains one of the major contributing terms to final
average binding energy for all complexes. The van der Waals
energy contributed negatively to total binding energy for all
complexes and the value for all complexes lies in a similar
range. The coulombic energy is considered as another
important energetic term which contributes to final binding
energy between protein-ligand complexes. It was noted that
similar to van der Waals energy, the coulombic energy also
contributes negatively to total binding energy for all com-
plexes except the TZD drug molecules RGZ and PIO.

3.2.3. Analysis of structural stability, compactness and
residual fluctuation
The structural stability of AChE and its complex with differ-
ent ligands can be explained by analyzing the RMSD, radius
of gyration (Rg) and root mean square fluctuation (RMSF).
Figure 7 shows the RMSD plot of apo-AChE and its complex
with the different ligands. The changes in RMSD for all com-
plexes suggest that the simulation is converged. This plot
also suggests that binding of ligands causes a significant
reduction in the RMSD value. The average RMSD values
along with standard deviation were calculated for all com-
plexes and were compared with apo-AChE (Supplementary
Table S1). There is a considerable reduction in average RMSD
value of AChE in the presence of all ligands. Figure 7 shows
the changes in the Ry of the AChE in the presence and in
absence of the ligands. The Ry is an indicator of the com-
pactness of the protein. The Ry plot (Figure 8) and average
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Figure 5. (A) interaction of Trp86 of hAChE with dichlorobenzyl group of oxiconazole during the first 20 ns of simulation and (B) interaction of Trp86 shifted to
imidazole group from dichlorobenzyl group after 20 ns.

Table 2. The average AGpng (kcal/mol) and its contributing energy terms for six hits against hAChE calculated from MD trajectories (last 30 ns).

Avg. Avg. Avg.

AGping AGping Avg. Avg. AGping Avg. AGpjng Avg. AGping AGping
Complex Coulomb?® Covalent® AGp;ng Hbond® AGping Lipo® Packing® solv GB' vdw9 total"
AChE_DzZP —24.28 3.58 —0.82 —34.61 —3.98 43.41 —52.27 —68.96 £3.4
AChE_HCQ —12.03 5.58 —2.09 —24.32 —8.46 4,16 —47.47 —84.64+5.5
AChE_PPQ —51.78 4.51 —1.18 —30.42 —14.96 49.51 —60.79 —105.09%+7.7
AChE_MCZ —20.75 1.40 —0.16 —33.83 —6.17 30.61 —52.88 —81.77+49
AChE_OXZ —17.22 241 —0.76 —30.12 —5.06 10.06 —51.69 —9237+4.6
AChE_RGZ 11.69 4.82 —-1.15 —30.97 —7.94 —18.61 —46.42 —88.57+7.4
AChE_PIO 10.82 2.72 —0.79 —30.69 —6.07 —12.25 —51.80 —88.06 £4.6

2Coulomb energy,

bCovalent binding energy,

‘Hydrogen bonding correction,

dLipophilic energy,

Pi-pi packing correction,

fGeneralized born electrostatic solvation energy,
9van der Waals energy,

PTotal binding free energy.

" M M U/IM il
I M i ‘ r‘m .O‘lr '“v"*'ﬁ, l"‘ «”;t.m,h”“

70 75 80 85 920 95
Time (ns)

-40
50
-60

¢ (kcal/mol)
'3

A(;Bindin
SN

—

]

100

—DZP —HCQ

Figure 6. Binding free energy of AChE with donepezil, hydroxychloroquine,
piperaquine, hydroxychloroquine, rosiglitazone, pioglitazone, miconazole and
oxiconazole with respect to simulation time calculated using the MM-GBSA
method from the last 30 ns of MD simulation.

PPQ —RGZ —PIO MCZ —OXZ

Ry calculated from the whole trajectory (Supplementary
Table S1) indicate that there are no considerable and signifi-
cant changes in Ry of AChE in the presence of ligands as
compared to apo-AChE. The RMSF locates the region of local
residual fluctuation in AChE in the presence and absence of
ligand. RMSF for AChE-apo state provides a baseline for

comparing the fluctuations with ligand-bound complexes.
One region from residues 71 to 95 (say region A) has a spike
and comparatively higher RMSF value as compared to other
regions in case of apo-AChE (Supplementary Figure S7). But
it was observed that the binding of ligands stabilizes the
spike region A. The binding of almost all ligands stabilizes
the higher fluctuations in this region including standard drug
molecule DZP. More analysis of this region revealed that
important interacting residues of binding pocket, i.e., Trp86
and Asp74 interact with all six ligands. This stabilization of
higher RMSF value may be due to the interaction of afore-
mentioned residues with ligands.

3.2.4. Solvent accessibility surface area and hydrogen
bond analysis
The percentage change in SASA of the residues presents
10 A away from the ligands was calculated. It was found that
there was a considerable decrease in SASA of active site resi-
dues of AChE in the presence of all ligands. Figure 9(A) rep-
resents the percentage decrease in SASA of AChE in the
presence of different ligands with respect to simulation time.
Figure 9(B) shows the average percentage decrease in SASA
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Figure 7. Backbone RMSD plot for apo-AChE and AChE—donepezil complex in comparison with (A) AChE-HCQ, AChE-PPQ; (B) AChE-RGZ, AChE-PIO; and (C) AChE-
MCZ, AChE-OXZ with respect to simulation time.
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Figure 8. The radius of gyration plot for apo-AChE and AChE-donepezil complex in comparison with (A) AChE-HCQ, AChE-PPQ; (B) AChE-RGZ, AChE-PIO; and (C)
AChE-MCZ, AChE-OXZ with respect to simulation time.

of AChE residues 10A away from ligands. It can be con- represents the SASA value fluctuations of whole protein in
cluded from this analysis that there was approximately the presence of ligands with respect to simulation time. The
20%-25% decrease in SASA of active site residues of AChE in  majority of changes in SASA values occur in the active
the presence of all ligands. Supplementary Figure S8 also site residues.
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Figure 9. (A) Percentage decrease in SASA of active site residues (10A away
from the bound ligand) with respect to simulation time in the presence of dif-
ferent ligands; (B) average percentage decrease in SASA of active site residues
of AChE calculated from 1000 snapshots obtained from MD simulations.

Table 3. hAChE
and donepezil.

inhibition by  hydroxychloroquine,  rosiglitazone

Compound 1Cso £ SEM (uM)
Hydroxychloroquine 9.64+0.19
Rosiglitazone 13.10+0.18
Donepezil 0.086+0.12

The number of hydrogen bonds formed between the
AChE and all seven ligands was calculated. The plots in
Supplementary Figures S9 and S10 depict the total number
of hydrogen bonds a particular ligand makes with AChE with
respect to simulation time. The detailed histogram analysis
(Supplementary Figure S11) obtained from the simulation
data shows that most of the time DZP makes only one
hydrogen bond with AChE. Similarly, azole family drug mole-
cules, i.e., MCZ makes no hydrogen bonds while OXZ makes
one hydrogen bond with active residues of AChE
(Supplementary Figure S12). The HCQ and PPQ mostly make
two hydrogen bonds with AChE during the simulation
(Supplementary Figure S11).

3.3. In vitro hAChE inhibition assays

In clinical practice, it is well known that ChE inhibitors are an
effective approach in improving the cognitive decline in AD.
Thus, the inhibitory activities of the compounds (HCQ and
RGZ) on hAChE were measured according to the modified
Ellman method (Ellman et al, 1961) and following previous
publications (Kumar, Ganeshpurkar, et al., 2018; Kumar,
Gupta, et al., 2018; Singh et al., 2020). DZP, a well-known
cholinesterase inhibitor available in the market for AD, was
used as a reference drug. The tested target compounds
exhibited mild-to-moderate inhibitory activity against hAChE
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Figure 10. Percentage inhibition of hAChE by rosiglitazone, hydroxychloro-
quine and donepezil.

with 1C5o values in the range of uM concentration (Table 3).
However, in comparison to DZP, the enzyme inhibition prop-
erty was found to be weak for the tested molecules. The 1Csq
values and percentage inhibition graph for hAChE inhibition
are summarized in Table 3 and Figure 10. As shown in Table
3, RGZ and HCQ could inhibit AAChE with IC5q =
13.10£0.18 M and 9.64 £ 0.19 UM, respectively.

4. Discussion

In this study, FDA-approved drugs were computationally
screened using a combined three-stage VS protocol which
includes molecular docking, binding free energy calculation
and BBB prediction. It leads to the identification of 22 hits
out of a total of 2389 molecules. Literature search was per-
formed on top 10 hits and it leads to the identification of six
drug molecules (refer to Section 3.1). This includes HCQ, RGZ
and PIO, which have been already shown to have benéeficial
effects in mild-to-moderate AD in animal models and
patients (Aisen, 2002; Aisen et al., 2001; Pedersen et al., 2006;
Pérez & Quintanilla, 2015). The antifungal drug MCZ has
been already shown to have AChE inhibitory activity and
efforts have been made to design new potent derivatives
using the MCZ scaffold (Chen et al., 2015). The remaining
two drug molecules PPQ and OXZ share structural similarity
with HCQ and MCZ, respectively, and also have ranked
higher in in silico study. The RMSD, Ry and RMSF analysis
shows that protein-ligand complexes were stable during MD
simulations. MD simulation study also reveals the information
about important interacting residues of PAS (Asp74, Tyr124
and Trp286) and catalytic active site residues (Trp86, Glu202
and Tyr337) of hAChE with different ligands. All these six
final selected hits belong to three main classes, i.e., antidia-
betic, antimalarial and antifungal. We focused on in vitro
hAChE inhibition assay on a single drug from each class to
reduce experimental cost. Later, antifungal class compounds
were excluded as the hAChE inhibitory activity of MCZ was
already reported in the literature. Finally, RGZ and HCQ were
tested against the hAChE enzyme and found that they could
inhibit the enzyme with I1Csq values 13.10+£0.18 and
9.64+0.19 uM, respectively. This indicated the moderate
interaction of these molecules with the target as compared
to standard potent molecule DZP. Our study also shows that
all six molecules despite being classified into three different
classes, i.e, TZD (T2DM class), aminoquinoline (antimalarial)
and azoles (antifungal), have a tertiary amine as a common
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pharmacophoric  feature present in all  molecules
(Supplementary Figure S13). This chemical feature was also
found to be present in other already well-established and
marketed AChE inhibitors like DZP, rivastigmine, galantamine
and physostigmine.

The detailed computational insights from docking and
simulation data may shed light on the possible reason
behind the large difference in ICso value between highly
potent DZP and less potent molecules RGZ and HCQ. The
MD simulation of docked AChE-DZP complex reveals the crit-
ical and important interaction with the key residues of AChE.
It was observed that the DZP interacts with two critical resi-
dues, i.e.,, Trp86 and Trp286 of hAChE through hydrophobic
interaction (i.e. m-m stacking and m—cation interaction) during
the simulation. The residue Trp86 belongs to the CAS por-
tion, whereas the Trp286 belongs to the PAS portion of the
hAChE binding pocket, and DZP interacts efficiently with
both residues. While this kind of concomitant synergy via the
hydrophobic interaction to Trp of both PAS and CAS was
absent in case of RGZ and PIO. Another possible important
difference was that the docking score of RGZ and PIO was
—9.57 and —12.04 kcal/mol, which is quite high as compared
to the docking score of DZP, i.e., —17.48 kcal/mol. Hence, the
measured mid-range puM level AChE inhibition by RGZ and
HCQ may be explained by the aforementioned observation
concluded from the computational study.

The emerging evidence suggests an association between
AD and type 2 diabetes mellitus; which may contribute to
one another’s pathophysiology and clinical symptoms. It has
been demonstrated that the presence of insulin-sensitive glu-
cose transporters and insulin receptors in the medial tem-
poral regions of the brain are necessary to perform the
normal cognitive function. Thus, insulin abnormality can
deteriorate memory function and cause Alzheimer-like clin-
ical symptoms (Craft & Watson, 2004; Watson & Craft, 2003).
Craft in 2007 suggested that a rise in plasma insulin in the
insulin resistance individuals increases the level of B-amyloid
(AB) and other inflammatory agents in the brain (Craft,
2007). Therefore, consistent efforts have been made to repur-
pose the TZD class of antidiabetic drugs against AD owing
to their potent insulin-sensitizing action through the PPAR-y.
However, experimental and clinical data available related to
RGZ and PIO drugs showed limited success against the AD
(Geldmacher et al.,, 2011; Risner et al., 2006; Watson et al.,
2005). Escribano et al. in 2009 used mice overexpressing
mutant human amyloid precursor protein to understand the
mechanism of RGZ in the improvement of cognitive function
in AD and has indicated the possible involvement of gluco-
corticoid receptor (GR) (Escribano et al., 2009). Similarly,
Moreira in 2018 highlighted mitochondrial dysfunction as a
link between both the diseases and suggested that TZD
increases mitochondrial biogenesis in human adipose tissue
and neuronal NT2 cells, which further help in the modulation
of disease pathophysiology (Moreira, 2018). All of the afore-
mentioned mechanism explains the mechanistic viewpoint
for the possible beneficial effect of TZD in AD but it did not
establish any link between TZDs and cholinergic hypothesis
of AD. But here our study shows that RGZ inhibits hAChE

which is not yet reported in the literature. However,
Harrington et al. in 2011 used RGZ as adjunctive therapy
with potent AChE inhibitors and found no significant effect
on individuals (Harrington et al, 2011). It might be due to
the fact that RGZ had to compete with potent AChE inhibi-
tors and therefore, no significant effects were seen. Hence
our preliminary research indicates that more experimental
study is needed to establish any possible link between AChE
inhibition of TZD and its beneficial role in AD.

HCQ is another drug that has been reported to show
beneficial effects in AD patients by its ability to inhibit the
destructive inflammatory mechanisms. The AChE inhibition
activity of aminoquinoline derivatives, i.e., chloroquine, amo-
diaquine, amopyroquine and primaquine is already reported
in the literature except for HCQ (Katewa & Katyare, 2005; Lim
& Go, 1985). However, HCQ was found to inhibit the butyryl-
cholinesterase with 1C5o value of 0.38+1.4uM in a study
(Dawson et al,, 2005). Here, through this study, we report
that HCQ also inhibits the hAChE and this suggests that
apart from the anti-inflammatory effect of HCQ, the moder-
ate inhibition of AChE may also have some role in showing
the beneficial effect in the AD. Our study suggests the pos-
sible impact of HCQ on the cholinergic pathway, which is
one of the key players in AD. However, a study performed
by van Gool et al. in 2001 observed no significant effect in
early-stage Alzheimer’s patients in a double-blind trial using
HCQ (van Gool et al., 2001). Several reasons can explain why
these drugs (RGZ, PIO and HCQ) which have AChE inhibitory
activity but cannot produce clear cut significant effect
among individuals. The high 1Cso value of these molecules in
comparison to DZP may be one of the possible reasons
behind the mixed effect observed in clinical trials for
AD patients.

In conclusion, the current drug repurposing study using
the computational method supplemented by experimental
enzyme assay confirms AChE inhibitory activity of HCQ and
RGZ. These new findings on TZD and aminoquinoline class
of drugs and its role in AD may open up new possibilities in
drug repurposing for AD. The detailed computational infor-
mation about the AChE inhibitory activity of antifungal
azoles class of drug (MCZ and OXZ) can be used to design
more potent AChE inhibitors. The study also reveals detailed
computational insights on stability of protein-ligand com-
plex, information about critical interacting residues, orienta-
tion of drug molecules in pockets and average binding free
energy through long MD simulation study.
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