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Abstract

p-methoxycinnamic acid (p-MCA), a bioactive compound from Kaempferia galanga, was evaluated for its
neuroprotective effects in an Alzheimer’s disease (AD)-like model of Drosophila melanogaster, supported by in silico
docking and molecular dynamics simulations. Toxicity screening identified 10 mM AICl3 (aluminium chloride) as an
effective concentration to induce neurodegenerative phenotypes without excessive mortality. p-MCA (0.01-0.1 mM)
significantly improved survival, locomotor performance, and phototactic responses in AlCIs;-exposed flies. Gene
expression analysis showed upregulation of antioxidant (sod!, hsp22) and anti-aging (srl) genes, along with modulation
of the apoptosis-related gene grim, indicating regulation of oxidative stress and cellular homeostasis. Computational
analysis demonstrated stable binding of p-MCA to acetylcholinesterase (AG = —7.2 kcal/mol), comparable to 10-40.
Collectively, these findings indicate that p-MCA mitigates AlClz-induced neurotoxicity through multi-target mechanisms

and supports its further evaluation in neurodegenerative disease models.

Keywords: p-MCA, Alzheimer’s disease, Neuroprotection, D. melanogaster, Oxidative stress, Drug discovery,
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Introduction AD represents a major global health concern,

Aging is associated with progressive functional
decline driven by oxidative stress, genomic instability,
and cellular damage, increasing the risk of
neurodegenerative diseases such as Alzheimer’s disease
(AD) [1,2]. AD is characterized by central nervous
system degeneration, amyloid beta (AP) plaque
deposition, and neurofibrillary tangles, leading to
synaptic dysfunction and cognitive decline [3-7]. As the

most prevalent age-related neurodegenerative disorder,

particularly in aging populations, including Indonesia,
where cases are projected to rise substantially by 2030
[8].

Current pharmacological treatments, such as N-
methyl-D-aspartate receptor antagonists (memantine)
and cholinesterase inhibitors, provide only symptomatic
relief without preventing disease progression [3,9-12].
These limitations highlight the need for multi-target
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therapeutic strategies addressing the molecular
mechanisms underlying AD pathology [4,11].

Natural compounds have gained attention as
potential neuroprotective agents. p-MCA derived from
Kaempferia galanga exhibits antimicrobial, anticancer,
anti-inflammatory, and anticholinesterase activities
[12,13]. Experimental evidence indicates that p-MCA
protects neurons from excitotoxicity and attenuates
memory impairment in animal models, suggesting
neuroprotective potential. However, its underlying
molecular and  genetic  mechanisms  remain
insufficiently characterized.

Drosophila melanogaster provides a cost-
effective and genetically tractable in vivo model for
aging and neurodegeneration research [14-16], sharing
substantial genetic conservation with humans and
supporting transgenic approaches for mechanistic
studies and therapeutic screening [16-18]. Therefore,
this study aims to evaluate the neuroprotective effects of
p-MCA using D. melanogaster as an AD-like model,
providing mechanistic insights relevant to the
development of novel therapeutic strategies for

neurodegenerative diseases.

Materials and methods

This preclinical experimental study used a post-
test only control design to evaluate the neuroprotective
effects of p-MCA against AlClz-induced AD-like
pathology in D. melanogaster (w'!!%). Behavioral assays
(toxicity, survival, locomotor activity, and phototaxis),
gene expression analysis, and in silico molecular studies

were conducted.

D. melanogaster stock

Adult male and female D. melanogaster (w''!%)
were used in this study. The fly line was obtained from
the Laboratory of Host Defense and Responses,
Kanazawa University, Japan, and maintained for more
than 20 generations in the Laboratory of Pharmacology
and Toxicology, Faculty of Pharmacy, Universitas
Hasanuddin, Indonesia. Flies were reared on a standard
cornmeal-based medium at 25 °C under a 12-hour

light/dark cycle [19].

Sample preparation

p-MCA, obtained from Tokyo Chemical Industry
Co. Ltd®, was dissolved in analytical-grade dimethyl
sulfoxide (DMSO).

Toxicity assay

To determine a non-lethal concentration of AICI3
for AD-like induction, a toxicity assay was performed.
w18 flies (3-5 day-old, 10 flies per vial) were exposed
to AlCls at concentrations of 10, 20, 30, and 40 mM for
7 days, with three replicates per group. Flies were
maintained at 25 °C, and survival was recorded daily.
AICl; was dissolved in distilled water and administered
via the fly medium.

Survival assay

Survival analysis was conducted using 3-5 day-old
w!!!8 flies (5 males and 5 females per vial). Flies were
treated with p-MCA at concentrations of 1, 0.1, 0.01, or
0.001 mM in combination with AlCl;, while the control
group received standard diet. Food was replaced every
two days, and survival was recorded daily for 7 days.
Survival data were analyzed using Kaplan-Meier curves
with log-rank tests in GraphPad Prism® 8. An initial
dose-range screening (1, 0.1, 0.01, and 0.001 mM) was
performed in survival and locomotor assays to assess the
toxicity and biological responsiveness of p-MCA under
AICl; exposure. Concentrations showing non-lethal
profiles and measurable protective effects were
subsequently selected for downstream molecular and

behavioral analyses.

Negative geotaxis and phototaxis assays

Locomotor and sensory-cognitive functions were
assessed using negative geotaxis and phototaxis assays,
respectively. Negative geotaxis was performed with
minor modifications of a previously described protocol
[26], in which treated flies (3-5 day-old) were
transferred into vertically oriented vials marked with a
reference line, tapped to the bottom, and the number of
flies crossing the line within 15 seconds was recorded.
Flies treated with AICl; (10 mM) and p-MCA for 7 days
were analyzed. Phototactic behavior was evaluated as an
indicator of sensory and cognitive function [20,21]. For
this assay, 0.01 mM was selected based on preliminary
screening demonstrating consistent efficacy without

toxicity. Thirty age-matched flies per group (30 males
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and 30 females analyzed separately) were randomly
selected and tested. After 30 min of dark adaptation,
flies were placed in a horizontally positioned phototaxis
apparatus perpendicular to a light source (15 cm
distance). The apparatus was divided into four sections,
and fly distribution was recorded at 1-min intervals.
Each assay included three consecutive technical trials
using the same flies and vial on the same day, and the
mean value was used for statistical analysis. Control
measurements were performed using an identical
apparatus aligned parallel to the light source. Results
were expressed as the percentage of flies in the light and

dark compartments.

Gene expression assay

Based on the survival screening results, 1, 0.1, and
0.01 mM were selected for gene expression analysis.
The highest concentration (1 mM) was included to
evaluate potential upper-range molecular responses,
while 0.1 and 0.01 mM were selected due to their

Table 1 Primers used in the RT-qPCR assay.

survival-prolonging effects. The lowest concentration
(0.001 mM) was excluded from further mechanistic
assays due to the absence of detectable biological effects
in the initial screening. Total RNA was isolated from
five live flies per experimental group using the Monarch
Total RNA Miniprep Kit (New England Biolabs, Inc.,
MA). RNA concentration was measured using a
NanoDrop  spectrophotometer  (BioDrop, USA).
Expression levels of sodl, hsp22, rpr, grim, srl, and
AChE were quantified by RT-qPCR using Luna®
reagents (New England Biolabs, Inc., MA, USA)ina 10
pL reaction volume. The rp49 gene was used as an
internal reference. Amplification was performed using a
Rotor-Gene Q thermal cycler (Qiagen, Germany) under
standard cycling conditions, followed by melt curve
analysis. Relative gene expression was calculated using
comparative quantification. Primer sequences are listed
in Table 1 [22].

Genes Forward primer

Reverse primer

sodl 5- AGG TCA ACATCA CCG ACTCC -3’

5~ GTT GAC TTG CTC AGC TCG TG -3’

hsp22 5" —TAC AAT GCG TTT CCT TAC CGA -3’

5’ - CAATCT GCT GCCAGTTCCT -3’

grim 5’ -TCG GAG TTT GGA TGC TGG GAT CTT-3’

5" —AGT CAC GTC GTC CTC ATC GTT GTT -3’

srl 5’ -CTCTTG GAGTCCGAG ATC CG CAA -3’

5°-GGG ACC GCGAGCTGATGG TT - 3’

AChE 5’ - GCC GTG GGC AAT GTA ATAGT -3

5—- CGA CTC TCC GAA CAGTGT CA -3’

rp49 5 — GAC GCT TCA AGG GAC AGT ATCTG -3’

5" - AAA CGCGGT TCTGCATGA G-3’
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Molecular docking and molecular dynamics

The 3D structures of p-MCA (CID: 699414) and
10-40 (CID: 3152) were retrieved from PubChem and
prepared using UCSF Chimera® [23,24]. Docking
validation was carried out by re-docking the native
ligand and calculating RMSD values using PyMOL,
with interaction visualization performed in Discovery
Studio® [24,25]. Molecular dynamics simulations were
conducted using YASARA with the Amberl4 force
field. Simulations were run for 100 ns at 310 K and pH
7.4 under periodic boundary conditions. RMSD, RMSF,
and radius of gyration were analyzed at 2.5 ps intervals
[26].

Data processing

Survival data were analyzed using Kaplan-Meier
curves and log-rank tests. Locomotor, phototaxis, and
gene expression data were analyzed by one-way
ANOVA followed by Tukey’s HSD post hoc test. Data

are presented as mean += SD, and p < 0.05 was

considered statistically significant. Statistical analyses
were performed using GraphPad Prism® 8.

Results and discussion

Dose-dependent toxicity of AIClz in D.
melanogaster

This study aimed to determine the lowest effective
dose of AICI; that induces Alzheimer’s-like symptoms
without causing excessive toxicity. Exposure to AlCls
for 7 days resulted in a concentration-dependent
reduction in survival of D. melanogaster. Flies treated
with 10-40 mM AICl; exhibited progressively decreased
survival compared to the untreated control (Figure 1),
indicating increasing toxicity at higher concentrations.
Among the tested doses, 10 mM AlCls-induced
measurable neurodegenerative stress without causing
excessive mortality and was therefore selected for
subsequent experiments as an AD-like induction dose.

100 I ®
80 =@=[ntreated Control
S == 10 mMAICl,
_% 60 — =¥ 20 mM AICL;
2 4 I: —e= 30 mM AICI,
=*= 40 mM AICl,
T T T T
0 1 2 3 4 5 6 7

Time (days)

Figure 1 Dose-dependent toxicity of AlCl; as an inducer for neurodegeneration in D. melanogaster. The survival of D.

melanogaster declined upon exposure to different concentrations of AICl; (10-40 mM) compared to untreated control

group. Since AICI; was dissolved in distilled water, the untreated control group served as the appropriate control

condition.

p-MCA enhances survival in D. melanogaster
exposed to AICI3

This study investigated the neuroprotective effects
of p-MCA by assessing its impact on the lifespan of D.
melanogaster treated with AlCl;. Administration of p-
MCA significantly improved survival in flies exposed to
10 mM AICI; (Figure 2). Notably, p-MCA at 0.1 mM
and 0.01 mM produced the most pronounced effects,

whereas higher and lower concentrations showed
limited benefit. These findings indicate a concentration-
dependent protective effect of p-MCA, consistent with
its reported antioxidant and cytoprotective properties.
Improved survival suggests that p-MCA enhances
cellular resilience against AlCIz-induced toxicity, a key

feature relevant to neurodegenerative pathology.
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Figure 2 Improvement of D. melanogaster survival after administration of 10 mM AICl; and p-MCA at various

concentrations (1 mM, 0.1 mM, 0.01 mM, and 0.001 mM). Flies were treated with 10 mM AICl; prior to treatment with

p-MCA.

p-MCA enhances locomotor and cognitive
function in D. melanogaster exposed to AlCls

Negative geotaxis analysis revealed that exposure
to AlCl; significantly impaired locomotor activity in
adult D. melanogaster. In contrast, p-MCA treatment
markedly improved climbing performance across the
tested concentrations, indicating attenuation of AICIs-
induced motor dysfunction (Figure 3(A)).

Phototaxis assays further demonstrated that p-
MCA preserved light-directed behavior in both male

and female flies. Male flies treated with p-MCA showed
a significantly higher proportion migrating toward the
light source compared to the AICl; only group (Figure
3(B)). A similar protective effect was observed in
where p-MCA
phototactic responses disrupted by AICl;3 exposure

female flies, treatment restored
(Figure 3(C)). Together, these behavioral outcomes
role of p-MCA in

maintaining motor coordination and sensory-cognitive

support the neuroprotective

function under neurotoxic stress.
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Figure 3 Improvement of locomotor activity (A) and phototaxis response in male (B) and female (C) adult D.
melanogaster w'!!8 following exposure to 10 mM AICl; and p-MCA at various concentrations (locomotor assay, A) and
at 0.01 mM p-MCA (phototaxis assay, B - C). Data are expressed as mean = SD. ***p < (0.001 and ****p < 0.0001
compared with the AlCl;-treated group.

p-MCA modulates gene expression of D. significantly upregulated at 0.01 mM p-MCA compared
melanogaster exposed to AlCI3 with the AICI; group (Figure 4(A)). Conversely, hsp22

RT-qPCR analysis demonstrated that p-MCA expression was consistently downregulated across all p-
significantly modulated the expression of genes MCA concentrations (1, 0.1, and 0.01 mM) relative to
associated with antioxidant defense and stress response AICls exposure alone (Figure 4(B)).

in AlCls-exposed D. melanogaster. sodl expression was
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Figure 4 Relative expression levels of sod! (A) and hsp22 (B) genes in adult D. melanogaster w'!’® following exposure
to 10 mM AICI3 and p-MCA at different concentrations, as determined by RT-qPCR and normalized to rp49. Data are
presented as mean = SD. *p < 0.05 and ****p < 0.0001 compared with the AlCls-treated group; ns, not significant.

Expression of the apoptosis-related gene grim was aging gene srl showed significant upregulation at 0.1
significantly increased at 0.01 mM p-MCA compared and 0.01 mM p-MCA (Figure 5(B)).
with the AICl; group (Figure 5(A)). In parallel, the anti-
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Figure 5 Relative expression levels of grim (A) and s7/ (B) genes in adult D. melanogaster w'!!® following exposure to
10 mM AICl; and p-MCA at different concentrations, as determined by RT-qPCR and normalized to rp49. Data are
presented as mean £ SD. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 compared with the AlCls-treated

group; ns, not significant.

Expression of AChE was significantly increased in
flies treated with p-MCA at 0.01 mM compared with the
AICl; group (Figure 6). As AChE regulates
acetylcholine turnover, this change may reflect
compensatory regulation of cholinergic signaling in

Fakokk

response to AlCl;-induced neurotoxicity. However,
interpretation of AChE expression requires caution due
to the use of whole-body RNA extracts, which may

include non-neuronal contributions.

| ns

0.5 ns ns

AChE expression level
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samples
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10 mM AICIy

B 10mM AICL; + 1 mM p-MCA
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Bl 10 mMAICI, +0.01 mM p-MCA

Figure 6 Relative expression level of AChE in adult D. melanogaster w'!!$ following exposure to 10 mM AICl; and p-

MCA at different concentrations, as determined by RT-qPCR and normalized to »p49. Data are presented as mean £ SD.

***%p < 0.0001 compared with the AlCl;-treated group; ns, not significant.

Molecular docking analysis demonstrated that p-
MCA binds to D. melanogaster AChE with a binding
free energy of —7.8 kcal/mol (Figure 7(A)), indicating
moderate affinity compared to 10-40 (9.5 kcal/mol). p-
MCA interacted with key residues within the catalytic

site, supporting its inhibitory potential. Molecular
dynamics simulations further revealed stable ligand-
protein interactions, with RMSD and radius of gyration
profiles comparable to 10-40 (Figure 7(B)).
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Figure 7 Results of molecular docking (A) and molecular dynamics (B) of acetylcholinesterase inhibitor in D.

melanogaster.

Docking and simulation analyses were focused on
AChE due to the established relevance of cholinergic
dysfunction in AD and the availability of validated

computational

protocols. This targeted

approach

enabled direct correlation between molecular

interactions and observed behavioral outcomes.
Docking studies using human AChE confirmed

that p-MCA interacts with conserved residues, including

Phe295, Tyr337, and Trp86, with a binding free energy



Trends Sci. 2026, 23(10): 13267 90f13

of —7.2 kcal/mol (Figure 8(A)). Molecular dynamics and radius of gyration analyses (Figure 8(B)). These
simulations showed stable interaction profiles findings suggest that p-MCA exhibits conserved
comparable to 10-40, as indicated by RMSD, RMSF, inhibitory behavior across species.
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Figure 8 Results of molecular docking (A) and molecular dynamics (B) of acetylcholinesterase inhibitor in Homo sapiens.
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p-MCA, a cinnamic acid derivative, has been
reported to exert neuroprotective effects through
antioxidant,  anti-inflammatory, and  apoptosis-
regulating mechanisms [34,35]. In this study, its
neuroprotective potential was evaluated using an
integrated in vivo and in silico approach in D.
melanogaster as a model of Alzheimer’s disease (AD)-
like neurodegeneration. AICl; exposure reduced
survival and impaired locomotor and cognitive
performance, consistent with aluminum-induced
neurotoxicity. A concentration of 10 mM produced clear
neurodegenerative  phenotypes  without excessive
mortality, providing a stable model. p-MCA,
particularly at 0.01 and 0.1 mM, significantly improved
survival and behavioral performance, indicating
protection against oxidative and cellular damage
associated with AD pathology [12,27].

Behavioral improvements in negative geotaxis and
phototaxis further confirmed preservation of motor and
sensory-cognitive functions, both established indicators
of neurodegeneration in Drosophila. Dose selection for
mechanistic assays was guided by preliminary survival
screening to ensure biologically active yet non-toxic
concentrations. At the molecular level, p-MCA
modulated genes involved in oxidative stress,
mitochondrial  function, apoptosis, and aging.
Upregulation of sodl suggests enhanced antioxidant
capacity and improved redox homeostasis, which is
critical given neuronal vulnerability to reactive oxygen
species (ROS) and mitochondrial dysfunction in AD
[28,29].

Increased expression of srl, the Drosophila
homolog of PGC-1a, supports improved mitochondrial
biogenesis and bioenergetic resilience under neurotoxic
stress [30]. In contrast, reduced Asp22 expression likely
reflects attenuation of mitochondrial stress rather than
diminished protection [31], consistent with concurrent
sodl and srl upregulation. Upregulation of the pro-
apoptotic gene grim indicates modulation of apoptosis-
related pathways. In Drosophila, apoptotic signaling can
occur in a regulated, context-dependent manner to
eliminate  damaged cells without widespread
degeneration [32]. Thus, grim induction may represent
adaptive cellular regulation rather than pathological

neurodegeneration.

Although acetylcholinesterase (AChE) expression
increased in some groups, molecular docking and
dynamics simulations demonstrated stable binding of p-
MCA to AChE with affinities comparable to 10-40. The
apparent discrepancy between gene expression and
predicted inhibition may reflect analysis of whole-body
homogenates, which include non-neuronal tissues [33].
Brain-specific studies are needed to clarify cholinergic
effects. The stronger protective effects observed at 0.01-
0.1 mM compared to higher doses suggest a hormetic or
biphasic response, commonly reported for polyphenols,
where low-to-moderate concentrations activate adaptive
defense pathways without additional benefit at higher
levels [34,35].

Overall, p-MCA exerts

neuroprotective effects in  D. melanogaster by

multi-target

enhancing antioxidant defenses, preserving
mitochondrial function, modulating apoptosis, and
interacting with cholinergic targets. The integration of
in vivo and in silico analyses strengthens the mechanistic
interpretation and supports the suitability of Drosophila
for early-stage neuroprotective screening. However,
translational limitations must be acknowledged. As an
invertebrate model, Drosophila may not fully reflect
vertebrate systems [36]. Furthermore, analyses were
limited to gene expression in whole-body homogenates
without protein-level validation, functional cellular
assays, or histopathological evaluation [33,37,38].
Future studies should validate these findings in
vertebrate models, including zebrafish or mammals, and
incorporate protein-level, histological, and safety
assessments to better establish the translational potential

of p-MCA in AD.

Conclusions

This study demonstrates the neuroprotective
potential of p-MCA against Alzheimer’s disease (AD)-
like pathology through multi-target mechanisms. In D.
melanogaster, p-MCA improved survival, locomotor
activity, and cognitive-related behavior following
AlClz-induced neurotoxicity. Gene expression analyses
indicated modulation of antioxidant, apoptosis-related,
and aging-associated pathways, supporting enhanced
cellular resilience under neurodegenerative stress. In
silico docking showed strong binding affinity of p-MCA
to acetylcholinesterase, comparable to 10-40,
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suggesting potential cholinergic modulation. The
divergence between AChE expression and predicted
inhibition underscores the need for tissue-specific
validation. Collectively, these integrated phenotypic,
molecular, and computational findings support p-MCA
as a potential multi-target neuroprotective candidate that
warrants  further  preclinical and translational

investigation.
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