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PGC-1a, peroxisome proliferator-activated receptor gamma coactivator 1-alpha;
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Summary

Accumulating evidence indicates that multiple factors, including genetic and
environmental ones, contribute to dopaminergic neuron degeneration in Parkinson’s
disease (PD) (de Lau and Breteler 2006;Schapira et al. 2009;Gupta et al. 2008).
Particularly, alterations in mitochondrial functions (Banerjee et al. 2009;Abou-Sleiman
et al. 2006) with an increased production of reactive oxygen species (ROS) have been
associated with degeneration of midbrain dopaminergic neurons (Zhou et al. 2008).

Increasing number of in vitro and in vivo studies demonstrated the efficacy of
polyphenolic antioxidants to reduce or to block neuronal death occurring in the
pathophysiology of some neurodegenerative disorders (Ramassamy 2006). Particularly,
Resveratrol (3,4',5-trihydroxystilbene, RSV), a polyphenol primarily found in grapes
and red wine, has attracted considerable interest as being a free radical scavenger and
potent antioxidant that enhances the activities of a variety of antioxidant enzymes (Baur
et al. 2006). Therefore, on the basis of these observations, using different approaches,
the first aim of present study was to analyze neuroprotective effects of RSV in MPTP-
mouse model of PD, inducing death of dopaminergic neurons in the substantia nigra
pars compacta (SNc), and in dopaminergic neuronal (cell lines SN4741) exposed to
oxidative stress.

In both these models we could show a significant neuroprotective effect of RSV
on dopaminergic neurons. The investigation was also extent to mechanisms involved on
neuroprotective effect of RSV. RSV enhanced the levels of the mitochondrial
antioxidants, superoxide dismutases 2 (SOD2) and thioredoxin (Trx), and both the
levels and activity of transcriptional coactivator of peroxisome proliferator-activated
receptor-y (PGC-1a). Results obtained revealed that the beneficial effect of RSV was
dependent on its effects on PGC-1a. During the course of these experiments, both in
vivo and in vitro (cell lines SN4741), we observed unexpectedly that RSV treatment
leads to a strong increase of dopamine transporter (DAT) expression in the striatum
only in female mice. Since RSV is a phytoestrogen with striking similarity to the
synthetic estrogen diethylstilbestrol, we also showed that the effect of RSV on DAT

expression involves estrogen receptor activation by RSV.
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On the basis of results revealing an increased levels and activity of PGC-1a after
treatment with RSV, as second aim of this work, the neuroprotective role of PGC-1a
was explored in MPTP mouse model of Parkinson’s disease, using transgenic mice
overexpressing PGC-1a (PGC1-tg). Transgenic mice overexpressing PGC-1a in DA
neurons were protected against cell degeneration induced by MPTP treatments. The
levels of the mitochondrial antioxidants, SOD2 and Trx2 were found increased in the
SN of PGC-1a transgenic mice compared with wild-type animals. Likewise, the
mitochondrial enzyme cytochrome c¢ oxidase 1V (COX IV) was also elevated in the
transgenic mice compared to controls. The increase in protein levels in the PGC-1la
transgenic mice was accompanied by an enhanced gene expression, as shown here for
SOD2 and COX 1V using RT-PCR. This shows that overexpression of PGC-1a leads to
changes in gene expression for a particular set of proteins in the SN with a potentially
protective function in cell stress.

Taken together the findings of this work suggest that RSV shows a
neuroprotective effects in dopaminergic neurons both in vitro and in vivo and the results
reveal an important function of the PGC-la signaling in DA neurons to combat
oxidative stress; furthermore, it may be possible to modulate both the activity and levels
of PGC-1a by RSV in neurons to increase neuronal viability and to treat oxidative stress

on different neurological diseases including PD.
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Background

Involvement of oxidative stress in Neurodegenerative diseases

Mammalian life depends upon oxygen as the final acceptor of electrons in
mitochondrial electron transport for energy production; these reactions in turn produce
ROS (Liu et al. 2002;Phillips et al. 2003), such as superoxide anions, hydrogen
peroxide, hydroxyl radical, peroxy radicals, and reactive nitrogen species (RNS). While
these reactive species are important for execution of physiological functions, a their
excessive production is detrimental to cell membranes and can cause cell death (Loh et
al. 2006). Biological systems have evolved with endogenous defense mechanisms to
help protect against free radical-induced cell damage. Glutathione peroxidase, catalase,
and SOD are antioxidant enzymes, which metabolize toxic oxidative intermediates
(Fang et al. 2002). They require micronutrients as cofactors such as selenium, iron,
copper, zinc, and manganese for optimum catalytic activity and effective antioxidant
defence mechanisms (Halliwell and Gutteridge 1992;Halliwell 2001). The disturbance
in the balance between the production of ROS, or free radicals and antioxidant defenses,
which may lead to tissue injury, has been defined “oxidative stress.

The central nervous system (CNS) is especially vulnerable to oxidative stress
because of brain’s high oxygen consumption, its abundant lipid content, and the relative
paucity of antioxidant enzymes as compared with other tissues (Skaper et al.
1999;Roediger and Armati 2003). Moreover, brain has a high ratio of membrane surface
area to cytoplasmic ratio, extended axonal morphology prone to injury, and neuronal
cells are non-replicating. ROS can increase the permeability of the blood brain barrier,
alter tubulin formation, and inhibit the mitochondrial respiration. If unchecked, it can
lead to a geometrically progressing lipid peroxidation. Evidence also indicate that ROS
may stimulate extracellular release of excitatory aminoacids (Gilman et al.
1993;Rasheed et al. 2010). Glutamate is the major excitatory aminoacid in the brain. It
acts through various types of ionotropic receptors, the most significant being, NMDA

receptors (Ross et al. 2011). There seems to be a bi-directional relationship between the
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ROS production and release of excitatory aminoacids (Coyle and Puttfarcken
1993;Alexandrova and Bochev 2005). Free radicals generated in the brain are also
reported to influence gene expression, subsequently effecting apoptosis and neuronal
death (Gilgun-Sherki et al. 2002;Gupta et al. 2003).

There is substantial evidence that mitochondrial dysfunction and oxidative stress
are a causative or at least ancillary factor in the pathogenesis of major
neurodegenerative diseases, including PD, Alzheimer’s disease (AD), Huntington’s
disease (HD) and amyotrophic lateral sclerosis (ALS) as well as in cases of stroke,
trauma, and seizures (Beal et al. 2000;lenco et al. 2011); moreover, oxidative stress is a
common pathogenic mechanism underlying many major psychiatric disorders (Wang et
al. 2009). Infact, the loss of the redox balance implies a loss of regulation of the
inflammatory response, which then causes a reparative and self-limiting response
(Floyd et al. 2011). This becomes a perpetual response, a vicious cycle, in which there
is mitochondrial failure that leads to a lack of adenosine triphosphate (ATP), an increase
in the state of oxidative stress, loss of regulation of inflammatory markers, blocking of
antioxidant systems, inability to synthesize new proteins, disorders of the proteasome,
accumulation of misfolded proteins and, the conformational change in key receptors
involved in metabolism and cell signaling (Sevcsik et al. 2011). All of them, established
slowly over time, can produce chronic degenerative diseases and neurodegenerative
diseases as a manifestation of a series of alterations caused by multiple factors,
including that of the establishment of a state of chronic-oxidative stress (Halliwell
2006).

Role of oxidative stress in the pathogenesis of Parkinson’s disease (PD)

Parkinson’s disease is a common adult-onset neurodegenerative disorder. PD is
clinically characterized by the tetrad of motor manifestations of tremor, rigidity,
slowness of voluntary movements, and poor balance (Fahn 2003). PD arises essentially
as a sporadic condition, that is, in absence of any evidence of genetic linkage, but, in a
handful of cases, it is inherited (Dauer and Przedborski 2003). These rare occurrences
can be from a variety of genetic defects, such as mutations in a-synuclein
(Polymeropoulos et al. 1997), parkin (Kitada et al. 1998), DJ1 (Bonifati et al. 2003),
PINK1 (Valente et al. 2004), and LRRK2 (Zimprich et al. 2004;Paisan-Ruiz et al. 2004)
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which are transmitted as either dominant or recessive Mendelian traits (Vila and
Przedborski 2004). That being said, clinically both the sporadic and the familial forms
of PD are almost indistinguishable and they share the same basic biochemical hallmark,
that is, a profound deficit in brain dopamine. The reason for this reduction in brain
dopamine is because all of the ascending dopaminergic pathways in the CNS
degenerate, albeit to variable degrees (Hornykiewicz and Kish 1987). For instance,
among these pathways, the nigrostriatal pathway-which is composed of dopaminergic
neurons residing in the ventral midbrain nucleus, called the SN, and which projects
upward to the striatum, is consistently the most severely affected. It is important to
stress, however, that PD neurodegeneration is not restricted to the dopaminergic
systems as widespread neuronal loss can be detected in other catecholaminergic and
noncatecholaminergic nuclei (Braak et al. 1995;Braak et al. 1995). Thus, if the main
motor manifestations of PD are likely linked to neurodegeneration in the dopaminergic
systems, nonmotor manifestations of PD, such as pain, cognitive impairments, and
constipation, are more likely linked to neurodegeneration in these nondopaminergic
pathways.

Two other prominent features of PD neuropathologies include the presence of
intraneuronal proteinaceous inclusions, called Lewy bodies, which are insoluble protein
aggregates mainly composed of a-synuclein, found within many of the spared neurons
in nearly all affected brain areas (Shults 2006) and gliosis (Przedborski 2007).

The etiology of PD is unknown; however it is believed to be due to one or more of
the following: age, genetics and/or environmental factors such as pesticides (Miller et
al. 2007). 1-methyl-4-phenyl- 1, 2, 3, 6-tetrahydropyridine (MPTP) is a chemical that is
related to the opioid analgesic drugs. MPTP is oxidized by monoamine oxidase B
(MAO-B) to form 1-methyl-4- phenyl-pyridinium ion (MPP"), which is taken up by
dopaminergic neurons and leads to cell death. It has been reported (Langston et al.
1984) that injections of MPTP in squirrel monkeys resulted in parkinsonism. However ,
oxidative stress has been hypothesized to be linked to both the initiation and the
progression of PD. Preclinical findings from both in vitro and in vivo experimental
models of PD suggest that the neurodegenerative process starts with otherwise healthy
neurons being hit by some etiological factors, which sets into motion a cascade of
deleterious events. In these models initial molecular alterations in degenerating

dopaminergic neurons include increased formation of reactive oxygen species,
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presumably originating from both inside and outside the mitochondria (Zhou et al.
2008).

A number of studies have searched for indices of oxidative stress in autopsy
materials obtained from PD patients. These markers come in different flavors since
ROS and RNS can damage virtually all biological macromolecules. First oxidative
metabolism of dopamine itself (Graham et al. 1978) exposes dopaminergic neurons of
the SNc to chronic oxidative stress compared to other regions of the brain. Dopamine as
a neurotransmitter is stable in the synaptic vesicle, but when an excess amount of
cytosolic dopamine exists outside of the synaptic vesicle in the damaged neurons,
dopamine is easily metabolized via MAO or by auto-oxidation to produce cytotoxic
ROS (Sulzer et al. 2000). In the oxidation of dopamine by MAO, H,0, and
dihydroxyphenylacetic acid (DOPAC) are generated. In contrast, non-enzymatical and
spontaneous auto-oxidation of dopamine produces O, and reactive quinones (Graham
1978). Generated O, is converted to H,O, by SOD and O, also reacts with nitric oxide
radicals (NO’) to consequently generate peroxynitrite. In the dopaminergic neurons,
where metals are abundant, H,O, can react with metals, especially iron, to form the
most cytotoxic radical (OH). Enzymatic oxidation of dopamine to H,O, causes also
increased formation of oxidized glutathione, suggesting the occurrence of oxidative
stress and impairment of a major antioxidant system (Spina and Cohen 1988).

Mitochondrial dysfunction is also an intrinsic aspect of an oxidative stress
hypothesis due to their major role in the production of cellular ROS. Consistent deficits
in the subunits and activity of mitochondrial complex | (NADH ubiquinone
Oxidoreductase) of the electron transport chain in blood platelets and SNc of PD
patients is a prominent phenomenon (Keeney et al. 2006;Beal 2005), suggesting central
role of mitochondrial dysfunction in PD. A recent study demonstrated that SNc neurons
have high amount of mitochondrial DNA (mtDNA) deletions in postmortem PD
patients when compared with other neuronal populations in brain- and age-matched
controls (Bender et al. 2006). A related study identified that nigral neurons from PD
patients contain high levels of clonally expanded somatic mtDNA deletions leading to
mitochondrial dysfunction (Kraytsberg et al. 2006). Also a decrease in the function of
Complex 11l has also been reported in the lymphocytes and platelets of PD patients
(Shinde and Pasupathy 2006). Studies of families who suffer from inherited forms of
PD have identified a number of genes encoding mitochondrial proteins or proteins

implicated in mitochondrial dysfunction (Oakley et al. 2007). Moreover, mitochondrial

dott.sa Melania Olivieri




DNA is particularly susceptible to oxidative damage, because of its vicinity with ROS
source (electron transport chain) and because it is not protected by histones and is
inefficiently repaired. Furthermore, NO accumulation can form adducts with
mitochondrial enzymes and dysregulate mitochondrial function (Ebadi and Sharma
2003;Yamamoto et al. 2007).

Recent studies suggest that also Endoplasmatic Reticulum stress by accumulation
of unfolded and/or misfolded proteins contribute to PD (Wang and Takahashi 2007).
Finally, inflammation can also contribute to ROS production and has been implicated in
the pathogenesis of PD; infact, activation of microglia in response to injury is associated
with an upregulation of inducible nitric oxide synthase (iNOS) resulting in increased
production of NO (Drechsel and Patel 2008).

Oxidative stress in MPTP model of PD

Animal models are an invaluable tool for studying the pathogenesis and therapeutic
intervention strategies of PD by toxin-induced Parkinsonism. Infact, there is extensive
evidence that PD can be caused by neurotoxins, specifically MPTP (Davis et al. 1979),
rotenone (Greenamyre et al. 1999), paraquat (Liou et al. 1997), diquat (Sechi et al.
1992), and 1-Trichloromethyl-1,2,3,4-tetrahydro-f-carboline (TaClo) (Bringmann et al.
1995a;Bringmann et al. 1995b). These compounds are thought to act via various
mechanisms, but all by causing mitochondrial dysfunction. To date, MPTP remains the
best characterized PD model and has provided the strongest support for the role of
oxidative stress in disease pathogenesis. MPTP is a by-product of the chemical
synthesis of a meperidine analog with potent heroin-like effects (Langston and Irwin
1986).

In humans and non-human primates, depending on the regimen used, MPTP can
produce an irreversible and severe parkinsonian syndrome that replicates almost all of
the features of PD, including tremor, rigidity, slowness of movement, postural
instability, and even freezing (Przedborski et al. 2001). The most frequently used
animals for MPTP studies are monkeys, mice and rats. The administration of MPTP
through a number of different routes using different dosing regimens has led to the

development of several distinct models, each characterized by some unique behavioral
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and/or biochemical features. MPTP is a lipophilic protoxin that readily crosses the
blood brain barrier and is converted to MPP* by MAO-B in astrocytes (Nicklas et al.
1985). Subsequently, MPP* produced is then released from astrocytes and taken up by
dopaminergic neurons (Schober 2004) by binding to DAT with high affinity (fig. 1) and
accumulated to high levels in mitochondria where MPP" inhibits mitochondrial
Complex | (NADH quinone oxidoreductase) (fig. 2) (Nicklas et al. 1987). This
inhibition of Complex | leads to cell death via energy deficits (Przedborski et al. 2000),
free radical and ROS generation (Cleeter et al. 1992) and possibly excitotoxicity
(Bezard et al. 2006). Inside neurons, MPP" can also bind to the vesicular monoamine
transporter-2 (VMAT?2), which translocates MPP" into synaptosomal vesicles (Schober
2004). This uptake system serves as a detoxification mechanism and mice with
depletion of vesicular monoamine transporters are more sensitive to MPP™ toxicity
(Schober 2004).
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Fig. 1- Schematic MPTP metabolism in the
nigrostriatal system.
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Studies have shown that MPP* can also directly inhibit complexes 111 (ubiquinol:
ferrocytochrome ¢ oxidoreductase) and IV (ferrocytochrome c: oxygen oxidoreductase
or cytochrome c oxidase) of the electron transport chain (Mazzio and Soliman 2004).
This leads to impairment of ATP production, elevated intracellular calcium levels, and
free radical generation, thereby exhibiting dopaminergic neurotoxicity (Yokoyama et al.
2008). MPTP administration has been shown to be more efficient at killing dopamine
neurons in mice than rats, despite greater MPP* formation and uptake in rat striatum
(Guillot and Miller 2009).
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Fig. 2- Schematic representation of MPP™ intracellular pathways.

dott.sa Melania Olivieri




Neuroprotective strategies against oxidative stress in PD

During the last few decades, there has been a remarkable progress in the
understanding of the biology of PD, which has been translated into the development of
numerous antiparkinsonian drugs. There are different therapeutic strategies for patients
in an early stage versus patients in a late stage of the disease. The approach with
dopamine precursor treatment in the form of L-dopa, represents the backbone of
therapy. Although levodopa is considered the gold standard for treatment of PD,
multiple complications such as motor fluctuations, hallucinations, and psychosis arise
from long-term therapy (Olanow 2002;Jankovic 2002). For this reason, new
neuroprotective strategies are needed and controlled clinical trials are focused on agents
that combat excitotoxicity, counteract inflammation, provide trophic factors, inhibit
apoptosis, reduce oxidative stress, and enhance mitochondria function (Ginsberg 2008).
These new approaches includes antiapoptotic drugs, pro-mitochondrial drugs and
antioxidant drugs (Schapira 2008).

Antiapoptotic drugs: Apoptosis is considered to be an important cause of cell

death in PD. The known genetic causes of PD and the toxins that induce dopaminergic
cell death all mediate neuronal loss via apoptosis, although this may not be the only
mechanism by which they act. Drugs that block apoptosis, therefore, seem to be good
candidates for trials in PD. Selegiline, a selective irreversible MAO-B inhibitor, can
protect cultured dopaminergic neurons against the MPP™ and in animal models can
reduce dopaminergic cell loss in response to MPTP (Mytilineou and Cohen 1985;Wu et
al. 2000). Selegiline also protects against apoptotic cell death induced by serum and
growth factor withdrawal (Palhagen et al. 2006), possibly via an increased production of
Bcl-2. Selegiline, by virtue of its MAO-B inhibitory activity will reduce the turnover of
dopamine and so reduce free radical generation. Rasagiline is a more potent MAO-B
inhibitor than selegiline and has also demonstrated protective effects against a wide
range of neurotoxins both in vitro and in vivo studies. For instance, it protects against
MPTP/MPP* and 6-hydroxydopamine (6-OHDA) toxicity and excitotoxic-mediated
damage, and stabilizes the mitochondrial membrane potential to reduce apoptotic cell
death (Akao et al. 2002;Bar et al. 2004). Rasagiline has an advantage over selegiline in
that both the parent compound and the aminoindan metabolite have neuroprotective

actions, while selegiline-mediated neuroprotection appears to depend on its desmethyl
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metabolite. Furthermore, selegiline is metabolized to metamphetamine, a compound
which itself has neurotoxic effects and which also blocks the protective action of
rasagiline, aminoindan and selegiline. The isomer of rasagiline devoid of MAO-B
inhibitory activity is also active in laboratory neuroprotective studies, indicating that
this property is independent of MAO-B inhibition (Youdim et al. 2001). Another
antiapoptotic drugs is the TCH346 that incorporates a propargyl ring within its
molecular structure and so resembles selegiline. However, as it does not inhibit MAO-
B, it was not anticipated to have symptomatic effects in clinical trials. Like other
propargylamines (Schapira et al. 2005), TCH346 has been shown to prevent death of
dopamine neurons in various in vitro models of apoptosis (Carlile et al.
2000;Waldmeier et al. 2000) and to protect against behavioural abnormalities and
neurodegeneration in animal models of PD; infact, TCH346 have been shown to prevent
the stress-induced translocation of the glycolytic enzyme glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) from the cytoplasm to the nucleus where it promotes nerve
cell death by blocking the transcriptional upregulation of protective molecules such as
Bcl-2 and SOD (Carlile et al. 2000; Tatton et al. 2002).

Promitochondrial drugs: The recognition that mitochondrial dysfunction plays a

role in PD pathogenesis provided a rationale to test the hypothesis that drugs that
improve mitochondrial function might slow the progression of the disease (Schapira
2007). The first of these studies used coenzyme Q10 (CoQ10) which functions as both a
component of the respiratory chain in shuttling electrons between complexes I and 111,
and as an antioxidant. Creatine is another treatment investigated for potential disease-
modifying effect based upon the evidence for mitochondrial dysfunction in PD.
Creatine is converted to phosphocreatine and can transfer a phosphoryl group to ADP to
synthesize ATP and so enhance energy production. Creatine can reduce dopaminergic
cell loss in the MPTP rodent model of PD (Matthews et al. 1999). One key set of genes
dysfunctional in the brains of Parkinson’s patients is controlled by the master switch
PGC-1a. PGC-1a activates mitochondrial genes, including many of those needed to
maintain and repair the power plants in the mitochondria. Reduced expression of the
genes that PGC-1a regulates likely occurs during the initial stages of PD, perhaps even
before the onset of symptoms. The researchers then showed that PGC-1a can be used as
a “power switch” to turn on the expression of the energy genes-which are deactivated in
patients with Parkinson’s - in cell models of the disease (Zheng et al. 2010).
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Antioxidant drugs: Dopamine agonists have a hydroxylated benzyl ring structure

and so may have natural activity as free radical scavengers. Several dopamine agonists
have demonstrated antioxidant activity in different in vitro systems. For instance,
apomorphine scavenges free radicals from isolated rat brain mitochondria (Gassen et al.
1996) and can also reduce iron (Ubeda et al. 1993). Bromocriptine protects mice against
6-OHDA and MPTP-induced cell loss and attenuates dopamine depletion in mouse
striatum in response to methamphetamine (Ogawa et al. 1994). Cabergoline decreased
lipid peroxidation in rat striatum (Finotti et al. 2000) and also protected against 6-
OHDA toxicity in mice (Yoshioka et al. 2002). Pramipexole and pergolide scavenge
hydroxyl superoxide and nitric oxide radicals (Gomez-Vargas et al. 1998) and pergolide
upregulates SOD in basal ganglia (Clow et al. 1993). Ropinirole increases the
concentration of glutathione, catalase and SOD (lida et al. 1999). Although there is
good evidence that agonists may function as free radical scavengers, the concentration
required for them to have this activity is probably higher than levels that might be
achieved by oral administration.

Recently, we have been examining the neuroprotective effects of flavonoids
which are powerful antioxidants, able to chelate metal ions as iron and have been shown
in-vitro to boost cellular anti-oxidant levels. Although flavonoids are present in our diet,
they are generally found in the parts of fruits that we throw away like the pith, peel and
the core. Hence, flavonoids seem ideal agents to test as neuroprotective agents in PD
(Soobrattee et al. 2005). Studies indicate that moderate amounts of wine, rich in
polyphenolic compounds, can prevent the formation of free radicals, and then be used in
the treatment of neurological diseases as Parkinson (Arvanitoyannis and Giakoundis
2006).
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Antioxidative effects of RSV against oxidative stress

Increasing number of in vitro and in vivo studies demonstrated the efficacy of
polyphenolic antioxidants to reduce or to block neuronal death occurring in the
pathophysiology of some neurodegenerative disorders (Ramassamy 2006). Polyphenols
are natural substances that are present in plants, fruits, and vegetables, including olive
oil, red wine, and tea. Tea polyphenols have been found to be potent scavengers of
singlet oxygen, superoxide anions, hydroxyl radicals and peroxyl radicals (Morel et al.
1993;Nanjo et al. 1996) and consumption of tea has beneficial role in reducing risk of
PD (Checkoway et al. 2002). Among polyphenolic compounds, numerous phytoalexins
have been tested for their putative therapeutic functions either in vitro and in vivo
experimental models and particular accumulating number of evidence suggests that
RSV might possess a clinical usefulness (Pezzuto 2004).

RSV has been classified as a phytoalexin with a stilbene structure (fig. 3), for
being synthesized in spermatophytes in response to injury, UV irradiation, and fungal
attack (Ignatowicz and Baer-Dubowska 2001). It is present in a wide variety of dietary
sources including grapes, plums and peanuts, but also in wines, especially red wines and
to a much lesser extent in white wines. RSV is a phytoestrogen with striking similarity
to the synthetic estrogen diethylstilbestrol, and available data suggests that RSV may be
an estrogen receptors (ERs) agonist (Gehm et al. 1997) that bind to both ERa- and ER
(Bowers et al. 2000;Mueller et al. 2004;Robb and Stuart 2011;Wu et al. 2008). RSV
exists as cis- and trans-isomers. Trans-RSV is the preferred steric form and is relatively
stable if it is protected from high pH and light. One of the biological activities that has
been ascribed to RSV involves its antioxidant potential (fig. 4). The ability of the
polyphenolic compounds to act as antioxidants depends on the redox properties of their
phenolic hydroxy groups and the potential for electron delocalization across the

chemical structure (Martin et al. 2006).
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The common recognition of RSV as a natural antioxidant was clarified by Zini et
al. (Zini et al. 1999), who suggested three different antioxidant mechanisms: (i)
competition with coenzyme Q and, to decrease the oxidative chain complex, the site of
ROS generation; (ii) scavenging O~ radicals formed in the mitochondria; (iii) inhibition
of lipid peroxidation. According, numerous studies have demonstrated the ability of
RSV to scavenge both O,” and ‘OH radicals (fig. 4) (Leonard et al. 2003;Losa
2003;Martinez and Moreno 2000). However, RSV is both a free radical scavenger and a
potent antioxidant because of its ability to promote the activities of a variety of
antioxidant enzymes. In this context, RSV can increase the amounts of several
antioxidant enzymes, including glutathione peroxidase, glutathione S-transferase and
glutathione reductase (Yen et al. 2003).

Recent studies seem to support also pro-oxidant activities of RSV, depending on
its concentration and the cell type. For example pro-oxidant action of RSV leading to
oxidative breakage of cellular DNA has been proposed as action mechanism of its
anticancer and apoptotic properties (de la Lastra and Villegas 2005). In a recent work
the connection between RSV and oxidative stress in PC6.3 cells (a neuron-like cell line
from the peripheral nervous system) has been investigated. Data showed that RSV at
lower concentrations had a beneficial effect in PC6.3 cells, counteracting oxidative
stress and increasing cell viability. Treatment with RSV increased levels of
mitochondrial antioxidants and activated NF-kB signaling that may contribute to cell
protection (Kairisalo et al. 2011).

Role of RSV in Neuroprotection and in Neurodegenerative diseases treatment

The natural phytocompound RSV has been considered for many years a potential
anticancer drug, but recently it has come to the attention of neuroscientist too. Infact,
RSV has neuroprotective features both in vitro and in vivo in models of AD, ischemic
stroke, epilepsy, HD and PD (Albani et al. 2010). The AMP-activated protein kinase
(AMPK), sirtuin 1 (SIRT1), and PGC-1a were all thought to be involved in the etiology
of these neurological disorders. Based on evidence that RSV modulates these proteins,
it was proposed that RSV has therapeutic potential in the above-mentioned

neurodegenerative disease (Canto and Auwerx 2009;Um et al. 2010;Vingtdeux et al.
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2010). SIRT1 appears to be required for RSV metabolic functions in vivo by
contributing to an energy sensing network involving AMPK and PGC-1a (Canto and
Auwerx 2009;Ruderman et al. 2010).

Consistent observations have demonstrated that moderate red wine consumption
beneficially modulates AD-type cognitive deterioration in the Tg2576 transgenic mouse
model of AD by attenuating AB neuropathology (Wang et al. 2006;Ho et al. 2009).
Importantly, Kim and colleagues (Kim et al. 2007) recently reported that
intracerebroventricular injection of RSV reduced neurodegeneration in the hippocampus
and prevented learning impairment in the p25 transgenic AD mouse model by a
mechanism that may involve a decrease in the acetylation of known SIRT1 substrates,
for example, PGC-1a and p53. The scientists have been exploring the ability of RSV to
provide neuroprotection against ischemic attack. A recent study revealed that RSV,
selectively induces heme oxygenase 1 (HO1) in a dose- and time-dependent manner in
cultured mouse cortical neuronal cells and provides neuroprotection from free-radical or
excitotoxicity damage. These data suggest a potential intracellular pathway by which
RSV can provide cell/organ resistance against neuropathological conditions in ischemic
stroke (Sakata et al. 2010). Moreover, laboratory animals given intraperitoneal
injections of RSV showed less motor impairment and significantly smaller infarct
volume, together with decreased delayed neuronal cell death and glial cell activation
after ischemia (Raval et al. 2008). There are also some clear evidences that RSV
decreased the frequency of spontaneous seizures and inhibited the epileptiform
discharges. Moreover, RSV could protect neurons against kainate-induced neuronal cell
death in CAl and CA3a regions and depressed mossy fiber sprouting, which are general
histological characteristics both in temporal lobe epilepsy patients and animal models
(Wu et al. 2009). The authors showed the in vitro efficacy of RSV to protect against
mutant polyglutamine-mediated cell death in striatal neuronal cultures isolated from the
HdhQ111 knock-in mice model of HD (Parker et al. 2005). In addition, the authors also
demonstrated RSV may neuroprotect HdhQ111 striatal neuron cultures through
promotion of SIRT1-related mechanisms. Recent evidence suggests that PGC-la
deregulation may be essential in the pathogenesis of HD (Chaturvedi et al. 2010;McGill
and Beal 2006).

Based on this, together with in vitro evidence that RSV promotes SIRT-1
deacetylase activity (Howitz et al. 2003) and additional in vitro studies suggesting that

RSV may protect against HD-type neurotoxicity. Previous in vivo studies suggest that
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RSV exerts beneficial effects in experimental models of PD (Chao et al. 2008). For
example, the administration of a diet containing RSV or treatment with RSV to adult
mice prior to treatment with the neurotoxin MPTP exerts neuroprotective effects on
dopaminergic neurons (Blanchet et al. 2008;Lu et al. 2008). Furthermore, RSV is known
to protect neuronal cells against MPP*- induced oxidative stress and cellular death in
vitro (Gelinas and Martinoli 2002;Okawara et al. 2007). Jin et al have showed that RSV
treatment significantly counteracts SNc neuronal death in rats treated with 6-OHDA by
reducing inflammatory reaction (Jin et al. 2008). Accordingly, RSV could be an
interesting candidate for potential application in the treatment of PD; at present it
remains to be clarified if RSV could activates SIRT1 and offers neuroprotection in PD
(Pallas et al. 2009).

In some work has also been hypothesized that the neuroprotective effect of RSV
in Parkinson's disease, may be linked to its ability to act as a phytoestrogen; infact, RSV
can mimic the action of Ers agonist (Gehm et al. 1997;Bowers et al. 2000) and this has a
correlation with the information that the PD is almost twice as common in men as in
women (Shulman 2007). Therefore researchers have long hypothesized that sex
hormones might play a role in the disease (Gelinas and Martinoli 2002;Pozzi et al.
2006). Infact, currently in the research community, there is much interest in the
possibility of using estrogen to either slow the progression or reduce the risk of PD
(Shulman 2007).

PGC-1a play an important role in Neurodegenerative diseases

Recent studies indicate that maintenance of mitochondrial function is beneficial in
the prevention or delay of neurodegenerative diseases. A central molecule seems to be
the PGC-1a, which is the key regulator of mitochondrial biogenesis and oxidative
metabolism (Lin et al. 2004;Tyynismaa et al. 2010). The transcriptional coactivator
PPARGC1A (PGC-1la) gene is located on chromosome 5 in mice (chromosome 4 in
humans) and encodes a protein containing 797 (mouse) or 798 (human) amino acids
(Puigserver et al. 1998). PGC-la belongs to a small family of transcriptional
coactivators, including PGC-1p and PGC-1-related coactivator (PRC), which possess a

common function in mitochondrial physiology, in addition to control over separate
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specific biological programs. PGC-1a was the first member identified as a cofactor for
the nuclear hormone receptor PPARYy that is required for the adaptive thermogenic
response to lower temperatures (Puigserver et al. 1998;Puigserver et al. 1999).

PGC-1lo as a transcriptional coactivator functions through direct physical
interaction with transcription factors directly bound to DNA promoter regions.
Structural and functional studies have indicated that PGC-1a has a strong transcriptional
activation domain at the N-terminus, which interacts with several histone
acetyltransferase complexes including 3’-5’-cyclic adenosine monophosphate (CAMP)
response element-binding protein (CREB)-binding protein, p300, and steroid receptor
coactivator-1 (fig. 5) (Puigserver et al. 1999). These proteins acetylate histones and
remodel chromatin structure into a state that is permissive for transcriptional activation.
Adjacent to the N-terminal domain is a regulatory region that roughly spans 200 amino
acids. Toward the C-terminus, PGC-la recruits the thyroid receptor-associated
protein/vitamin D receptor interacting protein/mediator complex that facilitates direct
interaction with the transcription initiation machinery (Wallberg et al. 2003). The
Ser/Arg-rich domain and an RNA-binding domain toward C-terminus have been
demonstrated to couple pre-mRNA splicing with transcription (fig. 5) (Monsalve et al.
2000).

PGC-1a
5 - :
Gomplex TIP60 AMPK'Site 35 mapK sites AMPK site AKUPKB site
1 Complex ®180  gjp7.q 403 ®565@) 631 677 709 797
Activation Repression RNA
in Binding
G COLVLEIERD G . @@
CBP/p300 Nuclear yRp.q Corepressors  MEF2C FOXO1 TRAP-Complex
SRC-1 LRP130  Receptors (p160) MAT1/RNA Processing Factors
YY1

Fig. 5- Architecture of the PGC-1a transcriptional coactivator. PGC-1a
contains several functional domains that correlate with the
interactions with different proteins and complexes.
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As such, PGC-1a serves as a platform for the recruitment and assembly of various
chromatin remodeling and histone-modifying enzymes to alter local chromatin state.
Importantly, the PGC-1a transcriptional activator complex is also able to displace
repressor proteins, such as histone deacetylase and small heterodimer partner, on its
target promoters, providing an alternative mechanism for gene activation (Borgius et al.
2002). PGC-1a and PGC-1p share extensive domain similarity and several clusters of
conserved amino acids, such as the LXXLL motif that interacts with nuclear receptors
and host cell factor 1 interacting motif (Lin et al. 2003). The third family member, PRC,
also contains the activation domain and RNA-binding domain, but overall has more
limited homology to PGC-1a and PGC-1p (Andersson and Scarpulla 2001). PGC-1a
contains specific phosphorylated, acetylated and methylated amino acids which can
modulate its activity as well as interaction with other proteins including corepressors
(Lerin et al. 2006). An important regulatory mechanism of PGC-1a is through SIRT1-
mediated lysine de-acetylation. Moreover, SIRT-1 activation will maintain PGC-1a in a
deacetylated active form bound to the chromatin and increasing rates of transcription
(Rodgers et al. 2005;Gerhart-Hines et al. 2007).

PGC-1a is abundantly expressed in tissues with high energy demand, including
the brown adipose tissue (BAT), heart, skeletal muscle, kidney, liver and brain (fig. 6)
(Wu et al. 1999;Knutti et al. 2000). Infact, when ectopically expressed in fat or muscle
cells, PGC-1a strongly stimulates the program of nuclear and mitochondrial-encoded
mitochondrial genes as well as organelle biogenesis (Wu et al. 1999). The stimulatory
effects of PGC-1o on mitochondrial genes are achieved through its coactivation of
nuclear respiratory factors 1 and 2 (NRF1 and NRF2, respectively) and the estrogen-
related receptor a (ERRa) (fig. 6) (Mootha et al. 2004;Schreiber et al. 2004).
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Fig. 6- Schematic representation of the different fuctions of PGC-1a in its
target tissues.

The induction of NRF1 and NRF2 subsequently leads to the increased expression
of mitochondrial transcription factor A (mtTFA) (Wu et al. 1999) as well as other
mitochondrial subunits of the electron transport chain complex such as ATP synthase,
cytochrome ¢, and COXIV (Scarpulla 2002a;Scarpulla 2002b). mtTFA translocates to
mitochondrial matrix, where it stimulates mitochondrial DNA replication and
mitochondrial gene expression (Larsson et al. 1998). The brain constitutes perhaps the
most vulnerable tissue to oxidative stress. Impaired PGC-la expression and
mitochondrial function contributes to neurodegeneration in susceptible neurons (Weydt
et al. 2006). In addition, PGC-1a plays an important role in the regulation of genes
responsible for the detoxification of ROS, including copper/zinc SOD1, manganese
SOD2, and glutathione peroxidase 1 (St-Pierre et al. 2006). Interestingly, SIRT-1 plays
a similar role in oxidative stress function in combination with FoxO transcription
factors (Brunet et al. 2004). For this reason, PGC-1a plays an important role in normal
brain function and a major role in the oxidative stress response (St-Pierre et al. 2006).

In mice, PGC-1a deficiency causes behavioral changes including anxiety and
hyperactivity as well as hind limb clasping. These behavioral changes are associated
with spongiform-like vacuolization primarily in the striatum associated with gliosis and

leads to reduced expression of several brain-specific genes that are all associated with
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normal brain function (Lin et al. 2004). SN and CA1 neurons are more susceptible to
neurodegeneration in response to neurotoxins suggesting an important role of PGC-1a
in neuronal maintenance (Lin et al. 2004). PGC-1a also seems to be involved in the
control of neurite growth and neuronal synaptic function (Cowell et al. 2009). PGC-1a
has been implicated in the onset and progression of neurodegenerative diseases.
Postmortem brain samples of patients with HD had a decreased level of PGC-1a mRNA
(Cui et al. 2006;Weydt et al. 2006). PGC-1a is repressed by a mutant form of the
Huntington protein which leads to mitochondrial dysfunction and neurodegeneration.
Over-expression of PGC-1a rescues cells from the deleterious effect of HD, whereas
loss of PGC-1a in HD mice aggravated neurodegeneration (Cui et al. 2006). Moreover,
PGC-1a KO mice show HD like phenotype and neuronal lesions suggesting that PGC-
la is crucial for maintenance of striatal function. Additionally, PGC-1a SNPs are
associated with the age of onset of HD. Polymorphismis are also associated with the
onset of AD (Qin et al. 2009). In a PD mouse model, PGC-1a deficiency caused an
increased degeneration of dopaminergic neurons in the SN associated with oxidative
damage (St-Pierre et al. 2006;Bender et al. 2006).

Interestingly, activators of PGC-1a such as RSV have a neuroprotective effect in
acute and chronic brain injury as well as in neurodegenerative diseases suggesting a role
for PGC-1a in modulating the outcome of the disease (Sun et al. 2010). In addition,
studies with mice treated with RSV and ectopic expression of SIRT1 (that correlated
with deacetylation of PGC-1a) in the hippocampus further support the neuroprotective
role of SIRT1 in AD and ALS (Kim et al. 2007). Together, these studies suggest that

PGC-1a and SIRT1 might be potential targets to treat neurodegenerative diseases.
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AIms

The aim 1 of present work was to study the neuroprotective effect of RSV against
oxidative stress using both in vivo and in vitro models. To this end, we evaluated
neuroprotective effects of RSV in MPTP-mouse model of PD, inducing death of
dopaminergic neurons in the SN and in dopaminergic neuronal cell lines SN4741 exposed
to oxidative stress. Additionally, in order to identify the possible “neuroprotective
signaling” involved in the effect of RSV, the investigation was also extent to evaluation of
RSV effect on expression of SOD2 and Trx2 and on the activity and the levels of
transcriptional coactivator PGC-1o that is a master regulator of cell metabolism,

mitochondrial biogenesis, oxidative stress and gene expression.

The aim 2 of present work was to explore the neuroprotective role of PGC-1a in
MPTP mouse model of PD, using transgenic mice overexpressing PGC-1a (PGC1-tg).
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Materials and methods

Animals

Adult male and female C57/BL6 mice (25-28 g b.w.) from local stock have been
used for the present study. The mice were kept under environmentally controlled
conditions, ambient temperature 24°C, humidity 40% and 12-h light/dark cycle with food
and water ad libitum. Procedures involving animals and their care were conducted in
conformity with the institutional guidelines that are in compliance with national (D.L. n.
116,G.U., suppl. 40, 18 Feb. 1992) and international laws and policies (EEC Council
Directive 86/609, OJ L 358,1, Dec. 12,1987; NIH Guide for the Care and Use of
Laboratory Animals, NIH Publication no. 80-23, 1985 and Guidelines for the Use of
Animals in Biomedical Research, Thromb. Haemost. 58, 1078-1084,1987). All efforts
were made to minimize the number of animals used and their suffering and all experiments

were approved by the local ethical committee.

Generation of PGC-1a transgenic mice

The PGC-1a cDNA with a Flag-tag was cloned into the Thy 1.2 expression cassette
that drives transgene expression in brain neurons (Caroni 1997;Trapp et al. 2003).
Transgenic mice were generated using standard techniques at the Uppsala Transgenic
Facility, at Uppsala University, Sweden. The genetic background of the mice was CBA x
C57BL/6 and they were backcrossed to C57BL/6 mice for several generations to produce
stable PGC-1a transgenic mouse lines, and controls were from the same breeding. The
levels of PGC-la in brain tissue including SN and striatum were studied by
immunoblotting and using a polyclonal anti-PGC-1a antibody raised in rabbit against the

amino acids 221-234 in the mouse sequence. Immunoblots were done as described below.

dott.sa Melania Olivieri




To analyze the transgenic expression of PGC1 in dopaminergic neurons,
immunostaining in SN was done using anti- Flag antibodies (1:300; Cell Signaling) in
combination with anti-TH antibodies and employing appropriate fluorescent- labeled
secondary antibodies. The mice showed expression of the PGC-la transgene in
dopaminergic neurons. Apart from midbrain, the transgene was expressed in other brain
regions (data not shown), and a thorough characterization of gene expression in the PGC-

1a transgenic mice will be reported later.

Drug treatments

All experiments were approved by the local ethical committee and performed in
accordance with the European Communities Council Directive (86/609/EEC). Mice
received three intraperitoneal (i.p.) injections of 14 mg/kg MPTP (Fluka Biochemica)
within a time period of 3 h followed by a fourth injection using 7 mg/kg MPTP. This
protocol induced a lesion of TH-positive neurons in the SNc with a low degree of mortality
of animals. Twenty mg/kg RSV (R5010 Sigma) was dissolved in 50% DMSO/70% ethanol
and diluted in saline until to a final volume of 0.2 ml per mice and given i.p. Control mice
received vehicle 50% (DMSO/70% ethanol diluted in saline) only. All mice were killed 7
days after the MPTP treatment using deep anesthesia and their brains were collected for
immunohistochemistry or Western-blot analysis.

To verify the involvement of estrogen receptors on RSV-enhanced DAT expression,
groups of mice were treated with the antiestrogen ICI 182,780 also known as Fulvestrant
(Tocris Bioscience, Bristol, UK; cat. no. 1047). ICI 182,780 was used at dose of 2 mg/kg
b.w., and was dissolved first in absolute ethanol and thereafter diluted in sesame oil and
injected subcutaneously in 50 ml. Mice were treated with RSV or antiestrogens according
to injection scheme described in results section. Control mice received an equal volume of

vehicle. Mice were killed under deep anesthesia.
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Immunohistochemistry

Cell counting and measurements of fiber densities as described below were all
carried out in a double-blind manner. To compare experimental groups, the sections from
control and treated animals were processed at the same time and under the same
conditions. Collected brains were fixed with 4% paraformaldehyde in 0.1 M phosphate
buffer (pH 7.4) for 3 days, immersed in a 10% sucrose solution for 1 day and in 20%
sucrose for a further day and subsequently frozen in cooled isopentane and 20-pum-thick
coronal sections were prepared on a cryostat (Micron, HM 500 M, Walldorf, Germany) for
striatum and SN as following described. Striatum sections were prepared from A 4.70 mm
to A 5.70 mm, according to the mouse atlas. For each striatum were collected 15 sections
by systematic sampling every third section. Five control sections were selected to
determine optical background of TH and DAT immunostaining for fiber density analysis.
We analyzed the entire SN from bregma level A2.54 to A4. Coronal sections were made
and examined for TH-positive cell count were sampled every two sections. In the SNc, cell
number was determined by using TH and neuron-specific DNA-binding protein (NeuN)
immunostaining. These two methods were used to explore whether the loss of cells after
MPTP treatment was due to loss of antigen expression (TH) or to a loss of the cells
themselves (NeuN). For TH, DAT and NeuN immunostaining floating brain sections were
used. Following a washing for 5 min in PBS, the sections were preincubated for 30 min in
blocking buffer consisting of 2.5% normal goat serum and 0.3% Triton X-100 and 0.3%
hydrogen peroxidase, then washed two times. Sections were subsequently incubated
overnight at 4°C in PBS/0.3% Triton-X-100 in the presence of the primary antibody and
1.5% blocking serum. The following antibodies and dilutions were used: mouse polyclonal
anti-TH and monoclonal anti-NeuN antibodies diluted 1:1,000 and 1:300, respectively
(AB152 and MAB377 Chemicon, Temecula, CA, USA); rat monoclonal anti-DAT
antibodies diluted 1:200 (SC32258 Santa Cruz Biotech, CA, USA). Control sections were
processed without primary antibodies in order to determine optical background of TH and
DAT immunostaining. After three 5-min washings with PBS, the sections were incubated
for 1 h with a horseradish peroxidase-streptavidin complex (Vector, Burlingame, CA),
diluted 1:100 in PBS. After one washing in PBS and one in Tris—=HCI buffer (0.1 M pH
7.4), the peroxidase reaction was developed in the same buffer containing 0.05% 3,3-

diaminobenzidine-4 HCI and 0.003% hydrogen peroxide. The sections were dehydrated
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and covered with Entellan. The quantification of fibers densities in striatum was performed

using ImageJ software (http://rsb.info.nih.gov/ij/). The number of TH-positive DA neurons

of SNc was counted using stereology procedures as described (Aguirre et al. 2008). Every
mounted section was numbered following the rostrocaudal level corresponding to the
mouse brain atlas. The total number of cells in different groups was estimated by means of
the optical fractionator, which combines the optical dissector with the fractionator-
sampling scheme. VVolume fraction estimations for TH-positive neurons were computed by
applying the Cavalieri method based on point counts obtained during the application of the
optical fractionator. An Olympus BH2 microscope (Olympus, Denmark) was interfaced
with a computer (DGC systems, Stockholm, Sweden) and a color video camera (CCD-iris,
Sony, Japan). The CAST-Grid software package (Olympus, Glostrup, Denmark) generated
sampling frames with a known area and directed the motorized X-Y stage (Lang,
Huttenberg, Germany), and a microcator (MT12, Heidenheim, Germany), which monitored
the movements in the Z-axis with a resolution of 0.5 um. Both sides of the SNc were
defined using a 4xobjective. After having counted the objects (£ Q-), the total number of
cells in the nigral region was then estimated as: n = X fsfath, where fs is the numerical
fraction of the section used and considered in the present analysis as fs = 2 since the SN
sections examined were sampled every two sections, fa is the areal fraction and fh is the
linear fraction of section thickness. The coefficient of error (CE) for each estimation and
animal ranged from 0.03 to 0.09. The total CE of each group ranged from 0.02 to 0.06.

Preparation and immunoblotting of different brain regions

SN and striatum from brains of different experimental groups were dissected under
stereomicroscopy and frozen in cooled isopentane. The SN was dissected as follows: a
thick brain coronal section at SN level (A 0,500; A 1,700), according to mouse atlas was
made using a brain slicer and on this section SN corresponding area, including SNc and
SNr, was dissected under stereomicroscopy and used for WB analysis by pooling left and
right SN. Striatum and SN tissue pieces were homogenized in cold buffer containing 50
mM Tris HCI pH 7.5, 100 mM NaCl, 1 mM DTT, 5% NP-40, 10 pg/ml aprotinin, 10
pug/ml leupeptin, 0.1 mM phenylmethylsulfonyl fluoride, 100 uM sodium orthovanadate
(Na3VvO04) and 1 mM EDTA (Sigma-Aldrich, St. Louis, MO, USA). The homogenate was
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left on ice for 30 min and centrifuged at 10,000 x g for 15 min at 4°C to yield supernatant
fractions that were stored at -80°C until use. To obtain enough material, the two SN were
pooled from one animals and run together whereas individual striatum was analyzed
separately. Using SDS-PAGE, 30-40 pg of protein was separated, transferred to
nitrocellulose membranes (Hybond-C Extra, Amersham), blocked for 1 h in TBST and 5%
skim milk, and incubated overnight at 4°C with primary antibodies, including anti-DAT,
anti- TH (1:2,000), anti-SOD2 (1:5,000; Abfrontier, Seoul, Korea) and anti-COX IV
(diluted 1:5,000, Abcam) antibodies. After washing, the membrane was incubated for 1 h
at room temperature with peroxidase-conjugated secondary antibodies (diluted 1:5,000)
and bands were visualized by enhanced chemiluminescence (Amersham ECL). B-actin
(SC47778 Santa Cruz Biotech, CA, USA 1:6,000) was used as loading control.
Quantification was performed using ImageJ software (http://rsb.info.nih.gov/ij/).

Cell cultures and immunoblotting

The SN4741 dopaminergic cell line derived from mouse SN (Son et al. 1999) was
cultured in Dulbecco’s modified Eagle’s medium/2% fetal calf serum to about 80%
confluence. Cells were incubated in 96-well Costar plates and treated with different
concentrations of 1-methyl-4-phenyl pyridinium (MPP*, Sigma) in the absence or presence
of 5-10 uM RSV. Cell viability was determined using the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (Sigma) assay as described (Korhonen et al. 2001;Sokka
et al. 2007). Immunoblots were done as described (Kairisalo et al. 2009;Reijonen et al.
2010) using the following primary antibodies: anti-DAT antibodies diluted 1:200
(SC32258 Santa Cruz Biotech, CA, USA), SIRT1 (1:2000; Abcam, Cambridge, UK),
PGC-la (1:1000; Cell Signaling, Danvers, MA, USA), SOD1 (1:5,000; Santa Cruz
Biotech), SOD2 (1:30,000; Abfrontier), Trx2 (1:1,000; Abfrontier), Catalase (1:500;
Abcam), HO-1 (1:500; Stressgen, Ann Arbor, MI, USA), and XIAP (1:5,000; BD
Biosciences, Franklin Lakes, NJ, USA). Appropriate peroxidase-conjugated antibodies
(1:2,500, Jackson ImmunoResearch, Biofellows, Helsinki, Finland) were added for 1 h and
detection was performed using Super Signal West Pico Substrate (Pierce). Quantification

was performed using ImageJ software.
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Immunoprecipitation of PGC-1la

Lysates from control and RSV-treated SN4741 cells were incubated overnight at 4°C
on a rotary shaker using 10 pg/ml anti-PGC-1a antibodies (Calbiochem, San Diego, CA,
USA). Immune complexes were bound to Sepharose- A for 2 h at 4°C and recovered by
centrifugation. Beads were washed three times and the samples resuspended in SDS PAGE
buffer and subjected to immunoblotting using either anti-PGC-1a antibodies (1:1,000; Cell
Signaling) or anti-acetylated-lysine antibodies (1:1,000; Cell Signaling). The intensity of

the bands reveals the degree of acetylation of PGC-1a under different conditions.

Transfection and promotor assays

SN4741 cells in six-well plates were transfected for 24 h with 0.5 pg of PGC-1a
promoter constructs linked to luciferase reporter (St-Pierre et al. 2006) using the
Transfectin reagent followed by treatment with 5-10 uM RSV for 24 h. To control for
transfection efficiency, 0.02 pug Renilla luciferase pRL-TK was used. Cells were harvested
after 48 h using Passive Lysis Buffer, and the Renilla and the firefly luciferase activities
were measured using a luminometer (Promega, Biofellows, Helsinki, Finland) (Kairisalo et

al. 2009). Results are shown as fold increase in luciferase normalized to Renilla activity.

ROS measurements

Cells were treated for 24 h with MPTP or RSV. The levels of reactive oxidative
species (ROS) were measured by loading cells for 15 min with 10 uM dihydroethidium
(Molecular Probes) followed by examination using fluorescence- activated cell sorter Aria
(FACS; BD Biosciences) as described earlier (Reijonen et al. 2010;Kairisalo et al. 2007).
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Quantitative RT-PCR

Total RNA was extracted from SN of wild-type and PGC1- tg mice using RNeasy
tissue kit (QIAGEN) followed by cDNA synthesis. Sybergreen (Applied Biosystems)
realtime quantitative PCR assays were performed on an ABI Prism 7000 Sequence
Detector essentially as described (Hong et al. 2010). Results show averages of triplicate
experiments normalized to GAPDH. Primer sequences were:

SOD2,

forward (Fw), 5’-GACCCATTGCAAGGAACAA-3’

and reverse (Rev), 5’-GTAGTAAGCGTGCTCCCACAC-3’;
COX 1V,

Fw, 5" TCACTGCGCTCGTTCTGAT -3’

and Rev, 5’-CGATC GAAAGTATGAGGGATG-3’.

High-pressure liquid chromatography (HPLC)

Dopamine (DA) and 3,4-dihydroxyphenylacetic acid (DOPAC) concentrations in
mouse striatal tissue were determined essentially as described before (Airavaara et al.
2006). In brief, the frozen samples were homogenized in 0.5 ml of homogenization
solution consisting of six parts of 0.2 M HCLO4 and one part of antioxidant solution
containing oxalic acid in combination with acetic acid and L-cysteine. The homogenates
were centrifuged at 20,800 x g for 35 min at 4°C. The supernatant was removed to 0.5 ml
Vivaspin filter concentrators (10,000 MWCO PES; Vivascience AG, Hannover, Germany)
and centrifuged at 8,600 x g at 4°C for 35 min. Filtrates containing monoamines were
analyzed using high-pressure liquid chromatography with electrochemical detection.
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Isolation of mitochondria and measurement of respiratory control

Mitochondria from wild-type and PGC1-tg mice were prepared essentially as
described previously for rat liver mitochondria (Speer et al. 2003). In brief, brain tissue
was excised and minced into pieces in isolation medium containing 10 mM Hepes-K pH
7.4, 1 mM EGTA, and sufficient sucrose to obtain an osmolarity of 300 mOsm. The brain
pieces were homogenized and centrifugated at 800 x g for 8 min, and the resulting
supernatant centrifugated twice at 10,000 x g for 10 min to obtain a mitochondrial pellet
that was resuspended in 300 ul of isolation medium. All steps were carried out at +4°C and
mitochondria were used for measurements of membrane potential and respiration within 4
h. Mitochondrial respiration was measured using a Clarktype electrode (Yellow Springs
Instruments, USA). Mitochondria were suspended in medium containing 125 mM KClI, 10
mM Hepes-K pH 7.4, 2 mM MgCI, 1 mM Pi, 100 uM EGTA. Respiration was started by
the addition of 10 mM malate plus 10 mM glutamate or 10 mM succinate. The respiratory
control ratio was determined by the addition of aliquots of ADP. Mitochondrial membrane
potential was measured with the fluorescent dye tetramethylrhodamine (TMRM) using a
Cary Eclipse Fluorescence Spectrophotometer (Varian, USA) set to operate with excitation
at 550 nm and emission at 575 nm. The measurement medium was supplemented with 0.5
UM TMRM.

Quantitative evaluations and statistics

Quantification of fiber densities was performed using ImageJ software. Immunoblots
were evaluated by one-way ANOVA with intergroup differences analyzed by Fisher’s
protected least significant difference (PLSD) test, corrected by Bonferroni’s procedure for
dependent samples. Statistics of cell viability were performed using Student’s t test
comparing two groups, and one-way ANOVA followed by Bonferroni’s post hoc test when

comparing three or more groups.
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Results

Neuroprotective effects of RSV in dopaminergic neurons in vivo

MPTP lesion and neuroprotective effect of RSV treatment evaluated by optical count of

dopaminergic neurons in the SNc

The first aim of the present work was to analyze the neuroprotective effect of RSV
against MPTP-induced dopaminergic cell death in the mouse SNc. The MPTP and RSV
treatment used, are shown in the scheme of figure 7A. In coronal brain sections, following
immunohistochemical detection of dopaminergic neurons by tyrosine hydroxylase (TH)
antibodies, was performed an optical count of TH-positive neurons in the SNc, in order to
evaluate the neuroprotective effects of RSV treatment. Treatment with MPTP induced a
44% reduction in the number of dopaminergic neurons in the SNc compared with vehicle
treated control mice (fig. 7B and 7C). However, co-treatment with 20mg/kg RSV restored
the number of TH-positive cells to 83% of control (fig. 7B and 7C). The number of NeuN-
stained cells in the SNc in the three experimental groups corresponded to the data obtained
with TH immunostaining showing that RSV was largely neuroprotective after the MPTP
insult (fig. 7D).

dott.sa Melania Olivieri




m RSV RSV RSV RSV RSV sacrifice B

) | i -
oowerP | Vehicle
L1 1 11 1 1 1 1 1 1 1]

L [T 11 T 1T 17T T 1 l L
E £ £ £ £ = = & =
E °f '3 o 03 2 [ E -E i 3
! - e > 5 ¥
25000 25000 | iy
= 20000 @ 20000
2 g 1
7 z
T 5
= @
Sy 15000 _.Zég 15000
59 Pl
o c [T =
R gc
22 10000 E® 19000
ty 23
2 T
= 5
=3 5000 © 5000
E o
: :
<
0 % 0

Vehicle MPTP  MPTP+RSV Vehicle MPTP  MPTP+RSV

Fig. 7- RSV protects against MPTP-induced neuronal degeneration in vivo in SNc.

The neurotoxin MPTP was injected into wild-type mice as described in ‘“Methods’’. Control
animals received an equal volume of vehicle. SN was prepared and analyzed further as indicated.
A: Treatment schedule employing MPTP and RSV is shown with times of injections. B:
Immunostaining of coronal sections of SNc from control mice (vehicle) and after treatment with
MPTP or MPTP + RSV. Scale bar 0.5 mm. C Histogram showing the number of TH positive
neurons in the SNc as determined by stereological analysis. Values are means + SD, n = 5-7 per
group. **p\0.01 MPTP versus vehicle and MPTP + RSV versus MPTP. D: Histogram showing the
number of NeuN positive neurons in the SNc as determined by stereological analysis. Values are
means * SD, n = 3-4 per group. **p\0.01 MPTP versus vehicle and MPTP + RSV versus MPTP.

MPTP lesion and effects of RSV treatment on density of dopaminergic fibers in the

striatum evaluated by western blotting and immunohistochemistry

In order to further evaluate the neuroprotective effects of RSV treatment we
examined the density of dopaminergic fibers in the striatum by evaluating TH and DAT
protein expression levels using western blotting procedure. MPTP treatment led to a
dramatic reduction (about 63%) of TH protein expression levels in the striatum, as
compared to control vehicle treated (fig. 8A), but the administration of RSV was able to
restore the TH levels to 78% of the values observed in vehicle treated control (fig. 8A).

The levels of DAT were also reduced by MPTP treatment to about 25% of controls,
and RSV also increased this value to about 75% of controls (fig 8B). In control mice, the
administration of 20 mg/kg RSV alone changed neither the TH nor the DAT protein levels

(fig. 8A and 8B). Immunohistochemistry combined with densitometry revealed a
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significant preservation of TH- and DAT-positive fibers in the striatum of MPTP-treated
mice after RSV administration (fig. 8C and 8D).
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Fig. 8- RSV protects against MPTP-induced neuronal degeneration in vivo in the striatum.
The neurotoxin MPTP was injected into wild-type mice as described in ““Methods’’. Control
animals received an equal volume of vehicle. Striatum was prepared and analyzed further as
indicated. A-B: Immunoblots show declines in TH and in DAT levels induced after MPTP and
their attenuation by RSV. B-actin was used as control. Values are means + SD, n = 8-10 per
group. ***p\0.001 MPTP versus vehicle or RSV, and MPTP + RSV versus MPTP. **p\0.01
MPTP versus vehicle or RSV, and MPTP + RSV versus MPTP. C: Immunohistochemistry of
TH and DAT positive neuron endings in striatum (St) was done as described in “*Methods’’.
Note a partial preservation of dopamine fibers by RSV. D: Densitometric analyses of TH and
DAT-positive nerve fibers. Values are means £ SD, n = 4. TH, **p\0.01 MPTP versus vehicle
and p\0.05 MPTP + RSV versus MPTP. DAT, **p\0.01 MPTP versus vehicle and p\0.05
MPTP + RSV versus MPTP. Scale bar 1 mm.
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RSV treatment enhances antioxidant enzyme SOD2 levels in SN

Since RSV is both a free radical scavenger and a potent antioxidant because of its
ability to promote the activities of a variety of antioxidant enzymes, we evaluated the
levels of the antioxidant enzyme SOD2 both in the SN than in striatum using western
blotting procedure. We observed that RSV increased the levels of SOD2 in the SN but not
in striatum (fig. 9A and 9B).
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Fig. 9- RSV treatment enhances antioxidant enzyme SOD2 levels. The
neurotoxin MPTP was injected into wild-type mice as described in ‘“Methods’’.
Control animals received an equal volume of vehicle. SN and striatum were
prepared and analyzed further as indicated. A: Immunoblot showing increased
SOD2 levels in SN but not in striatum by RSV. B: Quantification of SN data.
Values are means + SD, n = 3. *p\0.05 for RSV versus C.

RSV treatment enhances DAT expression in the striatum of female mouse

The striking similarity of chemical structure of RSV to the synthetic estrogen
diethylstilbestrol prompted us to consider the possibility that the extent of neuroprotective
effects of RSV on MPTP model could be different in male mouse as compared to female
mouse.

During these experiments was unexpectedly observed that in female mouse, but not
in male mouse, RSV treatment may lead to a strong increase of dopamine transporter
(DAT) in the striatum. We treated male and female mice with RSV using daily injections
of RSV (20 mg/Kg i.p.) for four days and analyzing the brains eight days after the first
injection of RSV (fig. 10A). Data showed that RSV significantly increased DAT protein
levels in the striatum of female mice as compared to matched control (fig. 10B). This
effect of RSV on DAT levels was also observed in the SN (data not shown). By contrast,
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RSV was not able to increase DAT levels in the striatum of male mice (fig 10C).
Comparing the basic DAT levels between males and females, we did not observe
significant difference linked to sex (fig. 10D). A time-course study of RSV treatment in
female mice showed that DAT levels were not yet significantly increased after the last
injection of RSV, which corresponds to four days from the first injection of RSV (fig.
10E). In parallel we examined the TH levels in the striatum and found no change of TH
levels, suggesting a specificity of RSV effect on DAT. TH levels were used as index of

nigrostriatal innervations and this was not changed by RSV treatment (fig. 10F).
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Result obtained by immunoblotting were substantiated using densitometric
measurements of striatal DAT- immunostained sections, which revealed a significant
increase in DAT-positive fiber staining in the striatum of female mice treated with RSV
(fig. 11).
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Fig. 11- RSV increases DAT in the striatum of female but not in male mice.
Immunohistochemical detection of striatal DAT after RSV. RSV treatment (20 mg/kg i.p.)
was done as described in results section. Control mice received equal volume of vehicle.
Values are means = SD, n= 4. A: representative microphotographs of striatal coronal brain
sections (AP 5.5 mm) from mice treated with vehicle (control) or RSV. B: histogram shows
quantitative densitometric values of DAT immunolabelling. ***p < 0.001 for RSV vs control.
Scale bar: 1 mm.

Estrogen receptors mediate RSV effect on DAT

To verify the involvement of estrogen receptors on RSV-enhanced DAT levels we
performed a pretreatment of female mice with the selective estrogen receptor antagonist
ICI 182,780. The dose and scheme of ICI 182,780 and RSV treatment were made as
follow. Mice were daily pretreated with I1CI 182,780 (2 mg/kg s.c.) and after 1,5h were
treated with RSV (20mg/kg i.p.) and this treatment was repeated for four days and mice
sacrificed at eighth day from the first injection (fig. 12A). One group of mice received the
same number of injection with ICI 182,780 alone or RSV alone and an other control group
of mice received the same number of injections with vehicle. The pretreatment with ICI
182,780 led to a complete block of RSV effect on DAT protein levels in the striatum as
compared to control treated with vehicle or with RSV alone (fig.12B). The treatment with
ICI 182,780 alone did not change the DAT levels in the striatum as compared to control
treated with vehicle (fig.12B).
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Fig. 12- Effects of antiestrogen compound ICI 182,780
on RSV-mediated increase in DAT. Female mice were
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To confirm the observation made in vivo, using the mouse SN4741 cell line, we
observed that the addition of 10uM RSV for 24h also increased DAT levels in
dopaminergic cells SN4741 (fig 13A and 13B). Pretreatment with 2 uM of ICI 182,780
blocked the effect of RSV on DAT levels, as observed in vivo study.
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Mechanisms of RSV-mediated cell protection as studied in dopaminergic cells

Neuroprotective effect of RSV in SN4741 cells exposed to oxidative stress

To analyze the mechanisms of RSV action in dopaminergic cells in more detail, we
studied cultured dopaminergic SN4741 cells that were originally established from mouse
SN (Son et al. 1999). Treatment of these cells with 1-methyl-4-phenyl pyridinium (MPP")
at doses of 400 and 800uM produced a significant loss in cell viability that was
counteracted by the addition of 5-10 pM RSV (fig. 14A). Since MPP" is known to produce
ROS reactive oxidative species and oxidative stress in dopaminergic neurons, we evaluated
ROS levels in the same models. We observed that MPP" produced an increase in ROS in

the SN4741 cells, and this was counteracted by the addition of RSV (fig. 14B).
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Fig. 14- Neuroprotective effect of RSV in SN4741 cells exposed to oxidative stress. Cell cultures and treatment
of mouse SN4741 dopaminergic cells were done as described in ““Methods’’. A: Cells were treated for 48 h with
MPP* alone or in conjunction with RSV as indicated. Cell viability was determined using the MTT assay. RSV
increased cell viability comprised by 400-800 UM MPP”. Values are means + SD, n = 4. *p\0.05 for MPTP versus
C, and for MPTP + RSV versus MPTP for both concentrations. B: ROS levels were measured as described in
“‘Methods’’. RSV counteracted the increase in ROS in the SN4741 cells induced by MPP* .Values are means *

SD.

Effect of RSV on expression of antioxidant enzymes SOD2 and Trx2 in SN4741 cells

Since this antioxidant effect of RSV can also be due to its potential ability to promote
the activities of a variety of antioxidant enzymes, we next examined in SN4741 cells using
immunoblotting, the effect of RSV on expression of antioxidant enzymes SOD2 and Trx2,
two mitochondrial antioxidant enzymes that could be involved in counteracting ROS
formation. Data showed that RSV elevated SOD2 and Trx2 in the SN4741 cells, especially
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at a dose of 10 uM (fig. 15A and 15B). As control, we also evaluated the levels of SOD1,
but have not seen it increased after treatment with RSV (fig. 15A). The increase in SOD2
by RSV was associated with an enhanced expression of SOD2-mRNA, as evaluated by
RT-PCR (data not shown).
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Fig. 15- RSV increases the antioxidant enzymes Superoxide Dismutase (SOD2)
and Thioredoxin 2 (TRX2) in SN4741 cells. Cell cultures and treatment of mouse
SN4741 dopaminergic cells were done as described in “‘Methods™. A:
Immunoblots after 24 h treatment with RSV. Note increases in SOD2 and Trx2 by
RSV but not in SOD1. B-actin was used as control. B: Quantifications. SOD2 and
Trx2 were increased about fourfold after 10 uM RSV. Values are means + SD, n =
3. ***p\0.001 for RSV versus C.

Effect of RSV on expression of PGC-/a in SN4741.

In order to investigate the possible “neuroprotective signaling” involved in the
mechanism of action of RSV, we evaluated in SN4741 cells the effect of RSV on
expression of PGC-1a, a coactivator involved in transcription of mitochondrial genes with
antioxidant activity. In particular, the choice of studying the possible involvement of
PGC-1a in the mechanism of action of RSV was created by the recent evidence that PGC-
1a knockout mice are hypersensitive to the neurotoxin MPTP (St-Pierre et al. 2006) that

causes degeneration of dopaminergic neurons in mice and in non-human primates. In
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additionaly, PGC-1a is regulated by post-transcriptional modifications such as protein
deacetylation by the mammalian SIRT1 protein which itself can be activated by RSV
(Feige et al. 2008;Lagouge et al. 2006;Baur and Sinclair 2006). First we found that in
SN4741 cells RSV increases levels of PGC-1a and SIRT1 by immunoblotting (fig. 16A).
Moreover, in order to evaluated whether the RSV was able to influence the activation
status of PGC-la, we immunoprecipitated for PGC-la and used an antibody that
recognizes its acetylated lysines as described in materials and methods. The degree of
acetylation of PGC-la was reduced by about 40% (fig 16B) in SN4741 cells after
treatment with RSV at a dose of 10uM. Thus, RSV has a dual effect on PGC-1a in the
dopaminergic cells, increasing both the activity and the levels of the protein. In contrast to
this, the levels of catalase, heme oxygenase, or X-chromosome linked inhibitory apoptosis
protein (XIAP) were not significantly altered by RSV in the dopaminergic cells (fig. 16C).
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Fig. 16- RSV has a dual effect on PGC-1a in the dopaminergic cells SN4741, increasing
both the activity and the levels of the protein. Cell cultures and treatment of mouse SN4741
dopaminergic cells were done as described in ‘“Methods’’. A: Immunoblots after 24 h
treatment with RSV. Note increases in PGC-1a and SIRT1 by RSV. B-actin was used as
control. B: Immunoprecipitation of PGC-1a was done as described in ‘‘Methods’” followed
by immunoblotting using anti-acetylated-lysine antibodies. Values below show the relative
ratio of acetylated to total PGC-1a. RSV decreased acetylation of PGC-1a. A representative
blot is shown and the experiments were repeated three times with similar results. C:
Immunoblots using specific antibodies revealed no alterations in the indicated proteins in after
RSV treatment. B-actin was used as control.
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Effect of RSV on gene transcription of PGC-1a in SN4741.

The increase in PGC-1a levels by RSV was unexpected and promoted us to study
whether RSV may influence PGC-1a gene expression. To examine this, we employed
PGC-1a-promoter constructs linked to a luciferase reporter gene (St-Pierre et al. 2006).
Data showed that the gene activity of the PGC-1a was enhanced by about 80% in the
SN4741 cells cultured in the presence of 10 uM RSV (fig. 17A).

Likewise, in neuronal PC6.3 cells the increase in PGC-1a promoter activity by 10uM
RSV was about twofold (fig. 17B). Mutation in the MAD box transcription enhancer factor
(MEF) site in the PGC-1la-promoter reduced the induction in promoter activity brought
about by RSV (fig. 17A). Mutation in the cAMP response element (Cre)- binding protein
(CREB) site abolished the RSV-mediated increase and reduced the overall PGC-la-
promoter activity (fig. 17A). This shows that the activity of the PGC-1 gene in neuronal

cells is enhanced by RSV and involves the binding of various transcription factors to the

promoter.
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PGC-1a transgenic mice are protected against MPTP-induced cell degeneration

Analyses of transgenic mice with overexpression of PGC-1« in brain and in dopaminergic

neurons.

The second aim of the present work was to explore the neuroprotective role of PGC-
la in MPTP mouse model of PD, using transgenic mice overexpressing PGC-1la (PGC1-
tg). PGC-1a is a master regulator of oxidative stress and mitochondrial metabolism. As
shown in gene-deleted mice decreases in the levels of PGC-la influences neuronal
viability and responses to injury in particular parts of the brain (St-Pierre et al. 2006). To
study whether an overexpression of PGC-1a may be neuroprotective in vivo, we generated
transgenic mice expressing PGC-1a in neurons under the control of the Thy-1 promoter
(fig. 18A). By immunoblots we could show that the levels of PGC-1a were increased in the
nigrostriatal system in the transgenic compared with controls (fig. 18B). Immunostaining
using anti-Flag antibodies revealed that the TH-positive dopaminergic neurons expressed
Flag-PGC-1a that was not observed in controls (fig. 18C).

Substantia Nigra Striatum
Ia b n " N Thyl WT PGC1 WT PGC1
—H A FAG e et S 1000
| Actin — N — ~— 42kDa
Flag-PGC1a
S.Nigra TH FLAG
LoNh
C Control .

Fig. 18- Analyses of transgenic mice with overexpression of PGC-1a in brain and in
dopaminergic neurons. A: PGC-1a cDNA containing a Flag-tag was inserted into the
Thyl expression cassette and the minigene was used to produce PGC-la transgenic
(PGC1) mice. Exons are numbered 1-1V. B: Immunoblots of SN and striatum from wild-
type (wt) and PGC1 mice using anti-PGC-1a antibodies as described in ‘“Methods’’. C:
Immunostaining of sections from SN using anti-TH and anti-Flag antibodies. Upper
panels control, wt mice; lower panels PGC1 mice. Note co-expression of Flag-PGC-1a
with TH in the PGC1 mice but not in controls in the merged picture. Scale bar 50 pm.
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Effects of overexpression of PGC-/a on mitochondrial antioxidants SOD2 and Trx2 and

on the mitochondrial enzyme COXIV in SN

As PGC-1a is known to influence different transcriptional programs, we studied the
expression of some antioxidants and mitochondrial proteins involved in cell stress.
Immunoblots of SN showed that the levels of the mitochondrial antioxidants, SOD2 and
Trx2 are increased in the SN of PGC-1a transgenic mice compared with wild-type animals
(fig. 19A). Likewise, the mitochondrial enzyme COXIV was also elevated in the
transgenic mice compared to controls (fig. 19A). The increase in protein levels in the PGC-
1o transgenic mice was accompanied by an enhanced gene expression, as shown here for
SOD2 and COX 1V using RT-PCR (fig. 19B). This shows that overexpression of PGC-1a
leads to changes in gene expression for a particular set of proteins in the SN with a

potentially protective function in cell stress.

A Fig. 19- Overexpression of
WT - PGC1 - mitochondrial  antioxidants
SOD2 |+ == ) <2305 e SOD2 and Trx2 and of the
- " mitochondrial enzyme COX
~42Da 05 IV in transgenic mice .
o . A: Immunoblots were done as
wi Peet described in ‘“Methods’’ using
WT  PGC1 ) . tissue from SN of wild-type
" and PGC1 mice. Protein levels

Actin

i

Trx2 —
0 of SOD2, Trx2 and COX IV
Actin \;’ =d2kDa o5 were all increased in the PGC1
0o mice compared to wt. Left
wr paCL panels show typical

: immunoblots and right panels

. - are quantification of the data.

XV [ o |, Values are means + SD, n = 6
LR R — per group. *p\0.05 and
**p\0.01 for PGCl1l mice
B wT PGC1 versus wild-type mice. B:

Quantitative-PCR was done as
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RNA from SN of wildtype and

*i
; PGC1 mice. Note increased
g expression of SOD2 and COX
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. shown and was repeated with
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PGC-10 protects against MPTP-induced neuronal degeneration in vivo in the SN

To study neuroprotection in the context of dopaminergic neurons, we treated the
mice with the neurotoxin MPTP. Treatment of wild-type mice with MPTP is known to
decrease the number of TH-positive neurons in the SNc (Thomas and Beal 2007), and this
was also evident here as shown in figures 20A and 20B. However, in the PGC-la
transgenic mice, the same treatment did not significantly reduce the number of TH-positive
cells, indicating a robust neuroprotection (fig. 20A and B). Figure 20C shows that the
number of NeuN-stained cells in the SNc in the PGC-1a transgenic mice did not change
after MPTP. In controls, the number of NeuN-positive neurons decreased in SNc as shown
in figure 7D, and similar results using MPTP have been observed in several studies before.
The preservation of NeuN-positive cells together with TH-positive neurons supports the

view that PGC-1a counteracts cell degeneration in SNc after MPTP treatment.

Fig. 20- PGC-1« protects against MPTP-
induced neuronal degeneration in vivo in
the SN. The neurotoxin MPTP was
injected into wild-type (wt) and PGC-1a
transgenic (PGC1-tg) mice as described in
““Methods’’. Control animals received an
equal volume of vehicle. The number of
TH-positive dopaminergic neurons and
NeuN-positive cells in the SNc was
analyzed by using stereology as described
in “‘Methods’’. A: Immunostaining of
sections from SNc in vehicle and MPTP-
treated wild-type and PGC1-tg mice.
Scale bar 0.5 mm. B: The number of TH-
positive neurons in the SNc. Values are
means + SD, n = 6-12 per group.

B ***p\0.001 for MPTP versus vehicle in wt

C animals, and for PGC1-tg +MPTP versus
WT + MPTP. C: The number of NeuN-

E e g W positive neurons in the SNc. Values are

7 20000 . . H means +* SD, n = 3-4 per group.

& : L . z 0 ***p\0.001 MPTP versus vehicle in wt

52 o 2, animals and for PGC1-tg + MPTP versus

5o 55 WT + MPTP.

E 8=

E% 10000 5% 10000

g 8

2 B z ol

w Wi+ MPTP POCI4g  PGCI4g+MPTP PGCI4g PGC14g+ MPTP
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PGC-1a protects against MPTP-induced neuronal degeneration in vivo in striatum

The neuroprotective role of PGC-1a in transgenic mice observed in the SN, was also
seen in the striatum. In fact, immunoblots of TH levels in the striatum showed a decrease
in wild-type but not in PGC-1a transgenic mice (fig. 21). In these experiments, we
analyzed separately two transgenic mouse lines, PGC11 and PGC12 with similar
expression of PGC-1a in the brain, and obtained the same results (fig. 21). This shows that
the transgenic expression of PGC-la can protect dopaminergic neurons against cell

degeneration induced by MPTP.

Fig. 21- PGC-1a protects
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PGC-1o counteracts the decrease in striatal DA and DOPAC levels induced by MPTP

We measured the DA and DOPAC levels in wild-type and PGC-1a transgenic mice
after MPTP treatment. As expected (Heikkila et al. 1984), MPTP decreased the striatal
concentration of dopamine and DOPAC and increased the DOPAC/dopamine ratio (fig.
22A and 22B). The PGC-1a transgenic mice were significantly more resistant to MPTP-
induced neurotoxicity than the wild-type mice as reflected by smaller reduction of
dopamine and DOPAC (fig. 22A and 22B). In addition, the increase of dopamine/DOPAC
ratio was lower in the PGC-1a transgenic mice as compared to controls. Taken together,
this data shows that the overexpression of PGC-1a prevents changes in DA and DOPAC
striatum induced by MPTP treatment showing a beneficial effect on the functional state of

the nigrostriatal system in these mice.

A 16000 ok . Fig.22- PGC-1a overexpression
14000 T counteracts the MPTP-induced
I loss of striatal dopamine and
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wr than the wild-type mice as
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dopamine. Values are means *
SE, n = 7-11 per group.
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PGC-1a affects the respiration of isolated brain mitochondria

To explore the mechanisms for neuroprotection, we isolated mitochondria from the
brains of PGC-1a transgenic and wild-type mice. Measurements of mitochondrial oxygen
consumption in vitro (Speer et al. 2003) showed an increased rate of respiratory control
rate in mitochondria from PGC-1a transgenic mice as compared to organelles from wild-
type mice (fig. 23). The relative small difference observed (fig. 23) may be due to the fact
that mitochondria were isolated from whole brain, thus including also glial cells, which
have no expression of exogenous PGC-1a driven by the Thyl construct, being a neuron-
specific promoter (Caroni 1997;Trapp et al. 2003). The higher respiratory control ratio
observed in brain mitochondria from PGC-1a transgenic mice indicates that the neuronal

capacity for ATP production is higher in these mice compared to wild-type animals.

Fig.23- Studies of mitochondria from wild-
type and PGC-la transgenic mice. Brain
mitochondria were prepared as described in
““Methods’’. Respiration was initiated by the
addition of 10 mM succinate (succ) followed
by aliquots of ADP as indicated. Whole
trace, mitochondria from PGC-1a transgenic
mice; broken trace, mitochondria from wild-
type mice. The respiratory control ratio was
1.48 in transgenic and 1.31 in wild-type
mice. One typical experiment out of three
mitochondrial preparations is shown.
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Discussion

Neuroprotective effects of RSV in dopaminergic neurons in vivo

Treatment with small molecular compounds appears to be an attractive means to
combat nerve cell degeneration accompanying different brain diseases. In the present work
using both in vivo and in vitro models, we defined the neuroprotective role of RSV,
focusing our investigation on neuronal dopaminergic cells. To this end, we first evaluated
neuroprotective effects of RSV both against MPTP-induced death of SNc in C57BL/6 mice
and oxidative stress induced neuronal cell death in vitro model (SN4741 cells).

Subsequently, using in vitro model, we examined the possible mechanisms involved
on RSV induced neuroprotection. We used MPTP administration to C57BL mice to cause
a severe Parkinson-like syndrome (Langston and Irwin 1986;Kopin and Markey
1988;Heikkila et al. 1989;Calon et al. 2001) and, according to previous studies, we showed
that MPTP administration to C57BL mice leads to the death of DA neurons in the SNc
(Jakowec et al. 2004) as well as to a dramatically decline of striatal DA and TH levels. The
dose and scheme of MPTP treatment used have been able to induce about 44% of TH-
positive cells death in the SNc generating a severe condition of neuronal damage. In this
model we could show a significant neuroprotection of RSV treatment; infact, co-treatment
with 20 mg/kg RSV restored the number of TH-positive cells to 83% of control by the
evaluation of dopaminergic cells number in the whole SNc performed both by stereological
analysis and by double blind optical count. This neuroprotection has also been evaluated
by measuring both TH and DAT proteins levels in the whole striatum, a parameter largely
used as analysis of dopaminergic fiber density and therefore as index of dopaminergic
neurons survival and efficient behavioral recovery in PD animal model.

While our investigation was in progress, Blanchet et al. reported that the
administration of a diet containing RSV to adult mice prior to acute treatment with the
toxin MPTP prevented cellular loss in the SNc in vivo (Blanchet et al. 2008). These data
are in agreement with the present findings, although the different route of RSV
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administration. However, there are some previous evidences suggesting that RSV
treatment could elicit neuroprotective effects on different Parkinsonism models.

RSV protects dopaminergic neurons in midbrain slice cultures against metabolic and
oxidative insults (Okawara et al. 2007) or in mice model against MPTP-induced hydroxyl
radical overloading and neuronal loss (Lu et al. 2008) and in 6-OHDA-induced Parkinson's
disease rat model (Jin et al. 2008). Taken together these and our data strengthen the idea
that RSV may be used as therapy in neurodegenerative diseases of PD. The precise
mechanisms and targets for RSV in brain tissue are not fully understood at the moment.
We observed for example that the protection afforded by RSV on fiber density in striatum
was less than that observed in SN on TH and DAT levels, possibly reflecting a difference
in the action of RSV in the cell body and in the nerve terminals of TH-positive neurons
that requires further studies.

One conclusion that can be drawn here is that the beneficial effect of RSV in
neuroprotection was related to an increase in SOD2 in brain in vivo, probably contributing
to the decrease in oxidative stress. In a recent study RSV reduces oxidative stress and cell
death in neuronal PC6.3 increasing the levels of antioxidants, SOD2 and TRX2, and of X
chromosome-linked inhibitor of apoptosis protein (Kairisalo et al. 2011).

RSV effect on DAT expression in the striatum of female mouse

Recent studies have evidenced a neuroprotective role for estrogens in PD (Garcia-
Segura et al. 2001) and in MPTP-mice model or 6-OHDA-lesioned rats (Dluzen
2000;Ramirez et al. 2003;Murray et al. 2003). It is now recognized that estrogen
replacement therapy in postmenopausal women reduces the risk of neurodegenerative PD
diseases and that the antioxidant properties of estrogens contribute to their neuroprotective
effects (Currie et al. 2004). On the other hand, RSV is a phytoestrogens, which are
naturally occurring molecules that may exert similar neuroprotective effects as estrogens
(Esposito et al. 2002).

The striking similarity of chemical structure of RSV to the synthetic estrogen
diethylstilbestrol prompted us to consider the possibility that the extent of neuroprotective
effects of RSV on MPTP model could be different in male mouse as compared to female

mouse. The results showed that neuroprotective action of RSV against MPTP induced
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dopaminergic neuron death does not change between male and female. However, during
the course of these experiments, we have also show unexpectedly that RSV treatment in
mice leads to a significant increase of DAT expression in the striatum of female but not of
male mice. This gender difference and the striking similarity of chemical structure of RSV
to the synthetic estrogen diethylstilbestrol (Gehm et al. 1997) suggested us to verify the
possibility that RSV effects on DAT levels may be mediated by estrogen receptors. The
results obtained both in vivo and in vitro (SN4741 cells) using the selective ER antagonist
ICI 182,780 showed that estrogen receptors are involved in the up-regulation of DAT in
the striatum. It has previously been shown wusing in situ hybridization and
immunohistochemistry that ERs are present in the SN of adult rats (Shughrue et al.
1997;Zhang et al. 2002;Creutz and Kritzer 2002;Laflamme et al. 1998). Available data
suggest that RSV is an agonist for ERs (Gehm et al. 1997) and may bind to both ERa and
ERp (Bowers et al. 2000;Mueller et al. 2004;Robb and Stuart 2011;Wu et al. 2008). RSV
may also activate the non-genomic ER-pathways stimulating intracellular phosphorylation
events such as mitogen activated protein kinase signaling as shown in vascular endothelial
cells (Klinge et al. 2005), and phosphatidylinositol-3-kinase signaling activation mediated
by ERa (Pozo-Guisado et al. 2004). Concerning the binding affinities for RSV on ER it
was previously shown that RSV activates estrogen-responsive reporter plasmids in the uM
range (Gehm et al. 1997), and in the present study we therefore used 10 uM to stimulate
dopaminergic neurons in our vitro model. Pretreatment with 1CI 182,780 blocked the effect
of RSV on DAT levels. Studies of DAT expression in dopaminergic cells showed that
DAT mRNA is regulated by RSV that suggests a genomic effect of RSV via ICI 182,780-
sensitive ERs. As ICI 182,780 all bind both to ERa and ERB (Kuiper et al. 1998;el-
Mowafy et al. 2002;Pozo-Guisado et al. 2004;Bowers et al. 2000), is not possible to
distinguish which estrogen receptor subtype is involved in the RSV action. Previously, it
was reported that 2,3-bis (4-hydroxyphenyl)-propionitrile, that is an ERp agonist, mediates
the estradiol mediated increase of striatal DAT (Le Saux and Di Paolo 2006), suggesting
that ERp may be involved in the RSV increase in DAT in striatum. However, RSV has a
structural similarity mainly to diethylstilbestrol that is an ERa agonist (Le Saux and Di
Paolo 2006). It remains therefore to be studied which estrogen receptor subtype is involved
in the RSV action in dopaminergic neurons and in brain in general.

The involvement of ERs in the regulation of DAT by RSV is in line with previous
works showing an increase in DAT after estradiol treatment of female mouse (Jourdain et

al. 2005). It has also been shown that ovariectomy and oestradiol affect DAT and its
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expression in the rat striatum (Bosse et al. 1997) as well as in SNc (Morissette and Di
1993). In addition, in vivo imaging studies showed an increase in DAT in the putamen in
postmenopausal women who received estrogen replacement therapy (Gardiner et al. 2004).
Dopamine is an important brain neurotransmitter involved in locomotor processes as well
as cognitive and emotional function. DAT is a key mediator of dopamine uptake and thus
regulates the amount of dopamine in the synaptic cleft (Gainetdinov and Caron 2003).
Studies have shown that DAT levels decrease with ageing and this is correlated with a
deterioration in memory functions (Erixon-Lindroth et al. 2005).

The present results show that RSV increases DAT levels suggesting that RSV may
have beneficial effects in ageing and in other cognitive disorders. Estrogen replacement
therapy in postmenopausal women can reduce the risk of neurodegenerative diseases
including PD (Dluzen 2000;Garcia-Segura et al. 2001;Currie et al. 2004). However, as
shown in epidemiological studies there are other risks associated with longterm use of
estrogens (Hulley and Grady 2004). However, so far the risks and neuroprotective roles of
estrogen-like polyphenolic compounds, including RSV have not been analyzed in different

neurodegenerative diseases (Ramassamy 2006).

Mechanisms of RSV-mediated dopaminergic cell protection

In the present work, following the in vivo evidence of neuroprotective action of
RSV, we approached the in vitro model (SN4741 cells) in order to identify any potential
molecular targets of RSV that give account of beneficial effects observed on dopaminergic
neurons. In the MPTP mouse model of PD the catecholamine-degrading enzyme MAO B
transforms MPTP into toxic metabolite in the astrocytes, MPP* and dopaminergic neurons
are the primary targets of MPP", which accumulates in mitochondria and interrupts the
complex | of the respiratory chain and promotes oxygen free radical formation (Adams, Jr.
et al. 2001;Rajeswari 2006).

Based on this oxidative stress mechanism of MPTP induced dopaminergic cell
death, we observed that treatment of these cells with 1-methyl-4-phenyl pyridinium
(MPP™) at doses of 400 and 800uM produced a significant loss in cell viability that was
counteracted by the addition of 5-10 uM RSV. Subsequently, testing the RSV ability to
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counteract ROS production under oxidative stress, it was possible to show a strong ability
of RSV to reduce ROS production in both models of cells line used.

However, more interesting we found that RSV can protect dopaminergic neurons by
enhancing effects on the expression levels of two antioxidant enzymes (SOD2 and Trx2).
SOD2 and Trx2 regulate oxidative stress at the level of the mitochondria and these proteins
are regulated in brain neurons partly by NF-kB activation that is induced by various signals
including XIAP (Kairisalo et al. 2007;Kairisalo et al. 2011).

In this study, we observed no change in NF-kB signaling by RSV, suggesting another
mechanism of action. An obvious candidate for this is SIRT1, which is an NAD"-
dependent deacetylase involved in metabolic regulations and adaptations to stress (Feige et
al. 2008;Lagouge et al. 2006). SIRT1 activity is linked to neuroprotection in Alzheimer’s
disease (Qin et al. 2006), and the protein is altered in motor neurons in ALS models (Kim
et al. 2007). Previous studies have shown that RSV counteracts cell stress and activates
PGC-1a as well as AMP kinase in neurons (Baur and Sinclair 2006;Dasgupta and
Milbrandt 2007).

We observed that RSV increased the levels of SIRT1 in the SN4741 cells and
activated PGC-1a by reducing acetylation of the protein. Apart from this, RSV increased
the levels of PGC-1a in the dopaminergic cells probably by affecting gene expression as
shown using the PGC-1a gene promoter constructs. This data was unexpected, and adds to
the known biological effects of RSV with a focus particularly on neuronal cells and cell
protection. Previous studies on RSV indicate that the compound is able to cross the blood-
brain barrier (Baur and Sinclair 2006). RSV was reported to protect against brain damage
induced by glutamate excitotoxicity, and after brain trauma and ischemia (Baur and
Sinclair 2006;Della-Morte et al. 2009;Ates et al. 2007).

The present results obtained with RSV in dopaminergic cells suggest that RSV and
other small molecular compounds acting via the SIRT1/PGC-1la system may be useful
agents for neuroprotection in PD. However, the potential use of RSV in different brain
disorders will require careful analyzes of the Kkinetics, biological actions, and
pharmacological profiles of the compound in brain tissue.
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PGC-1a transgenic mice are protected against MPTP-induced cell degeneration

On the basis of results revealing an increased levels and activity of PGC-1a after
treatment with RSV, we have also explored the neuroprotective role of PGC-1a in MPTP
mouse model of Parkinson’s Disease, using transgenic mice overexpressing PGC-la
(PGCL1-tg). Therefore, in the present study, we used the well-characterized promoter, Thyl
that targets expression of PGC-1a into brain neurons and allows for the study of neuron-
specific changes after brain injuries (Trapp et al. 2003;Wang et al. 2004;Wootz et al.
2006;Zhu et al. 2007).

Using PGC-1a transgenic mice, we were able to demonstrate that the overexpression
of PGC-1a in dopaminergic neurons partially counteracted cell degeneration induced by
acute MPTP treatments. In PGC-1a transgenic the number of TH-positive neurons in the
SNc declining after MPTP was significantly protected and the decreases in DA and its
metabolic DOPAC observed after MPTP were significantly less in these mice compared to
wild-type ones. Together, this data underscores the importance of PGC-1a signaling in
neuroprotection of dopaminergic neurons, and adds to previous studies on the role of PGC-
1o in models of neuronal excitotoxicity and cell stress (St-Pierre et al. 2006;Lu et al.
2010).

The beneficial effect observed with the PGC-1la transgenic was related to the
overexpression of the PGC-1a in dopaminergic neurons in the SN. However, the detailed
mechanism by which PGC-1a is neuroprotective in vivo remains to be studied, including
the pattern of genes regulated PGC-1a in neurons. We observed that mitochondria isolated
from PGC-1a transgenic mice had an increased respiratory control ratio compared with
organelles from wild-type mice, suggesting an increased overall metabolic capacity.
Whether this is due to increased turnover or dynamics of mitochondria in the PGC-1a
transgenic mice, remains to be studied.

Recently, it was shown that overexpression of PGC-1a in cultured neurons increased
the mitochondrial capacity and protected cells against mitochondrial loss induced by
mutant a-synuclein and huntingtin proteins (Wareski et al. 2009). Previous studies on
PGC-1a expression in rat brain revealed a localization of PGC-lo preferentially in
GABAergic neurons with a weak immunostaining of neurons in the midbrain (Cowell et al.
2009).
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It is reasonable to assume that the endogenous PGC-1a levels in DA neurons are too
low to be protective, but that higher levels of PGC-1la can offer neuroprotection.
Preliminary analyses on mice showed that other neurons than dopaminergic ones were also
Flag-immunopositive in the SN of PGC-1a transgenic mice. It will be important to analyze
the nature of these neurons further, and whether they may somehow contribute to the

neuroprotection observed here.
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Conclusions

Overall, we have shown that the beneficial effect of RSV was dependent on its
effects on PGC-1a, a major regulator of cell metabolism and oxidative stress in cells, and
on mitochondrial antioxidants, SOD2 and Trx2. Therefore, compounds acting, as the RSV,
on PGC-1a may protect cell degeneration in the SN against oxidative stress and may be
useful as neuroprotective agents in Parkinson’s Disease and possible in other neurological

disorders.
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