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Abstract. – OBJECTIVE: Malvidin is a natu-
ral, biologically active polyphenol found in sev-
eral fruits. It exhibits several therapeutic ben-
efits; however, limited studies are available on 
its effects on neurodegenerative clinical condi-
tions, including Parkinson’s disease. The study 
aimed to investigate the therapeutic properties 
of malvidin on rotenone-triggered Parkinson’s 
disease in an animal model. 

MATERIALS AND METHODS: To determine 
the effects of malvidin, rotenone (1.5 mg/kg) was 
injected subcutaneously into Wistar rats for 21 
days, followed by a dose of malvidin (200 and 100 
mg/kg). Behavioral tests were performed on the 
experimental animals before sacrifice. On the 22nd 
day of the experiment, biochemical tests were per-
formed, including superoxide dismutase (SOD), 
glutathione (GSH), malondialdehyde (MDA), and 
catalase (CAT). The activity of neurotransmit-
ters and their metabolites, including acetylcho-
line (ACh), acetylcholinesterase (AChE), dopa-
mine (DA), norepinephrine (NE), serotonin (5-HT), 
3,4-dihydroxyphenylacetic acid (DOPAC), homo-
vanillic acid (HVA), and 5-hydroxyindoleacetic ac-
id (5-HIAA) along with neuroinflammatory mark-
ers including interleukin-6 (IL-6), interleukin-1β (IL-
1β), tumor necrosis factor- α (TNF-α), and nuclear 
factor erythroid 2-related factor 2 (Nrf-2) were es-
timated. Moreover, the level of the apoptotic mark-
er, caspase-3, was also estimated. In addition, mo-
lecular docking was performed. 

RESULTS: The administration of rotenone re-
sulted in oxidative stress, cholinergic imbalanc-
es, dopaminergic alternations, and increased 
expression of inflammatory compounds. The 
docking analysis revealed that malvidin dis-
played a favorable binding affinity for AChE, 
showcasing a binding energy of -9.329 Kcal/mol. 

CONCLUSIONS: The investigation concludes 
that malvidin exhibits neuroprotective effects 
due to its curative effects against inflammation 
and oxidative stress. These findings suggest 
that malvidin possesses therapeutic potential 
against rotenone-triggered behavioral, oxida-
tive, and inflammatory abnormalities in rodents.

Key Words:
Antioxidant markers, Behavioral paradigms, Malvi-

din, Rotenone, Parkinson’s disease.

Introduction

Parkinson’s disease (PD) is a sluggishly de-
veloping neurological condition affecting nearly 
1.5% to 2.0% of elderly people worldwide1. PD 
is a devastating neurodegenerative disease that is 
symptomatized by neuronal degeneration, which 
causes motor abnormalities that impair move-
ment and speech. Patients with PD experience 
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tremors and muscular rigidity due to the degen-
erative effects of the disease on dopaminergic 
neurons located in the central nervous system 
(CNS)2,3. The pathophysiology of PD is linked 
with genetic and environmental causes, as well 
as inflammation, alterations, and mitochondrial 
malfunction, which have an impact on the onset 
and progression of PD4.

Rotenone is a plant-based crystalline isofla-
vone mostly used as a pesticide and insecticide 
in agriculture. Rotenone causes dopaminergic 
neurodegeneration by affecting the functional-
ity of mitochondrial complex I5. Rotenone has 
an affinity for mitochondrial complex I, and by 
binding, rotenone disturbs the electron transport 
chain. Rotenone accumulates α-synuclein in the 
brain and has a lipophilic nature that allows it to 
penetrate the blood-brain barrier6,7. In addition, 
rotenone affects superoxide generation in activat-
ed microglia. Thus, rotenone has frequently been 
included in the development of clinically relevant 
research models of PD8.

Oxidative stress is a primary characteristic of 
neurodegenerative disorders. Reversing oxidative 
stress has been considered to be beneficial in the 
treatment of PD9. Similarly, mitochondrial injury 
is vital in the onset of PD, and preserving mito-
chondrial function has been shown to be effective 
in treating neurodegeneration10. Neuroinflamma-
tion is critical in the pathogenesis of PD, and it 
has been discovered that reducing neuroinflam-
mation has a neuroprotective effect11. Oxidative 
stress and neuroinflammation inhibit the kinase 
cascade, which includes protein kinase B.

Moreover, neurodegeneration advanced as a 
consequence of phosphoinositide 3-kinase (PI3K) 
and mammalian target of rapamycin (mTOR), 
fostering oxidative damage and inflammation 
within neural tissue12.

Malvidin is an anthocyanidin with several me-
dicinal properties that confer many health ben-
efits. Anthocyanidins are plant-derived phenolic 
compounds mostly found in greens and fruits13. 
Malvidin has been proven to be an effective 
anti-stress molecule, reducing oxidative stress14. 
Additionally, malvidin has anticancer properties 
and arrests the cell cycle by controlling the phos-
phorylation of signal transducer and activator of 
transcription 3 (STAT3)15. Moreover, malvidin 
has been proven to be beneficial in the manage-
ment of neurological disorders such as Alzhei-
mer’s disease (AD). It was reported to reduce tau 
protein aggregation by activating FK506 binding 
protein 52 (FKBP52), improving AD treatment16. 

Furthermore, anthocyanins, such as malvidin, 
have been shown to slow the progression of cer-
tain disorders owing to their anti-inflammatory 
and antioxidative properties17.

Despite advances in the medical sector and re-
search, there is no accurate treatment for PD. Ex-
tensive research is being conducted on neurodegen-
erative disorders worldwide; however, no complete 
prophylaxis or cure has been discovered for PD. 
Current treatments for PD only provide short-term 
relief to patients by replacing existing DA, and do 
not completely stop the degeneration of neurons18. 
Therefore, the development of preventive strategies 
for chronic neural clinical conditions is required. 
Although studies19-21 have been conducted to de-
termine the neuroprotective properties of certain 
plant-based compounds with anti-inflammatory 
properties, interventions without adverse effects are 
warranted. The current work aims to determine 
the neuroprotective efficacy of malvidin in a rote-
none-triggered PD experimental rodent model.

Materials and Methods

Chemicals and Reagents
Rotenone (Sigma-Aldrich, St. Louis, MO, 

USA) was employed in the research. The inves-
tigative kits for interleukins beta (IL-1β), IL-6, 
tumor necrosis factor α (TNF-α), nuclear factor 
erythroid 2-related factor 2 (Nrf-2), and caspase-3 
were dignified by using a rat enzyme-linked 
immunosorbent assay (ELISA) kit and malvi-
din (≥95.0%) was obtained from MSW Pharma 
(Chandrapur, Maharashtra, India).

Animals
Male Wistar rats aged 10-12 weeks (180±20 

g) were included in this study. All rodents were 
housed in a propylene cage for one week prior to 
the experiment. The temperature was adjusted 
at 24±5°C, whereas humidity was set at 50-60% 
with 12 hours of alternate light and dark cycle. 
Proper animal food (pellets) and fresh drink-
ing water were supplied to all the experimen-
tal subjects. The Committee for the Purpose of 
Control and Supervision of Experiments on Ani-
mals (CPCSEA) guidelines were strictly followed 
while the experiments were being performed. 
The work was approved by the Institutional Ani-
mal Ethics Committee (IAEC/TRS/PT/023/029), 
date-08/09/2023 and research was conducted as 
per the Animal Research: Reporting of In Vivo 
Experiments (ARRIVE) guidelines22.
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Experimental Design
The rodents were separated into four groups 

(n=6). The first group received only sunflower 
oil and was labelled the “control group,” while 
the second group was (Rotenone control) admin-
istered 0.5 mg/kg of rotenone. The third group 
was named the low-dose treatment group (Rote-
none 0.5 mg/kg + 100 mg/kg malvidin), and the 
fourth group was the high-dose treatment group 
(Rotenone 0.5 mg/kg + 200 mg/kg malvidin). 
Except for the control group, each group was pro-
vided 0.5 mg/kg of rotenone via a subcutaneous 
route for three weeks. The high- and low-dose 
groups were provided 200 mg/kg and 100 mg/
kg malvidin for 21 days, respectively, one hour 
before rotenone injection. A behavioral test was 
conducted on all experimental rodents 24 hours 
after the last dose of rotenone. Immediately after 
completing the behavioral test, all the animals 
were sacrificed, and the brain from each animal 
was dissected, washed using cold saline, and pre-
served at 4°C in formalin solution.

Behavioral Study

Catalepsy test
The catalepsy measurement was performed 

with a wooden box with proportions of 25 cm 
× 20 cm × 35 cm (height × width × length) ac-
companied by a 20 cm long horizontal bar with a 
diameter of 0.8 cm hanging 9 cm above the base 
made of stainless steel. The rats were positioned 
on the bar in a half-rearing mode, and a catalepsy 
score was recorded23.

Open field test
The experiment was accomplished in a rectan-

gular frame. The frame floor was made of cloth 
and divided into 25 squares of dimensions 20 × 
20 (length × width). The locomotor activity of 
the rats was observed by placing an animal in a 
square at the center of the floor. Motor parame-
ters were examined, including the duration spent 
in the initial place, rearing, distance covered by 
a rat, and entries in the central square. Finally, 
overall activity was calculated24.

Rota-rod test
The rota-rod experiment assessed the coor-

dination and motor balance of the animals, as 
described in an earlier study25. Each rat was 
mounted on a rod (diameter=7 cm) and a rota-
tional speed of 5 rpm, and the sustained duration 

was recorded using a 3-minute maximum cut-off 
latency.

Biochemical analyses
Phosphate buffer was used to prepare the brain 

tissue homogenate, and the supernatant was ob-
tained by centrifugation of the mixture for 25 min 
(15,000-25,000 rpm). The clear supernatant was 
used for biochemical analyses.

Superoxide dismutase (SOD)
SOD activity was estimated according to a 

previously described protocol26. In this assay, 
xanthine generates superoxide. The supernatant 
was aliquoted and incubated after being placed in 
a test tube containing xanthine, nitroblue tetra-
zolium (NBT), and phosphate buffer. SOD activ-
ity was determined as units per mL (U/mL) and 
measured at 560 nm using a spectrophotometer.

Catalase (CAT)
In a test tube, 500 L of homogenate superna-

tant was added to a mixture of hydrogen peroxide 
(1,000 µL) and phosphate buffer (2,000 µL). The 
mixture was transferred to a cuvette, and spec-
trophotometric analysis was conducted at 240 nm 
for 30 s. Catalase expression was measured as the 
number of U/mL27,28.

Reduced glutathione (GSH)
GSH was analyzed as per the previously de-

scribed method29. A mixture of 100 µL of homog-
enate, 10% of C2HCl3O2 (trichloroacetic acid), 
and Ellman’s reagent was prepared in a reaction 
tube and centrifuged at 2,000 rpm for the dura-
tion of 15 minutes. Spectrophotometric observa-
tions were noted at a wavelength of 412 nm. The 
output was represented as U/mg.

Malonaldehyde (MDA)
MDA was estimated as a lipid peroxidation 

marker as per a previously described method30,31. 
The brain tissue homogenate was mixed with 
acetic acid (20%), thiobarbituric acid (8%), and 
dodecyl sulfate (0.8%). The tube was then heated 
for 60 minutes at 90°C to boil the mixture. After 
cooling, the mixture was submitted for centrifu-
gation for 15 minutes at 1,500-2,000 rpm. Read-
ings were taken at 532 nm, and MDA activity was 
represented as mmol/L.

Neurotransmitter estimation
The levels of neurotransmitters such as nor-

epinephrine (NE), dopamine (DA), serotonin (5-
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HT) and their metabolites, 5-hydroxyindoleacetic 
acid (5-HIAA), homovanillic acid (HVA) and 
3,4-dihydroxyphenylacetic acid (DOPAC) were 
estimated by the HPLC (High-performance liq-
uid chromatography, Agilent 1100, Agilent Tech-
nologies Helwette-Packard-Strasse 876337, Wald-
bronn, Germany) technique. The brain tissue 
samples were homogenized in 0.17 M perchloric 
acid. Using a reversed-phase liquid chromatog-
raphy system with electrochemical detection, su-
pernatants from tissue homogenates were inject-
ed directly into the chromatography system in a 
20 µl volume.

ACh expression in the brain was estimated as 
per a previously described method32. Enzyme 
inactivation was performed by boiling tissue 
samples to release ACh. A brown compound 
was formed by the reaction of ACh with ferric 
chloride, which was measured at 540 nm using a 
blank. The ACh level was determined as μmol/g 
of tissue. The AChE was estimated in tissue as 
per the protocol described by Haider et al33, and 
its activity was measured as U/mg in brain tissue.

Neuroinflammatory Assay 
The supernatant was used as a reagent to 

estimate the cytokine activity of TNF-α, IL-1β, 
and IL-6 using a kit as per the manufacturer’s 
guidelines. The concentration of TNF-α, IL-1β, 
and IL-6 were measured in pg/mL. Similarly, 
Nrf-2 and caspase-3 expression in the brain tissue 
homogenate were estimated by ELISA as per the 
protocol provided in the kit manual. The concen-
tration of Nrf-2 and caspase-3 expression was 
measured in ng/mL.

Molecular Docking
The amino acid sequences and three-dimen-

sional X-ray crystallographic structures of the 
amino acid sequences and three-dimensional 
X-ray crystallographic structures AChE, ChAT, 
TNF-α, IL-6, IL-1β, caspase-3, and Nrf-2 were 
retrieved from the NCBI and Protein Data Bank 
(PDB), respectively. A BLAST search was con-
ducted within the PDB to identify analogous 
sequences. For molecular docking, side chains 
for each protein were generated using CHIME-
RA v1.16, followed by optimization procedures 
comprising 1000 Steepest Descent steps with 
a 0.1 Å Steepest Descent size, the addition of 
hydrogen atoms, and setting protonation states 
for histidine residues. Subsequently, non-stan-
dard residues, water molecules, and extraneous 
chains were eliminated using the Biovia Dis-

covery Studio Visualizer V21.1.0.20298 (Bio-
via Discovery Studio Visualize). The receptor 
grid was determined through the combined use 
of AutoDock Vina 1.2.5 (Scripps Research In-
stitute, La Jolla, CA, USA), Chimera (Universi-
ty of California, San Francisco, CA, USA) and 
Maestro (Schrödinger, LLC, New York, NY, 
USA). Ligands and the target molecule malvi-
din were prepared using MarvinSketch v21.13, 
followed by cleaning using the MMFF94 force 
field. The lowest energy conformers were saved 
in a 3D mol2 file format. AutoDock Vina 1.2.5 
was employed for molecular docking, and the 
resulting data were visualized using Biovia 
Discovery Studio.

Statistical Analysis
The study employed a one-way ANOVA to 

analyze data presented as standard error of the 
mean (SEM) obtained using GraphPad Prism 
version 8.0.2 (Boston, MA, USA). Data normality 
was verified using the Shapiro-Wilk test. Signif-
icant differences between groups were assessed 
with Tukey’s post hoc test following a significant 
one-way ANOVA (p<0.05).

Results

Behavioral Tests

Catalepsy test 
The duration of catalepsy was significantly 

extended in rotenone-induced rats (p<0.001) than 
in control animals. The experimental groups that 
received 100 and 200 mg/kg malvidin depicted a 
decrease [F (3, 20)=10.87, p=0.0002] in catalepsy 
duration collated to the animals treated with rote-
none (Figure 1A).

Open-field test
The open field activity showed significant 

deprivation (p<0.001) in the animals injected 
with rotenone than the control group. Howev-
er, the open field test activity was successfully 
recovered [F (3, 20)=11.45, p=0.0001] in both 
experimental groups treated with malvidin (100 
and 200 mg/kg) as compared to rotenone-induced 
rats (Figure 1B).

Rotarod test
In the rotarod test, the rotenone-induced be-

havioral alterations in rats were attenuated by 
malvidin treatment. The retention time was re-
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stricted in rotenone-treated rats collated with that 
in the control group. Malvidin treatment (100 and 
200 mg/kg) significantly extended the retention 
time [F (3, 20)=28.46, p<0.0001] as associated 
with rotenone-induced rats (Figure 1C). 

Biochemical parameters
Biochemical markers of oxidative stress, 

such as GSH, SOD, and CAT, showed de-
creased expression levels, whereas MDA levels 
(p<0.001) increased in the rotenone-induced 
animal group. The treatment groups that re-
ceived both the doses of malvidin (100 and 200 
mg/kg) exhibited raised levels of SOD [F (3, 
20)=15.60, p<0.0001], CAT [F (3, 20)=26.36, 
p<0.0001], GSH [F (3, 20)=26.91, p<0.0001] 
and MDA [F (3, 20)=14.15, p<0.0001] expres-
sion declined as associated to rotenone control 
group (Figure 2A-D).

Neurotransmitters and their metabolites
The expression of DA, NE, 5-HT, DOPAC, 

HVA, and 5-HIAA was less (p<0.001) in the 
rotenone-administered subjects than that of ani-
mals in the control group. However, groups with 
malvidin (100 and 200 mg/kg) markedly re-
gained the normal levels of DA [F (3, 20)=16.08, 
p<0.0001], NE [F (3, 20)=82.58, p<0.0001], and 
5-HT [F (3, 20)=24.06, p<0.0001], DOPAC [F 
(3, 20)=10.66, p=0.0002], HVA [F (3, 20)=11.12, 
p=0.0002] and 5-HIAA [F (3, 20)=8.505, 
p=0.0008] as compared to rotenone control 
group. AChE activity was reported to be mark-
edly decreased in rotenone-given animals com-

pared to the animals of the control group. While 
treatment with malvidin (100 and 200 mg/
kg) was significantly restored [F (3, 20)=19.13, 
p<0.0001], AChE activity was associated with 
rotenone control. Similarly, the level of ACh 
was increased by rotenone in the experimental 
groups, while malvidin treatment significantly 
restored [F (3, 20)=7.111, p=0.0019] the ACh 
as associated with the rotenone control group 
(Figure 2E-L).

Neuroinflammatory markers
Rotenone administration showed a significant 

increase (p<0.001) in IL-1β, IL-6, TNF-α, and 
caspase-3 expression in the rotenone group collat-
ed with the control group; however, Nrf-2 showed 
upregulation expression (p<0.001). In the malvi-
din-given groups (100 and 200 mg/kg) the effect 
of rotenone restored the expression of Nrf-2 [F (3, 
20)=26.67, p<0.0001] while decreased the activity 
of IL-1β [F (3, 20)=23.69], IL-6 [F (3, 20)=29.88, 
p<0.0001], TNF-α [F (3, 20)=13.56, p<0.0001], 
and caspase-3 [F (3, 20)=16.01, p<0.0001] (Figure 
3A-E).

Molecular docking
We obtained the three-dimensional X-ray 

crystallographic structures of AChE, ChAT, 
TNF-α, IL-6, IL-1β, caspase-3, and Nrf-2 from 
the PDB database. These structures were val-
idated through various parameters, including 
resolution, mutation analysis, wwPDB valida-
tion, the presence of co-crystal ligands (Table 
I). Receptor grids were generated for prepared 

Figure 1. A-C, Effect of malvidin on behavioral parameters. A, Catalepsy time, (B) Open field activity, (C) Rotarod test. The 
data were expressed as mean ± S.E.M. (n=6/group).  *p<0.05, **p<0.001, ***p<0.0001, when compared with the control group; 
#p<0.001 when compared with the rotenone group (one-way ANOVA followed by Tukey’s test).
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Figure 2. A-L, Effect of malvidin on antioxidant enzymes and neurotransmitters and their metabolites. A, Superoxide 
dismutase (SOD), (B) Catalase (CAT), (C) Glutathione transferase (GSH) (D) Malondialdehyde (MDA) (E) Dopamine (DA), 
(F) Norepinephrine (NE), (G) Serotonin (5HT), (H) 3,4-dihydroxyphenylacetic acid (DOPAC), (I) Homovanillic acid (HVA), 
(J) 5-hydroxyindoleacetic acid (5-HIAA), (K) Acetylcholinesterase (AChE), (L) Acetylcholine (Ach). The data were expressed 
as mean ± S.E.M. (n=6/group). *p<0.05, **p<0.001, ***p<0.0001 when compared with the control group; #p<0.001 when 
compared with rotenone group (one-way ANOVA followed by Tukey’s test).
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proteins (7XN1, 2FY2, 2AZ5, 1ALU, 6Y8M, 
5H8Q) using AutoDockTools, Chimera, and 
Maestro. Grid size varied: for proteins with 
co-crystal ligands, dimensions were based on 
the ligand, while for those without, the Com-
puted Atlas of Surface Topography of Proteins 
(CASTp) server determined the volume. We 
then analyzed amino acids lining the generated 
grid pockets (Table II). The enclosing box was 
carefully shrunk to precisely match the active 
site’s shape and character, ensuring only com-
patible ligands could be docked (Table III).

The docking results indicated that AChE 
exhibited a favorable binding affinity towards 
malvidin, with a binding energy of -9.329 Kcal/
mol. This interaction involves hydrophobic and 
hydrogen bonding with specific amino acid 
residues (TYR72A, ASP74A, TRP86A, GL-
N71A, TYR124A, SER125A, TYR337A, and 
TYR337A), with bond distances ranging from 

2.03 to 4.00 Å. Similarly, Nrf-2 demonstrated a 
notable binding affinity for malvidin, yielding 
a binding energy of -8.253 kcal/mol. The inter-
actions in this case included hydrophobic inter-
actions and hydrogen bonding involving amino 
acid residues (SER363A, ASN382A, ARG415A, 
ILE416A, GLY509A, ALA510A, and SER602A) 
with bond distances ranging from 2.18 to 3.61 
Å. Furthermore, caspase-3 exhibited a sub-
stantial affinity for malvidin, with a binding 
energy of -7.957 kcal/mol. This interaction is 
characterized by a combination of hydrophobic 
interactions and hydrogen bonding, with bond 
distances ranging from 2.18 to 3.61 Å. The 
amino acid residues involved were SER363A, 
ASN382A, ARG415A, ARG415A, ILE416A, 
GLY509A, ALA510A, and SER602A. In con-
trast, IL-6 demonstrated the lowest affinity for 
malvidin, with a binding energy of -5.956 kcal/
mol. The findings are summarized in (Table IV 

Figure 3. A-E, Effect of malvidin on neuroinflammatory parameters. A, Tumor necrosis factor-α (TNF-α), (B) interleukin-
1ß (IL-1ß), (C) interleukin-6 (IL-6), (D) nuclear factor erythroid 2-related factor 2 (Nrf-2), (E) caspase-3. The data were 
expressed as mean ± S.E.M. (n=6/group). *p<0.05, **p<0.001, ***p<0.0001 when compared with the control group; #p<0.001 
when compared with rotenone group (one-way ANOVA followed by Tukey’s test).
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Table I. A comparison of standard values and retrieved proteins for validation of protein selection in docking studies.

 Parameters   Protein details    Standards

       Nuclear factor
   Tumor necrosis    erythroid  
 Targets  Acetylcholinesterase factor-α Interleukin-6 Interleukin-1β Caspase-3 2-related factor 2 

Protein Id  7XN1 2AZ5 1ALU 6Y8M 1NME 5FZN -
Method of experiment X-ray diffraction X-ray diffraction X-ray diffraction X-ray diffraction X-ray diffraction X-ray diffraction X-ray diffraction
Mutation No No No No No No No
Resolution 2.85 Å 2.10 Å 1.90 Å 1.90 Å 1.60 Å 1.97 Å Near about 2.00 Å
wwPDB Validation Better Better Better Better Better Better Better
Co-Crystal Ligand THA 307 Absent SX2 159 FB2 -
Ramchandran Plot
(by PROCHECK server)
Residues in favored +  89.8% 90.2%  90%  89% 90.2 90.0% >80%
Allowed regions
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and Figure 4). 
Discussion

In the present work, the neuroprotective 
properties of malvidin were analyzed in rote-
none-administered experimental rats. Based on 
behavioral test findings, rotenone administration 

markedly affected locomotor activity and motor 
coordination in experimental animals. Moreover, 
neurotransmitter analysis revealed dopaminergic 
neurodegeneration in the striata of rotenone-treat-
ed rodents. These observations were in line with 
those of a previous investigation34. Previous re-
search35-37 has shown that rotenone administra-

Table II. Active sites amino acids.

 Protein  Active sites amino acids

7XN1 ASP74, TRP86, GLY121, GLU202, TYR337, TYR341, HIS447, GLY448

2FY2 TYR28, CYS31, MET32, TRP80, ASP83, MET84, TYR85, ASN88, LEU90, LEU92, VAL94,
 ASN95, SER96, SER97, PRO98, VAL100, ILE136, PRO137, THR138, GLY147, GLN148, 
 LEU150, MET152, GLN154, TYR155, ARG163, ARG240, CYS322, HIS324, PHE327, ASP328, 
 GLY329, ILE330, VAL331, LEU332, VAL333, GLN334, GLU337, LYS403, LYS407, CYS411, 
 SER412, PRO413, ASP414, ALA415, TYR436, GLU437, SER438, ALA439, SER440, ARG442, 
 ARG443, ARG448, VAL449, ASP450, ASN451, ILE452, ARG453, GLN489, THR490, THR493,
 VAL494, ILE497, ILE502, ASP503, ASN504, LEU506, LEU507, ARG510, TYR529, SER532, 
 ASN533, PHE535, SER538, THR539, SER540, GLN541, VAL542, PRO543, THR544, THR545,
 CYS550, TYR552, GLY553, PRO554, VAL555, VAL556, PRO557, PRO566, GLN567, PHE578

2AZ5 LEU57A, TYR59A, SER60A, TYR119A, LEU120A, GLY121A, GLY122A, TYR151A, LEU57B,
 TYR59B, SER60B, TYR119B, LEU120B, GLY121B, TYR151B, LEU55D

1ALU GLU95, VAL96, LEU98, GLU99, GLN116, LYS120, PRO141, ASN144

6Y8M GLU105A, ASN108A, LYS109A, LEU110A, THR147A, MET148A, GLN149A

5H8Q PHE18, ILE116, SER121, VAL124, ASP125, PHE126, VAL128, PRO129, PHE130, VAL131, GLU132,
 ILE135, ARG141, THR146, GLY147, LEU148, SER149, ASN176, ASN180, TYR181, ALA215, 
 ALA216, ASN219, TYR220, ALA222, GLY223, ARG224, CYS228, LEU230, VAL231, THR232, 
 GLY234, SER235, GLY236, TYR237, ILE238, PHE239, ALA240, THR241, THR242, GLY243, 
 LYS250, LYS255, ARG256, ASP259, LEU260, LEU262, LEU263, GLN264, VAL266, GLY267, 
 ASP268, GLY269, MET271, GLU272, GLU275, THR276, LEU279, THR280, GLY281, CYS283, 
 PHE67, THR127, ILE128, ASN129, ASN130, GLU131, ALA133, GLN134, ILE136, GLU137, 
 PHE138, SER139, LYS140, PRO141, PHE142, LYS143, TYR144, GLN145, LEU147, ILE160, 
 ARG166, SER181, VAL182, ILE184, TYR185, ARG188, GLN189, GLU191, LEU192, ASP225, 
 SER226, ALA227, GLU230, PHE231, GLU244, LEU245, PHE246, PHE247, ARG248, 
 SER249, GLY250, MET255, LYS257, LYS262, GLN263, SER266, LEU267, LEU270, HIS273, 
 GLU274, ASN275, GLY276, MET278, GLU279, ASP282, LYS283, VAL286, ARG287

1NME TRP206, ARG207, ASN208, SER209, LYS210, TRP214, SER249, PHE250, SER251, PHE252

5FZN TYR334A, TYR334A, SER363A, SER363A, GLY364A, GLY364A, ARG415A, ARG415A, 
 ARG415A, ARG415A, ARG415A, ALA556A, ALA556A, SER602A, SER602A, SER602A, 
 GLY603A, GLY603A, GLY603A

Table III. Grid parameter.

   Centre coordinates   Size coordinates

 PDB ID X Y Z X Y Z

7XN1 48.32 -40.0 -30.0 40 40 40
2FY2 9.603 0.134 66.752 40 40 40
2AZ5 -19.41 -74.65 33.85 35 35 35
1ALU 9.966 -20.835 16.696 30 30 30
6Y8M 7.3 25.32 -9.44 40 40 40
5H8Q 14.66 -14.25 -25.73 20 20 20
1NME 42.09 96.34 24.13 30 30 30
5FZN 14.02 66.12 30.64 20 20 20
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tion in experimental animals produces symptoms 
that mimic Parkinson’s disease, including oxida-
tive damage, neuroinflammation, apoptosis, and 
behavioral and biochemical changes. Rotenone 
induction causes microglia-mediated neuronal in-
flammation, which results in blood-brain barrier 
dysfunction and damage to dopaminergic neu-
rons38. Previous work4,39,40 showed that rotenone 
treatment in animals results in cognitive imbal-
ances, impairment in coordination, gait dysfunc-
tion, and paralysis supported by behavioral tests 
such as catalepsy, rotarod, and open-field tests. 
In previous studies41,42, malvidin significantly im-
proved the behavioral parameters in experimental 
animals, including rota-rod test, open field test, 
and catalepsy test. Similarly, in the present exper-

iments, malvidin treatment (100 and 200 mg/kg) 
reversed the effects of rotenone in animals and 
normalized the learning ability.

Malvidin was reported to have antioxidant 
properties inhibiting oxidative stress and amelio-
rating the chemically induced neurodegenerative 
effects in animal models42. Previous research6,20 
has shown that oxidative stress causes damage 
to dopaminergic neurons in the brain tissue. The 
current observations are supported by previous 
research36,43 that demonstrated that rotenone ad-
ministration caused neurodegenerative damage 
via oxidative stress by lowering the expression 
of SOD, GSH, and CAT and promoting MDA 
activity. The current study demonstrated that 
malvidin mitigated rotenone-induced oxidative 

Table IV. Docking Score and intermolecular interactions of ligands Malvidin Proteins acetylcholinesterase (7XN1), choline 
acetyltransferase (2FY2), tumor necrosis factor-α (2AZ5), interleukin-6 (1ALU), interleukin-1β (6Y8M), glutamate (5H8Q) 
caspase-3 (1NME), NRF-2(5FZN) using LigPlot v1.4.5, PLIP server, Maestro V12.8 and Biovia Discovery studio visualizer.

 Sr.   Binding Energy  
 No. Proteins Kcal/mol Interactions Residue ID Distance

 1 7XN1_Malvidin -9.329 Hydrophobic Interactions TYR72A 3.87
    ASP74A 3.75
    TRP86A 4
   Hydrogen Bonds GLN71A 2.43
    TYR124A 3.01
    SER125A 3.32
    TYR337A 2.03
    TYR337A 2.3
    HIS447A 2.18
   p-Stacking TRP86A 3.85
    TRP86A 3.95
    TYR124A 5.26
 2 2FY2_Malvidin -8.234 Hydrophobic Interactions VAL542A 3.81
   Hydrogen Bonds HIS324A 2.15
    GLY329A 2.43
    ILE330A 3.01
    GLN541A 3.1
 3 2AZ5_Malvidin -6.632 Hydrogen Bonds TYR119A 2.54
    GLY121A 2.16
    TYR151A 2.48
   p-Stacking TYR119A 4.04
    TYR119A 4.17
 4 1ALU_Malvidin -5.956 Hydrophobic Interactions GLU93A 3.56
    PRO139A 3.64
    ASP140A 3.9
    THR143A 3.89
   Hydrogen Bonds GLU93A 2.2
    ASP140A 2.55
    THR143A 2.2
 5 6Y8M_MALVIDIN -6.809 Hydrogen Bonds SER5A 2.26
    SER5A 3.35
    SER43A 3.07
    SER43A 3.14
    LYS65A 1.97
    TYR68A 2.54

Continued
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stress in rodents at doses of 100 and 200 mg/
kg. ROS generation due to oxidative stress, 
accompanied by neuroinflammation, results in 
the progression of neurodegenerative disorders. 
CAT are defense mechanisms that neutralize 
free radicals by converting H2O2 into water and 
oxygen molecules.

Similarly, SOD produces superoxide anions 
that neutralize oxidative stress42. In this study, 
treatment with both concentrations of malvidin 
(200 and 100 mg/kg) markedly raised CAT and 
SOD levels, resulting in a decline in oxidative 
stress. GSH is a prominent scavenger of ROS, 
which suppresses oxidative injury and is used 
as a marker of oxidative stress. Previous find-
ings44, which are in agreement with the current 
results, have revealed an increase in GSH activity 
in experimental animals treated with malvidin. 
MDA is an output of lipid peroxidation, and its 

elevated levels indicate an increase in the level of 
oxidative stress. Previous studies45 have revealed 
elevated MDA levels in neurodegenerative dis-
orders, which is in line with current work. The 
output of the present work showed that malvidin 
treatment markedly reduced MDA expression in 
experimental animals. Malvidin may reduce the 
risk of neurodegenerative diseases and protect the 
brain from oxidative damage.

A previous study46 reported that 5-HT and NE 
are crucial in normal psychological behavior and 
that dopamine plays a crucial role in movement. 
In the present results, rotenone administration 
lowered DA, NE, 5-HIAA, and 5-HT levels but 
increased HVA and DOPAC expression, analo-
gous to earlier findings47,48. Treatment with malvi-
din restored the effects of rotenone in experi-
mental animals, resulting in normal levels of 
neurotransmitters, which improved the neuronal 

Table IV (Continued). Docking Score and intermolecular interactions of ligands Malvidin Proteins acetylcholinesterase (7XN1), 
choline acetyltransferase (2FY2), tumor necrosis factor-α (2AZ5), interleukin-6 (1ALU), interleukin-1β (6Y8M), glutamate (5H8Q) 
caspase-3 (1NME), NRF-2(5FZN) using LigPlot v1.4.5, PLIP server, Maestro V12.8 and Biovia Discovery studio visualizer.

 Sr.   Binding Energy  
 No. Proteins Kcal/mol Interactions Residue ID Distance

 6 5H8Q_MALVIDIN -9.754 Hydrophobic Interactions PRO129A 3.3
    PRO141B 3.59
    TYR144B 3.38
   Hydrogen Bonds GLU132A 2.72
    PRO141B 3.16
    TYR144B 3.56
    TYR144B 3.33
    THR241A 2.64
    THR242A 3.32
    GLY250B 2.34
   p-Stacking TYR144B 3.98

 7 1NME_MALVIDIN -7.957 Hydrophobic Interactions ARG415A 3.48
    ALA556A 3.13
   Hydrogen Bonds SER363A 2.19
    ASN382A 3.02
    ARG415A 2.28
    ARG415A 2.84
    ILE416A 2.66
    GLY509A 3.61
    ALA510A 3.23
    SER602A 2.18

 8 5FZN_MALVIDIN -8.253 Hydrophobic Interactions ARG415A 3.48
    ALA556A 3.13
   Hydrogen Bonds SER363A 2.19
    ASN382A 3.02
    ARG415A 2.28
    ARG415A 2.84
    ILE416A 2.66
    GLY509A 3.61
    ALA510A 3.23
    SER602A 2.18
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and behavioral activities of rodents. As a result, 
malvidin might be beneficial for maintaining 
brain levels of dopamine and serotonin.

AChE plays a prominent role in the hydrolysis of 
the neurotransmitter ACh, which is necessary for 
the normal functioning of memory, locomotion, 
and the learning ability of an individual. A distur-
bance between dopamine and ACh in the striatum 
results in the progression of PD49,50. Previous ani-
mal studies42 have shown that rotenone adminis-
tration increases AChE activity, which agrees with 
the outputs of the present work. Earlier literature 
has depicted that malvidin improves cognitive 
ability by reducing AChE activity, which supports 
our findings that treatment with malvidin signifi-
cantly inhibits AChE activity. Moreover, it was 
previously demonstrated that malvidin improves 
cognitive ability by reducing AChE activity, which 
supports our findings that treatment with malvidin 
significantly inhibits AChE activity. A previous 
study51 suggests that an abnormal increase in the 
ACh level causes cholinergic activity and do-
paminergic inhibition, resulting in dopaminergic 
and cholinergic imbalances. Previous research52 
demonstrated that rotenone increases ACh levels, 
which is consistent with our observations. In the 

present study, malvidin significantly normalized 
ACh levels in experimental animals. Malvidin in-
creases acetylcholine levels in the brain by inhib-
iting AChE, the enzyme responsible for breaking 
down ACh. As a result, cognitive function and 
memory can be improved.

The neurodegeneration is associated with neu-
ronal inflammation caused by alterations in in-
flammatory cytokine expression53. Previous find-
ings54 have shown that rotenone administrations 
in animals result in the release of inflammatory 
molecules such as TNF-α, IL-1β, and IL-6 by ac-
tivated astrocytes and microglia. Malvidin revers-
es chemically induced inflammation by depleting 
proinflammatory cytokine levels, as shown in 
the literature. Moreover, in a previous investi-
gation55, malvidin was reported to suppress the 
transcription of genes encoding proinflammato-
ry cytokines. These molecular mechanisms may 
be responsible for the anti-inflammatory activity 
of malvidin in reversing the neurodegenerative 
effects in rodents. Another study56 revealed the 
anti-inflammatory activity of malvidin, in which 
malvidin downregulated the gene expression of 
molecules that trigger inflammation, which may 
participate in suppressing neuroinflammation 

Figure 4. A-G, Molecular docking of the Malvidin with (A) acetylcholinesterase (AChE) (7XN1), (B) Choline acetyltransferase 
(ChAT) (2FY2), (C) Tumor necrosis factor- α (TNF-α) (2AZ5), (D) interleukin-6 (IL-6) (1ALU), (E) interleukin-1β (IL-1β) 
(6Y8M), (F) caspase-3 (1NME), and (G) nuclear factor erythroid 2-related factor 2 (NRF-2) (5FZN) Proteins.
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in malvidin-treated rats. The current results re-
vealed that experimental animals treated with 
malvidin showed significant decreases in IL-6, 
IL-1β, and TNF-α expressions. As a result of 
malvidin’s ability to reduce neuroinflammation, 
the brain may be protected from damage.

Nrf-2 antioxidant signaling inhibits the expres-
sion of TNF-α and other proinflammatory cyto-
kines by attenuating inflammatory responses57. 
A recent study58 found that exposure to rotenone 
significantly inhibits the expression of the Nrf-2 
pathway in the striatum. Fan et al59 described 
that malvidin regulates Nrf-2 signaling, suppress-
es oxidative stress, and decreases inflammato-
ry effects by inhibiting proinflammatory cyto-
kines. In the present study, rotenone suppressed 
the activity of Nrf-2 in rotenone-treated rodents 
compared to the control group. Supporting the 
findings of the current investigation, Xu et al44 
revealed that malvidin activates the Nrf-2 sig-
naling pathway in the malvidin treatment group. 
Malvidin may contribute to brain protection and 
inflammation reduction by reducing oxidative 
damage. According to the results of a previous 
study60, rotenone damages dopaminergic neu-
rons via caspase-3-triggered apoptosis. In the 
present study, caspase-3 activity was promoted 
in the rotenone group than in the control group. 
According to the study of Sari et al61, anthocy-
anin (malvidin) is a potent inhibitor of caspase-3 
signaling and, thus, possesses anti-apoptotic ac-
tivity. Our results show that malvidin reduced the 
rotenone-induced activity of caspase-3 in rats, 
which may be the mechanism responsible for the 
protective effects of malvidin. Malvidin may help 
to protect brain cells from damage and reduce the 
risk of neurodegenerative diseases.

Our molecular docking results are consistent 
with those of prior literature; the binding free 
energy serves as a crucial parameter for assessing 
the strength of a drug’s interaction with a pro-
tein. A low (negative) binding energy indicates 
favorable binding between the drug and target 
molecule, whereas a high (positive) binding en-
ergy signifies weak or unfavorable interactions 
between the drug and target protein62,63. Previ-
ous studies64,65 of neurodegenerative disorders 
demonstrated that AChE exhibits substantial 
affinity for potential drug molecules with low 
binding energy scores and thus can serve as a 
potential drug target. Similarly, our findings re-
vealed a high binding affinity between malvidin 
and AChE with low binding energy. Additionally, 
it is noteworthy that malvidin exhibited a strong 

binding affinity for Nrf-2 and caspase-3, resulting 
in low binding energies. These observations in-
dicate that malvidin holds promise as a potential 
therapeutic agent that specifically targets AChE, 
caspase-3, and Nrf-2. These proteins are key tar-
gets for further investigation, particularly in the 
context of rotenone-induced PD.

Overall, the present study has few limitations 
in explaining the neuroprotective mechanism of 
malvidin at the molecular level. Thus, gene and 
protein expression studies will be required on 
genes and proteins that have crucial roles in neu-
roprotective mechanisms, such as the antioxidant, 
anti-inflammatory, and antiapoptotic pathways. 
Further, to confirm the mechanism or effect of 
malvidin, further studies with different para-
digms are essential.

Conclusions

The study revealed that malvidin has neuro-
protective properties against the rotenone induced 
PD. Malvidin effectively restored the behavioral 
deficits and normalized the oxidative stress and 
neuroinflammation induced by Rotenone. Hence, 
malvidin could be considered a potential thera-
peutic candidate against PD. Both (200 and 100 
mg/kg) doses of malvidin effectively reversed the 
alternations caused by rotenone; however, a high 
dose (200 mg/kg) was reported to have more pro-
found effects. However, further studies should be 
carried out to explore the molecular mechanism 
behind the neuroprotective properties of malvidin. 
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