
Vol.:(0123456789)1 3

Biological Trace Element Research (2024) 202:1115–1125 
https://doi.org/10.1007/s12011-023-03748-3

RESEARCH

Therapeutic Effects of Selenium on Alpha‑Synuclein Accumulation 
in Substantia Nigra Pars Compacta in a Rat Model of Parkinson’s 
Disease: Behavioral and Biochemical Outcomes

Sanaz Salaramoli1,2  · Hamid Reza Joshaghani3 · Mahmoud Hosseini4 · Seyed Isaac Hashemy2,5 

Received: 9 November 2022 / Accepted: 24 June 2023 / Published online: 29 June 2023 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2023

Abstract
Parkinson’s disease (PD) is the second most common progressive neurodegenerative disorder characterized by the accumula-
tion of accumulated alpha-synuclein (α-Syn) in substantia nigra. Research has shown that selenium (Se) can protect neural 
cells through the actions of selenoproteins, including selenoprotein P (SelP) and selenoprotein S (SelS), which participate 
in endoplasmic reticulum-associated protein degradation (ERAD). In this study, we investigated the potential protective role 
of Se in a pre-clinical PD rat model.
We aimed to evaluate the therapeutic effects of Se administration in the 6-hydroxydopamine (6-OHDA) induced unilateral 
rat PD model. Male Wistar rats were utilised for unilateral PD animal model which were subjected to stereotaxic surgery and 
injected with 20 μg 6-OHDA/5 μl 0.2% ascorbate saline. After confirming the model, the rats were intraperitoneally injected 
with 0.1, 0.2, and 0.3 mg/kg of sodium selenite for 7 days. We then performed behavioral tests, including apomorphine-
induced rotation, hanging, and rotarod tests. Following sacrifice, we analysed the substantia nigra area of the brain and serum 
for protein quantification, element analysis, and gene expression analysis.
Our results indicate that the administration of 0.3 mg/kg of Se improved the motor deficiency in hanging, rotarod, and apo-
morphine-induced rotational tests. While there was no significant improvement in the expression of α-Syn, Se increased the 
expression of selenoproteins. Additionally, levels of selenoproteins, Se, and α-Syn both brain and serum were re-established 
by the treatment, suggesting the role of Se on the α-Syn accumulation. Furthermore, Se improved PD-induced biochemical 
deficits by increasing the levels of SelS and SelP (p<0.005).
In conclusion, our findings suggest that Se may have a protective role in PD. 0.3 mg/kg dosage of Se increased the expression 
of selenoproteins, reduced the accumulation of α-Syn in the brain, and improved PD-induced motor deficits. These results 
suggest that Se may be a potential therapeutic option for PD treatment.
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GAPDH  Glyceraldehyde-3-phosphate 
dehydrogenase

PD  Parkinson’s disease
PBS  Phosphate-buffered saline
Se  Selenium/selenite sodium
SelS  Selenoprotein S
SelP  Selenoprotein P
SEPS1/SES1  Selenoprotein S gene
SEPP1/SEP1  Selenoprotein P gene
SP/SeP  Selenoproteins
Sec  Selenocysteine
Se-Met  Seleno-L-methionine
SCNA  α-Syn gene
MPTP  1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine
i.p.  Intraperitoneal
ERAD  Endoplasmic reticulum-associated protein 

degradation
6-OHDA  6-Hydroxydopamine
qRT-PCR  Real-time quantitative PCR
SNpc  Substantia nigra pars compacta
RDI  Recommended daily intake
MFB  Medial forebrain bundle
ER  Endoplasmic reticulum

Introduction

Parkinson’s disease (PD) is a prevalent progressive neurode-
generative disorder [1], characterized by the aggregation of 
alpha-synuclein (α-Syn) and a reduction in dopamine levels [2]. 
Pathologically, the loss of nigrostriatal dopaminergic neurons in 
the substantia nigra pars compacta (SNpc) is a hallmark of PD 
[3]. Common clinical features of PD include rigidity, tremors, 
bradykinesia, and postural reflexes, while non-motor symptoms 
such as cognitive impairments, sleep, and behavioral disorders 
including depression, irritability, and apathy are also common 
[4]. Although the precise pathogenic mechanisms of PD are 
not yet fully understood, congenital and environmental factors 
appear to play a significant role in the risk of developing PD, 
and nutrients have been considered to play a role in the onset 
and progression of PD [5]. In a balanced diet, micronutrients 
are essential for brain development and have a protective impact 
on the brain. Deficiencies or imbalances in micronutrients can 
be linked to neurodegenerative disorders [6].

Selenium (Se) is an essential trace element that plays a 
vital role in human and animal health by maintaining redox 
homeostasis, antioxidant defence, and anti-tumor and immune 
regulatory functions [7]. The average serum level of Se in 
adults is 13.67 mcg/dL [8], and the recommended daily intake 
(RDI) of Se for adults is 50–70 micrograms/day. Se is avail-
able in various forms, including multi-mineral/stand-alone 
supplements, selenomethionine, sodium selenite, and sodium 
selenate [9]. The upper tolerance level of Se is approximately 

400 micrograms/day, and it is usually toxic when taken above 
their nutritional dosage [9, 10]. Se is essential for the brain, 
and brain tissue is susceptible to Se deficiency [11]. Se func-
tions through the activation of selenoproteins in the brain 
[11]. There are 25 Se-containing proteins (selenoproteins 
(SP/SeP)) playing important roles in physiological functions 
such as antioxidant status and metabolism [12]. Most of the 
selenoproteins have only one selenocysteine (Sec) residue, 
while selenoprotein P (SelP) has 10 Sec residues [13]. SelP is 
a secreted glycoprotein composed of two domains: the larger 
N-terminal domain with one Sec residue in a redox motif and 
the smaller C-terminal domain with nine Sec [14]. SelP syn-
thesis affects whole-body Se content through the homeosta-
sis and distribution of Se [15]. A direct signalling function 
has been observed in which SelP interacts with post-synaptic 
apolipoprotein E receptors 2 (ApoER2) [16].

Selenoprotein S (SelS), a protein containing Sec at position 
188 and a penultimate C-terminal residue, plays a significant 
role in the endoplasmic reticulum (ER) stress [17, 18]. SelS is 
an essential component of the ER-associated protein degrada-
tion (ERAD) complex located in the ER membrane. However, 
the pathways and roles of interacting proteins in SelS-associated 
disorders remain unclear [17, 18]. SelS is involved in intracel-
lular membrane transportation and anchors protein complexes 
to the ER membrane [19]. The ER’s primary function is protein 
synthesis and quality control, where newly synthesized proteins 
undergo folding and post-translational modification, regulated 
directly by ERAD. Therefore, ERAD is crucial in relieving ER 
stress by degrading misfolded/unfolded proteins [19].

Recent research has revealed that SelS is essential in 
extracting misfolded/unfolded proteins from the ER to the 
cytosol during ERAD [20]. One such misfolded protein may 
be α-Syn, involved in Parkinson’s disease (PD) pathology. 
These findings highlight the association between seleno-
proteins and brain functions and their contribution to PD 
pathology, specifically α-Syn accumulation, providing fur-
ther insights into the role of Se in PD.

Material and Methods

Animal and Ethics

Male WISTAR rats, aged 3 months ± 17 days and weigh-
ing 420 ± 20g, were obtained from the Experimental Ani-
mal Center of Mashhad Medical University for the current 
study. The rats were maintained under a 12-h light/dark cycle 
and a constant room temperature of 22 ± 2°C. They were 
given normal laboratory chow (Parsfeed Co., Iran) and water 
ad libitum. The animals were treated following the Animal 
Welfare and Animal Experiment Guidelines, and the protocols 
were approved by the Animal Research Ethics Committee 
of Mashhad University of Medical Sciences (Ethic number: 
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IR.MUMS.MEDICAL.REC.1399.345). Figure 1 provides a 
summary of all the procedures used in this study.

Animal Surgery

In order to anesthetizing rats before the surgery, ketamine 
(75 mg/kg, i.p.) and xylazine (10 mg/kg, i.p.) were admin-
istered. The rats were then placed on a stereotaxic table, 
with the incisor bar positioned 3.3 mm below the interaural 
line, to begin the surgical procedures. A midline incision 
(~1.5 cm length starting between the ears) was made in the 
skin over the head to expose the bregma and posterior by 
stripping the periosteum. In order to PD symptoms, 20 μg 
of 6-hydroxydopamine (6-OHDA) was dissolved in 5 μl of 
0.2% ascorbate saline. Then, 5 μl of the solution containing 
20 μg of 6-OHDA was injected into the left medial fore-
brain bundle (MFB) using a 0.5 mm diameter, 5-μl Ham-
ilton syringe during 2.5 min. The injection was performed 
at a depth of 7.8 mm ventral to the scalp, 4.7 mm posterior 
to the bregma, and 1.4 mm left of the midline. The needle 
was left in place for further 5 min for complete absorption. 
In the same way, sham operated control rats were infused 
with 5 μl of 0.2% ascorbate saline [21].

Treatment

The purpose of the current experiment was to investigate the 
effects of Se administration on PD in rats. Se was admin-
istered intraperitoneally at doses of 0.1, 0.2, and 0.3 mg/
kg for 7 consecutive days [22, 23]. A total of 40 rats were 
divided into five groups, each containing eight rats. Due to 
several limitations in creating the 6-OHDA model, includ-
ing efflux of 6-OHDA to the lateral ventricle, backflow 
along the needle shaft which led to an unsuccessful lesion, 
and error in injecting the appropriate 6-OHDA doses, any 

animals were excluded from our study. Thus, six animals 
from each group were used for experimental analysis. The 
groups were designated as follows:

• Group I: Sham-operated control group: i.p. administra-
tion of normal saline+ 0.2% ascorbate saline injection 
into the left MFB.

• Group II: 6-hydroxydopamine (6-OHDA) lesioned group: 
i.p. administration of normal saline+ 6-OHDA injection (20 
μg 6-OHDA/5 μl 0.2% ascorbate saline) into the left MFB.

• Group III: Se 0.1 mg/kg group: i.p. administration of Se 
(0.1 mg/kg) + 6-OHDA injection (20 μg 6-OHDA/5 μl 
0.2% ascorbate saline) into the left MFB.

• Group IV: Se 0.2 mg/kg group: i.p. administration of Se 
(0.2 mg/kg) + 6-OHDA injection (20 μg 6-OHDA/5 μl 
0.2% ascorbate saline) into the left MFB.

• Group V: Se 0.3 mg/kg group: i.p. administration of Se 
(0.3 mg/kg) + 6-OHDA injection (20 μg 6-OHDA/5 μl 
0.2% ascorbate saline) into the left MFB.

Motor and Behavior Tests

Apomorphine‑Induced Rotational Test

Successfully constructing PD models in rodents requires 
measurable impairments in behavioral and physical activities 
and anatomical and biochemical modifications. The primary 
index for evaluating behavior is the apomorphine-induced 
rotation test, and apomorphine (2 mg/kg, i.p., Sigma-Aldrich, 
USA) was administered to the animals to perform rotation 
tests 14 and 21 days after surgery. The number of rotations 
post administration was recorded for 30 min, and the average 
number within 30 min was calculated. Animals with a contra-
lateral rotation speed of more than 7 rotations per minute (r/
min) were considered to have PD models [24, 25].

Fig. 1  Summarized procedures 
of the current study
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Hanging Test

The rats were placed on a wire (a 100 cm length, 40 
cm height, and 2 mm diameter), and then the wire was 
reversed, causing the animals to swing from it. The hang-
ing duration was recorded, and the mean duration was 
calculated for each group. The data were then compared 
between groups [26].

Rotarod Test

Prior to the surgery, rotarod training was conducted. Fol-
lowing the surgery, the rodents were again placed on the 
rotarod (10 rpm speed) for several days to train them to 
maintain their balance. During the experiment, the ani-
mals were placed on the rotarod, and the time they spent 
on it was recorded. The mean duration for each group 
was calculated, and the maximum time considered per 
rat was 600 s [27].

Sample Preparation

Twenty-one days after treatment, the animals were anes-
thetized with ketamine (75 mg/kg, i.p.) and xylazine (10 
mg/kg, i.p.) to collect blood samples from the heart. The 
sera were quickly separated by centrifugation and stored 
at –80°C. The animals were sacrificed by decapitation, 
and samples were taken from the striatum area and a small 
amount of adjacent tissue, including the substantia nigra, 
and stored at –80°C.

Atomic Adsorption

Se levels were measured in both tissue liquid and serum 
using graphite furnace atomic absorption spectroscopy 
with a longitudinally heated graphite atomizer (Agilent-
AA240), Zeeman-effect background correction, and Se 
hollow cathode lamp (Agilent Technologies). In order to 
prepare the liquid sample, 50 μl was diluted with 450 μl of 
Triton solution, which was made by dissolving 5 mg ascor-
bic acid (Sigma), 2.5 ml nitric acid (Sigma), and 600 μl 
Triton X-100 (Merck) in 500 ml of distilled water. An auto-
sampler (Varian-PSD120) was used to inject 30 μl of the 
diluted sample and 20 μl of palladium chloride (500mg/L) 
as a matrix modifier into the furnace.

ELISA Test

To evaluate the levels of selenoproteins and α-Syn in both 
Substantia nigra specimens and serum, the ELISA technique 
was employed. Frozen brain samples were removed, rinsed 
with phosphate-buffered saline (PBS, 0.01 M), minced, mixed 
with PBS, and homogenized using a tissue homogenizer (all 
procedures were performed on ice). The homogenized sam-
ples were centrifuged (1000g for 20 min), and the superna-
tants were collected to detect the values following the kit's 
instructions (Zellbio, Germany). A microplate reader was 
used to detect dual wavelengths, specifically a detection wave-
length of 450 nm and a calibration wavelength of 620 nm. A 
standard curve was generated, and the concentration of each 
sample was calculated. The mean level of each protein in each 
group was calculated and compared [28].

RNA Extraction and Real‑Time Quantitative PCR 
(qRT‑PCR)

Total RNA was extracted from the brain tissue samples using 
a total RNA extraction kit (Yekta Tajhiz, Iran) following the 
manufacturer’s instructions. A NanoDrop spectrophotometer 
(NanoDrop 1000™, USA) was used to quantify the RNA con-
centration. Next, 1 μg of RNA was reverse-transcribed to comple-
mentary DNA (cDNA) using a cDNA Synthesis Kit (Pars Toos, 
Iran). qRT-PCR was performed using primers for SelS, SelP, 
and α-Syn purchased from Bonyakhteh (Bonyakhteh Co., Teh-
ran, Iran) (Table 1). Glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) was used as a housekeeping gene, and all amplifica-
tions were carried out in a Roche real-time thermo-cycler (Man-
nheim, Germany). The relative mRNA expression was calculated 
using the comparative Ct method (2–∆∆Ct) [29].

Statistical Analysis

The SPSS 21.0 program (Chicago, IL) was utilized to process 
the data. Firstly, normality and homogeneity of variance were 
checked. For normal data, one-way ANOVA with post hoc 
Tukey test was used to compare the mean levels and standard 
deviation, S.D between multiple groups. The Mann-Whitney 
test was used to compare medians between groups (interquartile 
range, IQR) for abnormal data. A p-value less than 0.05 was 
considered statistically significant, as disclosed in the results. 
For correlation analysis, the Spearman test was employed.

Table 1  Nucleotide sequences 
of the forward/reverse primers

Gene name Source Forward primer (5-3) Reverse primer (5-3)

GAPDH Rat GCA AAC AGG TCG GCG TCT T TAG CCC AGG ATG CCC TTT AGT 
SES1 Rat TGT TCT GGA GCG TGATG TAA CTT CTG CCT TCT TGC 
SEP1 Rat TCT TTC ACG AGT CTTG TTG TGG TGG TTA TGC 
SCNA Rat GGG TGT TCT CTA TGT AGG TCC TTC TTC ATT CTT GCC 
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Results

Apomorphine‑Induced Rotation Test

The apomorphine-induced rotation test was conducted 14 
days after the 6-OHDA injection to confirm the PD mod-
els. Three weeks after surgery, the rotation numbers in the 
treatment groups were significantly lower than in group 
II (p<0.001). The rotation numbers in the lesion were 
significantly higher than in group I (p<0.001), whereas 

the rotation numbers significantly decreased in group V 
(p<0.001). Additionally, rodents in group V had a lower 
rate of rotations compared to groups II and III (p<0.001). 
At the same time, there was no significant difference 
between groups V and IV (p > 0.05) (see Fig. 2).

Hanging Tests

A hanging test was conducted 21 days after stereotaxic 
surgery. The results showed a significant decrease in hang-
ing time for group II (p<0.001). Moreover, group IV had a 
higher hanging time than group III (p<0.001). The hanging 
time was significantly higher in treatment groups (p<0.001) 
compared to group II. Additionally, the hanging time was 
significantly higher in group V compared to groups IV and 
III (p<0.01) but lower than in group I (see Fig. 3).

Rotarod Test

A rotarod test was conducted 21 days after the 6-OHDA 
injection. The results showed a significant impairment in 
performance in the rotarod test for group II (p<0.001) and 
group III (p<0.001) compared to group I. However, the 
rotarod time in group IV and group V was higher than 
in group II (p<0.001). Additionally, the performance 
time in group V was significantly higher than in group III 
(p<0.001) (see Fig. 4).

Selenium Level

Table 2 shows the concentrations of Se in both the brain 
and serum. The levels of selenium in the brain and serum of 
group II were significantly lower than group I (p<0.05). The 

Fig. 2  The comparison of the contralateral rotations at the end of the 
3rd week. ***p < 0.001 refers to the difference between groups III, 
IV, and V compared to the lesion group, and *p < 0.05 shows the dif-
ferences between group III and V. (Mean ± SD, n = 6); ###p< 0.001 
shows the difference between groups I and II; +++p< 0.001 shows 
the difference between groups V and II. Group number I, sham-oper-
ated control group; II, lesion group; III, Se 0.1mg/kg; IV, Se 0.2 mg/
kg; IV, Se 0.3 mg/kg

Fig. 3  The average wire hang-
ing time (Sec) at the end of the 
3rd week. ###p< 0.001 shows 
the difference between group I 
and II; **p < 0.05 refers to the 
difference between groups III 
and IV; ***p < 0.05 shows the 
differences between treatment 
groups and lesion (group II); 
+++p< 0.001 shows the dif-
ference between groups III, IV, 
and V; $$p < 0.05shows the dif-
ference between group III and 
control group (group I) (mean 
± SD, n = 6). Group number I, 
sham-operated control group; 
II, lesion group; III, Se 0.1mg/
kg; IV, Se 0.2 mg/kg; IV, Se 0.3 
mg/kg
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most significant difference in baseline Se levels in the brain 
and serum was observed between groups V and I (p<0.01). 
Moreover, there was no significant difference in Se lev-
els between group I and group V in both serum and brain 
(p<0.001). Although there was no significant difference in 
selenium levels in the brain between group II and group III 
(p> 0.05), there was a significant difference in their serum 
levels (p<0.05), indicating that low selenium levels could 
not transfer to brain cells.

Furthermore, the mean level of Se in group V was sig-
nificantly higher than in other treatment groups (p≤ 0.001), 
but there were only slight differences between group V and 
the group I (p> 0.05). The mean serum Se level in both 
groups III and IV was approximately the same, but not in the 
brain (p> 0.05). Therefore, the evidence suggests that a high 
level of Se administration leads to a higher level of Se in the 
serum and brain (p <0.001). There was no significant cor-
relation between the proportions of Se in serum and brain. 
However, the Se level in the serum was positively correlated 

with both brain (r=0.89, p≤ 0.01) and serum SelP levels 
(r=0.82, p≤ 0.05). Higher levels of Se resulted in higher 
levels of SelS (r=0.85, p≤ 0.05). Additionally, a high dos-
age of Se in the brain reduced the concentration of α-Syn 
(r=0.94, p≤ 0.05).

Selenoproteins and α‑Syn Evaluations

Table 2 presents the concentrations of selenoproteins in 
both the brain and serum. The most notable difference in 
selenoprotein concentrations between groups was observed 
between groups V and I and the two other treatment groups 
(p < 0.01). While there were no significant differences in 
serum SelP concentrations between groups III and IV (p 
> 0.05), the concentration of SelP in the brain was signifi-
cantly higher in group IV (p < 0.01). Additionally, the level 
of SelS in both the brain and serum was higher in group IV 
than in group III (p < 0.01). Furthermore, there was a sig-
nificant positive correlation between serum SelS and SelS in 

Fig. 4  Rotarod performance 
(Sec) at the end of the 3rd week. 
***p < 0.05 refers to the dif-
ference between the lesion and 
treatment groups compared to 
the control group; $$p< 0.001 
shows the difference between 
group V compared to groups II 
and III; **p < 0.05 shows the 
differences between groups IV 
and V; &&p < 0.05 shows to 
the difference between groups 
IV and III; ###p< 0.001 shows 
the difference between groups I, 
II, and III (mean ± SD, n = 6). 
Group number I, sham-operated 
control group; II, lesion group; 
III, Se 0.1mg/kg; IV, Se 0.2 mg/
kg; IV, Se 0.3 mg/kg

Table 2  average levels of Se, selenoproteins, and alpha-synuclein in various groups in both brain and serum (n = 6)

ANOVA: analysis of variance was used to determine differences in group means; n = 6; p< 0.05 was significant. **p< 0.01; *p< 0.05

Sample Group

I: Sham-operated 
control group

II: 6-OHDA-
lesioned group

III: Treatment 0.1 IV: Treatment 0.2 V: Treatment 0.3 F

Se
(ng/mL)

Serum 2.94±0.36 1.34±0.28** 2.02±0.71 2.10±0.27 3.36±0.58 47.785
Brain 2.04±0.42 0.69±0.1** 1.06±0.15** 1.29±0.20 2.6±0.32 23.169

SelP
(ng/mL)

Serum 3289.92±939 943.67±110** 1217.50±380** 1566.68±187 2698.00±448* 38.483
Brain 2883.20±940 843.17±146** 896.83±125* 1490.70±268* 2509.00±362 105.575

SelS
(ng/mL)

Serum 1.23±0.36 0.52±0.23** 0.59±0.20** 1.32±0.36 2.34±0.53 57.002
Brain 1.59±0.61 0.37±0.7** 0.58±0.17** 1.64±0.41 2.83±0.35 23.771

α-Syn
(ng/mL)

Serum 0.28±0.15 11.09±2.09** 9.47±1.31 4.22±2.41* 1.41±0.43 24.963
Brain 0.48±0.38 15.94±2.74 13.37±1.54** 4.63±1.83 1.76±0.69 42.980
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the brain (r = 0.96, p < 0.01), which was followed by SelP 
concentration (r = 0.81, p < 0.05), and resulted in a reduc-
tion of α-Syn proportion (r = 0.76, p < 0.05).

Gene Expression

Growing evidence suggests that an increase in selenoprotein 
P (SEPP1/ SelP) gene expression induced by Se stimulation 
is associated with increased selenoprotein S (SEPS1/ SelS) 
gene expression (r=0.86, p≤0.01), which plays a crucial 
role in ERAD. To investigate the effect of Se on seleno-
protein gene expression, we conducted qRT-PCR analysis 
in various models. As shown in Fig. 5, Se administration 
increased the gene expression of SEPP1 in the rat PD model 
brain (p≤0.001), which subsequently led to elevated SEPS1 
expression (p≤0.001). However, we observed no significant 
change in α-Syn gene (SCNA) expression in response to 
Se administration when compared to the lesion group II 
(p≥0.05). Additionally, Se administration did not cause a 
substantial decrease in α-synuclein mRNA levels in brain 
tissue when compared to groups I and II (p≥0.05). Never-
theless, Se administration induced the expression of SeS1 
(r=0.80, p <0.05) and SEPP1 (r=0.86, p <0.05). Although 
SEPS1 and SEPP1 did not induce the SCNA gene, SelS 

reduced α-Syn levels, providing evidence that SelS impacts 
accumulated α-Syn through ERAD.

Discussion

One significant finding of this study is that Se administration 
can alleviate α-Syn accumulation, which is crucial for the sur-
vival of neural cells. Accumulation of α-Syn leads to neuronal 
cell death and severe PD outcomes. In addition, Se can attenu-
ate the motor dysfunctions observed in PD models. We also 
established a neurotoxicity model replicating several charac-
teristics of PD disorder, including increased levels of α-Syn 
and 6-OHDA-induced neuronal death. It is well established that 
α-Syn is closely linked to PD pathogenesis since it is a crucial 
component of Lewy bodies, a clinical hallmark of PD [30]. 
However, there are conflicting reports regarding the function 
of α-Syn in neuronal survival or death modulation. While the 
expression of mutated proteins reinforces neurotoxin-induced 
apoptosis in primary neurons and neuronal cell lines, the over-
expression of wild-type proteins has shown opposite results 
[31]. For instance, transgenic mice with α-Syn overexpression 
were found to be resistant to dopaminergic neuron neurotoxicity 
in an in vivo study [32]. Furthermore, α-Syn overexpression 

Fig. 5  Comparing the relative gene expression in each group at the 
end of the 3rd week. The levels of expression of genes were normal-
ized by GAPDH mRNA levels.***p < 0.001 refers to the difference 
of SES1 expression between the lesion (group II) and group V; **p < 
0.005 refers to the difference of SES1 expression between groups III 
and I; *p < 0.005 refers to the difference of SES1 expression between 
groups III and V; ##p < 0.05 refers to the difference of SEP1 expres-
sion between groups III and V; ###p < 0.001 refers to the difference 

of SEP1 expression between the lesion (group II) and groups IV and 
V; $$$p < 0.001 refers to the difference of SEP1 expression between 
the control (group I), lesion (group II), and group III; &&&p < 0.001 
refers to the difference of SCNA expression between the control 
(group I), lesion (group II), and treatment group. (Mean ± SD, n = 
6). Group number I, sham-operated control group; II, lesion group; 
III, Se 0.1mg/kg; IV, Se 0.2 mg/kg; IV, Se 0.3 mg/kg
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is believed to be neuroprotective and upregulates in response 
to neural oxidative stress [33]. Nonetheless, multiple replica-
tions of the α-Syn gene have been shown to induce PD [34–36]. 
Consistent with these findings, our results indicate that the PD 
models had a higher α-Syn expression, followed by increased 
protein accumulation in brain cells. Several preclinical thera-
peutic modalities targeting pathological α-Syn have revealed 
promising results.

The neurotoxin 6-OHDA has been widely used to induce 
in vivo and in vitro PD models [37–39]. Reactive oxygen spe-
cies production has been suggested as a mechanism under-
lying 6-OHDA neurotoxicity [40]. Some studies have also 
proposed that 6-OHDA abolishes the α-Syn anti-apoptotic 
function by inhibiting proteasomal activities and triggering 
α-Syn accumulation [41]. The accumulation of α-Syn occurs 
through a series of actions, including ubiquitination, transi-
tion to oligomeric protofibrils, and ultimately forming fibrillar 
beta-sheet structures [42]. The notion that 6-OHDA induces 
PD-like neuropathy by promoting α-Syn accumulation is sup-
ported by the fact that 6-OHDA deposition is observed in 
human disorder and by in vitro experiments demonstrating 
that 6-OHDA, but not MPP+, initiates cell death by inhibiting 
proteasomal activities and causing α-Syn accumulation [35]. 
Moreover, 6-OHDA negatively regulates α-Syn via various 
pathways and synergistically leads to cell death [41].

Se is a vital dietary micronutrient that has been shown to 
have neuroprotective effects against nigrostriatal 6-OHDA 
in various forms, including sodium selenite, diphenyl di-
selenide (PhSe)2, and selenium methionine [43]. In a rat 
model of PD induced by 6-OHDA (PhSe)2, a compound 
with neuroprotective properties, reversed motor impairment, 
and neurochemical alterations [44]. In another study, differ-
ent dosages of inorganic sodium selenite and organic seleno-
L-methionine (Se-Met) were fed to PD mouse models. Their 
neuroprotective effects and mechanisms were explored and 
compared. The study found that Se-Na provided better neu-
roprotective effects than Se-Met [45]. Our investigations 
also demonstrate that sodium selenate can protect substantia 
nigra neurons against free radical damage caused by straight 
administered 6-OHDA into the substantia nigra. Moreover, 
a long-term study has shown that prolonged exposure to 
dietary Se has a powerful protective effect [46]. In addition, 
a study by Zafar et al. has demonstrated that Se may slow 
down the progression of neurodegeneration in parkinsonism 
by upregulating the antioxidant status, reducing dopamine 
loss, and promoting functional recovery [23].

Other studies have reported that Se can protect against 
bradykinesia (locomotor damage) and DNA damage in the 
lymphocytes of rats in the animal model of PD induced by 
paraquat [47]. Khan et al. demonstrated that Se partially 
reversed the toxic effects (dopamine depletion) caused by 
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), which 
has the 1-methyl-4-phenyl pyridinium (MPP+) as an active 

metabolite, a molecule very similar to paraquat, in an animal 
model of PD in mice [48]. In PD mice, Sun et al. found that 
serum Se levels greatly increased after Se-Na supplementa-
tion, which could provide neuroprotective effects [45]. While 
the results of these studies are relevant, the Se exposure time-
line in our animal models needs to be carefully considered. 
Se appeared as a toxic microelement in the early 1930s, with 
rodents exposed to high levels of Se suffering from selenosis 
disease, now known as alkali disease, and blind staggers [49]. 
Rodents with over 6ppm Se (as sodium selenite) supplemen-
tation for 45 days developed liver cirrhosis, enlarged spleen, 
and depression. Additionally, rats with a 4ppm Se diet died 
months earlier than their controls [49]. However, it has been 
proposed that selenite, the toxic form of Se, can inhibit both 
DNA and RNA synthesis and promote apoptosis [49]. There-
fore, depending on the dosage, Se appears to have a dual role 
as a neuroprotective and toxic agent [50, 51].

Se possesses beneficial properties due to its incorporation 
into selenoproteins, some of which are expressed in the brain, 
including glutathione peroxidases (GPX), thioredoxin reduc-
tases (TRX), SelP, and SelS. SelP is an essential Se-binding 
protein [12]. We have shown a significant correlation between 
total Se proportions and SelP in both serum and brain samples 
of PD models. Additionally, SelP levels were increased in 
substantia nigra neurons, which are centralized in Lewy bod-
ies, demonstrating a co-localization of expressing SelP and 
α-Syn genes. Since SelP brain proportions in parkinsonism 
brain regulation greatly depend on serum levels, and the rather 
small area of SelP regulation is in substantia nigra [52], the 
quantification of SelP can be a valuable PD biomarker that is 
reflected in the serum. Our novel finding in the present study 
is that Se usage in an appropriate dosage can increase SelP 
levels in both serum and brain, resulting in decreased α-Syn 
levels. Furthermore, there is a hypothesis that SelP provides 
Se for selenoprotein synthesis via selenocysteine lyase, which 
delivers the highly reactive Sec residues for use in other sele-
noprotein syntheses, such as SelS [15].

SelS, an endoplasmic reticulum (ER)-resident selenopro-
tein, regulates physiological procedures such as protein fold-
ing and ER stress in neurons [53]. Previous investigations 
have indicated that the SelS-mediated complex, composed 
of SelK, valosin-containing protein (VCP), Derlin, and E3 
ubiquitin ligase, can transport mis/unfolded proteins to the 
ubiquitin-proteasome system for degradation. Thus, SelS and 
SelK have important functions in folding proteins and ER-
associated degradation (ERAD) pathways [20, 54]. Earlier 
studies have shown that neuronal SelS expression boosts with 
ER stress, and SelS gene knockout induces ER stress-medi-
ated apoptosis [55]. Additionally, toxic α-Syn has been intro-
duced to cause ER stress via interacting with Bip/Grp78 in 
physiological situations, which SelS regulates [56–58]. Unfor-
tunately, studies on the role of Se supplementation on SelS 
status and improved SelS expression on cognitive capacity 
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are limited, and the pathways through which Se affects PD 
from the viewpoint of SelS are not yet clarified. Our experi-
ments show a high correlation between Se intake and SelS 
expression in the brain, which can alleviate the accumulation 
of misfolded α-Syn in the brain and serum. According to our 
results, no significant reduction in the expression of α-Syn in 
the brain was found, while its level was reduced in both brain 
and serum, indicating that SelS is removing the translated 
α-Syn that is accumulated following its misfolding.

Our data also revealed that both hanging time in the hang-
ing test and duration time on the rotarod in the treatment 
group animals were significantly higher than in the lesion 
group, proving the beneficial effects of Se on the motor func-
tions in the rat model of PD. In line with our results, another 
study has shown that in the rotarod performance test, PD 
model mice made by chronic MPTP injection had significant 
motor deficits, as indicated by the decline in riding time. 
Treatment with a low dosage of Se-Na could significantly 
improve the motor functions of chronic PD mice models 
by increasing their riding time [45]. Furthermore, Abolarin 
et al. demonstrated the same results and claimed that animal 
PD models’ motor activity was slightly increased by Se [59].

Lastly, we recognize some limitations of our study. Once 
time Se treatments per se did not do realized, we cannot estab-
lish if there are beneficial or toxicological effects on the behav-
ior and biochemical analysis in a basal situation. In this sense, 
further studies on the mechanisms of selenoprotein function 
will increase our understanding of how different forms of Se 
and selenoproteins could be used to treat and prevent PD.

Conclusion

In conclusion, the current study suggests that a specific 
dosage of Se can alleviate the accumulation of α-Syn in 
PD through SelS and SelP. Se induces the expression of 
selenoproteins but not α-Syn. Evidence indicates that the 
reduction of accumulated α-Syn occurs after protein transla-
tion through ERAD by SelS. Se also improves PD-induced 
motor dysfunctions and alleviates biochemical impairments 
in PD’s rat model induced by 6-OHDA.
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