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Abstract
Natural products have long served as versatile templates for discovering lead molecules against various targets of pharmaco-
logical interest. Kojic acid, a fungal metabolite epitomizes this versatility as it elicits broad-spectrum biological properties. 
Described herein is a series of heteroaryl thiol-linked kojic acid derivatives that demonstrate potent acetylcholinesterase 
(AChE) inhibition along with anti-amyloid-β (Aβ) aggregation activity and blood brain barrier (BBB) permeability high-
lighting their potential as a novel class of Anti-Alzheimer’s therapeutics. Seventeen kojic acid derivatives, synthesized by 
incorporating three different heterocyclic thiols, were evaluated for in vitro AChE inhibition employing Ellman’s method. 
The most potent analogs identified from the AChE inhibition studies were further evaluated for binding to the peripheral 
anionic site (PAS) of AChE using the propidium iodide (PI) displacement assay, anti-amyloid-β (Aβ) aggregation inhibition 
using the thioflavin T assay, and BBB permeability using the PAMPA-BBB assay. Obtained findings indicated that two com-
pounds MS 21–05 and MS 21–11 bearing a 5-methoxybenzo[d]thiazol-2-yl)thio moiety and 5-phenyl-1,3,4-oxadiazol- 2-yl)
thio moiety, respectively, elicited potent AChE inhibition (IC₅₀ < 5 µM), moderate anti-Aβ aggregation effects and good 
BBB permeability. The molecular docking studies of compound MS 21 - 11 along with its molecular dynamics simulations 
at peripheral anionic site (PAS) of enzyme AChE provided structural insights into the binding mode of these derivatives. 
Taken together, the findings of this study establish heteroaryl thiol-linked kojic acid derivatives as a valuable molecular 
framework for developing anti-Alzheimer's therapeutics that target both cholinergic dysfunction and amyloid-β aggregation.

Keywords  Alzheimer’s disease · Kojic acid derivatives · Acetylcholinesterase inhibitors · Molecular dynamic simulations · 
Aβ-aggregation inhibition

Introduction

Alzheimer's disease (AD) is a neurodegenerative disorder 
that is accompanied by decline in both communication and 
cognitive abilities as well as behavioural changes in affected 
individuals (Tripathi et al. 2024); (DeTure and Dickson 
2019). Currently, 57 million cases of AD are reported world-
wide, and this number is expected to rise to 153 million by 
the year 2050 (Nichols et al. 2022). The majority of these 
cases occur in persons aged 60 or above causing physical, 
financial, and emotional trauma to both the patient and the 
caregivers (Vu et al. 2022). The etiology of AD remains 
unknown which makes drug discovery for this disease very 
challenging (Abdallah 2024). Several hypotheses have been 
formulated to understand AD pathogenesis including cho-
linergic dysfunction, amyloid-β (Aβ) plaques formation, 
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activation of N-methyl-D-aspartate receptor (NMDAR) 
mediated neuroinflammation and monoamine oxidase 
(MAO) activation, all of which emphasizes the multifacto-
rial nature of the disease (Fan et al. 2020; Rai et al. 2020).

Cholinergic dysfunction involving declined choliner-
gic transmission and Aβ-aggregation, is one of the most 
explored areas in AD pathogenesis (Zuin et al. 2022). Ace-
tylcholinesterase (AChE), a serine hydrolase enzyme respon-
sible for acetylcholine (ACh) hydrolysis, has been closely 
associated with cognitive decline due to the reduction of 
ACh levels (García-Ayllón et al. 2011). AChE is a key con-
tributor for enhanced deposition of Aβ-aggregates observed 
in Alzheimer's disease (García-Ayllón et al. 2011; Ram-
akrishna et al. 2024). The accumulation of Aβ fibrils and 
oligomers in brain disrupts cell communication, potentiate 
neuroinflammation while causing progressive neuritic dam-
age, ultimately leading to cognitive dysfunction and neu-
ronal impairment (DeTure and Dickson 2019). Furthermore, 
Aβ accumulation in neuronal cells causes oxidative stress in 
mitochondria through the generation of free radicals which 
ultimately exacerbates brain damage (Foret et al. 2024). 
Over the past several years, numerous AChE inhibitors have 
been discovered, paving the way for an enhanced therapeutic 
strategy to ameliorate cognition linked with AD. Numerous 
naturally derived AChE inhibitors have been isolated from 
diverse sources, such as plants, fungi, and marine alkaloids, 
with the majority being alkaloids that have heterocyclic 
scaffolds, including indole, isoquinoline, quinolizidine, and 
piperidine (Ana Paula et al. 2013). Nevertheless, efforts to 
identify novel scaffolds with AChE inhibitory potency are 
still ongoing (Obaid et al. 2022).

Kojic acid (chemically 5-hydroxy- 2-(hydroxyme-
thyl)− 4H-pyran- 4-one) is a natural metabolite isolated from 
fungi that has been recently recognized as a medicinally 
important scaffold endowed with broad-spectrum pharma-
cological properties (Saeedi et al. 2019; Brtko 2022). Kojic 
acid derivatives have been shown to possess a variety of bio-
logical properties, including antioxidant, anti-inflammatory, 
anti-tyrosinase, anticancer, and antibacterial activities, among 
others. (Saeedi et al. 2019; Brtko 2022; Emami et al. 2022). 
Most importantly, novel tacrine-based kojic acid derivatives 
have shown promised as anti-AChE agents with potential 
therapeutic applications in AD (Babaee et al. 2021) (Fig. 1). 
The authors fused kojic acid with a 6,7,8,9-tetrahydro- 
4H-pyrano[2,3-b]quinolin- 5-amine moiety to develop tacrine-
based cyclopentapyranopyridine and tetrahydropyranoquino-
line-kojic acid derivatives with acetylcholinesterase inhibitory 
potency (Babaee et al. 2021) (Fig. 1). The primary goal of 
this research project aimed to design some new potent mol-
ecules that effectively inhibit AChE based on kojic acid using 
a medicinal chemistry approach that preserves the biologi-
cally important γ-hydroxy pyrone ring while linking several 
heterocyclic rings via the flexible 2-hydroxymethyl group. To 
this end, we effectively designed, synthesized, and screened a 
series of novel kojic acid analogs conjugated with diverse het-
erocyclic thiols for their anti-Alzheimer’s properties, focusing 
on AChE inhibition, having the capacity to suppress AChE-
induced Aβ aggregation and having the capability to cross the 
blood–brain barrier (BBB). Additionally, the binding mecha-
nism of these analogs to AChE was analyzed using molecular 
docking experiments in conjunction with molecular dynamics 

Fig. 1   Kojic acid derivatives as acetylcholinesterase inhibitors
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simulations. The findings from these comprehensive investiga-
tions are discussed herein.

Experimental

Chemistry

All the chemicals as well as solvents required for the synthe-
sis of the target compounds were procured commercially and 
were used without any purification. NMR spectra (1H and 
13C NMR) of the synthesized compounds were recorded on 
a JNM-ECZ500R/S1 FT NMR (Jeol, Japan) and the chemi-
cal shift (δ) is reported in part per million (ppm). HR-MS 
analysis of the synthesized compounds was performed using 
mass spectrometer X 500R QTOF HRMS (Sciex, Singa-
pore). The IR spectrum of the synthesized molecules was 
obtained using a spectrometer of Alpha-II Eco ATR (Bruker, 
Germany). Melting points are reported uncorrected and 
measured using an EI digital melting point instrument. Thin-
layer chromatography (TLC) with silica-coated aluminum 
plates (Kieselgel 60 F254, Merck, Germany) was employed 
for monitoring reaction progress and the reaction zones were 
visualized under ultraviolet (UV) light.

Synthesis of chlorokojic acid (2) (He et al. 2021)

Initially, kojic acid (1, 35 mmol, 4.97 g) was slowly mixed 
into, 20 mL of thionyl chloride with continuous stirring 
at ambient temperature for 2 h. After which, the chemical 
mixture was subsequently allowed to cool down at room 
temperature and the solid precipitate that formed was fil-
tered out and washed with petroleum ether. The precipitate 
obtained was dried under a vacuum to give chlorokojic acid 
as a white solid.

General protocol for the synthesis of 2‑(heteroaryl thio)met
hyl)−5‑hydroxy‑4H‑pyran‑4‑ones (MS 21–01 to MS 21–17) 
(Rakse et al. 2013)

To a reaction flask containing an equimolar mixture of 
chlorokojic acid (2) (0.160 g, 1 mmol) and a heterocyclic 
thiol (1 mmol) in 20 mL of acetone and K₂CO₃ (0.207 g, 
1.5 mmol) was mixed and refluxed for 6–9 h. The excess 
solvent was evaporated to form a concentrated mixture 
after completion of the reaction. It was then diluted with 
200 mL of distilled water and acidified with 10% hydro-
chloric acid until a precipitate was formed. Subsequently, 
it was filtered out and, thoroughly rinsed using cold dis-
tilled water and dried. The obtained product was then 
recrystallized using an equal amount of ethyl acetate and 
hexane to get the title compounds as pure products. (Please 
refer to supplementary data for characterization data and 
the spectra of synthesized compounds).

Biology

In vitro cholinesterase inhibition assay

To evaluate the AChE inhibition potential of the synthe-
sized compounds, in vitro AChE inhibition assay was per-
formed using Ellman’s method with slight modification 
in the protocol (Ellman et al. 1961; Singh et al. 2021; 
Waiker et al. 2024). The hAChE (source human eryth-
rocyte, EC.No 3.1.1.7), acetylthiocholine iodide (ATCI, 
CAS No. 1866 - 15- 5) and 5,5ʹ-dithiobis- 2-nitrobenzoic 
acid known as Ellman's reagent (DTNB CAS No.69–78- 
3) were purchased from Sigma Aldrich, U.S.A.. Five dif-
ferent concentrations of compounds (10 µL each) were 
treated with 50 µL of enzyme (0.022 U/mL) and a solution 
of ATCI (30 µL; 1.5 mM) at room temperature. Ellman’s 
reagent (160 µL; 0.15 mM) was added to this mixture at 
the end of the assay and the absorbance was measured 
at a wavelength of 412 nm. Non-enzymatic hydrolysis of 
the substrate was measured using a blank sample with 
the same procedure without the enzyme. Donepezil was 
employed as a reference compound in the assay. Each 
experiment was performed in triplicates and the findings 
are presented in Table 1.

Table 1   AChE inhibitory activity of heteroaryl thiol-linked kojic acid 
derivatives (MS 21–01 to MS 21–17)

# All experiments were performed in triplicate (n = 3)

S. No Compound code X R hAChE IC50 ± 
SEM (μM)#

1 MS 21–01 S H 2.419 ± 0.026
2 MS 21–02 S 6-NO2 2.863 ± 0.038
3 MS 21–03 S 5-Cl 1.568 ± 0.032
4 MS 21–04 S 6-OC2H5 1.372 ± 0.021
5 MS 21–05 S 5-OCH3 1.225 ± 0.019
6 MS 21–06 O H 1.309 ± 0.041
7 MS 21–07 O 6-Cl 1.495 ± 0.027
8 MS 21–08 O 5-Cl 3.213 ± 0.024
9 MS 21–09 O 5-CH3 1.279 ± 0.032
10 MS 21–10 O 5-NO2 1.467 ± 0.027
11 MS 21–11 – H 1.035 ± 0.029
12 MS 21–12 – 4-F 1.622 ± 0.021
13 MS 21–13 – 4-OH 4.934 ± 0.018
14 MS 21–14 – 4-OCH3 3.926 ± 0.038
15 MS 21–15 – 4-CH3 4.296 ± 0.022
16 MS 21–16 – 4-NO2 2.816 ± 0.018
17 MS 21–17 – 4-Br 1.774 ± 0.036
18 Donepezil 0.044 ± 0.007
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Propidium iodide (PI) displacement assay

The PI displacement assay was employed to determine the 
competitive binding efficacy of the compounds MS 21–05 
and MS 21–11 to PAS-binding region of AChE in compari-
son to propidium iodide (TAYLOR et al. 1974; Peauger et al. 
2017). In this assay, AChE (5U) is incubated with (at 10 μM 
and 50 μM concentrations (150 μL)) and without inhibitors 
for period of 6 h at 25 °C. Add 50 μL of PI (1 μM) to this 
reaction mixture, adjust the final volume up to 200 μL and 
then incubated the reaction mixture for 10 min. The fluores-
cence intensity was quantified utilizing a BioTek Synergy 
(USA) fluorescent plate reader at excitation and emission 
wavelengths of 535 nm and 595 nm, respectively.

Anti‑Aβ aggregation activity by thioflavin T assay

Compounds MS 21–05 and MS 21–11 were further evalu-
ated for their Aβ-aggregation inhibitory properties via 
AChE-induced and self-induced protocols (Verma et al. 
2024). Aβ (1–42 peptide) procured from (Cayman, U.S.A.) 
was mixed with dimethylsulfoxide (DMSO) to get a stock 
solution of 1 mM that was subsequently diluted with 7.4 
pH phosphate buffer saline (PBS) to attain an actual work-
ing concentration of approximately 10 μM. The compounds 
MS 21–05 and MS 21–11 were mixed into DMSO to obtain 
the stock solutions, which was further diluted with PBS to 
maintain a final DMSO content less than or equal to 1% 
(w/v).The Aβ-aggregation inhibitory activity (Aβ, 10 μM) 
on various concentrations of 5, 10 and 20 μM in triplicate 
experiments were evaluated using Aβ-to-inhibitor molar 
ratios at 10:5, 10:10, and 10:20 μM, respectively.

Self‑induced amyloid‑beta aggregation assay  Furthermore, 
Aβ aggregates were generated for self-induced amyloid-
beta aggregation inhibitory study by incubating a 50 μM Aβ 
solution made in 7.4 pH PBS at 37 °C for a duration of 48 h 
in both conditions either including or excluding the inhibi-
tors (5, 10 and 20 μM), followed by addition of Thioflavin T 
solution (100 μM) prepared using 8.0 pH of glycine–NaOH 
buffer. The appropriate wavelengths such as 450 nm and 485 
nm were utilised to determine fluorescence intensity. Using 
the following formula the % inhibitory activity was deter-
mined.

where Fi and Fo stand for the presence and absence of the 
inhibitor, respectively.

Human AChE‑induced amyloid‑beta (Aβ) aggregation 
assay  With exception of adding human AChE at a 1:100 
molar ratio to Aβ (10 μM) using 7.4 pH phosphate buffer 

% Inhibition =
[

100 −
(

F
i
∕F

o
× 100

)]

saline (pH 7.4), the same procedure as the self-induced 
anti-Aβ aggregation experiment was used for hAChE-
induced amyloid-beta aggregation assay.

In vitro PAMPA‑BBB assay

The blood–brain barrier permeability of the most potent 
compounds MS 21–05 and MS 21–11 was evaluated using 
a PAMPA-BBB assay (Di et al. 2003; Tsinman et al. 2011; 
Shrivastava et al. 2022). In brief, a PVDF membrane (pore 
size: 0.45 μm) precoated with porcine brain-derived lipid 
(4 μL, 20 mg/mL) was prepared on acceptor microplate and 
filled with 200 μL of PBS (pH7.4): ethanol (7:3 v/v). The 
test compounds were dissolved in same PBS:ethanol mixture 
(200 μL) were loaded onto a donor microplate. After that, 
both acceptor and donor plates were placed collectively at 25 
°C for 18 h, which permit passage of the investigated mole-
cules from donor plate to acceptor plate using a PVDF mem-
brane and finally absorbance of all three plates including, 
reference, acceptor and donor plates were measured using 
spectrophotometer and all measurements were performed 
in triplicate. The results obtained were further validated 
by comparison with the reference drugs having established 
BBB permeabilities.

In silico studies

Molecular docking

The three-dimensional structure of human acetylcholinester-
ase (hAChE) co-crystallized with inhibitor donepezil (PDB 
code: 6O4 W; resolution: 2.35 Å) was obtained from the 
Protein Data Bank (Gerlits et al. 2019). The designed inhibi-
tors were sourced from the experimental laboratory and sub-
sequently prepared using Open Babel (O'Boyle et al. 2011).

In this study, structure-based ligand docking calculations 
were performed using GOLD software version 2022.0.1 
(Verdonk et al. 2003), employing four scoring functions: 
ASP, ChemPLP, Goldscore, and Chemscore. The docking 
parameters were optimized during various redocking experi-
ments and included the center and dimensions of the docking 
box, as well as the number of independent GA runs.

Re-docking is a reproducible and reliable method used to 
evaluate and refine the docking protocol. In this technique, a 
reference ligand is removed from the protein–ligand crystal 
structure complex, and a protein–ligand docking protocol 
is employed to estimate the ligand's correct pose within the 
binding pocket. The similarity between the re-docked and 
crystallographic poses was evaluated using Dock RMSD 
through comparison of root mean square deviation (RMSD) 
values of the heavy atoms of the ligand in both poses (Bell 
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and Zhang 2019). The protocols which achieved an RMSD 
≤ 2 Å for each scoring function were selected for subsequent 
steps.

The docking protocol, once optimized, was then applied 
using the same parameters in the virtual screening. The top 
hits were selected for further evaluation at the atomic level 
using molecular dynamics simulations.

MD simulations

In order to investigate the molecular behaviour, related to 
protein and ligand interactions over time, molecular dynam-
ics (MD) simulations were conducted. MD simulations, per-
formed using the Amber20 software package (Case et al. 
2005), to evaluate the interactions between the protein and 
the best performing docked ligands. LEAP was used to build 
the topology and parameters of the ligands with the general 
AMBER force field (Wang et al. 2004). A periodic boundary 
condition with a minimum distance of 12 Å was established 
for every system. The box was solvated using a TIP3P water 
mode. Long-range electrostatic interactions were calculated 
using the Ewald summation technique with particle mesh. A 
cut-off value 10.0 Å was chosen as for both the electrostatic 
and Lennard Jones interactions. The SHAKE approach was 
used to constrain all hydrogen atom bonds. This made it 
possible to use a 2-fs time step.

A four-step energy minimization procedure was applied to 
every protein–ligand complex. The minimisation approach 

alternated between the conjugate gradient and the steepest 
decline at the midpoint of each step and the first three steps, 
which each step involved up to 2500 cycles. Only water mol-
ecules were eliminated in first stage, while only hydrogen 
atoms during second stage. In order to maximise the amino 
acid side chains, the third step entailed restricting the protein 
backbone, followed by a final step where all constraints were 
removed for full system optimization.

During post-minimization, canonical ensemble (NVT) 
with a constant volume was used for a 50 ps equilibra-
tion phase. The Langevin thermostat was used to raise 
the system's temperature to 310.15 K slowly. Then, there 
was another equilibration of 50 ps in the NVT ensemble 
at 310.15 K. The production phase was then conducted for 
200 ns at 310.15 K and 1 bar of pressure controlled by the 
Berendsen barostat utilising the isothermal-isobaric ensem-
ble (NPT).

Free energy calculations

To estimate the binding free energies of the ligands against 
hAChE, the Molecular Mechanics Poisson-Boltzmann Sur-
face Area (MM-PBSA) method was employed, utilizing the 
MM/PBSA python script available in AMBER (Miller et al. 
2012). The final 100 ns of the Molecular dynamic simu-
lations, comprising 500 frames per system, served as the 
basis for the computations. The exterior dielectric constant 
80.0, the internal dielectric constant 4 and the ionic strength 

Scheme 1   Synthesis pathway for 5-hydroxy- 2-(heteroaryl)thio)methyl)−4H-pyran- 4-ones (MS 21–01 to MS 21–17)
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0.100 mol dm−3 were used. Using per-residue decomposition 
analysis, local interactions between each ligand and protein 
were further assessed.

Results and discussion

Chemistry

The 5-hydroxy-2-(heteroaryl)thio)methyl)−4H-pyran-
4-ones (MS 21–01 to MS 21–17) were synthesized via a 
multistep reaction as illustrated in Scheme 1. Reaction of 
the commercially available starting material kojic acid (1) 
with thionyl chloride at room temperature yielded the key 
intermediate chlorokojic acid (2) in excellent yield. The 
obtained chlorokojic acid (2) was then reacted with substi-
tuted benzo[d]thiazole- 2-thiol or benzo[d]oxazole-2-thiol, 
5-(phenyl)−1,3,4-oxadiazole- 2-thiols in a basic environ-
ment in order to obtain desired molecules. The synthe-
sized molecules were characterized through IR, NMR, and 
HR-MS spectroscopy, and the resulting data confirmed the 
successful synthesis of the desired heteroaryl-thiol-linked 
kojic acid derivatives.

Biological evaluation

The synthesized compounds were evaluated for their AChE 
inhibitory potential in vitro using Ellman’s protocol (Waiker 
et al. 2023; Tripathi et al. 2019), with donepezil as the posi-
tive control. Table 1 displays the outcomes of this experi-
ment. As evident from Table 1, all the synthesized kojic acid 
derivatives showed potent AChE inhibition (< 5 µM), with 
IC₅₀ values between 1.035 µM and 4.93 µM. Among the 
three classes of heterocyclic thio ethers studied, kojic acid 
derivative containing 5-(phenyl)− 1,3,4-oxadiazole moie-
ties displayed potent acetylcholinesterase inhibitory potency 
having IC50value of 1.035 ± 0.029 µM. Substitution on the 
phenyl group drastically decreased the potency, and the 
least activity observed for the kojic acid derivative with a 
4-hydroxyl substitution at phenyl ring linked with oxadiazole 
moiety. In contrast, for kojic acid derivatives containing the 
benzothiazole moiety, substitution on the benzo ring of the 
benzothiazole moiety with either chloro or alkoxy groups 
increased potency. While, in the case of kojic acid deriva-
tives with benzoxazole moiety, where methyl substitution 

in the benzoxazole ring's C5 led to a slight enhancement in 
acetylcholinesterase inhibitory activity, a similar pattern was 
not seen. Preliminary SAR studies revealed that compounds 
MS 21–05 and MS 21–11 as promising lead molecules for 
further studies.

Next, we investigated the identified lead molecules MS 
21–05 and MS 21–11 for their ability to bind to the periph-
eral anionic site (PAS) of acetylcholinesterase using a pro-
pidium iodide displacement assay (Ramrao et al. 2021). 
Propidium iodide (PI) is a well-recognized ligand that spe-
cifically binds to the PAS region of AChE, effecting an 8 to 
10 fold increase in fluorescence intensity (Silva et al. 2013). 
Competitive inhibitors that bind to the PAS of AChE can 
cause a reduction in fluorescence intensity signifying the 
displacement of PI from the site. As the association of PAS 
with the nonamyloidogenic form of Aβ leads to Aβ accu-
mulation and the formation of fibrils, molecules that bind to 
this region are anticipated to retard β-amyloid aggregation, 
which is therapeutically beneficial in the AD. The data pre-
sented in Table 2 show the % PI displacement by the lead 
molecules MS 21–05 and MS 21–11 at three distinct levels 
(10, 20, and 50 μM). Obtained results indicate that PI dis-
placement from AChE site was enhanced with the increasing 
concentrations of both compounds which was comparable to 
donepezil at all tested concentrations. This finding suggested 
that the binding of both lead molecules with AChE-PAS site 
may contribute in anti-Aβ aggregation effects of molecular 
scaffolds.

Furthermore, several reports have highlighted the role of 
AChE in promoting Aβ aggregation through selective inter-
action with PAS (Verma et al. 2024). Drug molecules that 
bind to PAS of AChE may impede the Aβ aggregation and 
deposition in the brain. Hence, we evaluated the anti-Aβ 
aggregation potential of lead molecules MS 21–05 and MS 
21–11, we did a Thioflavin T-based fluorometric test. In 
this experiment, three different Aβ:inhibitor molar ratios 
(10:5, 10:10, and 10:20 μM) were employed. As compared 
to donepezil in self- and AChE-induced experiments, both 
lead molecules demonstrated a moderate increase in percent-
age anti-Aβ aggregation effects and a reduction in NFI at all 
three tested concentrations (5, 10, and 20 µM), according 
to the results, which are shown in Fig. 2 as percentages of 
aggregation of amyloid-beta inhibition and normalised fluo-
rescence intensity (NFI). These findings further suggested 

Table 2   The PI displacement 
assay and PAMPA-BBB 
permeability data of lead 
molecules MS 21–05 and MS 
21–11

a CNS+ indicates good BBB permeability

Compound code PI displacement from PAS-hAChE (%) PAMPA-BBB permeability

10 µM 20 µM 50 µM Pe (exp) (10−6 cm s−1) Prediction

MS 21–05 17.211 ± 1.008 20.427 ± 1.009 29.408 ± 1.512 5.756 ± 0.035 CNS+a

MS 21–11 19.141 ± 1.074 23.107 ± 1.071 32.137 ± 1.142 5.941 ± 0.032 CNS+a

Donepezil 24.762 ± 1.101 33.014 ± 1.031 46.043 ± 1.081 6.832 ± 0.041 CNS+a
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that both the lead molecules possess anti-Aβ aggregation 
potential as well.

Finally, we evaluated blood–brain barrier (BBB) per-
meability of the lead molecules as it is a critical factor in 
anti-Alzheimer’s drug discovery. Any molecule that dem-
onstrates potent AChE inhibition must be able to cross the 
BBB to be effective. Therefore, we investigated the BBB 
permeability of the two identified lead molecules using the 
in vitro PAMPA-BBB assay method (Di et al. 2003; Srivas-
tava et al. 2019). This assay evaluates the passive diffusion 
of a substance from donor to acceptor compartment, which 
is partitioned through brain (porcine brain) lipid membrane. 
The assay is initially validated using a set of marketed drugs 
to establish a permeability threshold across the membrane. 
Higher permeability coefficient (Pe) compounds (> 4.6 
× 10−6 cm/s) were generally thought to exhibit excellent 
brain permeability, while uncertain compounds having (Pe 
values between 1.7 and 4.6 × 10−6 cm/s) and compound with 
poor permeability (Pe values less than 1.7 × 10−6 cm/s) were 
classified. Both compounds MS 21–05 (Pe = 5.756 ± 0.035 
× 10−6 cm/s) and MS 21–11 (Pe 5.941 ± 0.032 × 10−6 cm/s) 
demonstrated excellent BBB permeability as presented in 
Table 2. These findings further support anti-Alzheimer’s 
potential with good BBB permeability of the lead molecules.

In silico studies

Molecular docking and molecular dynamic simulations 
were employed to understand the binding mechanism of the 
5-hydroxy- 2-(hydroxymethyl)− 4H-pyran- 4-one deriva-
tives with AChE. To determine the most suitable docking 
approach for the structure of hAChE with donepezil com-
plex, several parameters, including the scoring functions and 
number of genetic algorithms (GA) runs (ranging from 10 
to 100). RMSD of re-docking runs are displayed in Table 3.

Table 3 shows that crystallographic pose was properly 
recreated by all scoring functions, all generated poses with 
RMSD values of smaller than 1 Å. However, in terms of 
computational time per docking simulation, Goldscore 
required four times longer than ChemPLP. Based on these 
observations, we selected the ChemPLP scoring function, 
configured with 100 GA runs, for the docking studies. This 
choice was guided by ChemPLP’s demonstrated accuracy, 
shorter computational time, and more precise binding affin-
ity scores compared to the other scoring functions, which 
collectively enhance computational efficiency.

All the screened compounds were compared with done-
pezil a known inhibitor for comparison (pIC50 of 8.8 and 
docking score of 106.9 kcal/mol), (Darsey and Masarweh 
2020). The IC50 values were converted to pIC50 values, 
ranging from 5.3 to 6 (higher values indicate better perfor-
mance). In the end, compound MS 21–11 was selected based 
on their pIC50 values.

Compound MS 21–11 in the MS 21 series, with the high-
est pIC50 of 5.9 and docking score of 79.6 kcal/mol. Because 
of the overlapping pIC50 values, discriminating between 
high and low performers proved difficult. Nonetheless, we 
chose compound MS 21–11 for further analysis. Based on 
the obtained results, compound MS 21–11 was selected for 
a detailed analysis of molecular interactions using molecu-
lar dynamics simulations, with donepezil as the reference 
ligand.

RMSD calculations were used during simulation to evalu-
ate protein–ligand complex's stability. All systems stabilized 
after 100–200 ns of simulation, indicating that the pro-
tein–ligand complexes had reached equilibrium as shown 
in Fig. 3. In all the simulations for various compounds, the 
RMSDs for protein remained below 2.5 Angstrom, indi-
cating that the protein–ligand complex systems were well 
equilibrated after 50 ns. For the known drug donepezil, the 
RMSD values initially increased significantly during the first 
50 ns and then stabilized, fluctuating around 2–2.5 Angstrom 
for until the end simulation time. After 100 ns, the RMSD 
value for the Compound MS 21–11 was obtained.

Furthermore, as shown in Table 4, Solvent Accessible 
Surface Area (SASA) calculation showed that all compounds 
were buried in the binding pocket between a degree of 71% 
and 92%. Compound MS 21–11 exhibited the highest per-
centage of burial (92.8%) among the selected ligands, while 
donepezil had the lowest percentage (77.9%).

Since ligands bonded to protein and all protein–ligand 
complexes were stable, the MM-PBSA method was used 
to assess the binding energy. Results indicated that selected 
compound MS 21–11 had better predicted ∆G binding val-
ues compared to the reference compound. The compound 
MS 21–11 had predicted ∆G binding values of − 36.6 ± 0.1 
kcal/mol, respectively.

To further elucidate the interactions between these com-
pounds and the hAChE protein, a per-residue decomposi-
tion analysis was performed. This analysis identifies which 
amino acids are most influential in interaction of ligands 
with protein target. Based on the MM-PBSA results, we 
ranked the residues of the binding site according to their 
interactions with the ligands and their contributions for the 
whole bound energy. According to Table 4, which revealed 
that the components with the binding energy are explained in 
depth using hydrogen bonds and hydrophobic interactions. 
Trp83 was observed as the most common interacting resi-
due. Residues Trp83, Gly118, Phe335 and Tyr338, which are 
important for the binding of the known ligand donepezil, are 
also involved in binding with the designed compounds. This 
suggests that the designed compounds engage with same key 
residues in pocket site known as ligand.

Two-dimensional interaction was used to eluci-
date binding interaction of these selected with residues 
of hAChE binding pocket predicted by MD analysis. 
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Compound MS 21–11 exhibits the highest binding affin-
ity according to MM-PBSA calculations (Table 4). This is 
supported by the multiple strong interactions, it forms with 
the protein. MS 21–11 forms π–π stacking interactions 
between the cyclohexane and cyclopentane rings with 
Phe292, and Tyr334. Additionally, it has hydrogen bonds 
with Gly117, Gly118, Tyr130, and Glu199 interacting with 

the hydroxy group at position 4 of the benzene ring, MS 
21–11 also shows hydrophobic interactions with Trp83 
and Phe335, as demonstrated in Fig. 4.

Fig. 2   Anti-Aβ aggregation effect of compound MS 21–05, MS 
21–11 and donepezil: A self-induced % anti-Aβ aggregation experi-
ment; B NFI in self-induced experiment; C hAChE-induced anti-Aβ 

aggregation experiment and D NFI in hAChE-induced anti-Aβ aggre-
gation experiment. Results are represented as mean ± SEM of three 
independent experiments (n = 3)

Table 3   Calculation of various docking poses of donepezil with hAChE such as docking scores, RMSD values, and computation times were 
determined by varying the scoring functions and the number of GA runs performed to optimize the docking performance using GOLD software

GA run ASP Goldscore ChemPLP Chemscore

Score RMSD (Å) Time (s) Score RMSD (Å) Time (s) Score RMSD (Å) Time (s) Score RMSD (Å) Time (s)

10 67.1 0.4 10.1 80.8 0.5 67.8 107.0 0.5 8.5 48.7 0.5 10.8
50 67.7 0.5 50.3 80.9 0.5 336.3 106.8 0.5 42.7 48.8 0.6 54.6
100 67.4 0.3 101.0 81.5 0.5 678.7 106.8 0.5 85.7 48.8 0.7 109.3
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Fig. 3   Protein and ligand RMSD (Å) indicating stable confirmation throughout the simulation run of 200 ns

Table 4   Average SASA (Å2), Percentage of SASA for the buried ligand, total binding energy and average Per-residue decomposition of the 
MM-PBSA values obtained for the selected ligands in complex with human acetylcholinesterase

Ligand Average SASA (Å2) % of Ligand 
buried

ΔGbind (kcal/mol) Main contributors (kcal/mol)

Reference ligand 
(E20)

685.9 ± 11.6 77.9 − 28.9 ± 0.1 LEU73 (− 1.3 ± 0.9), TPR83 (− 0.2 ± 0.3), 
GLY118 (− 0.7 ± 0.4), TRP283 (− 2.1 ± 1.1), 
VAL291 (− 0.7 ± 0.5) PHE292 (− 0.2 ± 0.2, 
PHE294 (− 0.8 ± 0.3), PHE335 (− 1.1 ± 0.6), 
TYR338 (− 1.8 ± 0.7)

MS 21–11 487.1 ± 9.6 92.8 − 36.6 ± 0.1 TRP83 (− 2.9 ± 0.5), GLY117 (− 1.2 ± 0.3), 
GLY118 (− 1.2 ± 0.5), GLU199 (− 3.1 ± 0.7), 
SER200 (− 1.9 ± 0.4), TYR334 (− 1.9 ± 0.5), 
PHE335 (− 1.0 ± 0.4), HIS444 (− 1.8 ± 0.5)
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Conclusion

In conclusion, the present research demonstrates the poten-
tial of kojic acid-based heteroaryl thiol-linked derivatives 
as novel acetylcholinesterase inhibitors for Alzheimer’s 
disease therapy. Synthesized compounds exhibited promis-
ing in vitro AChE inhibition and anti-amyloid-β aggrega-
tion properties, with MS 21–05 and MS 21–11 emerging as 
the most potent candidates. Both compounds also demon-
strated favorable BBB permeability. Moreover, molecular 
docking and molecular dynamics simulations of compound 
MS 21–11 at the AChE-PAS site exhibited interactions with 
the amino acid residues essential for its inhibitory activ-
ity, maintaining stable conformation during the 200 ns 
simulation period. Overall, these key findings underscore 
therapeutic potency of kojic acid derivatives as dual-action 
components, addressing both cholinergic dysfunction and 
amyloid plaque formation in AD, and paving the way for 
further optimization of these promising lead molecules.
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