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ABSTRACT 

Objective: This study investigates the neuroprotective effects of Donepezil and Fluoxetine in a transgenic Drosophila melanogaster model of AD, 
with a specific focus on modulation of the GSK-3 signalling pathway. 

Methods: Transgenic Drosophila flies expressing the UAS-ELAV-GAL4 system were divided into four groups: (1) Normal, (2) Disease Control, (3) 
Donepezil 100 µM (DPZ), and (4) Fluoxetine 10 µM (FLX), treated for 21 d. Behavioural assays (negative geotaxis, open field) were conducted to 
assess locomotor function. Biochemical analyses, including oxidative stress markers (CAT, MDA, GSH) and neurotransmitters (dopamine, serotonin, 
acetylcholine), were measured. Immunohistochemistry was used to qualitatively assess the expression of Aβ, GSK-3, and neuroinflammatory 
cytokines (IL-6, IL-1β, TNF-α) in fly brains. 

Results: Transgenic Drosophila melanogaster expressing AD pathology exhibited elevated levels of oxidative stress markers, neurotransmitter deficits, 
and marked neuroinflammation. Donepezil and Fluoxetine significantly (p≤0.05) reduced MDA levels and restored CAT and GSH levels, indicating 
improved antioxidant defence. Both treatments also reversed reductions in dopamine, serotonin, and acetylcholine levels significantly (p≤0.05) when 
compared to the control group, suggesting neurochemical restoration. Immunohistochemistry revealed decreased Aβ, GSK-3, and pro-inflammatory 
cytokines (IL-6, IL-1β, TNF-α) following treatment, with Fluoxetine demonstrating comparatively greater modulation. Histological analysis confirmed 
improved neuronal integrity, particularly in the Fluoxetine-treated group, indicating superior neuroprotective efficacy. 

Conclusion: Donepezil and Fluoxetine confer neuroprotection by enhancing locomotor function, reducing oxidative stress, restoring neurotransmitter 
balance, and attenuating neuroinflammation. Notably, Fluoxetine’s modulation of serotonergic-GSK-3 signalling suggests it may augment standard AD 
therapy by targeting both cholinergic and non-cholinergic mechanisms, offering a promising adjunctive strategy for disease management. 
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INTRODUCTION 

Alzheimer’s disease (AD) and depression are two of the most 
pressing global mental health challenges due to their increasing 
prevalence and profound societal impact [1]. A growing body of 
research over the past decades has highlighted a significant 
association between these conditions, although the precise 
biological mechanisms linking them remain complex and not fully 
understood [2]. Evidence suggests that depression during midlife 
may increase the risk of developing AD later in life, and persistent 
depressive symptoms in older adults may serve as early indicators 
of cognitive decline [3]. 

The pathophysiological overlap between AD and depression 
involves multiple factors, including genetic susceptibility, 
neuroimmune alterations, and the accumulation of hallmark 
proteins such as amyloid-beta (Aβ) and hyperphosphorylated tau 
[3]. Despite advancements in therapeutic strategies ranging from 
pharmacological treatments to lifestyle interventions, there remains 
a lack of cohesive models that explain the bidirectional relationship 
between these disorders [4]. This highlights a critical need for 
mechanistic studies that can bridge the gap between mood disorders 
and AD pathology, and explore dual-action therapeutic approaches 
targeting both conditions. 

Cognitive impairments in AD and mood disorders often extend to 
deficits in estimating continuous quantities such as time, distance, 
and weight [5]. These impairments have been proposed as early 
diagnostic markers for neurodegenerative conditions, with some 
studies indicating that such deficits may precede overt clinical 
symptoms [6]. This highlights the importance of early detection, 
particularly in individuals with a history of mood disorders, where 
subtle cognitive and sensorimotor changes may reflect underlying 
neuropathology [6]. 

Given the need for robust and translationally relevant AD models, 
Drosophila melanogaster has emerged as a valuable system for 
investigating AD-related metabolic and molecular alterations [7, 31, 
32]. Compared to mammalian models, Drosophila offers a short life 
cycle, low maintenance cost, and a well-annotated genome, making it 
ideal for rapid experimentation [8]. Importantly, Drosophila shares a 
highly conserved glycogen synthase kinase-3 (GSK-3) signalling 
pathway with mammals, enabling the study of tau phosphorylation 
and Aβ toxicity in a genetically tractable context [9]. The fly model 
also supports rapid and high-throughput genetic screening, allowing 
researchers to dissect complex gene-environment interactions and 
identify novel therapeutic targets with efficiency unmatched by 
mammalian systems [8]. Additionally, Drosophila exhibits conserved 
metabolic pathways relevant to AD, including insulin/IGF signalling, 
mitochondrial dynamics, and lipid metabolism [10]. The simplicity 
of its nervous system, combined with sophisticated molecular tools 
such as GAL4/UAS expression systems, CRISPR-based gene editing, 
and RNAi libraries, makes it uniquely suited for dissecting the 
interplay between neurodegeneration and metabolic dysfunction, 
while enabling real-time observation of disease progression and 
therapeutic response [10]. 

GSK-3 is a central regulator in AD pathology, contributing to tau 
phosphorylation, Aβ generation, synaptic dysfunction, and cognitive 
deficits [11]. Recent findings indicate that serotonergic signalling 
can inhibit GSK-3β through activation of the AKT/PDK1 pathway, a 
mechanism enhanced by selective serotonin reuptake inhibitors 
(SSRIs) such as Fluoxetine. This interaction may help restore 
synaptic plasticity and neuronal resilience, offering a potential 
therapeutic link between depression and AD [12]. Previous studies 
have also demonstrated that modulating GSK-3 activity in 
Drosophila can reduce Aβ-induced neurotoxicity and improve 
neuronal function, reinforcing its utility in modelling AD 
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pathogenesis [13]. Additionally, the fly model has been successfully 
used in drug screening pipelines, accelerating the identification of 
compounds with neuroprotective potential. 

Despite these advancements, there is a notable lack of studies that 
simultaneously explore the comparative and combinatorial effects of 
cholinergic and serotonergic agents on neurodegeneration within a 
genetically tractable model. Addressing this gap could improve our 
understanding of the interconnectedness of neurotransmitter 
systems in AD and depression and support the development of 
multi-target therapies. 

This study investigates the neuroprotective effects of Donepezil and 
Fluoxetine in a transgenic Drosophila melanogaster model of AD. We 
assess their impact on locomotor behaviour, oxidative stress, 
neurotransmitter levels, and neuroinflammatory markers. By 
comparing these treatments, we aim to elucidate the roles of 
cholinergic and serotonergic pathways—particularly GSK-3 
modulation—in AD pathogenesis and therapy. 

MATERIALS AND METHODS 

Chemicals are reagents 

All the reagents and chemicals used in the study were of analytical 
grade. Major chemical like Acetylcholine chloride (CAS Number: 2260-
50-6), Dopamine (CAS Number: 62-31-7), and serotonin (CAS 
Number: 50-67-9) was procured from Sigma–Aldrich. Trichloroacetic 
acid (CAS No. 76-03-9), Thiobarbituric acid (CAS No. 504-17-6), DTNB 
(Ellman’s Reagent) (CAS No. 69-78-3), Tris-HCl (CAS No. 1185-53-1), 
and Pyrogallol (CAS No. 87-66-1) were obtained from SRL. Hydrogen 
peroxide (CAS No. 7722-84-1) was obtained from Merck. Reduced 
glutathione was procured from Himedia. Primary antibody: Beta 
Amyloid-Santa Cruz, catalog no: sc-374527, TNF Alpha–Abcam, 
ab1793, IL-1β – Cell Signalling, 12242S, IL-6-Santa Cruz, sc-57315, 
GSK3 beta Antibody (1F7)-Santa Cruz, sc-53931.  

Fly stocks 

Gene overexpression was achieved using the GAL4-UAS binary 
expression system. Appropriate genetic crosses were performed 

between UAS lines and a pan-neuronal GAL4 driver to facilitate 
targeted expression of human Aβ42 in the fly nervous system. Virgin 
female flies carrying the elav-GAL4 driver on the X chromosome 
were crossed with male flies harbouring the UAS-Aβ42 transgene on 
the second chromosome. Crosses were maintained at 25 °C under 
standard culture conditions. The resulting progeny, with the 
genotype UAS-Aβ42/+; elav-GAL4/+, expressed human Aβ42 
specifically in neurons and were referred to as AD model flies [14]. 
Wild-type Oregon-K flies were used as the normal control group, 
while untreated AD model flies served as the disease control group. 

Preparation of culture media 

The drug concentrations—10 µM fluoxetine and 100 µM donepezil—
were selected based on prior Drosophila studies to ensure relevance 
and avoid arbitrary dosing. Fluoxetine at 10 µM has been shown to 
effectively slow serotonin reuptake without causing toxicity in 
Drosophila CNS [33]. Although Donepezil is commonly used at 
higher concentrations (0.1–10 mM), 100 µM was selected as a 
conservative, lower-end dose to assess potential early effects [34]. 
This approach allows the detection of subtle behavioural and 
biochemical changes while minimizing off-target effects. The 
selected doses are thus grounded in previously published Drosophila 
work.  

In line with Siddique et al. (2024), where Donepezil and Fluoxetine 
were directly mixed into fly food without mention of solvent use 
[34], we administered both drugs by incorporating them directly 
into the cornmeal-agar medium. This method is widely accepted in 
Drosophila studies and avoids complications associated with vehicle 
interference. All flies were maintained under standard laboratory 
conditions at 25 °C, 60–70% humidity, and a 12 h light/dark cycle. 
The flies were allowed to feed on the treated diet for 15 d before 
tissue collection and analysis [15]. A complete work model was 
described in fig. 1. Wild-type and transgenic Drosophila 
melanogaster were utilized in this study to investigate the 
neuroprotective effects of Donepezil and Fluoxetine. The flies were 
divided into four experimental groups (table 1), each consisting of 
15 flies per group. 

 

 

Fig. 1: Detailed study protocol for investigation of the therapeutic impact of donepezil and fluoxetine in transgenic AD Drosophila model 

 

Table 1: Grouping and treatment for investigation of the therapeutic impact of donepezil and fluoxetine in transgenic AD Drosophila 
model 

Groups Treatment Number of flies 
Normal Control Normal diet 15 
Disease Control Normal diet 15 
Donepezil 100 µM (DPZ) Normal diet+100 µM DPZ 15 
Fluoxetine 10 µM (FLX) Normal diet+10 µM FLX 15 
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Behavioural assays 

Negative geotaxis assay 

A negative geotaxis assay was used to examine the locomotor 
abilities of adult flies. At each time point, ten male adult flies were 
placed in a (17.5 cm×2.5 cm) long glass tube (fig. S1). A horizontal 
line was drawn 08 cm above the bottom of the vial. After the flies 
had acclimated for 1 minute, both control and treated groups were 
assayed manually at random, and the total number of flies that 
escaped beyond the minimum distance of 08 cm in 10 seconds was 
counted manually across all three groups [16]. 

Open field arena test 

Exploratory locomotion was evaluated using a circular arena with a 
diameter of 15 cm, subdivided into 1 cm² squares. Individual flies 
were placed in the arena, and their movement was observed for 60 
sec (fig. S2). The number of square crossings, defined as the 
complete entry of the fly’s body into a new square, was manually 
recorded. The experiment was conducted in four independent 
replicates, with each group consisting of 60 flies [17]. 

Biochemical analysis: assessment of antioxidant enzyme activity 

Catalase (CAT) activity assay 

CAT activity was determined as per the procedure described by [18]. 
The reaction mixture contains 190 μl of phosphate buffer (50 mmol, 
pH 7) and 100 μl of Hydrogen peroxide (H2O2). 10 μl of tissue 
supernatant was added. The change in absorbance was monitored 
for 3 min at 30 sec intervals, and the absorbance was recorded at 
240 nm using a nano-drop plate reader (MULTISKAN Sky-high, 
Thermo Scientific). The CAT activity was represented as μmol of 
H2O2 hydrolysed/min/mg of protein [18].  

Lipid peroxidation (LPO) activity 

Malondialdehyde (MDA), a crucial indicator of oxidative damage, 
was measured to assess the degree of lipid peroxidation. For the 
experiment, 150 µl** of the sample was incubated for one hour at 90 
°C in a water bath with 2 ml of a 1:1:1 mixture of thiobarbituric acid 
(TBA, 0.37%), trichloroacetic acid (TCA, 15%), and hydrochloric acid 
(HCl, 0.25 N). The reaction mixture was centrifuged for five minutes 
at 4 °C and 3000 rpm after cooling. After gathering the pink 
supernatant, absorbance was measured at 535 nm in comparison to 
a blank. The extinction coefficient used to compute the MDA 
concentration was 156,000 M⁻¹ cm⁻¹ [20]. 

Reduced glutathione (GSH) activity 

After combining 500 μl of brain tissue supernatant with 1 ml of TCA 
(5%) and letting it sit at 40 °C for an hour, it was centrifuged for 10 min 
at 4 °C at 3000 rpm. In short, 200 μl of supernatant was incubated for 5 
min at room temperature with a reaction mixture that contained 50 μl of 
DTNB (20 mmol) and 1.8 ml of phosphate buffer (0.1M, pH 7). A nano-
drop plate reader (MULTISKAN Sky-high, Thermo Scientific) was used to 
quantify the OD of yellow colour development at 412 nm, and the GSH 
concentration was expressed as μmol/mg of protein [19]. 

Neurotransmitter analysis using high-performance liquid 
chromatography (HPLC) 

HPLC was employed to quantify key neurotransmitters, including 
acetylcholine (ACh), serotonin (5-HT), and dopamine. Drosophila flies 
were euthanized by immersion in ice-cold water (2–4  °C). Brains were 
carefully dissected using surgical scissors and homogenized in chilled 
methanol. The resulting homogenate was centrifuged at 10,000 rpm 
for 15 min at 4  °C, and the supernatant was collected for analysis. 
Neurotransmitter ACh, 5-HT, and dopamine levels were measured by 
injecting 10 µl of the sample into a C18 HPLC column (LC-20AD, 
250×4.6 mm), with detection at 280 nm using a UV detector. The 
mobile phase consisted of methanol and acetonitrile in a 70:30 ratio, 
flowing at 1 ml/min. Neurotransmitter standards were prepared in 
methanol at concentrations of 2, 4, 6, 8, and 10 µg/ml for qualitative 
comparison (fig. S3) [21]. 

Immunohistochemistry studies 

Neural tissue was processed for immunohistochemical analysis 
following the protocol. Paraffin-embedded brain sections were 

deparaffinized, rehydrated, and blocked with 8% bovine serum 
albumin (BSA) for 150 min. Sections were incubated overnight at 4 
°C with primary antibodies against Aβ precursor protein, GSK-3, and 
pro-inflammatory cytokines including IL-6, IL-1β, and TNF-α. After 
washing, slides were incubated for 2 h at room temperature with 
secondary goat anti-mouse antibody (1:200, Invitrogen), followed 
by staining with 3,3′-Diaminobenzidine (DAB, Sigma). Brain sections 
were examined under a light microscope (200x) to assess protein 
accumulation [22].  

Histopathological analysis 

Drosophila brains were fixed overnight at 4 °C using Carnoy's 
solution, followed by a graded ethanol dehydration process before 
embedding in paraffin.21 Frontal sections of the fly brain were 
stained with haematoxylin and eosin (HandE) to assess 
neuroanatomical features, including neuronal integrity and 
degenerative changes [23].  

Statistical analysis 

Data were expressed as mean±SEM and analysed using SPSS version 
24. Behavioural assays were assessed using repeated measures 
ANOVA, while biochemical assays were analysed using one-way 
ANOVA followed by Tukey’s post hoc test for multiple comparisons. 
Statistical significance was set at p<0.05. 

RESULTS 

Behavioural activity 

Negative geotaxis activity  

A negative geotaxis assay was conducted to assess the locomotor 
function of Drosophila melanogaster over a 10 sec period. The 
normal group exhibited significantly greater climbing ability (14.85 
cm) compared to the disease model control group (7.29 cm), 
indicating impaired motor function. Treatment with Donepezil (9.13 
cm) and Fluoxetine (9.12 cm) over 21 d significantly improved 
climbing performance relative to the control group 
(F(Control)(3,12)=30.65;p≤0.05), suggesting a potential 
neuroprotective effect of these drugs in restoring locomotor 
function (fig. 2A). 

Open field arena assay 

The open field arena test was conducted over a 60 sec period to 
assess exploratory locomotion based on the number of crossings. 
The normal group exhibited significantly more crossings (51 
crossings) compared to the disease model control group (15 
crossings), indicating a reduction in exploratory behaviour due to 
disease pathology. Treatment with Donepezil (28.3 crossings) and 
Fluoxetine (25.62 crossings) over 21 d significantly increased the 
number of crossings relative to the control group (F(Control) (3,12)= 
99.01; p ≤ 0.05), suggesting improvements in both motor and 
cognitive functions (fig. 2B). 

Lipid peroxidation (LPO) 

Flies expressing AD pathology exhibited a significant increase in 
MDA levels, indicating elevated lipid peroxidation and oxidative 
stress (p≤0.05). Treatment with Donepezil and Fluoxetine 
significantly reduced MDA levels (p≤0.05), suggesting their potential 
to mitigate lipid peroxidation and protect neuronal membranes 
(table 2). 

Catalase (CAT) activity 

CAT activity was markedly reduced in transgenic AD flies compared 
to normal controls (p≤0.05), reflecting compromised antioxidant 
defence. However, administration of Donepezil and Fluoxetine 
significantly restored CAT activity (p≤0.05), indicating their 
antioxidant potential (table 2). 

Reduced glutathione (GSH) levels 

GSH levels were significantly depleted in AD flies (p≤0.05), 
highlighting impaired redox balance. Treatment with Donepezil and 
Fluoxetine significantly elevated GSH levels (p≤0.05), suggesting 
enhanced neuroprotection (table 2). 
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Fig. 2: Donepezil and fluoxetine improve locomotor activity in D. melanogaster, indicating neuroprotective and motor-restorative effects, 
(A) Negative geotaxis activity and (B) Open field arena activity, biochemical activity: endogenous markers of oxidative stress 

 

Table 2: Donepezil and fluoxetine attenuate oxidative stress in transgenic AD Drosophila melanogaster. (Endogenous antioxidant 
enzymes: MDA; CAT; GSH; SOD) 

Group MDA (µmol/mg of protein) CAT (µmol/min/mg of protein) GSH (µmol/mg of protein) 
Normal 0.100±0.02 0.395±0.03 1.295±0.09 
Control 0.392±0.03a 0.256±0.02a 0.636±0.02a 
Donepezil 0.175±0.07b 0.366±0.02b 1.147±0.03b 
Fluoxetine 0.142±0.02b 0.386±0.01b 1.311±0.04b 

Value are expressed as mean±SEM, (n=15/group: triplicates/group), p<0.05 aSignificant when compared with normal group, p<0.05 bSignificant 
when compared with control group 

 

Neurotransmitter dopamine, serotonin and acetylcholine in 
flies brain 

Neurotransmitter profiling revealed a significant reduction in dopamine 
levels (p≤0.05) in transgenic AD flies compared to normal controls, 
indicating dopaminergic dysfunction associated with AD pathology. 
Treatment with Donepezil and Fluoxetine significantly restored 
dopamine levels (p≤0.05), suggesting their potential role in preserving 
dopaminergic signalling and mitigating neurodegeneration (fig. 3A). 

Serotonin depletion, often linked to mood disturbances and 
neurodegenerative progression, was significantly observed in 

transgenic AD flies (p≤0.05). Administration of donepezil and 
fluoxetine significantly reversed this decline (p≤0.05), indicating 
their efficacy in restoring serotonergic neurotransmission and 
potentially improving behavioural outcomes (fig. 3B). 

A marked reduction in acetylcholine levels (p≤0.05) was detected in 
transgenic AD flies, consistent with cholinergic deficits that are a 
hallmark of AD. Treatment with Donepezil and Fluoxetine 
significantly increased acetylcholine levels (p≤0.05), highlighting 
their role in enhancing cholinergic function and supporting cognitive 
performance (fig. 3C). 

 

 

Fig. 3: Restoration of neurotransmitter levels in transgenic ad flies following donepezil and fluoxetine treatment (A-Dopamine, B-
Serotonin, and C-Acetylcholine, respectively), value are expressed as mean±SEM, (n=15/group: triplicates/group), p<0.05 aSignificant 

when compared with the normal group, p<0.05 bSignificant when compared with the control group 
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Immunohistochemical analysis 

Aβ expression 

Immunohistochemical analysis revealed distinct differences in Aβ 
expression across experimental groups. In the normal group, 
physiological levels of Aβ were observed with no visible aggregation 
in the brain regions (fig. 4A). In contrast, the control group exhibited 
substantial overexpression of Aβ, indicated by intense 

immunoreactivity (Orange arrows, fig. 4B), consistent with AD 
pathology. 

Treatment with Donepezil resulted in a mild reduction in Aβ 
expression, with preservation of neuronal morphology (fig. 4C), 
suggesting partial neuroprotection. The Fluoxetine-treated group 
showed a moderate decrease in Aβ levels (fig. 4D), indicating 
potential neuroprotective effects through serotonergic modulation. 

 

 

Fig. 4: Immunohistochemical analysis of Aβ expression Drosophila fly brain regions across experimental groups: (A) Normal group 
showing baseline Aβ levels; (B) Control group with marked Aβ overexpression (orange arrows), indicating AD-like pathology; (C) 

Donepezil-treated group with mild Aβ expression, suggesting partial neuroprotection; (D) Fluoxetine-treated group showing moderate 
Aβ reduction with slightly reduced neuronal density 

 

Pro-inflammatory cytokines (IL-6, IL-1β, and TNF-α) expression 

Inflammation plays a crucial role in neurodegeneration, and the 
immunohistochemical analysis of pro-inflammatory cytokines (TNF-
α,IL-6 and IL-1β) provided insight into the neuroinflammatory 
responses in transgenic AD Drosophila. In the normal group, basal 
expression levels of TNF-α,IL-6 and IL-1β were observed, indicating 
a normal immune response. (fig. 5A, 5E, 5I). However, in the control 
group, a pronounced overexpression of these cytokines was 
detected in the forebrain and midbrain regions (Orange arrow, fig. 
5B, 5F, 5J). The increased cytokine levels suggest chronic 

neuroinflammation, which is known to exacerbate neuronal loss and 
synaptic dysfunction in AD. Donepezil-treated flies exhibited mild 
expression of TNF-α, IL-6 and IL-1β, with reduced 
neuroinflammatory responses compared to the control group (fig. 
5C, 5G, 5K). This suggests that Donepezil may help attenuate 
neuroinflammation by modulating acetylcholine-mediated anti-
inflammatory pathways. In contrast, the Fluoxetine-treated group 
demonstrated a mild to moderate reduction in pro-inflammatory 
cytokine expression (fig. 5D, 5H, 5L) further supporting Fluoxetine’s 
role in mitigating neuroinflammation via serotonergic and anti-
inflammatory pathways. 

 

 

Fig. 5: Immunohistochemical analysis of Pro-inflammatory cytokines (IL-6, IL-1β, and TNF-α) expression in Drosophila fly brain regions 
across experimental groups: (A,E,I) Normal group showing baseline TNF-α, IL-6 and IL-1β levels balanced immune response; (B,F,J) 

Control group with marked TNF-α, IL-6 and IL-1β overexpression, the increased cytokine levels suggest chronic neuroinflammation, 
which is known to exacerbate neuronal loss and synaptic dysfunction in AD (orange arrows), indicating AD-like pathology; (C,G,K) 

Donepezil-treated flies exhibited mild reduction in expression of TNF-α, IL-6 and IL-1β, indicating reduced neuroinflammatory responses 
compared to the control group; (D,H,L) Fluoxetine-treated group demonstrated a moderate reduction in pro-inflammatory cytokine 
expression of TNF-α, IL-6 and IL-1β, further supporting Fluoxetine’s role in mitigating neuroinflammation via serotonergic and anti-

inflammatory pathways 
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Glycogen synthase kinase-3 (GSK-3) expression 

GSK-3was significantly elevated in transgenic AD flies (fig. 6A), 
compared to normal flies (fig. 6B), Donepezil-treated flies showed 
mild expression (fig. 6C) while Fluoxetine-treated flies exhibited 
moderate GSK-3 expression with neuronal preservation (fig. 6D). 

Haematoxylin and eosin staining 

Hematoxylin and eosin (H and E) staining was performed to assess 
neuronal integrity across experimental groups. The normal group (fig. 
7A and C) exhibited well-preserved brain architecture with intact 
neuronal morphology and no signs of degeneration. In contrast, 

transgenic AD flies (fig. 7B and D) showed pronounced histopathological 
changes, including neuronal shrinkage, cytoplasmic vacuolization, and 
evidence of apoptosis, indicative of neurodegeneration. 

Donepezil-treated flies (fig. 7C and E) demonstrated moderate 
preservation of neuronal structure, with reduced signs of 
degeneration compared to the untreated AD group, suggesting 
partial neuroprotection. Interestingly, Fluoxetine-treated flies (fig. 
7D and F) displayed near-normal neuronal morphology, with 
minimal structural abnormalities, indicating a potentially stronger 
neuroprotective effect, possibly through its anti-inflammatory and 
serotonergic mechanisms. 

 

 

Fig. 6: Immunohistochemical analysis of GSK3 expression in Drosophila fly brain regions across experimental groups: (A) Normal group 
showing balanced GSK3 levels; (B) Control group with GSK3 overexpression (Orange arrows), indicating AD-related inflammation; (C) 
Donepezil-treated group showing mild GSK3 reduction, suggesting partial anti-inflammatory effect; (D) Fluoxetine-treated group with 

mild to moderate GSK3 decrease, supporting its anti-inflammatory role 

 

 

Fig. 7: Histological analysis using H and E staining (200x magnification) revealed well-preserved neuronal architecture in the normal 
group (Orange arrows). The AD control group showed marked neurodegeneration, including neuronal apoptosis (red arrows) and 

Purkinje cell loss (Black arrows). Donepezil treatment reduced cortical damage, indicating moderate neuroprotection. Fluoxetine-treated 
flies exhibited preserved neurons and myelin sheaths, suggesting stronger neuroprotective effects. 

 

DISCUSSION 

AD is a complex neurodegenerative disorder characterized by 
progressive cognitive decline, neuronal loss, and dysfunction across 
multiple molecular pathways [24]. This study investigated the 
neuroprotective effects of Donepezil and Fluoxetine using a 
transgenic Drosophila melanogaster model of AD. Both agents 
demonstrated beneficial effects across key pathological domains, 
including oxidative stress, neurotransmitter imbalance, neuroin 
flammation, structural integrity, and locomotor function. Notably, 
Fluoxetine exhibited broader efficacy, suggesting potential for 
therapeutic repurposing in the AD context. 

Oxidative stress, one of the early contributors to AD 
pathophysiology, was significantly elevated in untreated transgenic 
flies, as reflected by increased MDA levels and reduced antioxidant 

enzyme activities. The restoration of CAT and GSH levels following 
treatment indicates that both Donepezil and Fluoxetine can enhance 
endogenous antioxidant defenses. This effect likely results from 
direct free radical scavenging and modulation of redox signaling, 
which, in turn, may protect neurons from lipid peroxidation and 
cellular damage [25]. Comparable findings were reported by Sharma 
et al. (2021), who observed that Fluoxetine treatment reduced 
oxidative stress markers and restored antioxidant balance in rodent 
AD models, [26] and by Wango et al. (2015), who confirmed 
Donepezil’s antioxidant-enhancing capacity in Aβ-expressing mice. 
These parallels strengthen the reliability of our observations [27].  

Restoration of neurotransmitter levels was another prominent effect 
observed in this study. Acetylcholine levels were markedly reduced 
in AD flies, consistent with cholinergic system disruption in disease. 
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Donepezil restored acetylcholine through acetylcholinesterase 
inhibition, while Fluoxetine also elevated acetylcholine levels, 
possibly via serotonin-mediated modulation of cholinergic tone. In 
addition, both dopamine and serotonin, which influence executive 
function, mood, and motivation, were significantly increased after 
Fluoxetine administration. This could be attributed to its ability to 
modulate monoaminergic systems indirectly via neurotrophic 
support, including increased expression of brain-derived 
neurotrophic factor (BDNF), known to regulate dopaminergic and 
serotonergic signaling [28]. The normalization of these 
neurotransmitters likely contributes not only to improved cognitive 
functions but also to behavioral stabilization. Similar 
neurotransmitter-restoring effects of SSRIs in AD have been 
reported by Kobayashi et al. (2012), who demonstrated increased 
serotonin and dopamine turnover with fluoxetine treatment, 
correlating with improved cognitive and behavioural outcomes [29]. 
Our findings align with this evidence, highlighting conserved 
serotonergic–cholinergic cross-talk across models. 

Histopathological analysis confirmed extensive neurodegeneration 
in the disease model, including loss of structural architecture and 
cellular density. While Donepezil mitigated this degeneration to a 
moderate extent, Fluoxetine offered near-complete structural 
preservation. Interestingly, despite this histological improvement, 
the neuron count in Fluoxetine-treated flies was slightly lower 
compared to Donepezil. This addresses the concern of neuron 
reduction despite neuroprotection and may reflect enhanced 
clearance of apoptotic debris, a plausible outcome of Fluoxetine-
induced microglial or glial activation, facilitating tissue cleanup 
rather than indicating further neurotoxicity. This observation echoes 
findings from Zhang et al. (2017), who reported that fluoxetine 
preserved dentate gyrus neurons and improved cognition in 
APP/PS1 mice, while CA1/CA3 regions remained unaffected, 
suggesting regionally selective neuroprotection [30]. 

One of the central findings of this study is the modulation of GSK-3, a 
key kinase involved in several AD-relevant pathways [31]. GSK-3 
activity was markedly elevated in the AD model, while both 
treatments downregulated its expression. The more robust 
suppression by Fluoxetine suggests the involvement of upstream 
signaling cascades. Specifically, Fluoxetine is known to activate the 
PI3K/AKT pathway, leading to inhibitory phosphorylation of GSK-3β 
at Ser⁹. Additionally, its influence on Wnt/β-catenin signaling and 
upregulation of BDNF contributes to GSK-3β inhibition [32, 33]. Our 

results are consistent with observations by Beurel et al. (2015), who 
demonstrated that SSRIs inhibit GSK-3β via AKT activation. 
Additionally, A 2017 study Zhao et al., demonstrated that Donepezil 
prevents Aβ₄₂-induced neurotoxicity via activation of PI3K/Akt and 
inhibition of GSK-3, leading to increased phosphorylation of AKT 
and GSK-3β, reduced tau phosphorylation, and overall enhanced 
neuronal viability. These converging findings underscore the 
importance of GSK-3 modulation as a therapeutic target. This 
mechanistic clarification directly addresses the gap identified in the 
discussion regarding how Fluoxetine and Donepezil downregulates 
GSK-3 [34. 35]. Future validation using Western blot and gene 
expression analysis for p-GSK-3β (Ser⁹) would strengthen these 
conclusions and help confirm pathway-specific effects in this model. 

Inflammation is another driving force in AD progression [36]. 
Elevated levels of pro-inflammatory cytokines, including IL-6, IL-1β, 
and TNF-α, were observed in the untreated disease group, 
consistent with a chronically activated immune state. Both drugs 
attenuated this inflammatory response, with Fluoxetine showing 
greater reductions. This may be attributed to its known actions on 
microglial cells, where SSRIs can reduce cytokine production by 
inhibiting NF-κB signaling and related transcriptional activators. By 
suppressing neuroinflammation, Fluoxetine may contribute to 
breaking the vicious cycle of oxidative stress and cellular injury. 
Similar anti-inflammatory profiles have been reported in prior 
rodent study by Chen et al. 2022. Fluoxetine has been shown to 
suppress IL-1β, IL-6, and TNF-α production in hippocampal and 
microglial cultures—largely via NF-κB inhibition. Meanwhile, 
donepezil has been demonstrated to reduce IL-1β and IL-6 
expression and attenuate microglial/astrocytic activation in AD 
mouse models. These converging findings reinforce the translational 
consistency of our anti-inflammatory observations [37]. 

Behaviorally, AD flies showed reduced motor function, including 
impaired negative geotaxis and exploratory behavior. These deficits 
correlate with neuronal loss and disrupted neurotransmitter 
signaling in key motor circuits. Both treatments improved locomotor 
performance, suggesting restoration of neural circuitry and 
improved neurotransmission. Fluoxetine demonstrated slightly 
superior improvements in climbing and exploration, likely due to its 
broader modulation of serotonergic, dopaminergic, and 
neurotrophic systems. These findings highlight the potential 
advantage of targeting multiple pathways in restoring behavioral 
function.

 

 

Fig. 8: Mechanistic insights into the neuroprotective effects of Fluoxetine and Donepezil in a Drosophila model of AD. GSK-3 activation in 
the transgenic Drosophila melanogaster AD model induces oxidative stress, neuroinflammation, and Aβ aggregation, contributing to 

neuronal degeneration. Fluoxetine activates the PI3/AKT pathway, inhibits GSK-3, and restores serotonin and dopamine levels, leading to 
neuroprotection. Donepezil inhibits acetylcholinesterase (AChE), increasing acetylcholine availability in the brain. Both agents ultimately 

improve neuronal integrity and motor function in the AD model. Fluoxetine demonstrates a broader mechanism by targeting both 
neurochemical and molecular pathways 

 

While these findings offer promising preclinical insights with a rapid 
and genetically tractable platform for screening, their limitations 

include the lack of a blood-brain barrier, which may alter drug 
penetration and central bioavailability. Additionally, drug 
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metabolism and pharmacokinetics differ significantly from 
mammalian systems, limiting translational precision. Nevertheless, 
the model provides an efficient and genetically tractable platform to 
identify potential therapeutic targets and pathways, warranting 
further validation in mammalian systems. Furthermore, the present 
study did not quantitatively assess IHC expression levels, relying 
instead on qualitative observations. Future studies will incorporate 
these quantification outcomes to provide more objective and 
statistically robust IHC data. 

Additionally, based on the current findings, there is a clear 
implication that selective serotonin reuptake inhibitors (SSRIs), 
when combined with cholinesterase inhibitors like Donepezil, may 
represent a viable clinical strategy, especially in AD patients who 
also exhibit depression or neuropsychiatric symptoms. This 
combination approach may enhance both symptomatic and potential 
disease-modifying outcomes. 

The growing emphasis on pharmacology in AD, as highlighted by 
recent trials combining memantine with cholinesterase inhibitors, 
suggests that dual targeting of serotonergic and cholinergic systems 
may gain traction in clinical pipelines. Given the high prevalence of 
depression in AD patients, SSRIs like Fluoxetine could see 
repurposing not only for symptomatic relief but also for disease 
modification via GSK-3 and neuroinflammatory regulation. Thus, our 
findings support the rationale for incorporating SSRIs into future 
combination trials alongside standard cholinesterase inhibitors, 
with potential clinical uptake particularly strong in patients with 
comorbid neuropsychiatric manifestations. 

Taken together, this study demonstrates that both Donepezil and 
Fluoxetine exert multi-level neuroprotection in an AD model, with 
Fluoxetine showing more comprehensive benefits across oxidative, 
inflammatory, and neurotransmitter-related domains. These results 
provide a strong rationale for exploring combined serotonergic and 
cholinergic therapeutic strategies in future clinical trials aimed at 
addressing the multifaceted nature of AD. 

CONCLUSION 

This study demonstrates that both Donepezil and Fluoxetine offer 
neuroprotective benefits in a transgenic Drosophila model of AD by 
reducing oxidative stress, restoring neurotransmitter balance, and 
preserving neuronal and motor function. Fluoxetine showed superior 
efficacy, highlighting the therapeutic potential of serotonergic 
modulation. The findings support a combined cholinergic-serotonergic 
approach as a promising strategy for AD intervention. Future studies 
should explore the molecular mechanisms underlying these effects 
and evaluate long-term outcomes. Overall, targeting multiple 
neurobiological pathways may enhance therapeutic success in 
neurodegenerative disease management. 
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