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Abstract

Parkinson’s disease is a neurodegenerative disorder characterized by oxidative stress and immune
activation in the nigro-striatal pathway. Simvastatin regulates cholesterol metabolism and protects
from atherosclerosis. Parkinson’s disease neurological symptoms are caused by the loss of dopamine-
producing cells in the midbrain, which results in motor function deterioration. Simvastatin-tween 80/
DOSIS day was administered 7 days before stereotaxic intrastriatal administration of 1-methyl-4-
phenylpyridine (MPP+) in rats. Fluorescent lipidic product formation, dopamine levels, and circling
behavior were evaluated as damage markers. Twenty-four hours and six days after MPP+ lesion, rats
showed significant damage in relation to the control group. Simvastatin significantly reduced the
MPP+-induced damage as compared to the MPP+ lesioned group. Apoptosis promotes
neuroinflammation and neuronal degeneration in Parkinson’s disease; we search for rat protein
homologs related to the inflammation response. We found that most proteins related to
neuroinflammation in the ventral midbrain decreased in the simvastatin-treated rats. Furthermore,
differential expression of antioxidant enzymes in mesencephalic tissue of rat brains was found in
response to simvastatin. These results suggest that simvastatin could prevent MPP+-induced damage
in the nigrostriatal pathway and, for the first time, suggest that the molecular mechanisms involved
in this protective effect occur through modification of the inflammasome.

Keywords: Parkinson’s disease; neuroinflammation; mesencephalon; antioxidants; MPP¥;
simvastatin; $-estradiol-3-benzoate; proinflammatory cytokines; brain stem; oxidative stress
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1. Introduction

Parkinson's disease (PD) is the second-most common neurodegenerative disorder that affects 2—
3% of the population aged >65 years [1]. PD is mainly characterized by dopaminergic neurons
degeneration in the substantia nigra pars compacta (SNpc), significantly decreasing the dopamine
content in the caudate nucleus and putamen [2]. Neurodegeneration is associated with the cardinal
symptoms of PD, characterized by resting tremor, rigidity, bradykinesia, and a subsequent loss of
postural reflexes that impair gait [3]. Likewise, non-motor symptoms characterized by
neuropsychiatric symptoms include emotional disturbances, cognitive impairment, sleep disorders,
and autonomic dysfunction, among others; these are some of the symptoms that appear many years
before movement disorders [4]. Among the main neurochemical alterations present in the
nigrostriatal pathway of PD patients are the aggregation of a-synuclein, increased intraneuronal iron
content in the SNpc, a 30-40% decrease in the activity of Complex I of the mitochondrial electron
transport chain, decreased antioxidant response, increased formation of free radicals, and oxidative
stress [5,6]. Likewise, microglia activation participates in dopaminergic neuronal damage through
the production of interleukin-1{ (IL-1p) and tumor necrosis factor alpha (TNF-a) [7].

1-Methyl-4-phenylpyridinium (MPP+) is one of the foremost neurotoxins used to induce the
main neurochemical characteristics of PD. Its neurotoxic potential is based on its selective damage to
dopaminergic neurons through the inhibition of complex I of the mitochondrial electron transport
chain, alterations in signaling pathways, overproduction of free radicals, oxidative stress, and
reduction of dopamine (DA) content [8]. MPP+-induced murine model of PD exacerbates
neuroinflammation by activating microglia, producing interleukin (IL)-17A, and partial release of
TNEF-a [9]. Moreover, COX-2 and IL-1§ transcripts are significantly elevated in BV-2 microglial cells
exposed to conditioned medium of MPP+-treated neuron-restrictive silencer factor/repressor element
1 (RE1)-silencing transcription factor (NRSF/REST) deficient astrocytes compared to WT astrocytes
[10]. MPP+ induces the generation of IL-6, IL-1f3, and TNF-a in BV-2 microglial cells. Likewise, MPP+
increases the phosphorylation of the PI3K/AKT/GSK-33 pathway, generates reactive oxygen species
(ROS), as well as the activation of p65, and induces the activation of the NLRP3 inflammasome and
caspase-1 [11].

Simvastatin (Sim) is a statin that has been indicated as an inhibitor of HMG-CoA reductase, the
main enzyme in the synthesis of cholesterol, lipid-lowering agents [12], and protects against
atherosclerosis disease [13]. Statins have also been considered as neuroprotective agents [14,15]. Sim
was found to induce the differential expression of antioxidant enzymes in ventral midbrain [14].
Moreover, Sim could prevent the neurotoxic damage produced by lipopolysaccharide (LPS)-induced
inflammatory processes [16]. Similarly, it has been indicated that Sim exerts a neuroprotective effect
by regulating energy metabolism [17]. However, despite the aforementioned background is still
unknown the proteomic changes induced by Sim in specific brain nuclei, such as the ventral midbrain
and striatum, which are key elements in the pathophysiology of PD.

The midbrain, also called the mesencephalon, is a part of the central nervous system that first
develops on E9 and gives rise to the dorsal and ventral midbrain [18]. The embryonic development
of the midbrain is of considerable interest to scientists hoping to find better forms of treatment for
PD. The midbrain functions as a relay system, transmitting information necessary for vision and
hearing. It also plays an important role in motor control, pain, and the sleep/wake cycle.

This study is oriented at analyzing the effect of Sim on the proteomic profile of the ventral
midbrain in a murine model of PD induced by intra-striatal administration of MPP+, to identify key
proteins involved in neuroprotection, thus contributing to the understanding of the possible
mechanisms underlying the neuroprotective effects of Sim in PD and exploring its potential as a
promising therapeutic alternative in patients with this condition.
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2. Results

2.1. Circling Behavior, Fluorescent Lipidic Products, and Dopamine Content in Striatal Tissue

In order to support our results, all these parameters were measured to ensure Parkinson’s-like
disease in animals. Approximately 6 days after intrastriatal MPP+ infusion, we observed a marked
effect on circling behavior induced by apomorphine administration (151.1 + 18.3 turns/60 min; p <
0.001) compared to control groups (vehicle and saline; Sim and saline), as shown in Table 1. Sim
pretreatment statistically reduced the number of turns induced by MPP+ (45.5 + 21.3 turns/60 min; P
<0.001) (Table 1). MPP+-infusion increased the formation of lipid fluorescent products versus to the
control group (40.1 + 4.18 vs.17.2 + 2.88 FU/mg protein, respectively; P < 0.0001). Table 1 also shows
the neuroprotective effect of Sim pre-administration (40 mg/kg/day) on fluorescent lipidic products
as compared to the MPP+- treated group (23.4 £ 3.25 vs. 40.1 + 4.18 FU/mg protein, respectively; P <
0.001). No statistical difference was observed between the MPP+/Sim and control groups (23.4 + 3.25
vs.17.2 + 2.88 FU/mg protein, respectively). Basal levels of striatal DA were 61.6 + 3.91 umol/g wet
tissue. Sim pre-administration did not affect striatal DA levels (65.8 + 6.5 pmol/g). In contrast, after
MPP+ microinjection, a significant decrease (P < 0.001) in DA concentrations were found (20.6 + 3.1
umol/g), whereas Sim pre-administration in MPP+-treated rats produced a significant (P < 0.03)
preservation of DA content (47.3 + 8.4 umol/g) (Table 1).

2.2. Neurodegenerative Damage

Finally, MPP+-induced damage significantly reduced the positive signal for tyrosine
hydroxylase (TH) compared to the control group (P = 0.001). This damage was significantly reduced
by the sub-chronic Sim administration (P = 0.005). Finally, similar levels of positive signal for striatal
TH in the Sim and control groups were found (Table 1).

Table 1. Effect of sub-chronic oral administration of 40 mg/kg/day of Sim on circling behavior, lipidic fluorescent
products, dopamine, and tyrosine hydroxylase (TH) content induced by subcutaneous administration of
apomorphine (1 mg/kg) 6 days after intrastriatal administration of MPP+. Circling behavior was analyzed via a
Kruskal-Wallis test followed by a Mann-Whitney U test. Formation of lipid fluorescent products and dopamine
concentrations, results were analyzed using a one-way ANOVA followed by Tukey’s multiple post hoc tests.
Positive immunofluorescence to tyrosine hydroxylase (TH) in the striatum reported as the mean percentage of

TH-positive fibers + S.E.M. of 5-8 animals per group. *P < 0.05.

Lipid Fluorescent
Products
(Fluorescent

Neurodegenerative
Damage
(Percentual density of

Dopamine Content
in Striatal Tissue

Circling Behavior

Experimental (Ipsilateral Turns

Group

/60 min) Units /mg protein) (umolig wet tissue) 1 positive dopamine
fibers)
Control Group 0+0 17.2+2.88 61.6 +3.91 52.3 + 3.4
Sim Group 00 23.4+3.25 65.8 + 6.5 51.4+83
MPP+ Group 151.1£18.3 401 +4.18 206£3.1 8.9£0.3
MPP+/Sim 455 +21.3 053427 473+84 29 2+ 0.9
Group - _
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2.3. Protein Expression Patterns from the Rat’s Mesencephalon

Representative gel images of the 4 experimental groups are shown in Figure 1, which depicts A)
Control group without treatment, B) Group treated with Sim, C) Group treated with MPP+ and D)
Group treated with Sim and MPP+. We have previously reported that MPP+/simvastatin-treated rats
exhibited differential expression of antioxidant enzymes, where most proteins related to
inflammation decreased, suggesting that Sim could prevent striatal damage induced by MPP+. In
order to dissect particular differences in protein expression from VMB, a 2DE proteomic analysis was
performed. As depicted in Figure 1 and Table 2, a different protein profile was found in each
experimental group. The initial analysis showed that the total number of spots was decreased in the
Sim-treated samples, as deduced by the number of total spots of 2D gels, while the group exposed to
MPP+, without Sim, exhibited the greatest number of spots (Figure 1A-D and Table 2). Despite
MPP+/Sim and control groups exhibiting a high similarity with a 0.911 correlation (Figure 1F),
proteins that are highly expressed in the control group exhibited a reduced expression in MPP+/S5im

group (Figure 1E).
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Figure 1. Differential proteome profiles. We show the comparison of the 2D-PAGE proteomic profiles of VMB
tissue of rat brain. A) Control group without treatment. B) Group treated with Sim. C) Group treated with MPP+.
D) Group treated with Sim and MPP+. Whole extract of VMB of each group was separated by isoelectric point
(pH 3-10 lineal, 7 cm strips) and molecular weight (4-20% polyacrylamide, precast gels). Spots were analyzed in
the PD Quest program. E) Comparison of the protein expression of each group. Proteins with higher expression
are highlighted in green, and proteins with lower expression are highlighted in pink. We analyzed 102 proteins
in the program “heat mapper” (http://www.heatmapper.ca/expression/) using the average linkage

as clustering method and the Pearson’s distance measurement method. F) Correlation matrix between groups.

Sim 0.9, MPP+ 0.7, and MPP+/Simv 0.911 values with respect to control. Analysis was performed in the program
“heat mapper” ( http://www.heatmapper.ca/ expression/ ) using the correlation matrix option from
the Pairwise tool.

In general, all groups showed a greater number of downregulated proteins compared to control
(Table 2).

Table 2. Proteomic profile, represented as spot number of striatum obtained from rats exposed to Sim and MPP+

alone or in combination.

Number of spots that Number of spots that
Number of spots ... . . . . .
diminishes their expression increases their expression
Control 136 - -
Sim 90 36 13
MPP+ 206 33 24
MPP+ / Sim 122 24 11

2.4. In Silico Protein Identification

We aimed to propose a probable identification of proteins based on comparative spot analysis,
as described in the Methods section. Proteins whose expression diminished or increased by at least
1.5 fold, for all groups compared to control, and we could find a probable identification, are listed in
Tables 3 and 4. The proteins whose expression decreases in MPP+/Sim group are mainly involved in
functions of synapses, neuron projection, protein transport, and cell adhesion, while those whose
expression increased are mainly proteins involved in endocytosis, axogenesis, and ATP synthesis
(Table 3 and Figure 2).

Table 3. Proteins whose expression was diminished by at least 1.5-fold compared to the control group.
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Figure 2. Molecular function of proteins whose expression decreased in the MPP+/Sim group.

In Table 4, there is a list of Sim-induced increases in protein expression. The neurotoxin MPP+
reproduces most of the biochemical and pathological hallmarks of Parkinson’s disease, such as
inflammation by oxidative stress and the production of ROS by activation of the NADPH-oxidase
complex.

Some proteins that are involved in MPP+ inflammation response identified in the MPP+ group
were Platelet-derived growth factor D (Pdgfd), Insulin-like growth factor 1 (Ilgf), IL-1, GPX1, and
Interferon alpha-1 (IFN-

1) (Table 4). As apoptosis promotes neuroinflammation and neuronal degeneration in
neurodegenerative pathologies such as Parkinson’s disease, we focused the search on proteins that
are related to the establishment of inflammation responses (Table 4). Platelet-derived growth factor
D (Pdgfd) is a protein involved in leukocyte migration and, more interestingly, is involved in cell
survival via ERK pathway and indirectly by the brain-derived neurotrophic factor pathway. The
expression of this protein was reduced in rats treated with Sim. Insulin-like growth factor I (Igf1), a
protein involved in the positive regulation of T cell proliferation, positively regulates IL-4, Jun, and
Bcl-2 pathways while negatively regulating TNF, IL-1, Casp3, Bax, and NFb1. The expression of Igfl
was reduced in rats exposed to the MPP+ toxin. TGF-3 and TGF-1 exhibited a similar expression
profile. TGF-1 is involved in the positive regulation of glial cell differentiation, and both proteins
regulate inflammatory responses (Table 4). Additionally, TGF-1 has shown protective activity against
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MPP+ injury in the rat model. We found that MPP+ administration resulted in a reduction in TGF- 1
production in the substantia nigra and primary VMB neurons and microglia.

Table 4. Proteins whose expression increased at least 1.5-fold with respect to the control group.
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2.5. In Silico Protein Interaction

Protein interaction analysis in string of all proteins that were downregulated from Sim, MPP+,

and MPP+/Sim groups with respect to control, exhibited 47 nodes, 28 edges, an average node degree

of 1.19, an average local clustering coefficient of 0.385, and a PPI enrichment p-value of 4.23e-07

(Figure 3).
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Figure 3. Interactome network of proteins whose expression decreased in all groups compared to the control.
We show the interaction between the in silico identified proteins that exhibited significant interactions. Network
was developed in the “String” program (https://string-db.org) with a PPI enrichment p-value of 4.23e-07.

Interestingly molecular function of most of these proteins is involved in the regulation of the
ATP metabolic process. While expression of increased proteins is mainly involved in response to
oxidative stress (Figure 4). Protein interaction analysis in string exhibited 17 nodes, 38 edges, an
average node degree of 4.47, an average local clustering coefficient of 0.681, and a PPI enrichment p-
value of 1.73e-07.
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Figure 4. Interactome network of proteins whose expression increased in all groups compared to the control.
We show the interaction between the in silico identified proteins that exhibited significant interactions. Network

was developed in the “String” program (https://string-db.org) with a PPI enrichment p-value of 1.73e-07.

3. Discussion

In the present study, we report the neuroprotective effect of Sim against MPP+-induced damage,
through specific changes in protein expression, identified by the proteomic profile analysis of the
ventral midbrain. There is substantial accumulated evidence consistent with works from our group
indicating the effect of statins in neuroprotection [14,15], which consistently indicates the possible
therapeutic potential of Sim for the treatment of neurodegenerative diseases such as PD.

Among the main findings of the present study, the differential regulation of proteins involved
in the antioxidant response was evidenced. It can be observed that the group treated with Sim
presents an increase in the expression of Cu and Zn-dependent superoxide dismutase (SOD2) and
glutathione S-transferase (GSTP1), showing an increase in the antioxidant response. This response
may be decisive because oxidative stress is one of the main markers of dopaminergic neuronal
damage in the present model of PD [19,20]; however, we cannot assert that this is a marker of early
damage in the neurodegeneration process, although the inhibition of the formation of ROS protects
dopaminergic neurons from lipid peroxidation, protein nitration, and mitochondrial DNA damage
[20-22]. In the same way, Sim inhibited the apoptosis of PC12 cells induced by MPP+ via inhibiting
ROS production (Xu et al., 2013) and regulates the endogenous antioxidant system through ERK [23].
Likewise, the increase in proteins related to ATP synthesis, such as the ATP synthase delta subunit,
shows that Sim counteracts the decrease in mitochondrial electron transport chain functioning, as
shown in the present study and patients with PD. This coincides with recent studies that highlight
the beneficial effect of statins in mitochondrial homeostasis [24].

On the other hand, our findings demonstrate an upregulation in cytokines related to
inflammatory processes, such as macrophage migration inhibitory factor (MIF) and transforming
growth factor-g1 (TGF-1) in MPP+-treated rats. MIF, participate in both innate and adaptive
immune responses [25]; TGF-{1, is a multifunctional cytokine that plays a pivotal role in synaptic
formation, plasticity, and neurovascular unit regulation, among others [26], which suggests that Sim
may be decreasing microglia activation through reducing the synthesis of proinflammatory proteins
and the production of isoprenoids [17], as well as by promoting dopaminergic neurotransmission,
respectively. Similarly, in this study, a decrease in the expression of cell adhesion proteins was
observed in the group administered with MPP+ and Sim, such as cadherin-1 and the cell adhesion
protein neurocan. Although it is unlikely that increased expression of these types of proteins may be
a primary cause for neuronal loss, its downregulation has been suggested as a compensatory
mechanism to prevent the formation of aberrant synaptic connections during proinflammatory
events in PD patients [7].

The increase in the expression of proteins related to angiogenesis, such as the amyloid-beta
precursor protein [27], suggests that Sim promotes neuronal regeneration and synaptic stability after
MPP+ lesion. This effect is consistent with our findings and could be mediated by a reduction in
oxidative damage and neuroinflammation, preserving neuronal plasticity processes, among others
[27]. Interactome analysis showed that most proteins associated with inflammation decrease, while
there is an increased expression of antioxidant enzymes, thus evidencing the neuroprotective effect
of Sim in the nigrostriatal pathway of MPP+ injured rats [14].

In terms of the above, the therapeutic potential of Sim in PD patients is promising, since this
stanine counteracts oxidative stress, energy metabolism dysfunction, and reduces inflammatory
damage. However, to transfer these findings to the clinical setting, it is essential to carry out
additional studies to confirm its efficacy in humans in early stages of the disease, where a new
pharmacological alternative could have a greater impact [28] (Feng et al., 2020) by reducing
neurodegenerative processes and increasing the lifespan of remaining dopaminergic neurons.
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This study provides evidence of the effect of Sim in the VMB of rats; however, there are certain
limitations. The PD model induced by intrastriatal microinjection of MPP+ is not able to reproduce
all the markers of dopaminergic neuronal damage observed in PD patients, and it is not known
whether the protective mechanism of Sim is influencing early markers of neuronal damage.
Furthermore, it is important to perform a thorough analysis of the Sim effects time course and to
evaluate its potential as an adjuvant together with other therapeutic strategies. It is possible that in
future research, the proteome and metabolome correlation analysis may offer a comprehensive view
of Sim effects on different preclinical models of PD, and its potential as an alternative treatment for
patients with this disorder.

4. Materials and Methods
4.1. Ethics Statement

The protocol used in this study was approved by The Committee on Ethics and Use in Animal
Experimentation of the Biomedical Research Institute and the standards of the National Institutes of
Health of Mexico (Permit number IIB-UNAM-2017-2023). The study was done following the
guidelines of Mexican regulations (NOM-062-ZO0-1999) and the Guide for the Care and Use of
Laboratory Animals of the National Institute of Health, 8th Edition, to ensure compliance with the
established international regulations and guidelines.

4.2. Animals and Treatments

Adult male Wistar rats weighing 250-280 g were housed in a 12 h light-dark cycle room with
constant temperature (23 °C); they had access to food and water ad libitum. To observe the effect of
Sim, the rats were randomly assigned to four experimental groups (n=8 per group): control, Sim
treatment, MPP* injury, and experimental group (treated with Sim and MPP* injured). Experimental
rats were submitted to a sub-chronic administration schedule of a single oral dose of Sim (40
mg/kg/day) diluted in Tween 80 1% of (Kendrick Pharmaceutical, Reg. No. 470M2002 SSA-IV). In
Supplementary Figure 1, it is a scheme of the whole protocol used in this study.

4.3. MPP+ Intraestriatal Lesion.

MPP+ was administered on the seventh Sim-treatment day, two hours after the last
administration. Rats were anesthetized with Ketamine/Xylazine (70/10 mg/kg) and fixed to a
stereotaxic apparatus (MARCA Y MODELO). Animals were infused with MPP+ (10 pg /8 pl) or saline
solution (8 ul) according to the group they belonged to, into the right striatum (coordinates: 0.5 mm
posterior, 3.0 mm lateral, and —4.5 mm ventral to bregma), according to Paxinos and Watson [29]. In
Supplementary Figure 1, it is a timeline scheme of the whole protocol used in this study.

4.4. Circling Behavior

Apomorphine-induced circling behavior was assessed in rats as previously described (Rubio-
Osornio et al., 2013) and considered the endpoint of brain toxicity. Six days after intrastriatal MPP+
injection, animals were subcutaneously treated with apomorphine and ascorbic acid (1 mg/kg and 1
mg/kg, respectively), then placed in individual cages. Five minutes later, the number of ipsilateral
rotations to the lesioned striatum was recorded for 60 min. Rotations were considered as 360 turns,
and the results were expressed as the total number of ipsilateral turns in a 1 h period (turns/h).

4.5. Striatal Dopamine Levels Measurement

Twenty-four hours after the Sim administration schedule and MPP+ infusion, HPLC with
electrochemical detection was used to measure striatal levels of dopamine (DA), as described
previously [22]. Samples obtained 24 h after MPP+ injection were sonicated into 10 volumes of
perchloric acid-sodium metabisulfite solution (1 M 0.1% w/v) and centrifuged at 10,000g for 10 min
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before the supernatant was analyzed. Data were collected and processed via interpolation in a
standard curve. Results are expressed as nmol of DA per gram of wet tissue.

4.6. Fluorescent Lipidic Products Assay

Fluorescent lipidic products are formed during the uncontrolled oxidation of polyunsaturated
membrane lipids. They are composed of Schiff bases formed by the cross-linking of aldehydes from
the oxidized lipids with surrounding amino acids [21]. Therefore, the increase in fluorescence signals
in the extracted lipids is considered an estimation of oxidative damage. The effect of Simvastatin on
the formation of striatal lipid fluorescent products (LPF) was evaluated 24 h after administration of
MPP+, as described previously [30]. The striatal tissue was homogenized in 2.2 ml of sterile saline,
and 1 ml of the homogenate was then added to 4 mL of a chloroform-methanol mixture (2:1, v/v).
The tubes were capped and vortexed for 10 s, and the mixture was then ice-cooled for 30 min to allow
phase separation. The aqueous phase was discarded, 1 mL of the chloroform layer was transferred
into a quartz cuvette, and 150 ml of methanol was added. Fluorescence was measured in a
PerkinElmer LS50B luminescence spectrometer at 370 nm of excitation and 430 nm of emission. The
protein content was measured according to the method of Lowry et al. [31]. Results are expressed as
arbitrary fluorescence units/mg protein.

4.7. Immunofluorescence for Tyrosine Hydroxylase in the Striatum of the Rat

The effect of Sim on neurodegeneration induced-MPP+ in the rat striatum was measured by the
presence of tyrosine hydroxylase (TH)—antibody dilution (1:100). Approximately 24 h after the
behavioral evaluation, the animals (n = 3-4) were anesthetized with an overdose of sodium
pentobarbital (80 mg/kg) and intracardially perfused with 200 uL of saline solution. The perfusion
was followed by 200 mL of paraformaldehyde at 4%. The brains were removed, stored in 30% sucrose
solution, and kept refrigerated until processing. Subsequently, 22 um coronal cuts were made from
the injured area (AP +1.6 mm to -0.48 mm related to Bregma) using a Leica brand cryostat, model CM
1520. The cuts were made in the injured area to carry out an optical percentage evaluation for the
positive signal to TH. Tissues were washed with PBS 3% (10 min), and antigen recovery was
performed in citrate solution for 1 h. Three more washes were performed with PBS, and blocking was
carried out with BSA (6 mg), and horse serum (4 ml) dissolved in 200 ml of PBS 3% for 1 h.
Subsequently, the samples were incubated overnight with a mouse anti-TH antibody (1:100; sc-25269,
Santa Cruz Biotechnology, Paso Robles, CA, USA.). Subsequently, three more washes were carried
out with PBS-tween 3% and the samples were immediately incubated for 2 h with a secondary
antibody (AffiniPure Goat Anti-Mouse IgG 1:100 Fluorescein (FITC)- AB_2338589 Jackson
ImmunoResearch, West Baltimore Pike, PA, USA). Finally, the tissues were mounted on previously
silanized slides with 3 ml of antioxidant solution. Nine slices of each brain were taken, in accordance
with the coordinates already mentioned, from which photographs of six fields of the striatum of the
injured hemisphere were taken for the determination of the TH signal. The photographs were
processed as binary figures using Image J software to evaluate the percentage areas of both signals
in each slide. Results were reported as the average area percent signal for TH.

4.8. Protein Extraction of Samples

Ventral midbrain (VMB) samples were washed with 1 mL of PBS, three times, then were
homogenized for 1 min in ice bath and the proteins were precipitated with acetone for 48 h; samples
were centrifuged 6000 rpm/ 5 min/ 4° (3X); pellets were solubilized with 500 mL of 2D sample buffer
(4% urea, 2% thiourea, 2% CHAPS, 160 mM DTT); then were precipitated with methanol-chloroform;
pellets were solubilized with 200 mL of 2D sample buffer, were centrifuged at maximum speed in
microfuge 5 min, 4° and supernatants were used for two dimensional analysis
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4.9. Two-Dimensional Analysis

300 pg of VMB of all groups was individually loaded in IPG-strips pH 3-10 of 7 cm. After 16 h
of passive rehydration, IEF was performed as described below: step 1, 50 V/20 min /rapid; step 2, 70
V/30 min/rapid; step 3, 250 V/20 min/linear; step 4, 4000 V/2 h/lineal; step 5, 4000 V/20000 Vh/rapid.
Strips were treated with equilibration buffer with 2% (w/v) DTT (6 M urea, 2 % SDS, 0.375 M TRIS-
HCI pH 8.8, 20% glycerol, and 1 % bromophenol blue) for 15 min, and then with equilibration buffer
with 2.5% (w/v) IAA for 20 min. Strips were loaded in precast 4-20% polyacrylamide gels, and
electrophoresis was run for approximately 35 minutes at 200 V. Gels were stained with Coomassie
blue.

4.10. Bioinformatic Analysis

A pull from three independent experiments was performed with different treatments. A master
gel of each experimental condition was generated in order to identify the differential protein spots
among them. Once the spots were identified, they were compared both by IP and by molecular
weight with the PDQuest software. Then, the deduction of the possible identity of each protein was
carried out using the Expert Protein Analysis System (ExPASy) bioinformatics platform
(https://web.expasy.org/tagident/) [32] , considering a range of +0.1 value of each IP. Likewise, the

deduction of the probable protein function was identified by the UniProtKB platform
(https://www.uniprot.org/statistics/Swiss-Prot).

4.11. Protein-Protein Network Analysis

Analysis for the protein-protein interactions in a full string network was performed with the
STRING public database (https://string-db.org/cgi/network.pl).

4.12. Statistical Analysis

Results from lipid fluorescent products, dopamine content, and TH levels were analyzed by one-
way ANOVA followed by the Tukey test. Data obtained from evaluating the circling behavior were
analyzed using the Kruskal-Wallis test followed by the Mann-Whitney test. In all results, statistical
significance was set at P < 0.05.

5. Conclusions

Sim showed a significant antioxidant and, more importantly, neuroprotective effect against
MPP+-induced neurotoxicity, since it was able to counteract the oxidative damage exerted by this
neurotoxin, lessen three damage markers: lipid peroxidation, dopamine content decrease, and
circling behavior. The first two were evaluated as short-term, and the last one was considered a long-
term endpoint damage marker. We also identified proteins responsible for the inflammation
response, which should be further studied.
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