Bioflavonoids from Ochna schweinfurthiana restore rotenone induced toxicity effects in Drosophila melanogaster: new insight for Parkinson’s disease treatment

Abstract:
Nowadays, neurodegenerative diseases represent a major health problem worldwide, with Parkinson's disease being the second most common neurodegenerative disease after Alzheimer's disease. Medical research has led to the development of a large number of drugs and palliative therapies; however, they have not succeeded in curing or halting the progression of the disease, have numerous side-effects and are subject to a loss of efficacy over time. The aim of this study was to evaluate the effects of 3 biflavonoids on key targets involved in the pathophysiological process of rotenone-induced PD, using Drosophila melanogaster as an animal model. In silico molecular docking analysis was carried out using Molegro virtual Docker software between pathological PD targets (alpha-synuclein, acetylcholine esterase, super oxide dismutase, nitric oxide synthase, catalase) and the 3 biflavonoids.  The toxicity of the biflavonoids was then assessed to determine the appropriate treatment dose for Drosophila exposed to 250/500 µM rotenone for 7 days. Motor activity was assessed by negative geotaxis and open field assays; oxidative stress markers and acetylcholinesterase activity were also assayed. The 3 biflavonoids OB3B, OE1 and OSF3/EF1 all obtained excellent interaction scores with the pathological targets; showing significant activity (p < 0.001) by increasing GSH levels and reducing MDA and NO levels, with an increase in acetylcholinesterase activity and a restoration of the balance of activity between SOD and catalase. Finally, OSF3/EF1 proved to be the best of the 3 biflavonoids studied. These observations position these molecules as potential candidates for the formulation of more effective lead drugs candidate for PD treatment.
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1-Introduction
With the aging and longer lifespan of the global population, age-related diseases are receiving increased attention from the scientific community. Neurodegenerative diseases are a major health problem in the world; with Parkinson’s disease (PD) being the second most common after Alzheimer’s disease (Aqsa et al., 2025). More than 11 million people worldwide suffer from it (Luo et al., 2024); including 1% of the population over 50 years old, 1.5 to 2% of the population over 60 years old and 4% of the population over 80 years old (Ayajuddin et al., 2022; Blauwendraat et al., 2020; Dorsey et al., 2018). PD is characterized by a set of motor symptoms such as resting tremors, bradykinesis, rigidity, and postural instability, as well as various other non-motor symptoms (Jankovic & Tan, 2020). Furthermore, patients experience slow degeneration of dopaminergic neurons in the substantia nigra pars and the formation of intracytoplasmic inclusions with abnormal Lewy bodies (LB) composed of α-synuclein.
Currently, the exact cause of the disease is not known, as several molecular mechanisms are involved in its pathogenesis, namely neuroinflammation and oxidative stress. PD is considered a multifactorial disease resulting, in most cases, from the combined effects of several risk factors, notably genetic mutations of about 20 genes and environmental exposure to certain toxins. For instance, most pesticides such as 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), paraquat and rotenone (Blauwendraat et al., 2020) have been demonstrated to cause PD. Numerous study models have been developed, including cellular and animal models involving human mutated α-synuclein (A53T), chronic exposure to rotenone, 6-hydroxydopamine, and MPTP (Segura-Aguilar, 2018; Varga et al., 2014). The model based on rotenone toxicity is particularly interesting and relevant to reproduce the crucial pathological and biochemical characteristics of PD. Indeed, rotenone, a widely used natural pesticide can cross the blood-brain barrier and accumulate in the mitochondria of neuronal cells where it disrupts oxidative phosphorylation by inhibiting respiratory chain complex I. It was shown in vitro that rotenone induced cell apoptosis, α-synuclein accumulation and aggregation, and oxidative stress causing the degeneration of dopaminergic neurons (Sayed et al., 2022).
Drosophila melanogaster’s dopaminergic system presents functional and molecular similarities with that of mammals, constituting an ideal experimental model for the study of PD. Regarding the pathophysiological mechanism, genetic investigations revealed that 75% of human genes related to the disease have functional orthologues in drosophila with 80% of domains conserved at the protein level (Wangler et al., 2017). Drosphila melanogaster thus allows for in-depth cellular and molecular studies that provide a unique perspective on the mechanisms and pathways underlying the pathogenesis of PD (Xiong & Yu, 2018). Currently, several strategies are used for the treatment of the disease; ranging from simple medication to the use of nanotechnologies like deep brain stimulation (Martinez-Fernandez et al., 2018; Torres-Ortega et al., 2019). Many drugs are approved and used to treat the various symptoms characteristic of the neuropathology, the most common being levodopa (L-DOPA), a precursor of dopamine, which increases dopamine levels in the brain. In addition, we have dopaminergic agonists that act directly on dopaminergic receptors such as pramipexole, which are inhibitors that oppose the degradation of dopamine in the brain or even catechol O-methyltransferases (ICOMT) like entacapone (Armstrong & Okun, 2020). Unfortunately, these drugs have undesirable side effects and are prone to a loss of effectiveness over time, which cannot cure the disease or stop its progression. Thus, the search for new molecules with fewer side effects or capable of stopping the progression of the disease is increasingly solicited. The purpose of this study was to investigate in silico, in vivo and in vitro, the neuroprotective and curative effect of 3 biflavonoids against the toxicity induced by rotenone in Drosophila.
2-Material and methods
2-1 Animals
Drosophila melanogaster used in this work were a donation from Prof Charles Wondji from the CRID (center for research on infectious diseases), Yaoundé, Cameroon.
2-2 Plant material
The biflavonoids used in this research were isolated from the plant Ochna rhizomatosa as described by (Messi et al., 2022) from the laboratory of organic chemistry of the University of Yaoundé I and named OB3B (Isochamaejasmin), OE1 (Chamaejasmin) and OSF3/EF1 (Amentoflavone). 

2-3 Preparation of the breeding medium for Drosophila
To prepare the culture medium, 4 g agar, 5 g glucose, 7 g corn flour and 5 g yeast were mixed with 200 ml distilled water, and stirred vigorously for 2 minutes. The mixture was then placed in a water bath at 100°C, stirred for 10 minutes to ensure perfect homogeneity. After removing the mixture from the water bath, we continued to stir constantly for 30 minutes to allow gradual cooling. Once cooled, it was transferred to breeding bottles. To facilitate the transfer of Drosophila, they were asleep by the cold on ice, preventing their movements during the culture bottle change.
2-3 In silico analysis: Molecular docking
This method is based on the preparation of molecules (ligand and receptor), the use of search algorithms to explore the different possible conformations, and the evaluation of interactions using scoring systems taking into account hydrogen interactions, steric and electrostatic. The results were then analysed to identify the most likely poses and key interactions, which is essential for drug discovery and the study of the mechanisms of action of ligands and receptors.
3D crystal structures of targets used for docking were obtained from the Protein Data Bank (PDB) RCSB (https://www.rcsb.org/)  with the following access codes: α-synuclein (PDB ID: 1XQ8), Catalase (PDB ID: 8WZK), SOD (PDB ID: 8VJ5), NO synthase (PDB ID: 2NOS), and Acetylcholinesterase (AchE) (PDB ID: 7E3D). The structure data files (SDF) of biflavonoids and receptors have been downloaded in mol format from the PubChem database and saved.
The molecular anchoring analysis was carried out using MVD software (Molegro Virtual Docker) by importing into the workspace the structures of each biflavonoid and previously prepared targets and by removing water molecules, ions and bound ligands. The cavities were detected to identify potential binding sites on the target proteins. At the end of the Docking, the best poses were selected for each analysis based on MolDock scores and interactions.
2-4 Evaluation of the effect of biflavonoids on the morphological and physical parameters of intoxicated drosophila
2-4-1 Screening for the concentration of rotenone inducing toxicity in Drosophila
Flies were divided into 9 groups (30/groups; 3 replicates each) in which they were exposed to increasing concentrations of rotenone (125, 250 and 500μM) dissolved in two different solvents (ethanol and DMSO). The number of live Drosophila in each group was recorded every day over a period of 7 days and the results expressed as survival percentage. The ideal concentration for the study was chosen; thanks to the negative geotaxis test used to evaluate the mobility of Drosophila. The following table 1 summarizes the different groups and the composition of the diet for each group:

Table1: Composition of the different types of livestock by treatment group.
	GROUPS
	TREATMENT

	GROUP I
	Normal diet

	GROUP II
	Diet + ethanol

	GROUPIII
	Diet + DMSO  

	GROUP IV
	Diet + rotenone 125µM + ethanol 

	GROUP V
	Diet + rotenone 250µM + ethanol 

	GROUPVI
	Diet + rotenone 500µM + ethanol 

	GROUP VII
	Diet + rotenone 125µM + DMSO 

	GROUP VIII
	Diet + rotenone 250µM + DMSO 

	GROUP IX
	Diet + rotenone 500µM + DMSO 



2-4-2 Evaluation of the toxicity of biflavonoids
Flies were divided into 7 groups (30/groups; 3 replicates each) in which they were exposed to two doses of biflavonoids. The number of drosophilae still alive in each group was recorded every day over a 7-day period and the results expressed as a survival percentage. The following table 2 summarizes different groups and the composition of the diet for each:
Table 2: Composition of the different types of livestock by treatment group for each biflavonoid.
	GROUPS
	TRAITEMENT

	GROUP I
	Normal diet

	GROUP II
	Diet + OB3B 250µM

	GROUP III
	Diet + OE1 250µM

	GROUP IV
	Diet + OSF3/EF1 250µM

	GROUP V
	Diet + OB3B 500µM

	GROUP VI
	Diet + OE1 500µM

	GROUP VII
	Diet + OSF3/EF1 500µM





2-4-3 Negative Geotaxis tests
In this test, the flies were placed in a vertical tube, and their behaviour was observed when they were confronted with gravity. Normally, Drosophila tend to move up the tube due to their exploration instinct. However, in case of stress or exposure to specific compounds, their ability to climb may be impaired, manifested as a decrease in the number of Drosophila reaching the top of the tube. By calculating the percentage of drosophila having reached the top of the tube, one can evaluate the impact of various factors on their locomotor behaviour and well-being. This impact is calculated according to the following formula:

NH = Number of flies crossing the 6cm line; NB= Number of flies that did not cross the 6cm line; NT = Number of flies in the tube.
Drosophila were divided into 9 groups, the composition of which is summarized in Table 3 below (7 days of exposure). 
Table 3: Grouping of Drosphila for the Geotaxis test
	GROUPS
	TRAITEMENT

	GROUP I
	Normal diet + ethanol

	GROUP II
	Diet + rotenone 250µM 

	GROUP III
	Diet + rotenone 250µM + Levodopa 1mM 

	GROUP IV
	Diet + rotenone 250µM + OB3B 250µM

	GROUP V
	Diet + rotenone 250µM + OE1 250µM

	GROUP VI
	Diet + rotenone 250µM + OSF3/EF1 250µM

	GROUP VII
	Diet + rotenone 250µM + OB3B 500µM

	GROUP VIII
	Diet + rotenone 250µM + OE1 500µM

	GROUP IX
	Diet + rotenone 250µM + OSF3/EF1 500µM



Five flies from the control and treated groups were briefly immobilized using ice and placed separately in labelled vertical glass columns (length: 15 cm, diameter: 1.5 cm). After recovering from cold exposure (about 20 min), the flies were gently tapped to the bottom of the column. Then, those who were able to climb up to the 6 cm mark at the top and those remaining at the bottom were counted separately. The data were expressed as a percentage of flies that had crossed the column up to 6 cm and beyond in 6 seconds. The operation was spotted three times.
2-4-4 Open field Test
This method was used to evaluate the effective locomotor capacity of Drosophila on a horizontal plane. In this test, flies were placed in a horizontal arena locked after falling asleep by the cold. Flies’ motor capacity was evaluated by counting the number of squares crossed during a time lapse of 30 seconds. Drosophila were divided into 9 groups as described in the geotaxis test. Each fly was kept in an arena divided into squares (1 cm x 1 cm) measuring 9 cm in diameter, which can be covered by a Petri dish. The activity and movement of the fly was recorded with a video camera and the distance traveled was recorded by the resulting trajectory during a 30 s time window, which was calculated through the number of squares traversed by each analyzed fly. Video-assisted movement tracking allows the quantification of immobility (time spent without locomotion) and distance traveled (number of squares crossed). Three (3) flies were included for each treatment group in the test.
2-5 Evaluation of biochemical parameters in the homogenate of Drosophila
The flies were anesthetized on ice, their bodies crushed and homogenized in 0.1 M phosphate buffer; pH 7.4. The homogenates were filtered then centrifuged at 4000g for 10 minutes. the supernatants were collected, kept at -20°C for assays.
2-5-1 Protein assay 
Protein quantification was performed using the Biuret method. In different tubes, we added distilled water, biuret reagent and samples. The absorbance of the solution was read at 540 nm against the blank. 
2-5-2 Superoxide dismutase assay
Precise volumes of homogenate, carbonate buffer and adrenaline were added to each tube (blank and sample). After homogenization, the absorbance of the test tubes (sample) was measured at 480 nm at 20 and then at 80 seconds against the blank.
2-5-3 Catalase assay
Catalase activity was measured by colorimetric assay. The tubes were plugged using glass beads and the solutions were heated to 100°C for 10 minutes. After cooling, the absorbance of the samples was read against the blanc at 570 nm.
2-5-4 Evaluation of acetylcholinesterase activity
Fifty (50) μL of homogenate was introduced into each sample tube containing 950 μL Tris-HCl 50mM buffer, pH 7.4; 100 μL 2-dithio bis-nitrobenzoic acid (DTNB) and 20 μL 15 mM acetylthiocholine iodide (ATCI). The absorbances were read with the spectrophotometer at 412 nm at 1-minute intervals for 5 min against the blanc.
2-6 Evaluation of protection parameters and oxidative stress
2-6-1 Reduced glutathione (GSH) assay
One hundred (100) μL of homogenate was introduced into each sample tube containing 1500 μL of Ellman reagent. The absorbances were read with the spectrophotometer at 412 nm against the blank.
2-6-2 Malondialdehyde assay
Two hundred fifty (250) μL of homogenate was introduced into each sample tube containing 125 μL of TCA 20% and 250 μL of TCA 0.67%. The absorbances were read with the spectrophotometer at 530 nm against the blank.
2-6-3 Nitric oxide (NO) Assay
The protocol first consisted of preparing a series of sodium nitrite (NaNO2) standards at known concentrations. One hundred (100) μL of homogenate was introduced into each sample tube containing 400 μL of distilled water and 500 μL of Griess reagent. The absorbances were read with the spectrophotometer at 546 nm against the blank.
2-6-4 Statistical analyses
Assays were carried out in triple, the data entered into the Excel 2019 spreadsheet and analyzed using the GraphPad Prism software version 8.0.1. The results are expressed as a mean standard deviation. The statistical analyses were carried out using the ANOVA one-way test followed by the Turkey post-test for a significance threshold P<0.05; and the linear correlation was performed using the non-parametric Spearman test.
RESULTS
[bookmark: _Toc182641289]3-In silico analyses: Molecular docking
Tables 4 to 8 show the results obtained with the biflavonoids on different molecular targets.

                            Highest Score		                 Very Interesting Score
                Interesting Score		 	     Least Interesting Score

[bookmark: _Toc182641125]Table 4: Docking scores and interaction details for each biflavonoid with αlpha-synuclein
	Ligand
	MolDock Score (Kcal/mol)
	Rerank Score (Kcal/mol)
	Interaction (Kcal/mol)
	Hbond (Kcal/mol)

	OB3B
	-110.026
	-82.5857
	-129.858
	-4.08464

	OE1
	-107.577
	-79.764
	-127.486
	-3.48556

	OSF3/EF1
	-118.27
	-93.9452
	-148.601
	-8.55256



	Ligands
	Hydrogen bonds
	Steric interactions

	OB3B
	2 Bonds : 1 with Glu 35 and 1 with Val 40                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                
	7 interactions: 2 with Lys 32, 2 with Gly 36, 2 with Glu 35 and 1 with Thr 33

	OE1
	2 Bonds: 1 with Val 40 and 1 with Lys 32
	9 interactions: 4 with Lys 32, 2 with Gly 36, 2 with Glu 35 and 1 with Thr 33

	OSF3/EF1
	4 Bonds: 1 with Lys 32, 1 with Lys 43, 1 with Glu 35 and Gly 36
	5 interactions: 2 with Glu 35, 1 with Lys 43, 1 with Gly 36 and 1 with Thr 33



[bookmark: _Toc182641126]Table 5: Docking scores and interaction details for each biflavonoid with acetylcholinesterase
	Ligand
	MolDock Score (Kcal/mol)
	Rerank Score (Kcal/mol)
	Interaction (Kcal/mol)
	Hbond (Kcal/mol)

	OB3B
	-134.885
	-95.0224
	-156.654
	-13.1647

	OE1
	-134.797
	-94.498
	-156.606
	-13.1292

	OSF3/EF1
	-139.967
	-125.52
	-175.092
	-7.87775

	Benzatropine
	-87.4285
	-65.3332
	-109.042
	-2.36436



	Ligands
	Hydrogen bonds
	Steric interactions

	OB3B
	6 Bonds: 1 with Arg 296(B), 1 with Pro 368(B), 1 with Asn 533(B), 1 with His 405(B), 1 with Trp 532(B) and 1 with Glu 313(B)
	5 interactions: 2 with Trp 532(B), 1 with Cys 409(B), 1 with Arg 296(B) and 1 with His 405(B)

	OE1
	6 Bonds: 1 with Arg 296(B), 1 with Pro 368(B), 1 with Asn 533(B), 1 with His 405(B), 1 with Trp 532(B) and 1 with Glu 313(B).
	6 interactions: 2 with Trp 532(B), 1 with Pro 410(B), Cys 409(B), 1 with Arg 296(B) and 1 with His 405(B)

	OSF3/EF1
	4 Bonds: 1 with Asp 404(B), 1 with Asn 233(B), 1 with His 405(B) and 1 with Glu 313(B)
	14 interactions: 4 with Pro 235(B), 3 with his 405(B), 2 with Thr 238(B), 1 with Glu 313(B), 1 with Pro 410(B), 1 with Leu 540(B), 1 with Gln 413(B) and 1 with Asn 233(B)

	Benzotropine
	1 Bond with Arg 296(B)
	4 interactions: 2 with His 405(B), 1 with Trp 532(B) and 1 with Pro 235(B)



[bookmark: _Toc182641127]
Table 6: Docking scores and interaction details for each biflavonoid with Superoxide Dismutase (SOD)
	Ligand
	MolDock Score (Kcal/mol)
	Rerank Score (Kcal/mol)
	Interaction (Kcal/mol)
	Hbond (Kcal/mol)

	OB3B
	-120.749
	-62.8637
	-144.215
	-3.67482

	OE1
	-120.788
	-63.4249
	-144.274
	-3.67636

	OSF3/EF1
	-120.955
	-104.297
	-162.344
	-1.96654



	Ligands
	Hydrogen bonds
	Steric interactions

	OB3B
	2 Bonds: 1 with Glu 43(A) and 1 with Leu 49(B)
	16 interactions: 5 with Leu 49(B), 3 with Asn 39(A), 3 with Met 0(A), 2 with Lys 1(A), 2 with Gln 46(A), and 1 with Glu 43(A)  

	OE1
	2 Bonds: 1 with Glu 43(A) and 1 with Leu 49(B)
	17 interactions: 5 with Leu 49(B), 3 with Asn 39(A), 3 with Met 0(A), 2 with Gln 46(A), 1 with Lys 1(A), 1 with Glu 43(A), 1 with Glu 42(A) and 1 with Gly 52(B)

	OSF3/EF1
	1 Bond with Asn 39(A)
	12 interactions: 3 avec Met 0(A), 3 with Glu 42(B), 2 with Leu 49(B), 1 with Asn 39(A), 1 with His 2(A), 1 with Ala 50(B) and 1 with Lys 1(A)



[bookmark: _Toc182641128]Table 7: Docking scores and interaction details for each biflavonoid with Catalase
	Ligand
	MolDock Score (Kcal/mol)
	Rerank Score (Kcal/mol)
	Interaction (Kcal/mol)
	Hbond (Kcal/mol)

	OB3B
	-122.14
	-96.3037
	-142.724
	-10.8078

	OE1
	-122.078
	-96.9271
	-142.68
	-10.5125

	OSF3/EF1
	-150.727
	-108.433
	-182.694
	-12.9435



	Ligands
	Hydrogen bonds
	Steric interactions

	OB3B
	4 Bonds: 1 with His 466(C), 1 with Ser 254(C), 1 with Gln 255(A) and 1 with Arg 170(C)
	6 interactions: 2 with Pro 258(A), 1 with Ala 123(C), 1 with Ser 122(C), 1 with Gly 118(C) and 1 with Arg 170(C)

	OE1
	4 Bonds: 1 with His 466(C), 1 with Ser 122(C), 1 with Gln 255(A) and 1 with Arg 170(C)
	6 interactions: 2 with Pro 258(A), 1 with Ala 123(C), 1 with Ser 122(C), 1 with Gly 118(C) and 1 with Arg 170(C)

	OSF3/EF1
	6 Bonds: 1 with Arg 263(C), 1 with Asp 257(C), 1 with Ser 254(A), 1 with Lys 177(A), 1 with Ala 123(A) and 1 with Arg 127(A)
	9 interactions: 2 with Lys 177(A), 2 with Gly 121(C), 1 with Val 126(A), 1 with Ser 122(A), 1 with Ser 254(C), 1 with Gln 255(A) and 1 with Ser 254(A)


[bookmark: _Toc182641129]

Table 8: Docking scores and interaction details for each biflavonoid with nitric oxide synthase
	Ligand
	MolDock Score (Kcal/mol)
	Rerank Score (Kcal/mol)
	Interaction (Kcal/mol)
	Hbond (Kcal/mol)

	OB3B
	-143.013
	-90.4575
	-170.519
	-2.33875

	OE1
	-143.143
	-90.2868
	-170.472
	-1.5436

	OSF3/EF1
	-186.841
	-119.358
	-215.052
	-10.6518



	Ligands
	Hydrogen bonds
	Steric interactions

	OB3B
	3 Bonds: 1 with Arg 193, 1 with Trp 188 and 1 with Cys 194
	11 interactions: 3 with Cys 194, 2 with Gly 365, 1 with Trp 366, 1 with Arg 193, 1 with Phe 363, 1 with Leu 203, 1 with Val 346 and 1 with Met 349

	OE1
	3 Bonds: 1 with Cys 194, 1 with Trp 188 and 1 with Arg 193
	14 interactions: 4 with Cys 194, 3 with Gly 365, 1 with Trp 366, 1 with Trp 188, 1 with Arg 193, 1 with Leu 203, 1 with Phe 363, 1 with Val 346 and 1 with Met 349

	OSF3/EF1
	3 Bonds: 1 with Tyr 483, 1 with Arg 193 and 1 with Trp 366
	11 interactions: 2 with Gly 365, 2 with Val 346, 1 with Trp 366, 1 with Trp 188, 1 with Asn 364, 1 with Leu 203, 1 with Tyr 483, 1 with Ala 191 and 1 with Arg 193


4-Effect of biflavonoids on Drosophila viability
The first experiment we conducted was to find out the possible toxic effect of rotenone and the biflavonoids on drosophila’s viability. As shown in Figure 1A and B, DMSO was toxic to flies and was therefore replaced by ethanol for rotenone dissolution and used for 2 days. Figures 1 C, D, and E show that the 3 biflavonoids have no effect on drosophila viability at the concentrations tested.
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Figure 1: Toxicity of rotenone AND BIFLAVONOIDS on drosophila (exposure for 7 days).
[bookmark: _Toc182641293]Figure 1: (A-B): Drosophila fed a standard diet with rotenone. (A) Effect of different concentrations of rotenone and DMSO used as a solvent on Drosophila aged 3 to 5 days. (B) Effect of different concentrations of rotenone with ethanol as a solvent on Drosophila aged 3 to 5 days. (C-D): Control: Drosophila fed a standard diet without rotenone. (C) Toxicity of OB3B on Drosophila aged 3 to 5 days. (D) Toxicity of OE1 on Drosophila aged 3 to 5 days. (E) Toxicity of OSF3/EF1 on Drosophila aged 3 to 5 days. Each bar represents the mean ± SEM, n=3 replicates.
5-Effect of biflavonoids on locomotor, anxiety and willingness to explore of intoxicated Drosophila
Bioflavonoid’s effects on locomotion and anxiety was investigated using the negative geotaxis and the open field test respectively. The results obtained showed that treatment with rotenone at 250 and 500 µM significantly reduced flies’ mobility and their desire to explore their environment. However, treatment with biflavonoids and with the reference drug levodopa significantly increased these functions in drosophila as shown in Figure 2 below.
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Figure 2: Effect of biflavonoids on the mobility of flies in geotaxis and open field test

[bookmark: _Toc182641295]Figure 2: Drosophila fed a standard diet with rotenone. (A) Effect of biflavonoids at a concentration of 250µM on Drosophila aged 3 to 5 days. (B) Effect of biflavonoids at a concentration of 500µM on Drosophila aged 3 to 5 days. a= significant compared to the control group p<0.05; b= significant compared to the negative control group (poisoned with rotenone) p<0.05. Rot= Rotenone. (C) Effect of biflavonoids at a concentration of 250µM on Drosophila aged 3 to 5 days. (D) Effect of biflavonoids at a concentration of 500µM on Drosophila aged 3 to 5 days. a= significant compared to the control group p<0.05\; b= significant compared to the negative control group (poisoned with rotenone) p<0.05. Rot= Rotenone. Each bar represents the mean ± SEM, n=3 replicates.
6-Effect of biflavonoids on the biochemical parameters 
6-1 Effect of biflavonoids on protein levels 

As shown in Figure 3 below, protein level is high in groups treated with rotenone only, at 250 µM and 500 µM respectively (Figure 3 A and B). The same was observed for super oxide dismutase activity (Figure 3 C and D). We can observe a reduced level of protein and super oxide dismutase activity following additional treatment with the biflavonoids.[image: ]













[bookmark: _Toc182641216]Figure 3: Effect of biflavonoids on total protein content and SOD. Control: Drosophila fed a standard diet without rotenone. (A) Protein:  Effect of biflavonoids at a concentration of 250µM on Drosophila aged 3 to 5 days. (B) Protein:  Effect of biflavonoids at a concentration of 500µM on Drosophila aged 3 to 5 days. a= significant compared to the control group (p<0.05); b= significant compared to the negative control group (poisoned with rotenone) (p<0.05). Rot= Rotenone. Control: Drosophila fed a standard diet without rotenone. (C) SOD:   Effect of biflavonoids at a concentration of 250µM on Drosophila aged 3 to 5 days. (D) SOD:    Effect of biflavonoids at a concentration of 500µM on Drosophila aged 3 to 5 days. a= significant compared to the control group (p<0.05); b= significant compared to the negative control group (poisoned with rotenone) (p<0.05). Rot= Rotenone. Each bar represents the mean ± SEM, n=3 replicates.
6-2 Effect of biflavonoids on Catalase activity and GSH concentration
In addition to the previously tested parameters, catalase activity and glutathione levels were also assayed. Results show a significantly reduced concentration of catalase activity and glutathione levels in rotenone treated groups. However, treatment with levodopa and the biflavonoids significantly restored and increased enzyme activity and glutathione levels as shown in Figure 4 below.[image: ]











[bookmark: _Toc182641219]Figure 4: Effect of biflavonoids on catalase activity AND GSH concentration.
Control: Drosophila fed a standard diet without rotenone. (A) Catalase Effect of biflavonoids at a concentration of 250µM on Drosophila aged 3 to 5 days. (B)Catalase: Effect of biflavonoids at a concentration of 500µM on Drosophila aged 3 to 5 days. a= significant compared to the control group (p<0.05); b= significant compared to the negative control group (poisoned with rotenone) (p<0.05). Rot= Rotenone. Control: Drosophila fed a standard diet without rotenone. (C) GSH: Effect of biflavonoids at a concentration of 250µM on Drosophila aged 3 to 5 days. (D) GSH:  Effect of biflavonoids at a concentration of 500µM on Drosophila aged 3 to 5 days. a= significant compared to the control group (p<0.05); b= significant compared to the negative control group (poisoned with rotenone) (p<0.05). Rot= Rotenone. Each bar represents the mean ± SEM, n=3 replicates.
6-3 Effect of biflavonoids on Nitric oxide and malondialdehyde levels
Figure 5 below shows the effect of biflavonoids on drosophila after intoxication with rotenone at 250µM and 500 µM as far as nitric oxide and malondialdehyde levels is concerned. All the drugs tested significantly reduced nitric oxide levels in comparison to the rotenone treated group (Figure 5 A and B). The same result was obtained for malondialdehyde levels in the same homogenates.
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[bookmark: _Toc182641221]Figure 5: Effect of biflavonoids on nitric oxide AND MDA levels. 
Control: Drosophila fed a standard diet without rotenone. (A)NO: Effect of biflavonoids at a concentration of 250µM on Drosophila aged 3 to 5 days. (B) NO:  Effect of biflavonoids at a concentration of 500µM on Drosophila aged 3 to 5 days. a= significant compared to the control group (p<0.05); b= significant compared to the negative control group (poisoned with rotenone) (p<0.05). Rot= Rotenone. Control: Drosophila fed a standard diet without rotenone. (C) MDA:  Effect of biflavonoids at a concentration of 250µM on Drosophila aged 3 to 5 days. (D) MDA:   Effect of biflavonoids at a concentration of 500µM on Drosophila aged 3 to 5 days. a= significant compared to the control group (p<0.05); b= significant compared to the negative control group (poisoned with rotenone) (p<0.05). Rot= Rotenone. Each bar represents the mean ± SEM, n=3 replicates.
6-4 Effect of biflavonoids on Acetylcholinesterase activity
We investigated the effect of the biflavonoids on acetylcholine esterase activity. Results presented in figure 6 show that, in comparison to the control (without rotenone), flies treated with the drugs have significantly increased acetylcholine esterase activity that was previously inhibited due to rotenone treatment. The same trend was obtained with rotenone at 250µM (Fig 6A) and 500 µM (Fig 6B).
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Figure 6: Effect of biflavonoids on acétylcholinesterase activity.
Control/T0: Drosophila fed with a standard diet without rotenone. (A) Effect of biflavonoids at a concentration of 250µM rotenone on Drosophila aged 3 to 5 days. (B) Effect of biflavonoids at a concentration of 500µM rotenone on Drosophila aged 3 to 5 days. a= significant compared to the control group (p<0.05); b= significant compared to the negative control group (poisoned with rotenone) (p<0.05). Rot= Rotenone. Each bar represents the mean ± SEM, n=3 replicates. Each bar represents the mean ± SEM, n=3 replicates.

7-DISCUSSION
Exposure to environmental toxins has been associated with the pathogenesis of neurological and particularly neurodegenerative disorders; among which Parkinson’s disease, characterized by the selective degeneration of nigrostriatal dopaminergic neurons. Although major research has been conducted on the genes responsible for some rare hereditary cases, epidemiological studies have suggested an association with environmental toxins such as rotenone. Indeed, rotenone is a widely used pesticide capable of triggering biological processes at the center of the genesis of neuropathology, notably protein aggregation, oxidative stress, and neuroinflammation (Aryal & Lee, 2019).
In recent years, Drosophila melanogaster has been widely used as a model to obtain data on the pathophysiology of several neurodegenerative diseases, including to evaluate the therapeutic properties of drugs derived from plants; thus, becoming a key advantage in medical research (Pratomo et al., 2022; Yi et al., 2021). This animal model has notably made it possible to evaluate the properties of many compounds, including a particular class chemical compounds called biflavonoids, which have already demonstrated a potential superior to their mono-flavonoic counterparts and promising properties against HIV and malaria; but also against the toxicity of the β-amyloid responsible for Alzheimer’s disease and neuroinflammation (Messi et al., 2022; Owona et al., 2025; Thapa et al., 2011). This study aimed to evaluate the effect of three biflavonoids (OB3B, OE1 and OSF3/EF1) against the toxicity of rotenone in Drosophila melanogaster applied to the potential treatment of Parkinson’s disease.
Molecular docking results revealed that OB3B, OE1 and OSF3 possessed excellent interaction energies with pro-inflammatory targets (caspase 1, COX-2 and TNF-α) compared to reference drugs; which suggests their potential anti-inflammatory in particular, which can inhibit the NLRP3 inflammasome involved in pathophysiology as demonstrated by (Owona et al., 2025). Even if OSF3 is slightly outmatched compared to OB3B and OE1 for interaction with TNF-α (-183.192 kcal/mol for OSF3 and -197.316 Kcal/mol and -197.349 Kcal/mol for OB3B and OE1 respectively), it seems to be better than the other two with much better interaction scores with the other therapeutic targets tested. Overall, the three biflavonoids possess good binding affinities with antioxidant enzymes (SOD and Catalase), NO synthase, acetylcholinesterase, MAO-B, adenosine A2A receptors and α-synuclein; allowing us to partially assert their antioxidant and modulatory potential of the dopaminergic and cholinergic pathways.
Drosophila intoxicated with 250μM rotenone dissolved in ethanol presented a locomotor deficit through the lack of flies’ response to the geotaxis test; as well as to the open field test which are one of the characteristics of Parkinson’s disease. These observations are similar to those of Sudati et al. but partially different from those of Tibashailwa et al. who used a mutant strain with white eyes for induction with 500μM rotenone dissolved in DMSO (Sudati et al., 2013; Tibashailwa et al., 2023). It is interesting to note, however, that the 3 biflavonoids overall significantly interfered with the reduction in mobility induced by rotenone. 
Acetylcholinesterase is an enzyme that modulates learning, sleep and arousal, memory, attention, stress response and locomotor activities; it hydrolyses acetylcholine into choline and acetate, serving as a means of cholinergic neurotransmission between synapses. Our results revealed that OB3B, OE1 and OSF3/EF1 significantly attenuated the inhibition of acetylcholinesterase activity induced by rotenone compared to the intoxicated group (Figure. ).
Since oxidative stress is largely involved in the pathogenesis of Parkinson’s disease, we evaluated the status of certain markers of oxidative stress in the different treatment groups. The rotenone-poisoned group showed high SOD activity, which is in line with previous studies by Zhou and al in 2015 who reported that rotenone induced an increase in H2O2 levels resulting in neuronal cell death (Zhou et al., 2015). We also observed in intoxicated drosophila, a very reduced activity of Catalase, whose role is normally to ensure the dismutation of hydrogen peroxide from SOD activity into oxygen and water; minimizing the risks associated with the generation of hydroxyl radicals by the Fenton reaction. Thus, the inhibitory effect of rotenone on catalase activity observed in Drosophila melanogaster suggests an increase in the susceptibility of flies to oxidative stress; which is similar to the work of (Javed et al., 2016). In this study, the significant increase in SOD activity and decrease in Catalase activity caused by rotenone were prevented in a dose-dependent manner in Drosophila that received both rotenone and each biflavonoid thus confirming their antioxidant property (Figure).
The determination of total thiols is vital because they play a key role in biological processes; especially GSH, an important antioxidant molecule preventing cellular damage that can be caused by ROS, free radicals and peroxides. Thus, the decrease in GSH levels observed in drosophila poisoned by rotenone shows the impairment of their ability to combat damage caused by free radicals and peroxide generated by SOD activity. However, the tested biflavonoids made it possible to fight against the reduction of GSH concentrations; which confirms their antioxidant potential. In addition, it is relevant to note that the decrease in GSH level in the dopaminergic neurons of the substantia nigra is one of the key events occurring in patients with Parkinson’s disease as shown in the study by (Garrido et al., 2011).
Overall, the biflavonoids under investigation in this study could represent therapeutic candidates to alleviate the symptoms of Parkinson’s disease. A significant increase in nitric oxide concentration in Drosophila exposed to rotenone; and a decrease in the groups that received both rotenone and biflavonoids were observed. These observations are similar to those of X. Zhang et al; having investigated the potential of baicalin in Parkinson’s disease therapy and having obtained high nitrite levels in rats poisoned with rotenone (Zhang et al., 2017). Indeed, nitric oxide is considered to be a pro-inflammatory mediator when it is overproduced by inducible oxide nitric synthase (iNOS); thus the effective suppression of NO accumulation mediated by rotenone suggests the anti-inflammatory properties of our biflavonoids; which also allowed a substantial reduction in the amount of MDA; a marker for lipid peroxidation and tissue damage, compared to the intoxicated group (Figure). We can therefore also affirm their possible beneficial effect on maintaining tissue integrity.
The results of this study are in agreement with the investigations conducted by Farombi et al on the therapeutic potential of biflavonoids from the Garcinia Kola seed fraction (Farombi et al., 2018) and suggests that our 3 biflavonoids could be promising candidates for the development of effective treatments against the sporadic form of Parkinson’s disease; OSF3/EF1 being the best of the three. Additional research is however necessary in order to confirm their effectiveness in animal models much closer to humans.
8-Conclusion:
The biflavonoids under investigation in this study appear to be promising lead drugs for the treatment of neurodegenerative diseases like Parkinson’s disease by targeting the main receptors involved in the disease and restoring locomotor deficits. Future studies will focus on more investigations at the biochemical levels trying to understand the mode of action of the compounds.
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