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Abstract  

The neuroprotective potential of curcumin was studied in a reserpine-induced model of 

progressive Parkinsonism in mice. Male Swiss mice were given daily doses of curcumin-III (30 

mg/kg b.w), Madopar (120 mg/kg b.w), or a combination of the two substances, plus three doses 

of reserpine (0.25 mg/kg b.w) spaced 48 hours apart. Motor behaviour was assessed after the 

last treatment. Histopathological examinations, indicators of oxidative stress, and 

neuroinflammation were evaluated at the end of treatment. Treatment with curcumin prevented 

cell damage in the Purkinje cells of the cerebellum and reduced their oxidative state index. As 

a result, curcumin reduced motor deficiencies in a progressive animal model of Parkinson's 

disease, most probably due to an antioxidant action. Also, our comparative study revealed that 

curcumin binding interactions with Catechol-O-MethylTransferase were stronger than those of 

the Madopar and thirteen van der Waals interactions (Asp141, Asn170, Glu199, Trp38, Pro174, 

Tyr68, Gly66, Ala67, Glu90, Ser119, Arg146, Gln120 and Ala118) ensured the formation of 

the Catechol-O-MethylTransferase -Curcumin complex. 

  

Keywords: Parkinson's Disease; Curcumin; Oxidative Damage; cerebellum; Molecular 

docking; Molecular dynamics simulation. 
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1. Introduction  

Parkinson's disease (PD) is a chronic neurological condition that is both incurable and 

progressive, making it one of the most difficult diseases to treat (Prajjwal et al., 2024). It is the 

second most common neurological condition in older people, after Alzheimer's disease, 

affecting around 6.3 million people over the age of 65 (Chopade et al., 2023). PD is 

characterized by the degeneration or death of dopaminergic neurons in the substantia nigra, as 

well as the formation of Lewy bodies, clusters of proteins containing alpha-synuclein, in 

surviving neurons in the nervous system (Regoni et al., 2024). It has been associated with motor 

dysfunction, including rigidity, resting tremors, and postural instability (Pasquini et al., 2023). 

Non-motor symptoms of PD include problems with the autonomic system and neuropsychiatric 

symptoms such as depression and anxiety, which can increase morbidity (Qamar et al., 2024). 

The loss of dopaminergic cells in PD is mainly caused by pathogenic processes such as 

neuroinflammation and oxidative stress (Dhiman et al., 2024). 

Reserpine (RES) can produce motor disorders similar to those of PD, such as limb stiffness, 

hypokinesia, akinesia, catalepsy, and mouth tremors (Juza et al., 2023). Blockade of vesicular 

monoamine transporters 1 and 2 (VMAT1 and 2) leads to a reduction in the release of 

monoamines into the synaptic cleft and their accumulation in the cell, as well as an 

overproduction of free radicals during neurotransmitter metabolism, causing oxidative damage 

and the appearance of motor symptoms(Juza et al., 2023). 

Mitochondrial dysfunction, α-synuclein aggregation, and oxidative stress have been linked 

to the aetiology of neurodegenerative diseases such as Parkinson's (Afsheen et al., 

2024).Among them, oxidative stress develops following a dysregulation of the cellular redox 

system, which occurs when the creation of reactive oxygen species exceeds clearance by 

cellular antioxidant enzymes and chaperone molecules (Orfali et al., 2024). Importantly, when 

the degree of reactive oxygen species (ROS) generation increases and a redox imbalance occurs, 

oxidative stress becomes pathogenic (Kishi et al., 2024). Post-mortem investigations have 

revealed elevated levels of Thiobarbituric Acid Reactive Susbtances (TBARS) in the plasma 

and substantia nigra of Parkinson's patients (Hassani & Esmaeili, 2024). 

The cerebellum is a motor coordination centre, and any alteration to it leads to motor 

deficiencies and cerebellar ataxia (Iskusnykh et al., 2024). Pathological alterations in the 

cerebellum have been observed in humans with PD and in animal models (Turkez et al., 2023). 

In an MPTP animal model, neuronal degeneration was observed in the cerebellum and 
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characterised by the loss of Nissl-stained Purkinje cells and an increased number of recurrent 

MPTP injections (Ge et al., 2024). A recent study showed that sustained hyperactivation of 

Purkinje cells in monkeys with chronic PD corresponded to the degree of dopaminergic 

neuronal loss in the substantia nigra (Heman et al., 2012).  

Curcumin (CUR) is a natural polyphenolic antioxidant molecule extracted from the root of 

the perennial herb Curcuma longa, widely known as turmeric and long used in traditional Asian 

medicine (Goel et al., 2008; Lodha & Bagga, 2000; Srimal & Dhawan, 1973). Turmeric has 

been used for thousands of years in India as a food preservative and as a treatment for human 

diseases caused by inflammation and injury (Tobinai et al., 1992; Uozumi et al., 1995). Some 

research suggests that CUR may reduce the prevalence of PD. An epidemiological study has 

shown that Indian communities that regularly consume CUR have fewer age-related alterations 

in the dopaminergic neurons of the substantia nigra (Darvesh et al., 2012). CUR can cross the 

blood-brain barrier and act as an antioxidant and anti-inflammatory agent, making it potentially 

effective in the treatment of neurodegenerative diseases such as Parkinson's and Alzheimer's 

(Giri et al., 2004). CUR is therefore a natural antioxidant that could be beneficial in the 

treatment of PD. 

The present study aimed to evaluate the effects of CUR on motor changes, cerebellar 

oxidative stress, and tissue damage in PD induced by the administration of RES in mice. The 

possible modulation of the action of the anti-parkinsonian drug Madopar by CUR was also 

studied. In addition, to inhibit COMT enzyme and dopamine metabolism and then stop the PD 

progression. 

2. Materials and methods  

2.1. Chemicals 

Reserpine crystallized (99%),7-bis(4-hydroxyphenyl) hepta-1,6-diene-3,5- dione (, 

Dimethylsulfoxide (DMSO, 99.9%) were obtained from Sigma-Aldrish (Madrid, Spain Anti 

Glial Fibrillary Acidic Protein (Anti-GFAP: DAKO, monoclonal mouse anti-human GFAP, 

lot#00072911, ref#M0761).NaCl, ethanol, tetrazolium nitro blue, phosphate buffer, 

methionine, riboflavin, thiobarbituric acid reactive, malonaldehyde, formalin, paraffin block, 

thin ribbons, hematoxylin, eosin, urethane anesthesia, transcardiac perfusion, 

paraformaldehyde, phosphate-buffered saline, Polyethylene glycol (PEG), bovine serum 

albumin, Triton, monoclonal anti-glial fibrillary acidic protein (GFAP) antibody, diluted 1:1000 

in PBS (0.1M, pH7.4), Triton (0.3%), and BSA (1%). A secondary antibody (anti-rabbit 



5 
 

immunoglobulin, 1/500) was used to detect immunoreactivity for 2 hours at room temperature. 

The sections were then collected and mounted in Eukit (Sigma-Aldrich, Buchs, Switzerland) 

after dehydration for light microscopy. These tests showed that the primary antibody used 

against GFAP showed specific labeling as previously published. 

2.2.Animals  

Adult male Swiss mice, 12 to 15 weeks old and weighing 30 ± 3 g were obtained from the 

central animal house of Cadi Ayyad University of Marrakech (UCAM), Morocco. Animals 

were maintained in polycarbonate cages in a temperature-controlled room (25 ± 2 °C) with a 

12-hour light/dark cycle (lights on at 7 am). Food and water were provided ad libitum. All 

experiments were performed according to the guidelines of UCAM. All animals were treated 

in compliance with the European Regulation on the ethical evaluation and authorization of 

projects involving the use of animals in experimental procedures, which went into effect on 1 

February 2013. Every attempt was made to decrease the number of animals utilized and the 

pain they experienced. 

2.3.Experimental design and treatment 

Swiss male mice aged 12-14 weeks (30 ± 3 g) were randomly assigned to the following 

groups: (1) Control (CTR), RES vehicle (0.9% NaCl +5% DMSO subcutaneously), (2) RES 

alone (RES) (da Silva Córneo et al., 2020; Oukhrib et al., 2023), (3) RES+CUR-III dissolved 

in olive oil (30 mg/kgb.w, RES+CUR) (Tamegart et al., 2021), (4) RES+ Madopar dissolved in 

saline 0. 9% (120 mg/kg b.w, RES+MAD) and (5) RES+CUR-III +Madopar combination (30 

mg/kg b.w, 120 mg/kg b.w, respectively, RES+CUR-MAD). All groups, except the CTR group, 

received three injections of RES at a concentration of 0.25 mg/kg subcutaneously at 48-hour 

intervals (days 1, 3, and 5) (da Silva Córneo et al., 2020; Oukhrib et al., 2023). The treated 

groups received their treatment orally, daily for five days, two hours before the RES injection 

(Fig. 1). 

2.4.Behavioural and biochemical analysis 

2.4.1. Open Field and Rotarod tests 

To assess the locomotor activity of our animals, we used the "open field" test. Twelve hours 

after completing the 5-day treatment, each animal was placed in the middle of the field and 

allowed to explore freely for 5 min. The animal's movements are filmed by a video camera 

placed on top of the open field. The videos were subsequently analysed using tracking software. 

Standard parameters of locomotor activity, such as ambulatory distance, average speed, 
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exploratory behaviour, time spent in the centre, and time spent in the margins, were recorded. 

Once the tests were completed, the mice were returned to their original cages and the open field 

device was cleaned with 70% ethanol to eliminate traces left by the previous animal (urine, 

excrement) that could influence the next animal (Broadhurst & London, 1960; Cordaro et al., 

2018; Harrington, 1972; Paterniti et al., 2017). 

The Rotarod test was adapted to assess the motor coordination of the animals. The device 

had a rotating rod and was divided into five compartments, allowing five mice to be tested at a 

time. All animals were trained on the Rotarod 24 hours prior. Each mouse was placed on the 

rotating rod with the speed of rotation set at 15 rotations per minute, and the mice were tested 

for a maximum of 300 seconds. Using a mechanical fall detector and a timer for each lane, the 

device automatically records the time when a mouse falls off the rotating rod. The time spent 

on the rod was recorded for each mouse and used as a measure of fall duration. The test and 

training were performed during the day, between 12:00 and 14:00 (Cordaro et al., 2018; 

Monville et al., 2006; Paterniti et al., 2017). 

2.4.2. Biochemical analysis of superoxide dismutase activity and Malondialdehyde 

Mice were sacrificed by cervical decapitation approximately 12 hours after behavioural 

testing to perform biochemical tests. Brains were rapidly collected and cleaned with ice-cold 

saline before the cerebellum was dissected. Isolated samples from the cerebellum were 

immediately processed to determine parameters related to oxidative stress. 

The superoxide dismutase activity was determined by measuring the inhibition of 

photochemical reduction of tetrazolium nitro blue, with some modifications (Oukhrib et al., 

2023). A 3-mL reaction mixture contained 100 mM phosphate buffer (pH 7.8), 55 mM 

methionine, 0.75 mM tetrazolium nitro blue, 0.1 mM riboflavin, and 50μL of the enzyme 

extract. After the addition of riboflavin, the reaction was initiated by placing the tubes under 

20-W fluorescent lamps at 25◦C. The absorbance was read after 15 min at 560 nm (Beyer & 

Fridovich, 1987). The lipid peroxidation was determined by measuring thiobarbituric acid 

reactive substance in terms of malondialdehyde, which gave a pink-colored molecule. The 

absorbance at 548 nm was used to determine the pink-colored product. The outcome was 

represented in nmol malondialdehyde/mg protein (Oukhrib et al., 2023). 

2.5. Histological analysis 

After animal sacrifice, brain samples were extracted and preserved in 10% formalin for 24 

hours. The samples were then dehydrated using baths with increasing concentrations of ethanol 
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ranging from 50% to 100%. Using a semi-automatic microtome (Leica Biosystems RM 2245), 

the paraffin block containing the tissue was segmented into thin ribbons (4µm thick). The 

sections were stained with hematoxylin and eosin. 

2.6. Immunohistochemistry of GFAP 

Mice were sacrificed 12 hours after behavioral testing; urethane anesthesia (40 mg/kg i.p.) 

was provided, followed by transcardiac perfusion with saline (0.9% NaCl) and 

paraformaldehyde (4%) in phosphate-buffered saline (PBS, 0.1 M, pH 7.5). Brains were post-

fixed in the same solution overnight at 4°C after collection. Dehydration in alcohol was 

followed by inclusion in Polyethylene glycol (PEG). Coronal sections through the cerebellum 

were cut 20 μm thick with a microtome (Leica Biosystems RM 2245) and collected in PBS. In 

a solution of PBS containing 0.1% bovine serum albumin (BSA) and 0.3% triton, the selected 

sections were incubated for 2 hours and then overnight at 4°C with the monoclonal anti-glial 

fibrillary acidic protein (GFAP) antibody, diluted 1:1000 in PBS (0.1M, pH7.4), Triton (0.3%), 

and BSA (1%). A secondary antibody (anti-rabbit immunoglobulin, 1/500) was used to detect 

immunoreactivity for 2 hours at room temperature. The sections were then collected and 

mounted in Eukit (Sigma-Aldrich, Buchs, Switzerland) after dehydration for light microscopy. 

These tests showed that the primary antibody used against GFAP showed specific labeling as 

previously published (Draoui et al., 2019). 

2.7. Immunolabelling quantification  

We utilized ImageJ software to quantify GFAP staining immunohistochemically. 

Cerebellum sections from different animals in each group were utilized for GFAP 

immunoreactivity. After converting each image to binary mode, the percentages of black pixels 

were calculated using the image's histogram option. The study employed three randomly 

selected parts per animal from each group as samples. 

2.8. Molecular docking and molecular dynamics simulation 

Molecular docking is a crucial technique for exploring the types of interactions that can 

form when a compound binds to a protein and for calculating the free energy associated with 

their binding. The original 3D structural configuration of the protein catechol O-

methyltransferase (COMT), PDB: 1H1D, was obtained from the Protein Data Bank 

(www.rcsb.org) (Bonifácio et al., 2002). We carried out its preparation using an Autodock tool 

program (Morris et al., 2009), removing unwanted ligands and cofactors after adding polar 

hydrogen atoms, Gsteiger and Kolleman atomic charges, as well as missing residues. Then, the 
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active site is determined by the location of the crystallized co-ligand. The PDB protein file was 

then converted to pdbqt format to make it suitable for molecular docking. Curcumin and 

Madopar were downloaded from the PubChem database server in SDF format, then converted 

to PDBQT format. Afterward, we docked them with their proteins using Auto Dock Vina 

software(Trott & Olson, 2010). Finally, the 2D intermolecular interactions of the candidate 

protein-drug complexes were visualized using Discovery Studio software (Studio, 2016). 

The binding affinity of the curcumin compound and the reference drug at the target active 

site was determined by molecular dynamics simulation (MDs) in accordance with our previous 

work (Abchir et al., 2023; Chalkha et al., 2022; Daoui et al., 2022; Yamari et al., 2023). A 100 

ns simulation was carried out in the Maestro-Desmond software. The protein-ligand complex 

was placed in the center of a cubic box with a size of 15 Å. TIP3P water molecules (Mark & 

Nilsson, 2001) were added, along with appropriate ions such as 0.15 M salt, which were 

randomly distributed into the solvent system to neutralize the medium. The system was 

parameterized using the OPLS3e force field constants from the Desmond package (Roos et al., 

2019). MDs of the production were conducted with NPT set at 298 K and 1 bar. Trajectories of 

the root mean square deviation (RMSD) and (RMSF), protein-ligand contacts (PL), solvent 

accessible surface area value (SASA), radius of gyration value (Rg), MolSA, and the polar 

surface (PSA) were generated to study the stability of the protein-ligand complex. Finally, the 

free energies of protein-candidate or drug bindings were calculated at 50 ns of simulation, using 

the MM-GBSA method via the Prime module of Maestro to further confirm the results. 

2.9. Statistical analysis   

Using one-way analysis of variance (ANOVA), the statistical significance of differences 

between groups was assessed. Tukey's test was used to examine post hoc differences in group 

means. Data are expressed as mean S.E.M., and p<0,05 indicates a statistically significant 

difference. For statistical analysis, SPSS 10.0 software for Windows (SPSS, IBM, Chicago, IL, 

USA) was used. 

3. Results and Discussion 

3.1. Effect of reserpine, Madopar and curcumin-III on motricity and antioxidant activity 

3.1.1. Rotarod test 

The use of the rotarod test after the last treatment showed a significant reduction in motor 

coordination and balance (p<0.05) observed in the group treated with RES alone, represented 
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by the latency time on the rotarod axis compared to the control group. Similar to the baseline 

treatment (Madopar), CUR treatment was able to significantly restore the latency time on the 

rotarod axis (p<0.05). The co-treatment with CUR and Madopar treatment was also able to 

suppress the damage induced by RES treatment significantly(p<0.05) (Fig. 2A). 

Reserpine was one of the first animal models of PD. RES is an alkaloid extracted from the 

plant Rauwolfia serpentina. It is an irreversible inhibitor of VMAT1 and 2 (Leão et al., 2015; 

Vergo et al., 2007). As a neurotoxicant, it prevents VMAT function by inhibiting the uptake 

and transport of monoamines into vesicles present in presynaptic neuronal terminals (Lobay, 

2015). This procedure reduces the release of monoamines into the synaptic cleft and their 

accumulation in the cell. Due to the excess of free radicals created during the metabolism of 

these neurotransmitters, oxidative stress increases (Bilska et al., 2007; da Silva Córneo et al., 

2020; Fuentes et al., 2007; Leão et al., 2015b; Lobay, 2015; Oukhrib et al., 2023). The RES 

model reproduces the main features of PD symptomatology, neurochemistry, and 

pharmacology. 

3.1.2. Open field test 

Our results show that RES induced a significant decrease (p<0.05) in locomotor activity 

represented by the distance covered by the animals during five minutes (Fig. 2B). The treatment 

with CUR induced a significant (p<0.05) restoration of locomotor activity, compared to animals 

treated with RES alone. For the reference group RES+MAD, the results showed a significant 

restoration of locomotor activity compared to the group treated with RES (p<0.05). The 

locomotor activity of the group treated with CUR and the reference treatment increased 

significantly with respect to the distance covered compared to the group treated with RES only 

(Fig. 2B). 

Acute injection of a low dose of RES in mice has been shown to cause motor deficits. These 

impairments include a decrease in motor activity, as evidenced by a decrease in free-field 

distance, and a decrease in motor coordination, as evidenced by a decrease in rotational axis 

latency (Carlsson & Carlsson, 1989; da Silva Córneo et al., 2020b; De Freitas et al., 2016; 

Oukhrib et al., 2023). According to research conducted by several teams, these behavioural 

alterations correlate with an increase in lipid peroxidation in several brain areas (V. C. Abílio 

et al., 2003; Beserra-Filho et al., 2019; da Silva Córneo et al., 2020a; Oukhrib et al., 2023). 

Furthermore, these alterations are associated with dysregulation of antioxidant enzyme activity 

(V. Abílio et al., n.d.; da Silva Córneo et al., 2020a; Oukhrib et al., 2023). Consequently, the 
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animal model shows alterations similar to those observed in patients with PD and is considered 

an effective approach for evaluating new drugs against PD (Chaudhuri et al., 2006; Draoui et 

al., 2019; Lopatina et al., 2014; Voon & Fox, 2007). 

3.1.3. Oxidative damage and antioxidant system 

The level of MDA was significantly decreased (p< 0.001) in the cerebellum of treated 

animals compared to the controls (Fig. 3A). The level of SOD increased significantly (p< 0.01) 

in the cerebellum of animals treated with RES alone, while there was a highly significant 

decrease in enzyme activity in the cerebellum of groups treated with RES plus CUR, MAD or 

both (p< 0.001) (Fig. 3B). 

CUR has been shown to reduce ROS prevent oxidative cell damage, and exhibit 

antioxidant, anti-cancer, and anti-inflammatory properties (Aggarwal et al., 2011 ; Kabeer et 

al., 2019; Maheshwari et al., 2006). Pharmacotherapy with CUR and the co-treatment of CUR 

and MAD significantly restored the motor activity and coordination impaired by RES, as shown 

by the results of behavioural tests. This improvement in motor behaviour can be explained by 

the antioxidant potential of this molecule while protecting the various neuronal systems 

involved in the motor process. This is in agreement with the results of studies showing that 

CUR improves motor behaviour in rodents due to its antioxidant potential against various 

neurotoxic substances that cause oxidative damage in the brain (El-Shamarka et al., 2022a; 

Hasan et al., 2020; Khadrawy et al., 2021). It is also possible that the improvement brought 

about by the administration of CUR for the motor deficit induced by RES is the result of the 

modulation that CUR brings to the various monoaminergic neurotransmission systems, 

especially dopamine (El-Shamarka et al., 2022a; Hasan et al., 2020; Khadrawy et al., 2021; 

Mohammed et al., 2019; Ojha et al., 2012). This improvement may also be linked to the 

reducing power of CUR, which promotes neuroprotection of Purkinje cells in the cerebellar 

vermis. CUR protected against the increase in oxidative stress generated by RES and reduced 

the RES-induced inhibition of vesicular monoamine transporters by reducing lipid peroxidation 

and maintaining stable SOD levels. Our results are consistent with previous research revealing 

the neuroprotective potential of CUR against the negative consequences of oxidative stress (El-

Shamarka et al., 2022b; Khadrawy et al., 2021; Mohammed et al., 2019). 

3.2. Histological and immunohistochemical analysis  

The H&E staining was used to assess neuronal apoptosis in the cerebellum after exposure 

to the different treatments. As shown in the figures (Fig. 4), the number of degenerated Purkinje 
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cells was significantly higher in the cerebellum of animals after administration of RES alone 

than in the cerebellum of control animals (p<0.001). Administration of CUR, MAD, or both 

significantly reduced the rate of Purkinje cell degeneration in the cerebellum (p<0.001) (Fig. 

4). 

The cerebellum has been shown to contribute significantly to the coordination, precision, 

and regulation of body movements by processing sensory information and adjusting muscle 

activity. In addition, the cerebellum is involved in other behavioural functions, such as emotion 

and cognition, through a range of neurotransmitters (Khadrawy et al., 2017) , including GABA, 

which is released by Purkinje neurons in the cerebellum to control and coordinate movement 

(Bowery et al., 2002). These Purkinje cells ensure communication between the cerebellar cortex 

and the brainstem and control motor function via GABAergic projections (Chaumont et al., 

2013; De Zeeuw & Berrebi, 1995; Person & Nature, 2012; Uusisaari et al., 2008). Pathological 

alterations of the cerebellum induce tremors, rigidity, and gait problems associated with non-

motor symptoms in PD (Khadrawy et al., 2017). Our study showed that treatment with RES led 

to changes in cerebellar cells. A significant rate of degeneration in Purkinje cells was observed, 

which may explain the alteration in motor processes (Fig. 4F). This degeneration is the result 

of the accumulation of ROS generated by alterations in neurotransmitter levels following 

treatment with RES (Khadrawy et al., 2017)  . 

Astrocyte density and morphology in the cerebellum were assessed using GFAP 

immunostaining. In addition, we assessed the proportion of the cerebellar region occupied by 

GFAP immunostaining to account for the effect of CUR on astroglial hypertrophy (Fig. 5). 

The number of GFAP-positive cells increased in the cerebellum after RES alone, while 

CUR, MAD, or both only increased slightly. Swelling and deformation in the morphological 

appearance of astrocytes were observed in the different groups other than the control group and 

to a greater extent in the group treated with RES alone, as shown in the figure (Fig. 5). 

Astrocytes are support cells of the nervous system that are responsible for maintaining 

cerebral homeostasis. At different levels, these cells collaborate with various neuronal systems 

to facilitate neurotransmitter trafficking and recycling, energy metabolism, ion homeostasis, 

and defence against oxidative damage (Colombo et al., n.d.; van Deijk et al., 2017) . The 

astrocyte's ability to accept signals from the synaptic cleft and provide feedback by releasing 

its signalling molecules is facilitated by its anatomical proximity to the neuron. The discovery 

of gliotransmitters such as GABA, glutamate, ATP, and D-serine, which are secreted glial 
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signalling molecules by vesicles within the synaptic cleft, supports this potential (Volterra et 

al., 2014; Zorec et al., 2016). GFAP immunolabelling showed that treatment with RES triggered 

astrocyte activation in the cerebellum as demonstrated by increased density, morphological 

changes, swelling, and deformation. A previous study has shown that oxidative stress induced 

by RES administration triggers reactive gliosis to protect neurons in their environment from 

ROS (Draoui et al., 2019; Voronkov et al., 2013).  

Treatment with CUR showed neuroprotective effects due to its antioxidant potential. We 

found that CUR was able to reduce the percentage of Purkinje cells that degenerated because 

of the oxidative stress generated by the blockade of VMAT-1 and 2. In addition, we reported 

that CUR can decrease the degree of astrocytic reaction against ROS produced in their 

microenvironment. These results are in agreement with what has been demonstrated by several 

studies, Hasan et al., 2019, suggested that treatment with CUR offers effective neuroprotection 

to Purkinje cells located in the cerebellar vermis against the neurotoxicity of rotenone (Hasan 

et al., 2020). In studies targeting the effects of CUR on the glial system, this molecule showed 

intense potential as an anti-inflammatory substance while reducing the levels of inflammatory 

responses induced by MPTP administration (H. Gao et al., 2003; H. M. Gao et al., 2003; 

McGeer & McGeer, 2008). Therefore, our study suggests that CUR protects against RES-

induced central damage through its antioxidant action. 

3.3.  Molecular docking and molecular dynamics 

Molecular docking analysis revealed that CUR and the reference drug Madopar were linked 

with the protein COMT via various non-covalent interactions. CUR interacts through a series 

of hydrophilic and hydrophobic interactions. 2D interactions show that the main source of its 

bonds is Van der Waals forces, hydrophobic, and electrostatic interactions (Fig. 6). It was 

observed that thirteen van der Waals interactions (Asp141, Asn170, Glu199, Trp38, Pro174, 

Tyr68, Gly66, Ala67, Glu90, Ser119, Arg146, Gln120 and Ala118) ensured the formation of 

the COMT-CUR complex, while the residues HIS142 and TRP143 were involved in 

hydrophobic bonds. The amino acids Met40, Met91 and Lys144 were included in electrostatic 

interactions. Madopar was bound in the active site via the establishment of three hydrogen 

bonds with these residues Asp30, Asp44 and Glu27, and the formation of two electrostatic 

bonds of Pi-Anion type with these residues Glu27 and Asp44, as well as three hydrophobic 

bonds of two types Pi-Pi T-shaped, Alkyl with these residues Tyr197, Leu26 and Lys202. The 

docking scores displayed in Table 1 reveal that CUR has a binding energy of -8.0 kcal/mol; On 
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the other hand, the reference drug Madopar showed the lowest binding energy of −7.2 kcal/mol. 

This indicates that overall, CUR binding interactions were stronger than those of the reference 

interactions, meaning that the CUR compound had a greater affinity for protein binding than 

Madopar. 

Table 1. Docking scores of Curcumin and Madopar docked complexes. 

Ligands Curcumin Madopar 

Score (kcal/mol) -8.0 -7.2 

 

The structural stability of the protein-ligand complexes over 100 ns was monitored by 

several parameters resulting from molecular dynamics. The RMSD curves of the COMT-CUR 

and COMT-Madopar complexes are shown in Fig. 7. The protein COMT in complex with CUR 

gradually reached a stabilized value of 0.9 Å in 60 ns and afterward deviated to a value of 1.2 

Å, remaining stable until the end. Moreover, the RMSD of CUR adjusted to the protein showed 

a maximum shift of 2.8 Å at the start of the simulation, and after 30 ns, the RMSD lowered to 

0.8 Å (Fig. 7a). While the RMSD curve of protein COMT in complex with the reference drug 

Madopar showed fluctuations of 1.05 Å during the 100 ns; On the other hand, the reference 

exhibited movements of 5.5 Å, remaining stable throughout the simulation with minimal 

displacements in some nanoseconds (Fig. 7b). Therefore, the COMT-CUR complex is 

considered more stable due to its lower deviation observed in the RMSD curve (Yamari et al., 

2024).  

The RMSF trajectory of COMT-CUR shows that all residues exhibit fluctuations smaller 

than 1.2 Å, as shown in Fig. 8a, and the same is observed for COMT-Madopar, as shown in 

Fig. 8b. This indicates that there is no conformational change in the protein caused by the 

binding of CUR or Madopar, signifying the stability of the two complexes. 

The stacked bar histogram in Figure 10 shows that the protein amino acids exhibited 

various types of interactions with the two compounds, including hydrophobic interactions, 

hydrogen bonds, and water-bridged hydrogen bonds. Fig. 9a shows that CUR is engaged in the 

active site by the formation of a single hydrogen bond of 100% participation rate with the amino 
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acid SER119, and hydrophobic contacts MET40, MET91, HIS142, TRP143 and LYS144 with 

formation rate of 28, 39, 90, 91 and 88% respectively, and also water bridges were observed 

with these residues TYR95 and TRP143 with occupancy rate of 25 and 28 % respectively. 

Madopar was linked with the protein through the contact of two hydrogen bonds established by 

Gln23 and Thr34 in the fraction range of 49 and 78% respectively, and water bridge bonds 

established by Gln23, Glu27, Asp30, Thr31, Asp44, Tyr71, Arg78 and Tyr200 in the fraction 

range 30, 22, 22, 18, 25, 15, 23, and 25%, respectively (Fig. 9b). 

The stability of the compounds in the binding pocket was demonstrated by analyzing these 

properties shown in Fig. 10. The RMSD of the ligand represents the squared deviation of the 

compound from its first conformation at time t = 0. The RMSD value for CUR and Madopar is 

less than 1.2 Å and 3 Å respectively. The Rg values for CUR in the binding pocket were 4.4�5 

Å from 0 to 35 ns, and after 35 ns, the Rg remained stable at 4.9 Å until the end of the simulation. 

The Rg values of Madopar in the same binding pocket were stable at 6.0 Å from 0 ns to 88 ns, 

then increased to 6.25 Å, and at the end of the simulation returned to its initial stability. The 

MOLSA plots are associated with a Van Der Waals surface, calculated with a probe radius of 

1.4 Å, and the SASA plots measure the accessibility of the solvent to the ligand. Furthermore, 

the PSA plots are influenced by the nitrogen and oxygen atoms. Analysis of these graphs reveals 

that CUR shows only minimal fluctuations at 312, 80 and 186 Å², and for Madopar at 550, 480 

and 130 Å². To further verify the quality of MDs, post-MD MM/GBSA calculations were 

performed for comparison between CUR and the reference. CUR has a binding energy of -60.41 

kcal/mol, which is lower than the reference binding energy of 45.49 kcal/mol. Meaning that 

CUR's inhibitory activity against the protein may prevail over that of Madopar, suggesting that 

CUR may likely have great potential in treating the disease. 

4. Conclusion 

Current results suggest that CUR prevents motor disorders in mice in an RES-induced PD 

model and reduces disruption of the antioxidant system in the cerebellum of mice, providing 

central protection to various neural systems and reducing histological damage. In addition, 

molecular docking and molecular dynamics studies were performed to identify the stabilising 

capacity of CUR and its inhibitory effect on COMT, thereby reducing dopamine metabolism. 

CUR can therefore be considered a potential therapeutic approach for PD. The mechanism of 

action and medical applications of this molecule require further study. 
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Figure captions 

Fig. 1: Schematic representation of the experimental design. Administration of the various 

treatments, behavioural tests, euthanasia, biochemical and enzymatic analyses and 

histological and immunohistochemical analyses. 

Fig. 2: Effect of CUR, Madopar or both on motor coordination (2A) and spontaneous motor 

activity (2B) in mice treated with RES. Motor coordination and spontaneous motor 

activity were measured for 5 min as described in the text. Values are expressed as 

mean ±SEM. *P<0.05 compared with control group, #P<0.05 compared with RES-

treated group. 

Fig. 3: Effects of CUR and Madopar or both on MDA (3A) and SOD (3B) levels in the 

cerebellum after treatment with RES. Data are expressed as mean ± SEM. *P<0.05 vs 

control, #P<0.05 vs RES alone. 

Fig. 4: Representative photomicrographs of histological sections of the cerebellum stained with 

HE in the different groups: (A) Control, (B) RES alone, (C) RES+CUR, (D) 

RES+MAD, (E) RES+CUR+MAD and (F) Representative histogram of the rate of 

Purkinje cell degeneration where the data are expressed as a percentage (%) of normal 

and degenerated cells. *P<0.05 compared with the control group, #P<0.05 compared 

with the group treated with RES alone. 

Fig. 5: Effects of CUR, Madopar or both on astrocyte density and morphology in the cerebellum 

after treatment with RES, revealed by GFAP immunostaining. (A) Control, (B) RES 

alone, (C) RES+CUR, (D) RES+MAD and (E) RES+CUR+MAD. Data are expressed 

as mean ± SEM. *P<0.05 compared with the control group, #P<0.05 compared with 

the group treated with RES alone. 

Fig. 6: 2D representation of COMT-ligand interactions (a) Cur, and (b) the Madopar used as 

reference drug. 

Fig. 7: The root means square deviation (RMSD) of COMT-Curcumin (a) and COMT-Madopar 

(b) over the MD of 100 ns.  

Fig. 8: The RMSF of COMT-Curcumin (a) and COMT-Madopar, over the MD of 100 ns. 

Fig. 9: Simulation interaction plots and histograms of Curcumin (a), Madopar (b) in complex 

with protein COMT. 

Fig. 10: Evolution of RMSD, Rg, MolSA, SASA, PSA during 100 ns, for Curcumin (a), 

Madopar (b). 
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