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1. INTRODUCTION
Parkinson’s disease (PD) is a progressive 

neurodegenerative disorder marked by motor symptoms like 
bradykinesia, stiffness, and tremors, which arise from the 
degeneration of dopaminergic neurons in the substantia nigra 
pars compacta [1]. In addition to defining motor impairments, 
PD encompasses various non-motor symptoms, including 

cognitive deterioration, mood abnormalities, and autonomic 
dysfunction, underscoring its intricate etiology [2]. PD affects 
over 10 million individuals globally, with prevalence expected 
to double by 2040, largely driven by aging populations, genetic 
predispositions, and environmental exposures [3,4].

The underlying pathophysiology of PD involves 
oxidative stress, mitochondrial dysfunction, inflammation, and 
impaired cellular homeostasis, all contributing to dopaminergic 
neuronal death, impacting different brain functions [5]. In the 
brain, the substantia nigra plays a crucial role in the synthesis 
of dopamine, an essential neurotransmitter responsible for 
maintaining balance and controlling movements. Dopamine 
is produced from tyrosine, which is transformed into L-DOPA 
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through tyrosine hydroxylase enzyme. This reaction is 
followed by the decarboxylation of L-Dihydroxyphenylalanine 
(L-DOPA) to dopamine, catalyzed by DOPA decarboxylase 
(DDC) [6]. The multifaceted nature of PD stems from the 
participation of other non-dopaminergic neurotransmitters, 
such as serotonin and norepinephrine, leading to a broader array 
of symptoms [7]. Recent studies have shown that deficits in the 
noradrenergic system led to motor and non-motor symptoms 
associated with behavioral and cognitive issues [8,9]. 

Environmental exposure to pesticides remains a 
significant public health concern, particularly in agricultural 
and rural regions where such chemicals are widely used. 
Among these, rotenone—a naturally derived pesticide from 
the roots of certain tropical plants—has been identified as a 
potent environmental toxicant. Although banned or restricted 
in some countries, rotenone is still used in various regions with 
a strong association to induce PD-like symptoms upon chronic 
exposure, where its mode of action relies on the inhibition 
of mitochondrial complex I [10], a selective mechanism that 
promotes the generation of reactive oxygen species (ROS), 
leading to increased oxidative stress, neuroinflammation, and 
degeneration of dopaminergic neurons [10,11]. The widespread 
use and environmental persistence of rotenone support its 
relevance as a real-world risk factor, making it a suitable 
agent for modelling environmentally induced PD in preclinical 
research.

Different studies show that oxidative stress and 
inflammation caused by microglia play a significant role in 
the ongoing damage of dopamine-producing neurons in PD 
[12–14]. Microglial cells transform in response to neural injury, 
known as microgliosis, characterized by cell proliferation, 
accumulation at damage sites, and significant phenotypic 
and functional alterations [15]. Alterations in microglial cells 
lead to increased production of ROS and the release of pro-
inflammatory mediators such as interleukin-6 (IL-6) and tumor 
necrosis factor-alpha (TNF-α), resulting in exacerbated neuronal 
damage and neurodegeneration [16,17]. Different transcription 
factors control inflammation at the genetic level, including the 
nuclear factor kappa-light-chain-enhancer of activated B cells 
(NF-κB), which plays a role in cell survival and inflammation 
[16]. Reversible oxidative damage affects cellular integrity, and 
this damage is eased by the master regulator, nuclear factor 
erythroid 2-related factor 2 (Nrf2). This transcription factor, 
responsive to redox alterations, resides in the cytoplasm under 
standard conditions and is activated by oxidative stress. When 
activated, Nrf2 translocates to the nucleus, where it attaches to 
antioxidant response elements and starts producing over 200 
genes that help protect the cell from damage, enhancing the 
cell’s ability to handle oxidative stress and inflammation [18].

The Phosphatidylinositol 3-Kinase (PI3K)/protein 
kinase B (AKT)/mammalian target of rapamycin (mTOR) 
pathway is a significant signaling cascade that regulates 
several biological processes. In PD, dysregulation increases 
vulnerability to neuronal death and disease progression. 
PI3K activates AKT, which subsequently activates mTOR, 
thus inducing various cellular responses, such as apoptosis 
inhibition, proliferation, and metabolic control [19]. 

Despite the availability of symptomatic treatment 
such as levodopa and dopamine agonists, there remains no cure 
or established therapy that halts disease progression. The search 
multitargeted, safe, and cost-effective neuroprotective agents 
has led to growing interest in plant-derived phytotherapeutics 
rich in antioxidant and anti-inflammatory compounds exhibiting 
pharmacological effects [20]. Among these plants, Moringa 
oleifera Lam. (MO) [21], Mucuna pruriens (L.) DC. (MP) [22], 
and Silybum marianum (L.) Gaertn. (SM) [23] stand out for 
their potent anti-inflammatory and antioxidant phytochemicals. 

MO, referred to as the “miracle tree,” is indigenous to 
South Asia and thrives in tropical and subtropical regions. MO 
is renowned in medicine and nutrition [21]. Pharmacological 
studies show that MO extracts have essential health benefits 
and different biological actions such as antimicrobial [24,25], 
anti-inflammatory [26,27], antidiabetic [28], antioxidant, 
and anticancer actions [28,29]. Toxicological investigations 
demonstrate that extracts of MO derived from various plant 
parts—leaves, seeds, and stem bark—exhibit relative safety 
regarding toxicity at 2,000 mg/kg [30,31] and often show 
no  deleterious effects even at doses of 4,000–5,000 mg/kg 
in rats [32]. 

MP is an herbaceous plant used in Ayurvedic medicine, 
recognized for its substantial concentration of L-DOPA, and 
employed in herbal therapy as a substitute for synthetic levodopa 
to mitigate the symptoms of PD [33]. Although raw seeds 
may exhibit toxicity due to L-DOPA and other anti-nutritional 
compounds such as tannins and tryptamines, extensive 
toxicological research and traditional usage confirm their safety 
following proper processing [22]. Additionally, these seeds 
possess pharmacological properties [34], including antioxidant 
[22], anti-inflammatory, and neuroprotective effects [35].

Silybum marianum (L.) Gaertn, or milk thistle, 
is a tall, spiny shrub with purple blooms that has been used 
for over 2,000 years in the treatment of liver, kidney, and 
gallbladder illnesses, as well as severe conditions such as 
jaundice and rheumatism [23]. It originated from regions in 
Europe, America, Africa, Australia, and Asia [36,37]. SM has 
been used in European salads and as a galactagogue, and it is 
acknowledged in Iranian traditional medicine as “Harshfbari” 
[38]. The main active ingredient is silymarin, a composite of 
flavonolignans [39]. Silymarin has potent antioxidant, anti-
inflammatory, antidiabetic, hepatoprotective, nephroprotective, 
and anticancer effects [40,41]. Research indicates that silymarin 
induces apoptosis, elevates ROS levels, and inhibits NF-κB 
and associated genes responsible for inflammation [42]. SM 
demonstrates no toxicity in humans, even at doses of 700 mg 
thrice daily for 24 weeks [43]. It is considered well tolerated, 
especially within a therapeutic dosage range; nevertheless, some 
recent studies suggest it may cause gastrointestinal symptoms, 
notably nausea and diarrhea [44]. 

These three medicinal plants share complementary 
mechanisms, enhancing antioxidant defense, reducing 
neuroinflammation, stabilizing mitochondrial function, and 
supporting cell survival, making them a comparative and 
combinatorial evaluation of particular interest in PD research.

This study examines the neuroprotective efficacy of 
aqueous extracts obtained from MO, MP, and SM in a rotenone-



	 Dakdouk et al. / Journal of Applied Pharmaceutical Science 2026;16(03):421-436	 423

induced mouse PD model. Although these plants exhibit 
antioxidant and neuroprotective properties, their comparative 
efficacy in environmentally induced PD models remains unclear. 
The research assesses the impact on neurotransmitter levels and 
related biochemical indicators and clarifies the fundamental 
molecular mechanisms, offering potential phytotherapeutic 
strategies to reduce PD progression linked to environmental 
exposure, providing an experimental basis for phytotherapy-
based intervention in PD.

2. MATERIALS AND METHODS

2.1. Materials
Rotenone (Sigma-Aldrich®, cat # R8875-1G), Bradford 

1x Dye Reagent (Bio-Rad®, cat # 500–0205), tyrosine hydroxylase 
antibody (MedchemExpress, HY-P80362), and Goat Polyclonal 
anti-Rabbit IgG (H+L) secondary antibody [HRP] (Novus 
Biologicals, NB7160). Primers were synthesized by Macrogen 
in Korea, following the design provided by NCBI/Primer Blast 
alignment. The phenyl methyl sulfonyl fluoride (PMSF) was 
sourced from Roche Diagnostics, lot # 70504525. RNeasy Plus 
Mini Kit from QIAGEN (cat # 74134), QuantiTect Reverse 
Transcription Kit from QIAGEN (cat # 205311), and QuantiNova 
SYBR Green PCR Kit from QIAGEN (cat # 208054). The 
Enzyme-Linked Immunosorbent Assay (ELISA) kits bought 
from Elabscience include E-EL-0033 for Serotonin, E-EL-0046 
for Dopamine, E-EL-0047 for Noradrenaline, E-ELM0044 
for Mouse Interleukin 6, and E-EL-M3063 for Mouse Tumor 
Necrosis Factor Alpha. 

2.2. Ethics approval
The experimental protocol was approved by the 

Institutional Review Board (IRB) of Beirut Arab University 
on December 13th, 2023, with the code number (IRB number: 
2023-A-0052-S-M-0553), and it followed the Animal Research: 
Reporting of in vivo Experiments (ARRIVE) guidelines as well 
as the Canadian Council on Animal Care (CCAC) guidelines.

2.3. Preparation of aqueous plant extracts
The plants selected for this experiment were chosen 

for their pharmaceutical significance in addressing various 
ailments in both in-vitro and in-vivo studies, attributed to their 
bioactive compounds with anti-inflammatory and antioxidant 
properties [45–47]. MO (the whole young aerial plant) and SM 
(seeds) were kindly provided by Dr. Mohammad Tarabulsi (PhD 
in Herbology and Homeopathy) following the cultivation and 
harvest of both plants under optimal conditions in El-Nabatieh, 
Lebanon. His authentication was based on morphological 
examination and phytochemical profiling to confirm key 
bioactive constituents consistent with each species. The 
specimens were assigned voucher codes NABTIEH-OCT.2023 
and NABTIEH-MAY.2023, respectively, and voucher samples 
were deposited in the herbarium of Dr. Tarabulsi’s research 
facility for future reference. The MP (krounchbeej) powder was 
acquired from Royal Herbal Land Pvt. Ltd. (Maharashtra, India, 
Pune-410401.2023), a certified herbal product supplier, and 
accompanied by batch and quality assurance documentation 
confirming botanical origin and purity. Plant powders were stored 

in a cool, dry place, shielded from light, at appropriate humidity 
levels for under 6 months. The extraction method employed 
was based on traditional aqueous decoction techniques, 
which are commonly used in ethnopharmacology to preserve 
heat-stable bioactive compounds while mimicking common 
routes of human consumption. This method was selected to 
maintain the integrity of water-soluble phytoconstituents, such 
as polyphenols, flavonoids, and saponins, known for their 
neuroprotective potential. 5% aqueous solutions were prepared 
from each powdered specimen to standardize the preparation 
process. The 5% aqueous extract served as the stock solution, 
prepared by adding 5 g of the powdered seed or herb to 100 ml 
of boiling distilled water and subjected to a standardized heat 
extraction protocol: boiled for 10 minutes, then simmered 
for 30 minutes to ensure consistent extraction of active 
constituents. The mixtures were then filtered through Whatman 
No. 1 filter paper. Extracts were aliquoted and stored at −20 °C 
for 1 week before administration to maintain consistency and 
minimize degradation. The extraction procedure was performed 
consistently across all batches to ensure reproducibility and 
reduce variability. From this stock, the dose of 350 mg/kg 
body weight to be given was calculated based on the individual 
mouse’s weight, which ranged between 20 g at the beginning 
of the experiment and 32 g at the end of the experiment. The 
corresponding volume ranging between 0.143 and 0.229 
ml was drawn from the 5% extract and administered by oral 
gavage. We did not perform chromatographic quantification 
[High-performance liquid chromatography (HPLC)/Liquid 
chromatography–mass spectrometry (LC-MS)] of marker 
compounds for the extracts used in this experiment; therefore, 
the dose of specific active constituents (e.g., L-DOPA, silymarin 
components, or specific flavonoids) is not known. This limitation 
is acknowledged and described in the Discussion. 

For Moringa oleifera Lam. (MO), 5 g of the 
pulverized dried young shoot and aerial part were added to 
100 ml of distilled water, boiled for 10 minutes, then simmered 
for 30 minutes. Following filtration, the extract was aliquoted 
and stored at −20 °C for a maximum period of 1 week.

As for the M. pruriens (L.) DC. (MP), and S. marianum 
(L.) Gaertn. (SM), 5 g of each of the pulverized seeds were 
added to 100 ml of distilled water, boiled for 10 minutes, then 
simmered for 30 minutes. Again, after filtration, the extracts 
were aliquoted and stored at −20 °C for a maximum period of 
1 week. 

2.4. PD induction and plant treatment
The induction protocol was done by rotenone 

induction as described by Rocha et al.[48] with changes to 
the timing of disease onset based on observable Parkinsonian 
behaviors. PD mice displayed marked impairment in 
coordination, motor balance, and reflex control, as shown 
by significant increases in descent time in the pole climb 
test, shorter latency to fall in the rotarod test, and prolonged 
crossing time in the beam walk test compared to healthy 
controls in all experiments. MO, MP, and SM extracts 
significantly improved performance across all behavioral 
tests, indicating restored neuromuscular coordination. In 
rotarod and forced swim tests, all extracts reduced immobility 
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time and enhanced activity levels, emphasizing the enhanced 
motor and non-motor activities [48]. Rotenone, a chemical 
compound, is regarded as an environmental risk factor. It 
induces progressive neurodegeneration and replicates motor 
and molecular features of PD in mice by specifically inhibiting 
mitochondrial complex I. Rotenone (10 mg/ml in dimethyl 
sulfoxide) was diluted in sesame oil—a non-toxic [49], well-
tolerated solvent suitable for its high lipophilicity—before 
intraperitoneal injection in Balb/c mice at 2.5 mg/kg daily 
for 21 consecutive days, these 3 weeks of rotenone injection 
is widely used to induce robust nigrostriatal dysfunction, 
behavioral deficits and biochemical markers of oxidative stress 
and inflammation in mice, permitting sensitive evaluation 
of neuroprotective interventions. The present study was 
designed to examine the preventive/neuroprotective potential 
of the extracts during toxin exposure; hence, a 3-week co-
treatment paradigm was chosen to detect early mitigation 
of pathogenic cascades. Treatment duration was selected 
based on prior studies demonstrating that a 3-week period is 
sufficient to observe both behavioral recovery and molecular 
responses in rotenone-induced Parkinson’s models, while 
minimizing mortality and systemic toxicity [50]. The extract 
was administered orally by gavage once daily to control and 
PD model mice at a final dose of 350 mg/kg before rotenone 
administration. This dosage was selected based on previous 
studies demonstrating its efficacy in neuroprotection and 
safety in rodent models, and as evidenced by normal liver 
and kidney function parameters indicated in a preliminary 
study. Specifically, MO doses of 200–400 mg/kg have shown 
antioxidant and neuroprotective effects without adverse 
effects [51]. MP at 300–400 mg/kg has been used safely to 
restore dopaminergic function in PD models [52], and SM at 
300–500 mg/kg is well-tolerated and effective in modulating 
oxidative stress and inflammation [53]. The 350 mg/kg dose 
was selected as a mid-range standard dose to ensure consistent 
exposure and comparability across all plant extracts. The plant 
extracts were administered concurrently with rotenone to 
assess their neuroprotective (preventive) effects during toxin 
exposure. Co-administration models are commonly used to test 
whether an intervention can block or attenuate the pathogenic 
cascade initiated by an environmental toxin (oxidative stress, 
mitochondrial dysfunction, inflammation), and thus to evaluate 
prophylactic potential in at-risk populations. A separate post-

treatment (therapeutic) paradigm was not included in this 
dataset due to resource constraints; such delayed-treatment 
studies are planned for future work to evaluate the extracts’ 
ability to reverse established neurodegeneration [54–56]. The 
weight of the mice was recorded every day during the entire 
trial duration, and the dose was normalized to each animal’s 
body weight and delivered by oral gavage. Preliminary 
toxicity evaluations were conducted to ensure safety, with 
no observable behavioral or physiological abnormalities at 
the chosen concentrations, as evidenced by normal liver and 
kidney function histology.

2.5. Experimental groups
Adult male mice (20–30 g), approximately 6–10 

weeks of age, were obtained from the Beirut Arab University 
animal facility, following ethical approval from the Institutional 
Review Board (Approval Code: 2023-A-0052-S-M-0553). 
Mice were housed under controlled laboratory conditions, 
including a 12-hour light/dark cycle, regulated temperature and 
humidity, and access to a standard diet and water ad libitum. 
Animals were allowed to acclimate for 1 week before the 
start of the experiment. Following acclimatization, mice were 
randomly assigned to nine experimental groups, as detailed 
in Table 1, which outlines the treatment protocols for each 
group. Proper handling techniques were employed throughout 
the study to minimize stress and prevent injury. At the end 
of the 3-week experimental period, mice were anesthetized 
via intraperitoneal injection of ketamine (50 mg/kg) and 
xylazine (10 mg/kg), followed by cervical dislocation. Brain 
tissues were immediately harvested, snap-frozen in liquid 
nitrogen, and stored at −80°C for subsequent analyses. Animals 
displaying signs of inflammation, deformities, or abnormal 
behavior were excluded from the study. To minimize variability 
and confounding factors, the same researcher conducted all 
experimental procedures, and mice were consistently housed in 
their original cages throughout the study. 

2.6. Biochemical analysis
Mice were anesthetized and euthanized on the 22 

days of the experiment. Following decapitation, the brains 
were promptly dissected, rinsed with 0.9% saline, weighed, 
and then snap-frozen at −80°C for later analysis. Whole 
brain tissues were homogenized in a lysis buffer (1 mM 

Table 1. Experimental groups and treatment descriptions. 

Group Description

Control Healthy mice receiving no treatment served as the negative control group

Vehicle Healthy mice were administered sesame oil (vehicle used for rotenone to induce Parkinson’s disease) via injection

MO Healthy mice were administered Moringa oleifera extract orally for 21 consecutive days.

MP Healthy mice were administered Mucuna pruriens extract orally for 21 consecutive days.

SM Healthy mice were administered Silybum marianum extract orally for 21 consecutive days

PD Mice were intraperitoneally injected with rotenone for 21 consecutive days to induce a PD model

PD+MO Rotenone-induced PD mice co-treated with Moringa oleifera extract for 21 days.

PD+MP Rotenone-induced PD mice co-treated with Mucuna pruriens extract for 21 days.

PD+SM Rotenone-induced PD mice were co-treated with Silybum marianum extract for 21 days.
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PMSF in 10 mM phosphate-buffered saline) at a 1:9 (w/v) 
ratio for biochemical and molecular analyses. Following 
centrifugation of the homogenates for 5 minutes at 6,000 × 
g, the supernatants were collected for further study and total 
protein quantification.

2.7. Protein quantification
The Western blot procedure was performed following 

the protocol outlined by Yang and Mahmood [57]. Protein 
samples combined with sodium dodecyl sulfate loading 
dye were separated on 12% acrylamide gels and transferred 
to polyvinylidene fluoride membranes utilizing a BIO-
RAD electro-transfer system, following the manufacturer’s 
guidelines. Membranes were subsequently blocked with a 5% 
solution of fat-free milk in bovine serum albumin for 1 hour at 
room temperature. After blocking, membranes were incubated 
overnight at 4°C with the primary antibody (HY-P80362, 
1:1000) and subsequently allowed to equilibrate at room 
temperature for one additional hour. Following three washes 
with TBST buffer, membranes were incubated with the relevant 
secondary antibody (1:10,000) for 1 hour at room temperature, 
after which additional washing with TBST was performed. 
Protein detection utilized an enhanced chemiluminescence 
(ECL + H2O2) reagent and was visualized with the ChemiDoc 
MP Imaging System (Bio-Rad, USA). Band intensities were 
normalized to glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH), serving as the loading control, and target protein 
expression was quantified accordingly.

2.8. Reverse transcription polymerase chain reaction
Total RNA was extracted from tissue homogenates 

using the RNeasy Mini Kit (QIAGEN®, USA; Cat. No. 74134), 
following the manufacturer’s instructions. Following the 
provided protocol, the isolated RNA was reverse-transcribed 
into complementary DNA using the QuantiTect Reverse 

Transcription Kit (QIAGEN®, USA; Cat. No. 205311). The 
gene expression levels were quantified using specific primers, 
as listed in Table 2. Where: ΔΔCT = {ΔCT (a target sample) 
−ΔCT (GAPDH gene)}test – {(ΔCT (a target sample) −
ΔCT(GAPDH)control}.

2.9. Assessment of inflammatory markers and 
neurotransmitters

Commercial ELISA kits (Elabscience, USA) were 
employed to quantify the concentrations of proinflammatory 
cytokines, specifically IL-6 (Cat. No. E-EL-M0044) and TNF-α 
(Cat. No. E-EL-M3063), as well as key neurotransmitters 
including dopamine (E-EL-0046), norepinephrine (E-EL-0047), 
and serotonin (E-EL-0033), following the protocols provided by 
the manufacturer.

2.10. Statistical analysis
Statistical analyses were performed using GraphPad 

Prism software (version 10.4.1). Group differences were assessed 
using one-way analysis of variance (ANOVA), followed by 
Tukey’s post hoc test for multiple comparisons. Normality 
was verified by the Shapiro–Wilk test. Data are presented as 
mean ± standard deviation (SD), with n = 6 mice per group, 
and statistical significance was considered at p ≤ 0.05. Exact 
p-values and effect sizes were calculated where applicable to 
indicate the difference magnitude.

3. RESULTS

3.1. Effect of plant extracts on neurotransmitters
The levels of dopamine, norepinephrine, and serotonin 

are illustrated in Figure 1 A–C, respectively. 
In the PD group, dopamine levels were 

significantly reduced, showing a 1.7% decrease compared 
to the control group (p ˂ 0.0001). Co-treatment with MO, 

Table 2. Primers sequences. 

Primer Forward (5′-3′) Reverse (5′-3′)

NF-κB GAAATTCCTGATCCAGACAAAAAC ATCACTTCAATGGCCTGTGTGTAG

NrF2 CAGCATAGAGCAGGACATGGAG GAACAGCGGTAGTATCAGCCAG

Caspase-3 GGAGTCTGACTGGAAAGCCGAA CTTCTGGCAAGCCATCTCCTCA

DDC GGAGCCAGAAACATACGAGGAC GCATGTCTGCAAGCATAGCTGG

PI3K ATCATGCAAATCCAGTGCAA CAGCTGTCCGTCATCTTTCA

AKT ATCCCCTCAACAACTTCTCAGT CTTCCGTCCACTCTTCTCTTTC

mTOR AGAAGGGTCTCCAAGGACGACT GCAGGACACAAAGGCAGCATTG

GAPDH CATCACTGCCACCCAGAAGACTG ATGCCAGTGAGCTTCCCGTTCAG

Gene Descriptions
§ NF-ºB (Nuclear Factor kappa-light-chain-enhancer of activated B cells): A key transcription factor involved in the regulation of inflammation and 
immune responses.
§ Nrf2 (Nuclear factor erythroid 2  related factor 2): A transcription factor that regulates antioxidant response and protects against oxidative stress.
§ Caspase-3: A critical executioner in the apoptosis pathway, often used as a marker of programmed cell death.
§ DDC (Dopa Decarboxylase): An enzyme involved in dopamine biosynthesis, essential for converting L-DOPA to dopamine.
§ PI3K (Phosphoinositide 3-kinase): A signaling molecule involved in cell survival and growth, often dysregulated in neurodegeneration.
§ AKT (Protein Kinase B): A downstream effector of PI3K, playing a key role in promoting neuronal survival.
§ mTOR (Mammalian Target of Rapamycin): A central regulator of cell growth, metabolism, and survival; part of the PI3K/AKT/mTOR pathway.
§ GAPDH (Glyceraldehyde 3-phosphate dehydrogenase): Used as a housekeeping gene for normalization in gene expression analysis.
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MP, and SM extracts significantly reversed this reduction, 
with dopamine levels increasing by approximately 1.3%, 
1.1%, and 1.2%, respectively, compared to the PD group 
(p ˂ 0.0001).

Similarly, norepinephrine levels were markedly 
decreased in PD mice, showing a 7.7% reduction relative to 
the control group (p ˂ 0.0001). Co-treatment with  MO,  MP, 

and SM extracts significantly restored norepinephrine levels, 
resulting in an increase of 7.9%, 2.8%, and 3.0%, respectively, 
versus the PD group (p ˂ 0.0001). 

Serotonin levels were also declined significantly in 
the PD group compared to controls, with 3.2% decrease (p ˂ 
0.0001). Mice co-treated with MO, MP, and SM extracts led 
to significant improvements elevating serotonin levels by 

A

B

C

Figure 1. Effects of Moringa oleifera Lam. (MO), Mucuna pruriens (L.) DC. (MP), and 
Silybum marianum (L.) Gaertn. (SM) on dopamine (pg/mg protein) (A), norepinephrine 
(NE) (ng/mg protein) (B), and serotonin (ng/mg protein) (C) levels in mouse brain tissue. 
Data represent mean ± SD of 6 mice per group (n = 6). Statistical significance was evaluated 
using one-way ANOVA followed by Tukey’s post hoc test. **** p < 0.0001 indicates 
significant differences compared to the rotenone-treated group.
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approximately 3.1%, 1.8%, and 2.2%, respectively, compared 
to untreated PD mice (p ˂ 0.0001).

3.2. Effect of plant extracts on TH expression level
TH levels across the experimental groups are 

illustrated in Figure 2. Induction of PD resulted in a significant 
reduction in TH expression, showing approximately a 4-fold 
decline in comparison to the control group (p ˂ 0.01). Co-
treating PD mice with the three extracts markedly restored 
TH levels. Specifically, MO, MP, and SM led to 4.33-fold 
(p ˂ 0.001), 4.00-fold (p ˂ 0.01), and 4.50-fold (p ˂ 0.001), 
respectively, relative to the PD group. These levels were 
comparable to, or even exceeded, those observed in the 
control group.

3.3. Effect of plant treatments on pro-inflammatory cytokines 
(IL-6 and TNF-α) 

Baseline levels of IL-6 and TNF-α remained relatively 
stable among the control, vehicle, MO, MP, and SM groups, 
with IL-6 levels ranging between 5.62 and 8.61 pg/mg of 
protein and TNF-α levels from 0.45 to 0.80 pg/mg of protein. 
In contrast, PD induction triggered a pronounced inflammatory 
response, marked by 53% elevation (p < 0.0001) in IL-6 
and 45% increase (p < 0.0001) in TNF-α, compared to the 
control group. Co-treatment with MO, MP, and SM extracts 
substantially attenuated these cytokines upregulation (p < 

0.0001). Specifically, IL-6 levels reduced to 39% MO, 58% 
MP, and 44% SM, while TNF-α levels significantly decreased 
by 32.7%, 51.0%, and 27.3%, respectively, in comparison to 
the PD group. Minor elevations in TNF-α and IL-6 observed 
in control or vehicle groups likely reflect normal biological 
variability or mild effects of the vehicle solvent, and are not 
statistically significant. These slight differences do not affect 
the overall conclusion of significant cytokine elevation in the 
PD group and the subsequent reduction by plant extracts. These 
modulatory effects are graphically represented in Figure 3A and 
B. 

3.4. Effect of extracts on DDC gene expression
According to Figure 4, the healthy mice treated with 

MO, MP, or SM, DDC mRNA levels were significantly elevated 
compared to untreated controls, suggesting that these extracts 
can pharmacologically stimulate dopaminergic metabolism 
even in the absence of pathology. A significant downregulation 
of DDC gene expression was observed in PD mice, with a 4.12-
fold decrease relative to the control (p < 0.01), confirming the 
impact of rotenone-induced neurodegeneration as illustrated in 
Figure 4. Treatment with plant extracts markedly reversed this 
decline. Specifically, MO induced a 32.85-fold increase, MP 
resulted in a 7.51-fold enhancement, and SM led to a 22.13-fold 
increase in DDC expression levels compared to the untreated 
PD group (all p < 0.0001). 

Figure 2. Effects of Moringa oleifera Lam. (MO), Mucuna pruriens (L.) DC. (MP), and Silybum marianum (L.) Gaertn. 
(SM) on the expression of Tyrosine hydroxylase (TH). TH protein levels were assessed using western blotting and 
quantified with ImageJ. Expression was normalized to GAPDH and reported as fold-change relative to control. Data 
are mean ± SD (n = 6). One-way ANOVA followed by Tukey’s post hoc test was used for statistical analysis. **p < 0.01 
and *** p < 0.001 indicate significant differences compared to the rotenone-treated group.
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B

A

Figure 3. Effects of Moringa oleifera Lam. (MO), Mucuna pruriens (L.) DC. (MP), and Silybum 
marianum (L.) Gaertn. (SM) on the level of proinflammatory cytokines interleukin-6 in pg/mg of protein 
(IL-6) (A) and tumor necrosis factor-alpha in pg/mg of protein (TNF-α) (B) in mice brain tissues. Data 
are means of 6 mice per group ± SD. Statistical significance was assessed by one-way ANOVA followed 
by Tukey’s post hoc test. **** p < 0.0001 represents statistically significant differences compared to 
Rotenone-treated group.

Figure 4. Effects of Moringa oleifera Lam. (MO), Mucuna pruriens (L.) DC. (MP), and Silybum 
marianum (L.) Gaertn. (SM) on dopa decarboxylase (DDC) gene expression in mice brain tissues. Data 
are means of 6 mice per group ± SD. Statistical significance was assessed by one-way ANOVA followed 
by Tukey’s post hoc test. **p < 0.01 and **** p < 0.0001 represent statistically significant differences 
compared to Rotenone-treated group.
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3.5. Effect of plant treatment on NFκB and Caspase-3 gene 
expression

As shown in Figure 5, no significant changes were 
observed in NFκB and Caspase-3 gene expression levels in 
the control, vehicle, MO, MP, and SM groups. PD induction 
marked upregulation of both genes, with NFκB expression 
increasing by 59.30-fold and Caspase-3 by 91.77-fold (p < 
0.0001), reflecting elevated inflammatory and apoptotic 
activity associated with PD induction. Co-treatment 
with  MO,  MP, and SM extracts effectively normalized 
these levels (all p < 0.0001). NFκB expression was reduced 
to 21.2% of the PD level with MO, 15.1% with MP, and 
1.3% with SM. The magnitude of reduction for Caspase-3 
expression varied, with MO and MP showing pronounced 
decreases, reducing the level to 0.93% and 1.81% of the 
PD level, respectively, while SM produced a moderate yet 
statistically significant decline, reducing the level to 10.1% 
of the PD level in co-treated mice.

3.6. Plant treatments effect on PI3K/AKT/mTOR pathway
The PI3K, AKT, and mTOR gene expression levels are 

shown in Figure 6. In the brains of PD mice, the expression levels 
of the three genes were significantly downregulated—showing 
reductions of 2.15-fold (p < 0.05), 6.44-fold (p < 0.001), and 
6.47-fold (p  < 0.0001)—indicating neuronal degeneration 
compared to the control groups (including control, vehicle, MO, 
MP, and SM groups). Co-treatment with the plant extracts resulted 
in a significant upregulation of these genes across all groups. 
Specifically, PI3K expression increased by 14.47-fold with MO 
(p < 0.001), 12.41-fold with MP (p < 0.0001), and 7.15-fold with 
SM (p < 0.0001). In the PD mice treated with the three extracts, 
there was a significant increase in AKT expression (p < 0.0001), 
with MO showing a 6.39-fold increase, MP a 12.07-fold increase, 
and SM a 29.81-fold increase. Likewise, mTOR expression levels 
significantly increased upon treating PD mice with the aqueous 
extracts with MO 36.63-fold (p < 0.0001), MP 31.23-fold (p < 
0.0001), and SM 5.67-fold (p < 0.01).

A

B

Figure 5. Effects of Moringa oleifera Lam. (MO), Mucuna pruriens (L.) DC. (MP), and Silybum 
marianum (L.) Gaertn. (SM) on NF-κB (A) and caspase-3 (B) gene expression in brain tissues. 
The results are normalized against GAPDH. Data are means of 6 mice per group ± SD. Statistical 
significance was assessed by one-way ANOVA followed by Tukey’s post hoc test. ****p < 0.0001 
represents statistically significant differences compared to Rotenone-treated group.
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Figure 6. Effects of Moringa oleifera Lam. (MO), Mucuna pruriens (L.) DC. (MP), and Silybum 
marianum (L.) Gaertn. (SM) on PI3K/AKT/mTOR pathway. Panels (A), (B), and (C) show the gene 
expression of PI3K, AKT, and mTOR, respectively, in mouse brain tissue. Data are means of 6 mice 
per group ± SD. Statistical significance was assessed by one-way ANOVA followed by Tukey’s post 
hoc test. *p < 0.05, **p < 0.01, *** p < 0.001 and **** p < 0.0001 represent statistically significant 
differences compared to Rotenone-treated group.

3.7. Plant treatments’ effect on Nrf2 gene  
expression

As presented in Figure 7, Nrf2 gene expression was 
significantly downregulated following PD induction, showing 
66.32-fold decrease (p < 0.01) compared to the Control, Vehicle, 

MO, MP, and SM. Co-Treatment with MO and SM extracts 
caused significant upregulation in Nrf2 gene expression, with 
fold changes of 138.55-fold and 146.97-fold, respectively (p < 
0.0001). However, treatment with  MP  extract led to a non-
significant 35.93-fold increase.
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4. DISCUSSION
PD is characterized as a progressive neurodegenerative 

movement disorder with compromised motor function and 
involuntary movements [1]. Although Parkinson’s motor 
symptoms dominate, the disease increasingly reveals itself as 
a complex condition featuring impaired neurotransmission, 
persistent neuroinflammation, oxidative stress, and apoptotic 
mechanisms [7]. 

The intricate nature of this disease presents multiple 
therapeutic options. Phytotherapeutic methods have attracted 
considerable attention due to their synergistic advantages, 
little toxicity, and ability to modify disease progression while 
alleviating symptoms [20]. MP has a high natural L-DOPA 
concentration, which means it has been shown to restore 
dopaminergic function [33]. MO has various compounds 
exhibiting potent anti-oxidative and anti-inflammatory 
properties [28]. With its main active component, silymarin, SM 
has potential neuroprotective properties by reversing oxidative 
damage and regulating the inflammatory cascades [37]. Our 
main focus in this study was to examine the preventive and 
neuroprotective potential of MO, MP, and SM when administered 
during rotenone exposure. While this design does not directly 
compare the extracts to pharmacological treatments, such as 
Levodopa, during co-treatment, it provides valuable insight 
into their ability to protect against PD progression, where 
co-treatment models emulate real-world scenarios in which 
individuals are exposed to environmental neurotoxicants while 
taking dietary supplements or nutraceuticals. Future studies may 
include parallel pharmacological controls to directly benchmark 
the efficacy of these plant extracts in post treatment models. 
Although we focused on evaluating each extract independently, 
several studies have reported enhanced neuroprotection when 
plant extracts are used in combination or as part of synergistic 
phytotherapy strategies for PD. For instance, combinations 
such as Withania somnifera with Centella asiatica, or Curcuma 

longa with M. pruriens (L.) DC., have demonstrated additive 
or synergistic effects by simultaneously targeting oxidative 
stress, mitochondrial dysfunction, and inflammatory pathways 
[58,59]. Similarly, our previously published work Dakdouk 
et al. [60], evaluated the combination of Moringa oleifera 
Lam., M. pruriens (L.) DC., and S. marianum (L.) Gaertn. in a 
rotenone-induced PD model, revealing that co-administration or 
post ones produced more pronounced behavioral, biochemical, 
and histopathological improvements compared to individual 
treatments. These findings support the potential synergistic 
interaction among the extracts’ active phytochemicals.

In the present study, we intentionally examined 
the extracts separately to isolate and clarify their individual 
neuroprotective mechanisms. Moreover, due to the high cost 
of molecular and protein expression analyses, it was not 
feasible to include a combined-treatment arm within the same 
experimental dataset. Nevertheless, our results establish a 
mechanistic foundation for future research to explore combined 
formulations, which may yield greater therapeutic efficacy 
through complementary antioxidant, anti-inflammatory, and 
dopaminergic actions.

Rotenone, a commonly used environmental pesticide, 
is a well-established agent for inducing parkinsonian pathology 
in animal models due to its ability to inhibit mitochondrial 
complex I, leading to oxidative stress, neuroinflammation, and 
dopaminergic neuron loss in the substantia nigra, ultimately 
resulting in motor deficits similar to those seen in PD [61] 
and corresponds with our results shown by various behavioral 
tests where mice exposed to rotenone exhibited reduced 
locomotor activity, prolonged descent latency, and impaired 
motor coordination, consistent with previous findings reporting 
bradykinesia and rigidity in rotenone-treated models [62]. 
The behavioral outcomes observed in our study are consistent 
with previous reports where rotenone administration produced 
progressive motor impairments reflected by decreased rotarod 

Figure 7. Effects of Moringa oleifera Lam. (MO), Mucuna pruriens (L.) DC. (MP), and Silybum marianum (L.) 
Gaertn. (SM) on Nrf2 gene expression in mouse brain tissue. Data are means of 6 mice per group ± SD. Statistical 
significance was assessed by one-way ANOVA followed by Tukey’s post hoc test. **p < 0.01 and **** p < 0.0001 
represent statistically significant differences compared to Rotenone-treated group.
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latency and Pole climb time delay [63]. Similarly, treatment 
with MO, MP, and SM markedly improved behavioral 
performance and mood enhancement, reflecting restored motor 
coordination and exploratory activity with reduced depressive 
behavior as reflected by forced swimming and NSS score. These 
improvements are likely attributed to the extracts’ ability to 
preserve dopaminergic neurons and maintain neurotransmitter 
balance through antioxidant and anti-inflammatory mechanisms 
[60]. According to the well-known pathophysiology of PD, the 
rotenone-induced model demonstrated a decrease in dopamine 
levels, diminished TH protein expression, and downregulated 
DDC gene expression [62], which corresponds with our results. 
While our western blot analysis demonstrated a significant 
reduction in TH in PD group, the corresponding decrease in 
dopamine levels appeared modest. This can be explained 
by several compensatory mechanisms [64], including the 
upregulation of dopamine synthesis in surviving neurons, 
dopamine turnover from the existing dopamine stores, and 
the presence of alternative enzymatic pathways contributing 
to dopamine synthesis [56,57,65]. These findings affirm that 
compromised dopamine production and signalling substantially 
contribute to motor impairment in PD. Treatment with MO, MP, 
and SM extracts substantially reinstated dopamine levels and 
dramatically enhanced the expression of both TH and DDC, 
indicating a protective influence on dopaminergic neurons and 
aligns with previous studies highlighting the importance of these 
plants in modulating the dopaminergic pathway [53,66,67]. 
As PD progresses, it affects norepinephrine and serotonin 
levels, resulting in motor impairment, mood disturbances, 
and autonomic dysfunction [62]. As our results show, 
norepinephrine and serotonin levels were markedly reduced in 
the PD group. After the plant extract injections, there was an 
elevation in norepinephrine and serotonin levels, indicating that 
the neuroprotective benefits of the therapy extended beyond 
just alterations in dopaminergic signalling. These results align 
with other non-Parkinson model studies [68–70], suggesting 
a more significant phytochemical impact on neurotransmitter 
modulation.

Neuroinflammation is a primary pathogenic factor 
in PD. In line with earlier reports, which show that activated 
microglia produce ROS, NO, and pro-inflammatory cytokines 
such as TNF-α and IL-6, contributing to a neurotoxic milieu 
[71,72], our findings demonstrate elevated levels of these 
mediators in the rotenone-induced model. Caspase may 
govern apoptotic neuronal demise and central nervous system 
inflammation [73]. The activation of caspase-3 constitutes a 
significant feature of PD [74]. It may provoke neuronal death 
through apoptosis and activate microglia via inflammation. 
Consequently, inhibiting the activation of caspase-3 would 
produce a synergistic twofold impact in the brain to impede the 
progression of PD. In our PD model, caspase-3, an executioner 
protease of apoptosis, increased because of rotenone injection 
[75], demonstrating extensive apoptotic activity [76]. The 
three extracts inhibited caspase-3, showing an anti-apoptotic 
impact consistent with their maintained neuronal survival. The 
anti-inflammatory effect of low activated caspase-3 levels in 
the brain was confirmed by measuring the pro-inflammatory 
cytokine TNF-α in mice brain tissues, IL-6, and NF-κB. The 

Nrf2 signaling pathway and NF-κB are crucial for regulating 
the cellular antioxidant defense mechanism. Nrf2 levels were 
reduced in PD mice, compromising the antioxidant response 
and the cells’ capacity to withstand oxidative stress [77]. The 
plant extracts elevated Nrf2 expression, indicating a potential 
method for safeguarding neurons by re-establishing redox 
equilibrium.  Although MP showed a numerically large fold-
increase (~35.9-fold) in Nrf2 expression, this change did not 
reach statistical significance in our dataset. There are several 
plausible explanations. First, MP’s neuroprotective and 
antioxidant effects are often attributed primarily to its high 
L-DOPA content and direct radical-scavenging actions, rather 
than strong activation of transcriptional antioxidant pathways 
like Nrf2 [78]. Second, not all phytochemicals can activate Nrf2 
equally. Many Nrf2 activators are electrophilic polyphenols or 
flavonoids that modify Keap1–Nrf2 interactions [79]. MP seed 
extracts may not contain sufficient bioavailable electrophilic 
polyphenols compared to MO or SM under the aqueous 
decoction protocol, thus limiting Nrf2 induction. Third, they 
may be rapidly metabolized [80], thus reducing effective 
cerebral concentration reaching the nigrostriatal pathway; hence, 
blunting Nrf2 induction. Finally, MP may exert antioxidant and 
neuroprotective effects via Nrf2-independent mechanisms; 
for instance, through the enhancement of dopamine turnover, 
direct ROS scavenging, modulation of mitochondrial enzymes, 
or upregulation of complementary antioxidant systems. In that 
sense, the absence of statistical significance in Nrf2 mRNA 
induction does not equate to the absence of antioxidant activity. 
Future work should include quantification of phytochemical 
profiles, especially electrophilic polyphenols, measurement of 
Nrf2 protein activation, determining its nuclear translocation 
and phosphorylation levels, and measuring the levels of its 
downstream targets (e.g., HO-1, NQO1). The detrimental cycle 
involves activated microglia secreting cytokines, resulting in 
additional neuronal injury and further microglial activation, 
which may elucidate the progressive loss of dopaminergic 
neurons observed [71,81,82]. This study suggests that MO, MP, 
and SM extracts attenuated this feedback loop through NF-κB 
inhibition and Nrf2 activation, offering a promising therapeutic 
strategy for mitigating inflammation-mediated neuronal death.

PI3K/AKT/mTOR pathway plays a central regulatory 
role in the interplay between neuroinflammation, oxidative 
stress, and cell survival in the PD context [83]. This pathway 
often enhances neuronal survival and mitigates excessive 
inflammatory responses by inhibiting downstream targets 
such as GSK-3β and NF-κB. Exposure to rotenone has been 
demonstrated to downregulate PI3K/AKT/mTOR signalling 
[84], resulting in the activation of caspase-3, excessive 
autophagy, and increased oxidative stress and subsequent 
apoptosis. The dysregulation of this system promotes 
neuroinflammatory damage due to diminished mTOR-mediated 
inhibition of pro-inflammatory cytokines, including TNF-α 
and IL-1β, together with increased nuclear translocation of 
NF-κB [85]. In our PD model, caspase-3 levels were elevated, 
indicating apoptosis and inflammation-driven neuronal loss. 
The plant extracts reduced caspase-3 expression and restored 
PI3K/AKT/mTOR signalling, which may explain both the anti-
apoptotic and anti-inflammatory effects observed. The observed 
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increase in Nrf2 levels in treated groups may also be regulated 
through PI3K-dependent phosphorylation events since  AKT 
activation enhances Nrf2 nuclear translocation and antioxidant 
gene expression while blocking pro-apoptotic signalling [86]. 
Collectively, the molecular, biochemical, and behavioral data 
indicate that MO, MP, and SM exert neuroprotective actions 
through coordinated modulation of oxidative, inflammatory, and 
apoptotic pathways. The convergence of behavioral recovery 
with restored TH, DDC, and Nrf2 expression strongly supports 
functional neuroprotection. A central limitation of this study 
is the absence of quantitative phytochemical standardization 
of the aqueous extracts, as different extraction conditions can 
significantly alter compound composition and bioactivity [87]. 
Although the decoction method and plant authentication are 
described, we did not quantify marker compounds (e.g., L-DOPA 
in MP, silymarin constituents in SM, or key flavonoids in MO) 
using chromatographic techniques. Consequently, the precise dose 
of active constituents delivered to the animals is unknown, which 
constrains interpretation in three important ways: [1] it prevents 
precise dose–response attribution to individual phytochemicals, 
[2] it limits assurances of batch-to-batch reproducibility, and 
[3] it prevents direct correlation of specific compounds with the 
observed molecular and behavioral effects. 

5. CONCLUSION
In conclusion, this study proposes that the observed 

neuroprotective effects of the extracts may involve activation 
of the PI3K/AKT/mTOR axis, leading to enhanced antioxidant 
response, suppressed apoptosis via reduced caspase-3, and 
decreased neuroinflammation via inhibition of NF-κB and 
cytokine production. The evaluated extracts may safeguard the 
brain in PD by equilibrating neurotransmitters, diminishing 
inflammation, decreasing oxidative stress, averting cell 
death, and reinstating critical survival mechanisms. This 
work highlights the significance of environmental exposure 
to neurotoxicants, specifically through the use of rotenone 
as a modifiable environmental risk factor for PD pathology. 
These findings underscore the potential of MP, MO, and SM 
as therapeutic and preventive agents for populations vulnerable 
to environmental contaminants. Nonetheless, the study is 
limited by the absence of detailed phytochemical profiling 
of the extracts. Future analyses employing HPLC or similar 
advanced techniques are essential to identify and quantify the 
active constituents responsible for the observed neuroprotective 
effects, thereby strengthening the mechanistic understanding 
and reproducibility of these findings. 

5.1. Study limitations and future directions
This study provides preliminary evidence that Moringa 

oleifera Lam. (MO), M. pruriens (L.) DC. (MP), and S. 
marianum (L.) Gaertn. (SM) may exert neuroprotective effects 
in a Parkinson’s disease model by modulating dopaminergic 
signaling, reducing inflammation and apoptosis, and enhancing 
antioxidant pathways. However, these findings should be 
interpreted cautiously due to variability across molecular 
markers and functional outcomes. A primary limitation of this 
work is the absence of phytochemical standardization and 
chromatographic quantification of the aqueous extracts. Without 

LC–MS or HPLC profiling of marker compounds (e.g., L-DOPA, 
silymarin constituents, and flavonoids), the precise dose of 
active principles, batch-to-batch reproducibility, and correlation 
between specific compounds and biological effects cannot be 
established. Additional limitations included the absence of 
pharmacokinetic and bioavailability data, and the evaluation was 
limited to preventive, rather than post-onset, treatment.

Future investigations should incorporate delayed 
treatment cohorts to assess therapeutic efficacy, extend 
treatment duration to evaluate long-term effects, and perform 
comprehensive dose-response, pharmacokinetic, and 
phytochemical analyses (including LC–MS and HPLC analyses 
to quantify key bioactive constituents and correlate them 
with neuroprotective outcomes), to optimize timing, dosing, 
and mechanistic understanding. Addressing these gaps will 
strengthen the validation of MO, MP, and SM as neuroprotective 
agents and provide more robust preclinical evidence for their 
potential use in Parkinson’s disease.
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