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Abstract: The α-synucleinopathies constitute a subset of neurodegenerative disorders, of which
Parkinson’s disease (PD) is the most common worldwide, characterized by the accumulation of mis-
folded α-synuclein in the cytoplasm of neurons, which spreads in a prion-like manner to anatomically
interconnected brain areas. However, it is not clear how α-synucleinopathy triggers neurodegenera-
tion. We recently developed a rat model through a single intranigral administration of the neurotoxic
β-sitosterol β-D-glucoside (BSSG), which produces α-synucleinopathy. In this model, we aimed to
evaluate the temporal pattern of levels in oxidative and nitrosative stress and mitochondrial complex
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I (CI) dysfunction and how these biochemical parameters are associated with neurodegeneration
in different brain areas with α-synucleinopathy (Substantia nigra pars compacta, the striatum, in the
hippocampus and the olfactory bulb, where α-syn aggregation spreads). Interestingly, an increase in
oxidative stress and mitochondrial CI dysfunction accompanied neurodegeneration in those brain
regions. Furthermore, in silico analysis suggests a high-affinity binding site for BSSG with peroxisome
proliferator-activated receptors (PPAR) alpha (PPAR-α) and gamma (PPAR-γ). These findings will
contribute to elucidating the pathophysiological mechanisms associated with α-synucleinopathies
and lead to the identification of new early biomarkers and therapeutic targets.

Keywords: Parkinson’s disease; α-synucleinopathy; mitochondrial dysfunction; BSSG; oxidative
stress; nitrosative stress

1. Introduction

Parkinson’s disease (PD) is the most common motor neurodegenerative disorder
worldwide [1], known for its motor impairments such as rest tremor, rigidity, bradyki-
nesia, and postural instability. Nonmotor alterations, including hyposmia, depression,
and cognitive dysfunction, precede motor deficits [2,3]. Increasing evidence has linked
misfolded α-synuclein (α-syn) to PD neurodegeneration and consequently to the motor
and nonmotor manifestations [3–5]. Likewise, widespread α-synucleinopathy has been
demonstrated in the nigrostriatal dopaminergic system and other nondopaminergic brain
regions of the peripheral and autonomic nervous systems [6–8]. The α-synucleinopathies
are a group of neurodegenerative disorders, with PD representing the most common phe-
notype, in which the pathognomonic hallmark is the intracytoplasmic accumulation of
misfolded α-syn, mainly in neurons and, in some instances, in glial cells [9–11]. In addition,
pathological α-syn has been postulated to spread in a prion-like manner to neuroanatomi-
cally interconnected regions [3,4,9]. However, the mechanisms by which misfolding and
propagation of α-syn cause neurodegeneration in various brain regions in PD and other
α-synucleinopathies remain unclear.

Oxidative/nitrosative stress and mitochondrial dysfunction are involved in PD neu-
rodegeneration and other α-synucleinopathies [12–16]. Oxidative stress is characterized
by the excessive production of reactive oxygen species (ROS), which can cause damage
by reacting with lipids (lipid peroxidation; LP), proteins, and nucleic acids [17]. Similarly,
in nitrosative stress, reactive nitrogen species (RNS) can promote LP and trigger harm-
ful effects by affecting cellular respiration [18,19]. Furthermore, during the LP process,
the formation of neurotoxic metabolites triggers positive feedback exacerbating the ox-
idative/nitrosative damage and apoptosis [12,20,21]. Moreover, an association between
neurodegeneration and mitochondrial dysfunction has been observed in brains and animal
models of PD [22,23]. Interestingly, in vitro and in vivo assays have shown that α-syn can
lead to mitochondrial damage through the following mechanisms [24–27]: (i) inhibition of
complex I (CI); (ii) increased release of cytochrome c; (iii) altered homeostasis of calcium
and iron; (iv) increased production of nitric oxide; and (v) increased levels of mitochondrial
turnover, specifically, an event called mitophagy.

Multiple animal models exist for the study of PD; however, only a few of them de-
velop both α-synucleinopathy and neurodegeneration. For example, some animal models
induced by neurotoxins develop motor alterations, oxidative stress, and mitochondrial
dysfunction [28–30], but lack α-synucleinopathy [31]. Furthermore, some of these models
fail to mimic progressive and chronic neuronal death and, therefore, are unsuitable for
developing neuroprotective and neuroregenerative therapies [31,32]. Furthermore, the ge-
netically modified animal models produce pathological α-syn aggregates, which are rarely
associated with a representative loss of the neuronal population and progressive motor
disabilities [31–34]. Moreover, in these models, other brain regions have not evaluated
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the pathological α-syn aggregation and, consequently, their association with alterations in
motor and nonmotor behaviors has not been reported [35–38].

Recently, a rat PD model was developed by an oral or local (intranigral) administration
of the neurotoxic β-sitosterol β-D-glucoside (BSSG), which generates pathological α-syn
aggregates and neurodegeneration of the nigrostriatal system [4,31,39–41]. Remarkably,
our work group demonstrated that the intranigral administration of BSSG first produces
intracytoplasmic deposits of pathological α-syn aggregates in a few neurons that progres-
sively invade more neurons in the injured and contralateral substantia nigra pars compacta
(SNpc) and later spread to several interconnected brain areas in a prion-like manner [4]. In
this model, α-synucleinopathy occurs in the following midbrain nuclei and brain regions:
SNpc, red nucleus, substantia nigra pars reticulata, ventral tegmental area, striatum, motor
cortex, hippocampus, and olfactory bulb (OB), among other brain areas [4]. The spread-
ing of these pathological α-syn aggregates could lead to motor and nonmotor alterations
similar to those of PD patients. Therefore, the intranigral administration of BSSG is a
more suitable animal model for PD α-synucleinopathy [3,40]. However, it is unknown
whether the BSSG-induced PD model develops oxidative/nitrosative stress, mitochondrial
dysfunction, and neurodegeneration in the brain areas where the α-syn aggregates are
seeded. Therefore, the present study aimed to demonstrate whether a single intranigral
BSSG administration triggers the neuropathological events mentioned above in the four
previously described brain areas. Our results in vivo showed an increase in the produc-
tion of ROS and LP, a decrease in the activity of the mitochondrial CI in the four brain
regions evaluated, and an increase in the RNS, specifically in the nigrostriatal system.
Interestingly, these events were accompanied by a decrease in the neuronal population of
the brain regions studied. In addition, in silico assays suggest that the neurotoxic BSSG
can bind with high-affinity to peroxisome proliferator-activated receptors (PPAR) alpha
(PPAR-α) and gamma (PPAR-γ), closely implicated in the oxidative stress response and mi-
tochondrial dysfunction. These results suggest that oxidative damage and mitochondrial CI
dysfunction contribute to neurodegeneration in this model of α-synucleinopathy. Therefore,
understanding the pathophysiological mechanisms associated with neurodegeneration will
allow the validation of new early biomarkers and timely therapies for α-synucleinopathies.

2. Results
2.1. Oxidative Damage Was Detected in Several Brain Areas following Intranigral
BSSG Administration

Oxidative stress in brain tissue was assessed by measuring ROS (Figure 1) and LP
(Figure 2). In the four brain regions evaluated, no statistically significant differences were
observed between the intact and mock groups (p > 0.05; Figures 1 and 2). The results are
therefore always presented below compared to the mock group.

The intranigral BSSG administration caused a three-fold increase (267%; p < 0.05) in
ROS production in the substantia nigra (SN), i.e., the site of injection, 15 days after the BSSG
injury compared with the mock group (Figure 1a). At 30 days, ROS production started
to decline (173% above control, p > 0.05), and by day 60, ROS production had returned
to the basal level (Figure 1a). LP in this nucleus was evidenced by a significant increase
(281%; p < 0.05) at the same time (BSSG 15d) compared with the mock group (Figure 2a).
The results suggest that ROS production and LP are present at the site of BSSG injection
15 days after the insult.

The same intranigral BSSG administration triggered a delayed and more modest
increase in ROS production in the striatum on day 30 (157%; p < 0.05; Figure 1b), which was
not matched by increased LP (p > 0.05; Figure 2b). A similar increase was also observed
in the hippocampus, where an elevation in ROS production was also observed on day 30
(241%; p < 0.05) compared with the mock group (Figure 1c). In the hippocampus, a
statistically significant increase in LP was observed on days 15 (138%; p < 0.05) and 30
(181%; p < 0.05) compared with the mock group (Figure 2c). Notably, the SN, striatum, and
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hippocampus showed no ROS production or LP increase 60 days post-BSSG administration
(Figures 1 and 2; p > 0.05).

A different pattern was observed in the OB (Figures 1d and 2d). The unilateral and
intranigral BSSG administration caused an ROS elevation in the OB on days 15 (127%;
p < 0.05) and 30 (138%; p < 0.05), returning to baseline values compared with the mock
group at day 60 (Figure 1d). Interestingly, in this cerebral area, we observed a progressive
increase in LP on days 15 (113%; p > 0.05), 30 (170%; p > 0.05), and 60 (249%; p < 0.05)
compared with the mock group (Figure 2d).
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(d). Statistical analysis was conducted by one-way ANOVA, followed by Tukey’s post hoc test. The 
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BSSG subgroups. 

Figure 1. Intranigral administration of BSSG causes ROS production at different time points in
several brain regions. The determination of ROS production was evaluated on the ipsilateral side of
BSSG administration in the substantia nigra (a), striatum (b), hippocampus (c), and olfactory bulb (d).
Statistical analysis was conducted by one-way ANOVA, followed by Tukey’s post hoc test. The values
plotted are the mean ± SEM calculated from the measurements of independent rats (n = 6 animals)
per subgroup. The asterisk * indicates p < 0.05 when the BSSG subgroups were compared to the
mock group. The symbol Φ indicates p < 0.05 when the BSSG 60d was compared to the other
BSSG subgroups.
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pocampus (c), and olfactory bulb (d). One-way ANOVA, followed by Tukey’s post hoc test, was 
used for comparisons between groups. The values are plotted to represent the mean ± SEM calcu-
lated from the measurements of samples derived from independent rats (n = 6 animals per sub-
group). The asterisk * indicates p < 0.05 when the BSSG subgroups were compared to the mock 
group. The symbol Φ indicates p < 0.05 when the BSSG 30d was compared to the BSSG 60d in (c). 
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basal level (Figure 1a). LP in this nucleus was evidenced by a significant increase (281%; 
p < 0.05) at the same time (BSSG 15d) compared with the mock group (Figure 2a). The 
results suggest that ROS production and LP are present at the site of BSSG injection 15 
days after the insult. 

The same intranigral BSSG administration triggered a delayed and more modest in-
crease in ROS production in the striatum on day 30 (157%; p < 0.05; Figure 1b), which was 
not matched by increased LP (p > 0.05; Figure 2b). A similar increase was also observed in 
the hippocampus, where an elevation in ROS production was also observed on day 30 
(241%; p < 0.05) compared with the mock group (Figure 1c). In the hippocampus, a statis-
tically significant increase in LP was observed on days 15 (138%; p < 0.05) and 30 (181%; p 

Figure 2. Unilateral intranigral BSSG administration results in LP observed at different times de-
pending on the brain area analyzed. LP was evaluated in the substantia nigra (a), striatum (b),
hippocampus (c), and olfactory bulb (d). One-way ANOVA, followed by Tukey’s post hoc test,
was used for comparisons between groups. The values are plotted to represent the mean ± SEM
calculated from the measurements of samples derived from independent rats (n = 6 animals per
subgroup). The asterisk * indicates p < 0.05 when the BSSG subgroups were compared to the mock
group. The symbol Φ indicates p < 0.05 when the BSSG 30d was compared to the BSSG 60d in (c).

2.2. Intranigral BSSG Administration Causes a Time-Delayed Nitrosative Response in the
Nigrostriatal Pathway

The nitrosative response was determined through nitrite production in the four regions
described above (Figure 3). The intranigral BSSG administration caused a particular
increase in nitrite production only on day 30 in the SN (239.8%; p < 0.05) and striatum
(262%; p < 0.05) nuclei compared with the mock group (Figure 3a,b). We did not find a
significant increase (p > 0.05) in nitrites in either the hippocampus nor the OB (Figure 3c,d).
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Figure 3. A single intranigral BSSG administration triggers time-delayed nitrosative stress in the 
nigrostriatal areas. The determination of nitrites levels was on the ipsilateral side of the administra-

Figure 3. A single intranigral BSSG administration triggers time-delayed nitrosative stress in the
nigrostriatal areas. The determination of nitrites levels was on the ipsilateral side of the administration
of BSSG in the substantia nigra (a), striatum (b), hippocampus (c), and olfactory bulb (d). Statistics
were by one-way ANOVA, followed by Tukey’s post hoc test. The values are plotted to represent the
mean ± SEM calculated from the measurements of independent rats (n = 6 animals per subgroup).
The asterisk * indicates p < 0.05 when the BSSG subgroups were compared to the mock group.

2.3. A Single Intranigral BSSG Administration Triggers a Decrease in the Mitochondrial Complex
I (CI) Activity in Several Brain Regions

The intranigral BSSG administration caused a progressive decrease in mitochondrial
CI activity in the SN (Figure 4a) on days 15 (15.17%; p > 0.05), 30 (53.8%; p > 0.05), and 60
(63.5%; p < 0.05) when compared to the mock group. In contrast, mitochondrial CI activity
was unaffected in the striatum (Figure 4b). Concerning the hippocampus, a decrease in
CI activity was observed on days 15 (56.4%; p < 0.05), 30 (56.2%; p < 0.05), and 60 (38.3%,
p > 0.05) compared to the mock group (Figure 4c). A similar response occurred in the OB,
where the decrease in CI activity was, respectively, 77.5% on day 15 (p < 0.05), 74.5% on
day 30 (p < 0.05), and 64.8% on day 60 (p < 0.05) after BSSG injury compared to the mock
group (Figure 4d). Once again, no statistically significant differences between the intact
and mock groups were observed in the cerebral regions analyzed (p > 0.05; Figure 4).
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complex I (CI) activity in different brain areas. The activity of mitochondrial CI was determined on the
ipsilateral side to the administration of BSSG in the substantia nigra (a), striatum (b), hippocampus (c),
and olfactory bulb (d). One-way ANOVA followed by Tukey’s post hoc testing was used for statistical
analysis. The values are plotted to represent the mean ± SEM calculated from the measurements
of independent rats (n = 6 animals per subgroup). An asterisk * indicates p < 0.05 when the BSSG
subgroups were compared to the mock group.

2.4. A Single Intranigral BSSG Administration Causes a Decrease in the Neuronal Population in
Several Brain Regions

The neuronal population was quantified through Nissl-positive soma cells in different
brain regions (Figures 5 and 6). The unilateral, intranigral BSSG injection led to a significant
progressive decrease in neuronal density in the SNpc (Figure 5a,b) on days 15 (20.7%;
p < 0.05), 30 (42.8% p < 0.05), and 60 (53.5%; p < 0.05) when were compared to the mock
group. A statistical difference was also present between BSSG 15d, BSSG 30d, and BSSG
60d (p < 0.05), substantiating the progressive nature of neurodegeneration.

A significant decrease in the neuronal population of the striatum was observed on
days 15 (39.36%; p < 0.05), 30 (36.87% p < 0.05), and 60 (40.49%; p < 0.05) when compared
to the mock group (Figure 5a,c). Likewise, progressive neuronal loss was observed in
the OB on days 15 (12.43%; p > 0.05), 30 (32.24%; p < 0.05), and 60 (40.19%; p < 0.05)
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compared with the mock group (Figure 5a,d). In the anterior olfactory nucleus (AON), a
progressive decrease in neuronal numbers was evidenced on days 15 (23.3%; p < 0.05), 30
(39.6%; p < 0.05), and 60 (52.7%; p < 0.05) after BSSG injury compared to the mock group
(Figure 5a,e). Additionally, in this brain nucleus, the mean value of neuronal counts in the
BSSG 15d group was statistically different compared to the BSSG 60d group (p < 0.05).
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Figure 5. A single intranigral BSSG administration triggers a decrease in the ipsilateral neuronal
population of different brain areas. Panel (a) shows representative Nissl staining micrographs of
several subgroups (as indicated at the top of the Figure) and the respective brain regions (as indicated
at the left margin of each panel row). The areas evaluated were: substantia nigra pars compacta (SNpc),
striatum, olfactory bulb (OB), and anterior olfactory nucleus (AON). The scale bar = 50 µm is common
for all micrographs. The graphs show the neuronal quantification of SNpc (b), striatum (c), OB (d),
and AON (e). Statistical analysis was performed using one-way ANOVA and Tukey’s post hoc
test. The values in each bar represent the mean ± SEM calculated from the measurements at three
anatomical levels. n = 6 independent rats per subgroup. The asterisk * represents p < 0.05 when the
BSSG subgroups were compared to the mock group, whereas the symbol Φ represents p < 0.05 when
the BSSG 15d was compared to the other BSSG subgroups.
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Figure 6. A single intranigral BSSG administration causes a decrease in the ipsilateral neuronal popu-
lation of different hippocampal regions. Panel (a) shows representative Nissl staining micrographs of
the several subgroups (as shown at the top) and hippocampal areas (as shown at the left margin of
each row). The areas evaluated included the subiculum, CA1, CA2, CA3, and dentate gyrus (DG).
The scale bar = 50 µm is common for all micrographs. The graphs show the neuronal quantifica-
tion of the total hippocampus (b), subiculum (c), CA1 (d), CA2 (e), CA3 (f), and DG (g). One-way
ANOVA, Tukey’s post hoc. The values are the mean ± SEM calculated from the measurements in
three anatomical levels. n = 6 independent rats per subgroup. * p < 0.05 when the BSSG subgroups
were compared to the mock group.
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In addition, we found that the intranigral and unilateral BSSG administration caused
a decrease in the neuron population of the hippocampus and its respective areas compared
with the mock group (Figure 6): results from the entire hippocampus were, respectively,
23.6% on day 15 (p < 0.05), 33.2% on day 30 (p < 0.05), and 28.6% on day 60 (p < 0.05)
(Figure 6a,b). When analyzed per subregions, the decrease in neuronal population was
as follows: in the subiculum (Figure 6a,c), day 15 (42%; p < 0.05), day 30 (36.3%; p < 0.05),
day 60 (38.2%; p < 0.05); in the CA1 (Figure 6a,d), day 15 (22.2%; p < 0.05), day 30 (37.5%;
p < 0.05), day 60 (30.2%; p < 0.05); in the CA2 (Figure 6a,e), day 15 (11.3%; p > 0.05), day 30
(22.5%; p > 0.05), day 60 (31.7%; p < 0.05); in the CA3 (Figure 6a,f), day 15 (24.1%; p < 0.05),
day 30 (32.3%; p < 0.05), day 60 (36%; p < 0.05); in the dentate gyrus (DG; Figure 6a,g),
day 15 (33.3%; p < 0.05), day 30 (40.7%; p < 0.05), day 60 (28.3%; p > 0.05). In all cerebral
areas evaluated, no statistically significant differences were found between the intact and
mock groups (p > 0.05; Figures 5 and 6), thus demonstrating the causal relationship between
the BSSG injection and the generalized neuronal loss in the brain areas studied.

2.5. BSSG Has a High Affinity for PPAR-α and PPAR-γ, Targets Closely Related to Oxidative
Stress and Mitochondrial Dysfunction

Molecular docking studies were carried out on four targets: PPARα, PPARγ, MAP
kinase p38 alpha (MAPK14), and Histone deacetylase 6 (HDAC6). These proteins were
chosen according to their participation in oxidative processes. Once the molecules were
prepared, the blind docking of each protein with the BSSG molecule was performed.

The interactions obtained in the coupling results were the following: hydrogen bonds
and Van der Waals-type interactions, Alkyl, Pi-sigma, Pi-Alkyl (Figure 7, Table 1). Generally,
these are intermolecular interactions that are key to ligand stabilization. Hydrogen bonds
(h-bonds), with an average distance of 2.7–3.0 Å, result from the interaction between a
protein and its ligand or between residues of the same protein, provided either of them have
hydrogen atoms that can be donors or acceptors [42,43]. Van der Waals forces are attractive
forces between nonpolar molecules that are weak individually, but several together become
significant in the ligand-receptor binding [44]. The other interactions (alkyl, pi-alkyl, and
Pi-sigma) are weak and noncovalent bonds between hydrophobic pockets, so they are
considered stabilizing interactions. Aromatic groups (of the ligand or amino acids such as
tryptophan, phenylalanine, and tyrosine of the receptor) and alkyl groups participate in
these interactions, which can be observed by overlapping atomic orbitals [45].

Table 1. Interactions of molecular docking of BSSG to several targets associated with oxidative
damage and mitochondrial dysfunction.

Molecular Docking for BSSG as the Ligand

Protein Binding Energy ∆G (Kcal/mol) Interaction Residues Interaction Type

PPAR α −8.6
Lys 222, Ile 171 H-bond

Lys 327, Val 240, Ala 170, Leu 229, Ile 104, Leu 98, Phe 338 Alkyl

PPAR γ −8.5

Asn 206, Pro 40, Gly 44, Glu 35 H-bond

Lys70, Pro426, Tyr 348, Thr34 Van der Waals

Phe38 Pi-sigma

His 205, Pro 426, Arg 425, Lys 170, Tyr 348. Pi-Alkyl. Alkyl

HDAC6 −8.3

Glu 826, His 1102 H-bond

Asn 1100, Ala 1101, Val 1104, Ser 825, Tyr 1098, Ser 692,
Ser 693, Gln 829, Tyr 1094 Van der Waals

Val 1132, Val 444, Ala 822 Alkyl

MAPK14 −7.8
Glu 356, Leu 353, Arg 23 H-bond

Pro 350, Pro 6, Val 345, Ile 346 Alkyl
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Figure 7. Two-dimensional (left column) and three-dimensional (right column) contact maps of
molecular docking between BSSG and targets closely related to oxidative stress and mitochondrial
dysfunction. BSSG has different types of interactions (represented with color codes) with peroxisome
proliferator-activated receptors alpha (a) and gamma (b), histone deacetylase 6 (HDAC6 (c)), and
kinase p38 alpha (MAPK14 (d)). These 2D and 3D representations were obtained from Biovia
Discovery Studio.

Binding affinity (∆G, Kcal/mol) was obtained (Table 1). This parameter indicates the
energy necessary for the protein–ligand interaction to take place. A low ∆G suggests a
higher affinity, but a high ∆G signifies a less affinity. Therefore, it can be interpreted as the
energy necessary for the protein–ligand interaction.

Table 1 shows the results obtained from the molecular couplings, highlighting the high
affinity with some proteins such as PPARs with ∆G of −8.6 Kcal/mol for the α isoform
and −8.5 Kcal/mol for the isoform γ. HDAC6 protein showed −8.3 Kcal/mol, followed by
MAPK14 with −7.8 Kcal/mol. In addition, the interactions involved between the ligand
and the proteins are observed, highlighting the h-bond type and hydrophobic interactions
with specific amino acids. These interactions define the binding force between the BSSG
with the different proteins. Figure 7 shows that h-bonds represent a minority, while alkyl
and Van der Waals-type interactions are the most recurrent in a 2D contact map.
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H bond-type interactions took place with the OH groups of the steroidal glycoside
of the BSSG molecule. Hydrophobic interactions occur mainly based on β-sitosterol. The
β-sitosterol is a sterol lipid with a stigmastane skeleton, which has a cholestane moiety
with an ethyl group on the C24 carbon atom (Figure 7).

On the other hand, our results evidence that the positive controls bind to the same
BSSG site with a similar affinity (Figure S1 and Table S1). Contrarily, the results of the
negative control result suggest less stable affinity; moreover, the molecule does not bind to
the BSSG binding site (Figure S2 and Table S1).

3. Discussion

This study used the single intranigral administration of the neurotoxic BSSG rat model
to explore whether oxidative and nitrosative damage and mitochondrial dysfunction corre-
late with neurodegeneration in four brain regions. The evaluation of oxidative/nitrosative
stress included the measurements of ROS, RNS, and LP. Then, mitochondrial CI activ-
ity experiments and neuronal population quantification were performed to confirm the
neurotoxicity caused by BSSG in a temporal course. Regarding the process of oxidative
damage, ROS reacts with polyunsaturated fatty acids (PUFAs) to convert them into free
radicals [46], which initiates a chain reaction process producing LP. Just as oxidative stress
leads to the LP process, nitrosative stress also has a similar effect [18,47]. Although nitric
oxide (NO) plays a physiological role in the brain, it can also promote the production of
mitochondrial ROS and RNS, exerting cytotoxic effects by affecting cellular respiration [19].
It is known that these radicals can lead to neuronal death through different pathways. The
4-Hydroxynonenal (4-HNE), one of the products of LP secondary to the activity of these
oxidant species, can induce apoptosis through the intrinsic pathway involving the release
of cytochrome C into the cytosol and the consequent activation of associated caspases [48].
Similarly, proinflammatory cytokines released by astrocytes in response to pathological
α-syn aggregates can activate the caspase/cytochrome C signaling cascade [12].

On the other hand, LP mediated by iron and reduced glutathione (GSH) depletion
leads to a cell death pathway defined as ferroptosis, which may also occur in PD [49,50].
Future experiments are required to determine if the BSSG model exhibits this death mecha-
nism. In this respect, Shaw and colleagues showed that methionine sulfoximine (MSO), a
byproduct of ancient industrial flour processing, caused a loss of GSH [51,52]. Interestingly,
those authors also showed that BSSG-containing extracts exhibited the same pharmaco-
logical properties as MSO, leading to neuronal death, suggesting that oxidative stress was
involved in these neurotoxic processes [51,53]. These pioneering observations are consistent
with the findings of our study.

We also found that the decreased neuronal population in the four evaluated brain
regions promoted by a single intranigral BSSG correlated with oxidative damage (Figure S3)
and mitochondrial CI dysfunction (Figure S4). Starting with the SN, our results showed
a significant affectation on day 15 after BSSG administration, which accounts for the
sensorimotor disorders previously described [4,40]. Likewise, it has been shown that
the SN is one of the most susceptible brain areas to biochemical changes and, therefore,
is more vulnerable to neurodegeneration [54]. Consistently, the neuronal population
shows a progressive decrease from 15 to 60 days after injury. Of interest in this nucleus,
ROS production appeared to be followed by RNS production in a timeframe of weeks
following contact with BSSG. LP and mitochondrial dysfunction could result from ROS
or RNS, triggering the neuronal death that occurs mainly at 30 and 60 days after BSSG
intranigral administration. In agreement with our results, studies in PD models and patients
established mitochondrial dysfunction (mitochondrial CI inhibition and degreased ATP)
as an essential role in the pathogenesis of the disease [55]. In contrast, a recent analysis of
PD brains, specifically in the SNpc, showed increased mitochondrial density and increased
expression of CI in dopaminergic axons [56]. The authors suggest that the neurons foster
the mitochondrial population as a compensatory response to maintain ATP production
and electrical excitability. It is, therefore, possible that the deficiency in mitochondrial CI
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activity observed in our study occurs in cell bodies of neurons that are being eliminated by
cell death processes and not in active axons mediating synaptic transmission.

The SNpc sends dopaminergic projections to the striatum. In PD, neurodegeneration
in the SNpc causes a lack of striatal dopamine, affecting motor control via circuit pathways
of the basal ganglia [57]. We observed an increase in striatal ROS/RNS at day 30 postinjury,
which is consistent with the locomotor impairment, evidenced by the gait impairment in
rodents at a similar time in this model [4,40]. However, the increase in the ROS/RNS levels
in the striatum was not accompanied by an increase in LP or mitochondrial CI dysfunction
but rather a decrease in neuronal survival. This finding suggests that other mechanisms
besides oxidative damage are responsible for the decrease in the neuronal population in this
region or that ROS-sensitive neurons are eliminated between 15 and 30 days. Therefore, the
surviving population is resistant to LP and mitochondrial dysfunction. On the other hand,
the striatum of rodents is comprised of 95% of medium-sized spiny (MSNs) GABAergic
neurons, and it has been hypothesized that in PD, the death of these neurons is through an
excitotoxic mechanism. Furthermore, protective mechanisms, such as dystrophic changes
in the length and number of its dendrites, may also occur to avoid such death [58]. Con-
sistent with this hypothesis, we previously demonstrated dopaminergic denervation and
a decreased density of MSN dendritic spines in the striatum using this intranigral BSSG
animal model [4].

On the other hand, in α-synucleinopathies, an association of depression and cognitive
impairment with hippocampal dysfunction has been observed [59,60]. In the BSSG-induced
α-synucleinopathy animal model, we observed mitochondrial CI dysfunction and a de-
crease in the neuronal population in diverse hippocampal regions evaluated on days 15, 30,
and 60, as well as maximum oxidative damage on day 30 after the injury. These results are
closely associated with dysfunction in working and episodic memory and depression-like
behavior, which were evident from day 30 after intranigral administration of BSSG [4,40].

Regarding the alterations seen in the OB, we found oxidative damage and dysfunction
of the mitochondrial CI that accompanies the progressive decrease in the neuronal popu-
lation from day 15 until day 60 after the lesion, supporting previous observations, where
the development of hyposmia had been demonstrated from 15 days after the intranigral
BSSG administration [4,40]. The mechanisms by which the administration of BSSG in
the SN triggers such evident damage in the OB from the early stages of BSSG lesion are
unclear. Since it was described that there is a direct pathway between SN and OB [61], we
suggest that this damage may be due to retrograde propagation of α-synuclein or BSSG
itself. This proposal is justified because several intranasally administrated drugs can affect
several brain areas [62,63]. Therefore, olfactory pathway dysfunction becomes a target for
identifying biomarkers and early therapeutic effects.

Finally, from in silico studies presented here, four targets (PPARα, PPARγ, MAPK14,
and HDAC6) were found that interact with BSSG (Table 1). These targets were chosen
according to their preferential expression in the Central Nervous System (CNS) and their
relationship with oxidative damage and mitochondrial dysfunction [64–67]. Interestingly,
the PPARs had a higher predicted affinity for BSSG than the rest of the proteins tested in
molecular docking assays (Table 1). Activation of the PPARs is associated with mitochon-
drial biogenesis, production of antioxidant enzymes, and transcription of other PPARs
isoforms. Furthermore, they participate in several processes, such as the beta-oxidation
of fatty acids and neurotransmission [65,68]. In the CNS, some studies confirm that the
activation of pan (multiple) and specific PPARs agonists generates neuroprotective effects
against α-synucleinopathies and other neurodegenerative diseases such as Alzheimer’s dis-
ease (AD), Huntington’s disease (HD), and Amyotrophic Lateral Sclerosis (ALS) [64,65,69].
Therefore, these antecedents sustain the use of new therapies targeting PPARs to block
the pathophysiology process in these neurodegenerative disorders [70,71]. For instance,
PPAR-γ signaling stimulation has been shown to induce beneficial effects on mitochondrial
function in animal models of these neurodegenerative disorders [64].
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Conversely, PPARs deficiency has been associated with harmful processes, as occurs in
the PPAR-α isoform in PD. PPAR-α deficiency produces α-syn accumulation in mitochon-
dria, damaging complex I of the respiration chain [65]. Therefore, the high affinity of BSSG
for PPARs might be the mechanism that triggers oxidative damage and mitochondrial
dysfunction by inhibiting the physiological and neuroprotective effects of PPARs. Future
work in our laboratories will aim to demonstrate whether BSSG neuropathological effects
are inhibited or reduced by the therapeutic effects of PPARs agonists, both in this animal
model of α-synucleinopathy and studies in vitro.

Our study provides evidence in vivo for the generation of ROS, RNS, and LP, and
mitochondrial CI decrease, followed by the intranigral BSSG administration in the rat. Each
brain area shows a different time pattern of appearance of the above parameters tightly
involved in neurodegeneration. We have discussed the reasons for the differences observed
and suggested they are also valid for human PD. Based on molecular docking analysis in
silico, we propose a new hypothesis: PPARs are endogenous effectors of BSSG neurotoxicity.
The α-synucleinopathy induced by the intranigral BSSG administration is a suitable model
for understanding the pathophysiological mechanisms of neurodegenerative disorders
included in α-synucleinopathy and identifying new early biomarkers and therapeutics.

4. Materials and Methods
4.1. Animals

The animals were handled according to the Mexican Official Standard NOM-062-ZOO-
1999 technical specifications for the production, care, and use of laboratory animals. Adult
male Wistar rats weighing between 210 and 230 g were supplied by the Biotherium of the
Facultad de Estudios Superiores Iztacala-UNAM (Project I-186). The animals were kept
under standard conditions of 12 h light–dark cycles at room temperature of 22 ± 2 ◦C
and relative humidity of 60 ± 5%, with access to water and food ad libitum. From the
total number of rodent animals used in this study (n = 90), the following study groups
were formed (Figure S5): (1) untreated (UT, without surgery; n = 18); (2) mock (stereotaxic
surgery and 1 µL dimethyl sulfoxide (DMSO) administration; n = 18); and the BSSG group
(stereotaxic surgery and 6 µg BSSG/1 µL DMSO administration), further subdivided into
three subgroups; (3) BSSG 15 days (n = 18); (4) BSSG 30 days (n = 18); (5) BSSG 60 (n = 18)
days after the lesion.

4.2. Stereotaxic BSSG Administration

The BSSG stereotaxic administration was performed as previously reported [4,39,40].
First, animals were anesthetized using a mixture of xylazine (10 mg/kg)/ketamine (100 mg/kg)
via intraperitoneal (i.p.) and placed in the stereotaxic apparatus (Stoelting, Wood Dale, IL,
USA). Subsequently, the neurotoxic (BSSG) or vehicle (DMSO) were administrated accord-
ing to the Paxinos atlas; the coordinates were anteroposterior (AP) +3.2 mm; mediolateral
(ML) +2.1 mm; dorsoventral (DV) −6.6mm. A microperfusion pump (Stoelting, Wood
Dale, IL, USA) and a 20-gauge dental needle were used to maintain a perfusion rate of
0.13 µL/min. Five minutes passed before removing the needle to ensure the complete
diffusion of BSSG. Next, the wound was sutured with 00 silk, and finally, oxytetracycline
and polymyxin B (Pfizer, Toluca, Mexico) was placed for infection prevention. Sensorimotor
affectation was verified through the vibrissae-evoked forelimb placing test, as previously
reported [4,40].

4.3. Biochemical Assays

The rodents were euthanized with an overdose (50 mg/kg of body weight) of pento-
barbital via i.p., and cervical dislocation was performed. Subsequently, fresh brain coronal
sections of 2 µm thick were made with a brain matrix after removing the meninges under
cold conditions. From these sections, the brain areas of interest (SN, striatum, hippocampus,
and OB) were dissected and stored at −80 ◦C until processing. As previously described,
the brain tissue was homogenized in 3 mL of 0.9% saline solution to quantify ROS, LP,
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and nitrites [39,72–74]. In addition, the mitochondrial CI activity was measured in total
homogenates of each tissue as previously described [75]. All values were normalized
according to the healthy control group. Since n = 6 animals per group were used for
biochemical assays, we performed two independent experiments (n = 3 animals per group
and experiment).

4.3.1. Determination of Reactive Oxygen Species

The determination of ROS was carried out using 2,7-dichloro dihydrofluorescein
diacetate (DCFH-DA). First, 5 µL of tissue homogenate (0.9% saline solution) was incubated
with TRIS-HEPES buffer (18:1; TRIS pH 7.6: HEPES solution containing 120 mM NaCl,
2.5 mM KCl, 1.2 mM NaH2PO4, 0.1 mM MgCl2, 5 mM NaHCO3, 6.0 mM glucose, 1.0 mM
CaCl2, 10.0 mM HEPES) and 50 µL of 50 µM of DCFH-DA at 37 ◦C for 1 h in a microplate
and shaken constantly. The fluorescence determination was performed in an FLx800TM

Multi-Detection Microplate Reader (BioTek Instruments, Inc., Winooski, VT, USA) at an
excitation wavelength of 525 nm and an emission of 488 nm. The results were interpolated
to a standard calibration curve of dichlorofluorescein (DCF) concentration and absorbance,
then normalized and expressed in picomoles of DCF per milligram of protein per minute.

4.3.2. Determination of Lipid Peroxidation

LP was evaluated through the formation of lipid-soluble fluorescent compounds.
Firstly, 1 mL of the tissue homogenate (0.9% saline solution) was added to 4 mL of a
chloroform–methanol mixture (2:1 v/v). Then, the samples were incubated at a temper-
ature of 4 ◦C for 30 min in the dark. Finally, the methanol phase was removed, and the
fluorescence of the chloroform phase was measured in a luminescence spectrophotome-
ter (Perkin Elmer LS50B, Waltham, MA, USA) using 370 nm of excitation and 430 nm of
emission wavelengths. The sensitivity of the spectrophotometer was adjusted to 140 fluo-
rescence units with 0.001 mg/mL of a quinine standard prepared in 0.05 M sulfuric acid
before the measurement of samples. The results were normalized and expressed as relative
units of fluorescence (RUF) per milligram of protein.

4.3.3. Determination of Nitrites

The NO production was assessed by the accumulation of nitrites (NO2
−) in the super-

natants of homogenates. The nitrite concentration in 10µL of supernatant was measured
using a colorimetric reaction generated by adding 10µL of Griess reagent, composed of
equal volumes of 0.1% N-(1-naphthyl) ethylenediamine dihydrochloride and 1.32% sul-
fanilamide in 60% acetic acid. The absorbance of the samples was determined at 540 nm
with a Nanodrop (Thermo Fisher Scientific, Wilmington, NC, USA) and interpolated by
using a standard curve of NaNO2 (1 to 10µM) to calculate the nitrate content. The protein
content was measured in the supernatants of homogenates using the Bradford method and
bovine serum albumin (BSA) for the standard curve following the manufacturer’s protocol
(a SmartSpec 3000 spectrophotometer; Bio-Rad, Hercules, CA, USA). The nitrite content
values were expressed as normalized values.

4.3.4. Mitochondrial Complex I (CI) Activity Determination in the Total Homogenate

Each tissue was homogenated in phosphate-buffered saline (PBS) pH 7.4, samples were
centrifuged at 2000× g × 5 min, and the supernatants were used to carry out the determi-
nations. Briefly, the measurement of CI activity was based on its capacity to oxidize nicoti-
namide adenine dinucleotide + hydrogen (NADH) while reducing decylubiquinone (Dub)
to dihydro-decylubiquinone (DUbH2), which is then oxidized by 2,6-Dichloroindophenol
(DCPIP). This oxidized product absorbs at 600 nm. Meanwhile, 20 mM rotenone was added
as a specific inhibitor of CI. All the absorbance measurements were performed at 37 ◦C
using a Synergy-Biotek (Biotek Instruments, Winooski, VT, USA) microplate reader. The
specific activity of CI was determined by subtracting the activity in the presence of the
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inhibitor rotenone from the noninhibited activity and expressed as nmol/min/mg protein
(these data were normalized by mean values of the untreated group).

4.4. Neuronal Quantification

For histological analysis, the animals were euthanized using an overdose (50 mg/kg
of body weight, i.p.) of pentobarbital and were subsequently perfused intracardially with
100 mL of PBS, followed by 100 mL of 4% paraformaldehyde (PFA) in PBS, as previously
described [4,39,73]. The brain was removed and maintained in PFA 4% for 24 h and then in
30% sucrose in PBS at 4 ◦C for 48 h. Subsequently, the brain was frozen and sectioned at
the sagittal plane at 30 µm thickness using a sliding cryostat (Leica CM 1510S, Heidelberg,
Germany). The slices were consecutively collected in 6 wells containing a tissue collection
solution (TCS; 0.2 M PBS, ethylene glycol, and glycerol) at −20 ◦C. The tissues were dyed
with 0.1% cresyl violet (Sigma-Aldrich, St. Louis, MO, USA) and mounted on slides using
Entellan resin (Merck, KGaA, Darmstadt, Germany) and observed with a 20× objective of
light Eclipse E400 microscope (Nikon Systems Inc., Tokyo, Japan). Neuronal quantification
was analyzed with the ImageJ-win 64 software (National Institute of Health, Bethesda, MD,
USA) and performed in a random area delimited at 100 µm2, at three anatomical levels
(which were averaged) of each region per rat (n = 6 independent rats per subgroup), of
the following brain areas: (1) substantia nigra pars compacta (SNpc); (2) dorsal striatum;
(3) the hippocampus, which was analyzed by areas (subiculum, CA1, CA2, CA3, and DG;
and (4) the olfactory pathway, in which we evaluated the granular layer of the OB and
the AOB since it is the initial of odor cortex recipient of information from the OB and the
target of spatiotemporal cues from the hippocampus [76]. The histological assays were also
performed and analyzed by two independent experimenters.

4.5. Statistical Analysis

All values were normalized and analyzed using the parametric statistical test of
one-way analysis of variance (ANOVA), and pairwise comparisons between groups were
performed using the Tukey post hoc test analysis. Finally, results were processed, and
graph construction was performed using PRISMA 8 Software, where statistical significance
was considered at least when p ≤ 0.05. Pearson’s correlation coefficient and subsequent
linear regression were determined for correlation analysis, including the control group
(Mock) and the time points with the highest oxidative stress and mitochondrial dysfunction
after the BSSG administration (15 and 30 days). Statistical difference was considered at
p < 0.05.

4.6. In Silico Studies
4.6.1. Potential Targets of BSSG

A search for potential targets for BSSG in the Swiss Target predictor server (http:
//www.swisstargetprediction.ch/, accessed on 4 April 2022) [77,78] identified one hundred
possible targets for binding to BSSG. Then, a further refinement search through PubMed
(https://pubmed.ncbi.nlm.nih.gov/, accessed on 11 April 2022) found four potential targets
related to the oxidative damage processes: PPAR-α, PPAR- γ, HDAC 6, and MAPK14.

4.6.2. Molecular Docking
Ligand and Proteins Preparation

For ligand: The BSSG molecule was built on the MolView server (https://molview.
org/, accessed on 25 April 2022) from its canonical sequence obtained from PubChem
(https://pubchem.ncbi.nlm.nih.gov/, accessed on 25 April 2022). Subsequently, energy
minimization was performed in the Avogadro 1.5.6 software [79], using the MMFF94 force
field. Gasteiger charges were added.

For proteins: From the UniProt complete rat sequences [80], structure predictions
were performed for all proteins. The template sequences for PPAR γ (ID:3E00), PPAR α

(ID: 2REW), HDAC6 (ID: 5G01), and MAPK14 (ID: 6YX4) were retrieved from the protein
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data bank (PDB). Since these template sequences are very similar to the rat sequences, we
considered that performing the coupling with these models would not affect the bonding
affinity. However, the pdbs of the templates do not contain the complete structure. In some
cases, more than half of the amino acids are missing. For this reason, the homology predic-
tion of the complete sequence structures was carried out in the Rosetta software [81,82],
and the identity of the templates with the rat sequence of each protein was confirmed in the
Swiss Model server (https://swissmodel.expasy.org, accessed on 9 May 2022). Prediction
results were validated in Molprobity. In addition, a model structural alignment was carried
out to calculate the root mean square deviation (RMSD) in the Pymol viewer [83]. The
lowest value model of RMSD was chosen and minimized in Gromacs 2022.2 [84] with
Charmm36m force field. The system for minimization was built in CHARMM-GUI [85,86],
where the protein was placed in the TIP3 solution. Hydrogens were added to the structure
corresponding to pH 7.4 in the PDB2PQR server [87]. Finally, pdbqt files for the ligand and
the targets were obtained in AutoDock tools [88].

Protein–Ligand Interaction

Because some structural changes were found near the ligand binding site of the
molecules used, it was decided to perform blind docking. The BSSG molecule was coupled
to each target (protein) in the AutoDock Vina program [89]. After preparing the protein
and ligand, the interaction grids were produced in AutoDock tools. The size of grid boxes
(coordinates x, y, z) was different for each protein, according to the volume of each one.
Blind docking was performed so the program could search for binding sites on the surfaces
of complete proteins choosing an exhaustiveness of 12. Free energies of affinity of the best
docking pose were reported. Furthermore, the Discovery Studio program was also used to
report interactions between ligand–target in the 2D and 3D contact maps [90].

Positive and Negative Controls

The molecular docking assays were validated by comparing the values of BSSG
with respective positive and negative controls, as reported previously [91]. The positive
controls were two molecules structurally similar to BSSG and were obtained from PubChem
(https://pubchem.ncbi.nlm.nih.gov/, accessed on 29 August 2022). For the negative
control, a molecule was randomly selected from PubChem which was structurally different
from BSSG. Then, the molecules were coupled with each protein target (PPAR α, PPAR γ,
HDAC6, and MAPK14) using the corresponding grid box coordinates. Next, control
preparation and molecular docking were performed as described above. Finally, the 3D
representations were obtained from AutoDock tools [88].
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