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ABSTRACT

Acetylcholinesterase inhibitors (AChEIs) remain the first-line treatment for Alzheimer's disease. However, these drugs are largely
symptomatic and often associated with adverse effects. This study aimed to evaluate novel pharmacophores for their in vitro
AChETI activity, blood-brain barrier (BBB) permeability, and cytotoxic potential, hypothesizing that a combination of AChEIs
could enhance symptom management while minimizing toxicity. A library of 1453 synthetic pharmacophores was assessed
using in vitro and in silico methods to determine their feasibility as an inhibitor of the AChE enzyme. An in-house miniaturized
Ellman's assay determined acellular AChEI activities, while pharmacokinetic properties were evaluated using the SwissADME
web tool. The combinational effects of in silico BBB-permeable pharmacophores and donepezil were examined using a checker-
board AChET assay. Cytotoxicity of active compounds and their synergistic combinations was assessed in SH-SY5Y neuroblas-
toma and bEnd.5 cells using the sulforhodamine B assay. Cellular AChEI activity of active in silico BBB-permeable predicted
compounds was determined using an SH-SY5Y AChE-based assay. An in vitro BBB model was used to assess the effect of
compounds on the integrity of the bEnd.5 monolayer. Out of the screened compounds, 12 demonstrated 60% AChEI activity
at 5uM, with compound A51 showing the lowest IC, (0.20uM). Five compounds were identified as BBB-permeable, with the
donepezil-C53 combination at %IC,, exhibiting the strongest synergy (CI=0.82). Compounds A136 and C129, either alone or
with donepezil, showed cytotoxicity. Notably, compound C53, both alone and in combination with donepezil, demonstrated high
AChETI activity and promising BBB permeability, warranting further investigation.

Abbreviations: %, percentage; °C, degree Celsius; A, absorbance of the background; ACh, acetylcholine; AChE, acetylcholinesterase; AChETs, acetylcholinesterase inhibitors; AD, Alzheimer's
disease; A, absorbance of the AChE activity signal; ATCC, American Tissue Culture Collection; ATCI, acetylthiocholine iodide; BBB, blood-brain barrier; BOILED-Egg, brain or intestinal
estimated permeation; BSA, bovine serum albumin; CI, combination index; CNS, central nervous system; CO,, carbon dioxide; CSIR, Council for Scientific and Industrial Research; CV,
Coefficient of variation; Da, Daltons; DMEM, Dulbecco's modified Eagle medium; DMSO, dimethyl sulfoxide; DTNB, 5,5’-dithiobis(2-nitrobenzoic acid); ECACC, European Collection of
Authenticated Cell Cultures; eeAChE, electric eel acetylcholinesterase; ESI, electrospray ionization; fa, fraction affected; FCS, fetal calf serum; g, gravitational force; h, hour(s); IC,,,
half-maximal inhibitory concentration; K, , substrate concentration; kV, kilovolt; L/h, liter per hour; M, molar; MaxV, maximum velocity; MaxV, maximum velocity of the negative control;
MaxV,, maximum velocity of the sample; mDa, megadalton; MgCl,.6H,0, magnesium chloride hexahydrate; min, minute(s); mM, millimolar; MS, mass spectrometry; NaCl, sodium chloride;
NaOH, sodium hydroxide; nm, nanometers; NMDA, N-methyl-p-aspartate; OD, optical density; ODmga“vc, optical density of the negative control; ODsamplc, optical density of the sample; PAS,
peripheral anionic site; PBS, phosphate-buffered saline; PC, positive control; Pen-strep, penicillin/streptomycin; pg/mL, picograms per milliliter; P-gp, P-glycoprotein; pH, power of hydrogen;
pM, picomolar; RTF, random tree forest; s, second(s); SA, South Africa; SD, standard deviation; SD, standard deviation of the background; SD, standard deviation of the signal; SEM, standard
error of mean; SMILES, simplified molecular input line entry system; SRB, sulforhodamine B; SW, signal window; TCA, trichloroacetic acid; TEER, transendothelial electrical resistance; TNB,
5-thio-2-nitrobenzoate; TPSA, topological polar surface area; Tris-HCI, Tris-hydrochloride; UK, United Kingdom; UPLC, ultra-performance liquid chromatography; USA, United States of
America; UV, ultra-violet; V maximum velocity; Z', Z'-factor; uL, microliter; uM, micromolar.
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1 | Introduction

Alzheimer's disease (AD) is a progressive neurodegenerative
disease affecting the cognitive function of elderly individuals
[1]. Since its recognition in 1906, over 55 million people world-
wide are estimated to live with AD as of 2023, this number
is expected to rise to 152 million by 2050 [2]. The etiology of
AD is unclear; however, several theories have been proposed
including the amyloid, tangle, cholinergic, and excitotoxic-
ity theories [3]. Of these, the cholinergic theory is the most
studied suggesting that acetylcholine (ACh) deficiency caused
by cholinergic neuron degeneration and acetylcholinesterase
(AChE) activity leads to the cognitive and functional symp-
toms observed in AD [4].

The AChE enzyme, which breaks down ACh, is the prime phar-
macological target for AD. Even though this is well-known,
treatment options are limited hence acetylcholinesterase inhibi-
tors (AChEISs) such as donepezil, galantamine, and rivastigmine
(Table 1) remain as first-line therapy [5]. However, these drugs
only offer symptomatic relief and are used in mild to moderate
stages of AD [6]. In addition, AChEIs have side effects, especially
during initiation or dose escalation of treatment (Table 1) [7].

Even with known side effects, AChEIs with heterocyclic scaf-
folds continue to be investigated for AD treatment and this is
because dose adjustments may mitigate risks, and the potential
benefits could outweigh the risks [16,17]. Heterocyclic com-
pounds, such as N-based heterocycles and dimeric tacrine-based
inhibitors, have proven to significantly enhance binding affinity

and selectivity towards AChE's peripheral anionic site (PAS),
improving inhibitory potency [18,19]. Additionally, investigat-
ing AChEIs may lead to improved dual-action therapies that
maximize benefits while minimizing adverse effects [20].

The combination of AChE-inhibiting heterocyclic compounds
with allosteric modulation properties produces a synergistic ef-
fect that enhances AChE inhibition [21]. This dual-action ther-
apy could provide both symptomatic and disease-modifying
benefits, such as enhancing cholinergic signaling and reduc-
ing amyloid plaque formation [22,23]. Furthermore, allosteric
modulation of AChE may target multiple neurodegenerative
pathways, such as reducing inflammation or preventing exci-
totoxicity, potentially offering a more comprehensive treatment
approach for AD [23].

As AD progresses, AChEIs become less effective and the non-
competitive NMDA receptor antagonist memantine becomes
the second-line treatment (Table 1) [12]. Memantine is often
used in combination with AChEIs (donepezil or rivastigmine),
and this combination therapy is more tolerable than monother-
apy [24]. Moreover, combination therapy has been shown to
delay AD progression by prolonging symptomatic benefits and
preserving cognitive function, and it is currently the gold stan-
dard for treating moderate to severe AD [25].

Despite the availability of these drugs, treatment for AD with in-
creasing prevalence is still unmet [14]. This leads to the necessity
for an ongoing identification of novel effective drugs possessing
fewer side effects and better pharmacokinetic properties [14].

TABLE1 | Current FDA-approved drugs for the treatment of Alzheimer's disease.

Mechanism
Drug name Chemical structure of action Clinical effectiveness Side effects
(0]
. Improves memory Gastrointestinal disorders,
Donepezil 0 AChEI .
pez / @/\QV@ and attention [8] nausea, and headache [7]
=0
ji | Alleviates agitation and ~ Loss of appetite, vomiting
Rivastigmi N AChEI ’ ’
tvastigmine S le o S mood disturbances [9] and dizziness [5]
. Enhances language and Fatigue, weight loss,
1 AChEI
Galantamine ¢ communication [10] and heartburn [7]
. NMDA receptor Improve learning and Headache, confusion,
Memantine . - L s
antagonist daily functioning [11] and constipation [12]
Aducanumab Ce172H10028N174002014546 Anti-Af monoclonal Alleviates memory Confusion, fever,
antibody impairment [13] and delirium [14]
Lecanemab Ces1aH10088N1724020325 46 Anti-Af3 monoclonal Mitigates vascular Disorientation, blurred

antibody

dysfunction [15]

vision, and back pains [14]

Abbreviations: A, amyloid beta; AChEI, acetylcholinesterase inhibitor; NMDA, N-methyl-p-aspartate.
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Sadly, drug discovery and development of drugs targeting the
central nervous system (CNS) have an overall attrition rate of
more than 95% [26]. The high rate of failure is the result of the
multifactorial nature of the disease, inefficacy, cytotoxicity, and
blood-brain barrier (BBB)-impermeability [27].

Assay development and miniaturization for screening and deter-
mining the efficacy of drugs as potential treatments for neuro-
degenerative diseases has received attention over the course of
the last decade. Well-established enzyme based-assays are com-
monly used to determine activity against targets like cholines-
terase, A aggregation, and tau-related protein kinases [28,29].
For AD, the modified Ellman's colorimetric assay is mostly used
to assess AChE inhibitory efficacy, and this is due to its cost- and
time-effectiveness, reproducibility, and simplicity [30].

Cytotoxicity is a significant hurdle, as nearly a quarter of drug
candidates are eliminated from further studies due to toxicity
[27]. Common assays that are affordable, rapid, and give an in-
dication of possible toxicity such as the MTT conversion and
sulforhodamine B staining are used to assess drug-induced cy-
totoxicity in cell culture [31]. Additionally, BBB permeability is
another challenge in the development of pharmaceuticals de-
signed to treat AD [32]. Due to the ethical aversion to in vivo
models and costs, in vitro models such as the bicameral tran-
swell system are used to measure drug penetration [33]. These
models, combined with in silico methods, are important for as-
sessing potential drug candidates.

When drugs are found to be inactive, cytotoxic, or BBB-
impermeable at early preclinical experimentation, expeditious
termination of investigation can occur leading to minimized
costs, resources, and time spent on fruitless research [34].
Therefore, assessing a broad spectrum of pharmacophores and
their effects in the preclinical stage is of critical importance.
The aim of the study was to identify novel synthetic pharma-
cophores that contain AChEI potential, are non-cytotoxic, and
are BBB-permeable. Furthermore, the compound/s adhering to

Compounds were selected for in vitro
analysis based on in silico results from a
collaberative study

¥

The first group of compounds was selected
and labelled as subset A (n = 400)

v
Acellular AChEI activity screening using
modified Ellman’s assay (compounds with =
60% activity were selected)

v
structural analysis was performed against

the entire compound library to identify
structurally similar compounds

v
The 2nd and 3rd groups of compounds
(subset B: n = 504 & subset C: n = 545) were

selected based on the structural similarities
to the hits identified from subset A

v
Acellular AChEI activity screening using
modified Ellman’s assay (compounds with
= 60% activity were selected)

these factors would provide better management of AD symp-
toms if the combination with an approved AChEI, donepezil, in-
dicated similar or increased activity associated with a decrease
in toxicity.

2 | Methods

The experimental design illustrating the methodologies used in
this study is provided in Figure 1.

2.1 | Materials

Acetylthiocholine iodide (ATCI), eeAChE from Electrophorus
electricus (electric eel) type VI-S, acetic acid, acetonitrile,
bovine serum albumin (BSA), dimethyl sulfoxide (DMSO),
5,5’-dithiobis(2-nitrobenzoic acid) (DTNB), donepezil, formic
acid, galantamine, saponin, SRB stain, trichloroacetic acid
(TCA), tris-hydrochloride (HCl), sodium chloride (NaCl), mag-
nesium chloride hexahydrate (MgCl,.6H,0), and trypan blue
were purchased from Sigma-Aldrich (United States of America
(USA)). Dulbecco's modified Eagle medium: Ham's F-12 me-
dium (DMEM-Ham's F-12), penicillin/streptomycin (Pen-strep),
and fetal calf serum (FCS) were procured from Whitehead
Scientific (Pty) Ltd. (South Africa (SA)). Non-essential amino
acids, phosphate-buffered saline (PBS), sodium pyruvate, and
TrypLE Express Enzyme were purchased from BioWhitakker/
Lonza (Thermo-Fischer, USA), BD Bioscience (USA), and
Gibcol (Invitrogen, USA), respectively. The human SH-SY5Y
neuroblastoma cell line was originally purchased from the
American Tissue Culture Collection (ATCC, USA) (ATCC, CRL-
2266, RRID:CVCL_0019) by the Department of Pharmacology
at the North-West University and was gifted to the Department
of Pharmacology at the University of Pretoria, whereas the
immortalized mouse brain endothelial (bEnd.5) cell line was
purchased from the European Collection of Authenticated Cell
Cultures (ECACC, United Kingdom (UK)) (ECACC, Cat no.

Acellular dose-response screening of the
selected active compounds

v
In silico BBB-permeability prediction of
selected active compounds using SWISS
ADME web-tool
v
Assessment of synergistic effect of

selected compounds with donepezil, using
a checkerboard assay

v
Cytotoxicity screening of selected
compounds against SH-SY5Y and bend.5
cells using SRB assay

v
Cellular AChEI activity screening of selected
compounds, both individually and in
synergistic combinations using SH-SYSY
AChEI assay
v
Investigation of the in vitro effect of
selected compounds on BEBB monolayer
permeability using TEER

FIGURE1 | Experimental design illustrating methodologies followed and used in this study.
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96091930, RRID:CVCL_2252) by the Department of Medical
Biosciences at the University of the Western Cape.

2.2 | Compound Selection and Collection

This study assessed an existing commercial 20000 compound
library (Charles River Laboratories/BioFocus, UK) housed at
the Council for Scientific and Industrial Research (CSIR) on
behalf of the Department of Science and Innovation and the
Technology Innovation Agency. The library is stored at —20°C
in 96-well plates containing 80 compounds per plate as 10mM
aliquots in DMSO. Three subsets of compounds were selected
based on previous work within our collaborative group using
computer-aided drug discovery of novel AChEIs [35]. High-
throughput virtual screening of the library was employed to
predict compounds that are potential AChEIs. Further devel-
opment of the docking protocol was performed with the use of
the Random Tree Forest (RTF) of the SIEVE-Score, which takes
into consideration the interaction energies between the ligand
and residues in the active pocket. Using this approach, the top
400 compounds were identified using the Schrodinger RTF
(n=200) and Qvina RTF (n=200) models, respectively, to form
the primary library screen.

Once the hits were identified from the primary screen, struc-
tural analysis was performed on the entire library to identify
structurally similar compounds that could be subjected to sec-
ondary “structure-activity relationship”-like screening. Thus,
the second and third subsets (508 and 545 compounds, respec-
tively) were selected based on the structural similarities to the
“hits” identified from the first subset. In total, 1453 compounds
containing heterocyclic scaffolds albeit with different atom sub-
stituents were selected and assayed as three subsets (A, B, and
C). Compounds for each subset were numbered with the subset
letter as the prefix, followed by the compound number in the
subset (e.g., Al for compound 1 in subset A).

2.3 | Acetylcholinesterase Inhibitory Activity

2.3.1 | Microplate Assay Miniaturization
and Optimization

Acetylcholinesterase inhibitory activity was determined using
Ellman's method [36], with modifications [37] to the vol-
umes used to accommodate the limited library stock volume.
The assay entails the hydrolysis of ATCI by AChE to produce
thiocholine, which reacts with DTNB to create the yellow
5-thio-2-nitrobenzoate anion [37].

Apart from the reduced assay volume, the number of buffers was
decreased, and a pre- and post-incubation step was included.
The ratio and in-reaction concentrations of all constituents were
kept as per the original protocol. The three assay buffers were
combined into a single mix-buffer (0.045M Tris-HCI, 0.071M
NaCl, and 0.014 M MgCl,.6H,O supplemented with 0.07% BSA,
2.14mM ATCI, and 2.14mM DTNB). Degradable reagents (BSA,
ATCI, and DTNB) were added on the same day of the assay to
avoid the risk of contamination or spontaneous conversion. To

allow the reaction to take place, 5min pre-enzyme and 5min
post-enzyme incubations at room temperature were introduced.

The following was added to a 96-well plate: 10pL of mix-buffer
(blank and negative control), 0.1% DMSO (vehicle control for pos-
itive controls), galantamine or donepezil (1 pM to 10 uM; positive
controls), or DMSO (0.0001% to 0.5% given its potential enzyme
inhibitory potential), as well as 70 uL of mix-buffer. Blank control
wells received 70 uL of buffer without DTNB. Plates were incu-
bated for 5min at room temperature and absorbance was mea-
sured spectrophotometrically (ELx800 UV plate reader, BioTek,
USA) at 405nm three times consecutively every 45s (read-out 1).
Thereafter, 20 uL of eeAChE (0.1 U/mL) was added to each well
and incubated for 5min. After the post-enzyme incubation pe-
riod, absorbance was measured five times consecutively every
45s (read-out 2). This initial rate kinetic run provided the maxi-
mum velocity (MaxV) values for both measurements, from which
AChE activity was inferred. Background activity was corrected
for by subtracting MaxV values for read-out 1 from read-out 2,
after which AChE activity was determined relative to the nega-
tive control:

AChE activity (%) = (MaxV, / Average MaxV,) X 100

where MaxV, is the background-adjusted MaxV of the sample,
and Average MaxV_ is the background-adjusted average of the
MaxV of the negative control. The concentration providing 50%
inhibition (IC,)) was obtained from the dose-response curve
generated with the use of a log(inhibitor) vs. response function
using GraphPad Prism 6 (GraphPad Software, USA).

2.3.2 | Assay Validation

Assay variability, quality, and signal differences were assessed by
determining the coefficient of variation (CV), Z'-factor (Z'), and sig-
nal window (SW), respectively [38] using the following equations:

CV(%)=SD/Ax100
Z =1- (3[SD, +SDy| / [A, — Ay])
SW = A, — A, — (3[SD; + SDy| /SD,

where A  and SD, represent the absorbance and standard devi-
ation of the AChE activity signal, respectively; A, and SD, rep-
resent the absorbance and standard deviation of the background
signal, respectively. Acceptance limits for these parameters were
defined as CV <20%, 0.4<Z'<1, and SW >2. These statistical
parameters were used to monitor changes in assay performance
during assay miniaturization, optimization, and validation.

2.3.3 | Single-Point and Dose-Response Screening
of Compounds

Acetylcholinesterase inhibitory activity of the compounds was
determined using the optimized microplate assay protocol as de-
scribed in Section 2.3.1. A total of 1453 compounds were screened
at 5uM, with a >60% inhibitory cutoff used to define biologically
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active candidates. Blank, negative (mix-buffer), vehicle (0.05%
DMSO), and positive controls (5 uM donepezil) were included. Any
compounds that were defined as biologically active were further
screened between 3200 pM to 32uM to determine their IC,, values.

2.4 | Pharmacokinetic Prediction

Blood-brain barrier permeability of the active compounds was pre-
dicted and assessed using the Swiss Institute for Bioinformatics
pharmacokinetic prediction tool, SwissADME. Simplified molec-
ular input line entry systems (SMILES) of the compounds were
collected from the compound library database. A list of SMILES
was then captured using the online SwissADME web tool (http://
www.swissadme.ch) [39]. These predictions were done using the
brain or intestinal estimated permeation (BOILED)-Egg method,
which corresponds to a descriptive graphical approach that dis-
criminates between BBB-permeable and BBB-non-permeable
molecules [40]. A compound is predicted to be BBB-permeable if
the topological polar surface area (TPSA) is <80 A and the WLogP
limit is ~6. The yellow and white regions in the BOILED-Egg plot
represent BBB and gastrointestinal-permeable compounds, re-
spectively, and thus overlapping areas are considered permeable
for both. Blue and red dots are indicative of compounds that are
or are not substrates for the P-glycoprotein (P-gp) transporter, re-
spectively [39].

2.5 | Combinational Inhibitory Effects
of Compounds With Donepezil

Although both drugs inhibit AChEI, the rationale for the combi-
nation was informed by the potential modulation of the catalytic
anionic site via binding to the allosteric PAS [41]. The combina-
tional activity of compounds possessing AChEI and donepezil was
assessed using the in-house miniaturized assay as described in
Section 2.3.1; however, the sample aliquot consisted of the active
compound or donepezil alone or in combination at various ratios
of their IC,  using a checkerboard layout. Nine different combina-
tions of the Y4IC, , ¥2IC,, and IC, per compound (as shown in
Figure S1) were assessed with 5uL of active compound and done-
pezil each. The individual compound or donepezil was assessed
with a 5uL sample and 5uL buffer. The buffer alone at 10uL was
used for the negative control. The fraction affected (fa), which re-
lates to the percentage inhibition of the enzyme, of each combina-
tion in relation to their individual compounds was analyzed using
CompuSyn (PD Science LLC) [42] to generate combination index
(CI) values and isobologram based on the median-effect equation,
where a CI <1 indicates synergism, equal to 1 indicates additive
activity, and > 1 indicates antagonism.

2.6 | Cytotoxicity Screening of Biologically Active
Compounds

2.6.1 | Cell Culture and Maintenance

Human neuroblastoma (SH-SY5Y) and immortalized mouse
brain endothelial (bEnd.5) cell lines were cultured in 75cm?
cell culture flasks (Greiner Bio-One, USA) using a 1:1 mixture
of DMEM and Ham's F-12 nutrient mixture supplemented with

1% pen-strep and 10% heat-inactivated FCS for SH-SY5Y cells,
and further supplemented with 1% nonessential amino acids
and 1% sodium pyruvate for bEnd.5 cells. Cells were grown to
a confluence of ~70% to 80% at 37°C in a humidified incuba-
tor (HF212 UV Heal Force, China) with a 5% CO, atmosphere,
washed with sterile PBS, and chemically detached using TrypLE
Express. Detached cells were transferred to a 15mL centri-
fuge tube (Thermo-Fischer, USA) together with a 10% FCS-
supplemented growth medium to make up the volume. Cells
were centrifuged (Allegra X-22 centrifuge, Beckman Coulter,
USA) at 200g (SH-SY5Y) or 700g (bEnd.5) for 5min. The super-
natant was discarded, and the pellet was re-suspended in 1 mL
of 10% FCS-supplemented medium. Cells were counted using
the trypan blue exclusion assay (0.4% w/v) and diluted to 5x 10*
or 400%10* cells/mL (SH-SY-5Y; 96-and 24-well plates) and
1.5%10% or 50 x 10* cells/mL (bEnd.5; 96-and 24-well plates) in
10% FCS-supplemented growth medium.

2.6.2 | Cell Seeding and Compound Exposure

A volume of 100uL of cell suspension was seeded into sterile
round-bottomed 96-well plates (Sigma-Aldrich, USA) at a seed-
ing density of 5000 and 1500 cells/well for SH-SYSY and bEnd.5
cells, respectively. Seeded plates were incubated overnight at
37°C in an atmosphere of 5% CO, to allow for cell attachment.
Attached cells were exposed to 100 uL medium (negative con-
trol), 1% DMSO (vehicle control), 1% saponin (positive control),
donepezil (1000 pM to 100 uM), or the biologically active in silico
BBB-permeable compounds (1000 pM to 100uM) prepared in
serum-free medium. Plates were incubated at 37°C in a humidi-
fied incubator with 5% CO, for 72h.

2.6.3 | Sulforhodamine B Colorimetric Assay

The cytotoxicity of the compounds was assessed by cell density
determination using the SRB staining assay as described by
Vichai & Kirtikara [43] with minor changes to volumes used.

After the exposure period, 50pL of a 50% TCA solution was
added to each well and the plates were incubated at 4°C for
24h. After fixation, plates were washed three times with slow-
running tap water and dried in an oven (EcoTherm, Labotec,
South Africa) at 40°C-45°C. A volume of 100 1L of 0.057% SRB
solution was added to each well and the plates were incubated at
room temperature for 30 min in the dark. After 30 min, the un-
bound dye was removed by washing the plates three times with
150 L of 1% acetic acid and dried in the oven.

The bound dye was extracted from fixed cells by adding 200 uL.
of 10mM Tris-base solution (pH 10.5) to each well. Plates were
shaken on a gyratory shaker (VRN-200, Gemmy Industrial
Corporation, Taiwan) for 1 h to solubilize the protein-bound dye.
After the dye had been solubilized, the optical density (OD) was
measured at 540nm (reference: 630nm) using an ELX800 mi-
croplate reader (BioTek Instruments Inc., Highland Park, USA).
All values were blank-subtracted, and the cell density (%) was
calculated using the formula below:

Cell density (% relative to negative control) = ODg,. / Average OD gy i X 100
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Where “ODsample.,
sample and “OD
negative control.

refers to the corrected optical density of the

negaﬁve” is the corrected optical density of the

2.7 | Michaelis-Menten Kinetics Assay

The Michaelis-Menten kinetics of the non-cytotoxic, AChEI
active, in silico BBB-permeable compounds were determined
as per Section 2.3.1; however, compounds were tested at
the IC,, against a substrate concentration range (ATCI; 0 to
2.14mM). The negative control consisted of a mix buffer to
determine the upper plateau of enzyme saturation. Two addi-
tional controls were included to monitor inter-reagent inter-
actions: DTNB without ATCI, and ATCI without DTNB. The
substrate concentration at half the maximum reaction rate
(K,,) versus the reaction rate (measured maximum velocity
of reaction at each concentration being equivalent to initial
velocity, where acceleration/gradient is steepest, to obtain
the maximum velocity [V, | at the concentration with the
highest initial velocity) was plotted using GraphPad Prism 6
(GraphPad Software, USA). Results were further processed as
Lineweaver-Burk plots and enzyme inhibition mechanisms
can be classified as either competitive, non-competitive, or
mixed (as shown in Figure S2).

2.8 | Chemical Stability Analysis

The non-cytotoxic, AChEI active, in silico BBB-permeable
compounds were subjected to quality control analysis using
ultra-performance liquid chromatography (UPLC) coupled
to exact mass spectrometry (MS), to ensure chemical integ-
rity. Quality control analysis was conducted at the CSIR. A
Waters UPLC coupled in series to a Waters SYNAPT G1 HDMS
mass spectrometer was used to generate accurate mass data.
Optimization of the chromatographic separation was done
using a Waters HSS T3 C18 column (150 X 2.1 mm, 1.8 um) and
the column temperature was controlled at 60°C. A binary sol-
vent mixture consisting of water (eluent A) containing 10 mM
formic acid (natural pH of 2.4) and acetonitrile (eluent B) con-
taining 10mM formic acid was employed. The initial conditions
were 95% A at a flow rate of 0.4 mL/min which was maintained
for 30s, followed by a linear gradient to 5% A at 6min. The
conditions were kept constant for 1 min and then reverted to
the initial conditions. The runtime was 10 min, and the injec-
tion volume was 1 uL. Samples were kept at 6°C in the Waters
Sample Manager during the analysis.

The SYNAPT G1 mass spectrometer was used in V-optics and
electrospray mode to enable the detection of all electrospray
ionization (ESI)-compatible compounds. Leucine enkephalin
(50pg/mL) was used as a reference calibrant (Lock Mass) to ob-
tain typical mass accuracies between 1 and 5 mDa. The mass
spectrometer was operated in both ESI-positive and -negative
modes with a capillary voltage of 2.0kV, the sampling cone was
set at 30V and the extraction cone at 4.0V. The scan time was
0.1s covering the 50-1000Da mass range, with an interscan
time of 0.02s. The source temperature was 120°C and the de-
solvation temperature was set at 450°C. Nitrogen gas was used
as the nebulization gas at a flow rate of 550L/h and cone gas

was added at 50L/h. The software used to control the hyphen-
ated system and to do all data manipulation was MassLynx 4.1
(SCN 872).

A Waters UPLC photodiode array detector was operated in front
of the mass spectrometer without any splitting of the column
eluent. The detector was operated in full scan mode covering
the 200-500nm wavelength range with a wavelength accuracy
of 1.2nm.

Each compound was analyzed in both positive and negative ion-
ization modes and full-scan ultraviolet (UV) data were collected
simultaneously. The data were first evaluated to determine
whether the compound is preferably ionized in ESI-positive or
ESI-negative mode. The best ionization mode was selected, and
the presence of the target compound was confirmed. Thereafter
the UV data was evaluated to determine whether the compound
contained chromophores and displayed a usable UV spectrum.
For compounds that were UV-active, a MaxPlot chromatogram
was evaluated, and all relevant compounds were integrated to
determine the purity of the target compound.

2.9 | In Situ Acetylcholinesterase Inhibitory
Activity of Compounds

The assay was carried out according to the method of Ellman
et al. [36] and Eldeen et al. [37] as described in Section 2.3.1
with minor modifications. SH-SY5Y cells were cultured and
seeded as described in Section 2.6.1; however, cells were seeded
at 400000 cells/well in a 24-well plate. After the cells had at-
tached, the culture medium was aspirated and replenished with
300 L of the specific compound in buffer at 1.5/IC,, IC,,, and
1.5x1C,, and incubated for 5min at room temperature. Post-
exposure, 100 uL mix-buffer (pH 8) containing aqueous 0.045M
Tris-HCI, 0.050M NaCl, and 0.010M MgCl,.6H,O supple-
mented with 0.05% BSA, 1.5mM ATCI and 3mM DTNB was
added. Plates were incubated for 5min and read spectrophoto-
metrically at 405nm over a 1h period at 3min intervals. The
AChE activity was determined relative to the negative control
(as per Section 2.3.1).

2.10 | InVitro Effect on Blood-Brain Barrier
Permeability

2.10.1 | The In Vitro Bicameral System

The bicameral chamber system was used for the in vitro model
of BBB permeability, where the basolateral side of the well as-
sumes the abluminal side of the capillary endothelium, while
the apical chamber (i.e., the insert) assumes the luminal side of
the capillary. The measurement was performed as described by
Srinivasan et al. [44]. The in vitro BBB model was used to de-
termine bEnd.5 peak values and the effect of three biologically
active in silico BBB-permeable, non-cytotoxic compounds on
bEnd.5 monolayer transendothelial electrical resistance (TEER).

The bEnd.5 cells were cultured and maintained as described
in Section 2.6.1. A volume of 300uL bEnd.5 cell suspension
was seeded at a density of 50000 cells into the apical chamber
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of a Transwell insert (pore size of 0.45um, filtration diameter
of 12mm, and an effective surface area of 0.6cm?) (Merck-
Millipore, UK) placed in sterile 24-well plates (Bio-Smart
Scientific, SA). An aliquot of 500 1L growth medium was pipet-
ted in the basolateral well. Plates were incubated at 37°C and 5%
CO, for 24 h to attain cell confluence.

The TEER peak values after 24 h seeding incubation were mea-
sured using the EVOM TEER measurement system (Millipore,
Germany) daily for 6 days, with the medium changed daily after
measurement. The measurement was performed by connecting
the electrodes to either side of the cell monolayer and measuring
the resistance. The resistance of the blank (inserts without cells)
was subtracted from the resistance value of the cell monolayer
(inserts with cells), and the resultant value was multiplied by the
surface area of the inserts to standardize the TEER value. The
effect of the compounds on monolayers of bEnd.5 endothelial
monolayer permeability was assessed by determining the TEER.
Plates were incubated at 37°C, and 5% CO, while TEER was car-
ried out and monitored for 12, 24, and 48h periods.

2.11 | Statistical Analysis

Experiments were conducted with technical and biological tripli-
cates to obtain nine data points per test. All data processing was
conducted using Microsoft Office Excel 2019 (Microsoft, USA) and
GraphPad Prism 6 (GraphPad, Software, USA). Data points esti-
mated to be outliers were excluded using Grubb's testing. The IC,,
was calculated by nonlinear regression analysis of the response-
concentration (log) curve. Results were reported as mean + stan-
dard error of the mean (SEM). The student's t-test was used to
determine significance (p <0.05) relative to the comparator.

3 | Results
3.1 | Acetylcholinesterase Inhibitory Activity
3.1.1 | Assay Miniaturization and Optimization

Donepezil and galantamine, known AChE inhibitors, were used
in the development, optimization, and validation of the minia-
turized AChE assay as positive controls. Both compounds inhib-
ited AChE dose-dependently, with donepezil displaying greater
potency (IC,, of 0.06 +0.07 uM) compared to galantamine (IC,
0f1.99 +0.10 uM). The potential inhibitory activity of DMSO was
assessed to account for potential confoundment. Concentrations
>0.1% DMSO significantly (p <0.05) inhibited AChE by >21%,
thus limiting the testing concentration to 5uM. Validation pa-
rameters were within acceptable ranges: CV <20%, Z'>0.5 but
<1and SW >2.

3.1.2 | Acetylcholinesterase Inhibitory Activity
Screening of the Compounds

Compounds with >60% AChEI activity were considered bio-
logically active. Such compounds were only present in subsets
A and C (Figure 2A,B). Of the 400 compounds from subset A,
only six compounds (A8, A51, A73, A136, A175, and A176)

were considered biologically active (Figure 2A). All active com-
pounds, apart from compound A8, contained a donepezil-like
scaffold, benzo-fused heterocycle, albeit with different atom
substituents within itself (Table 2).

Structural analysis was performed on the entire compound library
to identify compounds that were structurally similar to actives
of subset A. Additionally, in silico BBB permeability predictions
were performed to refine the selection of these subsets. Subsets
B and C were selected based on their structural similarities and
BBB-permeability predictions to actives A8 and A73, respectively.
Subset B (n=508) was excluded due to inactivity. Six compounds
(C33, C43, C53, C82, C129, and C189) from subset C (n=545)
were determined to be active (Figure 1B). Active compounds iden-
tified from subset C possessed the imidazo[1,2-a]pyridine scaffold
similar to the parent compound A73 (Table 3), which is a subset of
the aforementioned benzo-fused heterocycles.

The 12 active compounds were further analyzed to determine
their AChEI IC, values. Of the six active compounds in sub-
set A, A51 was the most promising compound as it had an
IC,, value of 0.20 M (Table 4). For subset C, C129 was found
to be the least active (IC,,=12.52uM). None of the compounds
achieved an AChEI potency comparable to that of donepezil,
with IC,, inhibitory activities being 6.7- to 556.0-fold lower than
any of the actives.

3.2 | Pharmacokinetics Prediction

Based on the BOILED-Egg results of the 12 compounds with
AChETI activity >60% (Figure 3), five compounds (A8, A73,
A136, C53, and C129) were predicted to be BBB-permeable,
whereas, seven compounds (including A51), were predicted
as BBB-impermeable. Of the five compounds predicted to be
BBB-permeable, only two, A8 and A136, were found to be P-gp
substrates.

3.3 | Combinational Treatment Effects

The five compounds with AChEI activity and predicted BBB
permeability (A8, A73, A136, C53, and C129) were combined
with donepezil at their Y4IC, s, ¥2IC, s, and ICs. A total of 45
combinations were assessed with five combinations displaying
synergistic activity, 15 combinations antagonistic activity, and
25 combinations additive activity as shown in Table S1 and
isobologram (Figures S3-S7). In this study, the focus was on the
combinations with synergistic activity (CI <1), which was ob-
served between: %4IC,, donepezil and ¥2IC,, A136 (CI=0.61);
YaIC,, donepezil and IC,, A136 (CI=0.81); ¥2IC, donepezil
and Y2IC,; A136 (CI=0.81); Y2IC,, donepezil and IC,, A136
(CI=0.69); ¥4IC,, donepezil and Y%4IC,, C53 (CI=0.82).

3.4 | Cytotoxicity Screening

Most of the compounds with AChEI activity which indicated
BBB permeability, except for A136 and C129, presented with a
cell density > 100% over a concentration range of 0.001 and 10 uM
after the 72h incubation period (Figure 4). At a concentration of
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FIGURE 2 |

The acetylcholinesterase inhibitory activity of compounds from subsets A and C indicating activity >60%. The solid line indicates

100% acetylcholinesterase activity, whereas the dotted line indicates 40% acetylcholinesterase activity (selected bioactive threshold). NC, Negative

control; PC, Positive control (donepezil, 5uM).

100uM, AS8's effect on cell density was comparable to the neg-
ative control (>100%), while A73 and C53 displayed low cyto-
toxicity at 100 uM, with a cell density reduction of 27% and 49%,
respectively. Donepezil and C129 were found to be cytotoxic,
with IC,, values of 43.00 and 13.64 uM, respectively, resulting
in cell reduction of 90.76 and 65.86%, respectively, at 100 uM.
Although A136 increased cell density (>100%) between 1 and
3.2uM, it obliterated the cells at concentrations >10uM. A136
was considered the most cytotoxic with an IC, of 4.99 uM.

Of the five synergistic combinations, the combination of C53
(Y1C,,) and donepezil (*4IC,,) was the least cytotoxic with a cell
density reduction of 23% (Figure 5). However, it should be noted
that the cytotoxicity of the combination (compound plus done-
pezil) was higher than that of the individual compounds. As
the combinations of A136 and donepezil indicated cytotoxicity,
these were not investigated further, irrespective of their strong
synergistic effect.

Compounds A8, A73, and C53, did not affect cell density at the
concentrations tested and were further assessed for their purity
and stability using UPLC-MS to identify if any decomposition of
the compounds had occurred since the library was purchased.
No degradation or decomposition was noted for the three com-
pounds (stored at —20°C) over time.

Prior to assessing the effect of the compounds which were found
to be non-cytotoxic against SH-SY5Y cells on the integrity of
endothelial monolayers, the cytotoxicity of these compounds in
bEnd.5 cells was investigated. All compounds including the syn-
ergistic combinations resulted in a cell density >100% at concen-
trations of 0.001 to 10 uM (Figure S8). At concentrations > 10 uM,
the effect of compounds A8 and A73 on bEnd.5 cell density was
comparable to the negative control (>100%), while donepezil
and C53 displayed negligible cytotoxicity at 100uM (36% and
10%, respectively).

The synergistic combination of C53 [V4IC,| and donepezil
[/4IC, ] resulted in bEnd.5 cell density (>100%) comparable to
the negative control (Figure S9). The low cytotoxicity observed in
both cell lines, along with the BBB permeability and AChEI ac-
tivity of A8, A73, and C53, as well as the synergistic combination
of C53 (¥IC50) and donepezil (441C50), make these compounds
ideal candidates for further drug development investigations.

3.5 | Inhibition Kinetics
of Acetylcholinesterase Enzyme

Michaelis—Menten kinetics was used to determine the mode of
AChEIlinhibition, which was confirmed by the Lineweaver-Burk
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TABLE 2

| Compounds in subset A that inhibited acetylcholinesterase activity by >60%.

Main scaffold: benzo-fused heterocycle core

Rz
R
R
Rq
Rs
Compound Chemical structure and formula AChE inhibition (%) £ SEM
A8 o 59.87+£3.04
C23H21F2N30
A51 HN 0 66.53+4.67
¥ %o
(0]
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C20H25N502S
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C26H33N70
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C24H24FN5
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A176 77.08 +6.09
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TABLE 3 | Compounds in subset C that inhibited acetylcholinesterase activity by >60%.

Scaffold: imidazo[1,2-a]pyridine

Ri—nN .

\—@NQ R

Compound

Chemical structure and formula

AChE inhibition (%) £ SEM

C33

C43

C53

C82

C129

C189

(@)

N o
/\/\+/
N N N
ey v
N

C21H30N508+

—0

N Q
\—@JNQ)L H/\/O\©\o/

C28H32N404

N o

C23H30N402

C24H35N503

/\N/\/\ o
o . N o
REORAC

C21H26N403

\N/N =
GO0

C20H30N502+

62.77+3.50

72.16 £3.14

63.41+1.89

68.66+1.87

65.03+1.75

69.00+2.04
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plots. The known AChEI, donepezil, displayed mixed competi-
tive and non-competitive inhibition (Figure S10A). Compound
A8 was an uncompetitive inhibitor (Figure S10B), whereas A73
and C53 displayed mixed inhibition (Figures S10C,D).

TABLE 4 | Acetylcholinesterase half maximal

concentration values and coefficient correlation of active compounds.

inhibitory

AChE IC,, values

Compounds + SEM (nM) R?

A8 5.86+0.01 0.88
A51 0.20+0.06 0.86
A73 3.56+0.09 0.89
A136 16.68 £0.04 0.87
A175 15.37+£0.23 0.78
A176 2.78+0.08 0.93
C33 3.71+014 0.80
C43 3.37+0.11 0.87
C53 3.36+0.12 0.85
C82 7.34+0.14 0.88
C129 12.52+0.12 0.92
C189 4.49+0.08 0.86
Donepezil 0.03+0.04 0.89

Abbreviations: IC,, concentration resulting in 50% inhibitory effect; R?,
correlation coefficient; SEM, standard error of the mean.

3.6 | In Situ Acetylcholinesterase Inhibitory
Activity of Compounds

Donepezil significantly (p<0.1 and p<0.001) inhibited AChE at
all concentrations with the IC, and 1.5 X IC,, showing comparable
inhibition of 68% and 67%, respectively. Compound A8 at the con-
centrations of 1.5/IC,, and IC,, had a similar reduction of 20% and
28%, however, the 1.5xIC, did not display any AChE inhibition
(Figure 6). Although A73 possessed a dose-response inhibitory re-
sponse, a maximum of 10% reduction at IC,, was noted. Similar to
donepezil at all concentrations (1.5/IC,, IC,,, and 1.5XIC, ), C53
significantly (p <0.01, p<0.001, and p <0.0001) inhibited AChE by
40%, 61%, and 60%, respectively (Figure 5), suggesting a plateaued
effect at higher concentrations. The combination of C53 (*4IC, )
and donepezil (44IC,) inhibited AChE significantly (p<0.1) by
69% compared to the individual compounds (Figure S11). C53,
both as a single treatment and in combination with donepezil,
demonstrates strong potential as an ideal candidate for further
drug development investigations.

3.7 | InVitro Effect on Blood-Brain Barrier
Permeability

The effect of the compounds that were AChEI active and non-
cytotoxic was assessed using TEER measurement. The TEER
measurements across the control monolayers followed a typical
profile for bEnd.5 endothelial monolayer with a biphasic re-
sponse where TEER initially increases to a peak at Day 0-3, pla-
teaus on Day 3-4 and then gradually decreases on Day 5-6 [45].
After 12h of exposure, neither donepezil, A8, A73, or the com-
bination of donepezil and C53 at both concentrations (IC, and
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FIGURE 3 | A brain and intestinal predicted permeation plot of the 12 compounds with acetylcholinesterase inhibitory activity. The compounds
in the yellow circle are considered blood-brain barrier permeable, and those in the white circle as gastrointestinal-permeable. The compounds with

a blue circle are predicted to be P-gp substrates, whereas those with a red circle are not P-gp substrates.
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D, Donepezil; IC,,, concentration resulting in 50% inhibition; NC, negative control.

1.5XIC,) displayed any significant difference in TEER values
when compared to the negative control, whereas compound C53
significantly increased (p <0.001) the endothelial resistance at
1.5xIC,, (Figure 7).

A73 (IC,, and 1.5xIC,y), C53 (IC,, and 1.5XIC,), and the
combination of donepezil and C53 showed TEER comparable
to the negative control after 24h and significantly increased
(p<0.001) after 48 h. Donepezil and A8 at 1.5 X IC,, also signifi-
cantly (p<0.01 and p<0.001, respectively) elevated TEER of
bEnd.5 monolayers after 48 h exposure.

4 | Discussion and Conclusions

In this study, the AChE microplate assay was modified, opti-
mized, and validated, preserving the robustness of Ellman's

method with Eldeen's modifications, while developing a single
assay buffer using a reduced volume. As in this study, single buf-
fers were also utilized by Ingkaninan et al. [46].

The total assay volume was reduced from 250 to 100uL.
Similarly, Ffrench-Constant & Bonning [47] reduced assay vol-
umes to 200 and 55uL, respectively, while maintaining repro-
ducibility. Despite changes such as using a single buffer instead
of three, reducing assay volume, or altering substrate concen-
trations, the potency of donepezil and galantamine remained
consistent with the original method [41]. These results con-
firmed that the AChE assay was successfully miniaturized and
optimized in this study. With all statistical parameters within
acceptable ranges, this assay was used to screen a large number
of compounds. A final concentration of 0.05% DMSO was deter-
mined to be suitable for AChE assays. These findings are con-
sistent with those of Kumar & Darreh-Shori [48] and Novales &
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Schwans [49], highlighting the importance of assessing solvent
compatibility in in vitro studies [38].

Heterocyclic scaffolds, particularly the benzo-fused heterocycles
found in subset A compounds, are recognized as essential struc-
tural backbones for novel drugs used to treat a range of diseases
[50]. Despite their widespread use in treating various conditions,
their application in drugs targeting neurodegenerative diseases
like AD remains limited, possibly due to unfavorable physico-
chemical properties [51]. In contrast, the imidazo[1,2-a]pyridine
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FIGUREG6 |
pounds with potential acellular acetylcholinesterase inhibitory activ-

Cellular acetylcholinesterase inhibitory activity of com-

ity. Significance of inhibition relative to negative control is indicated
as *p<0.1, **p<0.01, ***p<0.001, ****p<0.0001. D, Donepezil; IC,,
concentration resulting in 50% inhibition; NC, negative control. The

scaffold, present in the active compounds of subset C, is regarded
as one of the most potent bicyclic 5-6 heterocyclic rings and is
classified as a “drug prejudice” scaffold [52]. This is because it
frequently appears in the lead discovery of novel synthetic drugs
targeting a variety of mechanisms, including AChE inhibition
[53]. Gurjar et al. [54] reported cholinesterase inhibitory activity
in designed imidazole derivatives, and while the structures in this
study are not identical to those reported, the scaffolds are likely to
have contributed to the observed AChEI activity.

In addition to efficacy, favorable pharmacokinetic parameters of
potential drugs are evaluated early in the drug discovery pro-
cess [55]. In this study, of the five compounds (A8, A73, A136,
C53, and C129) predicted to be BBB-permeable, A8 and C129
emerged as the most promising leads due to their parameters
falling squarely within the optimal range for BBB permeabil-
ity. Among the predicted BBB-permeable compounds, A8 and
A136 were identified as P-gp substrates. The P-gp transporter
can reduce the CNS availability of these compounds by actively
transporting lipophilic substances back into the bloodstream,
making this an important pharmacokinetic factor to consider
during drug development [56].

There is increasing interest in combination therapy at lower
dosing regimens, with the primary goal being to achieve a
synergistic effect, or a “booster” effect, that enhances drug
efficacy [57]. In this study, the greatest synergistic effect
(CI=0.61) was observed when the high AChE inhibitor, do-
nepezil, was combined with a low AChE inhibitory compound
(A136). This synergy may result from the synthetic phar-
macophores binding allosterically to the PAS of AChE [21].
Additionally, it has been noted that synergistic activity is often
observed when lower concentrations of each compound are

compounds were screened at the concentrations of 1.5/IC,, IC,, and
L5%IC combined [58]. This concept aligns with the synergistic effect
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FIGURE 7 | The effect of the compounds that were non-cytotoxic and contained acetylcholinesterase inhibitory activity, on bEnd.5 monolay-

er permeability (TEER) after 12, 24, and 48h treatment. The significance of changes relative to the negative control is indicated as **p <0.01,

#%p <0.001. IC,,

concentration resulting in 50% inhibition; D, Donepezil; NC, negative control.

13 of 17



seen in this study between donepezil and C53 at their lowest
concentrations (“IC,,). For systematic comparison and fur-
ther support of these findings, isobolographic experiments
need to be performed to determine the dose-response rela-
tionship of the drugs in combination. Further explanation of
the observed effects in relation to the mechanism of inhibition
is provided later in the study.

To ensure the viability of neuronal-targeting drugs, toxicity must
also be evaluated. Among the active in silico BBB-permeable com-
pounds, A136 and C129 were found to be cytotoxic, with A136
exhibiting a hormetic effect at lower concentrations. Researchers
such as Mattson & Cheng [59] and Pallas et al. [60] suggest that
hormesis could result from the activation of cell-survival sig-
naling kinases. Additionally, Demirovic & Rattan [61] reported
that the hormetic dose-response may occur through the oxida-
tive stress response pathway and antioxidant response element.
These mechanisms may explain the hormetic effect observed
with A136. Although A136 and C129 effectively inhibited AChE
activity, these compounds, along with the combination of A136
and donepezil (despite their strong synergistic effect), were ex-
cluded from further investigation due to their cytotoxicity.

All compounds exhibited lower cytotoxicity in bEnd.5 cells
compared to SH-SY5Y cells, which is consistent with find-
ings by Zaremba-Czogalla et al. [62] and Michaelis et al. [63].
This difference may be attributed to metabolic alterations in
tumor cells and compromised membrane integrity, making
them more susceptible to compound toxicity than “normal”
cells [64]. In contrast, non-cancerous cells, particularly endo-
thelial cells, possess additional defense mechanisms against
prolonged exposure to toxins or stress-inducing agents [63].
These observations highlight the importance of assessing cy-
totoxicity in at least two cell lines during the early stages of
CNS-targeting drug discovery.

Determining a potential candidate’'s mechanism of action is a
crucial step in the drug discovery process [65]. Compound A8
was identified as an uncompetitive inhibitor, meaning it binds
specifically to the enzyme-substrate complex [66]. In contrast,
similar to donepezil, A73 and C53 exhibited mixed inhibition,
indicating that these compounds can bind to both the active site
of the free enzyme and the enzyme-substrate complex to achieve
the desired effect [67]. The synergistic effect observed with the
donepezil-C53 combination at the lowest concentration may be
due to allosteric binding at the PAS. This suggests that lower
doses of each compound can produce synergistic combinations,
potentially mitigating cytotoxicity and side effects associated
with higher doses of single drugs [57].

The AChEI activity observed for the compounds in this study,
particularly at IC,, and 1.5XIC,, may be attributed to dif-
ferences between the acellular and cellular environments.
Additionally, variations in factors such as binding affinity and
steric arrangement within the active site can lead to species-
specific differences in inhibitory activity and sensitivity distri-
butions [68]. Based on the results, it appears that compounds A8
and A73 may selectively and more effectively inhibit the electric
eel form of AChE rather than the human AChE enzyme, sug-
gesting that these compounds may not exhibit significant AChE
inhibition in vivo.

Immortalized brain endothelial cells (BECs) are reported to
mimic the BBB closely, especially because of their, expression
of tight junction (TJ) proteins, and other BBB-specific pro-
teins [69]. This bEnd.5 BECs were cultured to grow monolay-
ers in bicameral chambers, and TEER was measured across
the monolayers to evaluate the permeability. In this study, all
compounds including the combination, increased the TEER
over 48-h exposure, suggesting that they effectively decreased
the permeability across the in vitro BBB monolayer [70]. This
might be due to the fact that the treatment of bEnd.5 cells with
these compounds may have led to endogenous antioxidant pro-
duction and/or increased TJ protein expression may have been
responsible for the decreased permeability across the bEnd.5
cell monolayers [45,71]. Decreased permeability could be in-
terpreted as indicative of a tighter more impermeable brain
capillary endothelium, which is counter neurodegenerative pa-
thology. Consequently, ion transportation across the BBB may
be improved as leak currents across paracellular pathways,
driven by passive ionic fluxes could be substantially arrested.
This novel effect on the brain capillary endothelium must be
seen as an additional positive characteristic of these selected
pharmaceuticals.

Additionally, the in vitro permeation of the compounds through the
BBB monolayer was assessed as a preliminary investigation using
UPLC-MS. Preliminary results indicated that compounds A8,
A73, C53, and the donepezil-C53 combination (Figures S12-S17)
were detected in both the apical and basolateral chambers of the
in vitro BBB monolayer model, suggesting that they successfully
permeated the barrier. These results suggested that permeation
of the screened compounds occurred regardless of the increased
TEER values. This further indicates that the increased TEER (de-
creased paracellular permeability) is not a restrictive feature for
these molecules to cross the monolayer (the in vivo BBB) because
of their superior transcellular permeability characteristics.

As mentioned above, barrier function and tight integrity of the
BBB are primarily a result of TJs between adjacent BECs. As a
consequence of the presence of these TJs, paracellular passive
diffusion (between the BECs) of polar compounds is almost im-
possible [72]. Considering this, the observed in vitro BBB per-
meation of the study compounds is more likely to occur through
transcellular passive diffusion (through the BEC's membranes).
Transcellular passive diffusion, also known as the lipophilic
pathway, allows small, lipophilic compounds to passively per-
meate across the BBB through the BECs directly [73]. Given that
our data indicates that these selected molecules can cross the
in vitro BBB monolayer system via transcellular “lipophilic”
pathways, the supporting in silico results together with the
preliminary in vitro data confirm that the single compounds
and their combinations are BBB-permeable, albeit that they re-
duced BBB paracellular permeability. In light of this supporting
evidence, these compounds and the combination should be as-
sessed further as potential treatments.

Some of this study's limitations include the use of one in silico
testing to predict the BBB permeability of the active AChEI
compounds and the most potent compound was predicted to be
non-BBB permeable leading to it being excluded from further
investigation. More than one in silico method (such as machine
learning methods) should be used in the future to confirm BBB
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predictive results. Even though kinetic results and supporting
literature suggest the binding sites of the active compounds,
additional molecular docking studies need to be carried out to
confirm the exact binding sites and further give an insight as to
which substituents and moieties bind to the enzyme and confer
to the activity observed. Furthermore, the selected compounds
were only screened for one target (AChE enzyme) in the cur-
rent study, therefore these or other compounds from the same
library should further be screened against other AD targets such
as A plaques, and be used as multitarget modulators. Bolstered
isobologram experiments will afford more clarity on the ratio-
metric potential of the compounds and the best combinations to
take forward for further studies.

In conclusion, although A51 had the greatest AChEI activity,
it was predicted to be in silico BBB-impermeable and was not
evaluated further. C53 (IC,,) and the donepezil-C53 combina-
tion with allosteric effect at the lowest doses indicated the poten-
tial for further investigation due to the promising acellular and
cellular AChEI activity, in silico BBB-permeability, absence of
cytotoxicity, and ability to penetrate the in vitro BBB monolayer.
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