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Abstract

A substantial body of empirical studies has highlighted that the maintenance of a
“healthy” mitochondrial network is imperative for the mitigation of neurodegen-
erative diseases. This maintenance is especially important in the nervous system
made up of many neurons that act as important communicators. Neurons are
energy-hungry cells that require high amounts of energy to function. A large part
of the energy is obtained from the mitochondria, viewed as power plants of
mammalian cells. Indeed, mitochondrial dysfunction plays a key role in the
pathogenesis of many neurodegenerative diseases such as Parkinson’s disease
(PD). To prevent this, mitochondria have evolved mitochondrial quality control
mechanisms such as the mitochondrial unfolded protein response (UPR™) and
mitophagy to prevent or remove “unhealthy” populations of mitochondria in
neurons. Interestingly, numerous studies in the last few decades have shed light
on the implications of these two pathways in PD, of which both processes seem to
share a close relationship with each other. Henceforth, in this book chapter, we
aim to accentuate the mechanisms of both UPR™ and mitophagy in mammalian
cells and identify the potential interplay which these two machineries might have
in the prevention and potential therapeutic targets of PD.
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5.1 Introduction

A mammalian cell is made up of numerous organelles that work hand in hand to
sustain its viability. Although the nucleus holds the most important genetic informa-
tion that is crucial to the survival of the cell, another organelle is responsible for
providing important energy in the form of adenosine triphosphate (ATP) through the
process of oxidative phosphorylation (OXPHOS) to sustain its function. This
“power-packed” organelle has the most peculiar origin in the mammalian cell, dating
back more than 1.5 billion years ago. Then, the prokaryotic cells entered into the
eukaryotic cells to become what is commonly known as the mitochondrion or, in
plural, the mitochondria [1]. Despite being the power plant of a mammalian cell, its
importance cannot be highlighted greater enough than in the brain. The brain is one
of the highest energy-consuming organs of the human body, requiring as much as
20% of the basal oxygen consumption to fuel its function [2], of which neurons are
estimated to consume as much as 80% of the total energy generated from the brain
[3]. The energy produced from the mitochondria fuels crucial neuronal functions,
such as the ATP-dependent neurotransmission [4—6]. Therefore, the role of
mitochondria is critical for the neurological system to work.

Despite the importance of the mitochondria in sustaining the physiological
function of the brain, they bring along an unwanted baggage that can be detrimental
to the cell. The main driver of ATP production as highlighted earlier comes from the
process of OXPHOS. This exact process would also lead to the generation of
reactive oxygen species (ROS). Negatively, an increasing level of accumulated
ROS would become a source of cellular toxicity. This observation has led to
scientists coining the “free radical theory of aging” [7]. In physiology, besides
being a by-product of OXPHOS during ATP production, ROS also have a role as
signalling molecules in the brain. As such, ROS are involved in processes such as
mounting an immune response, eliciting inflammatory processes, expressing synap-
tic plasticity, and also playing a role in learning and memory of the brain function
[8, 9]. On the flip side, the excessive accumulation of ROS would lead to a buildup
of oxidative stress that can damage the proteins and DNA. The accumulative
damages incurred would eventually lead to the onset of cellular death as observed
in the pathogenesis of many neurodegenerative diseases like Parkinson’s disease
(PD) [10, 11].

5.1.1 Reactive Oxygen Species

Antioxidative mechanisms are present to alleviate the deleterious accumulation of
ROS in the mitochondria. However, there is a tipping point when even such
mechanisms are being overwhelmed. This would lead to the onset of mitochondrial
dysfunction that is observed in many diseases, including neurodegenerative diseases
as well as aging [12]. Furthermore, even with numerous studies demonstrating the
prominent role of ROS in the pathogenesis of PD, the use of antioxidants as
a treatment for PD remains modest [13]. Therefore, there is a need to improve our
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understanding of the safeguarding of mitochondrial health beyond that of the ROS in
order to better identify new therapeutic interventions for PD. In this chapter, we will
emphasize on the importance of mitochondrial quality control that helps to prevent
mitochondrial dysfunction in the brain. In particular, we intend to discuss how
mitochondrial unfolded protein response (UPR™") and mitophagy play a responsible
role in neurons, as well as the interplay between these two crucial factors. In
addition, the content will also cover how the potential loss of mitochondrial quality
control will lead to the pathogenesis of PD.

5.2  The Functional Importance of Mitochondria
in the Neurons

The brain is a highly complex organ that consists of highly differentiated cells
forming different regions of the brain to create a network of intricate signalling
processes which governs the functions of the entire body. The major workhorses of
the brain are neurons. They are specialized cells which differ in morphology based
on their location and function in the brain and the rest of the body. As highlighted
previously, neurons are energy-hungry cells, and they consume the majority of the
energy produced in the brain to drive their functions. These include propagating
electrical signals, maintaining the ionic balance in the cell to generate action
potential, and releasing and capturing of neurotransmitters such as dopamine
between neurons [14]. As glucose oxidation—which generates less ATP than lipids
oxidation—is the major source of energy in the brain to reduce excessive production
of ROS, the process of OXPHOS in the mitochondria is crucial for the energy needs
of the neurons [15].

Even though mitochondria are found in most of the mammalian cells, a previous
research by Reifschneider et al. [16] has shown that cells derived from different
organs of the rat exhibit different mitochondrial protein composition, specifically the
proteins involved in the process of OXPHOS. Of note, neurons are terminally
differentiated cells; their life spans are almost parallel with that of the whole
organism. Therefore, damaged neurons are rarely or never regenerated, and they
seem to be more susceptible to the accumulation of defective mitochondria during
aging [17, 18]. Thus, the mitochondrial quality control in neurons is paramount to
their function and survival. In addition, the morphological and structural
complexities of neurons such as the presence of synapses require the mitochondria
to be distributed to these locations and produce energy required for neuronal
function [19, 20]. Indeed, there are functional differences between the synaptic
mitochondria and the non-synaptic mitochondria as observed in rats by Borras
et al. [21, 22]. Furthermore, the effects of aging have a greater impact on synaptic
mitochondria in terms of reduced respiratory rate and increased sensitivity to
calcium insult as compared to non-synaptic mitochondria [23, 24]. Collectively,
these negative effects highlight the maintenance of a healthy pool of mitochondria as
the utmost crucial factor for synaptic neurons’ function. The buildup of “unhealthy”
mitochondria otherwise would lead to the onset of mitochondrial dysfunction,



106 Y. M. Lee et al.

potentially causing age-related diseases such as PD. Indeed, mitochondrial dysfunc-
tion has been observed by Reeve et al. [25] within the synapses of substantia nigra
(SN) neurons from PD patients. In the next section, we will discuss the role of
mitochondrial dysfunction in the manifestation of PD.

5.3  Mitochondrial Dysfunction in Parkinson’s Disease

PD is the second most common neurodegenerative disease after Alzheimer’s disease
(AD) [26]. The established hallmarks of PD include the loss of dopaminergic
neurons in the midbrain SN pars compacta (SNpc) and the accumulation of
a-synuclein (a-syn) containing Lewy bodies. After almost four decades of research,
there is a substantial amount of evidence to support the notion that mitochondrial
dysfunction is an important trigger for the development of PD (reviewed in [27]).
The establishment of mitochondrial dysfunction not only contributes to the loss of
OXPHOS and its calcium regulation, but more importantly, the disruption of the
mitochondrial quality control processes such as the UPR™ and mitophagy has been
implicated to play a pivotal role in the manifestation of PD (Fig. 5.1).

Ever since the application of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) that led to the inhibition of complex I (NADH/ubiquinone oxidoreductase)
of the mitochondrial electron transport chain (ETC) and the induction of parkinson-
ism in humans [28], there are ever-increasing evidences that tie mitochondrial
dysfunction to PD. More studies have identified the reduction of complex I activity
in other areas of the brain, on top of the SNpc in sporadic PD patients [29-35]. These
evidences clearly suggest that a perturbation to the normal function of the
mitochondria could trigger parkinsonism, highlighting further the relationship
between mitochondrial dysfunction and PD.

On top of the perturbation to the ETC, genetic alterations of the mitochondrial
DNA (mtDNA) have been identified to contribute to the pathogenesis of
PD. Multiple deletions of mtDNA have been observed from postmortem analyses
of human brains from both aged people and idiopathic PD patients [36, 37]. The first
empirical evidence that altered mtDNA could lead to the pathogenesis of PD came
from genetic analysis on the mutation of mtDNA polymerase gamma gene (POLG).
Mutations of POLG lead to the accumulation of deletions to multiple regions of the
mtDNA in muscle cells, developing levodopa-responsive parkinsonism with severe
SNpc dopaminergic neuronal loss [38, 39]. Interestingly, from the studies on POLG
mutant mice yielding high levels of mtDNA deletions, the authors did not observe
any increase of mitochondrial dysfunction nor degeneration to the SNpc dopaminer-
gic neurons, which are the hallmarks of PD [40, 41]. However, perturbation to the
mitochondrial transcription factor A (TFAM), which causes partial depletion of the
mtDNA, can disrupt complex VI (cytochrome C oxidase) activity. This decrease in
complex VI activity is reminiscence of a progressive parkinsonism phenotype
[42]. Collectively, these observations further suggest that mitochondrial dysfunction
from the loss of OXPHOS activity contributes greatly to the pathogenesis of PD.
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Fig. 5.1 Implications of mitochondrial dysfunction in Parkinson’s disease (PD). (1) Phosphatase
and tensin homolog (PTEN)-induced putative kinase 1 (PINK1)/parkin RBR E3 ubiquitin protein
ligase (Parkin) pathway has been well documented in PD phenotype and has been demonstrated to
be involved in both the mitochondrial unfolded protein response (UPR™") and mitophagy. (2) Leu-
cine-rich repeat kinase 2 (LRRK2) perturbation has also been identified in PD patients and has been
known to be involved in mitochondrial dynamics and mitophagy. (3) The accumulation of alpha-
synuclein (a-syn) is one of the major hallmarks of PD, and its accumulation in the mitochondria has
been suggested to cause mitochondrial dysfunction. (4) The reduced expression of DJ-1 could lead
to mitochondrial dysfunction in the form of reduced mitochondrial potential (A¥m). (5) Perturba-
tion to the electron transport chain (ETC), particularly complex I, has been demonstrated to induce
parkinsonism in humans. (6) The damage and subsequent deletions or mutations to the mitochon-
drial DNA (mtDNA) have been observed to contribute to mitochondrial dysfunction and lead to the
potential pathogenesis of PD. All listed processes have been known to trigger the UPR™ process

Indeed, efforts for identifying important genes have significantly contributed to
the understanding of the familial forms of PD. Proteins encoded by these genes
include a-syn, leucine-rich repeat kinase 2 (LRRK?2), PTEN-induced putative kinase
1 (PINK1), parkin RBR E3 ubiquitin protein ligase (Parkin), DJ-1, and vacuolar
protein sorting 35 (VPS35). They play important roles in the function of
mitochondria (Fig. 5.1). In addition to the well-documented functions of a-syn and
the Pinkl/Parkin pathway in PD, mutant LRRK2 has also been identified as a
potential pathogenic target of PD as it can disrupt mitochondrial mobility and affect
the initiation of mitophagy [43]. Furthermore, the downregulation of DJ-1 was also
identified to increase mitochondrial fragmentation and reduce the mitochondrial
membrane potential (A¥Wm). These detrimental effects could be mitigated by the
overexpression of PINK1 and Parkin [44—46]. The mutation of VPS35 was also
found to induce mitochondrial dysfunction by the impairment to the mitochondrial
dynamic process [47]. The vital physiological functions of these proteins highly
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associate with the mitochondrial dysfunction and pathogenesis of PD. They could
contribute to important mitochondrial quality control processes such as the UPR™,
mitophagy, and mitochondrial dynamics (reviewed in [27]). These mechanisms are
involved in maintaining a pool of “healthy” mitochondria. In the next few sections,
we will discuss how the loss of these mechanisms through the age of time could lead
to the onset of PD.

5.4  The Mitochondrial Unfolded Protein Response (UPR™)

The process of UPR™, controlled by the communication between the mitochondria
and the nucleus, is a transcriptionally regulated mechanism activated by many types
of mitochondrial dysfunction [48-56]. The importance of UPR™ is signified during
the decline in mitochondrial function, where it is activated to promote repair and
recovery of mitochondrial function from disruptions caused by various insults such
as toxins, pathogens [51, 52, 57], and mutations to the respiratory genes [49, 54] in
order to maintain cellular functions [49, 51, 54, 58].

The existence of UPR™ was discovered almost 20 years ago by Zhao et al.
[56]. The authors overexpressed the mutant form of the mitochondrial matrix
protein, ornithine transcarbamylase (OCT), in fibroblasts named COS-7 cells
derived from monkey kidney tissue. The mutant OCT was observed to irreversibly
misfold and aggregate in the mitochondria, leading to an increased accumulation of
nuclear transcripts that encode for several mitochondrial chaperones and proteases.
These changes were suggested by the authors for the cell to balance out the amount
of protein aggregation (proteostasis) in the mitochondria. Due to its similarity to the
UPR mechanism in the endoplasmic reticulum (ER), it was thus coined as UPR™.
During this decade or so, the progress of understanding UPR™ continued mainly in
the Caenorhabditis elegans model [59]. In recent times, scientists working on
UPR™ shifted to the use of mammalian model systems, gaining new knowledge
that positioned UPR™ as more than just regulating the proteostasis of the
mitochondria [59]. In short, a growing number of evidences have suggested that
UPR™ is central in detecting mitochondrial dysfunction and communicates to the
nucleus for initiating potential mitochondrial recovery mechanisms.

5.4.1 The UPR™ During Mitochondrial Dysfunction

As highlighted earlier, the onset of mitochondrial dysfunction is triggered by a broad
array of mitochondrial stress responses that include the accumulation of misfolded
and aggregated proteins in the mitochondrial matrix and the perturbation of mito-
chondrial OXPHOS activity. These mitochondrial stresses were found to be able to
activate UPR™ (Fig. 5.2). Majority of the studies in elucidating the mechanisms of
UPR™ were conducted in C. elegans (reviewed in [59]). In the later sections of this
chapter, we will focus our attention on the current knowledge of UPR™ in the
mammalian system.
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Fig. 5.2 The process of mitochondrial unfolded protein response (UPR™) and its function during
mitochondrial stress. During the normal state of the mitochondria, important protein precursors are
synthesized from the nucleolar DNA and imported into the mitochondrial matrix via the translocase
of the outer membrane (TOM) and translocase of the inner membrane (TIM) complexes. Each of the
protein precursors has a mitochondria-targeting sequence (MTS) that is required for their import.
The import process is aided by chaperone proteins such as heat shock protein 70 (HSP70).
Mitochondrial chaperone proteins such as mortalin located in the TIM complex are also on hand
to help the import of the protein precursors. Once inside the mitochondrial matrix, the protein
precursors are processed by first removing the MTS via the protease mitochondrial processing
peptidase (MPP) to become mature polypeptides. Subsequently, the mature polypeptides are folded
into their proper structure by protein chaperons such as HSP60. Conversely, at the stressed state,
mitochondria can be stressed by the presence of mitochondrial DNA (mtDNA) damage, perturba-
tion of the electron transport chain (ETC) leading to reduced membrane potential (A¥m) and the
increase in reactive oxygen species (ROS) production, and the accumulation of excessive mito-
chondrial proteins or misfolded proteins. The damage to the mtDNA could lead to translation of
non-functional proteins of the ETC and cause the ETC to malfunction. The subsequent generation
of ROS would lead to damaged proteins and misfolded proteins that would accumulate. In addition,
the loss of the AWm will also block the import of the protein precursors. This stressed state would
lead to the activation of the integrated stress response (ISR) pathway by the phosphorylation of the
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5.4.1.1 The Relationship Between the Mitochondrial Protein Import
and UPR

As mentioned previously, many preceding studies of UPR™ have been done using
the C. elegans model. The most important finding from these studies is that the
mitochondrial protein import is a key UPR™ regulatory event [54] and most of the
triggers of UPR™ are able to influence the mitochondrial protein import [59]. Of
note, the mammalian mitochondria each consists of a mitochondrial genome that
encodes for a total of 13 proteins. They are made up of subunits of the respiratory
chain and the ATP synthase and the components of the mitochondrial translation
system: the ribosomal RNAs and transfer RNAs [60]. As the number of proteins
encoded in the mitochondria is small, most of the proteins required for a functional
and healthy mitochondrion are transcribed in the nucleus and synthesized in the
cytosol, before they are imported into the mitochondrion (Fig. 5.2). However,
instead of the fully folded protein, protein precursors that remain unfolded are
imported. The association of these protein precursors with ATP-dependent molecu-
lar chaperones, heat shock protein 70 (HSP70) and 90 (HSP90), prevents their
degradation and aggregation in the cytosol [61]. The protein precursors are subse-
quently directed and imported into the mitochondria with their N-terminal
mitochondria-targeting sequence (MTS) [62]. Once imported, the MTS on the
protein precursors is cleaved in the mitochondrial matrix by the mitochondrial
processing peptidase (MPP) to allow the precursors to become mature polypeptides.

The import of these protein precursors into the mitochondrial matrix, where most
of the mitochondrial proteins are located, involves passing through the two main
mitochondrial translocase complexes. First is the translocase of the outer membrane
(TOM) complex consists of seven components: Tom5, Tom6, Tom7, Tom?20,
Tom22, Tom40, and Tom70 [63, 64]. Second is the translocase of the inner
membrane (TIM23) complex consists of Tim17, Tim21, Tim23, Tim44, Tim50,
Tim14/Pam18, Tim16/Pam16, Paml7, mitochondrial HSP70 (mtHSP70), and
Mgell [65]. In addition, the import through the TIM23 complex requires an intact
mitochondrial A¥m along with the hydrolysis of ATP.

Improper mitochondrial protein import, misfolding, and mutations of the mtDNA
respiratory genes can affect the proteostasis in the mitochondria, resulting in mito-
chondrial dysfunction [51]. Henceforth, protein chaperones that avoid protein
misfolding or aggregation are crucial for the mitochondrial protein import of the
protein precursors (Fig. 5.2) [66]. The importing process is governed by a few
important chaperons. They include HSP70 and its interactor HSP60, mitochondrial
HSP70 (mtHSP70; also known as mortalin), HSP10, and tumor necrosis factor
receptor-associated protein 1 (TRAP1) [67-70]. On top of ensuring proper protein

Fig. 5.2 (continued) eukaryotic translation initiation factor 2 subunit 1 (eIF2a). Moreover, the
stress response pathway could trigger the inhibition of global protein translation and activate three
transcription factors: C/EBP homologous protein (CHOP), activating transcription factor 4 (ATF4),
and ATFS. These transcription factors will increase the transcription of important protein chaperons
or proteases to help mitigate the mitochondrial stress and prevent mitochondrial dysfunction
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folding, the system of removing unfolded or irreversibly misfolded proteins is
equally important in maintaining mitochondrial proteostasis. Players in maintaining
mitochondrial proteostasis include ATP-dependent proteases iAAA (intermembrane
space facing) and mAAA (matrix facing), Lon protease (LONP1), Clp protease
proteolytic subunit (CLPP), high-temperature requirement protein A2 (HTRA?2),
and ATP23 [71-75].

The system of protein chaperons and proteases ensures that the accumulation of
misfolded proteins in the mitochondrial matrix and mutations in the mtDNA does
not lead to mitochondrial dysfunction. Therefore, the triggering of the UPR™ would
lead to the transcriptional activation to produce these chaperons and proteases to
mitigate potential mitochondrial dysfunction. Despite the similarity in the transcrip-
tional response of the activation of UPR™ in both C. elegans and mammalian
models, the regulation of UPR™ is more complicated in the mammalian cells as
the research continues to understand this process better.

5.4.1.2 The Regulation of UPR™ in Mammalian Cells

The UPR™ regulator, the activating transcription factor associated with stress-1
(ATFS-1), found in C. elegans, belongs to the family of bZIP transcription factor
[50, 54]. Similarly, research over the last few years in mammalian models of UPR™"
has yielded the identification of three basic leucine zipper (bZIP) transcription
factors in C/EBP homologous protein (CHOP), activating transcription factor
(ATF4), and ATFS. These transcription factors are associated with the integrated
stress response (Fig. 5.2; ISR) [76-79]. The expression of the three transcription
factors is governed by the phosphorylation of the eukaryotic translation initiation
factor 2 subunit 1 (eIF2a). The phosphorylation of elF2a is initiated by four kinases
as part of the integrated stress response (ISR) pathway originating from a diverse
range of cellular stresses such as the ER stress [78].

Studies over the years have revealed that mitochondrial stress of various types is
able to induce the expression of CHOP, ATF4, and ATFS5, including the genes that
are involved in the UPR™ [80-86]. Particularly, studies have demonstrated that
CHOP, ATF4, and ATFS5 are all required to regulate and induce the expression of
UPR™ genes during mitochondrial dysfunction [80, 81, 84, 86]. Although CHOP,
ATF4, and ATFS are involved in mitigating mitochondrial dysfunction, it remains
unclear how the three transcription factors together with the ISR pathway are
regulated during the whole process of this mitochondrial recovery.

Of interest, among the three transcription factors, ATF5 has been suggested by
Florese et al. [84] to be an ortholog to the C. elegans ATFS-1. The authors
demonstrated that ATF5 could rescue the activity of UPR™ in ATFS-1-deficient
C. elegans. From the same group, they further highlighted that ATFS itself is able to
respond directly to mitochondrial stress under the mechanism of the mitochondrial
import regulation, much like the C. elegans ATFS-1. They further demonstrated that
ATFS5 is required to activate the transcription of several mitochondrial chaperone
and protease genes in times of mitochondrial stress. In addition, studies have also
demonstrated that ATF4 is able to protect mammalian cells against mitochondrial
stress [86, 87] via the expression of ISR metabolic genes [86, 88]. Despite the
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findings, the coordination among CHOP, ATF4, and ATFS in the regulation of
UPR™ during mitochondrial dysfunction remains unknown. Interestingly, only
ATF5 contains the MTS like ATFS-1, suggesting that ATFS could be the main
transcription factor regulating the transcriptional activation of the UPR™ genes. As
hypothesized by Shpilka and Haynes [59], CHOP, ATF4, and a phosphorylated
elF2a might induce the expression of ATFS since the transcription of ATF5 was
found to be dependent on the activity of CHOP and ATF4 [77, 89-91]. Much
remains to be studied to fully understand the regulation of the UPR™ in mammalian
cells.

5.5 Mitophagy

Mitophagy is a mitochondria-specific autophagic process that was first observed
under the electron microscope in the 1960s, showing the mitochondria with various
extents of degradation in lysosomes [92, 93]. However, it was not until 2005 that
Lemasters [94] proposed the term “mitophagy” to describe the selective elimination
of mitochondria. Mitophagy mediates the removal of non-functional mitochondria to
maintain a pool of “healthy”” mitochondria and has been associated with physiologi-
cal and pathological processes [95]. Mitophagy is involved in various cellular
events, such as hypoxic stress, reticulocyte maturation, overt mitochondrial damage,
and post-fertilization removal of paternal mtDNA [96]. Furthermore, mitophagy
defects have been known to impede mitochondrial function and could lead to the
accumulation of abnormal mitochondria, causing impairments to cells and
tissues [97].

Upon initiation of mitophagy, isolation membranes (phagophores) are recruited
to mitochondria through interactions between receptor proteins and microtubule-
associated protein 1 light chain 3 (LC3) anchored on phagophores. The recruited
phagophores then expand and encapsulate the targeted mitochondrion, leading to the
formation of mitophagosome. The mitophagosome is subsequently fused with a
lysosome for the degradation of mitochondria [98]. Multiple mechanisms are
involved in the regulation of targeted elimination of mitochondria, and they are
largely categorized into two major types: ubiquitin-dependent and ubiquitin-
independent mitophagy (Fig. 5.3) [99].

5.5.1 The Mechanism of Ubiquitin-Dependent Mitophagy

PINK1/Parkin-mediated mitophagy is the most well-investigated and the best-
described mitophagy pathway [98, 100]. PINK1 contains an MTS, a putative
transmembrane (TM) helix, an N-terminal linker region (NT linker), a Ser/Thr
kinase domain, and a conserved C-terminal extension (CTE) [101, 102]. Under a
healthy physiology state, PINKI1 is transported into the mitochondria via its MTS
[103] and then cleaved by four proteases: MPP, ClpXP, presenilin-associated rhom-
boid-like (PARL) protease, and m-AAA [104, 105]. The cleavage yields a 52 kDa
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Fig. 5.3 The process of mitophagy. The two main classes of mitophagy lie in how they recruit the
phagophore to trigger the process of mitophagy (digestion of the mitochondria). These two main
classes are either ubiquitin-dependent or ubiquitin-independent. For the ubiquitin-dependent
mitophagy, the main feature is that the outer mitochondrial membrane (OMM) is covered with
phospho-ubiquitin chains for phagophore recruitment. The most prominent of this process is
initiated by the PTEN-induced putative kinase 1 (PINK1)/parkin RBR E3 ubiquitin protein ligase
(Parkin) pathway. The stabilization of PINK1 to the OMM allows it to be autophosphorylated and
then phosphorylates ubiquitin. This process allows Parkin to bind to the phospho-ubiquitin and to
PINK1 for its phosphorylation and activation. The phosphorylated Parkin will then recruit more
phospho-ubiquitin to the OMM proteins to form polyubiquitin chains. Other E3 ubiquitin ligases,
such as ariadne RBR E3 Ub protein ligase 1 (ARIH1) and synphilin-1 recruited seven in absentia
homolog 1 (SIAH1), have also been identified for this process. Moreover, other E3 ubiquitin ligases
that do not require PINK1 to ubiquitinate the OMM have been identified, including mitochondrial
ubiquitin ligase 1 (MUL1), WWE domain-containing protein ligase 1 (HUWEL), and glycoprotein
78 (Gp78). HUWEL works with activating molecule in BECN1-regulated autophagy protein
1 (AMBRAI1), an OMM receptor, while Gp78 is localized in the endoplasmic reticulum
(ER) membrane. For ubiquitin-independent mitophagy, it mainly functions with OMM receptors
that can directly recruit the phagophore, such as Bcl2-like protein 13 (Bcl2L13), Nip3-like protein
X (NIX), BCL2-interacting protein 3 (BNIP3), FUN14 domain-containing 1 (FUNDCI),
prohibitins (PHB), AMBRAI, and FKS506-binding protein 8 (FKBP8). Recently, syntaxin
17 (STX17), not an OMM receptor, has also been identified to be able to initiate mitophagy via a
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product, which is retro-translocated into the cytoplasm and further degraded by the
proteasome via the N-end rule pathway after being ubiquitinated [106, 107]. These
processes account for the low levels of PINK1 under basal conditions.

Upon AWm dissipation, PINK1 is stabilized on the outer mitochondrial mem-
brane (OMM) [108, 109], whereby it is activated by autophosphorylation [110]. Sub-
sequently, PINK1 phosphorylates the E3 ligase Parkin and the neighboring ubiquitin
chains located on the OMM. The phosphorylated ubiquitin chains recruit and
activate the phosphorylated Parkin. The phosphorylation of both Parkin and
ubiquitin chains contributes to the activation of Parkin [111-117]. On the OMM,
Parkin next ubiquitinates itself along with other OMM proteins, including mitofusin
(Mfn), voltage-dependent anion-selective channel protein 1 (VDACI1), and mito-
chondrial Rho GTPase (Miro) [112, 118-120]. The increased level of ubiquitin on
the OMM would generate a feedforward loop for Parkin recruitment, thereby
amplifying the mitophagy signals (Fig. 5.3) [121].

Recently, our group examined the role of ROS as a promoting factor for the
process of mitophagy in PD [122]. The idea of ROS as a trigger remains controver-
sial as previous studies have shown that the application of ROS scavengers did not
suppress the carbonyl cyanide m-chlorophenylhydrazone (CCCP)-induced Parkin
recruitment using HeLa cells [123-125]. We hypothesized that this failure is due to
the inadequacy of ROS scavenging, causing the levels of ROS to remain high
and initiate mitophagy. Indeed, using a combination of N-acetyl-L-cysteine (NAC)
and catalase, we inhibited the increase of ROS levels after CCCP treatment and
eventually block the PINKI-dependent Parkin translocation to the mitochondria
needed to initiate mitophagy. Moreover, the overexpression of VDACI also led to
an increase in Parkin translocation to the mitochondria, suggesting that the increased
ROS production might have contributed to this phenomenon. Indeed, treatment with
NAC and catalase are able to block the Parkin translocation induced by VDACI1
overexpression. Moreover, our recent study also showed that the loss of a mitochon-
drial fission protein, mitochondrial elongation factor 1 (MIEF1), also known as
mitochondrial dynamic protein of 51 kDa (MiD51), can increase mitochondrial
ROS levels [126]. The increase in ROS levels can induce PINK1/Parkin-mediated
mitophagy, which can be blocked by adding NAC to MIEF1 knockdown (KD) HeLa
cells. Taken together, we highlighted that ROS may contribute as a trigger for
PINK1/Parkin-dependent mitophagy. Since ROS are also potential triggers for
UPR™, it will be of interest in the future to investigate if this process of
ROS-induced mitophagy might be downstream of UPR™ when the ROS level
becomes too much for UPR™ to protect the mitochondria

Fig. 5.3 (continued) microtubule-associated protein 1 light chain 3 (LC3)-independent pathway. In
addition, cardiolipin, a type of diphosphatidylglycerol lipid in the mitochondria, is also able to
recruit the phagophore. Once the phagophore is recruited via interactions with LC3 and surrounds
the mitochondrion, a mitophagosome is formed. The mitophagosome will then fuse to a lysosome to
degrade the mitochondria and complete the mitophagy process
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In addition to Parkin, several alternative ubiquitin E3 ligases, such as mitochon-
drial ubiquitin ligase 1 (MULI1) [127], synphilin-1 recruited seven in absentia
homolog 1 (SIAH1) [128], ariadne RBR E3 Ub protein ligase 1 (ARIH1) [129],
glycoprotein 78 (Gp78) [130], and WWE domain-containing protein ligase
1 (HUWEL1) [131], have been identified. HUWEI is recruited to the mitochondria
from the cytosol by its cofactor activating molecule in BECN1-regulated autophagy
protein 1 (AMBRA1) and works collaboratively to mediate mitophagy [131]. Unique
among these E3 ligases, Gp78 is localized on the ER membrane, where it initiates
mitophagy at the ER-mitochondria-associated area [130]. Similar with Parkin, these
E3 ligases generate polyubiquitin chains on OMM (Fig. 5.3). The polyubiquitin
chains can recruit autophagic receptors onto the OMM, which would then connect
with the phagophores to damaged mitochondria for cargo engulfment, followed by
autophagic degradation. Optineurin (OPTN) [132, 133], calcium-binding and coiled-
coil domain-containing protein 2 (NDP52) [133], p62 [118], Tax1-binding protein
1 (TAX1BP1) [133], and next to BRCA1 gene 1 protein (NBR1) [96, 134, 135] are
currently known receptors that have been linked to ubiquitin-dependent mitophagy
in mammalian cells.

5.5.2 The Mechanism of Ubiquitin-Independent Mitophagy

In the other type of mitophagy, certain OMM receptors or lipid could directly bridge
the mitochondria and autophagy machinery to mediate mitophagy, thus activating
what is known as the ubiquitin-independent mitophagy [97]. These receptors or lipid
includes FUN14 domain-containing 1 (FUNDCI), prohibitins (PHB), BCL2-
interacting protein 3 (BNIP3), Nip3-like protein X (NIX), Bcl2-like protein
13 (Bcl2L13), FK506—binding protein 8 (FKBP8), AMBRAI, and the OMM
phospholipid cardiolipin (Fig. 5.3) [136, 137]. These proteins mediate mitophagy
in response to various cellular stimuli, such as mitochondrial depolarization (e.g.,
cardiolipin, FKBP8), hypoxia (e.g., NIX, FUNDC1, BNIP3), energetic stress (e.g.,
PHB), and developmental signals during differentiation (e.g., NIX) [96, 136,
137]. Interestingly, we recently found that the depletion of mitochondrial fission
1 protein (Fisl) leads to aberrant syntaxin 17 (STX17) accumulation on the
mitochondria. The translocation of STX17 leads to the interaction with autophagy-
related 14 (ATG14) and recruitment of downstream autophagic proteins to induce
mitophagy in a PINK1/Parkin-independent manner [138]. These results suggest that
STX17 might be a new receptor for mitophagy. Unlike the other receptors men-
tioned above, STX17 initiates mitophagy by recruiting autophagic proteins other
than LC3.

5.5.3 Mitochondrial Dynamics and Mitophagy

Mitochondria are highly dynamic organelles, which continuously undergo the pro-
cess of fusion and fission. Fusion leads to the formation of interconnected networks,
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which enables content exchange between mitochondria to maintain the mitochon-
drial genome and proteome integrity. On the other hand, fission results in the
fragmentation of mitochondria and can facilitate the elimination of dysfunctional
components [139, 140]. Therefore, mitochondrial dynamics are closely associated
with mitophagy. In mammals, several dynamin-related GTPases mediate
mitochondrial fusion and fission: mitofusin 1/2 (Mfn1/2), optic atrophy 1 (OPA1),
dynamin-related protein 1 (Drpl), fission 1 protein (Fisl), MiD49/51 (MIEF1), and
mitochondrial fusion factor (Mff) [141].

Interestingly, we previously found that the loss of death-associated protein
3 (DAP3) can significantly reduce the phosphorylation of Drp1 at Ser637 to promote
mitochondrial fission [142]. Physiologically, DAP3 is a mitochondrial ribosomal
protein located in the mitochondrial matrix and was initially thought to be solely
involved in apoptosis. Depletion of DAP3 leads to defects in the mitochondria-
encoded protein synthesis along with the abnormal imbalance of the mitochondrial
fission and fusion processes due to the increased fission rate as mentioned above.
Furthermore, we observed the inhibition of autophagy by the loss of DAP3. Collec-
tively, our findings provided new insights into the potential interplay between
mitochondria-encoded protein synthesis, mitochondrial dynamics, and autophagy.
Since the perturbation of mitochondria-encoded protein synthesis could affect mito-
chondrial proteostasis as mentioned previously, depletion of DAP3 could have
triggered UPR™, further suggesting the link between UPR™ and mitophagy (selec-
tive autophagy) via mitochondrial dynamics. In addition, manipulation of the mito-
chondrial dynamic proteins can also be an indirect method to regulate the mitophagic
process. Several lines of evidence have already demonstrated such possibility [143—
147]. For example, D’ Amico et al. [147] enhanced the process of mitophagy via the
upregulation of Mff in both old nematodes and mice. And intriguingly, this inter-
vention brought significant benefits to maintain the pool of “healthy” mitochondria
during aging.

5.6 The Relationship of UPR™ and Mitophagy

The processes of UPR™ and mitophagy share a close relationship in that they are
both activated by similar mitochondrial stress mechanisms like misfolded proteins
[148], mtDNA mutations [53, 149, 150], perturbation to the OXPHOS activity [51],
and the decreased levels of the mitochondrial chaperon mortalin (mtHSP70)
[151]. Both the activation of UPR™ and mitophagy are dependent on the perturba-
tion to the mitochondrial import. This dependence of the mitochondrial import in
both mitochondrial quality control processes suggests that a mitochondrion senses
its ability to import proteins as a way to gauge its “health” status. As highlighted in a
review by Pickles et al. [96], the authors suggest that if one considers the
mitochondria as a large network in a mammalian cell, the global operation of
UPR™ would drive the import of chaperons and proteases to improve the general
health of the mitochondria. In parallel, those import-compromised mitochondria
would be degraded via mitophagy. As for mitochondria with diminished import
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function, they could potentially be rescued by the activation of UPR™ to avoid
mitophagy. Nevertheless, it remains to be further investigated how these two
mechanisms are co-regulated. In this section, we will highlight key events that
could be considered important triggers of PD in association with both UPR™ and
mitophagy.

5.6.1 The Role of UPR™ in Parkinson’s Disease

The association of UPR™ and PD was identified in a link between the accumulation
of a-syn in the mitochondria and the reduction in mitochondrial protein import. A
study by Devi et al. [152] identified a possible MTS within the human a-syn protein
sequence, suggesting the potential import of a-syn into the mitochondrial matrix.
Furthermore, the authors also observed the increased amount of a-syn in the
mitochondrial fractions obtained from the postmortem SNpc region of PD patients.
The accumulation of a-syn in the mitochondria could lead to its interaction and
inhibition of the function of complex I, resulting in the induction of UPR™ (Fig. 5.4)
[51, 55]. Moreover, Ludtmann et al. [153] also demonstrated that a-syn could
interact with complex V (ATP synthase) of the mitochondria, leading to changes
in the mitochondrial morphology. The interaction between a-syn and complex V
will eventually cause cell death by the opening of the mitochondrial permeability
transition pore. In addition, a study by Di Maio et al. [154] revealed that
posttranslationally modified species of a-syn are able to impair the mitochondrial
protein import system, subsequently causing mitochondrial dysfunction. The
impairment of the mitochondrial protein import system is mainly caused by the
disruption to Tom20-Tom?22 interaction due to the binding of a-syn to the MTS
receptor site in Tom20 (Fig. 5.4). The interaction of a-syn to the MTS receptor site in
Tom?20 is further strengthened by the identification of the MTS in a-syn protein
sequence highlighted previously. However, more research would need to further
understand how a-syn could influence UPR™ and lead to the onset of PD.

Further association of PD to UPR™ lies in the substantial decrease in levels of
mortalin observed from the analysis of mitochondria derived from the SN region of
PD patients as compared to age-matched healthy patients [155]. A number of studies
have identified genetic variations to the gene encoding mortalin in a Spanish and
German cohort, although it is only a handful of patients harboring these mortalin
variants with pathogenesis to PD [156, 157]. In the German cohort study, Burbulla
et al. [157] went on to identify a A476T variant of mortalin as a potential risk factor
for PD, where its overexpression would lead to increased ROS levels caused by the
induction of proteolytic stress. Moreover, the authors demonstrated that the mito-
chondrial dysfunction induced by the KD of mortalin could only be rescued by wild-
type mortalin, but not PD-associated variants of the mortalin, in human embryonic
kidney 293 (HEK?293) cells. Furthermore, it was shown that these mortalin variants
in yeast could also cause mitochondrial dysfunction, particularly perturbations to
mitochondrial proteostasis [158]. This association of mutant mortalin and mitochon-
drial dysfunction further suggests that mitochondrial dysfunction is a risk factor for
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Fig. 5.4 The implications of mitochondrial unfolded protein response (UPR™") and mitophagy in
Parkinson’s disease (PD). (1) Alpha-synuclein (a-syn), one of the hallmarks of PD, can bind to
components of the electron transport chain (ETC). The binding will perturb the ETC function and
induce UPR™. (2) a-Syn can interact with the translocase of the outer membrane 20 (Tom20) and
affect the mitochondrial protein import. The perturbation of the mitochondrial protein import can
induce a mito-nuclear protein imbalance and trigger the UPR™. (3) The mutant mortalin, identified
from PD patients, is not able to bind to the translocase of the inner membrane 23 (Tim23) as a
chaperon to aid in the import of protein precursors. The absence of mortalin binding to Tim23 can
affect mitochondrial import and imbalance on the mito-nuclear protein to trigger UPR™. (4) High-
temperature requirement protein A2 (HTRA?2), a protease in the mitochondria, can associate with
the protein PINK1. The mutation to HTRA2 can lead to similar mitochondrial dysfunction as
PINK1/Parkin deficiency. (5) Tumor necrosis factor receptor-associated protein 1 (TRAP1),
another chaperon, can also associate similarly with PINK1/Parkin as with HTRA2. However, the
exact mechanism of both TRAP1 and HTRA?2 association with PINK1/Parkin and their roles in
UPR™ in PD patients remain unknown. (6) It has been suggested that UPR™ is an initial stress
response mechanism to protect the function of the mitochondria. However, if the perturbation to the
mitochondria reaches a critical point beyond repair, mitophagy will be triggered to remove the
“unhealthy” mitochondria and prevent widespread mitochondrial dysfunction. Subsequently, if
there are extensive mitochondrial dysfunction throughout the neuron, neuronal death might be
triggered, leading to neurodegeneration. MTS: mitochondrial target sequence; OMM: outer mito-
chondrial membrane
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PD (Fig. 5.4). Mortalin has also been found to interact with DJ-1 [157, 159], a
protein associated with PD, a-syn [159], and Parkin [160]. Interestingly, studies
have shown that mitochondrial dysfunction induced from the depletion of mortalin
can be rescued by the overexpression of PINK1 and Parkin [151, 161]. Despite all
these findings, the number of PD patients harboring the genetic variants of mortalin
remains low [162, 163], suggesting that mortalin might not be a main contributor to
the pathogenesis of PD.

The chaperon TRAPI1, another member of UPR™, was found to associate with
PINKI1 in vivo, potentially linking UPR™ to PD. To this end, Costa et al. [164]
generated a TRAPI1-deficient Drosophila model and identified similar features of
mitochondrial dysfunction in PINKI- and Parkin-deficient Drosophila. The
increased expression of PINK1 and Parkin in the neurons was able to rescue the
mitochondrial dysfunction by TRAPI1 deficiency. However, TRAP1 expression is
only able to partially rescue mitochondrial dysfunction in Parkin mutant flies.
Conversely, Zhang et al. [165] showed that TRAP1 is able to rescue the mitochon-
drial dysfunction in SH-SY5Y neuroblastoma cells after depletion of PINK1, but did
not show any effect on the mitochondrial dysfunction induced by depletion of
Parkin. Data from these studies seem to point out that TRAP1 has a role in the
PINK1-Parkin pathway that seeks to maintain the population of ‘“healthy”
mitochondria, and PINK1 alterations affect TRAP1 function [166].

Similar to TRAP1, the phosphorylation of UPR™ serine protease HTRA2 was
found to increase in a PINK1-dependent manner [167]. In addition, Tain et al. [168]
used a Drosophila model and demonstrated that HTRA2 mutant flies have similar
locomotor phenotypes that correlated with mitochondrial dysfunction as compared
to that in both the PINK1 and Parkin mutant flies. Moreover, HTRA2 expression is
able to rescue locomotor deficits induced by PINKI1 deficiency. In contrast,
Whitworth et al. [169] failed to repeat the rescue effect of HTRA?2 in Parkin mutant
flies. Collectively, these studies identified the potential association of TRAPI-,
HTRAZ2-, PINK1-, and Parkin-associated stress pathways (Fig. 5.4). It would be
interesting to investigate how exactly the UPR™ process could be affected in
PD. Moreover, since the PINK1/Parkin pathway is also implicated in the process
of mitophagy, the research summarized above also suggests the need to further
understand the potential reciprocal regulation of UPR™ and mitophagy in
maintaining the health of the mitochondria.

5.6.2 The Role of Mitophagy in Parkinson’s Disease

Defects in mitophagy have been identified in many neurodegenerative diseases,
including AD, Huntington’s disease (HD), amyotrophic lateral sclerosis (ALS),
frontotemporal dementia (FTD), and also PD, making the aberrant accumulation
of damaged mitochondria a hallmark of major neurological pathologies
[98, 136]. Since the accumulation of damaged mitochondria is associated with the
development of neuronal health, understanding the pathological relationship
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between mitophagy defects and neurodegenerative disease is of great importance.
Unfortunately, the mechanism of how mitophagy plays a role in PD remains elusive.

As with UPR™, two PD-associated proteins, PINK1 and Parkin, have been
strongly linked to damaged mitochondria tagged for degradation via mitophagy.
There have been increasing evidences of a decline in mitophagy during aging,
leading to a decline in the clearance of dysfunctional mitochondria and the accumu-
lation of dysfunctional mitochondria during the development of neurodegenerative
diseases [170-173]. As highlighted previously, the accumulation of a-syn in PD can
make SN neurons vulnerable with the increase in mitochondrial dysfunction. There-
fore, the decline in mitophagy in PD would reduce the clearance of “unhealthy”
mitochondria, eventually reaching a critical point that would trigger neuronal cell
death [174]. Very recently, Moskal et al. designed a high-throughput method to
identify small molecules that increase Parkin recruitment to damaged mitochondria
upon mitophagy induction. The approach led to the discovery of several
rho-associated, coiled-coil-containing protein kinase (ROCK) inhibitors, which pro-
mote Parkin-mediated mitophagy via recruiting hexokinase 2 (HK2) to
mitochondria. Among them, the molecule SR3677 has been demonstrated to
improve the longevity and climbing ability of PD flies challenged with parkinsonian
toxin paraquat, suggesting its neuroprotective effects [175].

As highlighted previously, VPS35 deficiency in dopamine (DA) neurons could
lead to impaired mitochondrial dynamics. In physiology, VPS35 promotes the
degradation of MUL1 which leads to the stabilization of MFN2. The deficiency of
VPS35 affects the regulation of the mitochondrial dynamics, leading to mitochon-
drial dysfunction, potentially underlying the pathogenesis of PD [47]. MUL1 was
also reported to be involved in the induction of mitophagy, but its importance in the
mitophagy in PD remains to be investigated.

Indeed, the importance of mitophagy in neurons has been highlighted in several
studies of mitophagy inducers which have been shown to have promising effects in
prolonging health span and protecting neurons in animal models [137, 176-
182]. For example, urolithin A (UA) and antibiotic actinonin (AC) are two natural
compounds that have been reported to induce mitophagy in C. elegans and mouse
models [176-178]. Treating either UA or AC on AD mouse or C. elegans model
showed restored neuronal mitophagy and ameliorated cognitive decline. Of note,
UA and AC can elevate the level of mitophagy-related proteins, including PINK1,
Parkin, beclin-1, Bcl2L.13, AMBRAI, and phospho-unc-51 like autophagy
activating kinase 1 (ULK1), indicating a robust induction of mitophagy [178]. UA
is a metabolite derived from ellagitannins. Interestingly, in a rotenone-induced PD
rat model, the treatment of ellagitannin-rich pomegranate extract was reported to
prevent PD-like features and enhance the activity of mitochondrial aldehyde dehy-
drogenase 2 (ALDH2) in the midbrain homogenate, which can protect cells against
oxidative stress. UA was also detected in the brain and plasma after the intake of
pomegranate juice [179]. Of note, a recent phase I clinical trial showed UA have a
favorable safety profile and induced a molecular signature of improved mitochon-
drial health [180]. The above results suggest UA is a promising compound as a
potential PD therapy. In addition to UA and AC, other mitophagy inducers such as
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NAD"* precursors, including nicotinamide, nicotinamide mononucleotide, and nico-
tinamide riboside, have also been reported to bring benefits to ameliorate PD
phenotypes [137, 178, 181, 182]. The underling mechanism has been discussed by
Fang [183].

Collectively, mitophagy has been shown to be an important process in the
protection against PD. However, the underlying processes that lead to the loss of
mitophagy in PD remain elusive; thus, more studies may help better understand the
role of mitophagy in the onset of PD. In addition, further exploration into more
mitophagy inducers could lead to potential therapies for PD patients.

5.7 Conclusion and Future Perspectives

Mitochondria are important organelles in mammalian cells. The presence of mito-
chondrial dysfunction as highlighted in this chapter has been implicated in many
diseases including neurodegenerative diseases like PD. Mitochondria have also been
associated with the mitochondrial free radical theory of aging. Thus, ensuring that
the population of mitochondria remains healthy is an important aspect for mamma-
lian cells to function and survive. Indeed, as summarized in this chapter, we have
discussed about the intricate and complex mito-protective pathways that have been
evolutionarily placed in the mitochondria for the safekeeping of its function. Of
which the UPR™ and mitophagy are present to response to the varying degrees of
stress the mitochondria are undergoing. These mitochondrial quality control pro-
cesses allow the mammalian cells to take precautionary measures to ensure that the
accumulation of “unhealthy” mitochondria does not occur. A perturbation to any of
these mitochondrial quality control processes would have grave implications such as
the triggering of apoptotic death for the cell.

Therefore, it is not a surprise that the loss of these mitochondrial quality control
processes would lead to undesirable consequences, such as the onset of neurodegen-
erative diseases. However, we are still far from understanding how the mitochondrial
quality control processes, such as UPR™ and mitophagy, could have contributed to
PD. Herein, we have encapsulated that UPR™ and mitophagy do share similar
processes such as the PINK/Parkin pathway. However, whether both UPR™ and
mitophagy have any crosstalk with each other or how they could co-regulate still
requires further investigations. Indeed, despite the decades of research being
conducted in understanding the pathogenesis of PD, our increased understanding
of PD did not translate to any viable therapeutic approaches. Even when understand-
ing that the end point of PD is the induction of neuronal death, the use of anti-
apoptotic drugs is unsuccessful in clinical trials against neurodegenerative diseases
[184]. Henceforth, it seems that the use of neuroprotective therapy to slow down or
prevent PD is a better alternative. Nevertheless, we are still far from understanding
how the process of mitochondrial quality control could be administrated as a
neuroprotective treatment.

In this chapter, we have highlighted that the processes of mitophagy and UPR™"
are perceived to be closely linked. It has been suggested that the UPR™ is the
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immediate repair mechanism for the cell to attempt to mitigate the low stress-induced
perturbations of the mitochondria, while mitophagy is considered as the later stage of
“unhealthy” mitochondrial removal to prevent the onset of cellular death (Fig. 5.4;
reviewed in [185]). Therefore, elucidating the co-regulation of these two pathways
could improve our knowledge on the mechanism of mitochondrial stress sensors. It
could also determine how the neurons track the health status of the mitochondria to
determine its fate and to prevent the potential triggering of cell death. With the
improved details in the early developments of PD, potential therapeutic targets can
be identified.
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