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Abstract: Parkinson’s disease, the second common neurodegenerative disease is clinically
characterized by degeneration of dopaminergic neurons in the substantia nigra pars compacta
(SNpc) with upregulation of neuroinflammatory markers and oxidative stress. Autophagy lysosome
pathway (ALP) plays a major role in degradation of damaged organelles and proteins for energy
balance and intracellular homeostasis. However, dysfunction of ALP results in impairment of
a-synuclein clearance which hastens dopaminergic neurons loss. In this study, we wanted to
understand the neuroprotective efficacy of Val in rotenone induced PD rat model. Animals received
intraperitoneal injections (2.5 mg/kg) of rotenone daily followed by Val (40 mg/kg, i.p) for four weeks.
Valeric acid, a straight chain alkyl carboxylic acid found naturally in Valeriana officianilis have been
used in the treatment of neurological disorders. However, their neuroprotective efficacy has not
yet been studied. In our study, we found that Val prevented rotenone induced upregulation of
pro-inflammatory cytokine oxidative stress, and a-synuclein expression with subsequent increase in
vital antioxidant enzymes. Moreover, Val mitigated rotenone induced hyperactivation of microglia
and astrocytes. These protective mechanisms prevented rotenone induced dopaminergic neuron loss
in SNpc and neuronal fibers in the striatum. Additionally, Val treatment prevented rotenone blocked
mTOR-mediated p70S6K pathway as well as apoptosis. Moreover, Val prevented rotenone mediated
autophagic vacuole accumulation and increased lysosomal degradation. Hence, Val could be further
developed as a potential therapeutic candidate for treatment of PD.

Keywords: Parkinson’s disease; valeric acid; rotenone; oxidative stress; neuroinflammation;
neuroprotection

1. Introduction

Parkinson’s disease (PD), the second most common neurodegenerative disease is not
only characterized by motor impairments such as bradykinesia, rigidity, tremor and postural
abnormalities but cognitive, emotional and olfactory abnormalities are also seen in PD patients [1,2].
Researchers believe that at least 500,000 people in the United States with a total estimated treatment
cost of around $6 billion annually. Based on World population ageing report, the population of aged
individuals in United Arab Emirates are expected to increase from 5.1% in 2000 to 26.7% by 2050
which creates a major concern about the incidence of PD in the UAE soon [3]. Oxidative stress is
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the main culprit in PD progression which in turn influences i. mitochondrial dysfunction ii. protein
misfolding and iii. altered kinase activity [4]. Post-mortem studies reported that the presence of
intracellular proteinaceous inclusions termed lewy bodies made up of alpha-synuclein aggregation are
pathological hallmarks of PD [5]. Despite various treatment strategies such as dopamine replacement
therapy, monoamine oxidase inhibitors, dopamine receptor agonists, there is limited efficiency over
the course of the disease and these prolonged treatments results in adverse motor (dyskinesia,
motor fluctuation) and non-motor (sleep disorder, impulse control disorder, PD dementia) side
effects [6]. Various reports have recognized neuroinflammation as an important pathological mechanism
driving dopaminergic neuronal loss leading to Parkinson disease [7-9]. Significant clinical and
experimental evidence reveal that microglia and astroglia mediated neuroinflammation plays a major
role in neurodegeneration [10,11]. Microglia activation is portrayed by enhanced expression of
pro-inflammatory factors (ROS, TNF-«, IL-13, COX-2, iNOS), rapid microglial population expansion
and morphological transformation [12,13]. PET imaging studies have proved widespread microglial
response in PD patients with subsequent augmentation of oxidative and nitrosative stress [14,15],
fueling inflammation mediated neurodegeneration, Astrocytes which represents 50% of glial population
are also being studied for its significant role in initiation of PD. Moreover, it has been reported
that astrocytic alpha-synuclein deposits trigger recruitment of activated microglia that executes
neurons resulting in PD [16,17]. Though astrocytes exert neuroprotective role in normal physiological
condition, during diseased state, reactive astrogliosis aid in release of inflammatory cytokines that
damage surrounding neurons by production of ROS, lipid peroxidation and activation of apoptotic
mechanisms [18,19]. Kim et al., proved that dopaminergic neurons treated with MPP* released MMP3
which are responsible for TNF-a and ROS production by microglia [20,21]. Although various pathways
initiates toxic events leading to neurodegeneration, the most common cause of PD pathogenesis is due
to abundant deposition of misfolded proteins (x-synuclein) and impairment of protein degradation
pathways leading to neuronal death. One such important protein degradation mechanism is called
autophagy. Alternate to ubiquitin-proteosome system which degrades 80-90% of short lived proteins,
macroautophagy plays a major role in degradation of non-specific long-lived proteins as well as
cellular organelles. Autophagy is an intracellular catabolic process in which misfolded proteins such
as a-synuclein are isolated by autophagosomes which eventually fuses with endosomes to form
amphisomes. The contents in the amphisomes are digested and recycled when amphisomes fuses with
lysosomes [22,23]. However, studies have reported that impairment of autophagy leads to accumulation
of pathogenic a-synuclein in PD [24,25]. In addition, over-expression of mutant x-synuclein have
been shown to activate autophagy [26]. Impairment of mammalian target of rapamycin (mTOR),
an vital protein for cell proliferation, growth and survival [27,28] leads to dopaminergic neuronal
loss. Similarly, downregulation of mTOR using siRNA interference hinders phosphorylation of
both p70 S6 Kinase (p70S6K) and eukaryotic initiation factor 4E binding protein 1 (4E-BP1) which
results in neuronal apoptosis [29]. In addition, PD mimetics such as 6-hydroxydopamine (6-OHDA),
N-methyl-4-phenylpridine (MPP*) and rotenone abolished mTOR signaling and up-regulated cleaved
caspase-3 leading to neuronal apoptosis [30]. Interestingly, restoration of mTOR, 4E-BP1 or p70S6K
significantly protected neurons against PD mimetics [31,32].

Rotenone, a mitochondrial complex I inhibitor is one of the most widely used neurotoxin to
study the biochemical and molecular changes reminiscent to pathological changes occurring in
PD. Unlike MPP* which required transporters to induce dopaminergic neuronal death, rotenone is
highly lipophilic and thus eventually crosses blood-brain barrier effectively, Various studies have
shown that oxidative stress and impairment of mitochondrial function results in accumulation of
autophagy vacuoles and toxicity [33,34]. In addition to deterioration of normal autophagy process,
rotenone have also been known to cause neuroinflammation, apoptosis of dopaminergic neurons
and behavioral deficits [30]. Hence, to counteract these toxic oxidative stress mediated dopaminergic
neurodegeneration, natural drugs with robust anti-oxidant and anti-inflammatory properties that not
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only helps to restore normal autophagy process but also when it guards dopaminergic neurons and
alleviate disease progression.

Valeric acid (Val) or pentanoic acid, a prime component of Valeriana wallchii DC., Caprifioliaceae
has potent biological activities with a molecular weight of 102.15 and chemical formula C5H;¢yO; has
potent biological properties. Valeriana has extensive traditional reputation for its protective activity
against insomnia, neurosis, pain [35,36] and depression [37,38]. Moreover, Val has an identical structure
to neurotransmitter gamma-aminobutyric acid (GABA) but without amine functional group which
is responsible for GABA's biological activity. Further, Val is also an N-Methyl-D-aspartate (NMDA)
antagonist and protects against penicillin-induced epileptic activity in rats [39]. Nevertheless, to the best
of our knowledge, there were no studies reporting the neuroprotective mechanisms of Val in rotenone
induced PD model. Hence, in this study, using a chronic intraperitoneal rotenone treatment as an in vivo
PD model, we examined the neuroprotective efficacy of Val against rotenone induced oxidative stress,
neuroinflammation, x-synuclein expression and dopaminergic neuronal loss. In addition, we evaluated
whether the probable mechanisms of Val mediated protection is associated with mTOR-arbitrated
anti-apoptotic and/or autophagic events.

2. Results

2.1. Valeric Acid Prevented Rotenone Induced Oxidative Stress in Rats

The dosage of Val used in this study did not show any toxicity and it was selected based on previous
study [40]. Antioxidant enzymes plays a major role in scavenging reactive oxygen species which is
a product of oxidative metabolism. Four weeks after rotenone administration, we found an robust
decrease in vital antioxidants (Catalase, Glutathione and Superoxide dismutase) and significant increase
in malondialdehyde (MDA) levels, an marker of lipid peroxidation. However, oral administration of
Val after rotenone exposure significantly increased antioxidant levels with concomitant decrease in MDA
(Figure 1). These results demonstrate that Val can scavenge rotenone-induced oxidative stress in rats.
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Figure 1. Influence of Valeric acid on rotenone induced oxidative stress and antioxidative indices
rats. Rotenone administration caused a significant increase (p < 0.05) in lipid peroxidation which is
represented by increase in malonaldehyde levels with marked decrease in vital anti-oxidants levels in
the midbrain. Treatment with 40 mg/kg Valeric acid prevented lipid peroxidation with a significant
decrease in MDA levels and ameliorated brains vital antioxidant (CAT, GSH and SOD) levels. There is
no significant difference in both MDA and antioxidant levels in control and Val alone treated groups.
Data are expressed as mean + SEM. 2 p < 0.05 compared to control, ® p < 0.05 compared to rotenone
treated group.
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2.2. Valeric Acid Ameliorated Rotenone Induced Neuroinflammation

We next examined the ability of Val to modulate the production and secretion of inflammatory
factors in rotenone induced PD model. It is well established that pro-inflammatory cytokines augment
neurodegenerative mechanisms. Our results showed that rotenone injection induced a significant
increase in production of pro-inflammatory factors which is evident from increase in interleukin-6 (IL-6),
interleukin-1p (IL-1f3), tumor necrosis factor-o (TNF-«), nitric oxide (NO) and matrix metalloproteinase 9
(MMP-9) (Figure 2A,B). Notably, administration of Val potentially diminished the production of
pro-inflammatory factors thereby establishing Valeric acid mediated anti-inflammatory mechanism.
In addition, enhanced expression of inducible nitric oxide synthase (iNOS) and cyclooxygenase 2
(COX-2) have been reported in the brain of PD patients and also causes dopaminergic neuronal loss in
PD models [11,41]. Consistent with previous reports, rotenone administration caused a significant
increase in expression of iNOS and COX-2, whereas Val treatment markedly reduced these protein
levels as evinced by western blotting (Figure 2C,D).
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Figure 2. Valeric acid prevented nitric oxide production and alters expression of inflammatory
factors in rotenone treated animals. Enzyme linked Immunosorbent assay showed that rotenone
administration increased the expression of pro-inflammatory cytokines (A) and enhanced production
of NO and MMP-9 (B). Immunoblots of midbrain protein samples probed with Cox-2 and iNOS (C).
Blots were quantified using Image J and corresponding results were represented as bar diagram (D).
However, Val treatment caused a significant decrease in expression and production of pro-inflammatory
factors in rotenone intoxicated animals. Data are expressed as mean + SEM. ? p < 0.05 compared to
control, ® p < 0.05 compared to rotenone treated group, € p < 0.05 compared to Rot+ Val treated group.

2.3. Valeric Acid Diminished the Activation of Microglia and Astrocytes

Enhanced expression of glial markers, especially ionized calcium-binding adapter molecule 1
(Iba-1) and glial fibrillary acidic protein (GFAP), is an indicator of reactive microgliosis and reactive
astrocytes respectively. These two cells play a major role in inflammation mediated neurodegeneration
in PD. Figure 3 shows that immunofluorescent staining for Iba-1 and GFAP activated microglia
and astrocytes respectively in the striatum of experimental animals. Activation of microglia by
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rotenone is evident from larger cell bodies and fewer processes (Figure 3A). Similarly, astrocyte
activation by rotenone is denoted by enhanced expression of GFAP positive cells (Figure 3C).
Interestingly, administration of Val in rotenone treated rats significantly reduced the expression
of Iba-1 and GFAP in the striatum of experimental animals. These results were in concordant with the
diminished production of pro-inflammatory factor production described previously. Quantification of
activated microglia and astrocyte are represented as percentage of control and depicted as histogram
in Figure 3B,D respectively.
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Figure 3. Valeric acid attenuated microglia and astrocyte activation induced by rotenone.
Immunofluorescent staining with Iba-1 (A) and GFAP (C) of experimental animals. Picture shows
20 um thick sections of striatum between different groups. Densitometric assessment of fluorescent
intensity to quantify microglia (B) and astrocyte (D) activation. Rotenone administration caused
profound increase in Iba-1 positive microglia and GFAP positive astrocyte. Alternatively, Val treatment
decreased the activation of microglia and astrocyte as evinced by decrease in Iba-1 and GFAP positive
cells. Values are expressed as mean + SEM. * p < 0.05 compared to control, # p < 0.05 compared to
rotenone treated group.

2.4. Valeric Acid Cosseted Dopaminergic Neurons against Rotenone Toxicity

Loss of tyrosine hydrolase (TH) positive neurons in the substantia nigra pars compacta (SNpc)
and the resultant decrease of TH expression in the striatum are hallmark pathological events in PD.
Hence, we measured TH+ve dopaminergic neurons in SNpc and its expression in the striatum.
Administration of rotenone for 4 weeks, caused a significant reduction in the number of TH
positive neurons (Figure 4A,B) which in turn caused 50% decrease in the intensity of TH+ve striatal
fibers (Figure 4C,D). Significantly, we found that administration of Val to rotenone toxicated rats
prevented dopaminergic neuronal loss and enhanced TH expression in striatal fibers as demonstrated
by immunohistochemistry.
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Figure 4. Valeric acid attenuated rotenone induced dopaminergic neurodegeneration.
Immunohistochemistry of 20 um coronal sections with anti-tyrosine hydrolase antibody of striatum (A)
and substantia nigra (B) of experimental animals. Densitometric analysis of tyrosine hydrolase
positive neuronal fibers (C) and tyrosine hydrolase positive neurons (D) were performed using
Image J. Administration of rotenone cause a significant reduction in both TH+ve neuronal fibers and
neurons in striatum and substantia nigra respectively. Whereas, administration of Val prevented this
loss significantly. Values are expressed as mean + SEM. * p < 0.05 compared to control, # p < 0.05

compared to rotenone treated group.

2.5. Valeric Acid Prevented a-Synuclein Aggregation in PD Rats

Accumulation of «a-synuclein in Lewy bodies is an key pathological event in PD and
enhanced expression of x-synuclein influences neuronal death by either necrosis or apoptosis [42].
Moreover, impairment of autophagy results in accumulation of aggregated «-synuclein protein favoring
neurodegeneration. We found that rotenone administration caused a significant increase (3 fold) in
a-synuclein protein levels in the substantia nigra pars compacta as shown by western blotting (Figure 5).
However, we noted that treatment with Val caused a significant decrease in x-synuclein expression.
These results indicate Val partly protects dopaminergic neurons by diminishing the expression of
a-synuclein in rotenone treated animals.
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Figure 5. Valeric acid treatment regulates the expression of a-synuclein in experimental animals.
Representative immunoblots of alpha-synuclein expression in experimental animals (A). Band intensity
was quantified using Image J and depicted as bar diagram (B). Data are expressed as mean + SEM.
2 p < 0.05 compared to control, ® p < 0.05 compared to rotenone treated group.
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2.6. Valeric Acid Hindered Neuronal Apoptosis by Reinstating mTOR Pathway

Various reports have shown that impairment of mTOR activity leads to neuronal dysfunction
and have adverse effect on neuronal regenerative mechanisms [43,44]. p70 S6 kinase (p70S6K) is one
of the most defined downstream effector molecules of mTOR. In central nervous system, aggregated
protein toxicity initially increases mTOR activity but its expression is subsequently reduced leading
to cell death [45]. In this study, we wanted to evaluate if Val treatment could prevent neuronal
apoptosis by reinstating mTOR activity. Inmunoblotting analysis showed that rotenone administration
caused a significant decrease in mTOR, phospho mTOR and p70S6K expression (Figure 6A,B).
Whereas, Val administration restored mTOR activity by enhancing the expression of these proteins.
In addition, to evaluate the importance of mTOR activity on neuronal survival and to assess if Val
could regulate apoptosis signaling pathway, we analysed the levels of Bax and Bcl-2 by western
blotting. We found that rotenone administration caused a significant increase in the expression of
pro-apoptotic protein Bax and decreased the expression of anti-apoptotic protein Bcl-2. By contrast,
Val administration prevented apoptosis by diminishing the expression of Bax and enhancing Bcl-2
expression (Figure 6C,D). Together, these results suggest that Val prevented rotenone mediated
apoptosis by reinstating mTOR pathway.
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Figure 6. Valeric acid prevented rotenone mediated neuronal apoptosis by restoring mTOR pathway.
Immunoblotting of midbrain samples with mTOR pathway (A) proteins and apoptotic markers (C).
Blots for phosphor mTOR and p70S6K (B), Bax and Bcl-2 (D) mTOR were quantified using Image ] and
represented as fold of control. Values are expressed as mean + SEM. @ p < 0.05 compared to control,
b p < 0.05 compared to rotenone treated group, € p < 0.05 compared to Rot+Val treated group.
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2.7. Valeric Acid Prevented Rotenone Toxicity via Regqulating Autophagy

As mentioned earlier, accumulation of misfolded x-synuclein due to impairment of autophagy
plays a central role in lewy body formation and resultant neurodegeneration in PD. Hence, to further
delineate neuroprotection mechanisms of Val, we analyzed whether Val could modulate rotenone
impaired autophagy using MAP-light chain 3 (LC3) and p62 protein expression levels. Treatment with
rotenone caused a significant increase in autophagosome accumulation which is demonstrated by
enhanced LC3II/LC3I ratio. Whereas, Val administration to rotenone intoxicated rats significantly
reduced LC3II/LC3I ratio demonstrating decrease in autophagosome accumulation. (Figure 7A,B).
To further assess the role of Val in autophagy regulation, we assessed the expression of p62 which
helps to link ubiquitinated proteins to autophagic process through LC3. Administration of rotenone
caused a significant increase in p62 levels demonstrating that rotenone inhibits autophagic degradation.
Alternatively, treatment with Val caused a significant decrease in p62 expression levels suggesting
that it favors autophagic degradation of misfolded proteins (Figure 7C,D). In addition, the ratio of
LC3II/LC3I and p62 levels did not significantly increase in both control and Val alone treated groups.
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Figure 7. Valeric acid cosseted dopaminergic neurons by modulating autophagy. Immunoblotting
of midbrain samples with autophagy markers LC3 II/LC3 I and p62 (A) from different groups.
Quantitative analysis of immunoblotting of LC3-1I/LC3-1 (B) and P62 (C) both controlled by (3-actin,
respectively. Values are expressed as mean + SEM. 2 p < 0.05 compared to control, ® p < 0.05 compared
to rotenone treated group, € p < 0.05 compared to Rot+Val treated group.

3. Discussion

In this present study, we evaluated the neuroprotective effect of Val using rotenone induced PD rat
model. As of our knowledge, this is the first study to report that the neuroprotective mechanisms of Val
involve attenuation of oxidative stress, reduction of pro-inflammatory factors by modulating microglia
and astrocyte response and down regulation of a-synuclein expression. Moreover, Val protected
dopaminergic neurons by restoring rotenone inhibited mTOR and autophagy pathways.

Rotenone, an natural insecticide from Leguminosa plants is a prototypical neurotoxin that can mimic
pathological features of PD. Rotenone is an potent mitochondrial complex I inhibitor that easily crosses
blood brain barrier without the need of dopamine transporter for dopaminergic neuron entry. It is well
established in our lab and by others that rotenone exposure causes pathological features of PD such as
oxidative stress, nigrostriatal neuron loss, behavior deficits, inflammation, cytoplasmic x-synuclein
inclusions, defective protein turnover and autophagy [46-48]. Mounting evidence shows that brains of
PD patients have significant depletion of antioxidant enzymes [49], impairment of complex I activity of
mitochondrial electron transport chain [50], increased protein oxidation/nitration and iron levels [51,52].
Based on similar reports, it is well accepted that redox imbalance is not a secondary end-stage factor
in PD but they are the main culprits driving PD progression. Hence, any drug that has the ability to
effectively scavenge or inhibit reactive oxygen species (ROS) could be a potential therapeutic agent
for PD. Valeric acid, an terpenoid ester from Valeriana species have been known to possess various
biological activities [35]. Valeriana has got extensive reputation for its ability to treat pain insomnia,
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epilepsy, neurosis, anxiety and depression [36-38]. Though Valeriana and its bioactive component Val
possess various biological properties, its antioxidant ability has not been studied previously. In this
study, similar to previous reports, rotenone administration caused a significant decrease in vital
antioxidants GSH, CAT and SOD with a strong increase in MDA, a marker for lipid peroxidation.
However, treatment with Val significantly reduced rotenone mediated oxidative stress by increasing
vital antioxidant enzymes with a significant decrease in lipid peroxidation.

Various studies have demonstrated that oxidative stress and neuroinflammation are co-conspirators
in PD progression. Over the past few years, various clinical reports provide experimental evidence
that inflammation could aggravate neurodegeneration in PD with similar observations in both toxin
and genetic models [53]. Generally, oxidants are reactive factors that influence neuronal death but
it is interesting to note that in an MPTP based PD model, the time course of oxidative stress did
not correlate with neurodegeneration. Moreover, oxidative alternation of x-synuclein [54], tyrosine
hydrolase [55] precede dopaminergic neurodegeneration. Hence it may be plausible that oxidants rather
than directly killing neurons, they act as key signaling molecules activating neuroinflammation [49],
impairment of autophagy systems and apoptosis of dopaminergic neurons [56]. In the central nervous
system, microglia acts as a major source of reactive oxygen species through oxidative mechanisms in
mitochondria and intracellular peroxidases [57]. Similar to previous reports, we found that rotenone
mediated increase in oxidative stress amplifies activation of microglia and astrocyte [58]. In PD,
it is believed that dopaminergic neurons die overtime by nonsynchronous events [59] and this toxic
modification in brains microenvironment, though subtle, can be immediately perceived by microglia
and astrocyte. Thus, activated microglia and astrocyte produce enhanced pro-inflammatory factors
such as IL-6, IL-13, TNF-oc and NO. This increase have also been observed in post-mortem brain and
CSF of PD patients [60-62]. Moreover, Duke et al., 2007 reported an increase in expression of genes
encoding pro-inflammatory cytokines in substantia nigra of PD patients [63]. In line with these reports,
we found that rotenone administration caused hyper-activation of microglia and astrocyte (Figure 3)
which inturn enhanced the expression of IL-6, IL-13, TNF-&, NO, MMP-9, COX-2 and iNOS (Figure 2).
However, treatment with Val diminished microglia and astrocyte activation with subsequent reduction
in pro-inflammatory factors.

One of the important factor to enhance neuroinflammation, apart from neurodegeneration is
enhanced expression of x-synuclein. Watson et al., found that over-expression of «-synuclein caused
microglia activation as well as production of pro-inflammatory factors [64]. In our study, we found
that Val administration abolished rotenone mediated increase in x-synuclein expression (Figure 5).
Thus, in our study, decline in «-synuclein could partly inhibit activation of pro-inflammatory factors.
Our reports were similar to previous studies were rotenone administration caused «-synuclein
positive nigral inclusions and increase in misfolded/dysfunctional protein that facilitated dopaminergic
neuronal death [65]. Further we evaluated whether anti-oxidative and anti-inflammatory mechanism
of Val could protect nigrostriatal dopaminergic neurons. We found that administration of rotenone
caused a significant degeneration of dopaminergic neurons in SN and decrease in tyrosine hydrolase
expression in striatal fibers (Figure 4). This results were in concordant with our previous report [46].
However, administration of Val prevented both TH positive dopaminergic neuronal loss and TH positive
striatal fiber loss in rotenone treated animals. Valeric acid mediated suppression of pro-inflammatory
mechanisms and protection of dopaminergic neurons can be arbitrated by various mechanisms.

Apoptosis, an well-conserved evolutionary process plays a major role in dopaminergic
neurodegeneration. Although various reports prove the presence of apoptotic neurons in substantia
nigra of PD patients [66,67], Dispasquale et al., 1991 was the first to report that MPP*, an mitochondrial
complex I inhibitor induced apoptosis in cerebellar granule neurons [68]. Moreover, expression of wild
type or mutant forms of a-synuclein causes neuronal apoptosis and also augments neuronal sensitivity
to apoptotic death [69]. Although two major pathways leads to apoptosis (intrinsic and extrinsic),
intrinsic pathway is mostly activated by ROS, DNA damage, loss of trophic support. The central
phenomenon in intrinsic apoptotic pathway is the release of cytochrome c into the cytosol, membrane
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permeabilization by pore-forming protein Bax, decrease in anti-apoptotic protein Bcl-2 that results in
diminished ATP synthesis, enhanced ROS production, swelling of mitochondria and ultimately cell
death. Also, high concentration of o-synuclein down-regulates the expression of anti-apoptotic protein
Bcl-2 [70]. Zhou et al., 2015 recently showed that inhibition of mTOR signaling leads to rotenone
mediated neuronal apoptosis [32]. The mTOR cascade plays a major role in cell shape, migration and
differentiation during neuronal development [71] and they have been found to be essential for memory
formation [72,73] and synaptic plasticity [32], Moreover, inhibition of mTOR arbitrated p70S6K and
4E-BP1 promotes apoptosis [27]. Rotenone administration promotes neuronal apoptosis by inhibiting
mTOR cascade suggesting the importance of mTOR pathway in neuroprotection [32]. Similar to these
reports, we found that rotenone administration decreased the expression of mTOR, phospho mTOR
and p70S6K and provoked neuronal apoptosis by increasing the expression of Bax and decreasing
Bcl-2 expression. However, administration of Val to rotenone intoxicated animals restored mTOR
pathway by increasing the expression of mTOR, phospho mTOR and prevented neuronal apoptosis.
Hence, our study suggest that Val prevented rotenone mediated inhibition of mTOR signaling and also
rescued neurons from apoptosis.

Numerous clinical and in vitro studies have provided strong evidence that accumulation of
autophagic vacuoles is detrimental to dopaminergic neurons [34,67,74]. During normal physiological
conditions, a-synuclein will be degraded by both autophagy-lysosome pathway (ALP) and proteasome
system but during «-synuclein overload (in PD), misfolded or aggregated a-synuclein will be eliminated
by ALP predominantly [75]. Though autophagy remains primarily as a protective mechanism to
maintain nutrient and energy homeostasis during stress, impairment of autophagy results in PD [76].
Mader et al., 2012 demonstrated that rotenone administration induced oxidative stress, x-synuclein
accumulation, dopaminergic neuron death along with accumulation of autophagic vacuoles indicated
by enhanced LC3 expression). Moreover, accumulation of autophagic vacuoles were correlated with
decrease in lysosomal degradation which was corroborated with increase in p62 levels (autophagy
substrate) [77]. Similar to this study, we found that rotenone administration caused a significant increase
in LC3II/LC3I ratio supporting the accumulation of autophagic vacuole. However, administration
of Val resulted in significant decrease in LC3II/LC3I ratio levels. Since, accumulation of autophagic
vacuole might be due to autophagy induction or due to decline in lysosomal degradation, autophagic
flux is usually assessed by detecting p62 levels, an ubiquitinating and LC3 binding protein that attaches
with misfolded proteins resulting to autophagy degradation. However, rotenone administration
increases p62 levels demonstrating that rotenone disrupts autophagic vacuole degradation [77].
Alternatively, Val administration caused a significant decrease in p62 levels. To conclude, in concordant
with previous report, rotenone accumulates autophagic vacuoles and impairs autophagic flux [77].
Moreover, mTOR is an negative regulator of autophagy [78]. These data suggest that Val confers
neuroprotection by decreasing the expression of a-synuclein and activating mTOR pathway that results
in less autophagic vacuole formation and inhibited autophagy flux impairment.

4. Materials and Methods

4.1. Experimental Animals and Ethics Statement

All experimental animal procedures were approved by Animal Ethics Committee of United Arab
Emirates University (UAEU). Adult male Wistar rats (67 months old) weighing 280-300 g were used
in this study. Animals were maintained at pathogen free facility with ambient conditions (22 + 1 °C,
60% humidity, and 12 h diurnal cycle) and had ad libitum access to food and water. Animals were
allowed 1 week initially to adapt to the experimental room conditions.

4.2. Chemicals and Reagents

Rotenone, Valeric acid, RIPA lysis buffer, antibodies against inducible nitric oxide synthase
(iINOS), cyclooxygenase-2 (Cox-2) and glial fibrillary acidic protein (GFAP) were procured from
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Sigma-Aldrich, St. Louis, MO, USA. Protease and phosphatase inhibitor cocktail were procured from
Thermo Scientific, USA. Anti-tyrosine hydrolase (Polyclonal rabbit) antibody was obtained from Merck,
Germany. The following antibodies were purchased from Cell Signalling Technology, Beverly, MA, USA:
LC3, p62, mTOR, phosphor mTOR and p70S6K. Apoptotic polyclonal markers (Bax and Bcl-2) were
obtained from Abcam, USA. Monoclonal mouse anti-a-synuclein antibody was purchased from BD
Biosciences, San Jose, CA, USA. Anti- Iba-1 antibody was purchased from Wako chemicals, Richmond,
VA, USA. Fluorescent secondary antibodies (Alexa Flour 488) were purchased from Thermo Fischer
Scientific, Waltham, MA, USA. Biotinylated goat anti-rabbit secondary antibody was purchased
from Jackson Immunoresearch, West grove, PA, USA. Biochemical assays were performed using
commercially available kits. All other chemicals used in this experiments were provided by local
commercial sources (analytical grade quality).

4.3. Experimental Design

To analyze the neuroprotective effect of Val, we used an established chronic rotenone paradigm
which represents one of the most stable toxin based PD models. Rotenone (2.5 mg/kg) preparation
were described in detail previously [46]. Pharmacological effects of Val in vivo were examined using
the following treatment groups (1 = 15). Group I (control) received intraperitoneal injection of myglol
and olive oil which are vehicles for rotenone and Val respectively which served as control group.
Group II (rotenone) received intraperitoneal injection of rotenone (2.5 mg/kg) once daily for 4 weeks
and served as experimental PD model. Group III (rotenone+ Val): Immediately before treatment,
Val (40 mg/kg, i.p) was prepared and administered once daily for four weeks, 30 min prior to ROT
administration. Dosage fixed for Val was based on previous study [40]. Group IV received only
intraperitoneal injection of Val (40 mg/kg, i.p) once daily for four weeks and served as drug control.
Body weight of experimental animals were obtained every 5 days for a total period of 4 weeks.

4.4. Tissue Processing

At the end of the experiments, animals were anesthetized using pentobarbital (40 mg/kg body
weight) and perfused via intracardial infusion with 0.01 M phosphate-buffered saline at pH 7.4.
For immunohistochemical studies, after infusion with 0.01 M PBS, animals were again perfused with
4% paraformaldehyde for whole body fixation. Brains were then removed from the skull and post-fixed
again in 4% paraformaldehyde for 48 h at 4 °C followed by cryoprotection using 30% sucrose solution
for three consecutive days (4 °C). For biochemical studies, midbrain and striatum were dissected on
dry ice and immediately homogenized using KCI buffer (Tris-HCl 10 mM, NaCl 140 mM, KCl1 300 mM,
ethylenediaminetetraacetic acid 1 mM, Triton-X 100 0.5%) at pH 8.0 supplemented with protease and
phosphatase inhibitor. The homogenates were centrifuged at 14,000 g for 20 min (4 °C) and the
supernatant was used for evaluation of lipid peroxidation, antioxidant enzymes and proinflammatory
cytokines using spectrophotometric measurements and enzyme-linked immunosorbent assays (ELISA).

4.5. Malondialdehyde Assay

This assay was performed to assess the extent of lipid peroxidation in experimental animals using
North West Life Science (Vancouver, WA, USA) MDA detection kit. Briefly, 250 puL of samples or
calibrators were incubated with thiobarbituric acid followed by rigorous vortexing. After 1 h incubation
at 60 °C, the mixture were centrifuged at 10,000% g for 2-3 min and the reaction mixture was transferred
to cuvette. Spectra was measured at 532 nm and the results were expressed as pm MDA/mg protein.

4.6. Quantification of Reduced Glutathione

Levels of reduced glutathione in tissue homogenates were measured as previously described [46]
using Sigma’s glutathione assay kit (Sigma-Aldrich Chemie GmbH, Steinheim). In brief, samples
were first deproteinized with 5% 5-sulfosalicylic acid solution, centrifuged to remove the precipitated
protein and supernatant was used to estimate GSH. Ten microlitre samples or standards were incubated
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with 150 pL of working mixture (assay buffer +5,5’-dithiobis (2-nitrobenzoic acid) + GSH reductase)
in 96-well plates for 5 min. Diluted NADPH solution (50 uL) was added into each well and mixed
thoroughly. Absorbance was measured at 412 nm with the kinetics for 5 min by using the microplate
reader. Results were expressed as pm GSH/mg protein.

4.7. Assay for Antioxidant Enzyme Activities

Cayman assay kits (Cayman Chemicals Company, Ann Arbor, MI, USA) were used to assess
antioxidant enzyme [superoxide dismutase (SOD) and catalase (CAT)] activities in experimental
animals. Catalase assay: Twenty microliter of samples or standards and 30 puL of methanol was
added to the assay buffer (100 uL) in 96-well plates. To this mixture, twenty microliter of hydrogen
peroxide was added and incubated for 20 min at room temperature (RT) to initiate the reaction.
Following incubation, 30 uL of Potassium hydroxide was used to terminate the reaction, followed by
subsequent addition of catalase purpald (30 pL) and catalase potassium periodate (10 uL). The plate
was incubated for 5 min at room temperature in a shaker and the plate was read at 540 nm using
microplate reader. Catalase activity was expressed as nmol/min/mg protein. Superoxide dismutase
assay: Ten microliters of samples or standards were added in 96-well plates. Twenty microliter of
xanthine oxidase was added to initiate the reaction. The reaction mixture was mixed for few seconds
and incubated (covered) for 30 min at RT. Absorbance was read at 450 nm using microplate reader.
The activity of SOD was expressed as units/mg protein.

4.8. Estimation of Nitrite Levels

Nitrite levels in experimental animals were assessed using commercially available R&D Nitrite kit
(Minneapolis, MN, USA). Briefly, nitrite standard or samples (50 L) were added to 50 pL of reaction
diluent in a 96-well plate (supplied along with the kit). Fifty microliters of Griess reagent was then
added into each well and the reaction mixture in the plate was mixed by gentle tapping. The plate was
incubated at room temperature for ten minutes and absorbance was read at 540 nm. Nitrite levels were
expressed as pmol/mg protein.

4.9. Proinflammatory Cytokines and MMP-9 ELISA Assay

To analyze the effect of Val on rotenone induced pro-inflammatory cytokines (TNF-«, IL-1§3, IL-6)
and MMP-9, we used commercially available ELISA kits (BioSource International Inc., Camarillo,
CA, USA). Briefly, 96 well plates were coated with 100 uL of capture antibody (diluted) and incubated
overnight at room temperature. Following incubation, each well was washed using wash buffer
(0.05% Tween 20 in PBS 0.01 M pH 7.4) and blocked with blocking buffer [1% bovine serum albumin in
PBS (300 uL)] for 1 h. The plates were then washed with washing buffer and standards or samples
(100 uL) were added into each well and incubated for 2 h at RT. Hundred microliter of detection
antibody was then added into each well and the plate was incubated at room temperature for 2 h.
Following incubation, the plates were washed and 100 puL of working solution (1:200, streptavidin
horseradish peroxidase) was added and the plate was incubated for 20 min. The wells were then
exchanged with 100 pL substrate solution and the plate was again incubated further for 20 min.
Finally, stop solution [2N H»SOy, (50 pL)] was added into each well and the contents in the plate were
mixed plate by gentle tapping. The plate was read immediately at 450 nm using microplate reader.
The results were expressed as pg/mg protein.

4.10. Assessment of Microglia and Astrocyte Activation by Immunofluorescence Staining

Immunofluorescence staining was performed to analyze the anti-inflammatory effect of Val in
experimental animals. Twenty micrometer thick striatum sections were washed twice with PBS and
incubated for 1 h with blocking reagent (10% normal goat serum in PBS 0.3% Triton-X 100) at room
temperature. The sections were then incubated with anti-rabbit Iba-1 (1:1000) and anti-rabbit GFAP
(1:1000) antibodies for overnight at 4 °C. After incubation, the sections were washed twice with PBS



Int. J. Mol. Sci. 2020, 21, 7670 13 0f 18

and incubated with corresponding fluorescent secondary antibody (Alexa 488 anti-rabbit) for 1 h at RT.
The stained sections were again washed twice with PBS and mounted using Vectastain fluorescent
mounting media (with DAPI). The images were taken under Nikon Eclipse Ni fluorescent microscope.

4.11. Quantification of Activated Astrocytes and Microglia in the Striatum

A minimum of three coronal sections of the similar level of striatum from each brain were used to
analyze activated astrocyte and microglia. Activated astrocytes and microglia were assessed using
previously published method [79]. Three different fields of equal area were randomly chosen and
analyzed using the Image J software (NIH, Bethesda, MD, USA). Briefly, an outline was drawn around
the region of interest and area, circularity, mean fluorescence was measured, along with several
adjacent background readings. The total corrected cellular fluorescence (TCCF) was calculated using
the formula, TCCF = integrated density—(area of selected cell X mean fluorescence of background
readings). All readings were measured by an observer blind to the treatment conditions to guarantee
the lack of bias. Results were represented as percentage of control.

4.12. Immunoblot Analysis

The expression of x-synuclein, COX-2, iNOS, Bax, Bcl-2, mTOR, phospho mTOR, p62, LC3 and
p70S6K in striatum of experimental animals were assessed using previously published western blotting
protocol [46]. In brief, tissues were homogenized in RIPA buffer supplemented with protease and
phosphatase inhibitor and centrifuged at 12,000 rpm for 20 min. Equal amount of protein (20 ug)
from each sample were loaded and separated on SDS-PAGE. The separated proteins were then
electrotransferred onto a PVDF membrane by semi-dry transfer method (BIO-RAD). After blocking
(1 h in 5% nonfat dry milk in TBS at RT), the membranes were incubated with «-synuclein (1:750),
COX-2 (1:2000), iNOS (1:1000), Bax (1:2000), Bcl-2 (1:500), mTOR (1:1500), phospho mTOR (1:900),
p62 (1:900), LC3 (1:800) and p70S6K (1:900) overnight at 4 °C. After incubation, the membranes
were washed and incubated with horseradish peroxidase-conjugated secondary antibodies for 1 h at
room temperature. The membranes are then washed and the bands were visualized using Enhanced
Chemiluminescence Pico Kit (Thermo Fisher Scientific). The blots were stripped and re-probed for
B-actin (1:5,000; monoclonal mouse; EMD Millipore, Billerica, MA, USA) as a loading control and
densitometry analysis was done using “Image J” analysis software.

4.13. Immunohistochemistry Analysis

Cryoprotected animal brains were serially sectioned (20 um) using a cryostat (Leica, Wetzlar,
Germany) as described previously and the sections were washed twice with 0.01 M of PBS, pH 7.4.
The sections were incubated for no longer than 10 min with 1% hydrogen peroxidase (in PBS) to
inactivate tissue peroxidase. After two washes with PBS, the sections were blocked using blocking
reagent (10% normal goat serum in PBS containing 0.3% Triton-X 100) for 30 min at RT and incubated
with goat anti-rabbit tyrosine polyclonal antibody (1:1000) overnight at 4 °C. Sections were then rinsed
twice with PBS and incubated with biotinylated secondary anti-rabbit (1:1000) antibody for 1 h at room
temperature. After incubation, sections were developed using the avidin-biotin peroxidase complex
system (ABC kit, Vectastain, CA, USA) followed by 3,3" diaminobenzidine (DAB) to visualize and
analyze TH immunoreactivity. Stained sections were then coverslipped using DPX mounting medium
and the slides were viewed under a light microscope (Olympus, Hamburg, Germany).

4.14. Assessment of TH-Ir Dopaminergic Neurons and TH-Ir Dopamine Nerve Fibers Loss

To analyze the loss of TH immunoreactive (TH-ir) neurons in the SNc area, three different levels of
the medial terminal nucleus region were counted, and the average value was represented as percentage
of control [46]. Striatal fiber loss was analyzed by measuring the optical density of TH-ir dopaminergic
fibers in the striatum using Image J software. The optical density of TH-ir fibers at three different fields
from each section with equal area within the striatum was measured for each rat, and an average of
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three areas were calculated and depicted as percentage of control. The optical density of the overlying
cortex was taken as background measure and subtracted from the value generated from the striatum.
The counting of TH-ir neurons and optical density of the TH-ir fibers were carried out by an investigator
blind to the experimental groups.

4.15. Protein Estimation

Protein concentration from each sample was quantified using Pierce BCA protein assay kit
(Thermo Fisher Scientific) following the manufacturer’s instruction.

4.16. Statistics

Data were expressed as the mean value + SEM. One-way analysis of variance followed by
Tukey’s test was performed to calculate the statistical significance between various groups using
SPSS 12 software. In all the experiments, p < 0.05 was considered statistically significant.

5. Conclusions

Together, our study demonstrated that Val protected dopaminergic neurons via suppressing
rotenone induced oxidative stress by reverting antioxidant defense mechanisms and decreased
neuroinflammation by suppressing production of pro-inflammatory factors. In addition, Val modulated
autophagy pathway by preventing rotenone induced vacuole accumulation and enhanced lysosomal
degradation of alpha-synuclein. Thus, Val could be further developed as therapeutic drug for PD.
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Abbreviations

PD Parkinson’s disease

ROS Reactive oxygen species

GFAP Glial fibrillary acidic protein

Cox-2 Cyclooxygenase 2

iNOS Inducible nitric oxide synthase

Rot Rotenone

SOD Superoxide dismutase

CAT Catalase

TNF- Tumor necrosis factor-alpha

IL-1B Interleukin-13

Iba-1 Ionized calcium-binding adapter molecule 1

TH Tyrosine hydrolase

LC3B Microtubule-associated protein 1 light chain 3 beta
mTOR Mammalian target of rapamycin

4E-BP1 Eukaryotic translation initiation factor 4E (eIF4E)-binding protein 1
References

1. Braak, H.; Tredici, K.D.; Riib, U.; Vos, R.; Braak, E. Staging of brain pathology related to sporadic Parkinson’s
disease. Neurobiol. Aging 2003, 24, 197-211. [CrossRef]

2. Pedersen, K.F; Larsen, ].P; Tysnes, O.B.; Alves, G. Natural course of mild cognitive impairment in Parkinson
disease: A 5-year population-based study. Neurology 2017, 88, 767-774. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/S0197-4580(02)00065-9
http://dx.doi.org/10.1212/WNL.0000000000003634
http://www.ncbi.nlm.nih.gov/pubmed/28108638

Int. ]. Mol. Sci. 2020, 21, 7670 150f18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Hussein, S.; Ismail, M. Ageing and Elderly Care in the Arab Region: Policy Challenges and Opportunities.
Ageing Int. 2017, 42, 274-289. [CrossRef] [PubMed]

Dias, V.; Junn, E.; Mouradian, M.M. The role of oxidative stress in Parkinson’s disease. |. Parkinson’s Dis.
2013, 3, 461-491. [CrossRef] [PubMed]

Wakabayashi, K.; Tanji, K.; Mori, F; Takahashi, H. The Lewy body in Parkinson’s disease: Molecules
implicated in the formation and degradation of alpha-synuclein aggregates. Neuropathol. Off. ]. Jpn.
Soc. Neuropathol. 2007, 27, 494-506. [CrossRef]

Meissner, W.G.; Frasier, H.; Gasser, T.; Gotz, C.; Lozano, A.; Piccini, P.; Obeso, J.; Rascol, O.; Schapira, A.;
Voon, V.; et al. Priorities in Parkinson’s disease research. Nat. Rev. Drug Discov. 2011, 10, 377-393. [CrossRef]
Gonzalez, H.; Contreras, F; Pacheco, R. Regulation of the Neurodegenerative Process Associated to
Parkinson’s Disease by CD4+ T-cells. J. Neuroimmune Pharmacol. 2015, 10, 561-575. [CrossRef]

Lucin, K.M.; Wyss-Coray, T. Inmune activation in brain aging and neurodegeneration: Too much or too
little? Neuron 2009, 64, 110-122. [CrossRef]

Sanchez-Guajardo, V.; Tentillier, N.; Romero-Ramos, M. The relation between alpha-synuclein and microglia
in Parkinson’s disease: Recent developments. Neuroscience 2015, 302, 47-58. [CrossRef]

Tansey, M.G.; Goldberg, M.S. Neuroinflammation in Parkinson’s disease: Its role in neuronal death and
implications for therapeutic intervention. Neurobiol. Dis. 2010, 37, 510-518. [CrossRef]

Knott, C.; Stern, G.; Wilkin, G.P. Inflammatory regulators in Parkinson’s disease: INOS, lipocortin-1,
and cyclooxygenases-1 and -2. Mol. Cell. Neurosci. 2000, 16, 724-739. [CrossRef] [PubMed]

Block, M.L.; Zecca, L.; Hong, J.S. Microglia-mediated neurotoxicity: Uncovering the molecular mechanisms.
Nat. Rev. Neurosci. 2007, 8, 57-69. [CrossRef] [PubMed]

Ladeby, R.; Wirenfeldt, M.; Garcia-Ovejero, D.; Fenger, C.; Finsen, B. Microglial cell population dynamics in
the injured adult central nervous system. Brain Res. Brain Res. Rev. 2005, 48, 196-206. [CrossRef] [PubMed]
Hald, A.; Lotharius, J. Oxidative stress and inflammation in Parkinson’s disease: Is there a causal link?
Exp. Neurol. 2005, 193, 279-290. [CrossRef]

Chung, K K.; Thomas, B.; Li, X.; Pletnikov4, O.; Troncoso, J.; Marsh, L.; Dawson, V.; Dawson, T. S-nitrosylation
of parkin regulates ubiquitination and compromises parkin’s protective function. Science 2004, 304, 1328-1331.
[CrossRef]

Halliday, G.M.; Stevens, C.H. Glia: Initiators and progressors of pathology in Parkinson’s disease. Mov. Disord.
Off. J. Mov. Disord. Soc. 2011, 26, 6-17. [CrossRef]

Wakabayashi, K.; Hayashi, S.; Yoshimoto, M.; Kudo, H.; Takahashi, H. NACP/alpha-synuclein-positive
filamentous inclusions in astrocytes and oligodendrocytes of Parkinson’s disease brains. Acta Neuropathol.
2000, 99, 14-20. [CrossRef]

Rappold, PM.; Tieu, K. Astrocytes and therapeutics for Parkinson’s disease. Neurother. ]. Am. Soc.
Exp. Neurother. 2010, 7, 413-423. [CrossRef]

Hirsch, E.C.; Breidert, T.; Rousselet, E.; Hunot, S.; Hartmann, A.; Michel, P. The role of glial reaction and
inflammation in Parkinson’s disease. Ann. N. Y. Acad. Sci. 2003, 991, 214-228. [CrossRef]

Kim, Y.S.; Choi, D.H.; Block, M.; Lorenzl, S.; Yang, L.; Kim, YJ.; Sugama, S.; Cho, B.P; Hwang, O;
Browne, S.; et al. A pivotal role of matrix metalloproteinase-3 activity in dopaminergic neuronal degeneration
via microglial activation. FASEB J. 2007, 21, 179-187. [CrossRef]

Kim, Y.S.; Kim, S.; Cho, J.J.; Choi, D.H.; Hwang, O.; Shin, D.H.; Chun, H.; Beal, M.E; Joh, T. Matrix
metalloproteinase-3: A novel signaling proteinase from apoptotic neuronal cells that activates microglia.
J. Neurosci. 2005, 25, 3701-3711. [CrossRef]

Menzies, FM.; Moreau, K.; Rubinsztein, D.C. Protein misfolding disorders and macroautophagy. Curr. Opin.
Cell Biol. 2011, 23, 190-197. [CrossRef] [PubMed]

Okamoto, K.; Kondo-Okamoto, N. Mitochondria and autophagy: Critical interplay between the two
homeostats. Biochim. Biophys. Acta 2012, 1820, 595-600. [CrossRef]

Liu, K; Shi, N.; Sun, Y.; Zhang, T.; Sun, X. Therapeutic effects of rapamycin on MPTP-induced Parkinsonism
in mice. Neurochem. Res. 2013, 38, 201-207. [CrossRef] [PubMed]

Chu, Y.; Dodiya, H.; Aebischer, P.; Olanow, C.W.; Kordower, ].H. Alterations in lysosomal and proteasomal
markers in Parkinson’s disease: Relationship to alpha-synuclein inclusions. Neurobiol. Dis. 2009, 35, 385-398.
[CrossRef] [PubMed]


http://dx.doi.org/10.1007/s12126-016-9244-8
http://www.ncbi.nlm.nih.gov/pubmed/28890585
http://dx.doi.org/10.3233/JPD-130230
http://www.ncbi.nlm.nih.gov/pubmed/24252804
http://dx.doi.org/10.1111/j.1440-1789.2007.00803.x
http://dx.doi.org/10.1038/nrd3430
http://dx.doi.org/10.1007/s11481-015-9618-9
http://dx.doi.org/10.1016/j.neuron.2009.08.039
http://dx.doi.org/10.1016/j.neuroscience.2015.02.008
http://dx.doi.org/10.1016/j.nbd.2009.11.004
http://dx.doi.org/10.1006/mcne.2000.0914
http://www.ncbi.nlm.nih.gov/pubmed/11124893
http://dx.doi.org/10.1038/nrn2038
http://www.ncbi.nlm.nih.gov/pubmed/17180163
http://dx.doi.org/10.1016/j.brainresrev.2004.12.009
http://www.ncbi.nlm.nih.gov/pubmed/15850658
http://dx.doi.org/10.1016/j.expneurol.2005.01.013
http://dx.doi.org/10.1126/science.1093891
http://dx.doi.org/10.1002/mds.23455
http://dx.doi.org/10.1007/PL00007400
http://dx.doi.org/10.1016/j.nurt.2010.07.001
http://dx.doi.org/10.1111/j.1749-6632.2003.tb07478.x
http://dx.doi.org/10.1096/fj.06-5865com
http://dx.doi.org/10.1523/JNEUROSCI.4346-04.2005
http://dx.doi.org/10.1016/j.ceb.2010.10.010
http://www.ncbi.nlm.nih.gov/pubmed/21087849
http://dx.doi.org/10.1016/j.bbagen.2011.08.001
http://dx.doi.org/10.1007/s11064-012-0909-8
http://www.ncbi.nlm.nih.gov/pubmed/23117422
http://dx.doi.org/10.1016/j.nbd.2009.05.023
http://www.ncbi.nlm.nih.gov/pubmed/19505575

Int. ]. Mol. Sci. 2020, 21, 7670 16 of 18

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.
38.

39.

40.

41.

42.

43.

44.

45.

Cuervo, A.M.; Stefanis, L.; Fredenburg, R.; Lansbury, PT.; Sulzer, D. Impaired degradation of mutant
alpha-synuclein by chaperone-mediated autophagy. Science 2004, 305, 1292-1295. [CrossRef]

Chong, Z.Z.; Shang, Y.C.; Wang, S.; Maiese, K. Shedding new light on neurodegenerative diseases through
the mammalian target of rapamycin. Prog. Neurobiol. 2012, 99, 128-148. [CrossRef]

Malagelada, C.; Ryu, E.J.; Biswas, S.C.; Jackson-Lewis, V.; Greene, L.A. RTP801 is elevated in Parkinson brain
substantia nigral neurons and mediates death in cellular models of Parkinson’s disease by a mechanism
involving mammalian target of rapamyecin inactivation. J. Neurosci. Off. ]. Soc. Neurosci. 2006, 26, 9996-10005.
[CrossRef]

Holmes, G.L.; Stafstrom, C.E. Tuberous sclerosis complex and epilepsy: Recent developments and future
challenges. Epilepsia 2007, 48, 617-630. [CrossRef]

Zhou, Q.; Chen, B.; Wang, X.; Wu, L.; Yang, Y,; Cheng, X.; Hu, Z; Cai, X,; Yang, J.; Sun, X,; et al.
Sulforaphane protects against rotenone-induced neurotoxicity in vivo: Involvement of the mTOR, Nrf2,
and autophagy pathways. Sci. Rep. 2016, 6, 32206. [CrossRef]

Xu, Y.; Xu, Y; Liu, C; Chen, S.; Ye, Y.; Guo, M,; Ren, Q.; Liu, L.; Zhang, H.; Xu, C.; et al. Activation of AMPK
and inactivation of Akt result in suppression of mTOR-mediated S6K1 and 4E-BP1 pathways leading to
neuronal cell death in in vitro models of Parkinson’s disease. Cell. Signal. 2014, 26, 1680-1689. [CrossRef]
[PubMed]

Zhou, Q.; Liu, C,; Liu, W,; Zhang, H.; Zhang, R.; Liu, J.; Zhang, J.; Xu, C,; Liu, L.; Huang, S.; et al.
Rotenone induction of hydrogen peroxide inhibits mMTOR-mediated S6K1 and 4E-BP1/elF4E pathways,
leading to neuronal apoptosis. Toxicol. Sci. Off. ]. Soc. Toxicol. 2015, 143, 81-96. [CrossRef]

Yu, W.H.; Yu, W,; Dorado, B.; Figueroa, H.; Wang, L.; Planel, E.; Cookson, M.; Clark, L.; Duff, K. Metabolic
activity determines efficacy of macroautophagic clearance of pathological oligomeric alpha-synuclein.
Am. ]. Pathol. 2009, 175, 736-747. [CrossRef] [PubMed]

Chen, Y.; McMillan-Ward, E.; Kong, J.; Israels, S.J.; Gibson, S.B. Mitochondrial electron-transport-chain
inhibitors of complexes I and II induce autophagic cell death mediated by reactive oxygen species. J. Cell Sci.
2007, 120, 4155-4166. [CrossRef] [PubMed]

Marder, M.; Viola, H.; Wasowski, C.; Fernandez, S.; Paladini, A. 6-methylapigenin and hesperidin:
New valeriana flavonoids with activity on the CNS. Pharmacol. Biochem. Behav. 2003, 75, 537-545.
[CrossRef]

Nadkarni, K. Indian Medica. Vol-1 Bombay Pop. Prakashan 1976, 4, 1284.

Panijel, M. Treatment of moderately severe anxiety states. Therapiewoche 1985, 35, 4659—-4668.

Wills, R.B.; Bone, K.; Morgan, M. Herbal products: Active constituents, modes of action and quality control.
Nutr. Res. Rev. 2000, 13, 47-77. [CrossRef]

Loeb, C.; Patrone, A.; Besio, G.; Balestrino, M.; Mainardi, P. The excitatory amino acid antagonist
amino-phosphono-valeric acid (APV) provides protection against penicillin-induced epileptic activity
in the rat. Epilepsy Res. 1990, 6, 249-251. [CrossRef]

Vishwakarma, S.; Goyal, R.; Gupta, V.; Dhar, K.L. GABAergic effect of valeric acid from Valeriana wallichii in
amelioration of ICV STZ induced dementia in rats. Rev. Bras. Farmacogn. 2016, 26, 484—489. [CrossRef]
Lopez de Maturana, R.; Aguila, J.; Sousa, A.; Vazquez, N.; Sanchez-Pernaute, R. Leucine-rich repeat kinase 2
modulates cyclooxygenase 2 and the inflammatory response in idiopathic and genetic Parkinson’s disease.
Neurobiol. Aging 2014, 35, 1116-1124. [CrossRef] [PubMed]

Michel, H.E.; Tadros, M.G.; Esmat, A.; Khalifa, A.E.; Abdel-Tawab, A.M. Tetramethylpyrazine Ameliorates
Rotenone-Induced Parkinson’s Disease in Rats: Involvement of Its Anti-Inflammatory and Anti-Apoptotic
Actions. Mol. Neurobiol. 2017, 54, 4866—-4878. [CrossRef]

Greenamyre, ].T.; Sherer, T.B.; Betarbet, R.; Panov, A.V. Complex I and Parkinson’s disease. IUBMB Life 2001,
52,135-141. [CrossRef] [PubMed]

Bussi, C.; Ramos, ].M.P,; Arroyo, D.; Gaviglio, E.A.; Gallea, J.I; Wang, J.; Celej, M.S.; Iribarren, P.
Autophagy down regulates pro-inflammatory mediators in BV2 microglial cells and rescues both LPS
and alpha-synuclein induced neuronal cell death. Sci. Rep. 2017, 7, 43153. [CrossRef] [PubMed]
Lafay-Chebassier, C.; Paccalin, M.; Page, G.; Barc-Pain, S.; Perault-Pochat, M.C.; Gil, R.; Pradier, L.; Hugon, J.
mTOR/p70S6k signalling alteration by Abeta exposure as well as in APP-PS1 transgenic models and in
patients with Alzheimer’s disease. J. Neurochem. 2005, 94, 215-225. [CrossRef] [PubMed]


http://dx.doi.org/10.1126/science.1101738
http://dx.doi.org/10.1016/j.pneurobio.2012.08.001
http://dx.doi.org/10.1523/JNEUROSCI.3292-06.2006
http://dx.doi.org/10.1111/j.1528-1167.2007.01035.x
http://dx.doi.org/10.1038/srep32206
http://dx.doi.org/10.1016/j.cellsig.2014.04.009
http://www.ncbi.nlm.nih.gov/pubmed/24726895
http://dx.doi.org/10.1093/toxsci/kfu211
http://dx.doi.org/10.2353/ajpath.2009.080928
http://www.ncbi.nlm.nih.gov/pubmed/19628769
http://dx.doi.org/10.1242/jcs.011163
http://www.ncbi.nlm.nih.gov/pubmed/18032788
http://dx.doi.org/10.1016/S0091-3057(03)00121-7
http://dx.doi.org/10.1079/095442200108729007
http://dx.doi.org/10.1016/0920-1211(90)90080-F
http://dx.doi.org/10.1016/j.bjp.2016.02.008
http://dx.doi.org/10.1016/j.neurobiolaging.2013.11.018
http://www.ncbi.nlm.nih.gov/pubmed/24360742
http://dx.doi.org/10.1007/s12035-016-0028-7
http://dx.doi.org/10.1080/15216540152845939
http://www.ncbi.nlm.nih.gov/pubmed/11798025
http://dx.doi.org/10.1038/srep43153
http://www.ncbi.nlm.nih.gov/pubmed/28256519
http://dx.doi.org/10.1111/j.1471-4159.2005.03187.x
http://www.ncbi.nlm.nih.gov/pubmed/15953364

Int. ]. Mol. Sci. 2020, 21, 7670 17 of 18

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Javed, H.; Azimullah, S.; Abul Khair, S.B.; Ojha, S.; Haque, M.E. Neuroprotective effect of nerolidol against
neuroinflammation and oxidative stress induced by rotenone. BMC Neurosci. 2016, 17, 58. [CrossRef]
Betarbet, R.; Sherer, T.B.; MacKenzie, G.; Garcia-Osuna, M.; Panov, A.V.; Greenamyre, J.T. Chronic systemic
pesticide exposure reproduces features of Parkinson’s disease. Nat. Neurosci. 2000, 3, 1301-1306. [CrossRef]
Betarbet, R.; Canet-Aviles, R.M.; Sherer, T.B.; Mastroberardino, P.G.; McLendon, C.; Kim, J.-H.; Lund, S.;
Na, H.-M,; Taylor, G.; Bence, N.F. Intersecting pathways to neurodegeneration in Parkinson’s disease: Effects
of the pesticide rotenone on DJ-1, alpha-synuclein, and the ubiquitin-proteasome system. Neurobiol. Dis.
2006, 22, 404-420. [CrossRef]

Janda, E.; Isidoro, C.; Carresi, C.; Mollace, V. Defective autophagy in Parkinson’s disease: Role of oxidative
stress. Mol. Neurobiol. 2012, 46, 639-661. [CrossRef]

Schapira, A.H.; Mann, V.; Cooper, J.; Dexter, D.; Daniel, S.; Jenner, P.; Clark, J.; Marsden, C. Anatomic and
disease specificity of NADH CoQ1 reductase (complex I) deficiency in Parkinson’s disease. J. Neurochem.
1990, 55, 2142-2145. [CrossRef]

Saggu, H.; Cooksey, J.; Dexter, D.; Wells, E,; Lees, A.; Jenner, P.; Marsden, C. A selective increase in particulate
superoxide dismutase activity in parkinsonian substantia nigra. J. Neurochem. 1989, 53, 692—-697. [CrossRef]
Yoritaka, A.; Hattori, N.; Mori, H.; Kato, K.; Mizuno, Y. An immunohistochemical study on manganese
superoxide dismutase in Parkinson’s disease. J. Neurol. Sci. 1997, 148, 181-186. [CrossRef]

Przedborski, S. Neuroinflammation and Parkinson’s disease. Handb. Clin. Neurol. 2007, 83, 535-551.
[CrossRef]

Przedborski, S.; Chen, Q.; Vila, M.; Giasson, B.I; Djaldatti, R.; Vukosavic, S.; Souza, ].M.; Jackson-Lewis, V.;
Lee, VM.Y,; Ischiropoulos, H. Oxidative post-translational modifications of alpha-synuclein in the
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) mouse model of Parkinson’s disease. ]. Neurochem.
2001, 76, 637-640. [CrossRef] [PubMed]

Ara, J.; Przedborski, S.; Naini, A.B.; Jackson-Lewis, V.; Trifiletti, R.R.; Horwitz, J.; Ischiropoulos, H.
Inactivation of tyrosine hydroxylase by nitration following exposure to peroxynitrite and
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). Proc. Natl. Acad. Sci. USA 1998, 95, 7659-7663.
[CrossRef] [PubMed]

Song, C.; Charli, A;; Luo, J.; Riaz, Z.; Jin, H; Anantharam, V.; Kanthasamy, A.; Kanthasamy, A.G.
Mechanistic Interplay Between Autophagy and Apoptotic Signaling in Endosulfan-Induced Dopaminergic
Neurotoxicity: Relevance to the Adverse Outcome Pathway in Pesticide Neurotoxicity. Toxicol. Sci. Off. ].
Soc. Toxicol. 2019, 169, 333-352. [CrossRef]

Taylor, ].M.; Main, B.S.; Crack, PJ. Neuroinflammation and oxidative stress: Co-conspirators in the pathology
of Parkinson’s disease. Neurochem. Int. 2013, 62, 803-819. [CrossRef]

Ferger, A.I; Campanelli, L.; Reimer, V.; Muth, K.N.; Merdian, I.; Ludolph, A.C.; Witting, A. Effects of
mitochondrial dysfunction on the immunological properties of microglia. J. Neuroinflamm. 2010, 7, 45.
[CrossRef]

Pittman, R.N.; Messam, C.A.; Mills, J.C. Cell Death and Diseases of the Nervous System; Vassilis, E., Koliatsos, R.,
Ratan, R., Eds.; Humana Press: Totowa, NJ, USA, 1999; pp. 29-43.

Hunot, S.; Dugas, N.; Faucheux, B.; Hartmann, A.; Tardieu, M.; Debre, P.; Agid, Y.; Dugas, B.; Hirsch, E.C.
FcepsilonRII/CD23 is expressed in Parkinson’s disease and induces, in vitro, production of nitric oxide and
tumor necrosis factor-alpha in glial cells. J. Neurosci. Off. ]. Soc. Neurosci. 1999, 19, 3440-3447. [CrossRef]
Mogi, M.; Harada, M.; Kondo, T.; Riederer, P,; Inagaki, H.; Minami, M.; Nagatsu, T. Interleukin-1 beta,
interleukin-6, epidermal growth factor and transforming growth factor-alpha are elevated in the brain from
parkinsonian patients. Neurosci. Lett. 1994, 180, 147-150. [CrossRef]

Mogi, M.; Harada, M.; Riederer, P.; Narabayashi, H.; Fujita, K.; Nagatsu, T. Tumor necrosis factor-alpha
(TNF-alpha) increases both in the brain and in the cerebrospinal fluid from parkinsonian patients. Neurosci. Lett.
1994, 165, 208-210. [CrossRef]

Duke, D.C.; Moran, L.B.; Pearce, R K.; Graeber, M.B. The medial and lateral substantia nigra in Parkinson’s
disease: MRNA profiles associated with higher brain tissue vulnerability. Neurogenetics 2007, 8, 83-94.
[CrossRef] [PubMed]

Watson, M.B.; Richter, E; Lee, S.K.; Gabby, L.; Wu, J.; Masliah, E.; Effros, R.B.; Chesselet, M. Regionally-specific
microglial activation in young mice over-expressing human wildtype alpha-synuclein. Exp. Neurol. 2012,
237,318-334. [CrossRef] [PubMed]


http://dx.doi.org/10.1186/s12868-016-0293-4
http://dx.doi.org/10.1038/81834
http://dx.doi.org/10.1016/j.nbd.2005.12.003
http://dx.doi.org/10.1007/s12035-012-8318-1
http://dx.doi.org/10.1111/j.1471-4159.1990.tb05809.x
http://dx.doi.org/10.1111/j.1471-4159.1989.tb11759.x
http://dx.doi.org/10.1016/S0022-510X(96)05339-7
http://dx.doi.org/10.1016/s0072-9752(07)83026-0
http://dx.doi.org/10.1046/j.1471-4159.2001.00174.x
http://www.ncbi.nlm.nih.gov/pubmed/11208927
http://dx.doi.org/10.1073/pnas.95.13.7659
http://www.ncbi.nlm.nih.gov/pubmed/9636206
http://dx.doi.org/10.1093/toxsci/kfz049
http://dx.doi.org/10.1016/j.neuint.2012.12.016
http://dx.doi.org/10.1186/1742-2094-7-45
http://dx.doi.org/10.1523/JNEUROSCI.19-09-03440.1999
http://dx.doi.org/10.1016/0304-3940(94)90508-8
http://dx.doi.org/10.1016/0304-3940(94)90746-3
http://dx.doi.org/10.1007/s10048-006-0077-6
http://www.ncbi.nlm.nih.gov/pubmed/17211632
http://dx.doi.org/10.1016/j.expneurol.2012.06.025
http://www.ncbi.nlm.nih.gov/pubmed/22750327

Int. ]. Mol. Sci. 2020, 21, 7670 18 of 18

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Cookson, M.R; van der Brug, M. Cell systems and the toxic mechanism(s) of alpha-synuclein. Exp. Neurol.
2008, 209, 5-11. [CrossRef]

Mochizuki, H.; Goto, K.; Mori, H.; Mizuno, Y. Histochemical detection of apoptosis in Parkinson’s disease.
J. Neurol. Sci. 1996, 137, 120-123. [CrossRef]

Anglade, P; Vyas, S.; Javoy-Agid, E; Herrero, M.; Michel, P.; Marquez, J.; Mouatt-Prigent, A.; Ruberg, M.;
Hirsch, E.; Agid, Y. Apoptosis and autophagy in nigral neurons of patients with Parkinson’s disease.
Histol. Histopathol. 1997, 12, 25-31.

Dipasquale, B.; Marini, A.M.; Youle, R.J. Apoptosis and DNA degradation induced by 1-methyl-
4-phenylpyridinium in neurons. Biochem. Biophys. Res. Commun. 1991, 181, 1442-1448. [CrossRef]

Saha, A.R.; Ninkina, N.N.; Hanger, D.P.; Anderton, B.H.; Davies, A.M.; Buchman, V.L. Induction of neuronal
death by alpha-synuclein. Eur. J. Neurosci. 2000, 12, 3073-3077. [CrossRef]

Seo, J.H.; Rah, J.C.; Choi, S.H.; Shin, J.K.; Min, K.; Kim, H.S.; Park, C.H.; Kim, S.; Kim, E.M.; Lee, S.H.
Alpha-synuclein regulates neuronal survival via Bcl-2 family expression and PI3/Akt kinase pathway.
FASEB |. Off. Publ. Fed. Am. Soc. Exp. Biol. 2002, 16, 1826-1828. [CrossRef]

Crino, P.B. mTOR: A pathogenic signaling pathway in developmental brain malformations. Trends Mol. Med.
2011, 17, 734-742. [CrossRef]

Lasarge, C.L.; Danzer, S.C. Mechanisms regulating neuronal excitability and seizure development following
mTOR pathway hyperactivation. Front. Mol. Neurosci. 2014, 7, 18. [CrossRef] [PubMed]

Tang, S.J.; Reis, G.; Kang, H.; Gingras, A.-C.; Sonenberg, N.; Schuman, E. M A rapamycin-sensitive signaling
pathway contributes to long-term synaptic plasticity in the hippocampus. Proc. Natl. Acad. Sci. USA 2002,
99, 467-472. [CrossRef] [PubMed]

Zhu, J.H.; Guo, E; Shelburne, J.; Watkins, S.; Chu, C.T. Localization of phosphorylated ERK/MAP kinases
to mitochondria and autophagosomes in Lewy body diseases. Brain Pathol. 2003, 13, 473—481. [CrossRef]
[PubMed]

Xilouri, M.; Vogiatzi, T.; Vekrellis, K.; Park, D.; Stefanis, L. Abberant alpha-synuclein confers toxicity to
neurons in part through inhibition of chaperone-mediated autophagy. PLoS ONE 2009, 4, e5515. [CrossRef]
Banerjee, R.; Beal, M.F,; Thomas, B. Autophagy in neurodegenerative disorders: Pathogenic roles and
therapeutic implications. Trends Neurosci. 2010, 33, 541-549. [CrossRef]

Mader, B.].; Pivtoraiko, V.N.; Flippo, H.M.; Klocke, B.].; Roth, K.A.; Mangieri, L.R.; Shacka, ]. Rotenone inhibits
autophagic flux prior to inducing cell death. ACS Chem. Neurosci. 2012, 3, 1063-1072. [CrossRef]
Heras-Sandoval, D.; Perez-Rojas, J.M.; Hernandez-Damian, ].; Pedraza-Chaverri, J. The role of
PI3K/AKT/mTOR pathway in the modulation of autophagy and the clearance of protein aggregates
in neurodegeneration. Cell. Signal. 2014, 26, 2694-2701. [CrossRef]

McCloy, R.A.; Rogers, S.; Caldon, C.E.; Lorca, T.; Castro, A.; Burgess, A. Partial inhibition of Cdk1 in G 2 phase
overrides the SAC and decouples mitotic events. Cell Cycle (Georget. Tex.) 2014, 13, 1400-1412. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.expneurol.2007.05.022
http://dx.doi.org/10.1016/0022-510X(95)00336-Z
http://dx.doi.org/10.1016/0006-291X(91)92101-O
http://dx.doi.org/10.1046/j.1460-9568.2000.00210.x
http://dx.doi.org/10.1096/fj.02-0041fje
http://dx.doi.org/10.1016/j.molmed.2011.07.008
http://dx.doi.org/10.3389/fnmol.2014.00018
http://www.ncbi.nlm.nih.gov/pubmed/24672426
http://dx.doi.org/10.1073/pnas.012605299
http://www.ncbi.nlm.nih.gov/pubmed/11756682
http://dx.doi.org/10.1111/j.1750-3639.2003.tb00478.x
http://www.ncbi.nlm.nih.gov/pubmed/14655753
http://dx.doi.org/10.1371/journal.pone.0005515
http://dx.doi.org/10.1016/j.tins.2010.09.001
http://dx.doi.org/10.1021/cn300145z
http://dx.doi.org/10.1016/j.cellsig.2014.08.019
http://dx.doi.org/10.4161/cc.28401
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Valeric Acid Prevented Rotenone Induced Oxidative Stress in Rats 
	Valeric Acid Ameliorated Rotenone Induced Neuroinflammation 
	Valeric Acid Diminished the Activation of Microglia and Astrocytes 
	Valeric Acid Cosseted Dopaminergic Neurons against Rotenone Toxicity 
	Valeric Acid Prevented -Synuclein Aggregation in PD Rats 
	Valeric Acid Hindered Neuronal Apoptosis by Reinstating mTOR Pathway 
	Valeric Acid Prevented Rotenone Toxicity via Regulating Autophagy 

	Discussion 
	Materials and Methods 
	Experimental Animals and Ethics Statement 
	Chemicals and Reagents 
	Experimental Design 
	Tissue Processing 
	Malondialdehyde Assay 
	Quantification of Reduced Glutathione 
	Assay for Antioxidant Enzyme Activities 
	Estimation of Nitrite Levels 
	Proinflammatory Cytokines and MMP-9 ELISA Assay 
	Assessment of Microglia and Astrocyte Activation by Immunofluorescence Staining 
	Quantification of Activated Astrocytes and Microglia in the Striatum 
	Immunoblot Analysis 
	Immunohistochemistry Analysis 
	Assessment of TH-Ir Dopaminergic Neurons and TH-Ir Dopamine Nerve Fibers Loss 
	Protein Estimation 
	Statistics 

	Conclusions 
	References

