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Abstract
Parkinson’s disease (PD) is a progressive neurodegenerative condition. The pathogenesis of PD is still unknown, and drugs 
available for PD treatment either have side effects or have suboptimal efficacy. Flavonoids are potent antioxidants having 
little toxicity with extended use, suggesting they might hold promising therapeutic potential against PD. Vanillin (Van) is a 
phenolic compound that has exhibited neuroprotective properties in various neurological disorders, including PD. However, 
the neuroprotective role of Van in PD and its underlying mechanisms are scarce and therefore need more exploration. Here, 
we evaluated the neuroprotective potential of Van and its associated mechanisms against  MPP+/MPTP-induced neuronal loss 
in differentiated human neuroblastoma (SH-SY5Y) cells and the mouse model of PD. In the present study, Van treatment 
significantly enhanced the cell viability and alleviated oxidative stress, mitochondrial membrane potential, and apoptosis 
in  MPP+-intoxicated SH-SY5Y cells. Moreover, Van significantly ameliorated the  MPP+-induced dysregulations in protein 
expression of tyrosine hydroxylase (TH) and mRNA expressions of GSK-3β, PARP1, p53, Bcl-2, Bax, and Caspase-3 genes 
in SH-SY5Y cells. Similar to our in vitro results, Van significantly alleviated MPTP-induced neurobehavioral dysregula-
tions, oxidative stress, aberrant TH protein expressions, and immunoreactivity in SNpc of mice brains. Treatment of Van 
also prevented MPTP-mediated loss of TH-positive intrinsic dopaminergic neurons to SNpc and TH-fibers projecting to 
the striatum of mice. Thus, Van exhibited promising neuroprotective properties in the current study against  MPP+/MPTP-
intoxicated SH-SY5Y cells and mice, indicating its potential therapeutic properties against PD pathology.
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Abbreviations
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AD  Alzheimer’s disease
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DCFH-DA  2-7-Diacetyl dichlorofluorescein
DCFH  2′, 7′-Dichloro-dihydrofluorescin

DCF  2′,7′-Dichlorofluorescein
DAB  Diaminobenzidine
DAT  Dopamine transporters
DMEM  Dulbecco’s modified Eagle’s medium
Ellman’s reagent  5,5′-Dithiobis-(2-nitrobenzoic acid)
FBS  Fetal bovine serum
GSH  Glutathione
H&E  Hematoxylin-Eosin
SH-SY5Y  Human neuroblastoma cells
H2O2  Hydrogen peroxide
LPO  Lipid peroxidation
Δψm  Mitochondrial membrane potential
MPTP  1-Methyl-4-phenyl-1,2,3,6-tetrahydro-

pyridine
MPP+  1-Methyl-4-phenylpyridinium
MTT  3-(4,5-Dimethylthiazol-2-yl)-2,5-di-
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NGS  Normal goat serum
NO  Nitric oxide
6-OHDA  6-Hydroxydopamine
OPA  Orthophosphoric acid
PFA  Paraformaldehyde
PD  Parkinson’s disease
PBS  Phosphate buffer saline
PI  Propidium iodide
PARP  Poly (ADP-ribose) polymerase
PMS  Post mitochondrial supernatant
Pyrogallol  1,2,3-Trihydroxy benzene
RA  Retinoic acid
ROS  Reactive oxygen species
SNpc  Substantia nigra paras compacta
SOD  Superoxide dismutase
TBA  Thiobarbituric acid
TBARS  Thiobarbituric acid reactive substance
TH  Tyrosine hydroxylase
Van  Vanillin

Introduction

Parkinson’s disease (PD) was identified in 6.1 million peo-
ple globally in 2016 and 2.4 times more than in 1990. Fur-
thermore, it is predicted that by 2040, the number of cases 
will approach 12 million [1]. This steep rise is primarily due 
to higher life expectancy, as PD is rare in people under 50, 
predominantly affecting those over 60 and increasing rap-
idly beyond 75 [2]. Most PD symptoms are characterized 
by motor dysfunctions such as bradykinesia, postural insta-
bility, muscular rigidity, and resting tremor associated with 
the progressive degeneration of dopaminergic neurons in 
the substantia nigra pars compacta (SNpc) and subsequent 
dopamine depletion in the basal ganglia [3]. The precise 
mechanism that causes PD is unclear; however, oxidative 
stress, mitochondrial dysfunction, and apoptosis have been 
strongly linked to the disease pathophysiology [4]. Dys-
regulation of the tyrosine hydroxylase (TH) enzyme, which 
impairs dopamine production, has also been linked to PD-like 
symptoms [5]. TH, a rate-limiting enzyme of catecholamine 
synthesis, catalyzes the initial step of a biosynthetic pathway 
in the hydroxylation of tyrosine to L-DOPA. Phosphoryla-
tion and dephosphorylation of the TH enzyme reflect post-
translational regulatory processes of the enzymatic activity 
regulating catecholamine levels in a dopaminergic system 
[6]. Therefore, TH activity is crucial for the development of 
catecholaminergic neurons. A dysfunctional catecholamin-
ergic system, like the abnormal dopaminergic system, has 
been implicated in the pathogenesis of PD. PD-like symp-
toms have been observed due to dysregulation in TH activity 
and the resulting impairment of dopamine production [7]. 
Although the exact causes of PD remain unknown, numerous 

environmental risk factors, especially neurotoxins, have 
been implicated in its etiology. Several neurotoxins, includ-
ing 6-hydroxydopamine (6-OHDA), 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP), rotenone, and paraquat 
have been developed to cause the degeneration of nigros-
triatal dopaminergic neurons experimentally [8]. MPTP, in 
particular, has been extensively used in animal models of 
PD because it induces neuropathological changes similar to 
those that are observed in human PD [9]. It can cross the 
blood–brain barrier and cause dopaminergic neuronal dam-
age in the SNpc and striatum by inducing a cascade of insults, 
including oxidative stress, mitochondrial aberrations, apopto-
sis, repression, and dysregulation of the dopamine synthesis 
enzyme TH, all of which act separately and in concert to 
cause damage in dopaminergic neurons [10]. MPTP is not 
itself toxic, but it is transformed into the active metabolite 
1-methyl-4-phenylpyridinium  (MPP+) by the monoamine 
peroxidase enzyme.  MPP+ later binds to dopamine trans-
porters (DAT), inhibiting dopamine uptake and causing its 
depletion at cerebral levels.  MPP+ accumulates inside SNpc 
dopaminergic neurons after systemic administration. It enters 
the mitochondria and dysregulates oxidative phosphorylation 
by inhibiting complex I (NADPH-ubiquinone oxidoreductase 
I) in the electron transport chain. This results in the genera-
tion of free radicals, mitochondrial dysfunction, and impaired 
ATP production, leading to low cell energy and neuronal 
damage [11]. These superoxide radicals interact with nitric 
oxide (NO), generating peroxynitrite, a highly reactive tis-
sue-damaging species that destroys proteins by oxidation and 
nitration, inducing dopaminergic neuronal death [12].

Dopamine replacement therapy with the dopamine pre-
cursor L-DOPA is the most commonly used treatment for PD 
[13]. Despite being regarded as the gold standard therapy for 
treating PD motor symptoms, L-DOPA is frequently associ-
ated with a variety of adverse side effects, the most common 
of which are motor fluctuations and dyskinesia [14]. Many 
additional therapeutic medications have their own limita-
tions [15]. Since no effective drugs are currently available 
for restricting the loss of dopaminergic neurons in PD, novel 
therapeutic interventions with no side effects are required 
to overcome the disease severity. Recently, there has been 
a growing interest in phytochemicals exhibiting significant 
free radical scavenging activities and minimal toxicity even 
after prolonged usage, indicating that they might be potential 
innovative therapeutic strategies for PD [16].

Vanillin (4-Hydroxy-3-methoxy benzaldehyde) (Van), the 
active component of vanilla beans (Vanilla planifolia), is an 
anti-oxidative phytochemical that reduces reactive oxygen 
species (ROS) generation in a variety of neurological disor-
ders, including PD [17]. Its beneficial effects are thought to 
be due to its antioxidant, anti-apoptotic, and anti-inflamma-
tory properties, as well as its involvement with several sign-
aling pathways that modulate neuronal differentiation and its 
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survival [18]. Van may also get across the blood–brain bar-
rier [19]. Furthermore, it can block peroxynitrite-mediated 
processes, which are implicated in the etiology of various 
neurodegenerative disorders, including Alzheimer’s disease 
(AD) and PD [20]. The previous report suggests Van pro-
vided neuroprotection against 6-OHDA lesions by preserv-
ing striatal dopamine levels in a rat model of PD [17]. Van 
has also shown neuroprotection against rotenone-mediated 
neurotoxicity in SH-SY5Y cells [21]. The biological effects 
of Van are primarily attributed to the presence of phenolic, 
ether, and aldehyde moieties. Based on this, the current 
study sought to determine the neuroprotective effects of Van 
on mitochondrial aberrations, oxidative stress, and apoptosis 
in  MPP+-exposed SH-SY5Y cells and a mouse model of 
PD. This study may provide a critical check into the factors 
through which PD progression expedites, which may provide 
a basis for future pre-clinical and clinical studies on PD.

Materials and Methods

Chemicals

MPP+, MPTP, Vanillin, 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide (MTT), L-DOPA, 2–7-diacetyl 
dichlorofluorescein (DCFH-DA), Dulbecco’s modified 
Eagle’s medium (DMEM), EDTA, and Trypsin–EDTA 
were procured from Sigma Chemicals Co. (St. Louis, USA). 
Antibiotic/antimycotic were purchased from Hi-media. Fetal 
bovine serum (FBS) was obtained from Gibco. Acridine 
orange was obtained from SRL, and propidium was iodide 
obtained from life technologies. Mitochondrial Membrane 
Potential Assay Kit (JC-1) was obtained from Abbkine. Anti-
TH was obtained from Novus biologicals, and Anti-NeuN 
antibody from Abcam. Goat anti-rabbit Alexa fluor-488 con-
jugated antibody (1:1000 dilution, ab150077, Abcam, USA).

In Vitro Study

Cell Culture and Maintenance

SH-SY5Y cells were procured from the National Centre for 
Cell Science (NCCS), Pune, India, (passage 8). Cells were 
maintained in Dulbecco’s Modified Eagle Medium (DMEM) 
(Sigma Chemicals Co., USA), 10% fetal bovine serum (FBS) 
(Gibco Life Technologies, USA), and 1% antibiotic/antimy-
cotic solution (HIMEDIA). Cultures were kept at 37 °C in a 
humidified incubator in an atmosphere of 5%  CO2 and 95% 
air. The cell culture media was replaced every 2 days, and 
the cells were sub-cultured when they reached 80–90% con-
fluency. Following a 24-h incubation, cells were differenti-
ated by adding 10 µM all-trans-retinoic acid (RA), dissolved 
in DMEM supplemented with 1% heat-inactivated FBS, and 

incubated in the dark for 7 days at 37 °C with 5%  CO2 in an 
incubator. The RA-treated media were replaced every 2 days 
for 7 days, and morphological changes were visualized under 
a phase-contrast microscope (Eclipse Ti-E, Nikon) to moni-
tor the differentiation and neurite length of undifferentiated 
and differentiated SH-SY5Y cells.

Immunocytochemistry

Immunostaining of TH and NeuN was performed as per 
the study protocol [22] by plating differentiated SH-SY5Y 
cells on poly-D lysine-coated coverslips at a density of 
1 ×  104 cells/coverslip and differentiated with 10 μM of RA 
for 7 days. Cells were then fixed in 4% paraformaldehyde 
(PFA) for 30 min at room temperature. Then, cultures were 
rinsed with PBS and incubated for 1 h in a blocking solu-
tion (3% BSA in 0.3% Triton X in PBS). After that, block-
ing was removed, and cells were incubated overnight at 
4 °C with anti-TH antibody (Novus biological, Rabbit anti-
TH, 1:1000 dilution in blocking solution) and anti-NeuN 
(ab177487 Rabbit anti-NeuN, 1:1000 dilution). Next day, 
cells were rinsed with PBS and incubated with secondary 
antibody (ab150077, Goat polyclonal Secondary Antibody 
to Rabbit IgG-H & L (1:1000, Alexa Fluor® 488 conjugated, 
Abcam, USA) for 2 h. After that, cells were counterstained 
with DAPI for 10 min and visualized under a fluorescent 
microscope (Eclipse Ti-E, Nikon).

Cell Survival Assay

The MTT assay was used to evaluate the viability of SH-
SY5Y cells. In a complete tissue culture medium, cells were 
seeded onto 96-well plates (1 ×  104 cells/well) and cultured 
for 24 h.  MPP+ at concentrations 100 μm–1.5 mM and Van 
at concentrations 10–350 μm were given for 24 h to SH-
SY5Y cells. Twenty-four hours after the treatments, the cells 
were incubated with a 20 μl MTT stock solution (5 mg/ml) 
for 4 h. MTT solution was extracted, and 100 μl DMSO was 
added to each well to dissolve the residual MTT formazan 
crystals. The absorbance was taken at 570 and 650 nm using 
a microplate reader. The results are expressed as a percent-
age of the control. Based on our MTT results and previous 
research findings [23], 1 mM of  MPP+ and 250 μm of Van 
were considered for in vitro experiments. The impact of Van 
on  MPP+-induced cytotoxicity was determined following a 
similar procedure by incubating cells with  MPP+ (1 mM), 
Van (250 μM), and  MPP+ (1 mM) + Van (250 μM).

Intracellular ROS Measurement

The amount of endogenous ROS production in control and 
treated cells were determined using the fluorescent dye 
DCFH-DA (Sigma Aldrich, USA). When it enters the cells, 
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DCFH-DA is deacetylated by cellular esterase to non-flu-
orescent 2′, 7′-dichlorodihydrofluorescin (DCFH), which 
intracellular ROS rapidly oxidizes into the fluorescent 
2′,7′-dichlorofluorescein (DCF). The intensity of the DCF 
was used as a proxy for overall ROS production. SH-SY5Y 
cells were seeded (5 ×  105 cells/well) in 6-well tissue culture 
plates and incubated for 24 h in a 5%  CO2 incubator main-
tained at 37 °C. Cells were exposed to  MPP+ (1 mM), Van 
(250 μM), and  MPP+ + Van concentrations at 37 °C for 24 h. 
The cells were treated with 10 3 M DCFH-DA and incubated 
in the dark for 30 min after the treatment. After incubation, 
cells were rinsed with phosphate-buffered saline (PBS) to 
remove excess probe before being suspended in PBS and 
examined under a fluorescence microscope (Eclipse Tie-E, 
Nikon) at 20 × magnification. The values are represented as 
the mean fluorescence intensity relative to the control wells.

According to the manufacturer’s instructions, the mito-
chondrial superoxide analysis was performed using the 
 MitoSOXTm Red mitochondrial superoxide indicator (Inv-
itrogen). In brief, SH-SY5Y cells were seeded in a 12-well 
tissue culture plate and incubated for 24 h in a 5%  CO2 incu-
bator maintained at 37 °C. Cells were treated with  MPP+ 
(1 mM), Van (250 μM), and  MPP+ + Van concentrations. 
After 24 h, cells were washed with HBSS twice, incubated 
with 5 μM MitoSOX-Red for 10 min at 37 °C in a 5% CO2 
atmosphere, followed by washing with HBSS twice to 
remove the excess probe, and finally examined under a fluo-
rescence microscope (Eclipse Ti-E, Nikon).

Estimation of Mitochondrial Membrane Potential (ΔΨm)

The fluorescence intensity of cells stained with the JC-1 dye 
was used to evaluate ΔΨm as per the instructions in the kit. In 
brief, SH-SY5Y cells were seeded in 24-well plates (0.05 ×  106) 
and incubated in a  CO2 incubator at 37 °C for 24 h before treat-
ment. Cells were exposed to  MPP+ (1 mM), Van (250 μM), and 
 MPP+ + Van. Following treatment, JC-1 staining solution was 
added to each well and incubated in the dark for 15–30 min at 
37 °C. Cells were rinsed twice with PBS after incubation and 
resuspended in a pre-warm DMEM medium. Cells were visual-
ized under a fluorescent microscope (Eclipse Ti-E, Nikon) at 
10 × magnification. The ratio of aggregated red JC-1 dimers to 
green JC-1 monomers was used to calculate ΔΨm.

Acridine Orange/Propidium Iodide (AO/PI) Double Staining

SH-SY5Y cells were plated at a density of 2 ×  105 cells/well 
on a 6-well plate. Then, 24 h after seeding, the cells were dif-
ferentiated with RA (10 μM) for 7 days before the treatment. 
The differentiated cells were treated with  MPP+ (1 mM), 
Van (250 μM), and  MPP+ + Van for 24 h. After trypsinizing 
the cells, 10 μL of the cell suspension was combined with 
10 μL of AO (50 μg/mL) and PI (50 μg/mL) and placed 

on a glass slide. Cells were visualized under a fluorescent 
microscope (Eclipse Ti-E, Nikon) at 20 × magnification for 
morphological analysis.

Apoptosis Detection by Flow Cytometry

Apoptosis assay was performed using the Annexin V-FITC 
Apoptosis Detection Kit (Dead Cell Apoptosis Kits with 
Annexin V for Flow Cytometry,  InvitrogenTM) according 
to the manufacturer’sprotocol. Briefly, cells were plated in 
six-well plates and incubated for 24 h and then exposed to 
the desired concentrations of  MPP+, Van,  andMPP++ Van, 
for 24 h. Cells were then harvested and washed with PBS. 
After staining with a combination of Annexin V-FITC and 
PI, cells were immediately analyzed by flow cytometry 
 (BDFACSAriaTM Fusion).

Analysis of mRNA Through qRT‑PCR

The mRNA expressions were determined according to our pre-
viously adopted procedure [24]. Total mRNA was extracted 
from SH-SY5Y cells using the GeneJET RNA Purification kit 
(ThermoFisher Scientific). Optical density measurements deter-
mined the quantity and purity of RNA at A260/A280 ratio of 1.8 
or above using a Nanodrop 2000 spectrophotometer (Thermo 
Fisher Scientific Inc., Wilmington, DE, USA). Following the 
manufacturer’s instructions, the cDNA was synthesized from 
1 μg of RNA using a Verso cDNA synthesis kit (ThermoFisher 
Scientific) and stored at − 20 °C until assay. PowerUp™ SYBR™ 
Green Master Mix (Thermo Fisher Scientific) was used for RT-
PCR quantification. The 20 μL reaction mixture contained a 
20 ng cDNA template, 10 μL of SYBER GREEN master mix, 
0.5 μL of forward primer, reverse primer, and PCR-grade water. 
GAPDH was used as a housekeeping reference gene. The prim-
ers for the qRT-PCR have the following sequences:

GSK-3β FP- GCT TCA ACC CCC ACA AAT GC

RP- CCA AAA CGT GAC CAG TGT TGC 

PARP-1: FP—GGC GAT CTT GGA CCG AGT AG

RP—CCT TTG GGG TTA CCC ACT CC

p53: FP -TGA CAC GCT TCC CTG GAT TG

RP – GCT CGA CGC TAG GAT CTG AC

Bax: FP—GCC CTT TTG CTT CAG GGT TT

RP- CAT CCT CTG CAG CTC CAT GT

Bcl-2: FP—CTT TGA GTT CGG TGG GGT CA

RP – GGG CCG TAC AGT TCC ACA AA

Caspase-3: FP—TGG AAC CAA AGA TCA TAC ATG GAA 
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RP—TTC CCT GAG GTT TGC TGC AT

GAPDH: FP—AAT GGG CAG CCG TTA GGA AA

RP – GCG CCC AAT ACG ACC AAA TC

The gene expression was determined by a 7500 Fast Real-
time system (Software v2.0.5, Applied Biosystems) with 40 
cycles in a fixed sequence of 95 °C for 30 s, 62 °C for 15 s, 
and 72 °C for 15 s. GAPDH was used as a reference control 
gene.

Western Blot

Protein expression was determined as per our previous pro-
cedure [25]. Fifty micrograms of proteins were fractionated 
by SDS-PAGE and transferred onto the PVDF membrane. 
The blots were blocked and incubated with the primary 
antibody (anti-TH, 1:1000 dilutions, Novus Biologicals) at 
4 °C overnight. Following this, membranes were incubated 
with Anti-rabbit HRP-conjugated secondary antibody (CST) 
diluted (1:1000) for 2 h at room temperature. The ECL 
method was employed to visualize the bands and X-ray film 
to detect protein signals. Densitometry was used to measure 
the expression of the target protein using ImageJ software, 
which was normalized using β-actin as an internal reference. 
The data are presented as a ratio of target protein expres-
sion in  MPP+, Van, and  MPP+ + Van-treated groups to the 
control group.

In Vivo Study

Animals and Diet

Male C57BL/6 mice (25–30 g; 10–12 weeks old) were 
housed in standard laboratory conditions, including an 
ambient temperature of 21 ± 2  °C with l2-h light/dark 
cycle, 55% humidity, and free access to a standard rodent 
pellet diet and filtered water ad libitum. All animal-based 
research work was approved by the Central Laboratory 
Animal Resource (CLAR), JNU, New Delhi, India. Ani-
mals were acclimatized for 1 week before initiating the 
experimental protocol. Before the experiment, mice were 
trained on all behavioral equipment for ceiling perfor-
mance. The timeline of the treatments and experiments is 
depicted in Fig. 8A.

Experimental Protocol

Adult male C57BL/6 mice were randomly divided into 
five experimental groups, each with 12 animals. Group 1 
(control): Received normal saline (i.p.) used as a vehicle. 

Group 2 (MPTP): MPTP was administered by i.p. injection 
once daily for five consecutive days [26]. Group 3 (Van): 
Received Van (60 mg/kg body weight, p.o.) dissolved in 
normal saline daily for 21 days. Group 4 (MPTP + Van): 
Received an i.p. injection of MPTP once a day for five 
consecutive days, followed by Van (60 mg/kg body weight, 
p.o.) daily for 21  days. Group 5 (MPTP + L-DOPA): 
Received i.p. injection of MPTP once a day for five con-
secutive days, followed by L-DOPA (5 mg/kg body weight, 
p.o.) each for 21 days.

Assessment of Motor Behavior

Motor functions were assessed at the end of the dosing 
regime.

Pole Test The pole test identifies the severity of bradykinesia 
in PD [27]. Mice were placed head up on the top of a verti-
cally positioned wooden pole to prevent them from slipping 
(diameter 8 mm and height 50 cm). The time taken to climb 
down with all 4 ft on the floor was calculated.

Narrow Beam Test Animals were permitted to walk on a 
narrow wooden beam (width 1 cm, length 100 cm) placed 
100 cm above ground [28]. The time it took to traverse the 
beam from one end to the other and foot slip errors were 
recorded.

Tissue Processing

After the functional assessment, experimental mice were 
anesthetized by i.p. thiopentone sodium (150 mg/kg body 
weight) and sacrificed by decapitation. The striatum and 
SNpc tissues were carefully dissected from mouse brains 
using the bregma as a reference landmark [29]. The iso-
lated tissues were flash-frozen in liquid nitrogen and kept 
at − 80 °C until they were analyzed.

Measurement of Striatal  MPP+ Levels by HPLC
Striatal  MPP+ levels were measured by HPLC equipped with 
UV detectors, according to a previous study [26]. In brief, 
mice were injected with MPTP intraperitoneally (20 mg/kg) 
and orally administered with Van (60 mg/kg). After 90 min, 
the mice were sacrificed, and the striata were quickly dis-
sected on ice and kept at − 80 °C until further processing. 
Tissue samples were then homogenized in 9 volumes of 5% 
TCA containing 10 μg/ml internal standard (4-phenyl pyri-
dine) and centrifuged at 15,000 g for 20 min at 4 °C. After 
centrifugation, 50 μl of supernatant was injected into the 
C18 reverse column (5 μm, 250 × 4.6 mm) attached to the 
HPLC system (Agilent Technologies, 1220 Infinity LC) at 
a flow rate of 1.0 ml/min. The mobile phase consisted of 
89% 50 mM potassium phosphate adjusted to pH 3.2 with 
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ultrapure 18 M phosphoric acid and 11% acetonitrile.  MPP+ 
was identified by comparison of retention time with known 
standards, and concentrations were calculated by generating 
standard curves.

Biochemical Estimations

Preparation of Post‑Mitochondrial Supernatant (PMS) All 
biochemical experiments were performed on six experimen-
tal mice in each group. To make a 10% tissue homogenate, 
tissue samples were homogenized in ice-cold 0.1 M PBS at 
pH 7.4. The procedure was carried out with a homogenizer 
at a medium speed for 8–10 strokes while the samples were 
kept on ice. Then, homogenates were centrifugated at 4 °C 
at 15,000 rpm for 20 min to obtain 10% PMS, which was 
then kept at − 20 °C for further investigations.

Estimation of Protein The protein content of brain tissues 
was calculated using the Bradford et al. method. Bovine 
serum albumin (BSA) served as a standard reference [30].

Analysis of the Enzymatic Activity of Superoxide Dismutase 
(SOD) SOD activity was determined based on our previous 
method [31]. In brief, a pre-mixture was created by mixing 
15 μl of 10% PMS with 3 μl of 12.5% Triton-X-100. The pre-
mixture was incubated for 30 min at 4 °C. Following incuba-
tion, 15 μl of the pre-mixture was dissolved in 750 μl of 0.1 M 
phosphate buffer, 593.5 μl of double-distilled water, 49.5 μl of 
3 mM EDTA (pH 8), and 90 μl of pyrogallol (1,2,3-trihydroxy 
benzene). The pyrogallol reaction mixture solution consisted 
of 10.2 mg of pyrogallol dissolved in 10 ml of double-distilled 
water and 8.6 μl of HCl. The resultant solution was gently 
mixed, and absorbance was measured kinetically using a 
spectrophotometer at 420 nm (Agilent Technologies' Cary 60 
UV–Vis) at 1-min intervals for 3 min. SOD activity in each 
sample was measured in millimoles of inhibition of pyrogallol 
autoxidation per minute per milligram protein.

Estimation of Catalase (CAT) Enzymatic Activity  CAT activ-
ity was measured by the method described by Fatima et al. 
[25]. Five hundred microliters of 0.05 M hydrogen peroxide 
 (H2O2) was dissolved in a mixture comprising 25 μl of 10% 
PMS and 975 μl of 0.1 M phosphate buffer (pH 7.4) to pre-
pare the reaction mixture. The resultant reaction mixture was 
gently agitated, and absorbance at 240 nm was kinetically 
measured every 1 min for 3 min. CAT activity was calcu-
lated as millimoles of  H2O2 used per minute per milligram 
of protein in each sample.

Determination of Lipid Peroxidation (LPO) Level LPO was esti-
mated by using our previously adopted method [24]. Briefly, 
88 μl of 10% PMS was mixed with 10 μl of 10 mM butylated 

hydroxytoluene (BHT) and 350 μl of 0.67% thiobarbituric 
acid (TBA). After vortexing, 1 ml of 1% orthophosphoric 
acid (OPA) was added. The resultant mixture was incubated 
at 95 °C for 45 min in boiling water. The absorbance of each 
aliquot was measured on a spectrophotometer at 535 nm. The 
LPO levels were calculated as nanomoles of thiobarbituric acid 
reactive substance (TBARS) produced per hour per gram of 
tissue.

Measurement of Reduced Glutathione (GSH) Level GSH 
levels determined by our previously adopted method [25] 
were used to assess tissue GSH levels; this approach uses 
Ellman’s reagent [5,5′-dithiobis-(2-nitrobenzoic acid)] to 
colorimetrically estimate GSH levels as total “acid soluble 
sulfhydryl” concentrations. Briefly, 10% PMS was precipi-
tated with 4% sulphosalicylic acid in a ratio of 1:1. The sam-
ples were kept at 4 °C for 1 h and subjected to centrifugation 
at 5000 rpm for 15 min at 4 °C. Two hundred microliters of 
the resulting supernatant was mixed with 1.1 ml of 0.1 M 
phosphate buffer (pH 7.4). Finally, 200 μl Ellman’s reagent 
(10 mM) was added, and the reaction mixture was gently 
stirred. The optical density was measured immediately at 
412 nm, and results were calculated as micromoles of GSH 
per gram of tissue in each sample.

Immunohistochemistry
Immunohistochemistry was performed based on our previ-
ously adopted method [32] Animals were anesthetized with 
thiopentone sodium (150 mg/kg body weight, i.p.). After 
that, the mice were transcardially perfused with normal 
saline, followed by a fixative containing 4% PFA dissolved 
in PBS (0.1 M, pH 7.4). Tissues were fixed, cut into 20-μm 
thick slices with a cryotome, mounted on 1% gelatin-coated 
glass slides, and immunostained. Sections were blocked in 
a humid chamber for 1 h with 5% BSA and then incubated 
with anti-TH antibody (Novus biological, Rabbit anti-TH, 
1:1000 dilutions) overnight at 4 °C. The next day, tissue sec-
tions were washed with PBS and incubated with secondary 
antibody (ab150077, Goat polyclonal Secondary Antibody 
to Rabbit IgG-H & L (1:1000, Alexa Fluor® 488 conjugated, 
Abcam, USA) at room temperature for 2 h and after that, 
counterstained with DAPI for 30 min. Tissue sections were 
then mounted and visualized under a fluorescent microscope 
(Eclipse Ti-E, Nikon) at 10 × magnification. In each experi-
mental group, four animals were used.

The sections were thawed in a hot air oven at 60 °C for 
20 min before staining with 3,3‐diaminobenzidine‐4 HCL 
(DAB). They were then incubated at room temperature for 1 h. 
After incubation, tissue sections were rinsed with PBS and 
blocked with endogenous peroxidase (3%  H2O2 in 100% meth-
anol) for 5–7 min. Tissues were rinsed again with PBS and 
blocked with 10% normal goat serum (NGS). Sections were 
incubated with the primary antibody (Novus biological, Rabbit 
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anti-TH, 1:1000 dilution) in 5% NGS blocking buffer overnight 
at 4 °C. The following day, sections were again rinsed and 
incubated with secondary antibody (Vector Laboratories anti‐
rabbit biotinylated secondary antibody cat#PK‐4001 dilution 
1:200) in 1% NGS blocking buffer overnight at 4 °C. After 
washing, sections were incubated in avidin‐biotinylated horse-
radish peroxidase (ABC Kit, Vector Laboratories) in PBS for 
30 min, rinsed, and developed with DAB (DAB peroxidase 
substrate kit, SK‐4100, Vector Laboratories) in 0.05 M tris 
buffer (pH7.6). Slides were allowed to dry for 1 h at room tem-
perature, dehydrated, mounted with DPX mounting medium, 
and visualized under a microscope (Nikon 80i).

Histopathology in Mice Brain

Nissl Staining For Nissl staining, sections were dried 
overnight at room temperature and stained for 10–15 min 
with 0.1% cresyl violet solution. After staining, the slides 
were rinsed with distilled water and dehydrated with 
70%, 90%, and 100% ethanol. Finally, the sections were 
cleared with xylene and mounted with a DPX mounting 
medium. A Nikon 80i microscope was used to examine 
the sample images.

Hematoxylin and Eosin Staining Histopathology was done 
using our previously described method [33]. The mice were 
anesthetized. Tissues were cut into thick Sects. (10 μm) 
using a cryotome after fixation. Hematoxylin–Eosin (H&E) 
stain was used to stain striatal slices of the brain. For neuro-
anatomical details, the prepared slides were examined using 
a light microscope (Nikon 80i). For each mouse, eight sec-
tions of the striatum were examined (n = 4).

Cell Counting for Estimating TH Immunoreactive and Nissl 
Positive Neurons

Unbiased stereological cell counting was performed using 
the stereological method of optical fractionator [34]. Briefly, 
the number of TH immunoreactive and Nissl positive neurons 
from six serial sections of the SNpc was counted using a ran-
dom offset grid (130 μm × 130 μm) and an unbiased counting 
frame (60 μm × 60 μm) using stereological morphometric grids 
developed by Aleksandr Mironov [35]. Thickness sampling 
fraction was 0.8 with 2-μm upper and 2-μm lower guard zones. 
Prior to stereological quantification, the investigator was blind 
to the distinction between the slides from different groups to 
ensure unbiased estimates. The number of neurons in the 
SNpc was estimated by multiplying the number of neurons 
counted within the sample regions by the reciprocals of the 
area sampling fraction and the fraction of the section sam-
pled. The corresponding mean coefficient of error was equal 
to or less than 0.10 in all groups. Also, the density of the TH 

immunoreactive-fibers was estimated by measuring the optical 
density using FIJI [36].

Statistical Analysis

An observer blind to the research design and treatment con-
dition throughout the experiment performed all behavioral 
scoring and examinations of the histopathological charac-
teristics. GraphPad Prism software version 7 was used for 
the statistical analysis (GraphPad Software, USA). All data 
are presented as the mean ± SEM. To assess the significant 
differences between the control, MPTP, Van, MPTP + Van, 
and MPTP + L-DOPA groups, a one-way analysis of vari-
ance (ANOVA) was used, followed by a Tukey test that 
assumes the data has a normal distribution. To indicate sig-
nificant differences when compared to the control, *p < 0.05, 
**p < 0.01, and ***p < 0.001 were used and #p < 0.05, 
##p < 0.01, and ###p < 0.001 when compared to the  MPP+/
MPTP groups.

Results

Validation of Differentiation in SH‑SY5Y Cells Using 
Neuronal Maturation Markers

The assessment of two neuron-specific markers validated 
the effective cellular differentiation: (a) NeuN, a nuclear 
marker for post-mitotic mature neurons and (b) TH, a rate-
limiting enzyme for the dopaminergic neuronal marker in 
the differentiated cells. NeuN and TH expression (Fig. 1A 
and B) were elevated in RA-treated SH-SY5Y cells. The 
protein expression of TH determined the differentiation of 
SH-SY5Y cells into dopaminergic neurons. As clear from 
Fig. 1C, cells that were treated with RA expressed TH pro-
tein in contrast to the untreated and undifferentiated cells, 
suggesting the effective differentiation of SH-SY5Y cells 
into the dopaminergic neuron-like phenotype. As a result, 
we proceeded to use differentiated wild-type SH-SY5Y cells 
as a PD model.

Van Inhibits  MPP+‑Induced Cytotoxicity in SH‑SY5Y 
Cells

The MTT assay determined the cytotoxic effect of  MPP+ on 
the viability of SH-SY5Y cells by administrating increas-
ing doses of  MPP+ (100 μM–1.5 mM) to differentiated 
SH-SY5Y cells.  MPP+ significantly reduces the viability 
of SH-SY5Y cells in a dose-dependent manner (Fig. 2A, F 
= 25.94, p < 0.001).  MPP+ administration at 1 mM dose for 
24 h resulted in 50% cell viability of SH-SY5Y cells, which 
was considered for further experiments.
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MTT assay was determined to investigate the dose-
dependent (10–350 μM) effect of Van in SH-SY5Y cells. 
Our findings reveal that Van was not toxic to SH-SY5Y cells 
in a concentration-dependent manner (Fig. 2B, F = 1.631). 
However, the non-toxic effect of Van was slightly reduced at 
doses of 250 μM or higher in SH-SY5Y cells.

We also performed MTT assay to determine the cytopro-
tective effect of Van on  MPP+-induced neurotoxicity in SH-
SY5Y cells. Cell viability assays revealed that  MPP+ treat-
ment caused significant (p < 0.001) cytotoxicity in SH-SY5Y 
cells compared to control cells. Compared to  MPP+-treated 
SH-SY5Y cells, Van-treated cells showed a significant 
(p < 0.01 and p < 0.001) reduction in cellular toxicity. The 
cytoprotective effect of Van on SH-SY5Y cells diminished 
at concentrations greater than 250 μM (Fig. 2C, F= 44.70, 
p < 0.001). There was a 1.59-fold increase in cell viability in 
Van-treated cells compared to the  MPP+-administrated cells. 
Our MTT results showed that Van treatment significantly 
(p < 0.001) enhanced cell survival in  MPP+-administered 
cells, indicating a potential cytoprotective effect against 
 MPP+-mediated intracellular cytotoxicity.

Van Rescues  MPP+‑Mediated Intracellular ROS 
Generation in SH‑SY5Y Cells

Since enhanced ROS generation is implicated in numer-
ous neurodegenerative diseases, including PD, we evalu-
ated the intracellular ROS level using the fluorescent 
probe DCFHDA. ROS generation in SH-SY5Y cells was 

evaluated to see if Van suppresses ROS formation, fol-
lowed by  MPP+ treatment. Following  MPP+ exposure, 
a significant increase in intracellular ROS levels was 
observed in SH-SY5Y cells when compared to the control 
cells, and the Van treatment significantly alleviated the 
 MPP+-induced intracellular ROS formation. Our results 
show that DCF fluorescence was significantly (p < 0.001) 
higher in  MPP+-treated cells than in the control cells, indi-
cating increased endogenous ROS generation. On the other 
hand, cells treated with Van showed a significant (p < 0.01) 
reduction in the DCF fluorescence intensity, indicating 
decreased ROS production. Van treatment significantly 
reduced ROS production by 1.39-fold in comparison to 
the  MPP+-treated cells (Fig.  3B, F= 34.61, p < 0.01). 
These findings confirm that Van provides cytoprotection 
by scavenging ROS caused by  MPP+. The representative 
fluorescence images of DCFH-DA in the control,  MPP+, 
Van, and  MPP+ + Van-treated groups are given in Fig. 3A.

These findings were further validated by MitoSOX red 
staining. MitoSOX primarily targets mitochondria and 
generates red fluorescence after being oxidized by super-
oxide. Consistent with prior DCFH-DA findings, there is 
a significant elevation in MitoSOX red fluorescence in 
 MPP+-treated SH-SY5Y cells compared to the controls. 
The intensity of MitoSOX red fluorescence was signifi-
cantly reduced in cells treated with Van. Our data indicate 
that  MPP+-treated SH-SY5Y cells showed significantly 
(p < 0.01) higher MitoSOX red fluorescence intensity than 
the control cells, suggesting an increase in superoxide 

Fig. 1  Expression of NeuN and TH in SH-SY5Y cells after differen-
tiation with RA treatment. (A), (B) Representative immunofluores-
cence images for mature neuron-specific marker NeuN and dopamin-
ergic neuronal marker TH in the cells treated with RA (10 µM) for 

7 days. Images were obtained using a fluorescent microscope (Eclipse 
Ti-E, Nikon) Scale bar, 50 μm. (C) Effect of RA (10 µM) treatment 
on protein expression of TH in differentiated SH-SY5Y cells
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in mitochondria. When cells were treated with Van, the 
intensity of MitoSOX fluorescence alleviated significantly 
(p < 0.05), suggesting decreased superoxide production in 
mitochondria. Compared to the  MPP+-administrated cells, 
Van treatment resulted in a 1.29-fold reduction in ROS 
production (Fig. 3D, F = 14.12, p < 0.05). According to 
these findings, Van decreased  MPP+-induced ROS produc-
tion in mitochondria and exerted a free radical scaveng-
ing or antioxidant activity in  MPP+-intoxicated SH-SY5Y 
cells. The representative MitoSOX fluorescence images 
from the control,  MPP+, Van, and  MPP+ + Van-treated 
groups are shown in Fig. 3C.

Van Ameliorates  MPP+‑Mediated Disruption 
of Mitochondrial Membrane Potential (Δψm)

Dysregulation in Δψm is one of the significant events during 
mitochondrial dysfunction. Therefore, we measured the neu-
roprotective effect of Van treatment against  MPP+-induced 
Δψm dysregulations in SH-SY5Y cells. Present results show 
that  MPP+-treated cells exhibit lower red JC-1 dimers and 
higher green JC-1 monomers in mitochondria compared to 
the control, which confirms that  MPP+ treatment results in 
depolarization of Δψm. In contrast, Van-treated SH-SY5Y 
cells exhibited increased production of red JC-1 dimers, dem-
onstrating the restoration of Δψm.  MPP+ treatment in SH-
SY5Y cells caused a significant (p < 0.01) increase in Δψm 
compared to the controls, whereas Van treatment resulted in 

a 2.74-fold decrease in Δψm compared to  MPP+-treated cells 
(Fig. 4B, F = 10.47, p < 0.05). The findings show that Van 
treatment significantly modulates the  MPP+-induced disrup-
tion in Δψm, implying that Van can restore  MPP+-induced 
mitochondrial dysfunction by reducing Δψm. Figure 4A 
shows JC-1Red/Green fluorescence representative images 
of the control,  MPP+, Van, and  MPP+ + Van-treated groups.

Van Protects Against  MPP+‑Induced Apoptosis 
in SH‑SY5Y Cells

Double staining of AO/PI in SH-SY5Y cells treated with 
 MPP+ and Van was used to measure the number of apoptotic 
cells. The green-stained nucleus of the cells indicates cell 
viability, but those stained with red signify apoptosis. The 
results show the formation of the orange-red luminescent 
apoptotic body in  MPP+-administered cells, representing 
apoptosis when compared to the control, which shows a 
green-stained nucleus, normal morphology, and viability. 
When these cells were treated with Van, most cells exhibited 
a green fluorescence and showed a normal appearance of 
intact cells. Our results show that Van treatment alleviates 
apoptosis in SH-SY5Y cells induced by  MPP+ administra-
tion. The representative images of AO/PI fluorescence in 
control,  MPP+, Van, and  MPP+ + Van-treated groups are 
shown in Fig. 5A.

Annexin/PI dual staining also confirmed these similar 
findings. Our data shows that the percentage of apoptotic 

Fig. 2  Effect of Van treatment 
on  MPP+-induced cytotoxic-
ity in SH-SY5Y cells and 
morphological appearance of 
differentiated SH-SY5Y cells 
with increasing concentrations 
of  MPP+ and Van. (A) Dose–
response effect of  MPP+ treat-
ment on SH-SY5Y cell viability 
as measured by MTT assay and 
expressed as a percentage of 
control. (B) Dose-dependent 
effect of Van treatment on SH-
SY5Y cell viability. (C) Effect 
of  MPP+ administration and 
Van treatment on the viability 
of SH-SY5Y cells. Values 
are given as mean ± SEM, 
*p < 0.05, **p < 0.01, and 
***p < 0.001 vs. control and 
##p < 0.01 and ###p < 0.001 vs. 
 MPP+
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cells was significantly (p < 0.01) higher in  MPP+-treated 
cells than in the control cells. When  MPP+ administered 
SH-SY5Y cells were treated with Van, the percentage of 
apoptotic cells was significantly (p < 0.05) reduced. This 
confirms that Van treatment significantly reduces the 
 MPP+-induced apoptosis in SH-SY5Y cells. Compared 
to  MPP+-administrated cells, Van treatment significantly 
reduces the percentage of apoptotic cells by 1.65-fold 
(Fig. 5C, F = 13.69, p < 0.05). According to these findings, 
Van treatment decreased  MPP+-induced apoptosis and 
exerted anti-apoptotic properties in  MPP+-induced SH-
SY5Y cells. The representative Annexin/PI fluorescence 
images from the control,  MPP+, Van, and  MPP+ + Van-
treated groups are shown in Fig. 5B.

Van Treatment Improves Gene Dysregulations 
in SH‑SY5Y Cells

The impact of  MPP+ administration and Van treatment on 
the mRNA expressions of GSK-3β, PARP1 (Poly (ADP-
ribose) (PAR) polymerase-1), p53, Bcl-2, Bax, and Cas-
pase-3 in SH-SY5Y cells is shown in Fig. 6. In SH-SY5Y 
cells,  MPP+ administration significantly (p < 0.001) elevated 
the GSK-3β mRNA levels in comparison to the control group. 
At the same time, the Van treatment significantly reduced the 
GSK-3β mRNA expression by 1.4-fold compared to the cells 
treated with  MPP+ (Fig. 6A, F = 35.10, p < 0.001).  MPP+ 

administration resulted in a significant (p < 0.01) increase in 
mRNA levels of PARP1 compared to the control, whereas 
SH-SY5Y cells treated with Van showed a significant reduc-
tion in mRNA levels of PARP1 by 2.4-fold compared to the 
 MPP+-treated cells (Fig. 6B, F = 14.13, p < 0.001).  MPP+ 
administration also significantly (p < 0.001) elevated the 
mRNA expression of the p53 gene compared to the con-
trol, and a 2.19-fold decrease in the mRNA levels of p53 
was observed in cells treated with Van in comparison to 
 MPP+-treated SH-SY5Y cells (Fig. 6C, F = 16.52, p < 0.001). 
Likewise, the administration of  MPP+ significantly (p < 0.01) 
lowered Bcl-2 mRNA levels compared to the control, but Van-
treated cells had significantly 2.36-fold enhanced Bcl-2 mRNA 
levels in comparison to  MPP+-treated cells (Fig. 6D, F = 16.09, 
p < 0.05).  MPP+ significantly (p < 0.001) increased Bax mRNA 
levels in comparison to the control; however, Van treatment 
significantly (p < 0.001) suppressed  MPP+-induced elevated 
Bax mRNA expressions (Fig. 6E, F = 20.36, p < 0.001).  MPP+ 
administration resulted in a significant (p < 0.001) increase in 
Caspase-3 mRNA expressions in SH-SY5Y cells compared to 
the control. At the same time, the Van treatment led to a sig-
nificant reduction in Caspase-3 mRNA expressions by 2.3-fold 
when compared with the  MPP+-administered group. (Fig. 6F, 
F = 9.312, p < 0.01). These findings indicate that Van provides 
significant neuroprotection in  MPP+-induced SH-SY5Y cells 
by reducing  MPP+-induced aberrant mRNA expressions of 
GSK-3β, PARP1, p53, Bcl-2, Bax, and Caspase-3 genes.

Fig. 3  Effect of Van on oxidative stress in  MPP+-induced SH-SY5Y 
cells and determining mitochondrial ROS level using MitoSOX Red. 
(A) Representative DCF fluorescence images of control,  MPP+, Van, 
and  MPP+ + Van-treated group (scale bar: 100  μm) (B) Bar graphs 
depicting relative DCF fluorescence intensity (fold of control) in 
control,  MPP+, Van, and  MPP+ + Van-treated groups. (C) Repre-

sentative fluorescence images of MitoSOX red in control,  MPP+, 
Van, and  MPP+ + Van-treated group (scale bar: 100  μm). (D) Bar 
graphs depict MitoSOX red fluorescence intensity in control,  MPP+, 
Van, and  MPP+ + Van-treated SH-SY5Y cells. Values are given 
as mean ± SEM (n = 3), **p < 0.01 and ***p < 0.001 vs. control 
#p < 0.05, ##p < 0.01 and ###p < 0.001 vs.  MPP+-treated groups
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Van Upregulates TH Protein Expression in SH‑SY5Y 
Cells

To further analyze the  MPP+-induced cytotoxicity and 
neuroprotective impact of Van, we assessed the protein 
expression of TH in SH-SY5Y cells, which is the rate-
limiting enzyme in/for dopamine synthesis. Indeed, 
 MPP+ administration significantly (p < 0.001) decreased 
the TH protein expression in the  MPP+-treated group in 
comparison to the control group. Van treatment signifi-
cantly increased the protein expression of TH by 1.8-fold 
compared to  MPP+-treated cells (Fig.  7B, F = 47.75, 
p < 0.001). Figure 7A depicts a representative western 
blot image of TH protein expression in the control,  MPP+, 
Van, and  MPP+ + Van-treated groups. Van enhanced TH 
protein levels, suggesting it can inhibit  MPP+-induced 
TH suppression, likely by reducing ROS production and 
apoptosis.

Van Alleviates MPTP‑Induced Motor Dysfunctions

To determine the neuroprotective ability of Van on 
MPTP-induced motor dysfunctions in PD mice, the pole 
test and narrow beam test were conducted at the end of 
the dosing regime (Fig. 8A). Results showed contrasting 
comparisons in MPTP-lesioned mice and controls in the 
pole test (descent time: Fig. 8B, F = 213.3, p < 0.001) 
and narrow beam test (average time to cross the beam: 
Fig. 8C, F = 44.29, p < 0.001; the number of foot slips: 
Fig.  8D, F = 48.05, p < 0.001). MPTP-lesioned mice 
exhibited apparent motor dysfunctions, took longer time 
to descend (p < 0.001) in the pole test and time to cross 
the beam compared to the control group (p < 0.001), with 
more foot slips (p < 0.001). Results showed a significant 
reduction in motor impairments such as decreased time 
to descend the pole, taking lesser time in crossing the 
beam, and decreased foot slip number in Van (p < 0.001, 

Fig. 4  Mitochondrial membrane potential depolarization was evalu-
ated by JC-1 staining. (A) Fluorescent microscopy images show-
ing the Red/Green JC-l fluorescence in control,  MPP+, Van, and 
 MPP+ + Van-treated group (scale bar: 50 μm). (B) Bar graph depict-

ing comparative JC-1 Red/Green fluorescence in control,  MPP+, Van, 
and  MPP+ + Van-treated groups. Values are given as mean ± SEM 
(n = 3), **p < 0.01, vs. control and #p < 0.05 vs.  MPP+-treated group
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p < 0.01, p < 0.001 respectively), MPTP + Van (p < 0.001, 
p < 0.01, p < 0.05 respectively), and MPTP + L-DOPA 
(p < 0.001, p < 0.001, p < 0.001 respectively)-treated 
groups compared to the MPTP-treated mice. These 
results reflect that Van attenuates MPTP-induced motor 
dysfunction.

Van Treatment Did Not Alter Striatal  MPP+ Levels

Since MPTP-induced dopaminergic neurotoxicity relies on 
the conversion of MPTP to its toxic metabolite  MPP+ in the 
nigrostriatal pathway, it was crucial to rule out Van affect-
ing MPTP metabolism to  MPP+ in the mice striatal tissues. 

Fig. 5  Effect of Van on apoptosis in  MPP+-induced SH-SY5Y cells. 
(A) Representative fluorescence images of AO (green) and PI, (red) 
dual-stained SH-SY5Y cells in control,  MPP+, Van, and  MPP+ + Van-
treated group (scale bar: 50 μm). Images were obtained using a fluo-
rescent microscope (Eclipse Ti-E, Nikon) at a scale bar of 50 µm. (B) 
Apoptosis of SH-SY5Y cells was evaluated by Annexin-V/PI double 

staining in control,  MPP+, Van, and  MPP+ + Van-treated group. (C) 
Bar graph showing comparative percentage apoptotic cells in control, 
 MPP+ administered, Van, and  MPP+ + Van-treated SH-SY5Y cells. 
Values are given as mean ± SEM (n = 3), **p < 0.01 vs. control and 
#p < 0.05 and ##p < 0.01 vs.  MPP+-treated groups
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Thus, we examine the impact of Van on striatal  MPP+ lev-
els using HPLC (Fig. 8E and F). The mice were randomly 
divided into two groups: MPTP and MPTP + Van. Our 
results showed no significant changes in the striatal  MPP+ 
level in MPTP-treated mice with and without Van treatment 
(MPTP, 22.136 ± 1.009 ng/mg tissue; MPTP + Van group, 
19.956 ± 1.453 ng/mg tissue; p > 0.05; Fig. 8G). These find-
ings suggest that Van did not alter the MPTP metabolism, as 
striatal  MPP+ levels in the MPTP group did not differ from 
those in the MPTP + Van group.

Van Modulates MPTP‑Induced Oxidative Stress 
Biomarkers

Figure  9 depicts the effects of MPTP and Van treat-
ment on GSH levels, SOD, CAT activity, and LPO con-
tent in the striatum of mice. Compared to control and 
L-DOPA-treated mice, MPTP administration signifi-
cantly (p < 0.001) lowered GSH levels in the striatum. 
Van treatment significantly increases GSH levels by 1.7-
fold more than MPTP-treated mice (Fig. 9A, F = 9.179, 

Fig. 6  Effect of Van on  MPP+-induced mRNA expression changes: 
RT-PCR was used to analyses the mRNA expression of (A) GSK-3β, 
(B) PARP1, (C) p53, (D) Bcl-2, and (E) Bax, and (F) Caspase-3 with 

β-actin as a loading control. Values are given as mean ± SEM (n = 3), 
**p < 0.01 and ***p < 0.001 vs. control and #p < 0.05, ##p < 0.01 and 
###p < 0.001 vs. MPP +-treated group

Fig. 7  The representative western blot image shows the effect of Van 
treatment on TH protein expression in the  MPP+-intoxicated SH-
SY5Y cells. (B) The bar graph represents comparative TH expres-
sion (fold change) in control,  MPP+, Van, and  MPP+ + Van-treated 

groups. Values are given as mean ± SEM. Significant differences are 
expressed as **p < 0.01 and ***p < 0.001 vs. control and ###p < 0.001 
vs.  MPP+-treated groups
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p < 0.05). When mice were administered MPTP, the 
activity of the SOD (p < 0.001) and CAT (p < 0.001) 
enzymes was significantly elevated compared to the 
control and L-DOPA-treated mice. Treatment with Van 
resulted in a 1.5-fold reduction in SOD activity (Fig. 9B, 
F = 10.27, p < 0.01) and a 1.6-fold decrease in CAT 
activity (Fig. 9C, F = 8.957, p < 0.05) as compared to 
MPTP-administered animals. MPTP also significantly 
(p < 0.001) elevated the levels of LPO when compared 
to the control and L-DOPA-treated mice, and Van treat-
ment decreased the LPO levels by 1.8-fold than MPTP-
treated mice (Fig. 9D, F = 22.87, p < 0.01). These find-
ings indicate that Van provides neuroprotection against 
MPTP-induced oxidative stress by modulating antioxi-
dant enzymes and LPO levels.

Van Increases TH‑Positive Neurons in Mice SNpc

Selective dopaminergic neuronal loss in the SNpc is believed to 
be initiated way before the onset of symptoms in PD. To assess 
the MPTP-induced dopaminergic neuronal loss in the SNpc 
and the effect of Van treatment in reducing the neuronal defi-
cits in SNpc, we conducted the immunofluorescence and DAB 
staining (Fig. 10). Our immunofluorescence results show that 
the SNpc-specific TH-positive neurons were markedly less in 
the MPTP-treated mice (p < 0.001), and Van was significantly 
(Fig. 10B, F = 34.53, p < 0.05) able to rescue the decreased loss 
of TH-positive neurons by 1.4-fold in SNpc. MPTP consider-
ably reduced TH immunofluorescence in the SNpc, reflecting 
the loss of dopaminergic neurons. Van treatment significantly 
restored the reduced TH immunofluorescence indicating Van 

Fig. 8  Schematic representation of the study design and time-
line. (B) Graphical representation of the effect of Van treatment on 
time taken to descend the pole in the pole test. (C) Average time to 
cross the beam in narrow beam test mice after MPTP administra-
tion. (D) Number of foot slips (n = 6). (E, F) Panels represent typi-
cal chromatographs of striatal  MPP+ in MPTP and MPTP + Van-

treated group showing typical retention time for  MPP+ at ~ 13  min 
in both groups. (G) Bar graphs representing striatal  MPP+ levels in 
MPTP and MPTP + Van treated group (n = 4). Values are given as 
mean ± SEM,  *p < 0.05. **p < 0.01, ***p < 0.001 vs. control and #p 
< 0.05,  ##p < 0.01, ###p < 0.001 vs. MPTP group
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protects against MPTP-induced dysregulations in the immu-
noreactivity of the TH enzyme. Similar to our immunofluo-
rescence, DAB results show that TH-positive neurons in 
SNpc reduced significantly (Fig. 10D, F = 27.78, p < 0.001) 
in MPTP-treated mice compared to controls, and Van treat-
ment significantly (p < 0.01) increased TH-positive neurons 
in mice SNpc by 1.5-fold compared to MPTP-treated group. 
Figure 10A and C depict representative images of immuno-
fluorescence and DAB staining of TH in the SNpc of con-
trol, MPTP, Van, MPTP + Van, and MPTP + L-DOPA-treated 
groups. These data show that Van treatment protects against 
MPTP-induced dopaminergic neuron loss in the mice SNpc by 
increasing the number of TH-positive neurons.

Van Increases the Density of TH‑Fibers in Mice 
Striatum

The nigral fibers ascend along the dorsomedial border of 
the SNpc. These nigral fibers innervate the striatum. Any 

neurodegeneration in SNpc may result in the denervation 
of dopaminergic terminals in the striatum. Since Van treat-
ment decreased the loss of TH-positive neurons in SNpc 
induced by MPTP administration, we determined whether 
Van treatment could also upregulate TH-fibers in the mice 
striatum by conducting DAB staining (Fig. 11). Our results 
show that MPTP administration resulted in a significant 
(p < 0.001) reduction in the levels of TH-fibers in the stria-
tum of mice brain than the control, and Van treatment was 
significantly (Fig. 11B, F = 14.68, p < 0.05) able to increase 
the number of TH-fibers by 2.1-fold compared to MPTP-
lesioned mice striatum. Similar to an increase in TH in 
cell bodies of SNpc by Van treatment, our results show the 
increased density of TH-fibers in the striatal tissues of Van-
treated mice compared to MPTP-administered mice. Fig-
ure 11A depicts representative images of TH-fibers in mice 
striatum of the control, MPTP, Van, and MPTP + Van, and 
MPTP + L-DOPA-treated groups. Taken together, our immu-
nofluorescence and DAB staining results indicate that Van 

Fig. 9  Alterations in (A) GSH, (B) SOD activity, (C) CAT activity, 
and (D) LPO levels following MPTP administration and Van treat-
ment in the mice striatum. Values are given as mean ± SEM (n = 6), 

*p < 0.05 and ***p < 0.001 vs. control and #p < 0.05, ##p < 0.01 
###p < 0.001 vs. MPTP group
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treatment reduces MPTP-induced dopaminergic neuronal 
loss in the mice SNpc and striatum.

Van Modulates MPTP‑Induced Neuro 
Histopathological Alterations

The total number of neurons in the SNpc was estimated 
to investigate whether MPTP administration caused only 
the reduction in TH expression or the actual loss of the 
TH and Nissl-positive cells. Figure 12A and B depict the 
estimated number of Nissl-stained cells in the SNpc of each 
of the five experimental groups. The overall number of 
Nissl-positive cells in control and Van group was relatively 
similar (Fig. 12B, F = 17.57). The number of Nissl-stained 
cells was reduced by 1.7-fold in the MPTP group com-
pared to that in the control and Van-treated groups. The 
number of Nissl-positive cells in the MPTP + Van group 
was almost equal to the number of cells in the control and 

Van groups. The MPTP + Van group showed 1.3-fold more 
Nissl-stained cells in the SNpc than in the MPTP group. 
Using the multiple comparison test, it was determined that 
there were significant differences in the number of Nissl-
positive cells between the MPTP control (p < 0.001), Van 
(p < 0.001), and MPTP + Van (p < 0.05) groups. Compared 
to the control and Van groups, the MPTP group showed 
1.7-fold reductions in Nissl-stained cells. The number of 
Nissl-positive cells in the MPTP + Van group were simi-
lar to those of the controls and 1.3-fold higher than those 
of the MPTP group. These results demonstrated that Van 
treatment protected SNpc cells from MPTP intoxication 
apart from inhibiting the downregulation of TH expression 
in dopaminergic neurons.

MPTP treatment also caused vacuolar degeneration 
and induced pyknotic nuclei in the striatum of mice. The 
control mice did not show any neurodegeneration pheno-
typically and exhibited neurons containing normal nuclei. 

Fig. 10  Effect of MPTP administration and Van treatment on the 
level of TH-positive neurons in the SNpc of mice brain. (A and C) 
Representative images of TH immunofluorescence and DAB stain-
ing in control, MPTP, Van, MPTP + Van, and MPTP + L-DOPA 
(immunofluorescence scale bar:100  μm; DAB staining scale bar: 

200  μm). (B and D) Bar graphs depict the comparative no. of TH-
positive neurons in SNpc of control, MPTP, Van, MPTP + Van, and 
MPTP + L-DOPA-treated groups. Values are given as mean ± SEM 
(n = 4);  ***p < 0.001 vs. controls and #p < 0.05, ##p < 0.01, and 
###p < 0.001 vs. MPTP groups
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However, treatment with Van significantly decreased histo-
pathological alterations in comparison to MPTP + Van and 
MPTP + L-DOPA-treated mice. Our data suggest that Van 
protects against MPTP-induced toxicity (Fig. 12C).

Discussion

PD pathogenesis is primarily associated with dopaminer-
gic neuronal death in the nigrostriatal pathway. The cause 

Fig. 11  Effect of MPTP administration and Van treatment on the 
TH-fiber density in mice striatum. (A) Representative DAB images 
of TH in control, MPTP, Van, MPTP + Van, and MPTP + L-DOPA 
(scale bar: 500  μm). (B) Bar graph showing the relative density of 

TH-fibers in the striatum of control, MPTP, Van, MPTP + Van, and 
MPTP + L-DOPA-treated groups. Values are given as mean ± SEM 
(n = 4), ***p < 0.001 vs. control and #p < 0.05, ##p < 0.01, and 
###p < 0.001 vs. MPTP group

Fig. 12  Effect of Van on MPTP-induced histopathological altera-
tions. (A) Photomicrographs of Nissl-stained neurons in mice SNpc 
(scale bar: 200 µm). (B) Bar graph depicting comparative no. of Nissl 
positive neurons in SNpc of control, MPTP, Van, MPTP + Van, and 
MPTP + L-DOPA-treated groups. Values are given as mean ± SEM 

(n = 4), ***p < 0.001 vs. controls and #p < 0.05, ##p < 0.01, 
and.###p < 0.001 vs. MPTP groups. (C) Photomicrographs of H&E-
stained coronal sections from mice striatum showing histopathologi-
cal alterations (scale bar: 50 µm), neurons with vacuolar degeneration 
(V); normal nuclei (N); and Pyknotic nuclei (P)



4710 Molecular Neurobiology (2023) 60:4693–4715

1 3

of dopaminergic loss in PD is unclear, but about 90% of 
the sporadic PD cases have been associated with exposure 
to environmental toxins like MPTP [37]. Oxidative stress 
appears to be a central event related to the pathogenesis of 
PD, and MPTP has been reported to induce oxidative stress 
by either acting singly or in concert, resulting in dopamin-
ergic neuronal death in the SNpc and striatum [10].  MPP+/
MPTP is a neurotoxic compound that selectively targets 
dopaminergic neurons in basal ganglia and causes irrevers-
ible Parkinsonism-like symptoms.  MPP+/MPTP has been 
extensively used to investigate the neurodegenerative impli-
cations that might occur in PD. Because of their diverse 
pharmacological activities as an anti-oxidant, anti-inflam-
matory, and neuroprotective properties, and their ability to 
combat oxidative stress, diet-derived phenolic compounds 
have been considered as alternatives for treating neurodegen-
erative diseases, including PD [38]. One such phenolic fla-
vonoid, Van, exhibits neuroprotection against PD pathology 
in different animal models [17, 39]. The present study, there-
fore, explored the potential neuroprotective of Van on  MPP+/
MPTP-induced Parkinsonism in SH-SY5Y cells and a mouse 
model of PD. In the current study, SH-SY5Y cells were used 
because of being more susceptible to  MPP+-induced cyto-
toxicity and have TH and dopamine-β-hydroxylase activi-
ties [40], and for in vivo experiments, we used C57BL/6 
mice for being the most sensitive to MPTP intoxication 
compared to other rodent models [10]. Our results showed 
that Van treatment did not alter MPTP metabolism, as the 
striatal  MPP+ levels in the MPTP group did not differ from 
those in the MPTP + Van group. To our best knowledge, this 
study is the first to demonstrate the effect of Van on mice 
striatal  MPP+ levels. The observed neuroprotective effect 
of Van against MPTP-induced neurotoxicity in our experi-
ments was not due to alterations in MPTP metabolism but 
rather Van inhibiting the MPTP-induced oxidative stress in 
the nigrostriatal pathway. In our study, the administration 
of  MPP+ resulted in a loss of cell viability in SH-SY5Y in a 
concentration-dependent manner, consistent with an earlier 
study [41]. However, in agreement with previous reports, 
Van at different concentrations negated the  MPP+-induced 
loss in cell viability and improved survival in RA-mediated 
differentiated SH-SY5Y cells [42]. MPTP rapidly crosses 
the blood–brain barrier and is converted to  MPP+ in astro-
cytes by the enzyme MAO-B [10].  MPP+ then enters into 
the dopaminergic neurons via the DAT and accumulates in 
the mitochondria, where it causes the excessive generation 
of ROS by inhibiting the mitochondrial respiratory com-
plex I [43]. Similar to our results, a recent study reported 
that  MPP+ caused significant intracellular ROS generation 
in SH-SY5Y cells [44]. In the present study, Van treatment 
ameliorated the  MPP+-induced generation of excess ROS in 
SH-SY5Y cells. Our findings are in line with previous find-
ings where Van treatment inhibited the generation of ROS 

in rotenone-administered SH-SY5Y human neuroblastoma 
cells [21] and caused a significant reduction in ROS produc-
tion in undifferentiated SH-SY5Y cells [45]. Our in vivo 
results from the mouse model also reflect that Van treat-
ment significantly alleviated the MPTP-induced oxidative 
stress by modulating the alterations of antioxidant status: 
SOD and CAT activities, GSH content, and LPO levels. 
These observations are again in line with the previous study 
in which Van modulated maneb-induced oxidative stress in 
Swiss albino mice [18, 46]. Our results and these obser-
vations are further corroborated by a recent finding where 
Van and vanillic acid modulated antioxidant defense systems 
in brain tissue damage [47]. In the present study, the Van-
mediated inhibition in ROS generation may be attributed to 
its free radical scavenging property and its ability to undergo 
separate acetylation and reduction by donating electrons or 
hydrogen atoms and converting 1, 1-diphenyl-2-picrylhy-
drazyl (DPPH) radical to non-radical form; 1, 1-diphenyl-
2-picryl hydrazine [48].

Clinically, PD is characterized by motor deficits, and 
reports suggest MPTP is implicated in neurobehavioral 
impairments during the progression of PD, which may be 
attributed to a significant loss of SNpc neurons and dys-
functions in nigrostriatal dopamine circuits [49]. A recent 
study reported that MPTP induced motor deficits and dopa-
minergic neurodegeneration in C57BL/6 mice, very much 
similar to our results where MPTP elevated motor distur-
bances and caused degeneration of dopaminergic neurons 
[50]. Van has recently been reported to alleviate tremors 
(early motor deficits in PD) in rats induced by harmaline, 
a β-carboline alkaloid and structural analog of MPTP [51]. 
Another study also confirmed these observations in which 
rotenone-induced behavioral disorders were attenuated by 
Van in a rat model of PD [19]. In agreement with obser-
vations, our results also demonstrate that Van successfully 
alleviated the MPTP-induced motor dysfunction, which may 
be due to the Van-mediated amelioration of oxidative stress 
and preserving striatal dopamine levels [19].

MPP+-induced oxidative stress may partly disrupt the 
mitochondrial permeability transition pore, altering the 
Δψm. Increased mitochondrial ROS may cause α-synuclein 
accumulation and aggregation, followed by proteasomal dys-
function, making the mitochondrial transmembrane more 
permeable, releasing cytochrome-c and activating Caspase-3 
resulting in neuronal cell death during PD pathology [4]. 
Mitochondria are the key source of  MPP+-induced ROS 
production in the brain.  MPP+ enters dopaminergic neu-
rons, accumulates in the mitochondria, and alters the Δψm. 
 MPP+ causes mitochondrial aberrations by increasing oxi-
dative stress and altering Δψm [52]. These observations 
are consistent with our results, where  MPP+ dysregulated 
mitochondrial function by altering the Δψm in SH-SY5Y 
cells. In the current study, Van treatment effectively reduced 
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the  MPP+-induced aberrant mitochondrial activity by restor-
ing Δψm. The results of the present study are in line with 
the previous report, where Van inhibited the depolarization 
of Δψm in SH-SY5Y cells [45]. Another study also con-
firmed these observations in which rotenone administration 
depolarizes Δψm in SH-SY5Y cells, and Van treatment pre-
vented this by ameliorating the rotenone-induced disruption 
of Δψm in the in vitro model of PD [21]. Thus, consistent 
with other studies, the current study shows that Van treat-
ment successfully modulates the  MPP+-induced aberrations 
in Δψm in the cellular model of PD.

The pathophysiology of PD is also characterized by aber-
rant transcription of genes responsible for cellular prolifera-
tion, fate determination, and neuronal differentiation [53]. 
An increase in oxidative stress causes impairment of redox 
signaling and intracellular signaling pathways. Our find-
ings show that  MPP+ causes dysregulations in gene expres-
sion and that Van treatment may be able to regulate these 
 MPP+-induced transcriptional aberrations. GSK-3β is the 
keystone protein involved in many of the multidirectional 
signaling pathways, and reports suggest its activation/dys-
regulations induce loss of dopaminergic neurons in PD [54]. 
It has been demonstrated that GSK-3β dysregulation results 
in aberrant mitochondrial activity, which is linked to the 
etiology of PD [55]. GSK-3β-mediated phosphorylation of 
substrates such as α-synuclein can result in intracellular and 
axonal deposits that may be involved in GSK-3β-mediated 
PD pathogenesis [56]. GSK-3β inhibition has been proposed 
as a possible therapeutic approach for the treatment of PD. 
Previous studies have demonstrated high expression of 
GSK3β in  MPP+-intoxicated SH-SY5Y cells, which are cor-
roborated with the  MPP+-induced elevated mRNA expres-
sions of GSK-3β in SH-SY5Y cells in the present findings 
[57]. In this study, Van treatment protected dopaminergic 
neurons against  MPP+-induced GSK-3β activation by reduc-
ing mRNA expression of GSK-3β in SH-SY5Y cells. These 
observations agree with a previous report in which the Van 
derivative modulates GSK-3β/Wnt/β-catenin signaling [58]. 
PARP1 is a ribozyme that helps cell survival by recogniz-
ing and repairing DNA damage [59]. DNA damage results 
in the over-activation of the enzyme PARP-1, resulting in 
the pathogenesis of AD and PD [60]. It has been shown that 
PARP1 may be stimulated by aggregated α-synuclein, and 
this mechanism exacerbates α-synuclein toxicity. Recently, it 
has been demonstrated that PARP1 inhibition appears to be 
a potential and possible strategy for PD [61]. PARP1 activa-
tion also disrupts mitochondrial function by altering  NAD+ 
levels and energy consumption, followed by PARylation-
induced depolarization of mitochondrial membrane poten-
tial [62]. Earlier findings show that  MPP+ induced neuronal 
death by upregulating apoptotic signaling in cleaved PARP 
in SH-SY5Y cells, which is consistent with present results 
where  MPP+ resulted in the over-expression of PARP1 gene 

[63]. In agreement with a previous study, Van treatment 
modulated the  MPP+-induced aberrant transcription activa-
tion of PARP1 [64].

In the mitochondrial apoptotic pathway, the interplay 
between pro-apoptotic and anti-apoptotic proteins regulates 
the Δψm, and the imbalance between them is critical for the 
permeabilization of the outer membrane of mitochondria 
and apoptosis [65]. Overexpression and subcellular trans-
location of p53 are critical in mitochondrial apoptosis and 
consequent neurodegeneration. In response to cellular stress, 
activated p53 interacts with Bcl-2/Bcl-xL and releases Bax/
Bak (Bcl-2 antagonist/killer) to open mitochondrial mem-
brane transition pore, resulting in the release of cytochrome 
c from the mitochondria into the cytosol and stimulates 
mitochondrial intrinsic apoptotic pathway [66]. Dysregula-
tions in gene expressions of p53 and the Bcl-2/Bax ratio 
have been reported to be implicated in the pathogenesis of 
PD [67]. Our results show that  MPP+ administration in SH-
SY5Y cells activates mRNA expression of p53, Bax, Bcl-
2, and Caspase-3; and these observations suggest that Bax, 
Bcl-2, Caspase-3-like proteases may play crucial roles in 
 MPP+-induced neuronal death, which is in agreement with 
previous studies [68]. Our results show that Van mitigated 
the adverse effect of  MPP+ on the expressions of Bax and 
Bcl-2 via inhibiting p53 mRNA expressions, which is con-
sistent with a previous study where Van prevented rotenone-
induced apoptosis by downregulating the expressions of Bax 
and Caspases and increasing the expression of Bcl-2 [19]. In 
congruence with these observations and our results, a recent 
study also reported that vanillin exhibited neuroprotective 
properties by inhibiting apoptosis in spinal cord injury rat 
model [68]. In addition, another recent study too reported 
that Van showed potential protective effects by preventing 
apoptosis in rats [64]. The inhibition of apoptosis by Van 
in the present study may be due to its ability to activate 
antioxidant defense machinery and inhibit oxidative stress.

The TH enzyme is a rate-limiting enzyme in the syn-
thesis of dopamine, and its deficiency has been reported 
to reduce dopamine function in PD [69].  MPP+ inactivates 
the TH enzyme, which may be due to  MPP+-mediated 
over-production of proximities, resulting in nitration of 
the tyrosine residue in TH and loss of enzymatic activ-
ity and TH neurons [70]. These observations agree with 
our results, where  MPP+ administration reduced protein 
expressions of TH. Cocoa beans improved mitochondrial 
biogenesis and dopaminergic functions by increasing TH 
expression in  MPP+-intoxicated SH-SY5Y cells [71]. Our 
results corroborate these findings where Van treatment ele-
vated the protein expressions of TH in  MPP+-intoxicated 
human neuroblastoma SH-SY5Y cells. Van also increases 
the number of TH-positive neurons in MPTP-treated mice, 
suggesting that Van can counteract MPTP-induced TH 
suppression, presumably by reducing ROS exacerbation. 
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The dysregulations in dopaminergic neurotransmission 
between the SNpc and the dorsal striatum, known as the 
nigrostriatal pathway, lower the dopamine levels resulting 
in motor dysfunctions that characterize PD. This nigros-
triatal dopaminergic neurotransmission could be regulated 
by the level of TH-positive neurons in SNpc and the den-
sity of TH-fibers in the striatum. The deregulations in TH 
expressions mediated by the degeneration of dopaminer-
gic neurons have been implicated in decreasing dopamine 
levels and manifestations of clinical motor symptoms in 
PD. They, therefore, reflect the severity and progression 
of PD. In adult SNpc and striatal neurons, the levels of TH 
expressions are downregulated in cells that survive expo-
sure to neurotoxins like MPTP [72]. These observations 
are reflected by our findings showing that MPTP caused 
degeneration of dopaminergic neurons by increasing the 
loss of TH-positive neuronal cells and fibers in the mice 
SNpc and striatum, respectively. Van treatment improved 
dopaminergic functions by increasing the TH expressions. 
In line with our findings, Van administration markedly 
inhibited LPS-induced death of dopaminergic neurons 
by increasing the number of TH-positive neurons and 
expression of TH in SNpc of rats [39]. Our observations 

indicate that Van-mediated neuroprotection is mediated by 
its ability to regulate the number and expressions of the 
TH enzyme. Therefore, our study demonstrates that Van 
may be a therapeutic approach in the early onset/stage of 
PD when dopaminergic neurons are still significantly pre-
sent. Our results show that Nissl-positive neurons in the 
SNpc were also significantly reduced in MPTP-lesioned 
mice, which is consistent with previous reports [73, 74] 
and subsequently, the number of Nissl-positive cells was 
restored by the Van treatment. Also, there was an increase 
in the number of TH and Nissl-positive neurons in MPTP-
treated mice following Van treatment, suggesting that Van 
treatment increased the number of dopaminergic neurons 
in the SNpc.

In conclusion, the present study indicates that Van 
provides neuroprotection against  MPP+/MPTP in SH-
SY5Y cells and mouse model respectively. It protects 
against  MPP+ and MPTP-induced degeneration of dopa-
minergic neurons by alleviating the neurobehavioral 
impairments, oxidative stress, Δψm, neuronal apopto-
sis, and gene dysregulations which may be due to Van-
mediated improvement in net nigrostriatal TH expres-
sions, i.e., a product of the TH content of SNpc neurons 

Fig. 13  Schematic illustration 
of the probable mechanism of 
Van-mediated neuroprotection 
against  MPP+/MPTP induced 
oxidative stress, Δψm perturba-
tions, apoptosis, and aberrant 
gene and TH expression in SH-
SY5Y cells and PD mice model. 
Created by Bio render



4713Molecular Neurobiology (2023) 60:4693–4715 

1 3

and striatum TH-fibers. Thus, Van may be beneficial 
for preventing or reducing neuronal loss in the nigros-
triatal pathway. Although further investigations about 
the detailed Van-mediated neuroprotection are required 
before conclusions can be drawn, our results suggest that 
Van can be a promising alternative therapeutic approach 
for preventing and treating PD. The mechanisms of the 
neuroprotective potential of Van may be because of its 
ability to protect mitochondrial function and attenuate 
the generation of intracellular ROS and its potential to 
inhibit the  MPP+-induced mitochondrial apoptotic path-
way by decreasing the ratio of Bax to Bcl-2, inhibiting 
the activation of Caspase-3, and by elevating the expres-
sion of TH enzyme given in Fig. 13.
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