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ABSTRACT

Parkinson’s disease (PD) is an age-related neurodegenerative disorder, affecting primarily, the
central nervous system. The major hallmark of PD is the death of dopaminergic neurons in the
substantia nigra pars compacta, with consequently decreased levels of dopamine in the
striatum. During aging many cellular processes suffer alterations, such as increased
mitochondrial damage, ROS accumulation and decreased proteostatic mechanisms. Altogether,
these events can ultimately lead to degeneration of neuronal cells and the development of
neurodegenerative diseases.

Peroxisome proliferator-activated receptor y (PPARYy) coactivatorla (PGC-1a) is the most
studied member of the PGC-1 family and can be induced, in a tissue-specific manner, by
physiological cues, such as exercise, fasting and cold exposure. PGC-1al is directly linked to
mitochondrial biogenesis and cell detoxification of reactive oxygen species. Several studies
have shown that PGC-1al expression tends to decrease with aging. Conversely, its activation
prevents dopaminergic neuron loss, in both genetic and toxin-induced cellular models of PD.
PGC-1al does not have predictable DNA- or ligand-binding domains, which poses a challenge
to a direct pharmacological intervention. Thus, being able to target this coactivator through its
stabilization is of utmost importance, in order to help find new approaches against
neurodegeneration.

The aim of this study is to validate in a neuronal cellular system, eleven small-molecules that
were previously identified as PGC-1al stabilizers in brown adipocytes, where this coactivator
was first identified. The validation process comprehended: selection of the cellular model for
compound screening; screening of the small PGC-1al activators on the chosen cellular model,
through dose-dependent cell viability assays and evaluation of mMRNA relative expression levels
of PGC-1al downstream target genes; and, finally the evaluation of the effects of each selected
compound in a cellular model of PD.

We were able to select five of the eleven small-molecules tested as effective modulators of
PGC-1a downstream targets, in @ N2a mouse neuroblastoma cell line. Upon pre-conditioning
of cells with the compounds followed by treatment with 1-methyl-4-phenylpyridinium (MPP™),
some of the selected compounds increased both cellular ATP levels and cellular viability,
restoring control levels. Altogether, the results from the present study revealed that a small
group of the tested compounds demonstrated protective effects against MPP*-treated cells,

possibly by stabilizing PGC-1al.

Keywords: Parkinson’s disease; MPP*; PGC-1al stabilizers; screening.



RESUMO

A doenca de Parkinson (DP) € uma doenca associada ao envelhecimento que afeta,
principalmente o sistema nervoso central. A doenca manifesta-se por diversos sintomas,
nomeadamente distdrbios do sono, depressao, disfuncéo olfatdria e gastrointestinal, assim como
disfuncdo autondmica e cognitiva; e sintomas motores, caracteristicos da doenga, como
tremores, instabilidade postural, desequilibro, bradicinesia e hipocinesia, cujo seu
aparecimento/desenvolvimento ocorre ja numa fase em que cerca de 80% da dopamina no
estriado se encontra depletada e em que ja ocorreu degenerescéncia de cerca de 60% a 70% dos
neurdnios dopaminérgicos, da substantia nigra pars compacta. Uma vez que 0s sintomas
motores sdo caracteristicos desta patologia, o diagnostico da mesma torna-se possivel, através
da observacdo clinica de pelo menos quatro destes sinais motores. Uma das caracteristicas
principais desta doenca é o surgimento de inclusBes proteicas, constituidas maioritariamente
por a-sinucleina, ubiquitina, neurofilamentos e chaperones moleculares. Estas inclusdes sdo
designadas por corpos de Lewy e pensa-se que a agregacdo que leva a sua formacdo esta
associada ao desenvolvimento de espécies intermediarias tdxicas para as células. Como
mecanismo de protecdo, os sistemas de defesa das células promovem a agregacdo destas
espécies intermedidrias, que sdo observaveis em amostras de tecido de cérebros de pacientes
com a DP. Pensa-se que 0 aparecimento dos corpos de Lewy ocorre anos antes da morte dos
neurdnios dopaminérgicos, prevendo-se que o seu surgimento seja anterior ao desenvolvimento
da fase sintomatica da doenca.

O envelhecimento é caracterizado pela alteracdo de processos celulares, tais como aumento de
danos mitocondriais, acumulacdo de espécies reativas de oxigénio e ainda pela regulacao
negativa dos mecanismos de homeostase proteica. Consequentemente, estes eventos podem
levar a degenerescéncia das células neuronais e ao desenvolvimento de doencas
neurodegenerativas.

A familia do co ativador 1 do recetor y ativado por proliferadores de peroxissomas (PGC-1) é
constituida por trés membros fundadores: 0 PGC-1a, o PGC-1 e o co ativador relacionado
com o PGC-1 (PRC). Tanto o PGC-la como o PGC-1B podem apresentar fungdes
complementares ou sobrepostas, essencialmente em tecidos oxidativos, como o cérebro, o
coracdo, o tecido adiposo e o musculo esquelético. Por sua vez 0 PRC € expresso em todos 0s
tecidos.

O PGC-1a é um dos membros mais estudados da familia do PGC-1, sendo induzido de uma

forma especifica para cada tecido, em funcéo de fatores como o exercicio, 0 jejum e a exposi¢do
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ao frio. Esta ainda diretamente envolvido na biogénese mitocondrial e na destoxificacdo de
espécies reativas de oxigénio. Este membro da familia PGC-1 pode ser expresso sob a forma
de diversas isoformas, que podem resultar na substituicdo do promotor do gene usado (proximal
ou distante) e/ou de splicing alternativo, dependendo do estimulo ao qual a célula é sujeita.
Cada isoforma pode apresentar funcdes distintas e ser especifica de determinados tecidos. O
PGC-1al, inicialmente apenas conhecido como PGC-la, foi a primeira isoforma a ser
descoberta e corresponde ao transcrito canonico. Mais ainda, modificacdes pos-traducao, tais
como a fosforilacdo, acetilacdo/deacetilagdo, SUMO-ilagdo e metilacdo, parecem estar
envolvidas na modulacédo da atividade deste co ativador.

Estudos revelaram uma reducdo da expressao do PGC-1al com o envelhecimento. Por outro
lado, a sua ativacdo previne a perda de neurdnios, em modelos celulares da DP. Outros estudos
conseguiram ainda relacionar mutacdes genéticas, associadas ao desenvolvimento da DP, com
a diminuicdo dos niveis de expressdo do PGC-1al. MutacGes no gene da parquina, que levam
a perda da sua funcdo, podem promover a repressao da transcricao deste co ativador através da
acumulacdo da PARIS, um substrato de intera¢cdo com a parquina.

Dado que ndo foram ainda identificados no PGC-1al dominios funcionais de ligacdo ao DNA
nem a ligandos, a sua intervencdo farmacoldgica torna-se um desafio. Assim, a estabilizacdo
deste co ativador podera possibilitar o desenvolvimento de novas abordagens terapéuticas
contra a neurodegenerescéncia.

Através de um estudo realizado pelo Dr. Jorge Ruas e colaboradores, em que procederam a
realizacdo de um high-throughput screening, baseado em modelos celulares, foi identificado
um grupo de compostos quimicos com capacidade de ativar e estabilizar o PGC-1al em culturas
de adipdcitos do tecido adiposo castanho. A capacidade destes compostos para estabilizarem o
PGC-1 foi avaliada através da medicao dos niveis de expressao proteica deste co ativador, assim
como dos niveis de expressao relativos do mRNA dos genes regulados pelo mesmo e ainda pela
medicéo da respiracdo mitocondrial, no mesmo modelo celular.

Desta forma, com base no estudo anterior, 0 objetivo do presente projeto assenta na validacéo,
num sistema celular neuronal, de onze moléculas que foram previamente identificadas como
estabilizadoras do PGC-1al e selecionadas para validagdo no sistema celular aqui descrito. O
processo de validacdo foi decomposto em: selecdo do modelo celular mais adequado; screening
dos compostos, recorrendo a ensaios de viabilidade celular e a avaliagéo dos niveis de expressdo
relativos do mRNA de genes regulados pelo PGC-1al; e a avaliagdo dos efeitos de cada
composto selecionado, num modelo celular da DP. Nesta avaliacdo foram testados novamente

0s niveis de expressdo relativos do mRNA de genes regulados pelo PGC-1al e outros fatores
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como a influéncia destes compostos na viabilidade celular, nos niveis de producdo de ATP e na
producdo de espécies reativas de oxigénio, no modelo celular da doenga. A capacidade protetora
destes compostos, face a um insulto com 1-metil-4-fenilpiridina (MPP+), nestas condic@es foi
também avaliada.

Dos onze compostos, cinco foram selecionados como moduladores efetivos de genes regulados
pelo PGC-lal, numa linha celular de neuroblastoma de ratinho (células N2a). Apds pré-
condicionamento das células com os compostos e tratamento com MPP*, alguns dos compostos
selecionados promoveram o aumento dos niveis de ATP e de viabilidade celular, recuperando
os niveis do controlo. Subsequentemente, alguns destes compostos mostraram ainda uma
tendéncia para aumentar os niveis relativos de mRNA de genes como o da UCP1 (proteina
desacopladora localizada nas mitocondrias, que leva ao desacoplamento de eletrdes da cadeia
transportadora de eletrbes e que, de entre as suas diversas fungdes se encontra envolvida na
producdo de calor, em adipdcitos e na destoxificacdo de espécies reativas de oxigénio). O NRF-
1, associado a respiracdo mitocondrial e o Glut-4, membro dos transportadores de glucose,
correspondem também a outras classes de genes que pareceram aumentar na presenca de alguns
dos compostos selecionados.

Os resultados do presente estudo revelaram ainda que um pequeno grupo dos compostos
testados parecem ter efeitos protetores em células tratadas com MPP*, possivelmente por
promoverem a estabilizacdo do PGC-1al. No caso particular de um dos compostos testados, o
PGC-1lal parece ser ativado pela via do cAMP/p-CREB/CRE, uma das principais vias de
ativacdo deste co ativador. Apesar de 0s outros compostos ndo terem demonstrado alteracdes
nesta via, poderdo estabilizar ou ativar o PGC-1al através de vias alternativas. Uma das
hipbteses é que estes compostos possam promover modificacGes pos-traducao responsaveis por
regular tanto a estabilidade como a fungéo e localizac&o deste co ativador.

Dado que o mecanismo de a¢do destes compostos ndo é conhecido, é de extrema importancia
avaliar a sua capacidade de estabilizar o PGC-1al em diferentes sistemas celulares. Uma vez
que a atividade biologica deste co ativador depende da presenca de fatores de transcrigdo
especificos, a sua estabilizacdo pode ndo ser suficiente para a sua ativacdo nos diferentes
sistemas celulares.

Através dos diversos estudos que envolvem o PGC-1a tem-se vindo, cada vez mais a realcar o
papel preponderante deste co ativador em diversos tecidos, com maior relevancia para 0s
tecidos oxidativos. Desta forma, encontrar compostos capazes de modular e estabilizar este co

ativador, mantendo os seus niveis fisioldgicos nestes tecidos é de extrema relevancia, de forma
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a possibilitar o desenvolvimento de estratégias terapéuticas comuns a patologias de diferentes

origens, em que 0 PGC-1a podera estar envolvido.

Palavras-chave: Doenca de Parkinson; MPP™; estabilizadores do PGC-1al; screening.
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l. INTRODUCTION
1. Parkinson’s Disease

Parkinson’s disease (PD) is the second most prevalent neurodegenerative disorder, after
Alzheimer’s disease, affecting primarily, the central nervous system?. Its age of onset ranges
from 55 to 60 years old with an incidence of 20 patients per 100,000 people worldwide. Since
it is an age-related progressive disease its incidence increases significantly by the age of 70,
affecting 120 patients per 100,000 people worldwide?. PD prevalence is higher in men, since it

is believed that the female hormone oestrogen confers protective effects?.

1.1. Symptomatology of PD

Symptomatically, PD is characterized by the appearance of a diverse array of symptoms, both
non-motor as well as motor symptoms. Non-motor symptoms have extra-striatal effects and
often correspond to gastrointestinal and olfactory disorders, sleep disturbances, autonomic
dysfunction, depression and cognitive impairment®>4. Motor symptoms, can include resting
tremor, rigidity, postural instability, balance impairment, bradykinesia and hypokinesia®* (i.e.
slowness and difficulty in movement and in movement initiation, respectively)®.

In a first stage of the disease some of the non-motor symptoms start to develop. At this stage,
PD is very difficult to diagnose, since these symptoms are also commonly associated with
aging. In a second stage, along with the non-motor symptoms, motor symptoms start to appear.
Since these are characteristic of this pathology, when they are noticed, diagnostic becomes
easier with the clinical observation of, at least four of the fundamental motor signs®. However,
at this point in disease progression, approximately 80% of the putamenal dopamine is depleted
and 60% to 70% of all substantia nigra pars compacta (SNpc) dopaminergic neurons have
already been lost? (Figure 1.1.).

1.2. Etiology and Pathogenesis of PD

Parkinson’s disease can be classified, according to its origin, as sporadic or familial PD.
Sporadic PD, also known as idiopathic, is often developed during aging and/or from prolonged
exposure to some toxic compounds, such as herbicides (e.g. paraquat), pesticides (e.g. rotenone)
and toxic solvents®. These promote damaging alterations in cellular functions, predominantly
at the mitochondrial level”. On the other hand, familial PD arises in general from a genetic

predisposition for the development of this disorder, caused by PD-associated gene mutations®.



The discovery of these mutations helped elucidating the main molecular pathways involved in
the development and progression of PD. However, when combined with environmental factors,
a more complex understanding of the disease emerges, suggesting common signalling pathways
in both forms, although triggered by different factors.

To date, eighteen PD-related genetic loci, termed PARK1-18° have been identified. The most

common mutations are described in Table I.1.

Table I.1. Most common PD-associated gene mutations and mode of inheritance. (Adapted from Winklhofer &
Haass*)

PD Locus Gene Product Mode of Inheritance
PARK1/4 a-Synuclein Autosomal Dominant
PARK?2 Parkin Autosomal Recessive

PARK 5 UCHL1 Autosomal Dominant
PARKG6 PINK1 Autosomal Recessive
PARKY DJ-1 Autosomal Recessive
PARKS LRRK?2 Autosomal Dominant
PARK9 ATP13A2 Autosomal Recessive

As shown in Table I.1., mutations associated with the monogenic familial forms of PD can be
inherited either by an autosomal dominant or autosomal recessive form. Since sporadic and
familial forms of PD share some important clinical, pathological and biochemical
characteristics, the discovery of these monogenic familial forms also helped on the

understanding of the pathology of the sporadic form of the disease *.

The major hallmark of PD is the death of dopaminergic neurons in the SNpc, with consequently
decreased levels of dopamine in the striatum (Figure 1.1.). Along with this phenomenon there
is the emergence of Lewy bodies (Figure 1.1.C), which result from the aggregation of a-
synuclein with other proteins and components, such as ubiquitin, neurofilaments®® and
molecular chaperones!!. This aggregation process initiates with the conversion of the soluble
unstructured monomeric a-synuclein into a partially soluble oligomeric nuclei and a rapid
elongation and gathering into insoluble mature fibrils'?. The accumulation of mature fibrils in
neuronal cells is thought to confer neuroprotection, since it is believed that the true toxic forms
of a-synuclein are the soluble oligomeric intermediates promoting cytotoxicity and leading to

neuronal pathogenesis. In order to protect the cells, defence mechanisms presumably promote



the elongation, forming fibrils which accumulate and can be detected in postmortem PD brain
samples®®!*, The appearance of these proteinaceous inclusions, called Lewy bodies, is thought
to occur years before the death of neurons and therefore, before the symptomatic stage of the
disease starts to develop®®. Mitochondrial dysfunction, oxidative stress, apoptosis, autophagy
and chronic neuroinflammation represent other cellular and molecular pathways, whose

malfunction also contribute to PD progression?®.

A. Normal B. Parkinson’s
Disease

Caudate

Putamen

«——————Nigrostriatal ——>

pathway

Synuclein

Figure 1.1. Brain regions affected in Parkinson's disease. The main affected brain regions in PD are the midbrain,
in particular the substantia nigra pars compacta (SNpc), due to death of dopaminergic neurons and consequently
the basal ganglia where the striatum exhibits decreased levels of dopamine, particularly at the putamenal
subregion. Depicted here is a schematic representation of the normal nigrostriatal pathway (A) and of a degenerated
nigrostriatal pathway (B), as occurs in PD. The photographs demonstrates the normal pigmentation of the SNpc,
produced by neuromelanin (A) that is lost in PD brains (B). Red arrows indicate the nigrostriatal pathway.
Immunohistochemical staining of Lewy bodies (C) reveals immunoreactivity for a-synuclein and ubiquitin

(adapted from Dauer, W. et. al ?).

1.3. Current Therapeutic Strategies in PD

Although there are already some therapeutic approaches that ameliorate and delay some of the
motor features, most of the available therapies are symptomatic and unable to prevent disease
progression. Therefore, it is of critical importance to find new and more effective therapies as
well as possible biomarkers to detect the disease at earlier stages.

Since PD is a disease with a multifactorial etiology affecting multiple pathways and
neurological processes, both at cognitive and motor levels, the actual best approach for

retardation of its progression is based on polypharmacy*®. The most common therapy used is



the administration of Levodopa (L-Dopa), which is a dopamine (DA) precursor enabling the
increase of brain dopamine levels. Although many therapies have been discovered throughout
the years, L-Dopa remains the best available pharmacological approach for clinical
symptomatic relief. This DA precursor has the advantages of being relatively cheap and of
crossing the blood-brain barrier (BBB). Moreover, L-Dopa is very effective in ameliorating
motor symptoms, such as akinesia, bradykinesia, rigidity and partial response to tremor.
However, this therapy is not efficient against non-motor features, such as hallucinations and
cognitive impairment and cannot retard disease progression nor reverse the associated
biochemical alterations. Furthermore, response to L-Dopa medication starts to be affected, after
long-term usage by the patients, resulting in the deterioration of some of the most common
motor functions, such as speech, gait, posture and balance instability, also presenting
fluctuations in the motor features first described to be ameliorated by this therapy.

Therefore, a combined therapy with different drugs targeting other receptors, such as
Monoamine Oxidase B (MAO-B) and Catechol-O-Methyl Transferase (COMT) inhibitors, as
well as dopamine receptor agonists and anticholinergic drugs are often considered.

Dopamine receptor agonists rely on the direct stimulation of the post-synaptic DA receptors, in
the striatum®®. This family of drugs is able to delay the onset of motor features and in some
cases, when in combination with L-Dopa, it is able to reduce by 50% the chance of developing
motor function complications, when compared with L-Dopa monotherapy?°. However, this
therapy also contributes to the occurrence of side effects, namely sleep disturbances, cognitive
problems, confusion and hallucinations, especially in older patients®.

MAO-B and COMT inhibitors increase plasma half-life of DA and its precursor, L-Dopa, by
hampering DA conversion and metabolization of L-Dopa, respectively. Additionally, MAO-B
inhibitors ameliorate motor symptoms and delay the addition of L-Dopa as a therapy, by several
months?.,

Anticholinergic drugs are the cheapest and oldest therapy approaches against parkinsonian
symptoms. These drugs are usually used in combination with L-Dopa, although they are only
effective against mild symptoms of tremors and rigidity®.

Nevertheless, a great number of other pharmacological approaches are being studied, in order
to find the most effective in halting disease progression.

Despite pharmacological therapies, there are also surgical approaches against PD, namely
infusion techniques and deep brain stimulation (DBS). Infusion systems usually work as
continuous administrators of dopaminergic drugs and apomorphine, a strong dopamine receptor

agonist that is usually administered in combination with other antiparkinsonian drugs.
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However, in addition to being extremely expensive it can cause local inflammatory responses
at the subcutaneous administration site?. Conversely, DBS of the subthalamic nucleus was
found to be the most effective approach to control levodopa-sensitive off symptoms, induced
dyskinesias and tremors, being this the safest area of the brain to carry-out the procedure. This
is considered a highly effective therapy for patients who suffer from advanced PD?%. Although
this procedure has no effect in halting disease progression, it appears to increase the patient

quality of social and day-to-day life.

2. Mitochondrial dysfunction in Parkinson’s disease

2.1. Mitochondria in cellular function

Mitochondria are vital organelles that play crucial roles in cellular homeostasis. These include
regulation of calcium release, cell death (through cytochrome-c release) and energy production
(through the mitochondrial respiratory chain and oxidative phosphorylation). A common by-
product of oxidative phosphorylation is the production of reactive oxygen species (ROS). ROS
are part of the normal cellular signalling processes, but can also lead to mitochondrial
dysfunction upon accumulation?*.

Although mitochondria are semiautonomous organelles, they still depend on nuclear gene
expression, which provides the majority of elements necessary for its metabolic systems and
molecular architecture?>26, One such system is a complex structure known as the electron
transport chain (ETC) and the ATP synthase complex (Figure 1.2.). The four complexes (I-1V)
composing the ETC are responsible for catalysing the electron transfer of reducing equivalents,
from high-energy compounds produced in the Krebs cycle into oxygen, through a series of
coupled redox reactions. This electron transfer leads to an electrochemical gradient, or proton-
motive force, through the inner mitochondrial membranes, resulting in ATP synthesis by ATP
synthase (complex V)?’. This force is created through a pH gradient (ApH) and an electrical
potential (Ay), leading to ATP production, as protons re-enter the matrix through complex V2,
This process constitutes the core of mitochondrial respiration and is known by oxidative
phosphorylation (Figure 1.2.).



Outer Membrane

Inner Membrane

Intermembrane
Space

€

Succinate
Dehydrogense Yo,

W /) Succinate X
|
\

a- Ketoglutarate Malate

\ Acetyl-CoA (,/

Glucose

- 500 - CAT

Figure 1.2. Structural composition of mitochondria and the electron transport chain. Mitochondria are composed
of two membranes, an outer and an inner membrane, an intermembrane space separating both membranes and a
matrix where the mitochondria genetic material is present. The electron transport chain (ETC) is embedded in the
inner membrane of the mitochondria and is composed of enzymatic complexes I-1V, responsible for catalysing the
electron transfer of reducing equivalents into oxygen, through a series of coupled redox reactions. The reducing
equivalents, namely NADH and FADH, enter the ETC at complexes | and |1, respectively, and their electrons are
transferred from complex to complex, until they reduce oxygen into water, in complex IV, creating an
electrochemical gradient. This will ultimately result in the synthesis of ATP by ATP synthase (complex V). During
this process a series of different ROS are produced in the mitochondrial matrix and consequently converted by
specific enzymes into water. CoQ as well as Cyt C are the main molecules responsible for the electron transfer
between complexes. CoQ — Co-enzyme Q10; Cyt C — Cytochrome C; O,% - Superoxide anion; SOD — Superoxide

dismutase; CAT — Catalase (adapted from Dorn 11%°).

Mitochondrial respiration can be divided in two types: ATP turnover and basal proton leak.
ATP turnover, or coupled respiration, corresponds to the fraction of mitochondrial respiration
coupled to ATP production (described above) and is sensitive to oligomycin (an ATP synthase
inhibitor). On the contrary, basal proton leak, or uncoupled respiration, is insensitive to
oligomycin. As its name implies, this type of respiration results from the leak of protons through
anion carriers across the mitochondrial inner membrane, uncoupling cellular respiration from
ATP production and thus, generating heat. Although the relevance of this phenomenon is quite
cell type-specific, it is estimated that approximately 20% of mitochondrial respiration, in

mammals, is due to this proton leak®®!. Importantly, there is a family of uncoupling proteins



(UCP) that facilitate proton leak, which is thought to have an important role in the protection
against ROS and in the modulation of the cellular ATP levels®233,

Both, coupled and uncoupled, mitochondrial respiration are so important to cellular function
that metabolic efficiency depends on the balance between ATP turnover and proton leak. Thus,
when total mitochondrial respiration is altered, metabolic efficiency can only be preserved if

the two fractions are affected in a similar way°.

2.2. Mitochondrial dynamics

Mitochondrial function critically depends on their structure and localization that in turn are
dependent on mitochondrial dynamics. Mitochondrial dynamics comprises the processes of
fission and fusion, which play important roles in neurotransmission, synaptic maintenance and
neuronal survival**. Fusion is thought to be essential for normal mitochondrial function as it
plays a protective role, by providing a possibility to mix contents between the different
mitochondria existent in the cell. This process allows protein complementation, mitochondrial
DNA (mtDNA) repair and equal distribution of metabolites®®. On the other hand, fission enables
an equal segregation of these organelles into daughter cells, during cell division and enhances
mitochondrial distribution along cytoskeletal tracks. Moreover, this process allows the
detection of damaged segments of mitochondria, targeting them to the autophagic process,
called mitophagy?®.

Mediating these two processes, there are fusion and fission promoting proteins which mainly
correspond to guanosine-triphosphatases (GTPases) and are part of the dynamin family.
Mitofusin 1 and mitofusin 2 (MFN1 and MFN 2) along with optic atrophy 1 (OPAL) are
responsible for regulating the fusion process®’. While MFN1 and MFN2 are mainly responsible
for promoting fusion of the outer mitochondrial membrane (OMM) by forming homo and
hetero-oligomeric complexes, OPAL mediates the fusion of the inner mitochondrial membrane
(IMM) 38, Dynamin-related protein 1 (DRP1) is a GTPase that is recruited from the cytosol to
the OMM, to promote fission of mitochondria®®. DRP1 interacts with mitochondrial receptors
proteins, such as mitochondrial fission protein 1 (Fis1), mitochondrial fission factor (MFF)*
and mitochondrial dynamics proteins that help on the process of mitochondrial division®.
Hence, mitochondria are dynamic organelles that meet cellular energy demands by responding

to diverse stimuli, from developmental to environmental signals?.



2.3. Mitochondrial dysfunction

During aging many cellular processes suffer alterations, such as morphological changes,
increased mitochondrial damage and ROS accumulation, DNA damage and telomere
shortening. Aging is also associated to decreased cellular turnover and impaired proteostatic
mechanisms which consequently lead to endoplasmic reticulum (ER) stress and increased
amount of misfolded proteins. This in turn, leads to accumulation of protein aggregates both in
the cytosol and in the lysosomal system*2. Altogether, these events can result in oxidative
damage to the mtDNA as well as proteins and lipids, consequently disturbing the redox
signalling pathways?. In the brain, these events can ultimately lead to degeneration of neuronal
cells and the development of neurodegenerative diseases.

Due to absence of histones and less efficient repairing mechanisms than nuclear DNA, mtDNA
is more vulnerable to the occurrence of mutations*. Furthermore, accumulation of ROS
produced from oxidative phosphorylation is thought to induce mtDNA damage. The high copy
number of mitochondrial DNA confers a protective effect and leads to genetic redundancy,
allowing point-mutations or largescale deletions to co-exist with wild-type DNA, without
negatively affecting the normal cellular function*3#445, This process is known as heteroplasmy.
However, clonal expansion and accumulation of somatic mtDNA mutations, associated with
the aging process, can occur in several tissues, namely the brain, contributing to
neurodegeneration?346:47,

Since several of the respiratory chain subunits are encoded by mtDNA, oxidative damage may
negatively affect the ETC and, therefore, lead to a vicious circle of oxidative stress and
bioenergetic failure, where each oxidative event compromises other cellular pathways that
should be protecting the normal cellular function.

The superoxide anion (02%) is the first ROS to be produced in the mitochondrial matrix, during
oxidative phosphorylation, due to electron transfer from complexes | and Ill. This anion is
rapidly converted to hydrogen peroxide (H202) in a reaction catalysed by manganese
dependent-superoxide dismutase (MnSOD). Furthermore, in the presence of metal ions, namely
Fe?*, H,02 can also be converted into a highly reactive hydroxyl radical (HO-), through a
chemical reaction known as Fenton reaction®.

Moreover, mitochondrial dysfunction is not only characterized by the accumulation of ROS,
but also by a consequent decrease in the ETC complex | enzyme activity, cytochrome-c release

due to caspase-3 activation and formation of micropores in the mitochondrial membranes and,



ultimately to ATP depletion®*. These reactive species not only lead to cellular damage but also
activate cell death signalling pathways*.

2.3.1. Mitochondrial dysfunction in Parkinson’s Disease

Post-mitotic nerve cells, such as neurons, showed to be more susceptible to cumulative
oxidative damage than proliferating tissues*®. Additionally, nigral dopaminergic neurons are
more vulnerable than other populations of neurons, exhibiting a higher basal rate of oxidative
phosphorylation, increased levels of basal oxidative stress as well as higher density of axonal
mitochondria and a more complex axonal arborization®!, Dopamine oxidative metabolism,
by monoamine oxidases, is thought to be one of the reasons for these differences between brain
areas®?.

Furthermore, the iron content in the SNpc DA neurons was also shown to be higher, which may
be due to the increased release from ferritin, caused by O,?" and/or from iron-sulfur proteins by
peroxynitrite (ONOO") formation®2. Additionally, the accumulation of H.O, through the Fenton
reaction in conjugation with the cytosolic monoamine oxidases and tyrosine hydroxylase (TH)
activities leads to an amplification of the oxidative damage effect, resulting in defective
detoxifying mechanisms, such as MnSOD and the glutathione system®*. Additionally, both
mechanisms were shown to be altered in PD patients. Furthermore, iron-mediated oxidative
stress may promote the formation of partially folded a-synuclein intermediates, that are
susceptible to aggregation®3,

Beyond the general markers of oxidative stress, such as high levels of oxidatively modified
lipids, proteins and DNA that were all found in the SNpc of PD patients®*>>%®, respiratory
complex | deficit appears to have some specificity related to the development of PD*°. This
impairment has been observed not only in the SNpc of PD patients, but also in peripheral cells,
like fibroblasts®, platelets and skeletal muscle®®, all of which were thought not to be affected
in this pathology. Thus, these findings suggest a systemic ETC impairment®%6?,

Regarding complex | impairment and its specificity to PD pathology, in the 1970s, in the United
States of America, young drug addicts started to develop a progressive and irreversible form of
parkinsonism, after self-administering an illicit drug, intravenously?*. Later, it was found that
during the synthesis of a meperidine analogue a neurotoxic by-product had accidentally been
generated. This by-product is known today as 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP)®283, Furthermore, one of these young adults also presented degeneration of the SNpc,
without clearly exhibiting the presence of Lewy bodies. Confirmation of this discovery was

obtained after other patients exhibit similar patterns upon MPTP self-administration®.
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Interestingly, both the short-term effectiveness and the long-term adverse effects of L-Dopa
therapy in MPTP-treated patients and non-human primates were comparable to those in patients
suffering from sporadic PD. With this knowledge it was possible to establish a MPTP monkey
model for neuropathological, neurophysiological and preclinical therapeutic studies and later a
similar model in mice?.

MPTP is extremely lipophilic and is able to cross the BBB®. This neurotoxin binds mainly to
astrocyte lysosomes®® and is metabolized by monoamine oxidase B to the active toxic
metabolite, 1-methyl-4-phenylpyridinium (MPP*), which is not able to cross the BBB®2. MPP*
is then released to the extracellular space and rescued by dopaminergic neurons through the
dopamine transporter (DAT)®768% |ts affinity to the DAT leads to its accumulation in neurons.
Once inside the neurons, MPP* can pursue, at least three different pathways: it can either bind
to the vesicular monoamine transporter 2 (VMAT2) and translocate to the synaptosomal
vesicles, in a process that appears to be protective to cells, since this avoids its toxic action in
the mitochondria’. MPP* can also remain in the cytosol and interact with cytosolic enzymes,
especially the ones carrying negative charges’® or, finally it can enter mitochondria through a
process that involves an alteration in mitochondrial transmembrane potential 2.

By entering mitochondria, MPP* will inhibit complex I of the respiratory chain™ 2’4, From this
step forward, a series of cascade events will ultimately lead to neurodegeneration and cell death.
This cascade includes decreasing ATP production and increasing ROS formation’, inhibiting
mitochondrial complexes 111 and I\V'®, decreasing mitochondrial genes expression’’, affecting
mitochondrial proteins, namely chaperones, metabolic enzymes, inner and outer membrane
mitochondrial proteins®, dopamine signalling, impairing the ubiquitin-proteasome system
(UPS), calcium signalling, oxidative stress response and ultimately leading to cell death’.
Altogether, these events will lead to the manifestation of the symptoms associated with PD,
which are displayed in human patients and animal models?*.

As a consequence of oxidative phosphorylation inhibition, neurons start to rely on glycolysis
for ATP production®2. Curiously, it has been found that regulating the levels of cellular ATP
via glycolysis attenuates MPP*-induced toxicity and conversely, depriving cells from glucose
exacerbates the toxic effect®®®, However, previous studies in neuroblastoma cells and in rat
brain showed that at MPP* concentrations below 1 mM, its toxicity depends on glucose
depletion, whereas at MPP* concentrations ranging from 1 to 10 mM, cells experience a
metabolic collapse, switching from oxidative phosphorylation to glycolysis, consequently
leading to cell death®283, This suggests a biphasic mechanism involved in MPP* toxicity, where:

at low concentrations depends on a DAT-mediated mechanism selective for DA neurons; and
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at higher concentrations, an oxidative mechanism is triggered®®. This metabolic shift in
combination with the series of cellular events that occur in MPP*/MPTP models and in PD

patients, leads to the prospect of Parkinson’s disease as a metabolic syndrome-like disorder®.
2.3.2. Genetic contribution for mitochondrial dysfunction in PD

Upon discovery of the different monogenic forms of PD, several studies have revealed an
interplay between the affected loci. A great relevance has been given to the ones inherited by
an autosomal recessive mechanism, such as Parkin (PARK2), PINK-1 (PARKG6) and DJ-1
(PARKTY). Interestingly, these loci share mitochondrial-associated functions, namely in the
maintenance of mitochondrial integrity®88,

The parkin gene encodes an E3 ubiquitin ligase. Mutations in this locus have been demonstrated
to lead to alterations in protein solubility, leading to its aggregation and reduced ubiquitin-ligase
activity?®.

Phosphatase and tensin homolog (PTEN)-induced putative kinase 1 (PINK1) gene encodes a
serine/threonine kinase, localized in the mitochondria. It can be found either in the inner and
outer membranes or in the intermembrane space®?*. In addition, PINK1 plays a key role in the
maintenance of mitochondrial homeostasis and is known to phosphorylate the 75 kDa heat
shock protein, which is a mitochondrial molecular chaperone that confers protection against
oxidative stress®®,

As for DJ-1, it is known to encode a small protein, highly conserved amongst prokaryotes and
eukaryotes. Although no specific function has been found for this protein?, it is known to have
a predominantly cytosolic localization, but can also be found in the nucleus and mitochondria®.
It was also found that DJ-1 translocates to the matrix and intermembrane space of mitochondria
after an increase in oxidative stress, impairing its degradation?*. Additionally, overexpression
of DJ-1 demonstrated to be protective against oxidative stress-induced damage, in neurons,
while its deficiency led to more susceptible cells, under oxidative damage*8%.

Once large deletions, in these three genes, have been found in patients with autosomal recessive
parkinsonism, understanding their functions and interplay, under physiological and stress-
induced conditions is of utmost importance, in order to pin-point them as therapeutic targets for
the treatment of PD®.

Each of these three genes have shown cytoprotective properties when overexpressed. PINK1
overexpression in human neuroblastoma cells, for example, stabilizes mitochondrial respiration

networks, by regulating mitochondrial membrane potential and suppressing autophagy®:.
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Regarding DJ-1, although it was initially identified as an oncogene, it has also shown
neuroprotective effects under oxidative stress®2. Finally, by overexpressing parkin, cells became
more protected from ER and mitochondrial stress®3. Accordingly, loss of parkin expression led
to an increase in cellular vulnerability to stress and to mitochondrial impairments, in the
striatum of parkin-null drosophila®®.

Undoubtedly, PINK1, DJ-1, and parkin play an important role in protecting cells against
oxidative stress. Moreover, under physiological conditions, PINK1 and parkin promote the
fission process in mitochondria, while inhibiting fusion®. Impairment or loss of either proteins
lead to altered mitochondria morphology and DRP1-dependent fragmentation, changes in
mitochondrial membrane potential and ultimately, to a decrease in ATP production®®®’.
Additionally, loss of DJ-1 promotes increased mitochondria fragmentation and autophagy,
which can be reverted by PINK1 and parkin®. DJ-1 was also demonstrated to be involved in
the degradation of misfolded proteins®.

Although, parkin is thought to have an important role in mitochondrial biogenesis in
combination with PINK1, accumulation of its substrates may contribute to dopaminergic
neurodegeneration'®1%, Parkin is responsible for regulating the levels of its interacting
substrate, PARIS, via the UPS. PARIS was shown to accumulate in PD brains of patients and
of models of inactive parkin®* %2, Peroxisome proliferator-activated receptor y (PPARY)
coactivator-1lo (PGC-1a) expression is regulated by PARIS through transcriptional repression.
Therefore, although parkin and PGC-la have shown to be protective against
neurodegeneration, the parkin-PARIS-PGC-1a pathway may contribute to degeneration of
DAnergic neurons, in PD, due to parkin loss of function. This leads to PARIS accumulation
and repression of PGC-1a transcription, consequently causing alterations in mitochondria

function and behaviour, under oxidative stress conditions (Figure 1.3.)1%2.
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Figure 1.3. Interplay between Parkin, PINK1 and PARIS and its influence in the maintenance of cellular integrity.
On the left panel (A) it is depicted the events occurring under homeostatic conditions, where parkin is responsible
for PINK1 normal function and for targeting PARIS to degradation by the UPS. Under physiological conditions,
ubiquitination of PARIS allows PGC-1a expression, leading to mitochondrial biogenesis. On the right panel (B)
it is represented the cellular events that occur upon parkin and PINK1 loss of function, where maintenance of
mitochondria normal function is impaired. Parkin altered function also leads to accumulation of PARIS, direct
repression of PGC-1a and consequent accumulation of damaged mitochondria, neurodegeneration and the
development of Parkinson’s disease (adapted from Chhangani & Mishra'%).

2.4. Mitochondria and the ubiquitin proteasome system in Parkinson’s disease

pathogenesis

The UPS is responsible for the selective degradation of short-lived intracellular and plasma
membrane proteins. In addition, it also plays an important role in the degradation of misfolded
and damaged proteins,

Ubiquitin (Ub) conjugation involves the covalent attachment of one (monoubiquitination) or
more ubiquitin molecules (polyubiquitination) to substrate proteins®. This link is formed
between the C-terminal glycine residue of Ub and lysine residues of the substrate and depends
on the successive action of the ubiquitin-activating enzyme (E1), the ubiquitin conjugating
enzymes (E2) and the ubiquitin protein ligases (E3)%41%,

The UPS is characterized by a multi-step catalytic process, that initiates with E1 enzyme
activating Ub, in an ATP-dependent reaction. Subsequently, one of the E2 enzymes transfers
the activated Ub from E1 to the substrate, catalysing the covalent attachment of Ub to
a lysine residue in the substrate proteins, acting in concert with E3 enzymes, to determine the

recognition of specific substrates 1196197 The consecutive addition of activated Ub moieties
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to internal lysine residues on the previously conjugated Ub molecule leads to the formation of
a polyubiquitin chain that in a final step, will allow 26S proteasome to catalyse the degradation
of the polyubiquitylated protein (more than four Ub molecules attached), releasing the ubiquitin
for further reuse’®,

The UPS together with autophagy represent the two major mechanisms in the proteostasis
control system, although autophagy enables cellular component degradation through a
lysosomal dependent machinery.

This system largely contributes to the maintenance of mitochondrial homeostasis, by regulating
the proteome and the process of mitophagy, where mitochondria renew themselvesi®.
However, UPS dysfunction resulting in the accumulation of damaged and misfolded proteins
is thought to participate in the death of dopaminergic neurons and eventually, in the

development of Parkinson’s disease (Figure 1.4.)°,
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Figure 1.4. Schematic representation of some of the cellular events that lead to mitochondrial dysfunction and
Parkinson's disease development. Mitochondrial dysfunction is a key phenomenon involved in the pathogenesis
of Parkinson’s disease. PD-associated mutations, the process of aging and even environmental factors are the major
responsible events for altered function of mitochondria. Increasing oxidative stress as well as impaired calcium
homeostasis and impaired mitochondria dynamics, can either be responsible for or triggered by mitochondrial
dysfunction. Examples of downstream events are the increase in the free radicals’ content, a-synuclein
aggregation, ATP decreased levels and UPS decreased function. Some of these events can, again, contribute to the
dampening of mitochondrial function, leading to a vicious circle of events. All of these events will ultimately lead
to dopaminergic neuronal death, contributing to PD pathology (adapted from Moon & Paek?*).

3. PGC-1a — Roles in Cellular Function

The PGC-1 family of transcriptional coactivators have a variety of biological functions that
tends to be tissue-specific. Almost all forms of the coactivator are strong regulators of cellular
bioenergetics, through the regulation of genes involved in mitochondrial biogenesis and
oxidative metabolism*!t, Furthermore, it is thought that this coactivator is able to modulate
cellular and mitochondrial metabolism via mitochondrial biogenesis and organelle remodelling,
through alteration of the intrinsic properties of mitochondria®?.

The PGC-1 family has three founding members encoded by distinct genes: PGC-1a, PGC-1

and PGC related coactivator (PRC). PGC-1 proteins possess no known intrinsic enzymatic
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activities and their main function relies on interacting with different transcription factors and
other coactivators, participating in different biological functions!*. While PRC is ubiquitously
expressed, PGC-1a and PGC-1p can present overlapping functions and are mainly expressed
in oxidative tissues, including the brain, heart, kidney, muscle, liver, brown adipose tissue
(BAT) and pancreas!'?13,

PGC-1a was the first member of the family to be identified in BAT cDNA library and shown
to be a cold-inducible coactivator involved in adaptive thermogenesis'!*. BAT uses glucose and
fatty acids in thermogenic futile cycles that help regulate body temperature'*®. Furthermore,
PPARy was discovered to have a specific role in BAT, while was being upregulated by a novel
protein, upon exposure to cold*'4. This coactivator was named PGC-1a and it revealed high
expression levels in BAT, under the same conditions. Moreover, its overexpression, in cultured
muscle cells, induced UCP1 and a number of enzymes involved in oxidative
phosphorylation,

The PGC-1a gene is expressed as several splicing isoforms with distinct functions. They result
from alternation in the gene promoter used (proximal or alternative) and/or alternative splicing,
depending on the stimulus that is given to the cell*'®. The combination of these two events
generates PGC-1o-a, b and ¢*'’, NT-PGC-1a a, b and c!8119120 gnd PGC-1al, 2, 3 and 412, Of
note, PGC-la-a is PGC-1al (previously PGC-1a, the original, canonical transcript), and NT-
PGC-1lob is PGC-1a4. PGC-1al activation is modulated by post-translational modifications
(PTMs) which include phosphorylation'??, deacetylation'?, small ubiquitin-like modifier
(SUMO)-ylation!?* and methylation?®. While deacetylation is responsible for activating PGC-
la transcription, acetylation, methylation and SUMOylation are responsible for the opposite
effect. Phosphorylation, can induce or inhibit PGC-1al activity, depending on the kinase
involved. PTMs allow specific targeting of genes, by PGC-1a1!!, as well as regulation of
protein properties, such as stability, structure, function and localization'?®. Depending on the
external signal different PTM patterns are induced leading to different cellular functions in a
nuclear receptor (NR)-mediated manner*?”128, These functions are directly related to regulation
of cellular processes, including metabolism and differentiation'?®. PGC-1a1 is mostly induced
by physiological cues like exercise, fasting and cold!® and it is directly linked to cell

detoxification of ROS and mitochondrial biogenesis®*!31132 (Figure 1.5.).

16



Insulin Cytokines Exercise Cold Glucagon

Akt p38MAPK Ca?* p3-AR GLGN-R
CnA v T T l CaMKIV PKA
e : , i
Cerz o Croo 0 | Cam D CL

C_Fox01 D C_ATR2 CREB ) [ PGC-1ct
MEF2 msz”—nmm CRE il &
1464 site 1447 133 116

sse L)  LJ.348
80 -354

Figure 1.5. Regulation of PGC-1a gene expression by different stimuli. Modulation of PGC-1a transcription
involves distinct molecular pathways, that usually depend on the stimulus given to the cell and on the tissue
context. Cold in adipocytes and fasting in liver cells, although through different types of stimulation, lead to
activation of Protein Kinase A (PKA) that consequently induce phosphorylation of cAMP response element
binding protein (CREB) that will bind to cAMP response element (CRE) on the PGC-1a gene promoter and induce
its expression. Other stimuli, such as inflammation, oxidative stress and insulin levels are capable of promoting
PGC-1a expression, not only through CRE, but also through Insulin Receptor Substrate 1 (IRS1) site and Myocyte
Enhancer 2 (MEF2) site. Different stimuli can induce similar pathways, such as p38 mitogen-activated protein
kinase (p38MAPK) that is induced by both inflammation response and exercise. Protein kinase B (Akt) pathway
is thought to be activated through insulin, while Ca?* signalling is believed to be induced by exercise. p3-AR — B3
Adrenergic Receptor; GLGN-R — Glucagon Receptor; CaMIV - Calcium/calmodulin-dependent protein kinase
type IV; CnA — Calcineurin A; FoxO1 - Forkhead box protein O1; ATF2 — Activating transcription factor 2

(adapted from Fernandez-marcos & Auwerx'%).

Furthermore, studies revealed that activation of PGC-1al allows the induction of other UCPs,
in muscle cells, such as UCP2 and other different transcription factors, such as nuclear
respiratory factors (NRFs), namely NRF-1 and NRF-2, peroxisome proliferator-activated
receptors (PPAR «, p and d) and oestrogen related receptors (ERRS), depending on the external
stimulus'®®. ERRa, together with the above described NRFs, are responsible for regulating the
expression of other nuclear-encoded mitochondrial genes, like cytochrome ¢ (Cyt C),
components of complexes 1-V, and mitochondrial transcription factor A (Tfam)**°.

Since PGC-1a is not known to bind DNA or have ligand-binding domains, designing direct
pharmacological intervention has remained a challenge. Thus, new strategies must be
developed in order to induce this coactivator activity, either through gene transcriptional

regulation, PTM or modulation of protein-protein interactions of binding partners*?.
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3.1. Role of PGC-1al in the pathogenesis of Parkinson’s disease

Overexpression of PGC-1al in animal models of PD has generated some positive results, since
it decreases ROS, which significantly contribute to the pathogenesis of this neurodegenerative
disorder®34, Several studies have shown that PGC-1a1 expression is reduced with age. Although
the precise mechanism behind the progressive loss of PGC-1al expression isn’t known, it has
been speculated that it could be related to the decrease in the expression levels of sirtuin 1
(SIRT1)®®, which is responsible for PGC-1al deacetylation'®. This mechanism seems

136 In line with this,

plausible since PGC-1la feeds forward on its own gene expression
administration of resveratrol decreases PGC-1al acetylation, leading to its activation and an
increase in the expression of its downstream genes'®’. Activation of p53 through the telomere
shortening process would also suppress transcription of this coactivator by binding to its
promoter'®, In addition, the presence of single nucleotide polymorphisms (SNPs) in the gene
encoding PGC-la (PPARGC1A) is associated with the development of several human
diseases!??,

PGC-1a activation promotes expression of nuclear-encoded subunits of the mitochondrial
respiratory chain, preventing dopaminergic neuron loss, in both genetic and toxin-induced
cellular models of PD**, Activation of PPARy through its agonist, pioglitazone has also
demonstrated positive results in animal models of PD, with acute administration of MPTP.
Namely, pioglitazone administration blocked dopaminergic neurodegeneration and reduced
astrocyte and microglia activation. However, it was not able to reduce loss of TH-positive
fibres, in the striatum and to avoid the decrease in dopamine levels'®.

Ppargcla-null mice (whole body knockouts) exhibit increased sensitivity to oxidative agents,
in the hippocampus and SNpc'®. The same mouse model presented a decrease in neurite
outgrowth, in the striatum, when compared to wild-type (wt) animals. This model also exhibited
spongiform lesions, predominantly in the striatum, but also in the motor cortex, SNpc and
hippocampus!*!. These data show that PGC-1al not only plays a significant role in regulating
mitochondrial function but can also be important in regulating neuronal growth and function.

Although, the comprise in neuronal growth could be caused by a deficit in energy production.

Figure 1.6. depicts some of the ways by which PGC-1al has been reported to be involved in
neurodegeneration. Stimulation of PGC-1al expression triggers a series of neuroprotective
events, such as increased mitochondrial biogenesis and levels of ROS scavengers (e.g. SOD

and catalase). This decreases ROS levels and reduces dopaminergic neuronal death. However,
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when PGC-1al expression is impaired, cells become more susceptible to neurotoxins, such as
MPTP/MPP™. In addition, PD-associated mutations, can potentially lead to alterations in
mitochondria function and to an increase in the levels of ROS. MPTP/MPP?, by inhibiting
mitochondrial complex I, will dampen oxidative phosphorylation, causing a decrease in ATP
levels. These events, in combination with decreased PGC-1al levels, will also lead to decreased
levels of its downstream targets, namely NRFs and Tfam, which are responsible for the
regulation of the expression of mitochondrial genes, affecting mitochondrial biogenesis and cell
survival.

Being able to increase PGC-1al levels and/or activity through its modulation or stabilization
could help find new approaches against neurodegeneration.
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Figure 1.6. PGC-1al modulation and its role in Parkinson's disease pathogenesis. This figure elucidates the role
of PGC-1al in preventing neurodegeneration. This coactivator promotes mitochondrial biogenesis and induces
the expression of ROS detoxifying agents and defence mechanisms, such as superoxide dismutase (SOD), catalase
(CAT) and glutathione peroxidase (GPx). In this way, PGC-1al affect a series of pathways that are altered in
neurodegeneration. PGC-1al can be induced through several different pathways depending on the stimulus. This
induction can occur via CAMP/CREB/CRE, through its deacetylation by SIRT1, phosphorylation by AMPK or via
PPAR agonists, such as pioglitazone. Parkin interacting substrate, PARIS is thought to also play an important role
in the repression of PGC-1al. Alterations in one of these pathways can be sufficient for the development of
neurodegeneration and, in addition, can also be part of a solution for stopping neuronal death (adapted from Lv, J.

et al.14?),
4. Cellular Models of Parkinson’s Disease

Because PD is a very complex disorder with many features and unknown causes, it becomes
difficult to develop a model where most features are displayed, particularly for the sporadic
form. Throughout the years, different cellular models of PD have been engineered that allow to
explore several molecular and biochemical features associated to this complex pathology, rather
quickly and reliably**. In the case of neuronal cell lines, they can be differentiated into different
types of neurons, such as dopaminergic or cholinergic43144,

Currently, two of the most studied features of PD in cellular models are the formation of the a-
synuclein aggregates and the neuronal death to recapitulate, to some extent, the loss of
dopaminergic neurons in the SNpc4,

Among the several immortalized neuronal cell lines that are commercially available, the most
commonly used to study PD are the human neuroblastoma SH-SY5Y cell line and the rat

pheochromocytoma PC12 cell ling!43:145:146.147
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Another common cell line is the N2a murine neuroblastoma®?. These cells display neuronal
morphology and exhibit a higher sensitization upon treatment with MPP*, when compared to
other cell lines, namely SH-SY5Y and PC12 cells, under glucose and cell density controlled
conditions®. Additionally, this cell line possesses high content of TH and also low levels of
some neurotransmitters, namely dopamine, norepinephrine and serotonin, as well as low levels
of MAO8, Therefore, N2a cells have been extensively used in a wide variety of studies, from
toxicological to in vitro models of neurodegenerative disorders, such as Alzheimer’s disease*’,
Huntington’s disease and PD 8%,

However, these cell lines are often tumour-derived and therefore, they have the capacity of
dividing virtually indefinitely, unlike neurons that are post-mitotic cells. Thus, these cells
possess the disadvantage of carrying important physiological differences, depending on the cell
type from which they derive'#. Furthermore, the fact that they derive from tumorigenic cells
could contribute for a resistance to the stimulus administered, unlike what happens in primary
cultures.

Primary cell cultures could present an advantage to cell lines, and to better recapitulate the
features of neuronal cells in vivo, since they are directly isolated from human or rodent tissues.
However, the availability of fresh tissue for primary cell isolation is limited, the variability
between donors is high and the process of separating the different cell types can be challenging
and slow (compromising cell viability). Additionally, primary culture conditions can be more
demanding and need to be more controlled, than immortalized cell lines, particularly in the case
of primary neurons®#,

When deciding on the appropriate disease model, there are other aspects that must be
considered, including using a stimulus that is suitable for the cells to exhibit the feature of

interest for the study.

5. Cell-based High-throughput screenings

High-throughput screening (HTS) refers to the process where a large number of entities (e.g.
chemical compounds, genetic manipulations) are tested to identify desired biological activities.
Potential hits/candidates are then further validated in several distinct biological or
pharmacological experiments™®. It started as a system carried-out by many of the industrial
biotechnology companies to try to reduce costs in drug development!®2. Furthermore,

compound libraries were also increasing in the pharmaceutical industry and lack of structural
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information was preventing their potential use as drugs'®3. This highly efficient approach was
adapted to cell-based assays, which allow for a variety of screenings®2.

Biochemical and cell-based assays comprehend two types of assays that can be developed in
HTS. While biochemical assays are direct and usually target-specific, conferring less variability
due to the homogeneous nature of the reactions, cell-based assays are often carried out to
identify modulators of a specific pathway and its effects in the regulatory networks and control
mechanisms, within the cell environment®?,

Developing the most profitable screening strategy involves the balance between the
maintenance of the appropriate biological structure and viability, where reagent availability and
its adaptation to process automation needs to be considered™?.

In the case of cell-based assays, choosing the appropriate biological system, the assay approach,
whether the readout will be uniform or high-content, considering the follow-up experiments
and determining the strategies to interpret the output data are all very important aspects to the
development of the screening. Each choice and consideration will influence the readout output.
Additionally, cell-based assays also require other optimization steps, such as cell density, cell
reagents, determination of optimal concentrations of modulators, determination of incubation
periods with the screened compounds and, ultimately the sensitivity of the cell system to the
compound solvent, namely dimethyl sulfoxide (DMSO)*L, Finally, after positive hit validations
of compounds, cytotoxicity experiments, such as half maximal inhibitory concentration (I1Csg)
determinations are usually carried out, as follow up experiments and secondary assays. These
give more precise information about the compounds in the tested biological system and help to
isolate the more promising compounds®>*.

After careful consideration of all the former described aspects, the actual screening can be
finally conducted. HTS comprehend several steps from target identification to reagent
preparation, compound management, assay development and screening of the selected
library®®,

Screenings can be divided into different categories depending on the number of compounds that
are being analysed. Low-throughput screenings usually involve 1 to 500 samples tested per day,
medium-throughput screenings include a range between 500 and 10 000, while high-throughput
screenings involve 10 000 to 100 000 samples and ultra-high-throughput screenings comprise
a number of samples tested per day, higher than 100 000*%°.

Miniaturization techniques associated to the modern lead discovery via HTS, allowed the
evaluation of a greater number of compounds in less time and less associated read-outs,

resorting to a much smaller amount of biological material as well as the chemical to be tested.
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The optimization of this process in order to reach a successful HTS lays on the ‘magic triangle’,
where time, cost and quality represent the fundamental principles of performance
management'®’ (Figure 1.7.).

Therefore, HTS provide a highly efficient approach to drug discovery, from already existing
compounds gathered in enormous compound decks. These can be analysed by in silico
strategies, creating several sub libraries, based on the in silico predicted activities (enzymatic
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activity, such as kinases®® or transferases'®® and receptor-ligand binding properties)*®’.

Figure 1.7. Magic Triangle in HTS performance management. The optimization process towards a successful HTS
lays on time and cost saving methodologies, where the time spent in each well, the number of wells that are
analysed per day, within the project time, along with the type of reagents, instruments used and qualified personnel
needs to be considered. Quality is also a fundamental principle that needs to be considered, since by reducing time
and costs hit validations must be obtained, avoiding false negatives and false positives (adapted from Mayr &

Bojanict®?).

Transcriptional coactivators have been attracting attention (over transcription factors) as potent
regulatory nodes for physiological stimuli'®®. Modulating PGC-1a1 by inducing specific PTM
might allow its stabilization and thus the activation of target gene networks, involved in specific
pathways. Therefore, identifying compounds that can modulate PGC-1al and increase this
coactivator’s activity could present great benefits for several diseases. In one such effort, an
HTS was developed to identify small molecules capable of inducing PGC-1a gene expression
in cultured myotubes. This led to the identification of microtubule and protein synthesis
inhibitors as modulators of this coactivator and mitochondrial biogenesis*6®.

In addition, another study has resorted to HTS assays to identify possible inhibitors of ERRa
and/or of the PGC/ERR pathway, since uncontrolled overexpression of this nuclear receptor is

present in cancer cells and is involved in cancer progression®?.
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6. Main Goals

A study conducted by Dr. Jorge Ruas and colleagues identified a group of small molecules,
from a cell-based HTS, that can activate and stabilize PGC-1al, in cultured brown
adipocytes!®®, Compound activity was verified by measuring PGC-1al protein accumulation,
target gene expression and uncoupled mitochondrial respiration, in the same cellular model.
The main goal of the present project is to explore the biological activity of a group of eleven
chemical compounds, selected from the previous screening, on PGC-1al in a neuronal cellular
system, under physiological conditions and a neurodegenerative disease model. Screening the
ability of these chemical compounds to stabilize PGC-1al in a neuronal system is of great
importance, since this coactivator does not possess any known enzymatic activity to be targeted.
In proving that this modulation might present neuroprotective effects, a new therapeutic
approach can be formulated against neurodegenerative diseases, such as Parkinson’s disease.
The first step to accomplish this project’s goal was to select an adequate neuronal cell line to
be used as a cellular model of PD and conduct the following validation steps. Having performed
this, the following stage was to select the concentration of each compound, considering its
toxicity to cells. Following this step, the compounds’ biological effects were evaluated, namely
cell viability, ATP levels and ROS production as well as their ability to stabilize PGC-1al by

inducing its downstream targets and its associated protein expression levels.
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Il. MATERIALS AND METHODS

1. Reagents

1-methyl-4-phenylpyridinium (MPP+) iodide, Bovine Serum Albumin (BSA) (fraction V),
Triton X-100, Ammonium Persulfate (APS) and Methylthiazolyldiphenyl-tetrazolium bromide
(MTT) were purchased from Sigma Aldrich (St Louis, MO, USA); MG132 was secured from
Enzo Life Sciences (Farmingdale, NY, USA); Minimum essential medium (MEM), Dulbecco’s
Modified Eagle Medium High Glucose (DMEM), Reduced Serum Medium (Opti-MEM® ),
Ham’s F-12 medium, fetal bovine serum (FBS), Penicillin/Streptomycin, L-glutamine and
TripLE Express were obtained from GIBCO® (Life Technologies, Inc., Grand Islands, USA);
phosphate buffered saline (PBS) was obtained from Corning® (Manassas, VA, USA); TRIzol
reagent and Lipofectamine™ 3000 were secured from Invitrogen™ Life Technologies
(Carlsbad, Ca, USA); Recombinase DNase | enzyme was acquired from Merck (Kenilworth,
NJ, USA); Random hexamers mix for reverse transcribed complementary DNA (cDNA),
dNTPs NZY mix and NZY First-Strand cDNA Synthesis Kit were purchased from NZYTech
Lda. (Lisbon, Portugal); SensiFAST™ SYBR® Hi-ROX kit was acquired from Bioline
(London, UK); Complete Mini protease inhibitors cocktail was secured from Roche
Diagnostics (Penzberg, Germany); BSA 2 mg/mL ampules were purchased from ThermoFisher
Scientific (Waltham, MA, USA); ECL Western blotting HRP substrate was secured from
Advansta (San Jose, CA, USA); SuperSignal® West Femto Maximum Sensitivity was acquired
from Thermo Scientific (Rockford, USA); Bio-Rad’s Protein Assay Reagent, mouse and rabbit
IgG and pre-stained protein ladder molecular weight marker were purchased from Bio-Rad
Laboratories (Hercules, CA, USA); Polyvinylidene difluoride (PVDF) membrane was obtained
from Millipore (Burlington, MA, USA) and from ThermoFisher Scientific (Waltham, MA,
USA). Tris, glycine, methanol, absolute ethanol, acetic acid and isopropanol reagents were
purchased from VWR (Radnor, PA, USA); Sodium Chloride and Potassium Chloride were
obtained from Fisher Chemical (Hampton, NH, USA); Cytotoxicity Detection LDH kit was
secured from Roche, Sigma Aldrich (Indianapolis, USA); 2°,7°-dichlorofluorescein diacetate
(H2DCF-DA) probe was purchased from Molecular Probes, Inc., Invitrogen (Eugene, OR,
USA); ATP-Glo™ Bioluminometric Cell Viability Assay Kit was obtained from Biotium, Inc.
(Freemont, CA, USA).
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2. Cell culture

All adherent cells used were kept at 37°C in a humidified 5% CO: incubator. As cells grown in
monolayer reached confluency, they must be sub-cultured. Cell sub-culturing was achieved by
enzymatic dissociation using TrypLE express, to promote detachment of adherent cells from
the flask. Cells were then transferred into new T75-flasks (Falcon™, BD Biosciences, San Jose,
California, EUA) and freshly prepared growth medium was added.

Mouse neuroblastoma cells (N2a cell line) were cultured in a medium composed of a mix (1:1)
of Opti-MEM and DMEM high glucose 4,5 g/L, 10% FBS, 2 mM L-glutamine and 100 pg/mL
streptomycin and 100 U/mL penicillin (Pen/Strep).

Human neuroblastoma cells (SH-SY5Y cell line) were maintained in MEM and Ham’s F-12
mixture (1:1) supplemented with 15% FBS, 1% non-essential amino acids, 2 mM L-glutamine
and 100 pg/mL streptomycin and 100 U/mL penicillin.

Human glioblastoma cells (U118 cell line) were cultured in a medium of DMEM high glucose,
4,5 g/L, 10% FBS, 2 mM L-glutamine and 100 pg/mL streptomycin and 100 U/mL penicillin.

During the earlier passages of cells, half were set aside to freeze a new batch, and the other half
was used for maintenance. The freezing step starts with the same process of sub-culturing, as
described above. After this process, half of the volume of medium with resuspended cells was
centrifuged at 500 x g, for 5 minutes, at 20 °C. Cells were resuspended in fresh medium and
10% FBS and 10% Hibry-Max™ (Sigma Aldrich, St Louis, MO, USA) were added. Cells were
aliquoted into crio-vials that were kept at -20 “C, for 30 minutes and finally transferred and kept
at -80 °C, until further use.

3. Cell culture treatments

In the course of this project, cells were treated with the eleven selected compounds at different
concentrations, depending on the aim of each performed assay. Additionally, cells were also
treated with the proteasome inhibitor MG132, in the experiments to select the cellular model,
and with MPP*, as a cellular model of PD. In this section, are described the different treatments
that were performed, according to the corresponding validation step.

Cells were plated according to the experiment to be performed, as follows: for Western Blot,
cells were plated in 100 mm diameter culture dishes at a density of 4,5 x 10° cells/dish.

Regarding RT-qPCR experiments, cells were plated in 60 mm diameter culture dishes at a
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density of 1,5 x 10° cells/dish. For cell viability assays (MTT, LDH and ATP), as well as for
ROS production assays, cells were plated at a density of 15 000 cells/well, in 96 multiwell
microplates. For each condition, a series of 3 replicates were conducted, to assess the variability
associated to each experiment. Independently of the assay, after plating of cells, they were let
to grow for approximately 24 hours.

3.1. Selection of the cellular model for the compound screening

3.1.1. Transfection assay

The three tested cell lines were transfected with 1000 ng of the plasmid pcDNA3.1-Flag-
mPGC1al-HIS, to obtain PGC-1al overexpression. The plasmid was kindly given by Dr. Jorge
Ruas. The backbone of pcDNA3.1-Flag-mPGC1al-HIS corresponds to the pcDNAS3.1 plasmid,
where Flag-mPGC1lal-HIS is flanked by BamHI and Xhol sites. Plasmid transfection was
performed resorting to Lipofectamine™ 3000 (Life Technologies) and according to the
manufacturer’s instructions. For each cell line, four culture dishes were plated (1,5 X
10° cells/dish) and two of them were transiently transfected with recombinant PGC-1a
plasmid.

For the transfection assays a DNA mix (mix 1; containing Opti-MEM, P3000 and 1 ug of
plasmid DNA per condition) and a Lipofectamine mix (mix 2; containing Opti-MEM and
Lipofectamine 3000), were separately prepared.

Mix 2 was then added, dropwise, to mix 1 and incubated for 15 minutes. This master mix was

finally added, dropwise, to each plate of cells into fresh medium.

The culture medium was replaced with fresh medium 6 h and 24 h after transfection. 72 h after
plating, cells were treated with the proteasome inhibitor MG132, in order to assess PGC-1al
stabilization, by Western Blot. Cells were treated with a concentration of 10 uM MG132, as
described by Ruas and col.'®® and incubated for 7 h, at 37 <C and 5 % COx>. Figure Il.1. is a

representative image of the performed treatments for the validation of the cellular line.
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Figure I1.1. Schematic representation of treatments for cell line validation. After plating of cells, from each cell
line (SH-SY5Y, U118 and N2a cells), transfection was performed, as described above. 6 h after transfection, the
culture medium of each cell plate, including the ones not transfected, was replaced to maintain the same experiment
conditions in every dish. 24 hours passed, another medium replacement was carried out and cells were let to grow
until the following day. On the third day after plating of cells, one plate with transfected cells and another with not
transfected cells were then treated with 10 uM MG132. (Control — untreated cells; MG132 — cells treated with
MG132; pPGC-1a — cells transfected with PGC-1a plasmid; pPGC-1a + MG132 — cells transfected with PGC-1a
plasmid and treated with MG132).

3.2. Screening of the small molecule PGC-1al stabilizers

For the screening, cells were treated with the eleven compounds at 0,1 pM, 1 puM, 2,5 uM, 5
MM and 10 uM (only for the MTT assay) and incubated for 7 h, at 37 -C and 5 % CO.. After
this period, cells were processed for the LDH and MTT cell viability assays as described in
section 11.6.1. and 11.6.2 and for RT-qPCR (section 11.5.).

For the cell viability assays two control conditions were performed, one containing untreated
cells and another containing DMSO-treated cells (at the same proportion of volume as the most

concentrated condition of compound).

3.3. Evaluation of the effects of each selected compound in a cellular model of

Parkinson’s disease

Compounds CR4, CR5, CR9, CR10 and CR11 were selected from the initial group of eleven
small molecules. Cells were treated with these compounds at 1 M and incubated for 7 h, at 37
°C and 5 % CO.. After the incubation period, half of the cells treated with the compounds had
their medium replaced by new one. The other half of the cells had their medium replaced by
new one, containing MPP* at a final concentration of 1 mM.

Cells were then incubated for an additional period of 3 h, at 37 -C and 5 % CO2 so that ATP
and ROS production assays could be performed. For MTT assay, RT-gPCR and Western blot
cells were incubated for 16 h, at 37 -C and 5 % CO.. For each assay a control of untreated cells

and another of cells treated only with MPP*, were performed.
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4. Western Blot analysis

4.1. Total protein extraction

After cells were treated, they were washed with cold 1x PBS and to each dish was added cell
lysis buffer, containing: 50 mM Tris-HCI pH 7,4, 180 mM NaCl, 1% Triton-X100, 1 mM
EDTA plus Complete Mini protease inhibitors cocktail (Roche Diagnostics). After this process
cells were stored at -80 °C.

For total protein extraction each sample was scrapped and transferred to different eppendorf’s
where each sample was sonicated three times, for five seconds each time, using an ultrasonic
processor UP100H (Hielscher - Ultrasound Technology, Teltow, Germany; cycle: 1, amplitude:
100%). Finally, samples were centrifuged for 15 minutes, 12 000 rpm, at 4 °C, using an Allegra
2IR centrifuge (Beckman Coulter, Brea, CA, USA). Supernatants were transferred to new

eppendorf’s and pellets were discarded. Protein extracts were stored at -80 °C, until further use.

4.2. Total protein quantification

For total protein quantification the Bradford method was used. Briefly, a standard curve was
created, using known concentrations of BSA protein, from a working solution of 0,1 mg/mL.
To all samples was added Bradford assay dye (Bio-Rad’s Protein Assay Reagent), on a
proportion of 1:500 and respective absorbances were then measured at 595 nm, in a Bio-Rad
microplate reader model 680 (Hercules, CA, USA).

4.3. Preparation of samples and SDS-page

For the Western Blot, 100 pg of total protein were used and SDS-loading buffer (Tris-HCI pH
6,8, 4% SDS, 4 % glycerol, 1% B-mercaptoetanol and bromophenol blue) was added to each
sample. Samples were then heated, for 5 minutes at 95 °C, for denaturing, using a dry bath and
kept on ice or at -20 °C, until further use.

Western Blot gels system was assembled according to manufacturer’s instructions and a gel of
7,5 % composed of 30% acrylamide/bis-acrylamide (37,5:1), from Bio-Rad (Hercules, CA,
USA), was prepared with addition of polymerization catalysts, tetramethylethylenediamine
(TEMED) and APS. After polymerization of this gel, a 4% gel of 30% acrylamide/bis-
acrylamide (37,5:1) (stacking gel), was prepared for loading of samples.

The system was then assembled into the running vat, containing the running buffer solution

(tris-glycine/SDS). For each gel an electric current of 35 mA was applied, for approximately 3
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h. During this period the system was under a refrigeration system, due to possible over-heating

caused by the continuous generated electric current.

4.4. Transfer of proteins to the membrane

Once the gel achieved complete separation, it was equilibrated in transfer buffer (tris-
glycine/methanol). Proteins were then electro-transferred to a PVDF membrane (previously
activated in methanol and equilibrated in transfer buffer), in a transfer vat, filled with the same
buffer, to assure a wet transfer. An electric current of 500 mA was applied, for approximately
2 h. During this period the system was also under refrigeration. Finally, the membranes were
stained with Amido Black (Sigma-Aldrich, St Louis, MO, USA), for control of loaded samples

and transfer efficiency.

4.5. Immunodetection

For immunodetection, membranes were reactivated in absolute ethanol, washed in double-
distilled water and then in tris-buffered saline solution with 0,1 % Tween-20 (TBS-T). The
membrane was then blocked with 5% non-fat dry milk, diluted in TBS-T, for 1 h, at room
temperature (r.t.) and further incubated with the respective primary antibody (Table 11.1.),
overnight at 4 °C. Afterwards, the membrane was incubated with anti-rabbit or anti-mouse
horseradish peroxidase-conjugated secondary antibodies (1:5000, 5% non-fat dry milk), for 1
h, at r.t., after being washed three times with TBS-T, to remove the excess of primary antibody.
The chemiluminescent immunocomplexes were detected using ECL or Femto reagents and
visualized in a ChemiDoc MP Imaging System (Bio-Rad, Hercules, CA, USA). Detection
analysis was performed through Image Lab 5.0 software (Bio-Rad, Hercules, CA, USA).

Following detection, membranes were stripped using an acidic solution composed of acetic
acid, glycine, 10% SDS and Tween-20, in order to remove the immunocomplexes earlier
formed. The membrane was then washed in bi-distilled water and in TBS-T, before being dried

or blocked and re-probed.
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Table I1.1. Information on the primary antibodies used for Western blot analysis.

. Commercial . Molecular
Antibody Source Reference Host Concentration Weight (kDa)
PGC-1a  Calbiochem ST1202 Mouse (mAb)  1:500 113
B-Actin Sigma Aldrich A 5441 Mouse 1:40 000 42
p-CREB  Santa Cruz Biotech  sc-101663 Rabbit 1:200 43
Total Cell Signalling

5. RT-qPCR analysis

5.1. Total RNA extraction

After treatment, cells were washed in cold sterile 1x PBS, TRIzol™ reagent (Invitrogen™) was
added and samples were stored at -80 °C.

The RNA extraction protocol was performed according to manufacturer’s instructions, as
follows. First, samples were thawed while kept on ice. Each cell plate was scrapped, and cells
were transferred into new sterile tubes. Samples were kept for 5 minutes, at r.t. and after, 0,2
mL of chloroform was added per mL of TRIzol™ used. Each tube was briefly vortexed, left to
incubate at r.t. and then centrifuged at 12 000 x g, for 15 minutes at 4 -C.

After centrifugation, the aqueous phase of each sample, was transferred into new sterile tubes
and 0,5 mL of isopropanol per mL of TRIzol™ was added, to precipitate RNA. Samples were
then mixed by inversion, incubated at r.t. and centrifuged at 12 000 x g, for 10 minutes at 4 -C.
The supernatant was removed, and the RNA pellet washed in 70% ethanol (1 mL per mL of
TRIzol™), The samples were then briefly vortexed and centrifuged at 12 000 x g, for 10
minutes at 4 -C. Finally, the supernatant was discarded, and pellets were left to air dry. The
RNA pellets were resuspended in DEPC water, briefly vortexed and incubated in a water bath,
at 55 C, for 10 minutes, to help its solubilization.

Samples were then quantified using a Nanodrop 1000 (Thermo Scientific, Rockford, USA) and
stored at -80 °C, until further use.

5.2. Treatment of RNA samples with DNase

Before proceeding to RT-gPCR, samples were treated with DNase, to remove possible
contaminations with DNA. In this step, a mix was prepared containing 1x DNase buffer, the
recombinant DNase | enzyme 10 U/uL (Merck) and 1 pg of RNA diluted in DEPC water. The
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samples were incubated for 20 minutes at 37°C, followed by 10 minutes at 75 -C in a
thermocycler (VWR, Radnor, PA, USA).

5.3. Synthesis of cDNA

NZY First-Strand cDNA Synthesis Kit (NZYTech Lda) was used in order to synthesize the
c¢DNA, according to the manufacturer’s instructions.

Briefly, a mix was prepared containing random hexamers (25 pg/500 pL), dNTPs (25mM) and
500 ng of RNA treated with DNase. This mixture was incubated for 5 minutes at 65 -C.
Afterwards, reverse transcriptase enzyme and buffer (1x) was added to the tubes, reaching a
final volume of 20 pL. The cDNA synthesis was performed in a thermocycler and the program
was as follows: 10 minutes, at 25 °C; 50 minutes, at 50 C; and 5 minutes, at 85 -C. cDNA was
then stored at -20 °C, until further use.

5.4. RT-gPCR

Quantitative Real-Time PCR (qPCR) was performed using SensiFAST™ in a QuantStudio™
7 Flex System (Thermo Fisher Scientific, Waltham, MA, USA) in a 384-well reaction plate. A
mix containing SensiFAST™ (1x) and 500 nM of the primers forward and reverse was prepared
to amplify each gene (Table I1.2.). cDNA samples were used for each reaction (5 pL of total
reaction volume), and each sample was assayed in duplicate as well as the negative control, for
each primer mix (the reaction was prepared with miliQ water instead of cDNA).

Finally, the microplate was covered with a transparent adhesive, briefly centrifuged at 500 x g
and inserted into the QuantStudio™ 7 Flex detection system, with the following amplification
program: 2 minutes, at 95 °C and 40 cycles of 5 seconds, at 95 ~C; 30 seconds, at 60 °C. A
melting curve analysis was also performed.

In order to quantify the amplified gene sequences, in each sample, comparative AACt method
was used. The relative mMRNA levels of the genes of interest were normalized to the relative
MRNA levels of the eukaryotic elongation factor (EEF) and were expressed as fold over control.
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Table 11.2. Sequence of primers tested by RT-qPCR.

Gene Forward (5°-3”) Reverse (5°-3’)

EEF ACACGTAGATTCCGGCAAGT  AGGAGCCCTTTCCCATCTC
TEAM  CACCCAGATGCAAAACTTTCAG CTGCTCTTTATACTTGCTCACAG
(EESRRFTaA) GGGGAGCATCGAGTACAGC AGACGCACACCCTCCTTGA

NRF1 AGCACGGAGTGACCCAAAC TGTACGTGGCTACATGGACCT
CPT1A CACTGCAGCTCGCACATTAC CCAGCACAAAGTTGCAGGAC
GLUT4 AAAAGTGCCTGAAACCAGAG TCACCTCCTGCTCTAAAAGG

UCP1 CAATGAACACTGCCACACCTC  GGCATTCAGAGGCAAATCAGCT

SREBP1c GCAGGAAACTGAGAGACCCC GTACCCACTGGCCTTCTCAC
XBP1s TCCGCAGCAGGTGCAG CCAACTTGTCCAGAATGCCC

6. Cytotoxicity detection assays

To assess the selected compounds’ toxicity in neuroblastoma N2a cells and the cellular response

to the compounds in the presence/absence of MPP™, the following assays were conducted.

6.1. Lactate Dehydrogenase (LDH) release assay

For LDH assessment, Cytotoxicity Detection LDH kit (Roche) was used, according to
manufacturer’s instructions. After plating and treatment of cells, the 96 well microplate was
centrifuged at 250 x g, for 5 to 10 minutes. A volume of culture supernatant was transferred
into a clean reading 96 well microplate. A mix of two solutions was prepared in a ratio of 1:45
(Solution 1: Solution 2) and an equal volume of mix was also added to each well. Finally, the
microplate was covered in foil, to avoid light contact and incubated, at r.t., for 20 minutes. After
this period, absorbance at 495 nm was measured with a reference absorbance of 600 nm.

In each conducted assay three different controls were used: a background control, providing
information about any interaction between LDH activity and the culture medium; a “low
control”, to assess LDH activity released from untreated cells; a “high control”, to asses
maximum release of LDH activity. To this end a lysis buffer was added to cells, before
centrifuging the microplate. Additionally, during the first assay, a “substance control” was

included to assess possible interactions between the tested compounds and LDH activity.
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6.2. Methylthiazolyldiphenyl-tetrazolium bromide (MTT) assay

After plating of cells and 2h before completion of cells treatment, MTT was added to each well.
An MTT stock solution was prepared (5 mg/mL) in miliQ water and added to each well, to a
final concentration of 0,5 mg/mL.

All the cell culture medium with the MTT was then removed into a toxic residue container and
DMSO was added into each well, to help solubilize the violet crystals retained inside the cells.
The microplate was subjected to vigorous agitation, to help on the solubilization process. After
this step, absorbance at 470 nm was measured with a reference absorbance of 620 nm, in a
microplate multimode reader GlowMax® (Promega, Madison, WI, USA).

In each conducted assay two different controls were included: a background control, providing
information about any interaction between MTT and the culture medium; and a positive control,

to assess the viability from untreated cells, which was considered 100% of cell viability.

7. ATP assay

To measure ATP levels an ATP-Glo™ Bioluminometric Cell Viability Assay Kit was used
(Biotium, Inc). After treatment of cells, the cell culture medium from each well was replaced
with sterile miliQ water. The plate was then stored at -80 ~C, until further use.

Prior to plate reading, an assay buffer solution containing D-luciferin (luciferase substrate),
with a final concentration of 0,4 mg/mL, was prepared. Immediately before plate reading,
luciferase was added to the previously prepared buffer solution in a proportion of 1:100. The
solution was then heated at 37 °C in a water bath. Readings were performed in a FB12
luminometer (Berthold Detection Systems, Pforzheim, Germany) using proper assay tubes. To
each tube the sample, diluted in miliQ water, and assay buffer with luciferase were added (1:1).
The sample was quickly mixed by flicking the tube and then read with a 10s delay time.
Oxidation of D-luciferin by luciferase is directly dependent on consumption of the ATP
produced by cells. A background control was performed containing miliQ water and assay
buffer (1:1). This value was subtracted to each obtained value in order to abrogate any
unspecific luciferase activity.

To assure that the measured values from the luminometer were only a consequence of luciferase
activity and since this activity was dependent on ATP release from the cells, a protein

normalization was performed using Bradford assay dye.
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An ATP standard curve was also performed, from serial dilutions of a stock solution of 2 mM
(provided in the assay kit). Preparation of the buffer solution and readings were processed as

previously described.

8. ROS production assay

After plating and treatment of cells, the cell culture medium from each well was removed and
the 2°,7’-dichlorofluorescein diacetate (H.DCF-DA) probe prepared in cellular medium was
added to the cells, at a final concentration of 20 uM. Cells were incubated for 30 minutes at 37
°C and 5 % CO.. After the incubation period, the medium from each well was removed and
cells were washed twice, in sterile 1x PBS. The PBS from the last washing step was kept in the
wells to perform the reading in a microplate multimode reader GlowMax®, with a proper filter
for maximum emission A of 485 nm and a maximum excitation A of 535 nm.

To assure that the measured values relatively to the ROS production were only a consequence
of the probe oxidation, considering the cells within each well, a protein normalization was

performed using Bradford assay dye.

9. Statistical analysis

All data are expressed as mean =+ standard error of the mean (SEM) and analysis of variance
(ANOVA) testing was performed using one-way analysis with Tukey’s post-hoc as a multiple
comparison test. Differences were considered statistically significant when p<0.05. All analysis

was performed using GraphPad/Prism, 5.0 software for Windows (San Diego, CA, USA).
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I1l. RESULTS

A group of eleven chemical compounds were selected from a previous HTS (see section 1.6.),
where they were identified by their ability to stabilize and activate PGC-1al in brown
adipocytes'®, Since the mechanism of action of these compounds is still not known, it is
important to evaluate their capacity to stabilize PGC-1al in other cellular systems. In addition,
since the biological activity of the coactivator depends on the presence of specific transcription
factors, PGC-1al stabilization might not be sufficient for its activation in all cell types. All the
experiments, during the time of this study, were conducted as blind tests for all the tested
compounds. At the begin of this study, each of the eleven compounds was randomly nominated
with the initials CR followed by the respective number, CR1 to CR11. All the correspondent
designations, from the previous study, were saved and kept away from the main interveners of

the conducted experiments.

1. Selection of the cellular model for compound screening

The first step of this small-scale screening was to evaluate different cell lines, in order to choose
the most adequate to proceed with the study (mainly in terms of PGC-1al stabilization). To
that end, we tested three different neuronal cell lines: a murine neuroblastoma N2a cell line, a
human glioblastoma U118 cell line and a human neuroblastoma SH-SY5Y cell line. Since it is
known that PGC-1al degradation is mediated by the ubiquitin-proteasome system?®3, we started
by treating each of the cell lines with the proteasome inhibitor MG132 at 10 uM for 7 h. Cells
were previously transfected, as described in ‘Materials and Methods’ with a recombinant DNA
plasmid to overexpress PGC-1lal.

PGC-1al expression levels were evaluated by Western Blot, using an anti-PGC-1al antibody
that recognizes the main four isoforms*?. All tested cell lines appeared to have PGC-1al
stabilized upon treatment with MG132 (Figure 111.1.). From all the tested cell lines, N2a cells
seem to be the ones with the highest endogenous levels of PGC-1al. Moreover, despite of
exhibiting a low transfection efficiency, ectopic expression of PGC-1al seem to be stabilized
in this cell line (Figure 111.1. A, B).

Since our priority for this study was to evaluate changes in the endogenous levels of PGC-1al,
upon administration of the compounds, the N2a cell line was selected to proceed with the
following experiments. Furthermore, this cell line was also demonstrated to be more sensitive

to MPP* when compared to other cell lines®.

36



A N2a Cells U118 Cells SH-SY5Y Cells

IB: PGC-1a .‘ = . B -130kDa

. —

IB: B-Actin — ——— 42 kDa
MG132 - + -+ - + - + - + - +
pPGC-1la - - + o+ - - + + - - + +

B C
S 201 5 207
S ] €3
GE" §E
< 2l
55 107 sew
— ~
(SN} 02
9% 9 &2
8, 2,
b4 - g i
¢ 9 & & o 9 & &
B S B
3 L L J L L
N q,xQ N Q,XQ
& D &
A\ A\
=
)
S 20
3
[ =
= £
% 3 15
ag
g 2 10
Q8
95 °
n
>
£ 0
n (@] ¢W O,»O“ 0”0‘
¥ I O
Q W2
9
s
N\

Figure I111.1. Endogenous and ectopic PGC-1al protein expression levels under control conditions and after
treatment with the proteasome inhibitor MG132. Three different cell lines - murine neuroblastoma N2a cell line,
human glioblastoma U118 cell line and human neuroblastoma SH-SY5Y cell line - were transfected with a PGC-
lal expression plasmid. After transfection, SH-SY5Y, U118 and N2a cells were treated with DMSO (C; control)
or the proteasome inhibitor MG132 (10 uM) for 7 h. A. Protein extracts were separated by SDS/PAGE and the
corresponding immunoblots were probed with an anti-PGC-1a mouse monoclonal antibody. Analysis of B-Actin
was performed in parallel as a loading control. PGC-1o/B-Actin ratios are shown as fold induction over

untransfected, untreated control in B. N2a cells, C. U118 cells and D. SH-SY5Y cells.
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2. Screening of the small PGC-1a1l stabilizers
2.1. Evaluation of the toxicity of the selected compounds

As part of the validation process, we determined the effect of each compound on the viability
of the chosen cellular model using two cell viability assays: an LDH assay, to assess cell death
by measuring the amount of lactate dehydrogenase released to the medium of each condition
and an MTT assay, to assess cell viability. In general, both assays were coherent and cell death
increased in an inversely proportional way, relatively to cell viability, in a concentration-
dependent manner (Figure 111.2.). In addition, during the first experiment of each assay, an
additional condition was tested to assess any possible interactions between the tested
compounds and the tetrazolium salt.

Initially, we assessed cell viability by treating cells with each compound at a concentration of
10 pM, since this was the concentration previously used in brown adipocytes!®® (data not
shown; n=3). However, since in our model at this concentration several of the tested compounds
displayed some toxicity (with a minimum percentage of cell viability of 16 + 1.3 %, 55.9 +
6.6% and 64.8 + 6.2 %, respectively for the compounds CR2, CR3 and CR10) we decided to
lower the doses tested.

Using concentrations ranging from 0.1 uM to 5 pM, the majority of the compounds didn’t
present significant toxicity to cells, with a maximum percentage of LDH release of 17.4 +
6.7%, corresponding to compound CR1 at a concentration of 0.1 uM, and a minimum
percentage of cell viability of 70.5 + 3.8 %, corresponding to the compound CR11 at a
concentration of 5 uM (Figure 111.2.). However, two of the eleven compounds, namely CR2
and CR10, showed significant toxicity, considerably affecting cell viability, achieving a
maximum percentage of LDH release of 69.7 + 23.5 %, for CR2, at a concentration of 5 uM

and a minimum percentage of cell viability of 51.2 + 26.3 % and 65.7 + 10 %, respectively.
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Figure 111.2. N2a cell viability/cell death assessed by MTT and LDH assays, after treatment with the CR

compounds at different concentrations. N2a cells were treated with each of the eleven compounds, at four different

concentrations: 0.1 pM, 1 uM, 2.5 uM and 5 pM; and then incubated for 7 h, as described in ‘Materials and

Methods’. % of LDH release (left panel — A, C) and cell viability by MTT (right panel — B, D) were determined

as a percentage of control (untreated cells). A negative control (DMSQ) was also conducted, to assess its own

toxicity in cells. Results are representative of 5 independent experiments.
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2.2. Evaluation of PGC-1al stabilization and downstream targets expression
levels upon treatment with selected compounds

In parallel, we assessed if compound treatment (at 10 uM) affected PGC-1al protein expression
levels. Furthermore, RT-gPCR was also conducted to assess mMRNA levels of the following
PGC-1al target genes: ERRa, Tfam, NRF-1, CPT1a, Glut-4 and PPARa (data not shown).
These two sets of experiments allowed us to assess whether some compounds could be
stabilizing PGC-1al, even if higher (and more toxic doses) were required to achieve that goal.
The rational for this is to identify compounds with a positive effect on PGC-1al expression and
on its target genes expression, since their structure can be modified later, to obtain similar but
less toxic compounds.

Therefore, from the Western Blot in combination with the RT-gPCR we chose five compounds
that seemed to elevate more PGC-1al expression, leading to its accumulation and increasing
the expression of most of its downstream targets: CR4, CR5, CR9, CR10 and CR11. Finally,
we explored the effects of lower concentrations of these five compounds on PGC-lal
downstream targets. To this end, we used the compound concentrations tested in section 2.1.
and evaluated the expression of the same target genes as in the previous RT-qPCR. This was
done with exception of PPARGa, since the obtained Ct values were very high, compared to the
rest of the genes, suggesting that N2a cells express low levels of this gene.

The compounds tested showed a tendency to increase relative mMRNA levels of ERRa (Figure
111.3.), at least in one of the tested concentrations, although no statistical significance was found.
In this case, only CR10 and CR11 didn’t seem to follow this pattern, with CR10 even
significantly decreasing these levels.

As for CPT1a mRNA levels (Figure 111.4.), a similar pattern was observed, with CR10 showing
a tendency to increase these levels at the lowest concentration and at higher concentrations an
inversion of this behaviour was observed. However, no statistical significance was observed in
these experiments.

In addition, CR4 significantly increased NRF-1 mRNA levels, when compared to the control
(* p < 0.05 vs. control; Figure I11.5. C). CR9 exhibited a trend to slightly increase both Glut-4
(Figure 111.5. A) and NRF-1 mRNA levels (Figure 111.5. D). Moreover, CR10 tended to increase
the relative mRNA levels of Glut-4 (Figure 111.5. B), to a higher extent, when compared to CRO.
However, none of the results achieved statistical significance.

Although Tfam was also tested for the same conditions as the targets above described, no
compound showed a significant increase in its mMRNA levels (data not shown).
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The main goal of these experiments was to find a compromise between potential compound
toxicity and positive effects on PGC-1al downstream targets. Since no selected compound
(with exception to CR10) showed significant toxicity to N2a cells, at a concentration of 1 uM,
this was the selected concentration to proceed with the following tests. Although no statistical
significance was found, the selected concentration showed a tendency to increase the mRNA
levels of most of the tested PGC-1al targets.
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Figure 111.3. Relative ERRo. mRNA levels, in N2a cells after treatment with the selected compounds (CR4, CR5,
CR9, CR10, CR11) at different concentrations. Cells were treated with each of the five selected compounds, at
four different concentrations: 0.1 pM, 1 pM, 2.5 pM and 5 pM; and then incubated for 7 h, as described in
‘Materials and Methods’. Total RNA was extracted from each sample and ERRo. mRNA levels were determined
by reverse transcription quantitative PCR. ERRa mRNA levels in N2a treated with: A. CR4; B. CR5; C. CR9; D.
CR10 and E. CR11 are depicted. mRNA relative levels of EEF were determined in parallel as a housekeeping
gene and used as a normalization tool, resorting to the AACy method. Results are representative of 3 independent
experiments (* p < 0.05, ** p < 0.01, *** p < 0.001); the symbol ‘*’ refers to the change vs control, except if

otherwise indicated.
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Figure I11.4. Relative CPT1a mRNA levels, in N2a cells after treatment with the selected compounds (CR4, CR5,
CR9, CR10 and CR11) at different concentrations. Cells were treated with each of the five selected compounds,
at four different concentrations: 0.1 uM, 1 uM, 2.5 uM and 5 uM; and then incubated for 7 h, as described in
‘Materials and Methods’. Total RNA was extracted from each sample and CPT1a mRNA levels were determined
by reverse transcription quantitative PCR. CPT1a mRNA levels in N2a treated with: A. CR4; B. CR5; C. CR9; D.
CR10 and E. CR11 are depicted. mRNA relative levels of EEF were determined in parallel as a housekeeping
gene and used as a normalization tool, resorting to the AACt method. Results are representative of 3 independent

experiments.
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Figure 111.5. Relative Glut-4 and NRF-1 mRNA levels, in N2a cells after treatment with the selected compounds

(CR4, CR5, CR9, CR10 and CR11) at different concentrations. Cells were treated with each of the five selected
compounds, at four different concentrations: 0.1 uM, 1 uM, 2.5 uM and 5 pM; and then incubated for 7 h, as
described in ‘Materials and Methods’. Total RNA was extracted from each sample and Glut-4 mRNA levels (upper
panel — A, B) and NRF-1 mRNA levels (lower panel — C, D) were determined by reverse transcription quantitative
PCR. Glut-4 mRNA levels in N2a treated with: A. CR9 and B. CR10 and NRF-1 mRNA levels in N2a treated
with: C. CR4 and D. CR9 are depicted. mRNA relative levels of EEF were determined in parallel as a

housekeeping gene and used as a normalization tool, resorting to the AACt method. Results are representative of

3 independent experiments, for Glut-4 mRNA levels and of 2 independent experiments, for NRF-1 mRNA levels
(* p <0.05, ** p <0.01, *** p < 0.001); the symbol ‘*’ refers to the change vs control, except if otherwise

indicated.
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3. Evaluation of the effects of each selected compound in a cellular model of

Parkinson’s disease

In this study, MPP* was the chosen stimulus to recapitulate some biochemical features of
Parkinson’s disease, in the selected cellular model. Although this is a widely used model, a
series of experiments were conducted to determine the effects of this neurotoxin on N2a cell
viability and ATP levels.

Cells were treated with different concentrations of MPP*, 100 uM, 250 uM, 500 uM and 1 mM
and incubated for 16 h. An MTT assay was carried out, to assess the effects of MPP* on cell
viability. All the tested MPP* concentrations affected cell viability, in a concentration-
dependent manner. However, only the 500 uM and 1 mM concentrations showed statistical
significance, when compared to the control (Figure 111.6.). For this reason, the chosen
concentration of MPP™ to proceed with the following experiments was 1 mM.

Since MPP™ is known to inhibit complex I, of the mitochondrial ETC, we next assessed the
effects of different MPP* concentrations, on ATP levels. The concentrations used were the same
described above for the MTT assay, although in these experiments we tested three different
time-points (1 h, 3 h and 16 h), to follow the cellular response on ATP depletion and recovery
(Figure 111.7.). After 1 h incubation, cells suffered an ATP depletion, approximately by half,
when compared to the control (untreated cells). Although, all tested concentrations were
statistically different from the control condition, no statistical significance was found between
the tested concentrations (Figure I11.7. A). After 3 h incubation, again an ATP depletion was
visible in all tested concentrations. At this time-point, all concentrations showed statistical
significance, when compared to control cells. Additionally, the 1 mM concentration showed the
highest depletion of ATP, being statistically different from all other tested concentrations
(Figure 111.7. B). However, at the 16 h incubation time-point no significant ATP depletion was
found in any of the concentrations, suggesting a possible recovery of the cells (Figure 111.7. C).
Therefore, a concentration of 1 mM MPP™* at the 3 h time-point, were the conditions chosen to

proceed with the following experiments.
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Figure I11.6. N2a cell viability in response to MPP*. N2a cells were treated with four different concentrations of
MPP*, 100 uM, 250 pM, 500 uM and 1 mM and incubated for 16 h, in order to assess the dose-response to MPP*.
Cell viability assessed by MTT was determined as fold induction of control (untreated cells). Results are
representative of 3 independent experiments (* p < 0.05, ** p < 0.01, *** p < 0.001); the symbol ‘*’ refers to the

change vs control, except if otherwise indicated.
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Figure 111.7. ATP levels upon treatment with MPP* (time- and dose-response), in N2a cells. N2a cells were treated
with four different concentrations of MPP*, 100 uM, 250 uM, 500 uM and 1 mM, and incubated for A. 1 h, B. 3
hand C. 16 h. ATP levels assessed by Luciferase activity were determined as fold induction of control (untreated
cells) and normalized to protein content, using Bradford assay. Results are representative of 4 independent
experiments and 1 experiment for the 16 h incubation period (* p < 0.05, ** p < 0.01, *** p < 0.001); the symbol

“*” refers to the change vs control, except if otherwise indicated.
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3.1. Effect of compounds on cell viability, ATP levels and ROS production upon
MPP™ treatment

To understand if the selected compounds had any preventive/protective effect on cell viability
after treatment with MPP™, cells were pre-treated with each of the compounds, and then treated
with the neurotoxin, as described in “Materials and Methods”.

Figure 111.8. shows that all the tested compounds were able to reverse the MPP™ effects on cell
viability, to some extent, with the exception of CR9 and CR10.

Although CR9 (Figure 111.8. C) didn’t present a significant toxicity to cells, when treated
simultaneously with the neurotoxin, it was also not able to recover cell viability to the levels of
cells treated only with the compound.

In the case of CR10 (Figure 111.8. D), the compound itself demonstrated toxicity to cells,
showing to be statistical different from the control condition, in accordance with what we have
already seen in the first cell viability assays (Figure 111.2.). MPP* showed more toxicity than
the compound and when cells were treated with both, CR10 and MPP™ present similar viability
levels as displayed by cells treated only with the compound.

While all other compounds showed a tendency to revert MPP* toxicity, none could recover cell
viability to similar levels of cells treated only with the compound.

Together, these results suggest a protective effect to cells by CR4, CR5 and CR11 compounds,

although no full recovery of cell viability was observed.
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Figure 111.8. Effect of CR compounds on cell viability upon MPP* treatment. N2a cells were treated with five
compounds, A. CR4, B. CR5, C. CR9, D. CR10 and E. CR11, at a concentration of 1 uM, for 7 h and treated with
MPP*1 mM, for 16 h, as described in ‘Materials and Methods’. Cell viability assessed by MTT was determined

as fold induction of control (untreated cells). Results are representative of 4 independent experiments (* p < 0.05,

**p <0.01, *** p < 0.001); the symbol “* refers to the change vs control, except if otherwise indicated.
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As depicted in Figure 111.9., MPP" seemed to induce a decrease in the ATP levels when
compared to the control condition, although statistical significance was not achieved.
Additionally, most of the tested compounds showed a tendency to increase the ATP levels in
N2a cells before and/or after MPP* treatment, with CR4 (Figure I11.9. A) demonstrating a
significant increase, when compared with the MPP* treatment and with the combined
(compound and neurotoxin) treatment. Following CR4, the compounds that showed the highest
trend to recover ATP levels were, respectively, CR10, CR11, CR9 and finally, CR5 (Figure
111.9.).

Again, all tested compounds showed a tendency to recover the ATP levels, when compared to
the MPP™ treated condition. CR10 was the most efficient in recovering ATP levels upon
treatment with the neurotoxin, leading to a full restoration of ATP levels, even, when compared
with both the control and the cells treated only with the compound. Furthermore, although
combined treatment with CR4 and MPP™ leads to lower ATP levels, as compared to CR4 alone,
the statistical significance is smaller than if we compare CR4 to MPP™ alone, suggesting that
the presence of CR4 might somehow avoid a more pronounced ATP decrease induced by MPP*,
Following these two compounds, CR5 and CR11 were the ones that showed the highest
tendency to reverse MPP* decrease in ATP levels, when comparing to control and to the
compound treatment. However, no statistical significance was found.

Taken together, the results regarding cell viability and ATP levels, show that CR4, CR5 and
CR11 showed a tendency to recover both parameters. Although CR10 was the compound that
demonstrated the highest recovery in the ATP levels of N2a cells, it was also the compound
that presented more toxicity and therefore, could only partially revert the loss of cell viability
induced by MPP* (Figure 111.8. D).

48



>
o]

w
1
w

2 2
> c * > c
58 352
<§2 *okk <452-

S
g'g 3':5
© < © £
A _
231 22
ER= Se
O 4

o
o

. & KK &K TR IS S
SHRC I
> ©
& &
C
31 3
2 2 *
s< 2
S o 59 ]
237 <3?
(] [}
22 e
55 B
58 RS
3 2
0- 0 T
Q X X
) o x x <o > R Q
& KR §Q & < <
X QX
& &
E
3_
>
=<
3 9 2_
(6]
g2
8o 1
S8
RS
-
0 T
O N X X
& & K
'\’X
&

Figure 111.9. ATP levels on N2a cells assessed by a Luciferase activity assay, after treatment with either each one
of the compounds, MPP* or the combined treatment. N2a cells were treated with five compounds, A. CR4, B. CR5,
C. CR9, D. CR10 and E. CR11, at a concentration of 1 uM, for 7 h and treated with MPP* 1 mM, for 3 h, as
described in ‘Materials and Methods’. ATP levels assessed by Luciferase activity were determined as fold
induction of control (untreated cells) and normalized to protein content, using Bradford assay. Results are
representative of 4 independent experiments (* p < 0.05, ** p < 0.01, *** p < 0.001); the symbol ‘*’ refers to the

change vs control, except if otherwise indicated.
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Since ROS accumulation is a common feature in PD and cellular models of PD treated with
MPP*, a ROS production assay using a 2’,7’-dichlorofluorescein diacetate probe was
performed’ %, The aim of this assay was to evaluate the levels of ROS production, upon
treatment with either the selected compounds, MPP* or the combined treatment and to assess
any protective effects of the compounds over this feature.

Figure 111.10. shows that MPP* seemed to increase ROS production levels, when compared to
the control, although no statistical significance was found. In general, all the tested compounds
showed a tendency to slightly increase ROS production, although CR4 to a lower extent (Figure
111.10. A). Additionally, CR10 (Figure 111.10. D) and CR11 (Figure 111.10. E) were the
compounds that seemed to show the highest levels of ROS production, almost achieving the
levels of the MPP*-treated cells.

Interestingly, all the compounds exhibited a decrease in ROS production in the combined
treatment (compound and MPP™), when compared to the MPP™ treated cells, suggesting a
possible protective effect. Moreover, CR9 (Figure 111.10. C) followed by CR4 demonstrated the

higher capacity to restore the levels of ROS production, in comparison to the control condition.
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Figure 111.10. ROS production in N2a cells after treatment with either each one of the compounds, MPP* or the
combined treatment. N2a cells were treated with five compounds, A. CR4, B. CR5, C. CR9, D. CR10 and E. CR11
at a concentration of 1 uM, for 7 h and treated with MPP*1 mM, for 3 h, as described in ‘Materials and Methods’.
ROS production levels were assessed using a H,DCF-DA fluorescent probe. Levels of ROS production were
determined as fold induction of control (untreated cells) and normalized to protein content, using Bradford assay.

Results are representative of 2 independent experiments.
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3.2. Effect of compounds on PGC-lal downstream targets upon MPP*
treatment

In order to understand how each selected compound would modulate PGC-1al, consequently
leading to changes in its downstream targets, in the presence or absence of MPP*, seven
downstream targets were evaluated by qPCR, namely ERRa, NRF-1, CPT1a, Glut-4, UCP1,
SREBP1c and XBP1s.

At the 1 uM concentration, CR4 was only able to increase NRF-1 mRNA relative expression
levels, showing statistical significance (Figure 111.11. A). However, no differences were found
between MPP™ treatment and the combined treatment (compound and MPP*).

Regarding CR9, it tended to increase the mRNA levels of CPT1a (Figure I11.12. A) and,
although it was not able to increase SREBP1c mRNA levels, it seemed to restore these levels
to control levels, upon treatment with MPP™ (Figure 111.14. A).

CR10 seemed to exhibit an increase in both mRNA levels of Glut-4 (data not shown) and of
UCP1 (Figure 111.13. B), although no statistical significance was found. Curiously, this
compound seemed to downregulate CPT1a mRNA levels (Figure 111.12. B) and, although it
showed a tendency to reverse the effects of MPP* stimulus, it was not able to modulate the
MRNA levels of both SREBP1c (Figure I11.14. B) and XBP-1s (Figure 111.15. A), when cells
were treated with the compound, alone.

Finally, CR11 was the compound that showed a tendency to increase most of the tested genes,
namely ERRa (data not shown), NRF-1 (Figure 111.11. B), Glut-4 (data not shown), UCP1
(Figure 111.13. C), SREBP1c (Figure I11.14. C) and XBP-1s (Figure I11.15. B). However, no
statistical significance was found in these experiments.

Although we were evaluating PGC-1al downstream targets, to assess its stabilization, the fact
that some compounds didn’t increase some of the targets’ mRNA levels, doesn’t mean that a
positive modulation on PGC-1al hasn’t occur. Accordingly, each of the tested downstream
targets are involved in different functions and play different roles in the pathways regulated by
PGC-1al, suggesting that in a given scenario some pathways might be active to the detriment

of others.
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Figure 111.11. NRF-1 relative mRNA levels, in N2a cells after treatment with either each one of the compounds,
MPP* or the combined treatment. Cells were pre-treated with each of the five selected compounds, at the
concentration of 1 pM and incubated for 7 h. After this treatment, cells were subjected to a new treatment with
MPP* 1 mM, for 16 h, as described in ‘Materials and Methods’. Total RNA was extracted from each sample and
NRF-1 mRNA levels were determined by reverse transcription quantitative PCR. NRF-1 mRNA levels in N2a
treated with: A. CR4 and B. CR11 are depicted. mRNA relative levels of EEF were determined in parallel as a
housekeeping gene and used as a normalization factor, resorting to the AACr method. Results are representative of
3 independent experiments (* p < 0.05, ** p < 0.01, *** p < 0.001); the symbol ‘*’ refers to the change vs control,

except if otherwise indicated.
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Figure 111.12. CPT1a relative mRNA levels, in N2a cells after treatment with either each one of the compounds,
MPP* or the combined treatment. Cells were pre-treated with each of the five selected compounds, at the
concentration of 1 pM and incubated for 7 h. After this treatment, cells were subjected to a new treatment with
MPP* 1 mM, for 16 h, as described in ‘Materials and Methods’. Total RNA was extracted from each sample and
CPT1la mRNA levels were determined by reverse transcription quantitative PCR. CPT1a mRNA levels in N2a
treated with: A. CR9 and B. CR10 are depicted. mRNA relative levels of EEF were determined in parallel as a
housekeeping gene and used as a normalization factor, resorting to the AACt method. Results are representative of
3 independent experiments (* p < 0.05, ** p < 0.01, *** p < 0.001); the symbol ‘*’ refers to the change vs control,

except if otherwise indicated.
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Figure 111.13. UCP1 relative mRNA levels, in N2a cells after treatment with either each one of the compounds,
MPP* or the combined treatment. Cells were pre-treated with each of the five selected compounds, at the
concentration of 1 uM and incubated for 7 h. After this treatment, cells were subjected to a new treatment with
MPP* 1 mM, for 16 h, as described in ‘Materials and Methods’. Total RNA was extracted from each sample and
UCP1 mRNA levels were determined by reverse transcription quantitative PCR. UCP1 mRNA levels in N2a
treated with: A. CR4; B. CR10 and C. CR11 are depicted. mMRNA relative levels of EEF were determined in
parallel as a housekeeping gene and used as a normalization factor, resorting to the AACt method. Results are

representative of 3 independent experiments.
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Figure 111.14. SREBP1c relative mRNA levels, in N2a cells after treatment with either each one of the compounds,
MPP* or the combined treatment. Cells were pre-treated with each of the five selected compounds, at the
concentration of 1 uM and incubated for 7 h. After this treatment, cells were subjected to a new treatment with
MPP* 1 mM, for 16 h, as described in ‘Materials and Methods’. Total RNA was extracted from each sample and
SREBP1c mRNA levels were determined by reverse transcription quantitative PCR. SREBP1c mRNA levels in
N2a treated with: A. CR9; B. CR10 and C. CR11 are depicted. mRNA relative levels of EEF were determined in
parallel as a housekeeping gene and used as a normalization factor, resorting to the AACt method. Results are

representative of 3 independent experiments.
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Figure 111.15. Relative XBP1s mRNA levels, in N2a cells after treatment with either each one of the compounds,
MPP* or the combined treatment. Cells were pre-treated with each of the five selected compounds, at the
concentration of 1 pM and incubated for 7 h. After this treatment, cells were subjected to a new treatment with
MPP* 1 mM, for 16 h, as described in ‘Materials and Methods’. Total RNA was extracted from each sample and
XBP1s mRNA levels were determined by reverse transcription quantitative PCR. XBP1s mRNA levels in N2a
treated with: A. CR10 and B. CR11 are determined. mRNA relative levels of EEF were determined in parallel as
a housekeeping gene and used as a normalization tool, resorting to the AACt method. Results are representative of
3 independent experiments (* p < 0.05, ** p < 0.01, *** p < 0.001); the symbol ‘*’ refers to the change vs control,

except if otherwise indicated.
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4. The p-CREB pathway appears to be involved in PGC-1al regulation by
CR10

CREB is one of the main pathways involved in the activation of PGC-1al. Its phosphorylation
can be promoted by several different stimuli that will lead to its binding to a CRE at the PGC-
la promoter. Increasing PGC-1al gene transcription will consequently induce the expression
of PGC-1al downstream targets, such as NRF-1, Tfam and Cyt C!5%  Therefore, we
determined CREB protein and phosphorylation levels in N2a cells treated with either the
selected compounds, MPP* or the combination of both.

Figure 111.16. shows that, from all the selected compounds, only CR10 tended to increase the
levels of CREB phosphorylation, although no statistical significance was found (Figure 111.16.
D). Interestingly, for all tested compounds both conditions treated with MPP* demonstrated a
tendency to increase the phosphorylated form of CREB. Furthermore, the increase observed in
N2a cells treated with both CR10 and MPP*, suggest an accumulation of the effect observed in
the CR10 and the MPP* treatments, alone, although not statistically significant.

Evaluating the modulation of the p-CREB expression levels could be an indirect way to assess
the activation of PGC-1al, by the selected compounds. Furthermore, understanding if any of
the compounds possesses the capacity to positively influence CREB phosphorylation give us
the notion of the pathway by which PGC-1al is being activated. Nonetheless, the fact that most
of the selected compounds didn’t positively regulate CREB doesn’t mean that they are not
having a positive effect over PGC-1al, since they could be activating it through other pathways
that don’t involve CREB.
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Figure 111.16. p-CREB protein expression levels, in N2a cells after treatment with either each one of the
compounds, MPP*or the combined treatment. Cells were pre-treated with each of the five selected compounds, at
the concentration of 1 pM and incubated for 7 h. After this treatment, cells were subjected to a new treatment with
MPP* 1 mM, for 16 h, as described in ‘Materials and Methods’. A. Protein extracts were separated by SDS/PAGE
and the corresponding immunoblots were probed with a p-CREB and Total-CREB antibodies. Expression values
of the protein were obtained by determination of the ratio with the total protein levels and analysis of Amido black
was performed in parallel as a loading control. Data were separated into different graphs, each representing p-
CREB protein expression levels referring to the respective compound treatment: B. CR4; C. CR5; D. CR9; E.CR10
and F. CR11. Data are expressed as the mean values + SEM and p-CREB/Total-CREB ratios are shown as fold

induction over untreated control. Results are representative of 3 independent experiments.
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Another interesting pathway that should be considered is the regulation of PGC-1al through
Parkin-PARIS, as already described!®®. Indeed, a group of experiments were conducted by
Western Blot to assess the protein expression levels of both Parkin and its substrate PARIS, to
evaluate the possibility of some of the compounds to be stabilizing PGC-1al, through this
pathway (data not shown). However, it was not possible to take any conclusions from the
preliminary results obtained. Furthermore, more independent experiments need to be
conducted, in order to conclude any possible intervention of this pathway, on the presence of

the selected compounds.
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V. DISCUSSION

Severe mitochondrial alterations, leading to decreased mitochondrial function and energy
production, have been associated to axonal and neuronal loss in neurodegenerative diseases*®>C.
PGC-1al is a key regulator of mitochondrial biogenesis and metabolism and coordinates crucial
mitochondrial processes, such as antioxidant defence mechanisms, energy metabolism and
mitochondrial DNA transcription®0131:132

In the present study we explored the biological capacity of a group of eleven small molecules,
previously selected from a cell-based HTS, to stabilize PGC-1al, in a mouse neuroblastoma
cell-line, under physiological conditions and upon a neurotoxic insult.

The selection of compounds was extracted from the study where they were identified and
validated using brown adipocyte cultures, where PGC-1a was first identified'!*. Furthermore,
brown adipose tissue, skeletal muscle and fasted liver correspond to the tissues with the highest
levels of expression of this coactivator, whereas the brain was shown to express only moderate
levels, despite being a highly energy demanding tissue'®*. From the first steps of this validation
process we selected the 1 uM concentration to all compounds, since it didn’t display toxicity to
N2a cells. This concentration corresponds to one tenth of the concentration used by Ruas and
col. in brown adipocytes!®. This suggests a higher sensitization of neuronal cells, to the
compounds when compared to brown adipocytes. It can also suggest that N2a cells are more
efficient at internalizing the compound than adipocytes, so that the intracellular concentration
would be higher in N2a, despite being treated with lower doses.

Several studies have demonstrated that NRF-1, ERRa and PPARs are some of the downstream
targets of PGC-1al, showing increased expression levels in response to upregulation of this
coactivator. Moreover, this leads to upregulation of components of the mitochondrial
complexes I-V, as well as an increase in Tfam and Cyt C expression levels¢”142168 |n addition,
PGC-1al is also known to increase the expression of genes involved in ROS removal, such as
SOD2 and GPx1 and UCPs, namely 1, 2 and 3'4142. Some of these genes and a group of
others, also known to increase along with increased stability in PGC-1al, such as Glut-4 and
CPT1lo were evaluated, at the level of their MRNA expression. In accordance, some compounds
seemed to positively modulate the levels of expression of some of these genes, at the chosen
concentration, although not at the same extent. Additionally, not all compounds were able to
modulate the same tested genes, reinforcing the notion that these compounds might act through
different mechanisms. For example, CR4 was only able to increase NRF-1 mRNA levels of

expression, not affecting the levels of Tfam or ERRa, at the selected concentration. Conversely,
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CR10 only tended to increase the expression levels of Glut-4. These results strongly suggest
that, if the compounds are stabilizing PGC-1al they are probably modulating its levels through
different pathways. Indeed, NRF-1 does not only promote the direct increase of Tfam, but also
of Cyt C, although through cAMP activation and, consequently through CREB
phosphorylation!®8165166 These changes in NRF-1 mRNA levels could then be responsible for
a cellular adaptation to the stimulus by inducing respiratory mechanisms instead of
mitochondrial biogenesis',

Upon the understanding that some of the compounds could indeed be stabilizing PGC-1al, we
next evaluated the possible protective effects of pre-conditioning, by treating N2a cells with the
selected compounds and subsequently with MPP™,

Since MPP* is a widely used model to recapitulate some cellular features of PD?, we were able
to observe a significant decrease in cell viability, assessed by MTT, in N2a cells treated with
MPP* 1 mM. Additionally, we also observed a trend for increased levels of ROS, as observed
by Requejo-Aguilar and Bolafios® and decreased levels of ATP, as previously described by
Maruoka et. al and Burté et. al®*’8,

The dual behaviour of cells, upon treatment with different concentrations of MPP*, observed in
the different incubation periods of the ATP levels and the MTT assays, suggests an interesting
response of cells to the stimulus. On one hand, after a short period of incubation with the
neurotoxin, cells first respond to the decreased levels of ATP, since by inhibiting the
mitochondria complex 1, MPP* leads to a rapid perturbation of the whole ETC and,
consequently of ATP production. On the other hand, after a longer period of incubation,
although cells were able to restore their ATP content, the prolonged exposure to the neurotoxin
will lead to dampening of other cellular processes and consequently to loss of viability and
ultimately to cell death.

Remarkably, cancer cells are known to shift from oxidative phosphorylation to glycolysis to
produce energy, which is known as the Warburg effect®?. N2a cells are tumour-derived and may
exhibit this intrinsic property. Since MPP* hampers oxidative phosphorylation, they could
become dependent on glycolysis for ATP production, explaining the restoration of ATP
content, after 16 h under MPP™ stimulus.

CR10 and CR11 were the compounds that showed a tendency to increase ATP levels the most,
both in the treatment with the compound and in the combined treatment. Additionally, CR10
was the compound that most significantly restored and even increased ATP levels, upon MPP*
treatment. Interestingly, these two compounds were also the ones that exhibited the highest
trend to induce Glut-4 and UCP1 mRNA levels. Activation of PGC-1al can be followed by
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increased levels of Glut-41%10 and of UCP1%%3. According to Ruas and col., when measuring
oxygen consumption rates in brown adipocytes, both CR10 (AM31) and CR11 (AMS0),
significantly increased basal respiration and uncoupled respiration by 38% and 16%,
respectively!®®, However, no change in ATP coupled respiration was demonstrated and only
CR11 showed a tendency to increase the maximal respiratory capacity. Assuming that this
behaviour is maintained in neuronal cells, which appears to be, considering the UCP1 mRNA
levels, the increase in ATP levels that tended to be promoted by these two compounds can be
explained by increased glycolysis. The increased levels of Glut-4 suggest an increased glucose
uptake by cells, which could be due to higher glucose utilization for energy production, through
glycolysis.

Studies have showed that the production of energy by astrocytes is mainly glycolytic’*17?,
while neurons rely on oxidative phosphorylation'’®, being the first cells responsible for
responding to the energy needs of the latter!’*. Although, another study has revealed that
neurons might rely on glycolysis, under specific high energy demanding cellular events, such
as synaptic transmission*”. Indeed, it was demonstrated that Glut-4 is recruited during neuronal
activity to increase glucose uptake and upregulate glycolysis. This process is thought to occur
with the help of cytosolic malate dehydrogenase, that by converting aspartate into malate, leads
to re-oxidation of NADH. Meanwhile, mitochondrial NADH is thought to create a proton
gradient in the ETC, used by complex V to produce ATP7®,

CR4 was the third compound to induce the highest levels of ATP, even demonstrating a
restoration of these levels after treatment with MPP*. Indeed, CR4 was also the compound that
showed the most significant increase in NRF-1 mRNA levels, which according with what was
described above, could be promoting cell respiratory capacity through cAMP/CREB/Cyt C.
However, when N2a cells were treated with both CR4 and MPP*, NRF-1 mRNA levels were
decreased at the same extent that when cells were only treated with MPP*. Thus, CR4 seemed
to be able to almost completely restore ATP levels, upon MPP* stimulus, suggesting the
existence of a parallel pathway, involved in the protective effects of this compounds, over
MPP*,

Although, several of the results presented in this thesis didn’t show statistical significance and
can only be represented as tendencies, that does not necessary mean that biological differences
aren’t meaningful within cells and that PGC-1al is not being stabilized. Indeed, PGC-1al is
known to possess a short half-life, under unstimulated and ectopic expression conditions®163166,
In addition, PGC-1a overexpression might also, in some conditions, aggravate neuron
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degeneration-**, suggesting that the beneficial effects of this coactivator overexpression are
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within moderate levels at the physiological range. A great caution is needed when modulating
PGC-1lal to not exceed these levels. Therefore, our compounds could be modulating the
expression of PGC-1al, near physiological levels, partially explaining the reason why no
statistical significance was achieved.

Another interesting feature that we observed in our results, was the possibility of MPP* also be
inducing PGC-1al expression. From our results we could observe that both UCP1 and Glut-4
mRNA levels were increased upon treatment with MPP*. In addition, p-CREB protein
expression levels also showed a tendency to increase under MPP* stimulus. Accordingly, Ye et
al. observed that under MPP* treatment PGC-1a. mMRNA levels were increased, although a
decrease in its protein expression levels, along with ERRa and NRF-1 expression levels were
also observed!®’. Furthermore, another study has revealed that mitochondrial biogenesis can be
triggered by environmental stresses that ultimately lead to oxidative stress'’’. A different study
conducted in animal models of PD revealed that ninety minutes after MPTP acute
administration, three different isoforms of PGC-1la, full-length, NT- and CNS-, were all
increased in three different regions of the mice’s brains, namely striatum, cortex and
cerebellum'’®, Additionally, seven days after the last MPTP administration the levels of these
three isoforms were all decreased, especially the CNS-isoform. Comparing this acute treatment
with a low-dose chronic administration of MPTP, Torok and colleagues were not able to
observe the same increase in the PGC-1a isoforms*’®,

Interestingly, a study using lead as an oxidative stress inducer, showed that when cells were
exposed to this toxin for a short period of 3 h, the tested concentrations of 100 uM and 500 puM
were both able to significantly increase PGC-1a transcriptional levels. Additionally, after an
incubation period of 48 h, only the lowest tested concentration was able to sustain this increase,
along with increased levels of PGC-1o downstream targets, such as NRF-1 and Tfam*®,
Taken together, these results might be suggesting a short-term compensatory and protective
response against the neurotoxin, that is evident under short incubation periods. These findings
could be also revealing that the incubation periods are very important to assess PGC-1lal
stabilization and that, probably longer periods of incubation should also be tested, in the form
of a chronic treatment, with MPP* and/or the selected compounds, to better understand its
protective effects in cell death and its effects in PGC-1al stabilization.

Another interesting fact that we observed and corroborates the importance of choosing the right
incubation periods, is the significant increase of NRF-1 mRNA levels by CR4 and a significant
decrease of this same target gene and others, such as ERRa by CR10. However, when assessing

p-CREB protein expression levels, which could be an indicative of PGC-1al activation and of
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its downstream targets, only CR10 showed a tendency to increase these levels, with CR4 even
exhibiting a slightly trend to decrease these same levels. Since, both mRNA levels and protein
expression levels were assessed after a 16 h incubation period and differences in these two
cellular events may not be observed within the same time-points, this could suggest that what
we observe in both cases could be either a reminiscence of the response to the compounds or a
begin of the same response.

Understanding through which pathways PGC-1al is being activated is very important to assess
the mechanism by which each compound could be affecting its stabilization. For instance,
phosphorylation of PGC-1al through p38 MAPK is known to increase its half-life, stabilizing
this coactivator and enhancing its co-transcriptional activity?®. Indeed, PGC-1al can suffer
different PTM that depending on the external signal, can either downregulate or upregulate its
expression. Moreover, PTMs are also very important in the targeting of specific genest!!, as
well as regulation of protein stability, function and localization'?®. Therefore, the selected
compounds could be regulating these modifications towards PGC-1al stabilization, targeting
its function to the regulation of specific genes, such as increasing cellular glucose uptake or
respiration.

Although the biological activity of the tested compounds is not known, we observed that some
of these compounds demonstrated protective effects in MPP*-treated cells, with the most
interesting results regarding ATP levels and cell viability. Indeed, we were able to observe a
restoration, or at least a tendency, to increase both the ATP levels and cell viability of N2a cells,
upon pre-conditioning with the selected compounds and treatment with MPP*. While PGC-1al
downstream targets mRNA levels and protein expression levels of other proteins involved in
its activation pathways were not very elucidative, efforts should be made to try to understand
if the compounds could be having positive effects on its regulation. In the future, it would also
be interesting to address the oxygen consumption rate capacity of some of the selected
compounds, especially the ones demonstrating the highest capacity to increase ATP levels, in
NZ2a cells. Moreover, other pathways involved in PGC-1al activation should be tested, in N2a
cells, such as the insulin receptor substrate 1 and other downstream targets and its respective
proteins expression levels, namely Cyt C, UCP 2 and 3. Measuring the levels of certain
glycolytic enzymes, such as phosphofructokinase or pyruvate kinase, could also be interesting.
Furthermore, a more extensive study on the different concentrations of the tested compounds
should be taken into consideration, since some of the selected compounds didn’t present toxicity
to cells at the higher tested concentrations. Although, due to time management we selected a

single concentration to all compounds, a more extensive approach using higher concentrations
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could be beneficial to this project and positive results could be obtained, regarding the effects
of these compounds on cells. Understanding the interplay between primary cultured neurons
and astrocytes and the possible effects of each selected compounds in both cell types would
also be interesting, since effects could be more prominent in astrocytes than neurons and in the
spectrum of the whole brain, all types of cells interact between themselves.

PGC-1a has been shown to be a major coactivator in several tissues, with more relevance to
oxidative tissues. Finding compounds that modulate and stabilize this coactivator, within
physiological levels, in these tissues, is of great importance in order to allow the development
of common or similar therapeutic strategies, for different origin diseases, that might involve

this coactivator.
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