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ABSTRACT

Cerebral ischemic stroke is the third cause of death in west countries and the first in Portugal. An
interruption of a few minutes in the blood flow results in severe brain damage. Likewise, it is believed
that during the insult there are two phases of damage; i) after hypoxia/ischemia and ii) following
reperfusion, as a result of exacerbated oxidative stress. Oxidative stress is a hallmark of cerebral
ischemic stroke. There is an increase in the production of reactive oxygen species (ROS) and
reactive nitrogen species (RNS), which cause damage in several components of the cell. Moreover,
excessive and aberrant ROS generation is one of the major consequences of mitochondrial
dysfunction. Therefore, the efficient removal of damaged mitochondria is essential to prevent cellular
dysfunction, and this elimination occurs throughout mitophagy. Mitophagy is known to be activated
after cerebral ischemia/reperfusion. Several evidences show that carbon monoxide (CO) activates

endogenous protective mechanisms and prevents tissue and cellular damage.

The main aim of this PhD thesis was to address the cellular and biochemical pathways, underlying
CO promotion of cytoprotection against oxidative stress in astrocytes, with a particular focus on the
role of mitophagy and mitochondria function. In Chapter |, there is a general introduction concerning
oxidative stress and importance of astrocytes in neuroprotection. Particular attention is- given to
mitochondria quality control process, namely, mitophagy and mitochondrial biogenesis. Finally, the

biological role of CO is addressed.

The capability of CO gas to trigger autophagy and promote cytoprotection dependent on autophagy
was already described in several models, but there is no evidence with the use of CO releasing
molecule (CORM-A1). Thus, Chapter Il, evaluates the role of CORM-A1 on the control of autophagic
process in yeast models and astrocytes. Here, CORM-A1 partially prevented oxidative stress-
induced cell death via autophagy. As the main target of CO in the cell is known to be mitochondria,
in Chapter lll, the role of CO in mitochondria turnover was studied. Herein, first insights of CO-
mediated cross-talk between mitophagy and mitochondrial biogenesis were observed. Moreover, at
early time points CO induced mitophagy mediated by both PINK1/Parkin and also by BNIP3
pathways and activates novo synthesis of mitochondria, by stimulating mitochondrial DNA replication
and increasing gene expression of peroxisome proliferator-activated receptor gamma coactivator-1

(PGC-1a), specific mitochondrial transcription factor.

In Chapter IV is shown,for the first time, that glutathione appears to regulate CCCP-induced
mitophagy via protein glutathionylation of PINK1. However, this is still a work in progress and further

studies are needed to fully understand the complete mechanism.



RESUMO

O acidente vascular cerebral (AVC) é a principal causa de morte em Portugal e a terceira nos paises
ocidentais. Durante um episddio de AVC, a interrupcéo do fluxo sanguineo durante alguns minutos
pode levar a danos cerebrais graves, resultante de duas fases de resposta por parte do organismo,
i) apds isquémia e ii) na sequéncia do restabelecimento da corrente sanguinea, uma vez que
durante esta ultima fase existe um aumento do stress oxidativo, pela produgdo exacerbada de
espécies reativas de oxigénio (ROS). O stress oxidativo € um marcador do AVC. Por sua vez, a
producao excessiva de ROS é umas das principais consequéncias da disfungdo mitocondrial. A
eficiente e rapida eliminagdo destas mitocdndrias é fundamental para o progndstico final. A
eliminacao das mitocdndrias disfuncionais ocorre por processos mitofagicos. Neste sentido, sabe-
se que durante um episédio de AVC, a mitéfagia € induzida com o objetivo de reduzir o stress
oxidativo. Por outro lado, varios estudos tém mostrado a capacidade anti-apoptética do monéxido

de carbono em diversos tecidos e células.

O principal objectivo deste projecto de doutoramento foi investigar quais as principais vias celulares
e bioquimicas subjacentes a prote¢cao do CO contra o stress oxidativo, em astrécitos com foco na
funcdo mitocondrial, nomeadamente nos processos mitofagicos e na biogénese mitocondrial. O
Capitulo | introduz o papel dos astrécitos no contexto de stress oxidativo, com foco no papel na

funcao mitocondrial. Por ultimo, é abordado o papel biolégico do CO.

A capacidade do CO promover a citoprote¢cdo em varios modelos dependentes de autofagia ja é
conhecida, contudo ndo existe nenhuma evidéncia relativamente ao uso de moléculas dadoras de
CO (CORMSs). No Capitulo Il é demostrada, pela primeira vez, a habilidade da CORM-A1 em
prevenir a inducao de morte celular em contexto de stress oxidativo pela indugao de autofagia. Uma
vez que, o centro de agdo do CO na célula é a mitocondria, no Capitulo lll, foi estudado o papel do
CO na modulagdo mitocondrial. Foi demonstrado que o CO promove a indugdo de mitofagia
mediada pela via PINK1/Parkin e também pela expressao da proteina BNIP3, ao mesmo tempo que
induz a sintese de mitocondria, pelo aumento da replicagdo do DNA mitocondrial e expressdao PGC-

1a, factor especifico de transcricao mitocondrial.

No Capitulo IV é demonstrado, pela primeira vez, o papel regulador do glutatiao na mitéfagia
dependente de PINK1 mediado por CCCP. Este ultimo capitulo mostra resultados preliminares que

necessitam de mais estudo para melhor compreensao do processo.
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Introduction

1 CENTRAL NERVOUS SYSTEM

The nervous system is responsible for coordinating the actions and transmit signals in the body and
is divided in two main parts; the central nervous system (CNS) and the peripheral nervous system
(PNS). The CNS is the processing center that collects, integrates and sends information to the
peripheral nervous system. It consists of two main organs, spinal cord and brain, due to their extreme
importance to the body, they are located in the dorsal body cavity, encased in bone and protected
by the blood-brain barrier (BBB) .

At the cellular level (Figure 1), nervous system is defined by the presence of nerve cells, also known
by neurons, and specific types of supporting cells, known as glial cells. Neurons are highly polarized
cells, specialized in the transmission of information through the propagation of electrical signals.

While glial cells are non-neuronal cells that primarily support and protect neuronal function *°.

( Astrocyte /|
\

Capillary \\
/
P/

Neuron

ﬁ{

Oligodendrocyte

Microglia

Figure 1- Schematic representation of several brain cell population and there interaction. Graphical
elements were adalted from the Servier Medical Art Powerpoint image bank. Servier Medical Art by Servier
(http://www.servier.com/Powerpoint-image-bank) is licensed under a Creative Commons Attribution 3.0 Unported License
(https://creativecommons.org/licenses/by/3.0/).
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1.1 Neurons

Neurons have one of the largest and most complex architectures of all cells in the human body.
Morphologically they are composed by three major regions: cell body, dendrites and axon. The cell
body, or soma, contains the nucleus and the major cytoplasmic organelles. The specialized thin
branches, dendrites, are extensions of the receiving surface and arise from perikaryon, ramifying
over a certain volume of gray matter °. Dendrites can differ in size and shape, depending on the
neuronal type. Finally, the axon conducts nerve impulses to other neurons or to muscle cells, which
is the most extended part of the neuron. Each neuron might have multiple dendrites, but just one
axon . Between all the cell types in the body, neurons are the most dependent on oxygen and
nutrient supply, since the specialization on the transmission of information limits the existence of
energy reservoirs. In accordance, brain receives about 15% of the cardiac output at rest '°.
Moreover, just few minutes of blood flow interruption may cause neuronal cell death 8 occurring
during cerebral ischemic stroke, which is the third cause of death in west countries ° and the first in
Portugal ",

In 1859, Rudolph Virchow, studied neuroglia, or “nerve glue”. This name derives from the notion that
glial cells served as a glue, and at that time glial cells were considered as an inactive connective
tissue holding neurons together in the CNS. Nevertheless, glial cells are the major cells present in

the brain and indispensable for neuronal functioning *'2.

1.2 Glial Cells

There are three main glial cells: oligodendrocytes, microglia and astrocytes, with different functions.
Oligodendrocytes are responsible for the production of myelin sheath that covers neuronal
processes and facilitates electrical signal transmission '>'*. The other glial cell type that is present
in CNS is microglia and is known as the macrophages of nervous tissue 2. Some studies indicate
that microglia constitute 5 to 20% of all the glial cells and are distributed throughout all parts of the
CNS ™. These cells have the particularly function of cleaning the extracellular space in CNS, by
“scanning” the environment for foreign material and damaged or dead cellular elements '°. The third

glial cells are astrocytes, which are discussed in deeper detail in the next section.
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1.2.1 Astrocytes

Astrocytes originate their name from their star-like morphology and represent the majority of the glial
cells in CNS. In the recent years, astrocytes have risen a great interest since they play a key role in
the CNS, being involved in the regulation of neurodevelopment, neurotransmission, cerebral

metabolism and blood flow &7

. Astrocytes are the most widely distributed cells inboard the CNS,
outnumbering neurons, constituting about 20-50% of the total human brain volume . They are
known for being a heterogeneous cell population based on their morphology, function and

expression of different sets of receptors, transporters, ions channels and neurotransmitters %2,

Since the last decade, astrocytes have been categorized in two subtypes: protoplasmic or fibrous ?',
accordingly to the brain region specificity and to their unique cytoarchitectural and phenotypic
features, which allow them to respond to changes in the microenvironment: 2'?2. Protoplasmic
astrocytes are found throughout all grey matter, whereas the fibrous astrocytes are only found in
white matter. The protoplasmic astrocytes exhibit a morphology of several stem branches, while
fibrous astrocytes have longer branches and 50 to 60 long fiber-like processes 2%, but both make

t 2224 vig specialized processes called endfeets %°.

extensive contacts with the neurovascular uni
These endfeets express glucose transporters of the Glut-1 type and are a possible site of glucose
uptake . In this sense astrocytes have been shown to play an important role in neurovascular and
neurometabolic coupling. Likewise, for enabling the dynamic coupling of cerebral blood flow with

energy demand, the astrocytes release vasoactive substance #'.

1.2.1.1 Astrocytes the crosstalk with neurons: metabolism

Astrocytes are the only cell type in the brain that comprise the energy storage molecule glycogen.
Furthermore, astrocytes also respond to glutamatergic activation by increasing their rate of glucose
utilization and releasing lactate in the extracellular space, which might, in turn, be used by neurons
to sustain their energy demands, which is called the astrocyte-neuron lactate shuttle 8. Several
astrocytic homeostatic functions have been demonstrated, including: (i) ion and water homeostasis,
(ii) defense against oxidative stress, (iii) scar formation and tissue repair, (iv) modulation of synaptic
activity via the release of gliotransmitters, and (iv) synapse formation and remodeling '#16:2%-31,

Astrocytes are powerfully coupled together by gap junctions, containing aqueous pores, allowing the
transfer of ions and other molecules with low molecular weight 2%, A set of biological important
molecules, comprising nucleotides, small peptides, CAMP, sugars, amino acids, inositol triphosphate
(IP3) and Ca?" have accesses by gap junctions ****. Ca?* waves are mediated by the binding of ATP

to the P2X7 receptor, which is expelled to the extracellular space by the pannexin hemichannel *°.

5
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Ca?" waves spread through the astrocytic network occurs over hundreds of micrometers, modulating
the surrounding neurons activity, by triggering the release of nutrients and regulating blood flow *.
Recently, it was identified that astrocytes not only regulate the blood flow but supply the building
blocks of neurotransmitters, which fuel neuronal metabolism, and are also able to transfer

mitochondria into neurons '#1629

. Likewise, they are able to phagocyte synapses, modulate
neurotrophin secretion, and clear debris 33!, This crosstalk between astrocytes and neurons starts
early in development namely controlling gliogenesis and synaptogenesis. This occurs during brain
development, being the astrocyte maturation the end point of the synaptogenic and neuroplastic

periods *’.

These star-shaped cells that lack axons not only supports neuronal activity, but can also regulate
the neurotransmission by modulating synapses. This process is defined as the “tripartite synapse”
and depending on intracellular levels of Ca*?, astrocytes release gliotransmitters (e.g. glutamate) —
in a process termed gliotransmission - that have feedback actions on neurons *. The term “tripartite
synapse” refers to a concept in synaptic physiology based on the demonstration of the existence of
bidirectional communication between astrocytes and neurons 2°*%%_|n fact, astrocytes upregulate

° which influence

and release several neurotransmitters such as glutamate, ATP and D-serine *
paracrine signaling from astrocytes to neurons, endothelial cells, pericytes, and microglia cells.
Glutamate is the most common amino acid and neurotransmitter present in brain tissue, which is an
excitatory neurotransmitter. Astrocytes use ATP and Na® gradient created by the surrounding
neurons to uptake glutamate, which is converted into glutamine and then release it into the
extracellular space, where neurons are able to uptake it, and restart the cycle and generate again
glutamate *' and GABA, which are potent excitatory and inhibitory neurotransmitters, respectively
26 This inter-cellular crosstalk plays a key feature in the homeostasis of the brain, by maintaining
the neurovascular unit under physiologic conditions and any disruption on this crosstalk results in

neurodegeneration conditions 44243,

1.2.1.2 The role of astrocytes in the protection of neurons against oxidative stress

Bearing in mind the pivotal role of astrocytes in the brain and the strong cooperation between
neurons and astrocytes, direct evidences point to an important role of astrocytes in several
pathologies, either through the loss of normal function or the gain of defective functions. CNS injury
or disease can be caused by the overproduction of reactive oxygen species (ROS) and/or reactive
nitrogen species (RNS) and the impairment of the cellular antioxidant defense capacity **, which
result in the activation of a coordinated astrocytic response: biochemical and morphological changes

named as reactive astrogliosis *'. Astrocytes have robust antioxidant abilities, which are limited in

6
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neurons *°. Reactive astrocytes in response to acute stress attempt to limit CNS damage, although
chronic astrogliosis can stimulate constant ROS production and release of proinflammatory
molecules, which promotes neuronal injury and neurotoxicity “. Astrocytes have a key role in
protecting neurons against oxidative stress, and, in turn, against neuronal cell death "¢ occurring
in stroke and neurodegenerative disorders, such as Parkinson’s disease (PD) or Alzheimer disease
(AD). Consequently, in contrast to the classically accepted paradigm that brain function results
exclusively from neuronal activity, there is an emerging view, in which brain function actually arises

from the coordinated activity of a network comprising both neurons and glia cells.

Ischemic stroke results from the lack of blood supply, limiting oxygen and nutrients availability in the
brain, followed by blood reperfusion that can generate oxidative stress. In cerebral
ischemia/reperfusion-mediated brain injury, astrocytes can induce two types of reactive astrocytes
(A1 and A2), which are related with reversible alterations in gene expression, cell hypertrophy and
formation of a glial scar *°. Astrocytes are much more resilient to ischemia/reperfusion-mediated
inflammatory injury than neurons and play a vital role in limiting brain damage *°. Ischemic cerebral
damage is a result of O, and nutrient depletion, with subsequent acidosis, inflammation, glutamate
excitotoxicity, mitochondria loss, increases in Ca*? levels and oxidative stress *'%2. In a rodent in vivo
model of transient focal cerebral ischemia, it was showed that astrocytes were able to release
functional mitochondria that enter in neurons and this entry amplified neuronal survival and metabolic

function, improving neuronal outcome 6.

Astrocytes also play a crucial role in neurodegenerative disease, namely, in PD pathogenesis via
oxidative and nitrosative stress. Samples from brain post-mortem PD patients, as well as
experimental animal models, showed that astrocyte activation and elevated levels of oxidative

metabolism 3%

, are pathogenic features of PD, it is believed that this is a downstream effect of the
disease, although growing evidences suggest that it may contribute to PD *°. In macaque models,
reactive astrocytes were found in early stage PD, associated with persistent proinflammatory
signaling °. In cases of toxic insult or neuroinflammation, there is an induction of reactive astrogliosis
due to an increase on the release of proinflammatory cytokines such as tumor necrosis factor alpha
(TNF-a) and interleukin-1 beta (IL-1B) *’, resulting in increased expression of astrocytic glutamate
transporters and potassium channels, production of antioxidant glutathione (GSH) and ROS/RNS .
The astrocytic release of TNF-q, IL-18, interleukin-6 (IL-6), and interferon-y, which initiates neuronal
apoptosis through the activation of caspase 3, caspase 8, and cytochrome ¢ can be a mechanism
by which reactive astrogliosis induces dopaminergic neuronal death 5°%°. Furthermore, reactive
astrocytes and oxidative stress result in increased lipid peroxidation, mitochondrial impairment, and
DNA strand breaks, which lead to neuronal injury and death '%2, Likewise, the levels of GSH and

antioxidant enzymes secreted by astrocytes are significantly decreased in PD patients ®. On the
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other hand, there has been also demonstrated in an SH-SY5Y-astrocyte co-culture model and in an
a-synuclein transgenic mouse model, that a-synuclein released from neurons might be taken up by
astrocytes, leading to reactive astrogliosis and oxidative stress %%, Dysfunctional mitochondria are
the main producer of ROS, a byproduct of oxidative phosphorylation, namely produced in complex |
57, Dysfunction of complex | has been hypothesized to be contributor to PD, leading to impair
astrocytic function and toxicity®®. Thus, mitochondrial defects may contribute to astrocytic oxidative

stress® .

In conclusion, the role of astrocytes in brain function and dysfunction is of extreme importance.
Although many advances have been made in this area, the full understanding of astrocytic cellular
mechanism in disease is still unknown. Therefore, targeting astrocytes for promoting neuronal

function and viability is an important strategy to protect the brain.

2 CARBON MONOXIDE

Carbon monoxide (CO) is a diatomic colorless small molecule, invisible, chemically inert, nonirritant,
and odorless gas . It is commonly known as a lethal gas due to it high affinity to heme-proteins, in
particular to hemoglobin, which compromises oxygen delivery to the cells and promotes intoxication
and death. High concentrations of CO are cytotoxic by inhibition of mitochondrial respiration via
binding to cytochrome c oxidase (COX), which leads to excessive ROS generation and mitochondrial

uncoupling effect.

Cco

Heme-oxygenase

Fe*2 HOOC COOH

Heme group Biliverdin

Figure 2 - Endogenous pathway production of carbon monoxides. Heme group is converted in biliverdin, ferric

iron and carbon monoxide by the action of heme-oxygenase. Addapted from 7°.
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Nevertheless, this gas is an endogenous product of heme degradation by heme oxygenase (HO),
along with free iron and biliverdin, which is rapidly converted into bilirubin by biliverdin reductase
(Figure 2), presenting strong antioxidant properties %. HO is a stress induced enzyme comprising of
two isoforms of HO: the inducible HO-1 and the constitutive HO-2 7". The cytoprotective HO/CO
system responds to several stresses, namely: oxidative stress, hypoxia, hyperoxia, hypothermia,

inflammation, ER stress and ischemia 72

2.1 CO releasing molecules (CORM)

Since the last two decades, CO has received great attention as a biological regulator that can have
an important role as a therapeutic tool. This led to the development of CO releasing molecules
(CORMSs) (Figure 3), which can potentially allow CO administration in a clinical context. CORMs are
organic and organometallic compounds, with the capacity of delivering CO in a time and tissue-

specific manner, allowing a significant reduction in carboxyhemoglobin toxicity "7,

It is already described the capacity of CORMs to mimic the effect of the gaseous CO, including
vessel relaxation, protection against organ ischemia-reperfusion injury, prevention of organ rejection
after transplantation, inhibition of inflammatory response and anti-apoptotic properties, highlighting

the efficiency of CO transport by these molecules "'

In 2003, the first water-soluble CORM, called CORM-3 (tricarbonylchloro(glycinato) ruthenium (ll)),
was described. CORM-3 was obtained by coordinating the amino acid glycine onto the metal center.
CORM-3 is fully soluble in water and presents on its structure a metal carbonyl complex with a half-
time of about 1 minute in physiological buffers ™. Another very studied CORMs is CORM-A1 (sodium
boranocarbonate), like CORM-3, is fully soluble in water, but it does not possess a transition metal
on its structure and is able to release CO with a half-life of 21 minutes being slower releaser under
physiological conditions, (37°C and pH 7,4) 7.

Finally, CORM-2 (trocarbonyldichloro ruthenium (1) dimer) is a first generation CORM containing

two ruthenium atoms, which the main disadvantage of being water insoluble " .
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Figure 3 - Chemical structures of CORM'S. CORM’s are compounds that contain a heavy metal such as nickel,
cobalt, or iron surrounded by carbonyl (CO) groups as coordinated ligands. Addapted from 78,

2.2 Biological functions of carbon monoxide - Cytoprotection

CO was firstly described as a putative neural messenger ° and is now recognized as a signaling
molecule exerting essential regulatory roles in a variety of physiological and pathological process in
cardiovascular, nervous and immune systems. The main CO’s biological roles are: anti-
inflammatory, anti-apoptotic, anti-atherogenic, vasodilator, anti-proliferative and modulator of cell

metabolism 758981,

2.2.1 History of CO as gasotransmitter

Some evidence suggests that endogenous CO is a neurotransmitter in CNS. In 1993, Verma and
colleagues demonstrated, in primary olfactory neuronal culture, the action of CO as endogenous
neuronal transmitter regulating cyclic guanosine monophosphate (cGMP) and guanylate cyclase
(GC) "°". Probably the most studied biological function of CO is its anti-inflammatory property °. In
2000, it was demonstrated the anti-inflammatory role of low concentrations of CO in vivo and in vitro,
via a pathway involving mitogen-activated protein kinases . In 2005, Sawle and colleagues have
demonstrated for the first time that CORM-2 and CORM-3 prevented LPS-induced inflammation in
murine macrophages, reducing the levels of TNF-a and nitrite ”. Brouard et al in 2000 showed for
the first time the anti-apoptotic property of the system HO/CO in endothelial cells. Since then, carbon
monoxide has been reported as an anti-apoptotic agent in several systems: pulmonary cells, muscle,

71,83,84

endothelial cells, neurons and astrocytes Likewise, it has been shown that CO confers

resistance against cell death following ischemia-reperfusion damage and oxidative stress in many

different models, namely lung, heart, kidney, liver and brain 783,
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2.2.2 Carbon monoxide and Central Nervous System

In central nervous system, low concentrations of exogenous CO have been explored as
neuroprotective agent. In 2007, Chora et al. described that CO reduced neuroinflammation in
experimental autoimmune encephalomyelitis, a model of multiple sclerosis . In the same year, in a
newborn pig model of brain seizure a systemic administration of CO-releasing molecule (CORM-A1)
stimulates the vasodilator and cytoprotective effects of CO in the cerebral circulation, protecting the
neonatal brain from cerebrovascular injury %. Few years later, stimulation of endogenous CO
production, via HO activation, promoted vasodilation of pial arterioles of newborn pigs . In 2009,
Zeynalov showed that in mouse brain CO reduced injury after transient middle cerebral artery

occlusion %

. In 2011, Wang demonstrated that CO exposure after ischemic stroke provide
neurological protection, reducing the infarct size without improving behavioral effects by activating
NrF2 pathway ®. In 2012, Mahan et al. showed that CO limited cerebral injury resulting from cardiac
bypass procedures using deep hypothermic circulatory arrest ®°. In the same year, Yabluchanskiy
and colleagues demonstrated that a CO-releasing molecule (CORM-3) promotes neuroprotection or

neurotoxicity after intracerebral hemorrhage in a time of administration dependent manner °'.

In neuronal cultures, our group has showed that the preconditioning of murine primary cerebellar
granule cells with exogenous CO prevented neuronal apoptosis induced by excitotoxicity and
oxidative stress %% Likewise, CO limited neuronal death in a perinatal model of cerebral ischemia,
by increasing Bcl-2 expression, preventing the release of cytochrome ¢ from the mitochondria and
inhibiting caspase-3 activation *. Recently, it was demonstrated by the first time that CO (CORM-
A1) also positively modulates neuronal differentiation by reducing neuronal cell death and improving
neuronal precursor cell proliferation . Furthermore, CO increased neuronal differentiation rate by
stimulating the tricarboxylic acid cycle (TCA) activity and improving metabolism in NT2 neuronal
model %. Likewise, phosphate pentose pathway and the modulation of the GSH system is also

involved in CO-induced neuronal differentiation 7.

The role of CO in protecting astrocytes against brain damage will be explored in the next section.

2.2.21 Astrocytes and carbon monoxide

Regarding the cytoprotective effect of CO in the brain, namely in astrocytes (Figure 4), it is known
that the cytoprotective effect of CO can be dependent on the generation of low amounts of ROS,
which acts as signaling molecule %. In 2010, Queiroga showed for the first time that the antiapoptotic
behavior of CO is due to the inhibition of mitochondrial membrane permeabilization (MMP) %. In

isolated mitochondria from astrocytes, CO partially (i) inhibits loss of mitochondrial potential (A¥m),
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(i) swelling and (iii) the release of cytochrome c. Furthermore, CO prevents MMP by targeting the
inner membrane protein ATP/ADP translocase (ANT) and promoting its glutathionylation and
inhibition of its pore activity via ROS signaling ®. Few years later, it was also shown that low
concentration of exogenous CO prevented apoptosis in astrocytes by inducing Bcl-2 expression,
which in tumn, enhanced ATP generation, cytochrome ¢ oxidase enzymatic activity and mitochondrial
population . Also, CORM-2 was demonstrated to stimulate peroxisome proliferator activator

190 More

receptor coactivator-1a (PGC-1a)-mediated mitochondria biogenesis in astrocytes
recently, via RNA sequencing approach, 162 genes were found to be differentially expressed
following CO treatment in astrocytes. FosB gene expression was upregulated and validated by RT-
Q-PCR and western blot. Nevertheless, knocking down FosB expression with siRNA did not revert
the anti-apoptotic effect of CO. In addition, the CO cytoprotective effect was abrogated in the
presence of the P2X7 receptor antagonist A-438079 '°'. Finally, the anti-apoptotic effect of CO was
also evaluated in astrocyte-neuron communication, CO was able to prevent neuronal cell death in a

paracrine manner by targeting astrocytic metabolism via purinergic signaling '°.

Mitochondrial biogenesis Modulation of oxidative
activation phosphorylation

Metabolism improvement

K+/Ca*2channel
modulation

® 0
Preconditioning effect

Control of programmed :
ROS signaling

cell death

Inhibition of
MMP

o \/ GSH
° —

o Anti-oxidante mild [\ Protein Sl ommall Protein S0
uncoupling effect GSSG
Control of protein function/signaling

by glutathionylation

Figure 4 - The main described mechanisms of carbon monoxide on astrocytic mitochondria. Modulation
of mitochondrial membrane permeabilization and cell death control; improvement of mitochondrial metabolism, ROS
generation and signaling and mild uncoupling effect.

Concerning the role CO in neuroinflammation, in rat astrocytes and hippocampal neurons, CORM-2
protects against AR toxicity in a concentration-dependent and HO-1-dependent manner "%, CO
suppresses NOX-derived ROS production caused by AR ', Crosstalk between NF-kB and ROS
activates A1 type astrocytes '%. Therefore, CO may downregulate the ROS/NF-kB pathways in

astrocytes, consequently reducing the activation of inflammatory A1 astrocytes during CNS injury.
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Carbon monoxide produced in astrocytes has been described to contribute to vasodilation '*,

leading to the supply of Oz and nutrients to surrounding cells. Adenosine diphosphate (ADP) that is
a regulator of cerebral blood flow, NO (nitric oxide) and CO are important signaling molecules in the

1% Indeed, astrocyte-derived CO can diffuse into endothelial and smooth muscle cells,

brain
activating BK channel and resulting of vasodilation '’. Thus, CO increased pial arteriolar dilatation
in newborn pigs in response to ADP '%. On other hand, CO and NO are able to activate the big
conductance K* channel (BK) in endothelial cells '®. Likewise, CO and NO also activate BK channels

107,109

in smooth muscle directly . In conclusion, CO also emerges as an important player of cerebral

vasomodulation.

3 AUTOPHAGY

More than 40 years ago Christian de Duve, described a catabolic process conserved from lower to
higher eukaryotes, which is named as autophagy, this word remotes from the Greek and means

» 101 Autophagy is an intracellular degradation system that carries cytoplasmic

“selfeating
constituents into the lysosome. There are three types of autophagy: macroautophagy,
microautophagy and chaperone mediated autophagy ''?''3. Hereafter macroautophagy is named as

autophagy.

Autophagy was first described as a cell death pathway, although in the last years autophagy reveals
to be a protective cellular process that allows cells to survive in response to multiple stressors, such
as; starvation, hypoxia, ROS and damaged organelles, strengthening organism defense ''2114.115,
Autophagy is involved in diverse human processes, such as development, longevity, immunity,
cancer and neurodegenerative diseases '"""''®. Throughout a possible lethal stress, cells respond
with rapid metabolic changes to protect themselves against potential damage. This is orchestrated
by a multifaceted cellular program, which involves the action of various stress response pathways.
One of the key pathways that arbitrates stress-induced metabolic adaptation and control of cell

damage is autophagy "°.
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4 MITOCHONDRIA

A 1.5 billion years ago, aerobic bacteria colonized eukaryotic cells, and this symbiotic relationship
resulted in bacteria evolution into mitochondria, while the host cells acquired the ability to
metabolically use oxygen (O.) "'"'"8. Although mitochondria are viewed as a vestigial bacterium
living in eukaryotic cells, they still retain several features of their bacterial ancestry; i) Mitochondria

"7 ii) The mitochondria double

are able to replicate autonomously independently of cell division;
membrane is composed by cardiolipin, a specific phospholipid, found only in prokaryotes and in the
inner membrane of mitochondria but not in other membranes of eukaryotic cells; ''° iii) they harbor
there one genome (circular DNA), lacking histones and containing intronless polycistronic genes that

120-122 and

encode 13 mitochondrial proteins, 22 transfer RNAs and 2 ribosomal RNAs in vertebrates
iv) mitochondrial protein translation starts with a formylated methionine, an N-terminal modification

never found on proteins encoded in the nuclear genome, the same occurs in bacteria '=.

The mammalian mitochondrial proteome consists in approximately 1,200 proteins, but the human
mtDNA only encodes approximately 1% of the mitochondrial proteome, being 13 proteins that are
mainly involved in oxidative phosphorylation (OXPHOS) '?2. The remaining mitochondrial proteins
are encoded by the nuclear genome, translated in the cytosol, and imported into mitochondria '2.
Mitochondria are vitally important, fulfilling crucial functions in the cell, namely: energy production
and biomolecules production ', They also constitute platforms for the development of protective
homeostatic response against oxidative and play a key role in the control of cell fate via apoptotic

cues %8,

In mammalian cells, energy (ATP) is mostly produced in the inner membrane (IMM) of mitochondria
by oxidative phosphorylation OXPHOS, which is constituted by the respiratory chain (Complex I-IV)
and ATP synthase complex (ATPase or Complex V) "2 This is a very productive metabolic
pathway based on electron transfer along an electron transport chain, from Complex | to Complex

VI, through oxidation-reduction reactions °’.

The metabolites produced by glycolysis are used in the TCA cycle that generates compounds to
supply the first electronic transporters in the OXPHOS: NADH to complex | (NADH ubiquinone
reductase) and succinate to complex Il (succinate dehydrogenase). The generated electrons pass
to complex Il (ubiquinol-cytochrome ¢ oxidoreductase), and lastly to complex IV (cytochrome ¢
oxidase — COX), via cytochrome c, in which O is the final electronic receptor, leading to H>O. During
the transport of electrons, H* ions are pumped across the IMM leading to the formation of a gradient,
maintaining a high A¥m. ATP is synthesized in the last step of the chain, the enzymatic complex —
ATP synthase, by driving back protons to the mitochondrial matrix '>'*°. When an injury occurs,

there is a perturbance in the cellular redox homeostasis, due to the leakage of electrons through the
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electron transport chain, generating ROS, which, depending on the concentration, constitute
valuable secondary messengers or extremely damaging factors *'~3*_ Additionally, due to the high
importance of mitochondria to the cell, any disruption of mitochondrial homeostasis can lead to a
disease. Therefore, mitochondrial quality control related processes: fission/fusion, mitophagy
(specific mitochondrial autophagy) and mitochondrial biogenesis must be under tight control and

balanced.

4.1 Mitochondrial function and ROS

Brain is rich in mitochondria and uses about 20% of the total consumed oxygen of human body.
Moreover, 90% of the brain consumed oxygen is for generating energy, which makes brain cells
particularly sensitive to oxidative stress. Oxidative stress is linked to mitochondrial dysfunction
because mitochondria generate ROS but are also the target of ROS "*°. Mitochondria are the main
cellular structure responsible for managing O- levels and ROS production. Thus, a mitochondrial
imbalance of ROS production and/or ROS clearance promotes oxidative damage of lipids, nucleic
acids and proteins, representing a threat to the cell survival '?®'3* ROS accumulation leads to DNA
base modification, DNA strand breaks, inter- and intra-strand crosslinks and DNA-proteins crosslink
that eventually affect genomic structure and stability '*®. Similarly, oxidation of cysteine residues,
which are very vulnerable to oxidase due to their highly reactive nucleophilic thiol moiety, results in
alterations of protein structure and function '*”. One of the most devasting effect of oxidative stress
in the cell is lipid peroxidation, that occurs when free radical interact with membrane lipids, forming
lipid radicals, which results in alteration of membrane permeability and stability, compromising
cellular compartmentalization and overall function '*8. Therefore, the increase on oxidative stress as
a result of mitochondrial dysfunction has being associated to several pathologies, namely,
atherosclerosis, diabetes, stroke and aging-related physiological disorders (neurodegenerative

disease) "*°.

ROS have been known as a damaging and pernicious agent to the cell, resulting in oxidative stress,
although, ROS play a critical role as a signaling molecules of cellular physiological functions. Under
physiological conditions, mitochondrial ROS serve as second messengers to coordinate cellular
responses, including adaptation to hypoxia, cellular division, and complex responses to external
stimuli. The oxygen anion forms, superoxide (O2-) and hydrogen peroxide (H.0-) activate signaling
pathways controlled by tyrosine phosphorylation such as NF-kB, PKC, MAPK or JNK "%14' ROS
reacts with the redox sensitive cysteine residue of tyrosine phosphatase leading to their transient
inactivation, which favors unopposed kinase activity '2'**. Likewise, ROS have been demonstrated

to play an adaptive role in many physiological events including, hypoxia, physical activity, regulation
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of autophagy, immunity, differentiation and longevity 2. In this way, mitochondria homeostasis is
very important for avoiding cellular accumulation of ROS and a loop of damage, thus the number
and quality of this organelle is critical to the good cellular functioning. The elimination of mitochondria
leads to the renewing of mitochondria named as mitochondria turnover '*°. Indeed, mitochondria
mitigate oxidative stress through quality control, that include balanced of mitochondrial biogenesis,
autophagic degradation of dysfunctional mitochondria (mitophagy), mitochondria-specific protein

refolding/turnover pathways, and mitochondrial fission/fusion events.

4.2 Mitophagy

In 1915, Margaret and Warren Lewis, in the early work of mitochondria dynamics, proposed the idea
of mitochondrial degradation or degeneration (Figure 5) 4. Later in century, with the use of electron
microscopy (EM), it was observed in rat tissues for the first time mitochondria within vesicles and
lysosomes '“*'¢ Christian de Duve postulated the concept of cellular autophagy, the idea of
mitochondrial autophagy flourished, and was further support by several studies showing
mitochondrial autophagy in the muscle of metamorphosing Antheraea Polyphemus, in rabbit hearts
under ischemic-reperfusion injury and during rat erythrocyte maturation™’-"5",

The term mitophagy was first suggest in 1998, by Sidney Scott and Daniel Klionsky, but just became
popularized in 2005 by John Lamesters, describing the selective engulfment of mitochondria into

vesicles with autophagosome marker 15219,
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Figure 5 - Mitophagy mechanism; Mitophagy is a specialized autophagic process that eliminate damaged
mitochondria in order to maintain the cellular homeostasis. Mitophagy can be triggered by several stress, such as,
excessive ROS, DNA damage and aging.

4.2.1 Fission and Mitophagy

Mitophagy depends on mitochondrial morphology and fission processes (Figure 5). Whenever
stressful stimulus is high and promotes mitochondrial depolarization and dysfunction, key cellular
response involves fission followed by mitophagy. In fact, mitochondrial fission facilitates
mitochondrial engulfment by autophagosomes due to a matter of size, fission decreases
mitochondrial size. Thus, fission and mitophagy maintain mitochondrial homeostasis and limiting
dysfunction mitochondria, increased oxidative stress and metabolic collapse. Mitochondrial fission

1 1941 Both proteins regulate

is mediated by DRP1 and by the outer membrane protein FIS
mitochondrial division, and their knockout or downregulation promotes highly interconnected
mitochondrial network. DRP1 is regulated by different mechanisms, including phosphorylation,
sumoylation, and ubiquitination '*®. Upon phosphorylation DRP1 translocate to mitochondria and
binds to the outer membrane receptor, FIS1 **'% Increased levels of FIS1 expression promote
autophagy '%. Likewise, moderately elevated ROS levels promote mitophagy (but not cell death

neither nonspecific autophagy) in a DRP1-dependent manner "%,
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4.2.2 PINK1/Parkin pathways of Mitophagy

There are several protein receptors described to be related with mitophagy pathway, although the
specific mechanisms about how mitochondrial proteins are selectively sorted and regulated within
the network for mitophagic elimination are still poorly understood. The most studied and described
mitophagy pathway, in mechanistic terms, is mediated by ubiquitin-dependent mitophagy receptor;
PTEN-induced kinase 1 (PINK1) and the E3 ligase Parkin genes '*°. Moreover, mutations in these
genes are associated with the development of autosomal recessive form of Parkinson Disease '*°.
PINK-1 and Parkin have been mostly studied in dopaminergic neurons. PINK1 is a cytosolic and
mitochondrial localized serine/threonine kinase, and it is constitutively expressed protein. Under
physiological conditions, PINK1 is proteolyzed by mitochondria rhomboid protease PARL, at the
mitochondria membrane of healthy mitochondria. This event results in processed forms of PINK-1,
which are rapidly degraded by the proteasome. In response to stress, in particular when Aym is
reduced, there is an accumulation and activation of PINK-1 in the mitochondria surface,
phosphorylating Parkin and recruiting it from the cytosol to the mitochondrial outer membrane (OMM)

161 Mitochondria accumulation of Parkin leads to their degradation via mitophagy (Figure 5A)'®2.

Parkin functions are downstream PINK1 activity since overexpression of Parkin partially
compensates PINK1 loss '®. Thus, PINK1 kinase activity is essential to promote translocation of
Parkin to depolarize mitochondria. Still, Parkin mediates the formation of two distinct poly-ubiquitin
chains, linked through Lys 63 and Lys 27. Parkin-dependent mitophagy requires the ubiquitin-
autophagy adaptor protein p62 and the outer membrane protein VDAC1 in response to mitochondrial

%4 VDAC1 is the mitochondrial target of Parkin-catalyzed Lys 27

membrane depolarization
ubiquitylation. Under specific conditions, Parkin or PINK1 are dispensable for mitophagy activation.
In a Parkin-independent manner, PINK1 recruits NDP52 and optineurin to mitochondria for direct
stimulation of mitophagy, being a process upstream of LC3 binding '®°. Accordingly, in the absence
of PINK1, Parkin can be recruited to depolarized mitochondria and can promote mitophagy in
cardiomyocytes '®8. Finally, Parkin translocation to depolarized mitochondria is antagonized by pro-
survival protein of BCL-2 family, induced myeloid leukemia cell differentiation protein (MCL-1) and

BCL-XL in a Beclin-independent manner ",
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4.2.3 BNIP3/NIX pathways of mitophagy

In the last few years, several proteins have been identified in mitophagy signaling, some of them
independent of ubiquitin, namely BNIP3 (the BCL-2/adenovirus E1B 19-kDa-interacting protein 3)
and NIX (BNIP3L). BNIP3 and NIX are members of the BH3-only subfamily of the Bcl-2 family
proteins '®® such as residence in the outer membrane and the ability to interact with the prosurvival
proteins, Bcl-2 and Bcl-X., which connects them with cell death modulation '®°'°. Both BNIP3 and
BNIP3L have been reported to promote cell death in several models ""'"2, BNIP3 was first found to
be a pro-apoptotic protein, since it was upregulated under hypoxia conditions '>. BNIP3 expression

173174 it becomes activated

is regulated by the hypoxia-inducible factor-1alpha (HIF-1a) expression
in response to hypoxia and has been implicated in mitophagy induction in several models, namely
in response to stroke '° and tumor growth '*°. Nevertheless, BNIP3 is also involved in mitophagy
modulation and elimination of dysfunctional mitochondria, by directly interacting with LC3 (Figure
5B) '® and is part of a general mechanism of cell survival that is controlled by HIF-10 °.
Overexpression of Bcl-2 protects against BNIP3-mediated loss of AWm, but does not prevent
induction of general autophagy ""’". Likewise, in Bax/Bak knockout cells, BNIP3 does not stimulate
mitochondrial membrane depolarization, but does promote mitophagy. Furthermore, BNIP3 reduces
levels of both nuclear and mitochondria encoded proteins involved in mitochondrial respiration and
activates mitochondrial proteases 7. NIX is BNIP3 ligand, and was firstly found to be required for
mitochondrial clearance during erythrocyte maturation and has a WXXL motif "7817°. NIX also
participates in mitophagy induction under hypoxia conditions, mediated by HIF-1a '®°. Recent studies
shown that, although these two receptors are ubiquitin-independent mitophagy mediators and
compose a distinct pathway of PINK/Parkin, NIX is also able to interact with Parkin, promoting its

recruitment to depolarized mitochondria ®'.

4.2.4 Mitophagy and cell death

The involvement of mitophagy activation in the promotion of cell death or cytoprotection is a complex
subject, with controversial data in the literature. Similar to autophagy, mitophagy was first described

to be involved in cell death stimulation, depending on the context and severity of the insult '°.

Oxidative stress stimulates cell death via mitophagy. Indeed, in glioma cell line selenite induces
mitochondrial damage, mitophagy, and cell death by generation of anion superoxide, and whenever
Atg 6 and Atg7 were knocked out, mitophagy and cell death were reverted '®2. Moreover, two anion
superoxide generators, diquat and paraquat, are able to trigger mitophagy and cell death &,

Furthermore, BNIP3, an important mitophagy modulator, has been extensively described to be
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involved in cell death promotion. BNIP3 triggers mitochondrial fission in a DRP1-dependent manner
and induces cell death via cytochrome ¢ (CYTC) release from mitochondria in a Bax/Bak-
independent way 8. Furthermore, whenever autophagy is blocked by treatment with 3-methyl
adenine (3-MA) in Bax/Bak knockout cells, BNIP3 induces necrosis'’’. Indeed, BNIP3-induced
apoptosis is dependent on CYTC release and loss of AWm 8. BNIP3 interacts with OPA1, a protein
modulating fusion, and promotes OPA1 oligomer disassembly, preventing mitochondrial fusion and
inducing their fission. These events are upstream mitochondrial membrane permeabilization and cell
death'. For instance, BNIP3 expression increases in stressed cardiomyocytes in vitro, as well as
in cardiac overload in vivo and is prevented by 3-MA, an inhibitor of autophagy. Interestingly, 3-MA
treatment restores cardiac function '®. BNIP3 also contributes to cardiac I/R lesion since a TAT-
fusion protein encoding the carboxyl terminal transmembrane deletion mutant of BNIP3 blocks
BNIP3-induced cell death '®". Thus, several studies claim that mitophagy, along with autophagy, is
another cell death process. Nevertheless, it is still a subject of discussion, whether the cells die by
mitophagy (mitophagy triggers cell death) or with mitophagy (mitophagy is a cytoprotective process

active in response to stress), since the underlying mechanisms of mitophagy are not yet very clear.

4.2.5 Mitophagy, cytoprotection and mitochondrial quality control

Mitophagy is tightly involved in the regulation of mitochondrial dynamics, namely: motility, quality
control, and population "'%'®8_|n the last few years, mitophagy has been described as cytoprotective
mechanism by elimination dysfunction mitochondria and limiting oxidative stress, being a key cell

process for mitochondrial quality control.

The two key proteins, PINK1 and PARKIN, emerge as important players in mitochondrial dynamics,
mitochondrial quality control, and cytoprotection. Accordingly, in HelLa cells, silencing PINK1
increases fission and decreases AWm. The same effect is found when human mutated PINK1 gene
was overexpressed in the same cell line ®. In PINK1 knockdown SH-SY5Y cell line, inhibition of
autophagy and mitochondrial fission increases cell death, although the expression of Parkin was
able to reverse the effect of Pink1 deficiency and promote mitophagy and cytoprotection '*°.
Moreover, knocking down of PINK1 gene promoted general autophagy and morphological changes

in mitochondria, probably due to accumulation of dysfunctional mitochondria '*°.

In lipopolysaccharide (LPS)-induced sepsis, mitogen-activated protein kinase kinase 3 (MKK3)
deficiency increases mitochondrial biogenesis and mitophagy through acting on SIRT1, PINK1, and

191

Parkin, and simultaneously reduces lethality in mice with sepsis '®'. Therefore, facilitating

mitochondrial turnover and mitochondrial quality control promote cytoprotection. Likewise, PINK1
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plays an important protective role in response to hyperoxia, since its deletion increases susceptibility
to damage in lung and endothelium, via upregulation in mitophagy, apoptosis, proteasome

activation, and oxidant generation '%2.

PARKIN directly supports mitochondrial function and protects mitochondrial genomic integrity from
oxidative stress '%. Likewise, Parkin and PINK1 are essential for the formation of mitochondria-
derived vesicles (MDVs), which are important for mitochondrial quality control and vesicular
trafficking '**. Mitochondrial ROS generate mitochondrial vesicles in a Parkin-dependent manner.
These MDVs are targeted to lysosomes for degradation independently of autophagy and emerge as
an important mechanism for elimination of oxidized and damaged mitochondrial proteins "%,
Furthermore, MDV formation and degradation can precede mitophagy '*. Another important protein
controlling mitophagy in response to ROS generation is the translocator protein (TSPO), which is a
small protein located in the mitochondrial outer membrane. TSPO prevents mitophagy by inhibiting
downstream PINK1/Parkin pathway. In addition, TSPO also binds to VDAC1, which is implicated in
the mitophagic process, limiting mitochondrial coupling and increasing ROS generation, which in

turn inhibits PARKIN-mediated ubiquitination of proteins and limits mitophagy '®°.

In two ischemic stroke models, mouse transient middle carotid artery occlusion and oxygen and
glucose deprivation in primary culture of hippocampal neurons, tunicamycin- or thapsigargin-induced
endoplasmic reticulum (ER) stress promotes mitophagy in a Parkin-dependent way, which is a

cytoprotective response %

. In addition, in two Parkinson disease patients of a familial form
containing Parkin mutation presented upregulation of PGC-1a that modulates mitochondrial
biogenesis . Thus, if confirmed in a larger cohort of patients, mitophagy dysfunction would be
associated with mitochondrial biogenesis defects. During aging, Parkin overexpression reduces
proteotoxicity and extends lifespan '*. Likewise, Parkin overexpression results in reduced Mitofusin
levels in aging flies, with concomitant changes in mitochondrial morphology and an increase in
mitochondrial activity '®®. Finally, in neonatal cardiomyocytes, LPS prevents cell death by promoting
mitochondrial biogenesis and mitophagy, since LPS increases the expression of mitochondrial
transcription factor A (TFAM), PGC-1a and nuclear respiratory factor 1 (NRF-1). Moreover,
whenever, autophagy is inhibited by 3-MA, there is an apoptosis increase following LPS treatment
%9 indicating that autophagy is key process for maintaining cells alive. Recently, in vivo models for
hepatic diseases, it was reported that Parkin-mediated mitophagy may decrease apoptosis in
hepatocytes, by improving mitochondrial quality control and suppressing steatosis (i.e., lipid

200,201

accumulation), following acute and chronic ethanol consumption Finally, during

atherosclerosis development in human vascular smooth muscle cells, stimulation of mitophagy
protects against apoptosis induced by atherogenic stressors. Indeed, overexpression of PINK1 and

202

Parkin rescues VSMC from oxidized low-density lipoproteins (LDL)-triggered apoptosis <<. In
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summary, mitophagy, along with mitochondrial biogenesis, emerges as a cytoprotective process in

different tissues and models.

Mitophagy is a key process in the cross talk between cell metabolism and cytoprotection, since
metabolic adaptations to the environmental conditions (oxygen and nutrients) prevent cell death.
Upon high oxidative phosphorylation activity, the small GTPase Rheb is recruited to the
mitochondrial outer membrane, promoting mitophagy through the direct physical interaction with the
mitochondrial autophagic receptor NIX and the autophagosomal protein LC3-11 2%, Thus, stimulation
of oxidative phosphorylation increases mitochondrial turnover: mitophagy and mitochondrial
renewal, which can limit potential oxidative stress due to excessive oxidative metabolism. As a
consequence, mitotic arrest is a promising therapy for killing cancer cells. Nevertheless, under
prolonged mitotic arrest cells are able to survive due to mitophagy stimulation and metabolic shift to
glycolysis in an AMP-activated protein kinase (AMPK)-dependent manner 2%, BNIP3-promoted

mitophagy reduces stress-induced ROS generation 2%

. Under prolonged hypoxia, increased
expression of HIF-1a and BNIP3 stimulates mitophagy, which is then an adaptive process for
avoiding excessive ROS production and for limiting cell death induction, since malfunctioning
mitochondria are eliminated, 2°®. Furthermore, liver of BNIP3-null mice presents higher mitochondrial
mass, an increased amount of mitochondria with lower AWYm, abnormal mitochondrial structure and
enhanced ROS levels 27, Likewise, BNIP3-null liver also presents reduced p-oxidation of fatty acids
and defective glucose output under fasting condition due to limitation on mitochondrial integrity and
function 2. Therefore, the pro- or antiapoptotic role of BNIP3 might be dependent on the intensity
of the toxic stimulus and the metabolic environment. One can speculate a double role for BNIP3,
being a cell metabolism adaptor or an initiating factor for cell death pathways. Taken all together,

mitophagy is also implicated in cellular metabolic adaptations to the environment.

4.3 Mitochondrial Biogenesis

Mitochondrial biogenesis is the process of generating mitochondrial population and it is dependent
on fission of existing mitochondria followed by a coordinated programme of transcription and
translation regulated by the transcription factor PGC-10. 2%62%°, This process is essential for the
growth and recovery of the existing mitochondrial network following mitochondrial elimination by
mitophagy 2'°, ensuring that the mitochondrial network is capable to efficiently support and adapt to
the metabolic needs of the cell, as well as to maintain mitochondrial homeostasis. Mitochondrial
biogenesis depends on the coordination of nuclear and mitochondrial-encoded gene expression and

import of around 1000 lipids and proteins, as well as on mitochondrial DNA replication 2°%-2'",
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PGC-1a is a transcriptional coactivator of several genes, and a known master regulator of
mitochondrial biogenesis 26212, PGC-1a is unable to bind to DNA directly, therefore, orchestrates
the activity of diverse transcription factors, including the nuclear respiratory factors (NRF-1 and NRF-
2) 213214 "which in turn control the expression of TFAM %%, as well as nuclear mitochondrial genes,
such as mitochondrial respiratory complexes, enzymes of heme biosynthesis, mitochondrial import

machinery associated proteins and mitochondrial ribosomal proteins .

Recently, a novel parkin interacting substrate, named PARIS/ZNF746, was identified to link both
processes: mitophagy and mitochondrial biogenesis. PARIS/ZNF746 is a member of the family of
KRAB zinc-finger proteins transcriptional repressors. PARIS is ubiquitinated by PARKIN for
proteasomal degradation 2'%2'7. As PARIS is physiological transcriptional repressor of the PGC-1a,
degradation of this protein upregulates PGC-1a and subsequently PGC-1a -dependent nuclear
respiratory factors genes expression, promoting therefore mitochondrial biogenesis 2. In the
literature, many works have demonstrated that mitophagy and mitochondrial biogenesis can occur
simultaneously, but their interdependency and the underlying mechanisms controlling both events

are not clear yet, being PARIS the first protein connecting both processes.
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5 AIMS AND SCOPE OF THE THESIS

The main aim of the PhD thesis is to identify the cellular and biochemical pathways underlying CO
promotion of cytoprotection against oxidative stress in astrocytes, with a particular focus on the role

of mitophagy and mitochondria function. Thus, two strategies were adopted:

i) Addressing the role of autophagy in CO-induced cytoprotection in astrocytes and
yeast model (chapter I); The cytoprotective action of CO in neuronal cells % and in
astrocytes %% have been already described. Furthermore, it has also been
demonstrated that the anti-apoptotic effect of CO is mediated by autophagy activation
218219 However, at the molecular level little is known. In this thesis yeast model and
primary culture of astrocytes were used. The yeast Saccharomyces cerevisiae is an
excellent eukaryotic model for studying autophagy associated molecular mechanisms.
Several key proteins associated with autophagic process are described in yeast and
present homologs in mammals. All the findings discovered in yeast were validated in
astrocytes.

i) Addressing the cellular pathways of CO-induced mitophagy and its cross-talk with
mitochondrial function and biogenesis (chapter Il); The hypothesis is that CO may
play a role in mitochondrial turnover and it is based on three main associations. First,
ROS are a signaling molecules in several CO-induced pathways 2°??!. Secondly, CO-
activated autophagy is ROS dependent 2'®. Third, the main cellular target of CO is
mitochondria via ROS signaling, modulation of membrane integrity and improvement of

mitochondria metabolism 9%°

, hamely, the ability to stimulate mitochondrial biogenesis
1% Therefore, the role of CO in the cross-talk between mitophagy and mitochondrial
biogenesis was assessed. Additionally, the mitochondrial effectors responsible for
initiating mitophagy are still a subject of discussion and speculation, since little is known

about them. Thus, the factors involved in CO-induced mitophagy were also investigated.
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Is mitochondrial turnover involved in CO cytoprotection?

Oxidative stress
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Figure 6 - The main hypothesis of this thesis and model systems. The effect of CO in the cross-talk
between mitophagy and mitochondrial biogenesis.

Finally, a third specific aim of this thesis is to disclose how ROS can signal and regulate mitophagy.
In fact, dysfunctional mitochondria are clock bombs in the cells, due to their oxidative function. Thus,
there is a great need for efficient clearance of damaged mitochondria by mitophagy. Likewise, the

last point of the thesis aims to;

iii) Understanding the role of ROS signaling and pos-translational protein
modification in mitophagy process (chapter lll). This part is an in-progress work, and
it is mainly focused on mitophagy molecular pathways depend on redox changes, namely
ROS signaling and GSH system. In this specific aim, mitophagy was stimulated by the

uncoupler carbonyl cyanide m-chlorophenylhydrazone (CCCP).
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Co prevents cell death via autophagy

ABSTRACT

Autophagy is an autodigestive process, promoting cytoprotection by the elimination of dysfunctional
organelles, misfolded proteins and toxic aggregates. Carbon monoxide (CO) is an endogenous
gasotransmitter that under low concentrations prevents cell death and inflammation. For the first
time, the role of autophagy in CO-mediated cytoprotection against oxidative stress was evaluated in
the model yeast Saccharomyces cerevisiae. The Boron based carbon monoxide releasing molecule,
CORM-A1, was used to deliver CO. CORM-A1 partially prevented oxidative stress-induced cell
death in yeast. Likewise, CORM-A1 activated autophagy under basal physiological conditions, which
were assessed by autophagic flux and the expression of mCherry-Atg8 or GFP-Atg8. Inhibition of
autophagy by knocking out key autophagic genes in yeast (ATG8 or ATG11) blocked CORM-A1
cytoprotective effect, indicating the critical role of autophagy on CO-induced cytoprotection. The CO-
mediated cytoprotection via autophagy induction observed in yeast was validated in primary cultures
of astrocytes, a well characterized model for CO’s cytoprotective functions. As in yeast, CORM-A1

prevented oxidative stress-induced cell death in an autophagic dependent manner in astrocytes.

Overall, our data support the cytoprotective action of CO against oxidative stress. CO promotes
cytoprotection in yeast via autophagy, opening new possibilities for the study of molecular

mechanisms of CO’s biological functions using this powerful eukaryotic model.
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INTRODUCTION

Autophagy is a process by which cytoplasmic components (macromolecules and/or organelles) are
transported via autophagosomes into lysosome/vacuole to be degraded by hydrolases. Despite
being a process known for many decades, only in the 1990’s with the discovery of the autophagy-
related genes (ATG), the pathophysiological significance of autophagic process started to be
disclosed '. Although autophagy was firstly recognized as a specific type of cell death, also called
type 2, it is now increasingly accepted that autophagy is a cytoprotective process involved in cell
adaptation to stress 2. The autophagic process is associated with several physiological roles,
including quality control of intracellular proteins and organelles, anti-aging, adaptive responses to
starvation, and suppression of tumour formation 23. Autophagy-related (Atg) proteins play critical
roles throughout autophagy, being some responsible for the autophagosome formation. There are

more than 30 Atg proteins already described in yeast and higher eukaryotes *.

The yeast Saccharomyces cerevisiae is an excellent eukaryotic model for studying autophagy
associated molecular mechanisms °. Several key proteins associated with autophagic process are
described in yeast and present homologs in mammals. In yeast, Atg8 is an ubiquitin-like protein that
plays an essential role in autophagy, being responsible for autophagy initiation, cargo recognition,
cargo engulfment and vesicle closure °. There are two subfamilies of Atg8 homologs found in
mammals: microtubule-associated protein-1 light chain 3 (LC3) and y-aminobutyric acid (GABA)-
receptor-associated proteins (GABARAP) ’. Furthermore, Atg11 is a key protein for selective
autophagy. During mitochondrial specific autophagy (mitophagy), kinase-induced phosphorylation
of the core autophagy proteins facilitates their interaction with the scaffold protein Atg11, which is

required for autophagosome formation °.

Carbon monoxide (CO) is a diatomic colorless small molecule and odorless gas. Despite being
commonly known as a lethal gas, CO is endogenously produced by the activity of heme-oxygenase
(HO), which is considered as a cytoprotective enzyme expressed or activated in response to stress
89 CO has been increasingly recognized as a cytoprotective and homeostatic molecule, with anti-
apoptotic and anti-inflammatory activities, and with the ability of modulating cell metabolism '°-'2,
Recently, it has been shown that low levels of CO also modulate autophagy in lung epithelial cells
3 in a model of sepsis ¥, mesenchymal stromal cells '® and in islet cells '®. Data about CO effects
on yeast physiology are very scarce. CO was shown to interfere with yeast metabolic cycles .

However, no data linking CO and autophagy is available in the literature.

Since the last two decades, CO has received great attention as a potential therapeutic molecule.

Therefore, the development of strategies for delivering CO in biological systems are in progress, in
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particular CO-releasing molecules (CORMSs), which are organic and organometallic compounds, with
the capacity of delivering CO in a time and tissue-specific manner '®'°. CORM-A1 is a boron based
water soluble molecule, which releases CO in a pH and temperature dependent manner, being slow
releaser under physiological conditions %°. It is already established the capacity of CORMSs to mimic
the beneficial effect of CO gas in vitro and in vivo experimental models, including vasomodulation,
anti-inflammatory and anti-apoptotic properties 2'*. Still, there is no data about the use of CORMs

in yeast models for the study of the underlying molecular mechanisms of CO.

Herein the role of CO on autophagy modulation and cytoprotection was first assessed in yeast
models using CORM-A1 for delivering CO. Yeast cells were challenged with oxidative stress and the
role of CO on autophagy induction and the requirement of key autophagy genes (ATG8and ATG11)
were disclosed. Finally, the data were validated in primary cultures of mouse cortex astrocytes.
Astrocytes are an optimal model for mammalian validation because our group has previously
demonstrated that CO prevents cell death induced by oxidative stress 27, In summary, our data
show that CORM-A1-induced cytoprotection is dependent on autophagic process in yeast and

primary culture of astrocytes.

MATERIAL AND METHODS

Yeast Strains, Plasmids and Culture Conditions

The following strains were used in this study: BY 4741 (MATa his3A1 leu2A0 met15A0 ura3A0),
Aatg8 (MATa ura340 leu2A40 his3A41 met1540 YBLO78c::kanMX4) and Adatg11 (MATa ura340 leu240
his340 met1540 YPR049c::kanMX4) (obtained from EUROSCARF). The plasmids p316-mcherry-
ATG8 % and p316-GFP-ATG8 % encoding the respective ATG8 fusions under the control of ATG8
promoter, were used to monitor autophagy induction. Yeast transformation procedures were carried
out as indicated using lithium acetate standard method *. Synthetic complete (SC) medium (0.67%
(w/v)) yeast nitrogen base without amino acids (YNB) (Difco), 0.79 g/L complete supplement mixture
(CSM) (MP Biomedicals, ref. ICNA114500012), 2% (w/v) glucose (Sigma) used for yeast growth.
Synthetic dropout CSM.yra media (0.67% (w/v)) YNB, 0.77 g/L 6-amino acid dropout CSM.yra (MP
Biomedicals, ref. ICNA11451121), 2% (w/v) glucose] was used for growth of the yeast cells
transformed with p316-mcherry-ATG8 or p316-GFP-ATGS, respectively. A pre-inoculum was
prepared in appropriated medium and cultures were incubated overnight at 30°C under orbital
shaking. Cultures were diluted in fresh medium and incubated under the same conditions until the

optical density at 600 nm (ODg,,) reached 0.5 £ 0.05 (log growth phase), using the equation OD; x
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Vi = (OD¢/(29) x Vi, where OD; = initial optical density of the culture, V; = initial volume of culture,
ODs = final optical density of the culture, t = time (usually 16 h), gt = generation time of the strain and
V¢ = final volume of culture. Readings were performed in 96-well plates using a Biotek Power Wave

XS plate spectrophotometer. Results were expressed as In of ODgy, normalized by ODg,, at time

point O (designated as ODg,,) over time.

Mammalian Cell Culture

Primary cultures of astrocytes were prepared from 1-day-old Balb/c mouse cortex, as described *'.
Animals were rapidly decapitated, brain cortex was removed and the meninges were carefully
stripped off, then the cortex was washed in ice-cold phosphate-buffered saline (PBS), and
mechanically disrupted. Single-cell suspensions were plated in T-flasks (four hemispheres/75 cm?)
in Dulbecco’s minimum essential medium supplemented with 20% (v/v) FBS (heat-inactivated), 1%
(v/v) of 100 U/mL penicillin/streptomycin solution and glucose (to obtain a final concentration of 10
mM). Astrocytes were maintained in a humidified atmosphere of 5% CO; at 37 °C. After 7 days, the
dark phase cells growing on the astrocytic cell layer were separated by vigorous shaking and
removed. Culture medium was replaced twice a week for 3 weeks with gradual reduction in FBS
content (2" week 15% (v/v); 3" week 10%(v/v)). At the 3™ week the confluent astrocytes were
detached by mild trypsinization using trypsin/EDTA (0.25%, w/v) and sub-cultured, in 24 and 6-well

plates at 50 x 10° and 100 x10° cells/well, respectively, until reaching full confluence.

Preparation of CORM-A1 Solution

The CO releasing molecule, CORM-A1 2° was used to deliver CO to cell culture. CORM-A1 (SML-
0315, Sigma) stock solutions were prepared in water to a final concentration of 500 or 1000 yM and
stored at -20°C to avoid loss of released CO. The concentration of CORM-A1 and time points for
treatments were selected based on the cytoprotective effects of CO in yeast and astrocytes

subjected to oxidative stress.
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Cell Viability and Autophagy Assessment in Yeast
Growth assays

Yeast cultures were diluted to ODgy, 0.12 £ 0.012 in fresh medium supplemented or not with CORM-
A1 at 100 uM (twice with 30 min of interval) in 96-well plates. After 1 h incubation with CORM-A1 at
30°C, tert-butylhydroperoxide (t-BHP) was added at a final concentration of 1 mM. The cultures were
incubated at 30°C with shaking for 24 h and cellular growth was monitored hourly. CO’s protection
factor against oxidative stress after 15 h incubation with -BHP was estimated according to the
equation: % of protection = 100 x ((ODcontrol = ODtsHp) / (ODcontrot — OD co t8HP)), Where:

ODcontrol: the OD at 600nm at 15h of growth corresponding to control yeast

OD¢grp: the OD at 600nm at 15h of growth corresponding to yeast treated with t-BHP (oxidative
stress)

ODco teHr: the OD at 600nm at 15h of growth corresponding to yeast treated with CO and then with
t-BHP.

Cell Viability

To analyze cell viability by flow cytometry, cells were grown as indicated and incubated with 5 ug/mL
of propidium iodide (PI, Invitrogen) for 30 min protected from light. Cells were gated by forward and
side scatter using the flow cytometer (BD FACSCanto™ Il), which contains a blue solid state laser
(488 nm) FL3 red fluorescence channel for Pl detection at 650 nm. The acquisition was done with
Diva software and data analysis was performed with FlowJo® software (10.5.3). A minimum of

10,000 events was collected for each experiment.

Induction of autophagy and autophagic flux monitorization

Induction of autophagy was analysed in cells transformed with the mCherry-ATG8 or GFP-ATGS8
and treated with CORM-A1 at a final concentration of 100 uM (twice with 30 min of interval) using a
CyFlow Cube 6 (Sysmex Partec GmbH, Goerlitz, Germany), equipped with a blue solid-state laser
(488 nm), green fluorescence channel 530/30 nm, and orange red fluorescence channel 610/20 nm.
Cells treated with rapamycin were used as positive control (0.2 ug/mL). Data analysis was performed
using FlowJo software. A minimum of 10,000 events was collected for each experiment. To
determine the percentage of autophagic cells, cells were grown as described above and GFP and

mCherry fluorescence was visualized using a Leica Z2 fluorescence microscope. The percentage of
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cells positive for autophagic process was then determined by counting at least 600 cells for each

condition using ImagedJ software.

For autophagic flux monitorization, protein extraction was performed as previously described
Briefly, cells were treated with 10% (v/v) trichloroacetic acid, and washed twice with acetone. The
dry cell pellet was resuspended in MURB buffer (50 mM Na2HPO4, 25 mM MES, pH 7.0, 1% (v/v)
sodium dodecyl sulfate (SDS), 3 M urea, 0.5% (v/v) 2-mercaptoethanol, 1 mM NaN3 and 0.05%
(w/v) bromophenol blue) with proteases and phosphatases inhibitors (Roche, Mannheim, Germany),
and disrupted by vortex with an equal volume of acid-washed glass beads, for 5 min. The samples
were incubated at 70°C for 10 min and cell debris were removed by centrifugation. Immunoblotting
was performed following standard procedures, and GFP (Antibodies Incorporated, Davis, CA, USA)
and PGK (Life Technologies, Paisley, UK) antibodies. Autophagic flux was determined using the
GFP-Atg8 processing assay *, by measuring the vacuolar degradation of the Atg8 domain reporter
(ratio of free GFP to total GFP signal) *.

Cell Viability and Autophagy in Mammalian Cells

Administration of chemical compounds to cell culture

The stock solution of Wortmannin (WM) (W-1628, Sigma), which is a selective and irreversible
inhibitor of phosphatidylinositol 3-kinase (PI3K) *°, and is required for autophagic sequestration at
the beginning of the autophagic process, was prepared in DMSO (Dimethyl sulfoxide) to a final
concentration of 100 nM. Hydroxyclochroquine (HCQ) (Plaquinol®, Biosaude), an inhibitor of
autophagic flux, was prepared in H.O at a final concentration of 3 mg/mL and stored at -20°C.

Astrocytic cultures were incubated with 100 nM of WM or 3 ug/mL of HCQ.

Induction of autophagy and autophagic flux monitorization

Astrocytes were treated with CORM-A1 at a final concentration of 12.5 yM with or without HCQ at
30 pg/mL for 1 h at 37°C. Induction of autophagy in astrocytes was followed by the assessment of
LC3 lipidation (LC3Il), in particular the ratio between LC3Il/I measured by immunoblotting *°.
Furthermore, autophagic flux was measured by using HCQ, an inhibitor of lysosomal function that

limits autophagic flux progression.
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Apoptosis induction and assessment of cell viability

Astrocytes were treated with CORM-A1 at a final concentration of 12.5 yM for 1 h, followed by
apoptosis induction by t-BHP at concentrations from 80 to 320 uM for 18 h. In astrocytes, WM (100
MM), was used to modulated CO effect in autophagy process by pre-treating cells 1 h prior to CORM-
A1 treatment. To detect apoptosis induced by t-BHP, cells were collected by trypsinization and
stained with dye propidium iodide (PI, Invitrogen) at 1 g/mL. Cells were gated by forward and side
scatter. A flow cytometer (BD FACSCanto™ IlI) was used to analyse apoptosis-associated
parameters. The acquisition was done with Diva software and data analysis was performed with
FlowJo® software (10.5.3).

Protein extraction and immunoblotting

After washing the astrocytes twice with ice-cold PBS (137 mM NaCl, 2.7 mM KCI, 1.8 mM KzHPO.,
10 mM NaH2PO4-2H,0), total protein was extracted using lysis buffer (50 mM Tris-HCI, 2% SDS, pH
6.8) freshly supplemented with 1X cocktail protease inhibitor (Roche, pH 7.5). Protein concentration
was quantified using a Bicinchoninic acid (BCA) protein assay kit Pierce® using the manufacturers'
specifications. Absorbance was measured using a TECAN infinite F200PRO microplate reader.
Samples from cell extracts were separated under reducing electrophoresis on a 1 mm thick 15%
SDS-polyacrylamide (SDS-PAGE) gel. Samples were transferred onto a PVDF membrane (MERK).
Membranes were incubated overnight at 4°C with antibodies against LC3/Il protein (Abcam) and
actin (Sigma), used as a loading control. Blots were developed using the ECL (enhanced
chemiluminescence) detection system after incubation with horseradish peroxidase-conjugated

secondary antibodies (GE Healthcare), for 1 h at room temperature.

Statistical Analyses

The data concerning yeast and astrocytic culture were carried out at least in three independent
preparations (cell isolation). For autophagy evaluation, a representative image of three independent
assays is shown. All values are mean S.D. (n =3). Error bars, corresponding to S.D., are shown in

the figures.

Statistical comparisons were performed using ANOVA (one-way, two-way) and Student t-test (with
Welch’s correction) with p <0.05 (n=3). p <0.05 means that samples are significantly different at a

confidence level of 95%.
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RESULTS

CORM-A1 promotes cytoprotection against oxidative stress in yeast and primary

cultures of astrocytes

CORM-A1 concentrations in yeast were chosen based on the used concentrations in mammal cells
(up to 25 uM) and the fact yeast cells present wall. Thus, higher concentrations of CORM-A1 (50 uM
or 100 uM) were tested in yeast with one or two additions into culture, with 30 min of interval. The
optimal conditions for promoting cytoprotection in yeast were 2 additions of 100 uM of CORM-A1

(data not shown).

In order to assess the potential cytoprotective role of CO in yeast, growth of cells pre-treated or not
with CORM-A1 and then subjected to -BHP-induced oxidative stress was followed for 24 h. As
shown in Figure 1A, -BHP promotes a decrease on yeast growth as compared to the control
condition. CORM-A1 did not affect cell growth under non-stress condition, and it partially recovered
the growth of cells exposed to oxidative stress (Figure 1A). Furthermore, yeast cell viability was also
assessed by Pl dye, an indicator of plasma membrane integrity. At 6, 12 and 15h after {-BHP
treatment there is an increase on yeast cell death levels, which are partially prevented by CORM-A1
pre-treatment (Figure 1B). These data suggest that CO may protect yeast cells against -BHP-

induced oxidative stress.

Likewise, astrocytes were treated with the same pro-oxidant agent t-BHP for promoting cell death.
Cell viability was assessed by flow cytometry, using PI dye. In support of previous data indicating
that CORM-A1 promotes astrocytic survival by preventing caspase-3 cleavage and activation ', our
data also show that CORM-A1 partially inhibited cell death induced by oxidative stress (Figure 1C).
In conclusion, CO delivered by CORM-A1 is cytoprotective in yeast and primary cultures of

astrocytes.
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Figure 1- CORM-A1 promotes cytoprotection against oxidative stress. A) BY 4741 cells were pretreated or
not with 100 uM CORM-A1 (twice with an interval of 30 min) for a total of 1 h and were incubated for 24 h in the presence
or absence of oxidative stress (1 mM t-BHP). The OD600nm was monitored hourly. Results were expressed as In of OD600
normalized by OD600 at time point 0 (designated as OD600) over time. A representative growth curve is shown. B) BY
4741 cells were pretreated or not with 100 yM CORM-A1 (twice with an interval of 30 min) and then were incubated for 6,
12 and 15 h in the presence or absence of oxidative stress (1 mM t-BHP). Cell viability was assessed by PI in flow
cytometry. C) Primary cultures of astrocytes were pretreated with CORM-A1 at a final concentration of 12.5 uyM for 1 h,
and then cell death was triggered by t-BHP at 80— 320 uM for 18 h. Cell viability assessment is based on plasmatic
membrane integrity using Pl dye and measuring its fluorescence by flow cytometry. The results are the mean + standard
error of the mean of at least three independent experiments, performed in different cell preparations. *P < 0.05, *xP <0.01
and =+xP < 0.001, as compared to control with two-way ANOVA.
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CORM-A1 induces autophagy

CORM-A1 ability to promote autophagy was evaluated by assessing Atg8 expression levels and
autophagic flux. Treatment with CORM-A1 increased GFP-Atg8 expression as assessed by flow
cytometry (Figure 2A and Supplementary Figure S1). mCherry-Atg8 expression was assessed by
fluorescent microscopy (Figure 2B). Both assessments suggest that CORM-A1, by inducing Atg8
expression, may promote autophagy in yeast. Moreover, this effect was not tag-dependent since
similar results were obtained by fluorescent microscopy with cells expressing GFP-Atg8
(Supplementary Figure S2). Furthermore, the levels of Atg8 activation are similar whenever induced
by CORM-A1 or by rapamycin (Figure 2A and B). To support the hypothesis that CO promotes
autophagy, CO-induced autophagic flux was assessed using the GFP-Atg8 processing assay *. The
data showed that CO promotes autophagy by increasing levels of autophagic flux (Figure 2C).
Rapamycin was used as positive control since it is a well characterized autophagy inducer. Taken

all together, one can conclude CORM-A1 triggers autophagy in yeast cells.

Primary cultures of astrocytes were used to validate previous data observed in yeast, by the
assessment of LC3 lipidation (LC3Il). CORM-A1 at 12.5 yM and 25 uM increased LC3ll
accumulation in astrocytes, indicating that autophagic process is induced (Figure 2D). Cells co-
treated with CORM-A1 and HCQ showed an increased accumulation of LC3II, indicating CORM-A1
does promote autophagic flux (Figure 2D). In summary, CORM-A1 stimulates autophagy in yeast

and primary culture of cortex astrocytes.
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Figure 2 - CORM-A1 induces autophagy. A) BY 4741 cells expressing Atg8-GFP were treated with 100 uM of
CORM-A1 or 0.2 yg/mL of rapamycin for 1 h, and fluorescence was quantified by flow cytometry. B) BY 4741 cells
expressing Atg8- mCherry were treated with 100 yM of CORM-A1 or 0.2 pg/mL of rapamycin for 1 h, and fluorescence
was monitored by fluorescent microscopy. A representative image of cells expressing Atg8-mCherry is shown (upper
panel). C) BY 4741 cells expressing Atg8-GFP were treated with 100 uM of CORM-A1 or 0.2 ug/mL of rapamycin for 1 h
and GFP was quantified by measuring the vacuolar degradation of the Atg8 domain reporter (ratio of free GFP to total GFP
signal) assessed by immunoblotting. D) Primary culture of astrocytes was treated with 12.5 or 25 yM of CORM-A1 with or
without 30 pg/mL of HCQ for 1 h, followed by quantification. A representative image of the immunoblot is shown (upper
panel). LC3II/LC3I ratio was quantified as a measure of autophagy flux activation (lower panel). The results are the mean
+ standard error of the mean of at least three independent experiments, performed in different cell preparations. P < 0.05,
**P < 0.01, P <0.001 and *+P < 0.01, as compared to control with one-way ANOVA for A), B) and D) and t-test with
Welch'’s correction for C).
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CO-induced cytoprotection against oxidative stress is dependent on autophagy

It was hypothesized that CO promotes cell survival by autophagy modulation. Thus, we performed
genetic analysis to assess the role of key autophagy players on the cytoprotective effect of CORM-
A1 against oxidative stress in yeast. The atg8 and atg71 knockout mutants were subjected to the
same growth curve analysis as the wild type strain (Figure 1A and Supplementary Figure S3) and
the protection factor for each strain was calculated at 15h of growth under oxidative stress. As shown
in Figure 3A, CO conferred 25% protection against {-BHP-induced oxidative stress in the wild type
strain. However, protection was completely abolished in the atg8 and atg71 mutants, whose
protection factors are -33% and -120%, respectively (Figure 3A). In addition, yeast cell viability was
also measured by PI dye. In the absence of ATGS, the levels of t-BHP-induced cell death were
similar with or without CO treatment (Figure 3B upper panel). Likewise, in the absence of ATG71,
cell death levels were higher in the presence of CORM-A1, suggesting a synergetic toxic effect of
CO whenever Atg11 is not expressed (Figure 3B lower panel). Taken all together, these data indicate
that Atg8 and Atg11 are essential players in CO-mediated protection. These data indicate that CO-

induced cytoprotection in yeast is dependent on Atg8 and Atg11 and consequently on autophagy.

To assess whether autophagy plays a role in the cytoprotective effect of CORM-A1 in primary
cultures of astrocytes, the anti-apoptotic effect of CORM-A1 was tested in conditions of autophagy
inhibition. Autophagy was pharmacologically inhibited by WM, which reverted CORM-A1-induced
cytoprotection at all concentrations of t-BHP(Figure 3B). Furthermore, astrocytes treated only with
WM did not present any toxic effect when compared to control cells without any treatment, since
whenever astrocytes were treated only with WM viability levels were similar to control levels (Figure
3C). Therefore, in astrocytes CO-induced cytoprotection against oxidative stress is partially

dependent on autophagy, other cytoprotective pathways might also be involved.
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Figure 3 - CO-induced cytoprotection against oxidative stress is dependent on autophagy. A) CO’s
protection factor is represented for the wild type, and atg8 and atg11 knockout strains pretreated twice with 100 uM CORM-
A1 for 30 min (total of CORM-A1 treatment of 1 h) and exposed to oxidative stress (1 mM tBHP). At least three independent
replicates were performed to calculate protection factor described in the ‘Methods’ section. B) atg8 and atg11 knockout
cells were pretreated or not with 100 uM CORM-A1 (twice with an interval of 30 min) and then were incubated for 6, 12
and 15 h in the presence or absence of oxidative stress (1 mM t-BHP). Cell viability was assessed by Pl in flow cytometry.
C) Primary cultures of astrocytes were pretreated with CORM-A1 at a final concentration of 12.5 uM in the presence or
absence of WM at 100 nM for 1 h, and then cell deaths were challenged with t-BHP at 80—-320 uM for 18 h. Cell viability
assessment is based on plasmatic membrane integrity using Pl dye and measuring its fluorescence by flow cytometry.
The results are the mean * standard error of the mean of at least three independent experiments, performed in different
cell preparations. *P < 0.05 and #**P < 0.001 as compared to control and #P < 0.05 as compared to CORM-A1-treated
cells both with two-way ANOVA.
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DISCUSSION

Herein it was demonstrated that CO promotes autophagy in S. cerevisiae. Furthermore, it was also
shown that autophagy is necessary for CO to prevent oxidative stress-induced cell death in yeast.
These data were validated in a more physiologically relevant and well characterized model of primary
culture of astrocytes. This is a pioneer study using CO releasing molecules (CORMSs) for assessing
CO role on the control of autophagic process. CORM-A1 was chosen because it is water soluble,
releases CO under physiological conditions and has been extensively studied as cytoprotective
molecule in mammal models. In mammal models (cell culture and in vivo approaches), it is not clear
whether CORM-A1 is up-taken by the cells and then releases CO, or if CO is released in the
extracellular space '°. Nevertheless, one must take into account that CO is a gas able to diffuse
throughout cell membranes and walls. Therefore, despite no evidence about the mechanisms of
CORM-A1 to be (or not) up-taken by cells, CO gas can get into intracellular space and act on its

biological targets.

The ability of low doses of CO to decrease cell death has been extensively described in mammal

models, and some of the underlying molecular mechanisms have been disclosed. For instance, CO’s

anti-apoptotic effect is dependent on p38 MAPK 7%

39,40

, on guanylyl cyclase and nitric oxide synthase

39,42

, on caspase-8 activity *!, on Bcl-2 and Bax expression levels , on mitochondrial membrane

25,43

permeabilization or on modulation of cell metabolism 264445 Likewise, autophagy also emerges

as a cytoprotective process >

and CO might prevent cell death in an autophagy-dependent manner
as corroborated by our results. In fact, in 2011, Lee and colleagues showed for the first time that CO
regulates autophagy via ROS signaling in epithelial cell culture of mice lung '*. Moreover, CO-
induced cytoprotection against hyperoxia is reverted whenever autophagy is blocked '*. More
recently, the CO cytoprotection dependency on autophagic process has been demonstrated in other

models, namely in sepsis ¥, mesenchymal stromal cells '® and in islet cells ®.

It has been shown that pulsed administration of CO controls metabolic signaling by promoting
respiratory state in yeast 7. Herein, and for the first time, the link between the beneficial properties
of CO and autophagy were assessed in yeast models. Moreover, this work was also pioneer in using
CORMSs, in particular CORM-A1, in yeast model. CORM-A1 promotes autophagy, reduces cell death
and improves cell growth under oxidative stress. Furthermore, the cytoprotective role of CO is lost
in yeast strains knocked out for ATG8 and ATG11 genes, which present autophagy default. Atg8 is
the yeast homolog for mammalian LC3 protein. While, Atg11 is a cytosolic protein, which works as
an adaptor protein for selective autophagy and, interestingly this protein is not necessary for non-
selective autophagy. Atg11 interacts with the cargo specific receptor-proteins for recruiting the cargo

to the pre-autophagosomal structure *’. Likewise Atg11 is essential for pexophagy and plays a key
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role in mitophagy by interacting with Atg32 ’. Thus, the data indicate that autophagy machinery is
important for CO to promote cell survival in yeast under oxidative stress conditions. Still, CO appears
to be implicated in selective autophagy since deletion of ATG711 gene blocks the cytoprotective
action of CO. One can also speculate that CO might be involved in the control of mitophagy since
Atg11 also modulates selective mitophagy. These data open new possibilities of research on CO
underlying mechanisms in mammals, in what concerns specific autophagy, in particular mitophagy,
indicating that CO may also promote mitophagy and improve mitochondrial quality control in

mammals.

The use of yeast models to decipher the role of CO in the autophagy-dependent cytoprotection open
new possibilities for CO Biology Research. Although being the simplest eukaryotic organism, yeast
has proven to be a powerful genetic model for mechanistic studies of several human diseases. Yeast
cells grown under fermentative conditions are highly proliferative and present a Warburg-like
metabolism, which mimics cancer cells behavior and allows mechanistic studies of cell death and

autophagy in yeast

. Likewise, yeast heterologous expressing key human proteins for the
modulation of Parkinson’s Disease (PD), namely a-synuclein, B-synuclein or parkin, have been
extensively explored for disclosing the underlying molecular mechanisms, in particular mechanisms

related to autophagy modulation 4%

. In addition, yeast cells are simple and cost-effective
experimental models for the study of eukaryotic cells. In summary, the use of yeast models with their
advantageous genetic tools will facilitate the study of the underlying molecular and cellular

mechanisms associated with CO Biology, in particular autophagy and cell death modulation.
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Carbon monoxide role on mitochondrial turnover

ABSTRACT

Mitochondria quality control system is essential for maintaining the mitochondrial homeostasis and
cell health. Mitochondria can become dysfunction in response to stress, resulting in ROS production.
Therefore, the efficient removal of these mitochondria is essential to prevent cellular dysfunction,
and occurs through mitophagy. Autophagy turnover of mitochondria, named mitophagy, is an
essential mitochondrial quality-control (MQC) mechanism to avoid cell death in mammals. Although
as mitochondria are cleared from the cell, new ones need to be produced, this occurs by
mitochondrial biogenesis. Carbon monoxide (CO) is known to confer protection against oxidative
stress, whereas the potential involvement of MQC in CO anti-apoptotic role remains partly
understood. Here, we demonstrate that CO quickly induced mitophagy (within 1h), mediated by both
PINK1/Parkin and BNIP3 pathways. Likewise, CO promotes mitochondrial biogenesis (within 24h),
by stimulating mitochondrial DNA replication and increasing gene expression of peroxisome
proliferator-activated receptor gamma coactivator-1 (PGC-1a), specific mitochondrial transcription
factor, at 1h. Furthermore, preliminary data suggest that CO promotes a cross-talk between
mitophagy and mitochondrial biogenesis. In summary, CO appears as a novel agent modulating

mitochondria, promoting clearance of harmful cell components and cytoprotection.
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INTRODUCTION

Carbon monoxide (CO) is a diatomic colourless small molecule, invisible, chemically inert, non-
irritant, and odourless gas . It is, commonly known as a lethal gas and toxic air pollutant; however,
CO is produced endogenously during the degradation of heme by the enzyme heme oxygenase
(HO-1 and HO-2) and has been recognized as a ubiquitous signalling molecule necessary for cells
to counteract oxidative stress and injury 2. In the brain environment, CO has firstly been recognized
to act as a neurotransmitter **. In the last years, the study of CO effect in the prevention of neuronal
and astrocytic cell death and its role in mitochondrial function have raise a great interest °. In primary
culture of astrocytes, CO stimulates mitochondrial biogenesis and improves oxidative metabolism in
a Bcl-2 dependent manner, which provides protection against oxidative stress ©. CO also prevents
apoptosis by modulation of P2X7 receptor ” and by targeting mitochondria, generating signalling

ROS and preventing mitochondrial membrane permeabilization .

Mitochondria are key cellular organelles in maintaining cellular homeostasis by producing
biomolecules, generating bioenergy and for controlling cell death °. Mitochondria can become
damaged in response to their dysfunction, aging or disease, resulting in an increase on mitochondrial
ROS production and ultimately apoptosis '*-'2, In fact, excessive and aberrant ROS generation is
one of the major consequences of mitochondrial dysfunction. Therefore, the efficient removal of
damaged mitochondria is essential to prevent cellular dysfunction, and this elimination occurs
through autophagy. Autophagy is an evolutionarily conserved process in which intracellular
components are engulfed in a double membrane structure (autophagosome) and further degraded
in the lysosomes *. Increasing evidences point to autophagy as a protective mechanism in the brain,
by maintaining the optimal balance and recycling of cellular components, in particular in response to
stress. Specific mitochondrial autophagy is hamed mitophagy, and is essential for mitochondrial

turnover and mitochondrial quality-control (MQC) to avoid cell death in mammals .

Mitophagy, involves sensing, sequestration, and trafficking of damaged mitochondria into lysosomes
for final degradation. In healthy mammalian cells, mitochondria repair normally occurs trough fusion.
Nevertheless, when mitochondrial stress is too high, damaged mitochondria must be eliminated by
mitophagy, the only mechanism capable of eliminating whole mitochondria '°. There are two main
pathways for mitophagy process: the ubiquitin-mediated (molecules containing LC3-interacting

regions) and receptor-mediated (LC3-interacting regions - LIRs) ™15,

Ubiquitin-dependent
mitophagy, is mediated by the coordinated activities of the mitochondrial serine-threonine PTEN-
induced putative kinase 1 (PINK1) and Parkin, an E3 ligase, this are called PINK1/Parkin pathway
', Mutations in PINK1 or Parkin genes are mainly associated with the development of autosomal

recessive form of Parkinson disease (PD) "'. In response to stress, in particular when Aym is
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reduced, PINK1, which is usually rapidly degraded by the proteasome, does not degrade anymore
and accumulates on the outer membrane of the mitochondria (OMM). PINK1then recruits Parkin to
the damaged mitochondria and phosphorylates Parkin, recruiting it from the cytosol into the
mitochondria . PINK1 also phosphorylates ubiquitin, which would activate Parkin upon binding. The
ubiquitination of OMM proteins by Parkin initiate the mitophagy process by the recruitment of the
autophagy-associated adaptors, LC3/GABARAP '°. Mitochondria accumulation of Parkin leads to
their degradation via mitophagy, being the uncoupler carbonyl cyanide m-chlorophenylhydrazone
(CCCP) the most studied inducer of this mitophagic pathway 2°. The receptor-mediated pathway, or
also called mitophagy receptors, are BNIP3/NIX (OMM LIR-containing proteins) and trigger

mitophagy under different conditions 2'. BNIP3/Nix were first described to mediate mitophagy during

1 11,22

erythrocytes maturation and their expression is upregulated under hypoxia conditions
Likewise, Nix interacts directly with LC3 mediating the sequestration of mitochondria to the
phagophore (double membrane of autophagosome). As damaged mitochondria are cleared from
cell, new mitochondria are generated in a process termed mitochondrial biogenesis 2. Biogenesis
is a tightly controlled process that is regulated by nuclear transcription factors; such as nuclear
respiratory factor 1 (NRF1) and its coactivator peroxisome proliferator-activated receptor vy
coactivator 1 (PGC1a), which upregulates expression of the mitochondrial transcription factor A

(TFAM), thus allowing replication of the mitochondrial DNA (mtDNA) -2,

We and others have already demonstrated that CO triggers autophagy in several models 23!,

32 30,32,33

including astrocytes *4, and CO-induced cytoprotection is dependent on autophagy

Furthermore, it also known that the main cellular target of CO is mitochondria, and CO is anti-

6,8,34

apoptotic via ROS signalling Nevertheless, the role of mitophagy in CO-mediating
cytoprotection in glial cells has never been explored. Herein, we investigate whether the CO
protective role is mediated by mitophagy and which are the underlying mitophagic pathways. We
also evaluate the capability of CO in maintaining mitochondria homeostasis and turnover by
assessing mitochondrial biogenesis. Our data indicate that at short time points (1h) CO induces
mitophagy and activates the machinery for mitochondrial new production (mitochondrial DNA
synthesis), while at 24h CO promotes mitochondrial biogenesis for the reestablishment of
mitochondria population. Likewise, CO-induced mitophagy is not exclusive to one single pathway;
being involved PINK1/Parkin pathway and also the mitophagy receptor, BNIP3. Likewise, preliminary
data suggest a cross-talk control between mitophagy and mitochondrial biogenesis promoted by CO.

Finally, CO’s prevention of astrocytic cell death is dependent on mitophagy.
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MATERIAL AND METHODS

Primary culture of astrocytes

Primary cultures of astrocytes were prepared from 1-day-old Balb/c mouse cortex, as described *°.
Animals were rapidly decapitated, brain cortex was removed and the meninges were carefully
stripped off, then the cortex was washed in ice-cold phosphate-buffered saline (PBS), and
mechanically disrupted. Single-cell suspensions were plated in T-flasks (four hemispheres/75 cm?)
in Dulbecco’s minimum essential medium supplemented with 20% (v/v) FBS (heat-inactivated), 1%
(v/v) of 100 U/mL penicillin/streptomycin solution and glucose (to obtain a final concentration of 10
mM). Astrocytes were maintained in a humidified atmosphere of 5% CO; at 37 °C. After 7 days, the
dark phase cells growing on the astrocytic cell layer were separated by vigorous shaking and
removed. Culture medium was replaced twice a week for 3 weeks with gradual reduction in FBS
content (2" week 15% (v/v); 3" week 10%(v/v)). At the 3™ week the confluent astrocytes were
detached by mild trypsinization using trypsin/EDTA (0.25%, w/v) and sub-cultured, in 24 and 6-well

plates at 50 x 10° and 100 x10° cells/well, respectively, until reaching full confluence.

Carbon monoxide releasing molecule A1 (CORM-A1)

The CO releasing molecule, CORM-A1 ¢ was used to deliver CO to cell culture. CORM-A1 (SML-
0315, Sigma) stock solutions were prepared in water to a final concentration of 5mM. Then, the
solution was filtrated with 0,2uM filter and stored at -20°C to avoid loss of released CO. For each
use, an aliquot was thawed and immediately used. The concentration of CORM-A1 and time points
for treatments were selected based on the cytoprotective effects of CO in astrocytes subjected to

oxidative stress 2.

Mitochondrial population assessment (Mitophagy and mitochondrial biogenesis)

Astrocytes were plated in a concentration of 50*10* cells/well into the 24-well plate for flow cytometer
analysis and 100*10* cells/well into the 12-well plates for Q-PCR analysis. For mitophagy
assessment cells were incubated for 1h with and without the mitophagy inhibitor Cyclosporin A (CsA)
at 5uM, the mitophagy inducer (uncoupling agent) carbonyl cyanide chlorophenylhydrazone (CCCP)
at 25uM and for 24h with deferiprone (DFP) at 1mM and CORM-A at 12,5uM. Likewise, for
mitochondrial biogenesis assessment cells were incubated for 24h with and without the CsA at 5uM,
CCCP at 25uM, the protein synthesis inhibitor, chloramphenicol (Cm) at 10uM and CORM-A at 12,5uM.
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Cells were collected for analysis by flow cytometry, western blot and Q-PCR in order to assess

mitophagy and mitochondrial biogenesis.

Determination of mitochondrial population by flow cytometry

After astrocyte treatment, as previously described, cells were trypsinized for 5 min at 37 °C and
resuspended in complete medium with 10 nM Mitotracker Deep Red (MTDR, M22426, Invitrogen)
incubated for 15 min at 37 °C followed by cytofluorometric analysis with FACS scan (BD
FACSCalibour). MTDR is used for mitochondria labeling. Fluorescence intensity for each incubation
time was analyzed in 10,000 cells and fluorescence value per cell was determined and plotted
against cell number. Median fluorescence in the FL4 channel in the viable cell (Pl-negative)

population was plotted and normalized against that of untreated cells.

Inmunoflourescent microscopy

After astrocyte treatment, cells were fixed for 30 min with 4% paraformaldehyde in PBS, washed
and permeabilized with 0.1% SDS for 30 min and incubated for 16 h with the primary antibodies;
anti-LC3B (abcam) 1:800 and TOM20 (Santa-Cruz) 1:500. Cells were then incubated for 1h with the
secondary antibodies (GE Healthcare) 1:200, followed by 1h with horseradish peroxidase-
conjugated streptavidin (GE Healthcare) 1:1000. Confocal analysis was performed with a Zeiss LSM

710 Confocal microscope. Images were taken every 0.2 mm.

Quantitative-Polymerase chain reaction (Q-PCR)

Q-PCR was used for quantification of mitochondrial DNA (mtDNA), which is an indirect measurement
of mitochondrial population. Total cell DNA (containing mitochondrial DNA) was extracted from
astrocytes using QIAGEN kit (ref. 69504). Polymerase chain reaction (PCR) was performed using
specific forward and reverse primers designed for the mitochondrial cytochrome b gene,
(5’TTCATGTCGGACGAGGCTT-3’), (3'- TCCTCATGGAAGGACGTAGC-5’) and for the nuclear
GAPDH gene (5- CCTTCATTGACCTCAACTACAT-3’), (3-CCAAAGTTGTCATGGATGACC-5) to
be used for controlling the cellular amount in each sample. “Fast Strand DNA Master Plus SYBR
Green I” (Roche) was used in the experimental run protocol, denaturation program was 95°C for
10min, followed by 45 cycles of 95°C for 10”, 60°C for 10” and 72°C for 10’.

72



Carbon monoxide role on mitochondrial turnover

The results were analyzed by relative quantification, with aid of the software light cycle 96 of ROCHE,
reference 00 000000 0010225, software version 1.01.00.0045. Mitochondrial population was
quantified by the amount of mitochondrial DNA relatively to nuclear DNA (internal control). All results

were normalized relatively to the control cell sample without any treatment.

Evaluation of gene expression (mMRNA quantification by reverse transcriptase
quantitative PCR)

For evaluation of gene expression, mMRNA was extracted from astrocytes using High Pure RNA
isolation kit (Roche Diagnostics), and cDNA synthesis was performed using the Transcriptor High
Fidelity cDNA synthesis kit (Roche Diagnostics). PCR was performed using specific forward and
reverse primers designed for PGC-1alpha, (CACAGATTCAGGCCAGTGCT)
(TTCTGGTGCTGCAAGGAGAG).

Fast Strand DNA Master Plus SYBR Green I” (Roche) was used in the experimental run protocol,
denaturation program was 95°C for 10min, followed by 45 cycles of 95°C for 10”, 60°C for 10” and
72°C for 10’

Cell viability assessment

Astrocytes were treated with CORM-A1 at a final concentration of 12.5 yM for 1 h, followed by
apoptosis induction by (tert-butylhydroperoxide) -BHP at concentrations from 80 to 320 yM for 18
h. In astrocytes, CsA (5uM), was used to modulated CO effect in mitophagy process by pre-treating
cells 1 h prior to CORM-A1 treatment. To detect apoptosis induced by t-BHP, cells were collected
by trypsinization and stained with dye propidium iodide (PI, Invitrogen) at 1 g/mL. Cells were gated
by forward and side scatter. A flow cytometer (BD FACSCanto™ 1) was used to analyse apoptosis-
associated parameters. The acquisition was done with Diva software and data analysis was

performed with FlowJo® software (10.5.3).

Isolated mitochondria from primary culture of astrocytes

Primary culture of astrocytes were grown in 175 cm? t-flask up to confluence, then cells were washed
with ice-cold PBS and collected by trypsinisation. Samples were centrifugated at 200 g for 10 min,

and cells (pellet) were washed in PBS by centrifugation at 200 g for 10 min. The supernatant was
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discarded and the pellet (cells) incubated in 3.5mL of hypotonic buffer (0.15mM MgClI2, 10mM KClI,
10mM Tris-HCL, pH 7.6) at 4°C for 15min, After the addition of an equal volume of homogenization
buffer (0.15mM MgCI2, 10mM KCI, 10mM Tris-HCL, 0.4mM PMSF, 250mM saccharose, pH7.6)
twice concentrated, samples were manually homogenized with Douncer potter. Cell extracts were
centrifugated at 900 g for 10 min, followed by supernatant centrifugation at 10000 g for 10 min. The
mitochondrial pellet was resuspended in 110uL of the homogenization buffer and the total amount

of protein was quantified using BCA assay (Pierce, lllinois). All the steps were carried out at 4°C.

Protein extraction and immunoblotting

Isolated mitochondria were separated under reducing electrophoresis on a 1 mm thick 15% SDS-
polyacrylamide (SDS-PAGE) gel. Samples were transferred onto a PVDF membrane (MERK).
Membranes were incubated overnight at 4°C with antibodies against Pink1 protein (GeneTex) and
Parkin protein (Abcam) and actin (Sigma), used as a loading control. Blots were developed using
the ECL (enhanced chemiluminescence) detection system after incubation with horseradish

peroxidase-conjugated secondary antibodies (GE Healthcare), for 1 h at room temperature.

siRNA Transfection

Pink1 expression was silenced by Pink1 coding siRNA transfection according to the manufacturer's
instructions (Invitrogen). Astrocytes at 40% of confluence were transfected using LipofectamineTM
RNAIMAX and Opti-MEM medium (Invitrogen); for 3.9 cm? of astrocytic culture area 10pmol of siRNA
were used. At room temperature, siRNA and culture medium were mixed gently with Lipofectamine
for forming liposomes, and then astrocytes were transfected in the absence of antibiotics. 24, 48 and
72h after transfection Pink1 expression was assessed by Western blot assay, silencing was more

efficient between 24h, and then Pink1 silenced astrocytes were used in this time frame.

Statistical Analyses

The data concerning yeast and astrocytic culture were carried out at least in three independent
preparations (cell isolation). For autophagy evaluation, a representative image of three independent
assays is shown. All values are mean S.D. (n =3). Error bars, corresponding to S.D., are shown in

the figures.
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Statistical comparisons were performed using ANOVA (one-way, two-way) and Student t-test (with
Welch’s correction) with p <0.05 (n=3). p <0.05 means that samples are significantly different at a

confidence level of 95%.

RESULTS

CORM-A1 induces mitophagy

The ability of CO to trigger mitophagy in primary culture of astrocytes was evaluated at 1h of CO
treatment by two distinct approaches. First, it was used immunocytochemistry, the classical
technique for mitophagy assessment, by the detection of co-localization of the mitochondrial marker
(TOM20) with autophagosomal marker (anti-LC3lI labeling) (Figure 1A). Following 1h of CORM-A1
treatment at a final concentration of 12,5 and 25 uM, there is co-localization of mitochondria with

autophagosome, indicating mitophagy.

In a second strategy, mitophagy was determined by flow cytometry using MitoTracker Deep Red
(MTDR) to assess mitochondrial population *’. Along with CO treatment, selective inhibitors and
inducers of mitophagic flux were used to confirm that alterations in mitochondrial population are due
to mitophagy activation *. The uncoupler CCCP (carbonyl cyanide chlorophenylhydrazone) is used
to trigger mitophagy by reducing mitochondrial membrane potential (A¥m) *. While, cyclosporine A
(CsA\) limits mitophagy by preventing A¥m reduction *. Astrocytes were treated with CORM-A1 at
a final concentration of 12,5 uM for 1 hour in the presence or absence of CCCP or of CsA; followed
by mitochondrial population assessment by flow cytometry MTDR dye (Figure 1B). CORM-A1
decreases fluorescence intensity of MTDR, indicating that at 1h, CORM-A1 reduces mitochondrial
population by inducing mitophagy. Accordingly, CCCP treatment reduced MTDR levels, while CsA
treatment increased MTDR fluorescence, indicating an activation and prevention of mitophagy,
respectively. Moreover, whenever astrocytes were co-treated with CsA and CORM-A1, there is a
partial reversion of mitophagy activation, assessed by a partial increase on mitochondrial population
(Figure 1B). Of note, the used CCCP concentration is low, is not toxic and does not promote cell

death; thus, it only decreases mitochondrial potential and promotes mitophagy, as described in '".

In conclusion, CORM-A1 at short time period (1h) promotes mitophagy, which was assessed by the

reduction of mitochondrial population and co-localization of mitochondria and autophagosome.
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Figure 1- CORM-A1 induces mitophagy in astrocytes at short time points (1h); A) Primary culture of
astrocytes were pretreated with 12,5 or 25uM of CORM-A1 for 1h. Astrocytes were immunostained with LC3-B (red) and
TOM20 (green). Magnification 63x (preliminary figure). B) Primary cultures of astrocytes cultured in 24-well plate were
treated with 25uM CCCP or 12,5uM of CORM-A1 along 1h with and withou 5uM CsA added at the same time to the cells.
MTDR was used to determine mitochondrial mass by flow cytometry. The intensity in the FL4 channel was normalized to
untreated control cells. Graphs represent the median + SD of seven experiments performed in triplicate. ** p<0,1, ***
p<0,001 compared with control treatment and *# p<0,001 compared to CORM-A1 without CsA treatment.
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CORM-A1-induced mitophagy is associated with PINK1/Parkin pathway

The receptors mediating mitophagy are still a subject of discussion and speculation, since little is
known about them 22%°. PINK1/Parkin-mediated mitophagy is the mostly studied pathway, since it is
relevant for the autosomal form of Parkinson disease *'*2. Therefore, in order to study the involved
receptors of CO-induced mitophagy, we evaluated by Western blot the presence of PINK1 and
Parkin, in mitochondria enriched fraction following CORM-A1 treatment in astrocytes. CORM-A1
treatment increased the level of PINK1 and Parkin at mitochondria. Indeed, during mitophagy there
is an increase of PINK1 in the outer mitochondrial membrane and translocation of Parkin from the
cytosol into mitochondria **. Accordingly, and as positive control, it was also observed a higher level
of these proteins in the mitochondria following CCCP treatment in astrocytes (Figure 2). These

findings suggest that PINK1/Parkin pathway is involved in CORM-A1 activation of mitophagy.
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Figure 2- CORM-A1-induced mitophagy in astrocytes is associated with PINK1/Parkin pathway; A)
Mitochondrial fractions isolated from primary culture of astrocytes treated with CORM-A1 at a final concentration of 12,5
UM or with CCCP at 25uM during 1h were analyzed by immunoblotting using antibodies against PINK1 and Parkin. B)
Quantification of PINK1 presence in mitochondrial enriched fraction. C) Quantification of Parkin presence in mitochondrial
enriched fraction. Graphs represent the median + SD of four experiments. *p<0,5, ** p<0,1 compared to control treatment.
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CORM-A1 enhances mitophagy independently of PINK1/Parkin and via BNIP3
pathways

To examine whether CO-activated mitophagy requires PINK1/Parkin pathway, we used siRNA to
knock down PINK1 expression (Figure 3A). Unexpectedly, PINK1-targeted siRNA did not abolish
CO-induced mitophagy, since CORM-A1 treatment still decreases fluorescence intensity of MTDR,
indicating lower mitochondrial population via mitophagy promotion (Figure 3B). In contrast,
whenever astrocytes were treated with CCCP, PINK1-targeted siRNA significantly abolished the
capability of CCCP to promote mitophagy (Figure 3B). These results suggest that CO-promoted
mitophagy might be mediated by several different pathways. According to the literature, there are
two different classes of mitophagy receptors, the ubiquitin-dependents (PINK1 and Parkin) and
ubiquitin-independents (BNIP3 and NIX) *4. CO has been shown to induce autophagy through ROS
2930 BNIP3 and NIX are associated with mitophagy induction under hypoxia conditions “5*.
Therefore, we investigated BNIP3 implication in CORM-A1-induced mitophagy. In fact, BNIP3
expression was increased in a dose-response manner following CORM-A1 treatment (Figure 3C).
Additionally, mitochondria population was measure in the presence of deferiprone (DFP), an iron
chelator that induces mitophagy in PINK1/Parkin independent manner. DFP treatment reduced
MTDR levels (Figure 3D) and the co-treatment of DFP with CORM-A1 impaired mitochondrial

population in a synergetic manner (Preliminary data).

Thus, CO promotes mitophagy by different pathways that can work in a compensatory manner.
Although PINK1/Parkin pathway is associated with CO promotion of mitophagy, when this pathway

is knock down, CO appears to sustain mitophagy induction via the alternative pathway BNIP3/NIX.
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Figure 3- CORM-A1-induced mitophagy in astrocytes is associated with PINK1/Parkin pathway; A)
Primary culture of astrocytes were transfected with SIRNA PINK1 for 24h, 48h and 72h and proteins level were determined
by immunoblotting. B) Primary cultures of astrocytes cultured in 24-well plate were transfected with SIRNA PINK1 for 24h
and treated with 25uM CCCP or 12,5uM of CORM-A1 along 1h. MTDR was used to determine mitochondrial mass by flow
cytometry. The intensity in the FL4 channel was normalized to untreated control cells. Graphs represent the median + SD
of five experiments performed in triplicate. *p<0,5, ** p<0,1, *** p<0,001 compared with control treatment. C) Primary
cultures of astrocytes treated with 12,5, and 25uM of CORM-A1 along 1hour. The levels of BNIP3 were determined by
immunoblotting, n=2. D) Primary cultures of astrocytes were treated with 1mM DFP for 24h followed by treatment with or
CORM-A1 at 12,5uM for 1h. MTDR was used to determine mitochondrial mass by flow cytometry. The intensity in the FL4
channel was normalized to untreated control cells n=2.

CORM-A1 promotes mitochondrial biogenesis

CO-induced mitochondrial biogenesis in primary culture of astrocytes was evaluated by three distinct
approaches. First, mitochondrial population was assessed by flow cytometry using MTDR dye.
Astrocytes were treated with CORM-A1 at a final concentration of 12,5 uM, or 25 yM of CCCP, and
CsA at a final concentration of 5uM for 24h. CORM-A1 treatment enhanced about 50% the MTDR
fluorescence intensity compared to CORM-A1 treatment at 1h, indicating that CO promotes a return
to mitochondrial basal levels after 24h (Figure 4A). As negative control CCCP treatment reduced
mitochondrial population, indicating that mitophagy still occurs after 24h of treatment. Likewise,

chloramphenicol (Cm) is used as control since it prevents protein synthesis and inhibits
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mitochondrial biogenesis. Astrocytes treated with Cm presented mitochondrial population levels
similar to control (Figure 4A). While, astrocytic co-treatment of CORM-A1 with Cm abolished the
capability of CO to enhance mitochondrial biogenesis at 24h (Figure 4A). These data reinforce the
existence of a two-step response of CO: at 1h CO promotes mitophagy (Figure 1B) and at 24h there
is a compensatory effect and CO increases mitochondrial biogenesis (Figure 4A), promoting

mitochondrial turnover.
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Figure 4- CORM-A1 stimulates mitochondrial biogenesis in astrocytes at long periods of treatment; A)
Primary cultures of astrocytes cultured in 24-well plate were treated with 25uM CCCP or 12,5uM of CORM-A1 along 24h
with and without 10pM chloramphenicol (Cm) added at the same time to the cells. MTDR was used to determine
mitochondrial mass by flow cytometry. The intensity in the FL4 channel was normalized to untreated control cells. Graphs
represent the median + SD of seven experiments performed in triplicate. ***p<0,001 compared with control treatment. Cm
data are preliminary with n=2 B) Primary cultures of astrocytes were treated with 12,5uM of CORM-A1 for 1h and 24h
followed by DNA extraction for measuring mitochondrial cytochrome b (mtCyt b) gene to assess mitochondrial DNA
amount, which is represented by fold increase when compared with control without CO treatment. All values are mean+SD
of four experiments performed in triplicate. ***p<0,001 compared with control for 1 and 24 h treatment, respectively. C)
Primary cultures of astrocytes were treated with 12,5uM of CORM-A1 for 1h and 24h followed by mRNA extraction for
measuring mitochondrial PGC-1a gene to assess mitochondrial biogenesis, which is represented by fold increase when
compared with control without CORM-A1 treatment. All values are mean + SD of four experiments performed in triplicate.
****n<0,001 compared with control.
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In addition, the role of CORM-A1 treatment on cellular mitochondrial population was also assessed
by quantification of mitochondrial DNA. Quantitative real-time PCR was used to quantify
mitochondrial coding gene for cytochrome b. Indeed, 1h of CORM-A1 treatment induced a 50%
increase on the amount of mitochondrial cytochrome b DNA in astrocytes (Figure 4B), demonstrating
that CO stimulates mitochondrial DNA replication and, consequently, mitochondrial biogenesis. At

24 h, the amount of cytochrome b DNA is maintained (Figure 4B).

Finally, the role of CO on mitochondrial biogenesis control was assessed in a more accurate manner
by the direct quantification of PGC-1a gene expression, which is a transcriptional coactivator, known
to be a master regulator of mitochondrial biogenesis. PGC-1a mRNA was quantified by reverse
transcriptase quantitative real-time PCR. Indeed, 1h of CORM-A1 treatment upregulated the
expression of PGC-1q, increasing mRNA approximately 150% (Figure 4C). Nevertheless, at 24h the
expression of PGC-1a decreased, returning to basal levels. In conclusion, based on the assessment
of mitochondrial population by MTDR, mtDNA quantification and the expression of a key transcription
factor involved on mitochondrial biogenesis, PGC-1a; CORM-A1 emerges as a molecule able to
modulate mitochondrial biogenesis. Indeed at 1h, despite the decrease on mitochondrial population
(stimulation of mitophagy) assessed by MTDR, CORM-A1 appears to activate mtDNA replication
and expression of PGC-1a. Thus, one may speculate that CO triggers mitophagy and mitochondrial
biogenesis simultaneously. Likewise, at 24h following CORM-A1 treatment, mitochondrial population
and PGC-1a expression return to basal levels. These data suggest that CO is an important player
in the turnover of mitochondria and in mitochondrial quality control. Likewise, mitochondrial quality
control is not limited to the elimination of dysfunctional mitochondria, but it must also involve
generation of new mitochondria. Thus, those two processes might be interconnected and

interdependent.

CORM-A1-induced mitochondrial biogenesis is associated with of mitophagy

Mitochondrial quality control involves both events: mitochondrial biogenesis and autophagic
degradation of dysfunctional mitochondria (mitophagy). CO has been previously shown to induce
mitophagy *' and mitochondrial biogenesis “® in other models, although the interdependence of these
two mechanisms remains unclear. Thus, to address this question we inhibited mitophagy with CsA
1h prior to CORM-A1 treatment for 24h. In fact, this co-treatment partially reverted the CO-induced
mitochondrial population maintenance, which might indicate that CO did not promote the
compensatory mitochondrial biogenesis following mitophagy (Figure 5). Although additional

experiments with genetic approaches must be done, these results suggest that when mitophagy is
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inhibited by CsA, CO is no longer able to activate the machinery to induce compensatory

mitochondria biogenesis following mitophagy.
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Figure 5- CORM-A1-induced mitochondrial biogenesis in astrocytes is associated with mitophagy
inducation; Primary cultures of astrocytes cultured in 24-well plate were treated with 12,5uM of CORM-A1 along 24h
with and without 5uM CsA added 1h prior to the cells. MTDR was used to determine mitochondrial mass by flow cytometry.
The intensity in the FL4 channel was normalized to untreated control cells. Graphs represent the median + SD of four
experiments performed in triplicate. **p<0,1, ***p<0,001 compared with control treatment, # p<0,5 compared with CORM-
A1 without CsA treatment.

CORM-A1-induced cytoprotection is dependent on mitophagy

In order to assess whether CO modulation of mitophagy and mitochondrial biogenesis is important
for the established role of CO in preventing astrocytic cell death 582, pharmacological inhibition of
mitophagy was used and CO’s cytoprotective role was assessed. Indeed, pretreated astrocytes with
CORM-A1 presented higher viability following oxidative cell death promotion with the pro-oxidant
tert-butylhydroperoxide (tBHP), indicating CO’s ability to limit cell death (Figure 6). Nevertheless,
whenever astrocytes were pre-treated with CsA and CORM-A1, there is a partial reversion on CO-
induced cytoprotection (Figure 6). In conclusion, mitophagy is an important cellular process for CO

to be cytoprotective in astrocytes.
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Figure 6- CORM-A1 confers protection against apoptosis by inducing mitophagy; Primary culture of astrocytes were
pretreated with 12,5 of CORM-A1 along 1h, with and without CsA 25uM (mitophagy inhibitor), following cell death induction by
18h of exposure to the pro-oxidant, t-bhp (from 0 to 320um). the measurement of cell viability was assessed by flow cytometry.
cells presenting intact plasma membrane (assessed by propidium iodide) are considered viable cells. all the values are meansd, of
three experiments performed in triplicate. * p<0,5 compared with control and ***p<0,01 compared with CORM-A1 treated cells
without CsA for t-BHP treatment.

DISCUSSION

In the present study, we demonstrate that CO confers protection against oxidative stress-induced
apoptosis in primary culture of astrocytes in a mitophagy dependent manner and also that CO
promotes mitochondrial biogenesis. For the first time, it has been shown that CO-mediated
mitophagy is associated with both PINK1/Parkin and BNIP3 pathways. Moreover, preliminary data
suggest a cross-talk between mitophagy and mitochondrial biogenesis promoted by CO, process

associated with mitochondria quality control.

Several studies have already demonstrated that the cytoprotective role of CO is dependent on
autophagy activation. In sepsis CO confers protection in an autophagy dependent manner by
increasing Beclin-1 expression *. In the same model, knocking out LC3 and Beclin-1 abolished CO’s
cytoprotective effect *°. Likewise, CO inhibits hypoxia-induced apoptosis in islets by upregulation of
Atg16L1-mediated autophagy *°. Recently, we have showed that autophagy is important for CORM-
A1 to prevent cell death in a model of yeast and primary culture astrocytes by activating the
autophagic flux 5'. Herein, the role of mitophagy in CO-mediated cell survival was explored. Indeed,

5

the removal of harmful mitochondria mediated by mitophagy '° is essential to maintain the

23

mitochondrial homeostasis =° and cell survival. In the present study, oxidative stress-induced

83



Chapter Il

astrocytic cell death was partially inhibited by CORM-A1 treatment, which in turn promotes
mitophagy. Furthermore, whenever mitophagy is prevented by CsA, which maintain mitochondrial
potential, CO failed to inhibit cell death. Further studies based on genetic prevention of mitophagy

must be performed to validate the role of mitophagy in CO-mediated cytoprotection.

Although PINK1/Parkin cooperation is the most described pathway for mitophagic process, growing
number of PINK1 and/or Parkin-independent pathways of selective mitophagy have been reported
and they are not exclusive pathways. Therefore, more than one mechanism can be activated at the
same time. Indeed, cross-regulation, potential redundancy, and multiplication of mitophagy
mechanisms, demonstrate the importance of mitophagy in the cell. In the present study, we
demonstrated that CO-mediated mitophagy is associated with an enrichment of PINK1 and Parkin
in mitochondrial fraction isolated from CO-treated astrocytes. Nevertheless, knocking down PINK1
did not revert CO’s activation of mitophagy, while CCCP-induced mitophagy decreased. Thus, these
data indicate that PINK1/Parkin pathway is not exclusive for CO to activate mitophagy. Furthermore,
CO-treated astrocytes demonstrated an upregulation of BNIP3 expression. Thus, one can speculate
that CO promotes at least two parallel pathways for mitophagy in astrocytes. Other studies shown
that while PINK/Parkin are essential for CCCP-triggered mitophagy, they may not be essential for
mitophagy triggered by different stimulus, such as ROS or iron deficiency *2. In fact, in many different
biological processes CO acts via ROS signaling >>**, likewise CO triggers autophagy by generation
of mitochondrial ROS ?°. Thus, the increased expression of BNIP3 following CO treatment in
astrocytes can be associated with BNIP3’s regulation of mitophagy in response to hypoxia and redox
signaling. Further work must be done to disclose whether BNIP3 is essential CO-regulated pathways

of mitophagy, namely by silencing its expression and assessing mitophagy activation.

Mitochondrial biogenesis is important for the maintenance of mitochondrial homeostasis, in particular
following mitophagic elimination of dysfunctional mitochondria. We and others have demonstrated
that CO stimulates mitochondrial biogenesis in cardiomyocytes *° and in astrocytes ®*%. Herein the
same effect was observed, CORM-A1 enhanced mitochondrial DNA levels, PGC-1a expression and
mitochondrial population. Interestingly, at 1h following CO treatment, mitophagy occurs along with
increased mitochondrial DNA content and expression of PGC-1a, suggesting that both events must
be activated in parallel. Moreover, one can speculate CO-mediating mitophagy and mitochondrial
biogenesis are interdependent processes, although further experiments need to be done to evaluate
this question. To reinforce this hypothesis, inhibition of mitophagy with CsA also prevented CO-
induced mitochondrial population back to basal levels at 24h, suggesting that CsA-inhibited
mitophagy also prevents mitochondrial biogenesis. In 2018, Kim and colleagues showed that
CORM2-induced TFEB nuclear translocation enhances mitophagy and mitochondrial biogenesis in

hepatocytes and protects the liver against inflammation *'. These data support the hypothesis that
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mitophagy and mitochondrial biogenesis present a common regulation. A potential candidate to
regulate both processes is the protein PARIS since it seems to inter-connect Parkin and PGC-1a. In
fact, PARIS is a transcriptional repressor (member of the family of KRAB zinc-finger proteins), which
is ubiquitinated by Parkin targeting it for proteasomal degradation °°°’. Moreover, PARIS is
physiological transcriptional repressor of the PGC-1a, thus its degradation upregulates PGC-1a and
subsequently PGC-1-dependent nuclear respiratory factors genes expression, promoting therefore
mitochondrial biogenesis *. Further work must be performed to disclose the potential implication of

CO in PARIS’s regulation of mitophagy and mitochondrial biogenesis.

In summary, our data indicate that CO regulates the autophagic turnover of damaged mitochondria
and their subsequent replacement through mitochondrial biogenesis. CO has a protective role
against oxidative stress in astrocyte via mitophagy induction. These results suggest that CO may

represent a potentially strategy to prevent astrocytic cell death in a context of oxidative stress.
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Pink1 Glutathionylation

ABSTRACT

Mitochondria are key cellular organelles for producing bioenergy and for controlling cell death. Once,
dysfunctional mitochondria are the main responsible for reactive oxygen species production (ROS),
therefore, it is crucial for the cell to sequester and remove them before damage. This process, is
named mitophagy, it comprises mitochondria engulfment by autophagosome and delivery to the
lysosomes. Carbonyl cyanide m-chlorophenylhydrazone (CCCP), is the classical inducer of
mitophagy by promoting mitochondrial uncoupling and decrease of mitochondrial potential. Some
recent studies have also revealed ROS as signaling molecules promoting mitophagy in response to
mitochondrial disorder. Glutathione provides protection from oxidative stress-induced damage
through the reduction of reactive oxygen species for the maintenance of oxidant homeostasis.
Herein, the preliminary data generated suggest that dysfunctional mitochondria induced by low
concentrations of CCCP stimulate mitophagy via GSH signaling. CCCP-damaged mitochondria
generate ROS that, in turn, activate GSH synthesis by increasing GCLC expression. Additionally,
pharmacological modulation of GSH generation (inhibitor BSO or addition of GSH substrate NAC)
regulates mitophagy. Finally, GSH appears to regulate mitophagy via S-glutathionylation of PINK1.
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INTRODUCTION

Mitochondria are essential cellular organelles responsible for energy generation, production of
cellular building blocks and controlling cell death '. Therefore, mitochondrial function must be tightly
regulated, along with elimination of dysfunctional mitochondria. Indeed, dysfunctional oxidative
phosphorylation can generate excessive amounts of reactive oxygen species (ROS) and promote
oxidative stress, leading eventually to cell death. Mitophagy, specific mitochondrial autophagy, is a
key cellular process for mitochondrial quality control and for dysfunctional mitochondria elimination,
being its dysregulation associated with several diseases 2°. The most studied mitophagy inducer is
carbonyl cyanide m-chlorophenylhydrazone (CCCP), which promotes mitochondrial uncoupling and
decrease of mitochondrial potential *°. Some recent studies have also revealed ROS as signaling
molecules promoting mitophagy in response to mitochondrial disorder. Moderate exogenous levels
of hydrogen peroxide do not induce cell death, but trigger mitophagy in a fission dependent manner,
since knocking down Drp1 reverted mild oxidative stress induced-mitophagy °. In a more elegant
model, the genetically encoded photosensitizer protein, KillerRed, which is targeted to mitochondria
(mtKR) was applied to assess the effect of a short burst of ROS in the mitochondria. mtKR-induced
an increase on ROX levels in mitochondrial matrix, leading to Parkin dependent mitophagy, while
overexpression of mitochondrial superoxide dismutase-2 reverted mitophagy activation ’. Likewise,
irradiation of mtKR promoted fragmentation of mitochondria and recruitment of Parkin in neuronal

axons 8. Thus, ROS can be signaling molecules, triggering mitophagy.

Glutathione (GSH) or y-L-glutamyl-cisteinyl-glycine is a ubiquitous tri-peptide, formed by glutamate,
cysteine, and glycine and is the most abundant non-protein thiol °. GSH is present in two forms: the
thiol-reduced (GSH), the most abundant (>98%) '° and disulfide-oxidized (GSSG) ", being the
system GSH/GSSG the main cellular antioxidant defense '*'?>. GSH homeostasis is controlled by
de novo synthesis and by its utilization, recycling and cellular export '*. The rate-limiting enzyme
involved in GSH production is y-glutamyl-cysteine synthetase (GCL), which is formed by two
subunits, the glutamate-cysteine ligase modifier subunit (GCLM) and the glutamate-cysteine ligase
catalytic subunit (GCLC). This last subunit is responsible for the catalysis and conversion of
glutamate and cysteine into y-glutamyl cysteine in an ATP-dependent manner, the glutathione
precursor *'*'5_ Moreover, GSH is also a key element of redox signaling, by modulation of ROS
levels and by maintaining the thiol status of proteins '2'6. Likewise, S-glutathionylation is a reversible
post-translational protein modification occurring in cysteine residues whose main functions are: (i)
modulation of protein function, (ii) reduction of cellular GSSG levels and/or (iii) protection of critical
thiols from irreversible oxidation *'7. Protein S-glutathionylation can occur spontaneously by a

dramatic decrease of GSH/GSSG ratio, which is less likely to occur in vivo; or in a physiologically
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relevant manner, by the activation of thiol derivatives (such as S-nitrosyl, sulfenic acid, thiyl radical,

etc) along with GSH as substrate '".

A deep decrease in the concentration of GSH leads to enhance in ROS production, oxidative stress
with subsequent cell death 2. Nevertheless, regulation of GSH homeostasis is also critical for redox
cell signaling and for the activation of cellular mechanisms of defense, namely via autophagy and
mitophagy ">'"'8. Accordingly, there is a cross-talk between GSH levels and autophagic regulation.
Downregulation of p62/SQTM1 (which is an adaptor protein and autophagy substrate) decreases
intracellular GSH levels along with an accumulation of dysfunctional mitochondria '°. Likewise, GSH
system also control mitochondrial morphology and function. Glutathione-S-transferase (GST) binds
to GSH to react with lipids and proteins and detoxify cellular oxidative stress. In fly models, lack of
GST increased mitochondrial fusion levels in neuronal axons via an enhancement of oxidized GSSG
cellular levels 2. Still, in primary culture of rodent neurons, pharmacological inhibition of GSH

synthesis or promotion of its oxidation into GSSG also leaded to mitochondrial fusion %°.

The present study is a in progress work aiming to disclose whether and how GSH regulates
mitophagy and in turn promotes cell survival. In astrocytes, CCCP induces PINK1-dependent
mitophagy along with ROS generation. Moreover, mitophagy activation is regulated by GSH levels
(pharmacological modulation of its synthesis) and affects the expression of GCLC, the rate limiting
enzyme in GSH de novo synthesis. Finally, during mitophagic process, Pink1 is modified by S-
glutathionylation. These preliminary data indicate that GSH regulates mitophagy via protein post-

translational modification.

MATERIAL AND METHODS

Primary culture of astrocytes

Primary cultures of astrocytes were prepared from 1-day-old Balb/c mouse cortex, as described 2'.
Animals were rapidly decapitated, brain cortex was removed and the meninges were carefully
stripped off, then the cortex was washed in ice-cold phosphate-buffered saline (PBS), and
mechanically disrupted. Single-cell suspensions were plated in T-flasks (four hemispheres/75 cm?)
in Dulbecco’s minimum essential medium supplemented with 20% (v/v) FBS (heat-inactivated), 1%
(v/v) of 100 U/mL penicillin/streptomycin solution and glucose (to obtain a final concentration of 10
mM). Astrocytes were maintained in a humidified atmosphere of 5% CO; at 37 °C. After 7 days, the
dark phase cells growing on the astrocytic cell layer were separated by vigorous shaking and

removed. Culture medium was replaced twice a week for 3 weeks with gradual reduction in FBS
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content (2" week 15% (v/v); 3" week 10%(v/v)). At the 3™ week the confluent astrocytes were
detached by mild trypsinization using trypsin/EDTA (0.25%, w/v) and sub-cultured, in 24 and 6-well

plates at 50 x 10° and 100 x10° cells/well, respectively, until reaching full confluence.

Mitochondria isolation;
Isolation of Non-synaptic Mitochondria from Cortex

Enriched fractions of non-synaptic mitochondria were isolated from male BALB/c mice according to
22 Briefly, the cortex was removed and washed in an ice-cold isolation buffer containing 225 mM
manitol, 75 mM sucrose, TmM EGTA, and 5mM HEPES, pH 7.4. The tissue was minced with
scissors and homogenized manually with Potter Elvehjem in isolation buffer. The homogenate was
centrifuged at 1300 g for 3 min, and the resuspended pellet was recentrifuged at 1300 g for 3 min.
Both supernatants were pooled together and centrifuged at 21200 g for 10 min. The remaining pellet
was resuspended in 3.5 ml of 15% Percoll solution and layered into centrifuge tubes containing a
preformed two-step discontinuous density gradient consisting of 3.7 ml of 24% Percoll on top of 1.7
ml of 40% Percoll. The gradient was centrifuged at 31700 g for 9 min. The mitochondrial fraction,
located between the layers of 24 and 40% Percoll, was removed, diluted 1:8 in isolation buffer, and
centrifuged at 16,700 g for 10 min. The pellet was resuspended in 10 ml of isolation buffer containing
5 mg/ml bovine serum albumin (to remove lipids) and centrifuged at 6,800 g for 10 min. The
mitochondrial pellet was resuspended in 100ul of isolation buffer, and the total amount of protein
was quantified using a BCA assay (Pierce). All of the steps were carried out at 4 °C. The analysis of
enriched mitochondrial fractions was performed in modified brain buffer containing 125mMKCI,
2mMK2HPO4,1mMMgCI2, 15 M EGTA, 20mM Tris, 5mM glutamate, and 5mM malate, pH 7.3,
unless stated otherwise. CCCP (carbonyl cyanide m-chlorophenylhydrazone) treatment in isolated

mitochondria was performed with a final concentration of 25uM for 1 hour at 37 °C.

Isolated mitochondria from primary culture of astrocytes

Primary cultures of astrocytes were grown in 175 cm? t-flask up to reaching confluence, then cells
were washed with ice-cold PBS and collected by trypsinisation. Samples were centrifugated at 200
g for 10 min, and cells (pellet) were washed in PBS by centrifugation at 200 g for 10 min. The
supernatant was discarded and the pellet (cells) incubated in 3.5mL of hypotonic buffer (0.15mM
MgCl2, 10mM KCI, 10mM Tris-HCL, pH 7.6) at 4°C for 15min, After the addition of an equal volume
of homogenization buffer (0.15mM MgCI2, 10mM KCI, 10mM Tris-HCL, 0.4mM PMSF, 250mM
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saccharose, pH7.6) twice concentrated, samples were manually homogenized with Douncer potter.
Cell extracts were centrifugated at 900 g for 10 min, followed by supernatant centrifugation at 10000
g for 10 min. The mitochondrial pellet was resuspended in 110uL of the homogenization buffer and
the total amount of protein was quantified using BCA assay (Pierce, lllinois). All the steps were
carried out at 4°C. CCCP treatment in isolated mitochondria was performed with a final concentration
of 25uM for 1 hour at 37 °C.

Mitochondrial population assessment (Mitophagy)

Astrocytes were plated in a concentration of 50*10* cells/well into the 24-well plate for flow cytometer
analysis. Cells were pre-treated with NAC (N-acetylcysteine) at 1uM or with BSO (L-buthionine-
(S,R)-sulfoximine) at 100uM for 24h, following by incubation for 1h with and without CCCP at 25uM
for triggering mitophagy. Cells were collected for further analysis by flow cytometry to assess

mitophagy.

Determination of mitochondrial population by flow cytometry

After astrocyte treatment, as previously described 23, cells were trypsinized for 5 min at 37 °C and
resuspended in complete medium with 10 nM Mitotracker Deep Red (MTDR, M22426, Invitrogen)
incubated for 15 min at 37 °C followed by cytofluorometric analysis with FACS scan (BD
FACSCalibour). MTDR is used for mitochondria labeling. Fluorescence intensity for each incubation
time was analyzed in 10,000 cells and fluorescence value per cell was determined and plotted
against cell number. Median fluorescence in the FL4 channel in the viable cell (Pl-negative)

population was plotted and normalized against that of untreated cells.

Measurement of ROS Generation

ROS generation was followed by assessing hydrogen peroxide (H.O.) that converts 2'.7’-
dichlorofluorescein diacetate (H2DCFDA at 5uM) (Invitrogen) into fluorescent 2,7’-
dichlorofluorescein (DCF). While superoxide anion formation was quantified using 5uM MitoSOX
Red mitochondrial superoxide indicator (Life Technologies, Scotland). Astrocytes were treated for
1h with CCCP, supernatant was removed, and cells were incubated for 20 min with 10 MitoSOX
prepared in PBS. Cells were washed twice, and fluorescence was measured (Aex 510 nm/Aem 580

nm) using a TECAN infinite F200 PRO spectrofluorimeter. ROS generation was calculated as an
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increase over base-line levels, determined for untreated cells (100%) and normalized by total cell

count for each condition.

Immunoprecipitation

100 pg of mitochondrial protein (isolated from astrocytes or from mice cortex) was incubated in 100
pl of homogenization buffer containing 0.5% of Triton X-100 in the presence of 20pl of the antibody
a-GSH (1 mg/ml; ViroGen) for 90 min at 37 °C, followed by immunoprecipitation with 15 yl of protein
A/G PLUS-agarose beads (Santa Cruz Biotechnology) for 30 min at 37 °C. After 10 min of 10,000 g
centrifugation, supernatant was discarded, and pellet was washed four times with PBS. Proteins

attached to the beads were solubilized by Laemmli buffer for further Western blot analysis.

Immunoblotting

Several samples from cell extracts or isolated mitochondria were separated under reducing
electrophoresis on a 1 mm thick 15% SDS-polyacrylamide (SDS-PAGE) gel. Samples were
transferred onto a PVYDF membrane (MERK). Membranes were incubated overnight at 4°C with
antibodies against Pink1 protein (GeneTex), Parkin protein (Abcam), GCLC (NOVUS bio) and actin
(Sigma), used as a loading control (CONCENTRACOES). Blots were developed using the ECL
(enhanced chemiluminescence) detection system after incubation with horseradish peroxidase-
labeled anti-mouse IgG antibody (Amersham Biosciences) at 1:5000 dilution and 1 h of room
temperature incubation. The area and intensity of bands were quantified by densitometry analysis
and are presented as a percentage relative to the positive control (100%). These experiments have

been repeated three times with similar results.

siRNA Transfection

Pink1 expression was silenced by Pink1 coding siRNA transfection according to the manufacturer's
instructions (Invitrogen). Astrocytes at 40% of confluence were transfected using LipofectamineTM
RNAIMAX and Opti-MEM medium (Invitrogen); for 3.9 cm? of astrocytic culture area 10pmol of siRNA
were used. At room temperature, siRNA and culture medium were mixed gently with Lipofectamine
for forming liposomes, and then astrocytes were transfected in the absence of antibiotics. 24, 48 and
72h after transfection Pink1 expression was assessed by Western blot assay, silencing was more

efficient between 24h, and then Pink1 silenced astrocytes were used in this time frame.
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Statistical Analyses

The data concerning yeast and astrocytic culture were carried out at least in three independent
preparations (cell isolation). For autophagy evaluation, a representative image of three independent
assays is shown. All values are mean S.D. (n =3). Error bars, corresponding to S.D., are shown in

the figures.

Statistical comparisons were performed using ANOVA (one-way, two-way) and Student t-test (with
Welch’s correction) with p <0.05 (n=3). p <0.05 means that samples are significantly different at a

confidence level of 95%.

RESULTS

CCCP-induced mitophagy is dependent on PINK1/Parkin pathway in astrocytes

In primary culture of astrocytes, the ability of the uncoupler CCCP was assessed for mitophagy
activation. Of note, low CCCP concentrations were used in order not to induced cell death, but to
promote mitochondrial uncoupling. In astrocyte, 1h of CCCP treatment decreases mitochondrial
population (assessed by MTDR) and is reverted by cyclosporin A (CsA), indicating that this
uncoupler promotes mitophagy in primary culture of astrocytes (Figure 1A — similar to Figure XX at
Chapter Ill). CCCP is usually described to trigger mitophagy via PINK1/Parkin-mediated pathway
2425 (with PINK1 accumulation in mitochondrial membrane and Parkin translocation into
mitochondria). In astrocytes the presence of PINK1 and Parkin in mitochondria following CCCP
treatment was evaluated. In fact, CCCP treatment increased the level of PINK1 and PARKIN in

mitochondrial enriched fractions (Figure 1B and C).

To examine whether CCCP-activated mitophagy requires PINK1/Parkin pathway, we used siRNA to
knock down PINK1 expression (Figure 1D). As expected, whenever astrocytes were treated with
CCCP, PINK1-targeted siRNA significantly abolished the capability of CCCP to promote mitophagy.
These findings are in accordance with the literature, where it is shown that in other models, namely

8,24

neurons, CCCP promotes mitophagy via PINK1/Parkin
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Figure 1- CCCP-induced mitophagy in astrocytes is associated with PINK1/Parkin pathway; A)
Mitochondrial fractions isolated from primary culture of astrocytes treated with CCCP at 25uM during 1h were analyzed by
immunoblotting using antibodies against PINK1 and Parkin. (also published in Chapter Illl). B) Quantification of PINK1
and Parkin presence in mitochondrial enriched fraction. Graphs represent the median + SD of four experiments. *p<0,5,
** p<0,1 compared to control treatment. C) Primary cultures of astrocytes cultured in 24-well plate were transfected with
SiRNA PINK1 for 24h and treated with 25uM CCCP along 1h. MTDR was used to determine mitochondrial mass by flow
cytometry. The intensity in the FL4 channel was normalized to untreated control cells. Graphs represent the median + SD
of five experiments performed in triplicate. *p<0,5, *** p<0,001 compared to control treatment and ## p<0,001 compared
to wt cells treated with CCCP.

CCCP-mediated mitophagy promote ROS production

Mitophagy induction via CCCP treatment involves mitochondrial depolarization and ROS generation
.27 Thus, to examine if CCCP induces ROS generation in astrocytes, MitoSOX Red mitochondrial
superoxide indicator fluorescence dye was used and anion superoxide production was determined
after 1h of CCCP treatment. CCCP significantly increases intracellular ROS of about 50% compared
to the control condition. Thus, these data in astrocytes are in accordance with previous published

studies in other models, where CCCP induces ROS generation to promote mitophagy activation 6%,
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Figure 2- CCCP-induced ROS generation; Quantification of intracellular ROS in primary culture of astrocytes after
1h treatment with CCCP, ROS quantification was performed using MitoSOX Red mitochondrial superoxide indicator
fluorescence dye. Graphs represent the median + SD of three experiments performed in triplicate. *** p<0,001 compared
to control treatment.

CCCP-induced mitophagy increases the expression of the rate-limiting enzyme
(GCLC) of GSH synthesis

Because CCCP promotes ROS generation and GSH is the major cellular anti-oxidant system '®, one
can hypothesized that GSH can be an intermediary factor in PINK1/Parkin-dependent mitophagy.
Thus, an indirect way to measure GSH role in CCCP-induced mitophagy is by quantification of the
rate limiting enzyme for GSH synthesis: y-glutamyl-cysteine synthetase (GCL), in particular its
catalytic subunit the glutamate-cysteine ligase (GCLC). We used total cell extracts of astrocytes from
control or Th CCCP-treated astrocytes to immunodetect GCLC protein. CCCP treatment increased
the expression level of GCLC in astrocytes (Figure 3). Therefore, CCCP generation of ROS might
promote the synthesis of GSH. Moreover, further experiments must be performed to: (i) quantify
cellular GSH content following CCCP and (ll) validate the role of GCLC using siRNA to knock down
its expression. In conclusion, CCCP-induced mitophagy also modulates GSH synthesis by

increasing GCLC enzyme levels.
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Figure 3- CCCP promotes the expression GCLC enzyme; A) Total cell extract of astrocytes treated with or
without CCCP ate 25uM final concentration for 1h were analyzed by immunoblotting using antibody against GCLC. Graphs
represent the median + SD of three experiments. ** p<0,1 compared with the control (PINK1-GSH).

Modulation of glutathione synthesis modulates mitophagy

In order to further understand the role of GSH in mitophagy regulation, two strategies were followed:
pharmacological enhancement and inhibition of GSH synthesis. The anti-oxidant N-acetyl-cysteine
(NAC) is a derivate of L-cysteine and a precursor of glutathione, increasing its synthesis 22°.
Mitochondrial population was evaluated by MTDR assay in astrocytes treated with CCCP in the
presence and absence of NAC, for quantification of mitophagy (Figure 4A). Whenever astrocytes
were treated with CCCP and NAC, there is a higher decrease on mitochondrial population, indicating
a synergetic effect of both molecules. This might suggest that glutathione facilitates CCCP-induced

mitophagy.

Likewise to confirm the involvement and importance of glutathione synthesis and the role of
increased expression of GCLC during mitophagy mediated by CCCP, we treated astrocytes with
and without L-buthionine-(S,R)-sulfoximine (BSO). BSO is a specific pharmacological tool known to
deplete GSH by decreasing its synthesis since it is a highly selective inhibitor of GCL %2, Astrocytes
treated for 1h with CCCP promoted mitochondrial clearance, which is in accordance with the

previous data (Figure 1, Chapter Ill). Nevertheless, co-treatment with BSO rescues the effect of
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CCCP, preventing mitochondrial elimination and reestablishing mitochondrial population levels close
to the control levels (Figure 4B). Additionally, astrocytes treated with BSO alone lead to an increase
of MTDR levels of about 150%. This great accumulation of mitochondrial population in the presence
of BSO could be explained by BSO-induced inhibition of basal mitophagy, since mitochondrial
turnover is a constant event always occurring in the cell. Nevertheless, further experiments must be
done to deeper disclose this result, namely by assessing mitophagy via co-localization of

autophagossomes and mitochondria.

Finally, CCCP seems to feed GSH synthesis system, by inducing ROS production and acting at the
level of GCLC (Figure 3). This hypothesis, is reinforced by the promotion of mitophagy in the
presence of NAC (Figure 4A) and inhibition with BSO (Figure 4B), that selectively inhibits GCL

function. In conclusion, glutathione appears to be an important factor for the regulation of mitophagy.
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Figure 4- Glutathione synthesis modulated CCCP-mediated mitophagy; A) Primary culture of astrocytes were
pretreated with NAC 1uM for 24h, followed by CCCP treatment at the final concentration of 25uM for 1h. MTDR was used
to determine mitochondrial mass by flow cytometry. The intensity in the FL4 channel was normalized to untreated control
cells. Graphs represent the median + SD of five experiments performed in triplicate. *** p<0,001 compared with the control.
B) Astrocytes were pretreated with BSO 100uM for 24h, followed by CCCP treatment at the final concentration of 25uM
for 1h. MTDR was used to determine mitochondrial mass by flow cytometry. The intensity in the FL4 channel was
normalized to untreated control cells. Graphs represent the median + SD of four experiments performed in triplicate.
**p<0,1, ***p<0,001 compared with the respective control.
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Protein S-glutathionylation is involved in the modulation CCCP-induced mitophagy
targeting PINK1

Reversible protein S-glutathionylation is a post-translational process involved in cellular response to
redox changes, which can modulate protein function or protect cysteine residues against irreversible

damage due to oxidative stress.

In order to evaluate protein S-glutathionylation pattern, two different approaches were performed.
Purified mitochondria from brain extracts were treated with CCCP followed by immunoprecipitation;
thus it is targeted the changes occurring only at mitochondrial level. In the second approach,
astrocytes were treated with CCCP, followed by mitochondrial fraction enrichment and
immunoprecipitation, therefore intact cells are targeted. Mitochondrial fractions were incubated with
a-GSH to immunoprecipitated glutathionylated proteins, followed by immunodetection of PINK1 by
a western blot assay (Figure 5A-B). The presence of CCCP augments the levels of glutathionylated
PINK1-in both approaches. Thus, these data provide evidence that CCCP treatment modifies PINK1
protein by S-glutathionylation. In conclusion, this data indicates that S-glutathionylation modulates

mitophagy. Nevertheless, other targeted proteins for S-glutathionylation must still be explored.
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Figure 5- CCCP promotes PINK1 and gluthionylation; A) Purified mitochondria from adult mouse brains were
treated with or without CCCP ate 25uM final concentration for 1h. GSH was immunoprecipitated and PINK1 and Parkin
were immunodetected by Western blot from the immunoprecipitated proteins. Graphs represent the median + SD of three
experiments. ** p<0,1, compared with the control (PINK1-GSH). B) Primary cultures of astrocytes were treated with or
without CCCP ate 25uM final concentration for 1h, followed by mitochondria isolation; GSH was immunoprecipitated and
PINK1 and Parkin were immunodetected by Western blot. This experiment has been repeated two times, with similar
results.
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DISCUSSION

The preliminary data generated herein suggest that dysfunctional mitochondria, which was
experimentally induced by low concentrations of CCCP and mild uncoupling effect, stimulate
mitophagy via GSH signaling. CCCP-damaged mitochondria generate ROS that, in turn, activate
GSH synthesis by increasing GCLC expression. Accordingly, in adenocarcinoma cell line HT-29,
mitochondrial uncouplers increase mitochondrial ROS generation and GCLC expression (mMRNA and
protein) *°. In addition, we have also demonstrated that pharmacological modulation of GSH
generation (inhibitor BSO or addition of GSH substrate NAC) also regulates mitophagy. Finally, GSH
appears to regulate mitophagy via S-glutathionylation of PINK1.

This is an ongoing project that needs more data, namely: (i) quantification of intracellular and
mitochondrial GSH; (ii) assessment of mitophagy a S-glutathionylation of PINK1 after knocking down
GCLC expression; (iii) disclosing the PINK1 critical cysteine involved in S-glutathionylation and/or
(iv) characterization of the enzyme implicated in PINK1 S-glutathionylation post-translational
modification. Furthermore, the identification of other potential target proteins for S-glutathionylation
is an important research line to be follow. For instance, Cys431 is a key cysteine for Parkin’s ubiquitin

ligase activity *'.

Literature data suggest that protein S-glutathionylation regulates autophagy and cytoprotection. In
murine macrophages aflatoxin B1 induces apoptosis that is inhibited by autophagy activation . In
this model, knocking down glutathione-S-transferase omega 1 (GSTO1-1) expression, which
promoted a decrease on protein S-glutathionylation levels, decreased autophagy, increasing
aflatoxin B1-induced apoptosis *2. Thus, lower levels of protein S-glutathionylation limits autophagy
and sensitizes cells to die. Likewise, restoration of GSTO1 in Drosophila Parkin or PINK1 mutants
(which present lower levels of GSTO) restores FiFo ATP synthase activity by stimulating S-
glutathionylation of ATP synthase B subunit and reverts dopaminergic neuron loss ***. Protein
glutathionylation also emerged as a protective process in a Parkinson disease model based on
paraquat-induced toxicity and dopaminergic neuronal cell death *°. In fact, overexpression o
glutaredoxin (GRX1) reverted protein deglutathionylation occurring during dopaminergic neuronal
cell death, in particular FLI-l and REPS2 proteins *°. Thus. Protein S-glutathionylation emerges as a

cytoprotective cellular process by activating autophagy and preventing cell death 32

In contrast, in three different carcinoma cell lines, starvation-induced autophagy promotes a
depletion in cellular GSH due to GSH extrusion, GLC inhibition and formation of protein
glutathionylation, indicating that changes in cellular redox state activates autophagy *. Likewise,
GSH deficiency also trigger autophagy in germ cells as an adaptative stress response *’. This

apparent contradictory data can be explained by the subcellular localization of GSH and the levels
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of ROS occurring in the mitochondria. In fact, at mitochondria ROS generation promotes de novo
GSH production, which in turn modulates mitophagy signaling proteins for the elimination of

dysfunction mitochondria.

Finally, in a recent work done, Oh and colleagues have demonstrated the importance of S-
nitrosylation in PINK1’s kinase activity . In fact, nitrosative stress promotes S-nitrosylation of
PINK1, which in turn blocks its kinase activity and activation of Parkin. Furthermore, this post-
translational modification of PINK1 mimics mutations occurring in Parkinson disease’s patients and
models, which lead to a default of mitophagy and neuronal cell death . Therefore, post-translational
modifications of PINK1 emerge as new pathways for regulating mitophagy that must be further
explored. This work may build a bridge of knowledge between ROS signaling in response to
mitochondrial damage and mitochondrial quality control and the underlying molecular mechanisms

based on GSH and protein S-glutathionylation.
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Claudia Figueiredo-Pereira has written the whole chapter based on the referred bibliography and her own

results in chapters Il to IV.
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Chapter V

1 DISCUSSION

Brain is a dynamic and complex network of cells and information. The most abundant cells inboard
the CNS are astrocytes. Over the past decades, the focus on physiology of astrocytes, as well as
their interaction with neurons in normal brain conditions, have suffered a great revolution. The dogma
that these star-shaped cells only serve to support neuronal activity has accepted for decades ',
however nowadays several function have been attributed to astrocytes, including; i) Regulation of
neurotransmission via synapsis modulation, ii) scar formation and tissue repair and iii) defense
against biological stress, 2. Currently, it is known that astrocytic dysfunction might cause neuronal
irreversible loss, since astrocytes have a key role in protecting neurons against oxidative stress ",
contributing to the bad prognosis, our occurrence of several disease, such us, neurodegenerative
disorders and stroke (cerebral ischemia). Therefore, this thesis has focused on studying astrocytic
function and dysfunction, presenting as main objective the development of strategies to protect

astrocytes.

Cerebral ischemic stroke is the third cause of death in west countries ° and the first in Portugal '*".
The interruption of blood flow for a short time period can result in severe brain damage 2, and it is
considered that during reperfusion phase it occurs a delayed secondary brain damage, due to the
huge increase in oxidative stress "', Astrocytes are much more resilient to oxidative stress than
neurons and perform a crucial role in limiting brain damage '°. This resilience is due to the fact that
astrocytes play a primary role in the maintenance of the redox balance in the brain, since, they are
the main responsible for antioxidant production and detoxification of reactive oxygen species (ROS)
'®. The levels of astrocytic antioxidant are much higher than in neurons, neurons have low levels of
endogenous antioxidants. Astrocytes are responsible for the production of the powerful antioxidant,
glutathione (GSH). Glutathione is responsible for the reduction of reactive oxygen species,
maintaining the levels of ROS at normal levels. Herein, astrocytes were challenged with oxidative

stress to mimic damaging consequences of ischemic stroke.

Carbon monoxide (CO) is an endogenous molecule that is emerging as a possible therapeutic
molecule, due to its protective actions. Likewise, in ischemia-reperfusion injury, CO confers
resistance against cell death and oxidative stress in many different models, namely lung, heart,
kidney, liver and brain '8, The anti-apoptotic effect of CO in astrocytes is due to its action at
mitochondrial level, namely, i) inhibition of mitochondrial membrane permeabilization; ii)
improvement of mitochondrial metabolism, iii) generation of low amounts of ROS for signaling and
iv) promoting mitochondrial mild uncoupling effect '*2°. In the present thesis CO was explored to
prevent cell death in astrocytes against oxidative stress. In fact, this thesis has explored the action
of CO on autophagy modulation, with a great focus on mitochondrial level, in particular its role in

mitochondrial quality control, namely mitophagy and mitochondrial biogenesis, as presented in
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Figure 6 (Chapter I). The main achievements concerning CO modulation of mitochondrial quality
control are summarized in Figure 1 and are discussed throughout this chapter. The findings
contribute to clarify and spread knowledge about the role of CO at mitochondrial level, opening a

new window of molecular mechanisms about CO role against oxidative stress.
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Figure 1 - Main achievements of this PhD thesis. CO prevents cell death against oxidative stress via autophagy, mediated by
Atg8 and Atg11 (Chapter Il). At mitochondrial level CO induces mitophagy dependent of PINK1/Parkin and BNIP3 pathway, increases
mtDNA replication and PGC-1a expression at 1h and mitochondrial biogenesis ate 24h. Mitophagy inhibition block induction of
mitochondrial biogenesis by CO (Chapter Ill). Concerning to mitophagy pathway, CCCP treatment induces ROS production, promoting
glutathione (GSH synthesis), by increasing GCLC expression and GSH appears to regulate mytophagy by S-glutathionylation of PINK1

(Chapter IV).
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1.1 Mitochondrial quality control; mitophagy and mitochondrial
biogenesis as cellular processes for protection against oxidative
stress

Mitochondria are key cellular organelles for producing bioenergy and for controlling cell death 2'.
Dysfunctional mitochondria are related with the propagation of acute and chronic neurodegenerative
disorders, stroke and Alzheimer/Parkinson disease, respectively ?>2%. Mitochondrial appear as the
main target of CO at the cellular level for preventing cell death against oxidative stress '*?°. Recent
studies have shown that in reperfusion phase after ischemia there is a enhance in mitochondrial
damage, such as mitochondrial permeability transition pore opening, mitochondrial morphological
24-26

damage, Ca*"-induced mitochondrial swelling, and the release of mitochondrial cytochrome ¢

Thus, elimination of damaged mitochondria is a key process to maintain cell survival.

Autophagy, as a highly regulated process, degrades cellular organelles and proteins, plays an
important role in maintenance of cellular homeostasis during environmental stress. Autophagy is
involved in many pathophysiological processes, promoting the adaptation of cell to starvation, cell
differentiation and development, tumor suppression, innate and adaptive immunity,

neurodegenerative development, lifespan extension and cell death 7.

1.1.1 CO and Autophagy

In Chapter Il, it was demonstrated that CO prevents oxidative stress-induced cell death in yeast via
autophagy activation. This was a pioneer study using the CO releasing molecule-A1 (CORM-A1) for
assessing CO role on the control of autophagic process. Autophagy activation by CO was dependent
on Atg8 and Atg11 proteins, since knocking down of these proteins reverted the capability of CO-
mediated protection. These data were validated in primary culture of astrocytes, which is a more
complex model and the main focused model in this thesis. Likewise, these results are in accordance
with the literature, where several studies demonstrated the cytoprotective effect of CO is dependent
on autophagy activation. In 2011 was demonstrated for the first time that in sepsis CO confers
protection in an autophagy dependent manner by increasing Beclin-1 expression and ROS
production 2. In the same model, CO’s cytoprotective effect was abolish by knocking out LC3 and
Beclin-1 %°. Likewise, CO inhibits hypoxia-induced apoptosis in islets by upregulation of Atg16L1-
mediated autophagy *. It is also well stablished that CO mediates autophagy activation in ROS-
dependent manner . Despite all these published data, the role of CO-mediated mitophagy is still

poorly explored.
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1.1.2 Mitophagy against oxidative stress

From previous work from our group and others it is known that the CO cellular target are
mitochondria *'*2. Mitochondria are the main producer of ROS in the cell. During brain damage,
aging and other insults, mitochondria produce ROS that become harmful to the cell. Indeed, the
removal of dysfunctional mitochondria is mediated by mitophagy * and is essential to maintain
mitochondrial homeostasis ** and cell survival. Mitophagy is a selective process of autophagy for
removing damaged mitochondria and is an important mechanism of mitochondrial quality control for
maintaining normal function of this organelle. Mitophagy was first described to be involved in cell
death stimulation, depending on the context and severity of the insult *. However, in the last few
years, mitophagy has been described as cytoprotective mechanism by elimination dysfunction
mitochondria and limiting oxidative stress, being a key cell process for mitochondrial quality control.
Mitophagy often occurs following damage or stress of mitochondria, with a number of studies
indicating mitophagy is activated after cerebral ischemia/reperfusion *¢*. In fact, CORM-A1
treatment activates mitophagy under physiological conditions (without stress challenge) and partially
inhibited oxidative stress-induced astrocytic cell death in a mitophagy dependent manner (Chapter
).

Mitophagy is a very dynamic and complex process, mediated by several proteins. As described in
the Chapter I, the most described pathway for mitophagic process is PINK1/Parkin, however along
the years there have been an increase on the number of PINK1 and/or Parkin-independent pathways
of selective mitophagy reported 2'*%_ |n Chapter lll, CO-mediated mitophagy was observed to be
associated with PINK1/PARKIN-dependent mitophagy. Nevertheless, knocking down PINK1 did not
revert CO’s activation of mitophagy, while CCCP-induced mitophagy decreased. These data indicate
that CO-induced mitophagy is not totally dependent on PINK1 while CCCP-induced mitophagy is
dependent on PINK1. Furthermore, CO-treated astrocytes demonstrated an upregulation of BNIP3
expression. Consequently, these results suggest that PINK1/Parkin pathway is not exclusive for CO
to activate mitophagy. Likewise, due to the dynamism of mitophagy process, one cannot discard that
these pathways function in a cooperating manner, being more than one pathway activated at the
same time. The PINK1/Parkin-dependent mitophagy is stimulated by the loss of mitochondrial
membrane potential and mediated by ubiquitin for LC3 interaction*®*'. In contrast, BNIP3/NIX are
receptor-mediators of mitophagy, therefore are able to interact directly with LC3, they are described
to induce mitophagy under hypoxia conditions, where there is excessive ROS generation '~
Although BNIP3 may also regulate mitophagy through other mechanisms. BNIP3 was shown to play
a vital role in regulating PINK1 mitochondrial outer membrane localization #'. Still, recent data
showed that NIX, which is a BNIP3 ligand, interacts with Parkin and promote its recruitment to
depolarized mitochondria **. This can be explained by the fact that these pathways act at different

steps of mitophagic process, being BNIP3/NIX responsible for the mobilization of autophagy

117



Chapter V

machinery, since it involves ROS signaling and PINK1/Parkin for the priming of the mitochondria for
the recognition by the autophagy machinery, once Parkin promote mitochondrial ubiquitination *°.
Thus, CO-induced mitophagy may act in the same pattern promoting protection against oxidative,

by eliminating in a very efficient way dysfunctional mitochondria, and promoting their biogenesis.

1.2 Carbon monoxide the cross-talk between mitophagy and
mitochondrial biogenesis.

As addressed in the previous section, the maintenance of mitochondrial homeostasis, is a crucial
process for cell viability. Mitochondrial quality control is compromised by several processes,
responsible to maintain mitochondrial homeostasis, by balancing mitochondrial elimination and
mitochondrial biogenesis. Moreover, in case of injury or stress, it can result in mitochondria
dysfunction, thus it is vital for the cell to rapidly promote mitochondrial clearance and at the same
time to produce new ones, by a process termed mitochondrial biogenesis ****. From previous works,
we and others have demonstrated that CO stimulates mitochondrial biogenesis in cardiomyocytes
% and in astrocytes %%, Accordingly, in astrocytes it was observed that CORM-A1 enhanced
mitochondrial DNA replication, upregulated PGC-1a expression (transcription factor involved in
mitochondrial biogenesis control in cellular nucleus) and increased mitochondrial population
(Chapter Ill). Also, it was observed that CO-induced mitophagy simultaneously increased
mitochondrial DNA content (replication) and expression of PGC-1a, suggesting that both events
must be activated in parallel. In contrast, inhibition of mitophagy also prevented CO-induced
mitochondrial biogenesis. Although further research is necessary to completely assess this question,
these data support the hypothesis that CO mediates an interdependency of mitophagy and

mitochondrial biogenesis.

Along the past recent years, the dogma that mitophagy and mitochondrial biogenesis are related
and inter-dependent has been greatly discussed and accepted as proved. Nevertheless, the first
experimental evidence of this correlation was just showed in 2018, where CORM-2-induced TFEB
nuclear translocation enhance mitophagy and mitochondrial biogenesis in hepatocytes and protects
the liver against inflammation *’. CO-induced mitophagy was mediated by PINK1 and Parkin
recruitment to mitochondria through TFEB, and nuclear translocation of TFEB also induced
mitochondrial biogenesis *’. These data support the hypothesis that mitophagy and mitochondrial
biogenesis present a shared regulation, and suggest TFEB as a regulator of mitochondria turnover.
Another potential regulator is the protein PARIS once it seems to inter-connect Parkin and PGC-1a.
In fact, PARIS is a transcriptional repressor (member of the family of KRAB zinc-finger proteins),

which is ubiquitinated by Parkin targeting it for proteasomal degradation *8“°. Furthermore, PARIS
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is physiological transcriptional repressor of the PGC-1aq, thus its degradation upregulates PGC-1aq,
promoting mitochondrial biogenesis *°. There is no evidence in the literature that CO regulates
PARIS function. Nevertheless, concerning the findings in Chapter lll, indicating that CO mediated
mitophagy via Parkin and at the same time promoted of PGC-1a expression; we can speculate that
CO-mediated mitochondrial turnover in astrocytes mat be regulated by PARIS. Therefore, PARIS is

a promising candidate to be a target of CO in mitochondrial turnover modulation.

1.3 Glutathionylation of proteins and mitophagy

The last point of this thesis is still an ongoing project and is the only part where CO role was not
assessed (Chapter IV). Because it was found a very interesting and promising result concerning
GSH regulation of CCCP-induced mitophagy, this chapter deeper explores a novel molecular
mechanism underlying mitophagy activation. This molecular mechanism is dependent on
Parkin/PINK1 pathway and modulated by GHS levels and the post-translational modification

glutathionylation.

Along the past years, the importance of ROS signaling in transduction have gained recognition.
Reversible post-translational modifications of protein cysteine (Cyst) thiols, play a significant role in
redox signaling and regulation of a variety of cellular functions and processes ®' . One of the most
common forms of post-translational modifications is the formation of disulfides bridges between
protein thiols and glutathione (GSH), known as protein S-glutathionylation (SSG) 3. Thus, this
process ensures protection of protein thiols against over-oxidation, working as redox switch where
cells respond in an immediate and reversible way to oxidative stress, acting as signaling regulator
at organelle level %. In the same way, mitophagy is a cytoprotective mechanism that promotes cell
survival and adaptation to oxidative stress conditions *. The most studied receptors mediating
mitophagy are PINK1/Parkin. Recently it was demonstrated that PINK1/Parkin-mediated mitophagy
improves cell survival against oxidative stress >*. Thus, further studies are needed concerning the
role of S-glutathionylation of PINK1 in mitophagy modulation; but it is already known that
glutathionylation is prone to occur in modulation of metabolism and apoptosis. Concerning our study,
further validations are needed, such as; (i) ROS scavenger prior to CCCP treatment in order to verify
that CCCP-induced ROS is promoting GSH synthesis, (ii) quantification of intracellular and
mitochondrial GSH; (iii) assessment of mitophagy a S-glutathionylation of PINK1 after knocking
down GCLC expression; (iv) disclosing the PINK1 critical cysteine involved in S-glutathionylation
and/or (v) characterization of the enzyme implicated in PINK1 S-glutathionylation post-translational

modification.
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2 FUTURE PROSPECTS

In this thesis it was demonstrated that CO has the ability to modulate mitochondrial population and

that has a crucial role in the CO protection against cell death. Several questions were disclosed at

the subcellular level. Nonetheless, other questions were raised that must be addressed to further

understand the role of mitochondrial quality control in CO-induced protection against oxidative. Thus,

the further work will be presented in the follow sections;
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In Vitro approaches;

a)

b)

d)

Once CO appears to modulation two pathways of mitophagy: Parikin/PINK1 and
BNIP3/NIX (Chapter Ill), there is the need of better explore these pathways with a
functional validation. Particularly, it is important to understand how CO promotes the
activation of these two pathways, since in the literature, just few works correlate
PINK1/Parkin-dependent mitophagy with BNIP3/NIX-mitophagy '3, and there is no
evidence regarding CO action in these subject. For instance, downregulation of
BNIP3/NIX proteins would bring vital insights about the role of this pathway in CO-
induced mitophagy, by assessing whenever PINK1 is downregulated CO is still able to
promote mitophagy (Chapter lll). Moreover, this strategy would disclose which are the
steps/phases and the players involved in CO-induced mitophagy.

Generated data also suggest CO-mediated mitophagy and mitochondrial biogenesis may
be interdependent processes. Thus, it is important to confirm their interaction, by
downregulating their main controlling proteins in both pathways and assessing the
activation of each pathway independently. For instance, to assess whether knocking
down BNIP3 would affect mitochondrial biogenesis activation, or whether knocking down
PGC-1a would affect mitophagy.

In the Chapter IV, to better understand the generated results, it is necessary to promote
additional experimental approaches. For instance, it must be confirmed the ROS
signaling role in mitophagy promoted by CCCP by inhibiting ROS generation. Also, it was
observed that CCCP-induced mitophagy promote glutathione synthesis acting at the rate
limiting step, GCLC enzyme. Therefore, to confirm these results, it is important: (i) to
measure cellular GSH levels during mitophagy stimulation and (ii) to downregulate this
enzyme and understand the impact in the all pathway and in the proteins glutathionylation
(receptors mediating mitophagy).

It is known that cerebral O physiological concentrations are approximately between 2%-

9%, since by the time that inspired air reaches organs and tissues, O levels have
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drastically decreased. This is nowadays accepted to constitute physiologic normoxia °°.
One cannot discard the fact that in vivo the direct competitor of CO to hemo-proteins
binding is O, therefore the oxygen levels might also modulate CO biological action. Thus,
it is the extreme importance to mimic oxygen levels existing in vivo (in the brain) when
studying the cytoprotective effect of CO in astrocytes. Moreover, we already have some
preliminary results regarding this point, demonstrating that under lower oxygen levels,
CO promotes astrocytic cell protection against oxidative stress (data not shown).
Likewise, the results obtained in Chapter Ill show that CO induced BNIP3 expression,
which is a protein known to be induced under hypoxic conditions 3. Thus, one can be
speculated that in hypoxic conditions, mitophagy is also related with the CO
cytoprotective role in astrocytes.

e) CO-releasing molecules (CORMSs) are safe and efficient source of CO and produce
similar effects to the ones already obtained with CO gas 5. These molecules are
emerging as promising molecules that increase the potential application of CO in
therapeutics, once they can have the ability to release CO under specific conditions in a
controlled-directed manner and can be tissue specific >’~*°. Nevertheless, their ability to
cross the blood-brain barrier can be an obstacle. Moreover, metabolization of foreigner
chemical structures in the organism can also be a limitation. Thus, the endogenous
stimulation of CO by modulation of HO-1 activity must be explored for promoting
neuroprotection and astrocytic cytoprotection. Indeed, there are some evidences in
literature about the pro-survival function of HO-1 activity involving mitochondrial quality

control modulation in astrocytes® and in other models ©'.

¢ InVivo approches;

a) A great limitation of working in the field of mitophagy is the lack of tractable tools and
models, since mitophagy is a very dynamic process, that can be induced by different
players. Measuring mitophagy until recently was done using the classic technique of co-
localization of autophagosome and mitochondria by assessing overexpressed proteins
or dyes. Nevertheless, there is the need of more precise and accurate techniques to
assess mitophagy and its balance with mitochondrial biogenesis. The major studies on
Parkin/PINK1 dependent mitophagy have induced mitophagy in a manner tahat does not
represent physiological conditions by using of overexpressed proteins or treating
mitochondrial with uncoupling agents, creating asymmetry between in vitro and in vivo
studies %. In 2016, Thomas McWilliams developed “mito-QC,” a transgenic mouse with

a pH-sensitive fluorescent mitochondrial signal, which enables the subcellular
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visualization of mitochondrial architecture and mitophagy in tissues ®2. Therefore, using
the in vivo models (mito-QC, mito-QC Pink1-/- and mito-QC NIX/BNIP3™) it will possible
to understand the phycological action of CO in the cross-talk between mitophagy and
mitochondrial biogenesis and how these affects cell fate in oxidative stress context. This
approach will be used to better evaluate the biochemical pathways of mitophagy, in
particular by addressing the role of CO in mitophagy activation in vivo and the molecular

mechanisms of PINK1-glutathionylation pathways.

3 CONCLUSION

This thesis added new insights in the role the of CO as a potential therapeutic molecule against brain
damage, resulting from oxidative stress. Likewise, there is not an unique pathway for the CO
cytoprotective action in neural cells, due to the extreme importance of brain and complexity, CO can

act in several levels in response to injury.

In conclusion, during oxidative stress CO, i) activates the autophagy process promoting cell survival,
ii) prevents cell death by mitophagy and mitochondrial biogenesis activation and iii) promotes
mitochondrial turnover. Additionally, concerning the importance of mitochondria in oxidative stress
injury, this thesis gives new insights in the regulation and signal of mitophagy by ROS, based on

GSH and glutathionylation signalling.

Moreover, disclosing the molecular mechanism underlying mitophagy has the potential to be used
in the development of novel therapeutics in the field of neuroprotection, namely, concerning ischemic

brain damage.
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