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ABSTRACT: This study was aimed to detect the biological activity of Alpinia galanga
thizomes (ARE), Moringa oleifera leaves (MLE), A. galanga leaves (ALE), Panax ginseng
leaves (PLE), P ginseng rhizomes (PRE), and Vitis vinifera seeds (VSE) ethanolic extracts
as acetylcholinesterase (AChE) inhibitors in both undifferentiated (undiff.) and differen-
tiated (diff.) human neuroblastoma cell lines (SHSY5Y). AChE activity was estimated by
Ellman’s colorimetric method. The bioactive compounds involved in the extract associ-
ated with impact on AChE activity were revealed by liquid chromatography coupled with
quadrupole time-of-flight mass spectrometry (LC-QTOF/MS). As a result, AChE inhibi-
tion was determined by ARE [PYL] (0.040 + 0.026 mg/mL for undiff. cells and 0.048 +
0.030 mg/mL for diff. cells), followed by MLE (0.150 + 0.08 mg/mL for undiff. cells and
0.339 + 0.020 mg/mL for diff. cells) when treated by MLE. The phytochemical analysis
by LC-QTOF/MS identified abundant phenolic compounds, namely dephospho-CoA,
nimodipine, and embelin, among the 40 compounds present in MLE, which have ben-
eficial effects on AChE enzyme activity in undifferentiated and differentiated SHSY5Y
cells. Furthermore, the compounds were estimated for the physicochemical and pharma-
cokinetic properties as well as molecular docking of ligand molecules and protein target
prediction by freely accessible web tools, such as the PubChem database, SwissADME,
and SwissDock.
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GRAPHICAL ABSTRACT

Regulating effect of phenolic contents-abundant plants in

acetylcholinesterase enzyme activity in undifferentiated
and differentiated human neuroblastoma cell line (SHSY5Y)
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1. INTRODUCTION

Neurotransmitters that facilitate neurotransmission are
endogenous chemical messengers. These neurotransmit-
ters carry signals across the synapse (between the neuro-
muscular junctions and neurons). Neurotransmitters are
commonly stored in the synaptic vesicles, under the mem-
brane in the axon terminal, and are secreted into the syn-
apse with the proper signal (Kandimalla and Reddy, 2017).
Neurotransmitters are synthesized in the brain based on the
availability of appropriate precursors to neurons. The con-
sumption of tyrosine or choline, under appropriate con-
ditions, leads to the production of the neurotransmitters
dopamine (DA) and acetylcholine (ACh) (Fernstrom, 1981).

ACh is a neurotransmitter produced from choline by the
catalytic activity of choline acetyltransferase enzyme in a
single-step reaction (Fernstrom, 1981). This neurotransmit-
ter is terminated by the activity of the acetylcholinesterase
enzyme (AChE). AChE is the key enzyme responsible for
the hydrolysis of acetylcholine (ACh) to choline and ace-
tate. Consequently, decreased expression and activity of this
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enzyme, leading to the accumulation of ACh, can improve
numerous neurological disorders, mainly Alzheimer’s disease
(AD) (Garcimartin et al., 2017).

Researchers found that although DA synthesis deficiency
(i.e., TH enzyme inhibition) is the main neurochemical fea-
ture in PD, a significant increase in AChE activity has been
described and is associated with Parkinsonism (Pagano et al.,
2015). Moreover, focusing on treating both cholinergic and
dopaminergic deficiencies is more precise than targeting the
dopaminergic pathway alone (Falkenburger, 2017). Talented,
naturally derived plants that target both dopaminergic and
cholinergic systems have not yet been reported. The identi-
fication of eco-friendly natural sources of active compounds
that can induce TH enzyme synthesis and activity, and
inhibit AChE activity in a safe, routine manner, will provide
promising, novel, and safe treatment for neurodegenerative
disorders.

Some of the phenolic content-abundant plants that
are regularly utilized by some societies, particularly Asian,
in their daily meals were selected to assess their effects
and benefits as regulators of dopamine and acetylcholine
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neurotransmitter formation enzymes. Phytoactive com-
pounds that occur naturally in most plants are considered
a rich source of eco-friendly, reliable, economical, and safe
neurotransmitter-related enzyme regulators for popular
consumers. In this study, the extracts of a group of active
compound-abundant plants, Moringa oleifera leaves (MLE),
rthizomes and leaves of Alinia galanga (ARE and ALE),
Vitis vinifera seeds (VSE), and rhizomes and leaves of Panax
ginseng (PRE and PLE), were selected for detection of their
abilities to regulate TH and AChE enzymes on a human
neuroblastoma cell line (SHSY5Y). Furthermore, the bioac-
tive compounds in the MLE associated with the ability to
alter enzyme activities responsible for the synthesis of DA
and the degradation of ACh were revealed by liquid chro-
matography coupled with quadrupole time-of-flight mass
spectrometry (LC-QTOF/MS). This is the first report on
the determination of the role of M. oleifera cultivated in
Thailand in AChE inhibition, as well as profiling the val-
ued phenolic contents, mainly flavonoids. Recorded data
could shed light on the additional investigative capabilities
of plant-derived compounds in controlling the formation of
neurotransmitter-forming enzymes. In addition, the effects
of a single compound on AChE activity that are significant
in controlling body function, mainly those related to neuro-
degenerative diseases such as AD and PD by an imbalance in
AChE. Moreover, this study offers insights into the potential
use of natural effective compounds such as dephospho-CoA,
nimodipine, and embelin in the treatment of neuroblas-
toma. It emphasizes the structural and physicochemical or
pharmacokinetic properties that influence compound activ-
ity, which is essential for the development of new therapeu-
tic agents for neuroblastoma.

2. MATERIALS AND METHODS
2.1. Plant materials collection

The plant parts, leaves and rhizomes of A. galanga and P
ginseng, leaves of M. oleifera, and seeds of V. vinifera (grape)
were selected as abundant sources of phenolic contents. Parts
of A. galanga and P ginseng were collected from the local gar-
dens of Khon Kaen, Thailand. At the same time, the grape
seeds were obtained from a winemaking factory (Nikki)
located in Pak Chong, Nakorn Rachasima, Thailand. Selected
plant parts were cleaned, dried at 65 °C using a hot air oven
(Model FD240, Binder, Frankfurt, Germany), and crushed
using a Philips mill (Model 600W, Eindhoven, Netherlands).

The obtained powder was stored in screw-cap containers at

room temperature away from sunlight until further handling
of the samples.

View Article online

2.2. Preparation of plant extracts

Prepared plant parts were extracted using ethanol (EOH)
solvent in a ratio of 1:4, using a magnetic stirrer for 8 h. Each
extract was then filtered using Whatman No. 1 filter paper
(Camlab, Cambridge, UK). V. vinifera seeds (Vayupharp
and Laksanalamai, 2012; Li et al., 2008), M. oleifera leaves
(Sinagawa-Garcia et al., 2013; Hashim et al., 2017), and rhi-
zomes and leaves parts (Shin et al., 2017; Hwang et al., 2017)
of P ginseng were subjected to extraction using 70% ethanol,
while A. galanga rhizomes and leaves were extracted using 95%
ethanol (Lo et al., 2013; Chan and Lim, 2007). Each obtained
extract was concentrated using a rotary evaporator (Model
Heidolph VV2000, Heidolph Instruments GmbH, Schwabach,
Germany). The ARE part contained 2 layers, one of which was
a pale yellowish upper layer (PYL) with oily features, while the
other was a brown lower layer (BL). The obtained extracts were
kept separately in screw-capped vials at 2 °C.

2.3. Human neuroblastoma cell (SHSY5Y) cultures

The SHSY5Y cell line (human neuroblastoma) was
provided by the Institute of Biotechnology and Genetic
Engineering, Chulalongkorn University, Bangkok, Thailand.
The DMEM/F-12 medium, consisting of Dulbecco’s modified
Eagle’s medium (DMEM) and Ham’s F-12 Nutrient Mixture
at a ratio of 1:1, was used for culturing the neuroblastoma
cells (SHSY5Y). The cells were developed in DMEM/F-12
medium supplemented with 10% heat-activated fetal bovine
serum (FBS) (Thermo fisher scientific, Massachusetts, USA)
and containing 0.1 mM nonessential amino acid, 1 mM
sodium pyruvate, 1.5 g/L sodium bicarbonate, 100 U/mL
penicillin, and 100 pg/mL streptomycin and incubated at
37°C with 85% humidified atmosphere containing 5% CO.,.

2.4. Differentiation of SHSY5Y cells

For the differentiation step, SHSY5Y cells were treated
with 10 pM of retinoic acid (RA). The medium containing
RA was changed daily for 5 days. The differentiated (diff.
cells) and undifferentiated cells (undiff. cells) obtained were
subjected to further analysis.

2.5. Determination of AChE activity
AChE activity was estimated by Ellmans colorimet-

ric method (Ellman et al., 1961; Sun et al., 2017) based on
the specific reaction of the Ellman’s reagent (5, 5’-dithiobis
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[2-nitrobenzoic acid] or DNTB) with the thiol groups in a
sample (Thiocholine), according to the following reactions:

Acetylthiocholine—~"E 5 Thiocholine + Acetate

Thiocholine + DTNB — 2-nitro-5-thiobenzoate

AChE is a serine hydrolase that breaks down and inac-
tivates acetylthiocholine into acetate and thiocholine.
Thiocholine is detected using a specific chemical (DNTB)
that turns the 2-nitro-5-thiobenzoate (NTB) solution to yel-
low color. Hence, it could identify the absorbance of NTB
and quantify the inhibition capability achieved by the plant
extracts at different concentrations.

ACHhE activity was determined using a spectrophotometer in
a 96-well microtiter plate. In this experiment, viable SHSY5Y
cells were used as the AChE source. Undifferentiated and differ-
entiated cells (2 x 10* cells/well) were cultured in a 96-well plate,
incubated for 24 h, and then pretreated with plant extracts (0.05,
0.1, 0.25, 0.5, and 1 mg/mL) for 1 h. Supernatants of SHSY5Y
cells in each well were eliminated and replaced by DMEM/F12
medium containing 1 mM H,0O, to induce AChE. The negative
control consisted of cells incubated with medium only, while the
positive control contained cells incubated with 1 mM H,O, in
medium. SHSY5Y cells were further incubated at 37 °C with
5% CO, conditions for 3 h, washed with ice-cold DPBS thrice,
and incubated at room temperature with 0.2 mL of reaction
mixture containing 0.5 mM DTNB and 1.0 mM acetylthio-
choline. The optical density of the product TNB was recorded
at a wavelength of 410 nm. The percentage inhibition of plant
extract compared with the negative control considered as AChE
activity 100%) was calculated using the following equation:

Inhibition % =
Ab. of control cells — Ab. of treated cells
Ab. of control cells

x100

The per cent inhibition plot versus sample concentration.
was applied to calculate the extract concentration that inhibit

50% of AChE (IC,,).

2.6. MLE analysis by Liquid Chromatography—Quadrupole
Time-of-Flight Mass Spectrometer (LC—-QTOF/MS)

The Moringa leaves extract (MLE) sample was prepared
using 50% methanol in a concentration of 101.23 mg/mL,
ultrasonicated for 20 min, and centrifuged at 10,000 rpm at
4 °C for 10 min. The supernatant was filtered using a 0.2 pm
nylon membrane and subjected to analysis by LC— QTOF/
MS (1290 Infinity II LC-6545 Quadrupole-TOEF, Agilent
Technologies, Santa Clara, CA, USA). The LC system used

for analysis consisted of a dual pump and an online vacuum

View Article online

degasser connected to a binary AJS ESI source mass spectrom-
eter (Agilent Technologies, Santa Clara, CA, USA). Full-scan
mode was used from m/z 100 to 1700. Zorbax Eclipse Plus
column (Agilent Technologies, Santa Clara, CA, USA) (C18
2.1 x 150 mm, 1.8 pm) was used for the analysis. Formic acid
0.1% in distilled water (solvent A) and 100% acetonitrile
(solvent B) were adopted as the mobile phase-gradient elu-
tion as follows: 98% A, 0-2 min; 90% A, 2—25 min; 85% A,
25—40 min; 80% A, 40—48 min; 75% A, 48—68 min; 70% A,
68—80 min; 50% A, 80—85 min; 0% A, 85-90 min; 98% A,
90-100 min. Peaks were identified at wavelengths 254 and
280 nm. The MS spectra were acquired in both positive and
negative ion modes, auto MS/MS. The mass fragmentations
were identified using the spectrum database for organic com-
pounds in the METLIN database (a cost-free, accessible,
web-based data source applied to ease identification of a wide
range of metabolite compounds through mass detection).

2.7. Molecular docking and in silico study of bioactive compounds

This investigation predicted and confirmed the efficacy of
selected compounds, such as dephospho-CoA, nimodipine,
and embelin, which are ligand molecules, obtained from MLE,
against Alzheimer’s disease. Their different SMILES structures
are shown in Table 1. In addition, this study used the protein
active site targets, including amyloid-f§ (Af3) proteins of (1-40)
fibril derived from Alzheimer’s disease cortical tissue (PDB ID:
6W00), amyloid precursor protein (APP) from crystal struc-
ture of amyloid precursor-like protein 2 (APLP2) E2 domain
(PDB ID: 5TPT), and phosphorylated tau (P-tau) proteins
from crystal structure of human anti-tau antibody CBTAU-
24.1 in complex with its phosphorylated tau peptide (PDB
ID: 5ZIA). Molecular docking prediction was performed by
ligand molecule binding with the active site on protein target
structures using the SwissDock web server (heeps://www.swiss-
dock.ch/) through AutoDock Vina platform (Bugnon et al.,
2024 ; Phupaboon et al., 2025; Punyauppa-Path et al., 2025).

For in silico evaluation, the physicochemical and phar-
macokinetic properties of dephospho-CoA, nimodipine, and
embelin in SMILES structures were entered into SwissADME
web tool (htep://www.swissadme.ch/) for assessing the molec-
ular weight (MW), lipophilicity (Consensus Log Po/w), water
solubility (Log S), gastrointestinal absorption, BBB perme-
ation, and drug likeness by Lipinski (Phupaboon et al., 2025).

2.8. Statistical analysis

In this study, tests were conducted in triplicate (n = 3), while
data were obtained as mean + SD values. Analysis of variance
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(ANOVA) was applied to assess the differences among the
treatments by Duncan’s multiple range tests (DMRTs) with a
p-value of 0.05 using SPSS Statistics Base version 19 program
for Windows (IBM Corp, Chicago, IL, USA).

3. RESULTS AND DISCUSSION
3.1. Detection of the effect of plant extracts on AChE activity

Using AChE inhibitors is one of the main strategies for
controlling the range of acetylcholine in the brain depleted in
AD. In the present study, four different plants were assessed as
natural AChE inhibitors. Enzyme activity determination was
achieved based on the specific reaction of Ellman’s reagent.
Plant extracts were investigated for AChE inhibition activity
in SHSY5Y (both undiff. and diff. cells), and the results are
provided in Figure 1. The results revealed that ARE (PYL)
gave the best IC50 (0.040 + 0.026 mg/mL for undiff. cells
and 0.048 = 0.03 mg/mL for diff. cells), followed by MLE
(0.150 + 0.08 mg/mL for undiff. cells and 0.339 + 0.02 mg/
mL for diff. cells). The findings regarding the inhibition activ-
ity of ARE (PYL) were consistent with the results obtained
by Adewusi et al. (Adewusi, Moodley and Steenkamp, 2010).
The AChE inhibition potency of ARE may be described
by the presence of kaempferol-3-O-L-rhamnoside, which
was reported as a treatment for AD (Murata et al., 2017;
Khairullah et al., 2020). Anti-AChE activity of PRE (0.281 +
0.04 for undiff. cells and 0.444+0.10 for diff. cells) showed
that the inhibitory effect of PRE in diff. cells is significantly
lower than their effect on undifferentiated cells. Previous
studies reported that the complex metabolism of ginseno-
sides (main compounds in the ginseng plant), when admin-
istered orally, causes low bioavailability, which is considered
the main limitation of using ginseng extracts as AChE inhibi-
tors (Kawamoto, Takeshita and Murata, 2019). Furthermore,
the study by Ong et al., 2015 in the streptozotocin-induced
memory-damaged rat brain models found that the loss of
brain choline was significantly reduced by the reduction of
AChE activity after intake of the ginseng plant.

View Article online

The AChE inhibitory activities of MLE significantly cor-
related with the richness of phenolic compounds (Nwidu
et al., 2018); meanwhile, our previous study showed that
MLE has a neuroprotective effect against oxidative stress in
SHSY5Y cells (Hashim etal., 2021). Phytoconstituent analysis
by LC-QTOEF/MS represented 40 bioactive compounds out
of 1080 compounds, previously tested by different research-
ers and reported as active agents against Alzheimer’s disease.
Taken together, MLE is interesting as a potential inhibitor
agent with further applications due to its low cytotoxicity and
high anti-AChE activities. LC-QTOF/MS analysis (Figure 2,
Table 2) of MLE, in the current study, was confirmed by
the fragmentation MS spectra (see Supplementary Materials
Figure S1).

It is also possible that these plant extracts contain several
anti-AChE or the same inhibitor compound(s) but at dif-
ferent concentrations, which leads to different activities. We
found that differentiated SHSY5Y cells are more resistant
to the anti-AChE effect of plant extracts than undifferenti-
ated cells, as shown in the levels of IC50 of plant extracts.

0.7 m Un-diff. cells
CIDIff. cells

06 =

0.5
0.4 M

0.3

IC,, of AChE (mg/ml)
of un-diff. and diff. cells

0.2

0.1 i
0.0 iuﬁ T T T T T
ARE(PYL) MLE VSE PRE PLE ALE
Plant extracts
Figure 1. IC, | of various plant extracts (MLE, VSE, PLE, PRE

ALE, and ARE [PYL]) on AchE in SHSY5Y (both un-diff. and
diff)) cells

Table 1

The formula and SMILES structures of dephospho-CoA, nimodipine, and embelin obtained from the PubChem database.

Compounds Formula SMILES structures

Dephospho-CoA C,H,N,O_P,3S CC(0)(COP(=0)(0)OP(=0)(0)OC[C@@H]1 [C@H]([C@H]
([C@@H](0,)N,C=NC =C(N=CN=C, )N)0)O)[C@H]
(C(=0)NCCC(=O)NCCS)O

Nimodipine C,H, N0, CC1=C(C(C=CNT)C)C(=0)OC(C)C)C,=CC(=CC=C2)
[N+](=0)[O-])C(=0)OCCOC

Embelin C.H, O, CCCCCCOCCCCC =C(C(=0)C=C(C,=0)0)O
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Figure 2. LC-QTOF/MS chromatogram of M. oleifera ethanol extract (MLE).

Table 2
List of phenolic composition identified in MLE by LC-QTOF/MS analysis.
Compound Molecular  Retention time Candidate mass Effect References
formula (min)
Isorhamnetin C,H,0, 83.499 315.05 * inhibition of AchE activity (Olennikov et al., 2017)
Quercetin C,H,,0, 48.551 303.04 ¢ inhibition of AchE (Ademosun et al., 2016)
Apigenin C,;H,,0; 79.602 269.04 e inhibition of AchE activity (Alvarez-Berbel et al., 2022)
¢ decreasing of B-Amyloid fibrils formation
e reduction of AChE- Amyloid interaction
Luteolin 7-(6"""-acetyl C,,H,,0,, 37.044 651.16 e inhibition of AChE activity (Sezen Karaoglan et al., 2023)
allosyl-(1->2)-glucoside)
Hesperetin C,H,0O, 79.820 301.07 e inhibition of AChE activity (Lietal., 2017)
* inhibition of f-Amyloid aggregation
Hydroxy tyrosol C,H,,0,4 13.423 315.10 e inhibition of f-Amyloid aggregation (Romero-Mdrquez et al.,
1-O-glucoside (HT) 2022)
Kaempferol C,H,,04 35.262 287.05 e inhibits AChE activity (Shi et al., 2023)
hydroquinone C,H, 0O, 14.005 110.0368 e inhibits AChE activity (Scozzafava et al., 2015)
Chlorogenic Acid C H,O, 18.834 354.0949 * suppression of A aggregation caused cellular injury ~ (Nguyen et al., 2024)
in SHSY5Y cells
e inhibits AB1-42 self-induced aggregation in PC12
cells
Ferulic Acid C,H, 0O, 27.61 194.057 e inhibition of AChE activity (Mugundhan et al., 2024)
¢ reducing amyloid beta plaque formation
Geniposide C,H, 0, 36.056 387.129 * Geniposide cerium oxide (Pérez Gutiérrez et al., 2024)
 Nanoparticles decrease the severity of AP1-42 fibril
formation
Inosine C,H,N, O 8.017 268.080 e suppress the rise of acetylcholinesterase activity (Basile, Bramanti and Mazzon,
2022)
Quinic acid C,H,O, 18.884 192.063 ¢ AChE inhibitory activities (Baysal et al., 2019)
Rutin C,,H,, 0y 35.299 610.153 e reduce the AChE in all parts of the rat brain (Naddafi, Mohammadi and
Karami, 2021)
L-Threonate C,H, O 2.05 135.036 ¢ inhibition of AChE activities (Gangoda et al., 2023)
Tirandamycin C,H,,NO, 18.508 417.1804 e decreasing the cytotoxicity of AR (Duangupama et al., 2023)
Salidroside C.H,O, 20.98 300.120 e regulate neurotransmission (Zhong et al., 2018)
¢ AChE inhibitory activities
Folic acid C,H N O 64.017 441.140 e reduces the AChE activity in the heart and brain (Colovi¢, 2009)
cells of rats without affecting the AChE levels in the
blood.
Caffeoylquinic acid C,H, O, 19.106 354.094 e AChE inhibitory activities (Alcdzar Magana et al., 2021)
Piperic acid C,H, 0, 46.987 218.057 * inhibition of AChE activity (Azam et al., 2022)

Inatural resources for human health
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Table 2

Continued.

Compound Molecular  Retention time Candidate mass Effect References

formula (min)

Lobeline C,H, NO, 84.935 337.204 e inhibition of AChE activity (Remya et al., 2023)

Granisetron CyH,N,O 30.764 312.195 ¢ reduced amyloid-p (Ap) pathology and enhanced (Al Rihani, Lan and
memory Kaddoumi, 2019)

Ramipril glucuronide ~ C, H, N,O 37.755 592.263 ¢ reduction of reduced amyloid-p (Ap) (Wharton et al., 2012)

Crocin 3 C,H, 0, 59.614 652.273 ¢ decrease the amyloid-p (Af) (Yuan et al., 2020)

e decrease in AChE activity

Cilostazol C,H, N, O, 29.338 369.217  promote AP clearance, inhibit AP oligomerization, (Ono and Tsuji, 2019)
and suppress Af-induced neurotoxicity

Aucubin C,H,,0, 16.334 346.126 e deposition of AP plaques (Wang et al., 2024)

3- Hydroxycapric C,,H,, O, 26.432 188.141 e decrease in AChE activity (Budryn et al., 2022)

Astragalin C, H,, 0, 52.464 448.1008 e decrease in AChE activity (Athipornchai, Ketpoo and

Saeeng, 2020)

Ceanothine E C,H,N,O, 45.690 568.307 e decrease in AChE activity (Pastene-Burgos et al., 2024)

Salicylanilide C,H, NO, 64.054 213.078 e decrease in AChE activity (Imramovsky et al., 2012)

Succinoadenosine C H,N, O, 17.058 383.107 e decrease in AChE activity (Grodner et al., 2024)

naringenin-7-O- C, H, 0, 52.426 448.101 e significantly recovered A_-stimulated axonal atrophy (Nouri et al., 2019)

glucuronide in cultured cortical neurons

Isovitexin C, H,, 0, 47.171 432.106 e decrease in AChE activity (Hassan et al., 2021)

dephospho-CoA C,H, N, O, 13.365 687.149 e precursors for synthesis of acetylcholine (Banns, Hebb and Mann,

P,S 1977)

Nimodipine C, H, N, O, 41.972 418.173 e induces acetylcholine synthesis and improves (Levy etal., 1991)
memory

Idebenone Cs H,, O 35.069 296.125 * increase the level of acetylcholine (ACh) in rats (Kakihana, Yamazaki and

Nagaoka, 1989)

Aesculin CsH Oy 21.798 340.079 e has protective effects against Ap-induced (Wang et al., 2022)
neurotoxicity

Cinnamic acid G, H; O, 3.619 148.052 ¢ decrease in AChE activity (Giefel et al., 2019)

Penicillamine disulfide ~ C,H, N,O, 13.03 341.08 * inhibition or reversal of AP aggregation by chelation (Hadavi and Poot, 2016)

Embelin C.H, O 88.746 294.183 .

177726 74

of metal ions (as nanoparticles)

inhibition of AChE activity by binding to the active ~ (Bhuvanendran et al., 2019)
site of the enzyme

The differences in AChE reduction between undifferentiated
and differentiated cells may be explained in terms of AChE
gene expression; differentated cells with RA upregulated
AChE levels compared to undiff. cells, which resulted in dif-
ferent amounts of enzyme exposure to the tested inhibitor
agents (Filograna et al., 2015).

3.2. Molecular docking profiles of selected phenolic compounds

Based on the results in Figure 1, MLE had the highest IC,
values on AChE in SHSY5Y (both undiff. and diff.) cells, and
a total of 40 compounds were identified by LC-MS/MS. The
most striking result is that the three selected compounds of
ligand molecules, such as dephospho-CoA (PubChem ID:

natural resources for human health

444485), nimodipine (PubChem ID: 4497), and embelin
(PubChem ID: 3218), were evaluated for molecular docking
with Alzheimer’s protein targets: amyloid-§ (Af}) proteins
(PDB ID: 6W00), amyloid precursor protein (APP) proteins
(PDB ID: 5TPT), and phosphorylated tau (P-tau) proteins
(PDB ID: 5ZIA) (Table 3). The present findings indicate
that the computed affinity scores for three ligands range
from -1.837 to -38.782 kcal/moL when docked with three
distinct Alzheimer’s protein targets. In particular, the inter-
action of dephospho-CoA with phosphorylated tau (P-tau)
proteins exhibited a notable affinity score of -38.782 kcal/
moL. However, this result has not been described previously.
Furthermore, the 3D molecular binding structures gener-
ated using the SwissDock tool, utilizing the AutoDock Vina
platform, as illustrated in Figures 3A-3I, engage through
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Table 3

View Article online

Molecular docking analysis results of selected ligands in various active sites (protein PDB) of amyloid-§ (Aff) proteins, amyloid

precursor protein (APP) proteins, and phosphorylated tau (P-tau) proteins.

PubChem ID of ligands Ligand names Protein PDB ID Protein targets Calculated affinity (kcal/moL)
444485 Dephospho-CoA 6W00 Amyloid-8 (Af) proteins -4.561
444485 Dephospho-CoA 5TPT Amyloid precursor protein (APP) proteins -5.535
444485 Dephospho-CoA SZIA Phosphorylated tau (P-tau) proteins -38.782
4497 Nimodipine 6W00 Amyloid-f8 (Af) proteins -4.038
4497 Nimodipine 5TPT Amyloid precursor protein (APP) proteins -5.469
4497 Nimodipine SZIA Phosphorylated tau (P-tau) proteins -1.837
3218 Embelin 6W00O Amyloid-8 (Af) proteins -3.229
3218 Embelin STPT Amyloid precursor protein (APP) proteins -4.644
3218 Embelin SZIA Phosphorylated tau (P-tau) proteins -3.478

(B) o

= mm ==
(F) o=

- T T R

A
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Figure 3. The 3D Molecular docking structures of selected ligands binding with various protein active sites, (A) dephospho-CoA +
amyloid-f§ (AS) proteins; (B) dephospho-CoA + Amyloid precursor protein (APP) proteins; (C) dephospho-CoA + phosphorylated

tau (P-tau) proteins; (D) nimodipine + amyloid-f§ (Af3) proteins; (E) nimodipine + Amyloid precursor protein (APP) proteins;

(F) nimodipine + phosphorylated tau (P-tau) proteins; (G) embelin + amyloid-f§ (Aff) proteins; (H) embelin + Amyloid precursor

protein (APP) proteins; (I) embelin + phosphorylated tau (P-tau) proteins.

hydrogen bonds, ionic bonds, cation contacts, hydrophobic
interactions, and stacking interactions.

3.3. In silico properties of selected phenolic compounds

This study presents in silico, based on the physicochem-
ical and pharmacokinetic properties obtained from the
SwissADME  server for three ligands—dephospho-CoA,

Inatural resources for human health

Lo}

nimodipine, and embelin—focused on anti-Alzheimer’s pro-
tein targets, emphasizing their physicochemical, pharmaco-
kinetic, and drug-likeness properties (Table 4). The results
indicate a molecular weight range of 294.39-687.55 g/moL,
with high lipophilicity (consensus Log P ) between 2.27
and 3.68, and water solubility (Log S) from -3.84 to -6.13.
Furthermore, three compounds demonstrated significant
gastrointestinal absorption, influencing blood—brain barrier
(BBB) permeability and adhering to Lipinski’s drug-likeness
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Table 4
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In silico profiles using the Swiss ADME server of three ligands based on anti-Alzheimer’s protein targets related to physicochemical,

pharmacokinetics, and drug-likeness properties.

Entry ADME properties of compounds

Dephospho-CoA Nimodipine Embelin
MW (g/moL) 687.55 418.44 294.39
Lipophilicity (Consensus Log P_, ) 2.67 2.27 3.68
Water solubility (Log S) -6.13 -3.84 -4.42
Gastrointestinal absorption High High High
BBB permeation Yes Yes Yes
Lipinski Yes Yes Yes

criteria. These findings align with other studies and indicate
that the molecular weights of the selected compounds, rang-
ing from 344.3 to 402.4 g/mol, exhibit a high likelihood of
lipophilicity (consensus Log Po/w), water solubility, gastroin-
testinal absorption, and their placement in the yellow region

(yolk) denotes a significant probability of brain penetration
and access to the BBB (Rosa et al., 2025).

4. CONCLUSION

High phenolic content plant extracts are promising tools
for novel treatment strategies targeting AChE in both undif-
ferentiated and differentiated SHYSY5Y cells. In addition,
they help in understanding the phytoextract-containing bio-
active compounds of MLE to obtain an effective, reliable, and
cheap drug for controlling neurodegenerative disorders, par-
ticularly Alzheimer’s disease, as confirmed by molecular dock-
ing and physicochemical or pharmacokinetic properties. These
motives may drive future studies involving dopaminergic neu-
rons of SHSY5Y treated with M. oleifera purified fractions.

FUNDING

This work was supported by the Fermentation Research
Center for Value-added Agricultural Products (FerVAAP)
Grant Number 05-2561 and the National Research Council
of Thailand (NRCT), Khon Kaen University, Thailand Grant
Number 6200026.

ACKNOWLEDGMENTS

The authors would like to thank the Institute of
Biotechnology and Genetic Engineering (Chulalongkorn
University, Thailand) for providing the SHSY5Y cell lines.

The authors would also like to thank the Faculty of Dentistry,
Khon Kaen University, Thailand, for permitting them to use
their facilities and laboratories.

CONFLICTS OF INTEREST

The authors declare no conflict of interest.

AUTHOR CONTRIBUTIONS

Farah ]. Hashim: Writing and final approval of the artice;
Srisan Phupaboon: Collection and/or assembly of data, analy-
sis, and interpretation; Sukrita - Punyauppa-Path and Pongpat
Kiatprasert: Data analysis and interpretation; Trai Wongsiri:
Collection and/or assembly of data and writing of the article;
Unchalee Thonsri: Critical revision of the article; Nattawadee
Kanpipit: Collection and/or assembly of data; Sukanda
Vichitphan and Kanit Vichitphan: Final approval of the article.

ORCID

Farah J. Hashim
Srisan Phupaboon
Sukrita — Punyauppa-Path

0009-0006-9022-5853
0000-0001-7719-4067
0009-0008-2271-5206

Trai Tharnpanich 0000-0002-3172-5181

Unchalee Thonsri 0000-0003-4554-002X
Nattawadee Kanpipit 0009-0003-2019-1254
Pongpat Kiatprasert 0009-0000-9669-8834
Kanit Vichitphan 0000-0002-2846-8428

REFERENCES

Ademosun, A.O., Oboh, G., Bello, E, & Ayeni, PO., (2016).
Antioxidative properties and effect of quercetin and its glycosylated

Natural Resources for Human Health 2026, 6, 528-544 | 536


https://doi.org/10.53365/nrfhh/217342
https://orcid.org/0009-0006-9022-5853
https://orcid.org/0000-0001-7719-4067
https://orcid.org/0009-0008-2271-5206
https://orcid.org/0000-0002-3172-5181
https://orcid.org/0000-0003-4554-002X
https://orcid.org/0009-0003-2019-1254
https://orcid.org/0009-0000-9669-8834
https://orcid.org/0000-0002-2846-8428

F. Hashim et al.

form (rutin) on acetylcholinesterase and butyrylcholinesterase activ-
ities. Journal of Evidence-based Complementary & Alternative
Medicine. 21(4), NP11-NP17. https://doi.org/10.1177/
2156587215610032

Adewusi, E.A., Moodley, N., & Steenkamp, V., (2010). Medicinal plants
with cholinesterase inhibitory activity: A review. African Journal of
Biotechnology. 9(49), 8257-8276. https://doi.org/10.4314/ajb.
v9i49

Al Rihani, S.B., Lan, R.S., Kaddoumi, A., (2019). Granisetron allevi-
ates Alzheimer’s disease pathology in TgSwDI mice through calmod-
ulin-dependent protein kinase II/cAMP-response element binding
protein pathway. Journal of Alzheimer’s Disease: JAD. 72(4), 1097—
1117. hetps://doi.org/10.3233/JAD-190849

Alcdzar Magana, A., Kamimura, N., Soumyanath, A., Stevens, J.E, &
Maier, C.S., (2021). Caffeoylquinic acids: chemistry, biosynthesis,
occurrence, analytical challenges, and bioactivity. The Plant Journal:
For Cell and Molecular Biology. 107(5), 1299-1319. https://doi.
org/10.1111/tpj.15390

Alvarez-Berbel, 1., Espargard, A., Viayna, A., Caballero, A.B., Busquets,
M.A., Gdmez, P, Luque, EJ., & Sabaté, R., (2022). Three to Tango:
inhibitory effect of quercetin and apigenin on acetylcholinesterase,
amyloid-P aggregation and acetylcholinesterase—amyloid interaction.
Pharmaceutics. 14(11), 2342.

Athipornchai, A., Ketpoo, P, & Saeeng, R., (2020). Acetylcholinesterase
inhibitor from Zabernaemontana pandacaqui flowers. Natural
Product Communications. 15.

Azam, S., Park, J.-Y., Kim, I.-S., & Choi, D.-K,, (2022). Piperine and
its metabolite’s pharmacology in neurodegenerative and neurolog-
ical diseases. Biomedicines. 10(1), 154. https://doi.org/10.3390/
biomedicines10010154

Banns H., Hebb C., & Mann S.P, (1977). The synthesis of acetylcho-
line from acetyl-CoA, acetyl-dephospho-CoA and acetylpantetheine
phosphate by choline acetyltransfer. Journal of Neurochemistry.
29(3), 433-437.

Basile, M.S., Bramanti, P, & Mazzon, E., (2022). Inosine in neuro-
degenerative diseases: from the bench to the bedside. Molecules
(Basel, Switzerland). 27(14), 4644. https://doi.org/10.3390/
molecules27144644

Baysal, I., Tatli, L, Goger, E, Kirimer, N., Kahraman, C., (2019).
Acetylcholinesterase inhibitory activities and LC-MS analysis of
the antioxidant Ferula caspica M. Bieb. and E halophila Pesmen
extracts. Journal of Research in Pharmacy. 23, 543-551. https://doi.
0rg/10.12991/jrp.2019.161.

Bhuvanendran, S., Hanapi, N.A., Ahemad, N., Othman, I., Yusof, S.R.,
& Shaikh, M.E, (2019). Embelin, a potent molecule for Alzheimer’s
disease: a proof of concept from blood—brain barrier permeability,
acetylcholinesterase inhibition and molecular dockings. Frontiers in
Neuroscience. 13, 495. https://doi.org/10.3389/fnins.2019.00495

Budryn, G., Majak, I, Grzelezyk, J., Szwajgier, D., Rodriguez-
Martinez, A., & Pérez-Sinchez, H., (2022). Hydroxybenzoic acids as
acetylcholinesterase inhibitors: calorimetric and docking simulation
studies. Nutrients. 14(12), 2476. https://doi.org/10.3390/nul4122476

Bugnon, M., Rohrig, U.E, Goullieux, M., Perez, M.A.S., Daina, A.,
Michielin, O., Zoete, V., 2024. SwissDock (2024). Major enhance-
ments for small-molecule docking with Attracting Cavities and
AutoDock Vina. Nucleic Acids Research. 52(W1), W324-\W332.
https://doi.org/10.1093/nar/gkae300

Chan, E., & Lim, T., (2007). Total phenolic content and antioxidant
activity of leaves and rhizomes of some ginger species in Peninsular

Malaysia. The Gardens” Bulletin, Singapore. 59, 47-56.

View Article online

Colovi¢, M., (2009). Folic acid effects on the acetyl cholinesterase activ-
ities in different tissues of a rat. Serbian Journal of Experimental and
Clinical Research. 10 (3), 85-88.

Duangupama, T.,  Pratuangdejkul, J.,  Chongruchiroj, S,
Pittayakhajonwut, P, Intaraudom, C.,  Tadtong, S.,
Nunthanavanit, P, Samee, W., He, Y.W., Tanasupawat, S., &
Thawai, C., (2023). New insights into the neuroprotective and
beta-secretasel inhibitor profiles of tirandamycin B isolated from
a newly found Streptomyces composti sp. nov. Scientific Reports.
13(1), 4825. https://doi.org/10.1038/s41598-023-32043-3

Ellman, G.L., Courtney, K.D., Andres, V., & Featherstone, R.M.,
(1961). A new and rapid colorimetric determination of acetylcho-
linesterase activity. Biochemical Pharmacology. 7(2), 88-95. https://
doi.org/10.1016/0006-2952(61)90145-9

Falkenburger, B., (2017). ExPPNing how acetylcholine improves gait in
Parkinson’s disease: an editorial highlight for “Deletion of the Vesicular
Acetylcholine Transporter from Pedunculopontine/laterodorsal teg-
mental neurons modifies gait.” Journal of Neurochemistry. 140(5),
688-691. https://doi.org/10.1111/jnc.13899

Fernstrom, J.D., (1981). Effects of precursors on brain neurotransmit-
ter synthesis and brain functions. Diabetologia. (Vol. 20(Suppl 1),
281-289). https://doi.org/10.1007/BF00254494

Filograna, R., Civiero, L., Ferrari, V., Codolo, G., Greggio, E.,
Bubacco, L., ... Beltramini, M., Bisaglia, M. (2015). Analysis of the
catecholaminergic phenotype in human SH-SY5Y and BE(2)-M17
neuroblastoma cell lines upon differentiation. PLoS One. 10(8),
1-18. https://doi.org/10.1371/journal.pone.0136769

Gangoda, D.M., Saiyed, M.S., Pathan, S.R., Sharma, K.B., Patel, V.A.,
Sachdeva, PD., Patel, M.Y., & Patel, M.D., (2023). Enhanced neu-
roprotective synergy of atorvastatin and magnesium L-threonate in
a rat model of Alzheimen’s disease induced by aluminum chloride.
Cureus. 15(11), e48400. https://doi.org/10.7759/cureus.48400

Garcimartin, A., Lépez-Oliva, M.E., Gonzdlez, M.P, Sdnchez-
Muniz, EJ., & Benedi, J., (2017). Hydrogen peroxide modifies both
activity and isoforms of acetylcholinesterase in human neuroblas-
toma SH-SY5Y cells. Redox Biology. 12(March), 719-726. https://
doi.org/10.1016/j.redox.2017.04.004

Gieflel, J.M., Serbian, I., Loesche, A., Csuk, R., (2019). Substituted
cinnamic anhydrides act as selective inhibitors of acetylcholinester-
ase. Bioorganic Chemistry. 90, 103058. https://doi.org/10.1016/j.
bioorg.2019.103058

Grodner, B., Pisklak, D., M., Szeleszczuk, ¥.., (2024). Succinimide
derivatives as acetylcholinesterase inhibitors—in silico and in vitro
studies. Current Issues in Molecular Biology. 46(6), 5117-5130.
https://doi.org/10.3390/cimb46060307

Hadavi, D., & Poot, A.A., (2016). Biomaterials for the treatment of
Alzheimer’s disease. Frontiers in Bioengineering and Biotechnology.
4, 49. heeps://doi.org/10.3389/fbioe.2016.00049

Hashim, EJ., Mathkor, T.H., Hussein, H., & Shawkat, M.S., (2017).
GC-MS and FTIR Aanalysis of Moringa oleifera leaves different
extracts and evaluation of their Antioxidant activity. Asian Journal
of Microbiology, Biotechnology and Environmental Sciences. 19(4),
861-871.

Hashim, EJ., Vichitphan, S., Boonsiri, P, & Vichitphan, K., (2021).
Neuroprotective assessment of Moringa oleifera leaves extract
against oxidative-stress-induced cytotoxicity in SHSY5Y neuro-
blastoma cells. Plants (Basel, Switzerland). 10(5), 889. https://doi.
0rg/10.3390/plants10050889

Hassan, 1., Wan Ibrahim, W., Binti Mohamat Yusuf, F, Ahmad, S.A.,
& Ahmad, S., (2021). Vitexin, isovitexin and other biochemical

Natural Resources for Human Health 2026, 6,528-544 | 537


https://doi.org/10.53365/nrfhh/217342
https://doi.org/10.1038/s41598-023-32043-3�
https://doi.org/10.1016/0006-2952(61)90145-9�
https://doi.org/10.1016/0006-2952(61)90145-9�
https://doi.org/10.1111/jnc.13899�
https://doi.org/10.1007/BF00254494�
https://doi.org/10.1371/journal.pone.0136769�
https://doi.org/10.7759/cureus.48400�
https://doi.org/10.1016/j.redox.2017.04.004�
https://doi.org/10.1016/j.redox.2017.04.004�
https://doi.org/10.1016/j.bioorg.2019.103058�
https://doi.org/10.1016/j.bioorg.2019.103058�
https://doi.org/10.3390/cimb46060307�
https://doi.org/10.3389/fbioe.2016.00049�
https://doi.org/10.3390/plants10050889�
https://doi.org/10.3390/plants10050889�
https://doi.org/10.1177/2156587215610032�
https://doi.org/10.1177/2156587215610032�
https://doi.org/10.4314/ajb.v9i49�
https://doi.org/10.4314/ajb.v9i49�
https://doi.org/10.3233/JAD-190849�
https://doi.org/10.1111/tpj.15390�
https://doi.org/10.1111/tpj.15390�
https://doi.org/10.3390/biomedicines10010154�
https://doi.org/10.3390/biomedicines10010154�
https://doi.org/10.3390/molecules27144644�
https://doi.org/10.3390/molecules27144644�
https://doi.org/10.12991/jrp.2019.161�
https://doi.org/10.12991/jrp.2019.161�
https://doi.org/10.3389/fnins.2019.00495�
https://doi.org/10.3390/nu14122476�
https://doi.org/10.1093/nar/gkae300

F. Hashim et al.

constituent of Ficus deltoidea leaf extract in 80% methanol inhib-
its cholinesterase enzymes on Javanese Medaka (Oryzias Jjavanicus)
model. Journal of Research in Applied and Basic Medical Sciences.
7(4), 179-194. https://doi.org/10.1177/1934578X20911488

Hwang, E., Park, S.-Y,, Yin, C.S., Kim, H.-T., Kim, YM., & Yi, T.H.,
(2017). Antiaging effects of the mixture of Panax ginseng and
Crataegus pinnatifida in human dermal fibroblasts and healthy
human skin. Journal of Ginseng Research. 41(1), 69—77. https://doi.
0rg/10.1016/j.jgr.2016.01.001

Imramovsky, A., Stepankova, S., Vanco, J., Pauk, K., Monreal-Ferriz, J.,
Vinsova, J., Jampilek, J., (2012). Acetylcholinesterase-inhibiting
activity of salicylanilide N-alkylcarbamates and their molecular
docking. Molecules (Basel, Switzerland). 17(9), 10142-10158.
https://doi.org/10.3390/molecules170910142

Kakihana, M., Yamazaki, N., Nagaoka, A., (1989). Effects of idebenone
on the levels of acetylcholine, choline, free fatty acids, and energy
metabolites in the brains of rats with cerebral ischemia. Archives of
Gerontology and Geriatrics. 8(3), 247-256.

Kandimalla, R., & Reddy, PH., (2017). Therapeutics of
Nneurotransmitters in Alzheimer’s disease. Journal of Alzheimer’s
Disease. 57(4), 1049-1069. https://doi.org/10.3233/JAD-161118

Kawamoto, H., Takeshita, F, & Murata, K., (2019). Inhibitory effects
of essential oil extracts from Panax ginseng against P-secretase and
cholinesterases. Natural Product Communications. 14(8), 3—4.
https://doi.org/10.1177/1934578X19873443

Khairullah, A.R., Solikhah, T.I., Nur, A., Ansori, M., Fadholly, A.,
Ramandinianto, S.C., ... Ansharieta, R., Widodo, A., Riwu,
K.H.P, Putri, N., Proboningrat, A., Kusala, M.K.J., Rendragraha,
B.W., Putra, A.R.S., Anshori, A., (2020). A review of an import-
ant medicinal plant: Abinia galanga (L.) Willd. Systematic
Reviews in Pharmacy. 11(10), 387-395. https://doi.org/10.31838/
srp.2020.10.62

Levy A, Kong RM., Stillman M.J., Shukitt-Hale B., Kadar, T.,
Rauch, T.M., Lieberman, H.R., (1991). Nimodipine improves
spatial working memory and elevates hippocampal acetylcholine
in young rats. Pharmacology Biochemistry and Behavior. 39(3),
781-786.

Li, B., Huang, AL, Zhang, Y.L, Li, Z., Ding, H.W., Huang, C.,
Meng, X.M., & Li, J., (2017). Design, synthesis and evaluation of
hesperetin derivatives as potential multifunctional anti-Alzheimer
agents. Molecules (Basel, Switzerland). 22(7), 1067. https://doi.
org/10.3390/molecules22071067

Li, H., Wang, X., Li, P, Li, Y., & Wang, H., (2008). Comparative study
of antioxidant activity of grape (Vitis vinifera) seed powder assessed
by different methods. Journal of Food and Drug Analysis. 16(6),
67-73.

Lo, C.Y,, Liu, PL., Lin, L.C., Chen, Y.T., Hseu, Y.C., Wen, Z.H.,
& Wang, H.M., (2013). Antimelanoma and antityrosinase from
Alpinia galangal constituents. The Scientific World Journal. 2013,
186505. https://doi.org/10.1155/2013/186505

Mugundhan, V., Arthanari, A., & Parthasarathy, PR., (2024). Protective
effect of ferulic acid on acetylcholinesterase and amyloid beta pep-
tide plaque formation in Alzheimer’s disease: An in vitro study.
Cureus. 16(2), €54103. https://doi.org/10.7759/cureus.54103

Murata, K., Ishida, Y., Nishio, A., Nakagawa, S., Kawamoto, H., &
Matsuda, H., (2017). Screening of spice extracts possessing anti-
acetylcholinesterase activity and active principle of bitter ginger,
thizome of Zingiber zerumbet. Natural Product Communications.

12(7), 1053-1056. https://doi.org/10.1177/1934578x1701200713

View Article online

Naddafi, M., Mohammadi, H., and Karami, M., (2021). The effect of
crocetin and rutin on acetylcholinesterase and butyrylcholinester-
ase enzymes reactivation in acute poisoning by diazinon in mice.
Eurasian Chemical Communications. 3(5), 310-318. https://doi.
org/10.22034/ecc.2021.277488.1150

Nguyen, V., Taine, E.G., Meng, D., Cui, T., & Tan, W., (2024).
Chlorogenic acid: a systematic review on the biological functions,
mechanistic actions, and therapeutic potentials. Nutrients. 16(7),
924. https://doi.org/10.3390/nu16070924

Nouri, Z., Fakhri, S., El-Senduny, EE, Sanadgol, N., Abd-ElGhani,
G.E., Farzaei, M.H., Chen, J.T., (2019). On the neuroprotective
effects of naringenin: pharmacological targets, signaling pathways,
molecular mechanisms, and clinical perspective. Biomolecules.
9(11), 690. https://doi.org/10.3390/biom9110690

Nwidu, L., Elmorsy, E., Aprioku, J., Siminialayi, I., & Carter, W.,
(2018). In vitro anti-cholinesterase and antioxidant activity
of extracts of Moringa oleifera plants from Rivers State, Niger
Delta, Nigeria. Medicines. 5(3), 71. https://doi.org/10.3390/
medicines5030071

Olennikov, D.N., Kashchenko, N.I., Chirikova, N.K., Akobirshoeva, A.,
Zilfikarov, I.N., Vennos, C., (2017). Isorhamnetin and querce-
tin derivatives as anti-acetylcholinesterase principles of marigold
(Calendula officinalis) flowers and preparations. International Journal
of Molecular Sciences. 18(8), 1685. https://doi.org/10.3390/
ijms18081685

Ong, W.Y., Farooqui, T., Koh, H.L., Farooqui, A.A., & Ling, E.A.,
(2015). Protective effects of ginseng on neurological disorders.
Frontiers in Aging Neuroscience. 7(JUN), 1-13. https://doi.
org/10.3389/fnagi.2015.00129

Ono, K., & Tsuji, M., (2019). Pharmacological potential of cilostazol
for Alzheimer’s disease. Frontiers in Pharmacology. 10, 559. https://
doi.org/10.3389/fphar.2019.00559

Pagano, G., Rengo, G., Pasqualetti, G., Femminella, G.D., Monzani,
E, Ferrara, N., & Tagliati, M., (2015). Cholinesterase inhibitors for
Parkinson’s disease: a systematic review and meta-analysis. Journal of
Neurology, Neurosurgery and Psychiatry. 86(7), 767-773. https://
doi.org/10.1136/jnnp-2014-308764

Pastene-Burgos, S., Mufioz-Nufez, E., Quiroz-Carreno, S., Pastene-
Navarrete, E., Espinoza Catalan, L., Bustamante, L., Alarcén-Enos,
J., (2024). Ceanothanes derivatives as peripheric anionic site and
catalytic active site inhibitors of acetylcholinesterase: insights for
future drug design. International Journal of Molecular Sciences.
25(13), 7303. https://doi.org/10.3390/ijms25137303

Pérez Gutiérrez, R.M., Rodriguez-Serrano, L.M., Laguna-Chimal,
J.E, de la Luz Corea, M., Paredes Carrera, S.P, & Téllez Gomez,
J., (2024). Geniposide and harpagoside functionalized cerium oxide
nanoparticles as a potential neuroprotective. International Journal
of Molecular Sciences. 25(8), 4262. https://doi.org/10.3390/
ijms25084262

Phupaboon, S., Hashim, EJ., Punyauppa-Path, S., Kanpipit, N.,
Klinsukon, C., and Saowakoon, S., 2025. Formulation, character-
ization and effectiveness of microencapsulated phytochemicals-de-
rived essential oil against animal-pathogenic bacteria: in vitro and
in silico studies. International Journal of Veterinary Science. 14(5),

998-1007.  Accepted:  13-May-25.  https://doi.org/10.47278/
journal.ijvs/2025.xxx

Punyauppa-Path, S., Phupaboon, S., Kiatprasert, P,
Toomthong, P, Piyadeatsoontorn, S., Thonsri, U,

Sawaengkaew, J., Supawannaviwat, N., Phumkhachorn, P, ...

Natural Resources for Human Health 2026, 6, 528-544 | 538


https://doi.org/10.53365/nrfhh/217342
https://doi.org/10.22034/ecc.2021.277488.1150�
https://doi.org/10.22034/ecc.2021.277488.1150�
https://doi.org/10.3390/nu16070924�
https://doi.org/10.3390/biom9110690�
https://doi.org/10.3390/medicines5030071�
https://doi.org/10.3390/medicines5030071�
https://doi.org/10.3390/ijms18081685�
https://doi.org/10.3390/ijms18081685�
https://doi.org/10.3389/fnagi.2015.00129�
https://doi.org/10.3389/fnagi.2015.00129�
https://doi.org/10.3389/fphar.2019.00559�
https://doi.org/10.3389/fphar.2019.00559�
https://doi.org/10.1136/jnnp-2014-308764�
https://doi.org/10.1136/jnnp-2014-308764�
https://doi.org/10.3390/ijms25137303�
https://doi.org/10.3390/ijms25084262�
https://doi.org/10.3390/ijms25084262�
https://doi.org/10.47278/journal.ijvs/2025.xxx�
https://doi.org/10.47278/journal.ijvs/2025.xxx�
https://doi.org/10.1177/1934578X20911488�
https://doi.org/10.1016/j.jgr.2016.01.001�
https://doi.org/10.1016/j.jgr.2016.01.001�
https://doi.org/10.3390/molecules170910142�
https://doi.org/10.3233/JAD-161118�
https://doi.org/10.1177/1934578X19873443�
https://doi.org/10.31838/srp.2020.10.62�
https://doi.org/10.31838/srp.2020.10.62�
https://doi.org/10.3390/molecules22071067�
https://doi.org/10.3390/molecules22071067�
https://doi.org/10.1155/2013/186505�
https://doi.org/10.7759/cureus.54103�
https://doi.org/10.1177/1934578x1701200713�

F. Hashim et al.

Rattanachaikunsopon, P, (2025). Protein digestibility, protein pat-
terns, and antioxidant activities of quinoa natto supplemented with
Thai traditional herbs. Natural Resources for Human Health. 5(2),
217-226. https://doi.org/10.53365/nrfhh/200471

Remya, C., Dileep, K.V, Variyar, E.J., Omkumar, R.V., & Sadasivan, C.,
(2023). Lobeline: Aa multifunctional alkaloid modulates cholinergic
and glutamatergic activities. [IUBMB Life. 75, 844-855.

Romero-Mdrquez, J., Navarro-Hortal, M., Jiménez-Trigo, V., Munoz
Ollero, P, Forbes, T., Esteban Mufioz, A., Giampieri, E, Noya, I,
Bullon, P, Vera-Ramirez, L., Battino, M., Gonzdlez, C., Quiles,
J., (2022). An olive-derived extract 20% rich in hydroxytyro-
sol prevents B-amyloid aggregation and oxidative stress, two fea-
tures of Alzheimer’s disease, via SKN-1/NRF2 and HSP-16.2
in  Caenorhabditis  elegans. Antioxidants. 11, 629. 10.3390/
antiox11040629.

Rosa, A., Pollastro, E, Sogos, V., & Piras, E, (2025). Comparative eval-
uation of cytotoxic and apoptotic effects of natural compounds in
SH-SY5Y neuroblastoma cells in relation to their physicochemical
properties. Molecules. 30(8), 1742.

Scozzafava, A., Kalin, P, Supuran, C.T., Giilgin, I., & Alwasel, S.H.,
(2015). The impact of hydroquinone on acetylcholine esterase and
certain human carbonic anhydrase isoenzymes (hCA I, II, IX, and
XII). Journal of Enzyme Inhibition and Medicinal Chemistry. 30(6),
941-946. https://doi.org/10.3109/14756366.2014.999236

Sezen Karaoglan, E., Hanci, H., Koca, M., & Kazaz, C., (2023).
Some bioactivities of isolated apigenin-7-O-glucoside and
luteolin-7-O-glucoside. Applied Sciences. 13(3), 1503. https://doi.
0rg/10.3390/app13031503

Shi, W., Zhang, G., Liao, Y., Fei, X., Gong, D., Hu, X., (2023). Anti-
acetylcholinesterase mechanism of kaempferol and its synergistic
effect with galanthamine hydrobromide, Food Bioscience. 56(6),
103174,. https://doi.org/10.1016/j.tbio.2023.103174

Shin, S., Lee, J.-A., Son, D., Park, D., Jung, E., Shin, S., ... Jung, E.,
(2017). Anti-skin-aging activity of a standardized extract from Panax
ginseng leaves in vitro and in human volunteer. Cosmetics. 4(2), 18.
hteps://doi.org/10.3390/cosmetics4020018

Sinagawa-Garcia, S., Martinez-Avila, G., Lépez-Flores, A., Sinchez-
Gonzdlez, E., Aguirre-Arzola, V., Torres-Acosta, R., ... Ariel
Torres-Castillo, J., Olivares-Sdenz, E., Osorio-Herndndez, E.,
Gutiérrez-Diez, D., (n.d.2013). Moringa oleifera: phytochemical

View Article online

detection, antioxidants, enzymes and antifugal properties. Phyton-
International Journal of Experimental Botany. 82(0031 9457),
193-202.

Sun, W., Chen, L., Zheng, W., Wei, X., Wu, W., Duysen, E.G., &
Jiang, W., (2017). Study of acetylcholinesterase activity and apopto-
sis in SH-SY5Y cells and mice exposed to ethanol. Toxicology. 384,
33-39. https://doi.org/10.1016/j.t0x.2017.04.007.

Vayupharp, B., & Laksanalamai, V., (2012). Recovery of antioxi-
dants from grape seeds and its application in fried food. Journal
of Food Processing & Technology. 03(04), 1-6. https://doi.
org/10.4172/2157-7110.1000152

Wang, C., Cui, X., Dong, Z., Liu, Y., Xia, P, Wang, X., Zhang, Z.,
Yu, S., Wu, S., Liu, H., Zong, S., & Lu, Z., (2024). Attenuated
memory impairment and neuroinflammation in Alzheimer’s dis-
ease by aucubin via the inhibition of ERK-FOS axis. International
Immunopharmacology. 126, 111312. https://doi.org/10.1016/].
intimp.2023.111312

Wang, Y., Cheng, Q., Su, Q., Yu, X., & Shen, T., & Yang, X., & Jia,
W., (2022). Aesculin offers increased resistance against oxidative
stress and protective effects against AP-induced neurotoxicity in
Caenorbabditis elegans. European Journal of Pharmacology. 917,
174755. hteps://doi.org/10.1016/j.ejphar.2022.174755

Wharton, W., Stein, J.H., Korcarz, C., Sachs, J., Olson, S.R.,
Zetterberg, H., Dowling, M., Ye, S., Gleason, C.E., Underbakke, G.,
Jacobson, L.E., Johnson, S.C., Sager, M.A., Asthana, S., &
Carlsson, C.M., (2012). The effects of ramipril in individuals at
risk for Alzheimer’s disease: results of a pilot clinical trial. Journal of
Alzheimer’s Disease: JAD. 32(1), 147-156. https://doi.org/10.3233/
JAD-2012-120763

Yuan, Y., Shan, X., Men, W., Zhai, H., Qiao, X., Geng, L., & Li, C.,
(2020). The effect of crocin on memory, hippocampal acetylcholine
level, and apoptosis in a rat model of cerebral ischemia. Biomedicine
& Pharmacotherapy. 130, 110543. https://doi.org/10.1016/j.
biopha.2020.110543

Zhong, Z., Han, J., Zhang, J., Xiao, Q., Hu, J., & Chen, L., (2018).
Pharmacological activities, mechanisms of action, and safety of
salidroside in the central nervous system. Drug Design, Development
and Therapy. 12, 1479-1489. https://doi.org/10.2147/DDDT.
S160776

Natural Resources for Human Health 2026, 6, 528-544 | 539


https://doi.org/10.53365/nrfhh/217342
https://doi.org/10.1016/j.tox.2017.04.007�
https://doi.org/10.4172/2157-7110.1000152�
https://doi.org/10.4172/2157-7110.1000152�
https://doi.org/10.1016/j.intimp.2023.111312�
https://doi.org/10.1016/j.intimp.2023.111312�
https://doi.org/10.1016/j.ejphar.2022.174755�
https://doi.org/10.3233/JAD-2012-120763�
https://doi.org/10.3233/JAD-2012-120763�
https://doi.org/10.1016/j.biopha.2020.110543�
https://doi.org/10.1016/j.biopha.2020.110543�
https://doi.org/10.2147/DDDT.S160776�
https://doi.org/10.2147/DDDT.S160776�
https://doi.org/10.53365/nrfhh/200471�
https://doi.org/10.3109/14756366.2014.999236�
https://doi.org/10.3390/app13031503�
https://doi.org/10.3390/app13031503�
https://doi.org/10.1016/j.fbio.2023.103174�
https://doi.org/10.3390/cosmetics4020018�

F. Hashim et al. View Article online

SUPPLEMENTARY MATERIAL

Lt L
m  [nerhameatn; 14 W12 07, 2 BL.E) 1 o0 © | e CIS MO 0T 4831 2]
E &
' 5 e 1741 3 o
H . 151 |
B g: | 134 1 f =
a2 | -
ie - a " |
i | a4
asi -
2 | T
- 2
= 0

T EEEEEEEEEEEEE T
Corts v MagsstoCharge imz)

[— e
410 4 [Sgsgenin SIS HIO OEIRTHE02) 3 w1 4 [Cpd Luseolin 7-{5™-actylallonyh{1-2)glucoside); C29 H3Z 01T, (38,708 4
. v 3
3 -
ii | ’ . 23
154 = m i -
LA ) a (&
- | 4 ol an Sk
11esn 3+ 22 B
5 ] 2L & arT
an Lo Sp & =
R E FEE =5 = go
Lh 4 o nl . 20
tE ! =8 E [
oLl '] STl . U S — —
200 W0 430 500 B0 TOO MDD 200 1000 1100 1200 1300 W00 1300 1600 W0 200 W00 400 500 600 W0 B0 P00 1000 1100 1200 1300 1400 1500 9600
Coueg vi Wisgs-10-Chirgd (i) ‘Counts vs. Mass-o-Charge (')
I S T WM Sprirem
v Hasparetn; G165 14 Ot TRE20 0 5 a0 Hydenonytyrosal 1«Cghccaice: 14 M0 CF; (e 134230 6
& 4 "
5 E = B — "
1 & & O -
= i fo vl
" 8= - 2z T
Sl 31 i H " >\'<
3 a5 » - T .2 . 3
F o= EE . h J\“
a ad oI N
go s =
I § e .
N 2o | | "1 | o
o et : : . — o L
100 M0 300 400 H0 B0 N0 EOD SO0 00 1100 1200 1300 MO0 1E0 EQD 20 MO 400 EO BN MO BN B0 MO0 1900 1200 1M 1830 1ED 100
Courey v, Mads-te-Changs [miz) Counis vs. Massio-Change [mizh
S G fgemm
.y Kmplerat C13 M0 06 15,262 7' w1 & |Cpd 203 Hydroguinone; 08 HE CiF, 14,00 -E51 Scan b
L = .
-
P ¥ % OH
§
- 15 2
M 2
= 15 o .
= £ 3 n T 20 - w oa® 5 |=
1 o B0 % @ 5 O =
! g 23 §¥=EFe g3 R
5 el R E S iz 232 08 H -2
1 v 8 p ™ o=
M W0 00 00 B0 0 B0 800 1000 TR0 1200 1300 1800 1E00 EMD [ - Fl
Caunts va Mass-s-Chargs (miz) 00 300 400 SO0 MO TOO &00 SO0 1000 1100 1200 1300 1400 1500 1500

Conais v3. Mass 3-Chasps (1)
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Figure S1. Continued.
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