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Abstract

Ageing in diverse species ranging from the simple nematode Caenorhabditis elegans to humans is associated with a marked
decrease of neuronal function and increased susceptibility to neurodegeneration. Accumulating findings also indicate that
alterations in neuronal functionality with age are associated with a decline in mitochondrial integrity and function. The rate at
which a mitochondrial population is refreshed is determined by the coordination of mitochondrial biogenesis with mitophagy,
a selective type of autophagy targeting damaged or superfluous mitochondria for degradation. Coupling of these opposing
processes is crucial for maintaining cellular energy homeostasis, which eventually contributes to health span. Here, we focus
on the role of mitophagy in nervous system function in the context of normal physiology and disease. First, we consider the
progress that has been made over the last decade in elucidating the mechanisms that govern and regulate mitophagy, placing
emphasis on the PINK1/Parkin-mediated mitophagy. We further discuss the contribution of mitophagy to the maintenance
of neuronal homeostasis and health as well as recent findings implicating impaired mitophagy in age-related decline of the

nervous system function and consequently in the pathogenesis of neurodegenerative diseases.
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Introduction

Ageing, a natural degradation process, has a dramatic
impact on the quality of human life as it is associated with
a decline in physical, mental and emotional functionality.
When viewed from a biomedical perspective, ageing is a
major risk factor for disease onset and progression. The
ageing of the nervous system in particular is believed to be
linked with neurodegenerative diseases; however, the cellu-
lar and molecular pathways that connect these processes are
still poorly understood. Neurons are highly polarized post-
mitotic cells typically composed of a soma (or a cell body),
an axon and a dendritic arborisation. For their survival and
function, they depend on dynamic cellular processes such as
neuronal growth and maturation, axonal migration, synapse
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formation and elimination, among others (Nicholls and Budd
2000).

Mitochondria have essential roles in such processes, and
interestingly, their proteomes were found to display differ-
ences across distinct types of neuronal cells in the mouse
brain. Such differences in mitochondrial protein expres-
sion reflect specialization for different functions, revealing
some diversity in mitochondrial functionality in the central
nervous system (Bray 2019). Neurons require a continuous
recycling of their mitochondrial pool and a tight regulation
of mitochondrial transport to particular regions in order to
meet their specific metabolic requirements, further ensur-
ing various neuronal functions. Different quality control
mechanisms, including those involved in mitochondrial
proteostasis, mitochondrial metabolism, signalling cascades,
lipid biogenesis, mitochondrial turnover and mitochondrial
dynamics, enable adaptation of mitochondrial function to
cellular requirements under physiological and stress condi-
tions (Song et al. 2021).

Alterations in mitochondrial quality and function have
been associated with accelerated ageing and various
pathological conditions (Sun et al. 2016). Accordingly,
coordination of mitochondrial biogenesis with selective
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mitochondrial autophagy (known as mitophagy) modulates
the mitochondrial content and thus contributes to the mainte-
nance of energy homeostasis, at both the cellular and organ-
ismal level, ultimately prolonging health span (Palikaras
et al. 2015). In this review, we focus on the role of mitophagy
in neuronal function and dysfunction. Although multiple
mitophagy pathways exist, we largely restrict our consid-
eration to the PINK1/Parkin pathway. Furthermore, we high-
light the contribution of mitophagy to neuronal physiology
and discuss how defects in mitophagy mechanisms impair
cellular and organismal energy metabolism, ultimately
accelerating ageing and age-related neurodegeneration.

Molecular pathways of mitophagy

Mitophagy shares many proteins with the autophagy pro-
cess; however, the selectivity of the autophagosome for
mitochondria is governed by proteins that are distinct from
known autophagy-related proteins (ATG) and activated in
response to specific stimuli. Readers are encouraged to con-
sult recent comprehensive reviews detailing the intricacies
of the mitophagy process and the diversity in the underly-
ing mechanisms (Ashrafi and Schwarz 2013; Pickles et al.
2018). Below, we focus on the PTEN-induced putative
kinase protein 1 (PINK1)/E3 ubiquitin ligase Parkin pathway
because it is the most well-studied mitophagy pathway and
it is conserved in diverse species, including Caenorhabditis
elegans, Drosophila melanogaster and mammals (there is no
homologue in yeast and plants) (Narendra et al. 2008; Onishi
et al. 2021; Pickles et al. 2018).

PINK1/Parkin-mediated mitophagy

Mutations in PINK1 and Parkin have been associated with
autosomal recessive cases of Parkinson’s disease (PD),
which is the second most common neurodegenerative dis-
order. It is a progressive bradykinetic disorder characterized
by the loss of dopaminergic neurons in the substantia nigra
pars compacta and accumulation of intracellular inclusions
composed of a-synuclein aggregates in specific brain stem,
spinal cord and cortical regions (Lees et al. 2009). Genetic
epistasis analysis in Drosophila demonstrated that PINK1
and Parkin act in the same pathway, with PINK1 function-
ing upstream of Parkin to modulate mitochondrial function
(Clark et al. 2006; Park et al. 2006). Under physiological
conditions, PINK1 bearing an amino-terminal mitochondrial
targeting sequence is imported into mitochondria through the
translocase of the outer membrane (TOM) and translocase
of the inner membrane (TIMM23) complexes. When PINK 1
reaches the inner mitochondrial membrane, its transmem-
brane segment is cleaved by the matrix processing peptidase
(MPP) and the presenilin-associated rhomboid-like protease
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(PARL). Cleaved PINKI retrotranslocates from the mito-
chondria to the cytosol, where it is degraded through the
N-end rule proteasome pathway (Yamano and Youle 2013).
Under conditions of mitochondrial damage or stress, how-
ever, PINKI1 is stabilized on the outer mitochondrial mem-
brane (OMM). Following its activation through autophos-
phorylation, PINK1 phosphorylates Parkin on Ser65 of
its ubiquitin-like domain (Ubl), promoting its recruitment
onto depolarised mitochondria. Furthermore, phosphoryl-
ated Parkin undergoes conformational changes in its inhibi-
tory domains that stimulate its E3 ubiqutin ligase activity
(Trempe et al. 2013). PINK1 also phosphorylates Ser65 of
ubiquitin (Ub) attached to OMM-localized proteins, which
in turn binds to Parkin leading to its further recruitment and
activation (Fig. 1). Once activated, Parkin conjugates ubiq-
uitin chains onto OMM proteins, yielding more substrates
for PINK1 to phosphorylate, with consequent Parkin recruit-
ment and activation (Fig. 1). Such a feedforward mechanism
drives the selective elimination of defective mitochondria
through mitophagy (Harper et al. 2018; Nguyen et al. 2016;
Ordureau et al. 2014).

Quantitative proteomics and live-cell imaging analysis
demonstrated that Parkin forms canonical (K48 and K63)
and non-canonical (K6 and K11) ubiquitin chain link-
ages. The importance of various types of ubiquitin chains
to mitophagy was highlighted by studies investigating the
role of deubiquitinating enzymes, such as USP15, USP30
and USP35. By removing Parkin-generated ubiquitin chains
from the mitochondrial surface, these deubiquitinases com-
pete with mitophagy, to maintain a balance between ubiqui-
tination and deubiquitination events. This delicate balance
is important for cellular energy homeostasis (Bingol et al.
2014; Cornelissen et al. 2014; Cunningham et al. 2015;
Wang et al. 2015).

S65-phosphorylated ubiquitin (pS65-Ub) chains, includ-
ing K63-linked, derived from the orchestrated functions
of PINK1 and Parkin are considered to act as molecular
signals that recruit autophagy receptors such as sequesto-
some 1(SQSTMI) or p62 (Geisler et al. 2010), optineurin
(OPTN), nuclear dot protein 52 (NDP52) (Heo et al. 2015;
Lazarou et al. 2015; Sahlender et al. 2005), neighbour of the
BRCA1 gene 1 (NBR1) (Chan et al. 2011) and Tax1-binding
protein 1 (TAX1BP1) (Lazarou et al. 2015) in depolarised
mitochondria. In turn, these receptors bind ubiquitinated
cargo through their ubiquitin binding domain, promoting
their linkage with microtubule-associated proteins 1A/1B
light chain 3 (LC3)/GABA , receptor-associated protein
(GABARAP) in the autophagosome. The specific cargo
engulfed by an autophagosome is subsequently delivered to
a lysosome for degradation (Nguyen et al. 2016).

The PINK1/Parkin pathway interfaces with other mito-
chondrial quality control mechanisms, including mitochon-
dria-derived vesicles (MDVs) (McLelland et al. 2016, 2014),
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Fig.1 Neuronal mitophagy main pathways. The PINKI1/Parkin
pathway functions mainly in the soma and the receptor-mediated
mitophagy mainly in neuronal axons. PINK1 phosphorylates OMM
ubiquitin to recruit and phosphorylate Parkin for activation. Parkin
ubiquitinates OMM proteins, which are phosphorylated by PINKI1,
for further Parkin recruitment. In the receptor-mediated mitophagy,
NIX/BNIP3 becomes integrated in the OMM upon mitophagy induc-
tion. Phosphorylation of BNIP3 and NIX by an unknown kinase pro-
motes interaction with LC3 and GABARAP in the autophagosome.

mitochondrial dynamics (Pryde et al. 2016), the mitochon-
drial unfolded protein response (UPRmt) (Pickles et al.
2018) and activation of the proteasomal system (Tanaka
et al. 2010) to maintain a healthy mitochondrial network,
thereby contributing to metabolic homeostasis. It is also
worth to note that mitochondrial protein import efficiency
has emerged as a central regulator of several of the afore-
mentioned mitochondrial stress response pathways, such as
mitophagy, UPRmt and the proteasome (Melber and Haynes
2018).

Mitophagy in physiology

Mitophagy has a housekeeping role in maintaining a func-
tional mitochondrial network under physiological condi-
tions. Healthy mitochondria provide cells with energy,
essential cofactors (such as iron-sulphur clusters and heme)
and lipids, but also act as intracellular signalling platforms
for apoptotic and innate immune pathways (Bahat et al.
2021; Tan and Finkel 2020). Thus, mitophagy is crucial, in
particular, for post-mitotic cells such as neurons that need
to survive throughout the lifetime of an organism. In these
cases, defective or dysregulated mitophagy leads to bioen-
ergetics deficits, with detrimental consequences at both the
cellular and whole organism level.
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NIX/BNIP3 also promotes interaction of RHEB with depolarized
mitochondria, which is physiologically located in the axonal cyto-
plasm, and is recruited to facilitate retrograde movement and fusion
with lysosomes. GABARAP, GABA, receptor-associated protein;
LC3, microtubule-associated proteins 1A/1B light chain 3; NIX/
BNIP3, NIP3-like protein X/BCL2/ adenovirus El1B-interacting
protein 3; OMM, outer mitochondrial membrane; RHEB, Ras homo-
logue enriched in brain GTP-binding protein; Ub, ubiquitin

The PINK1/Parkin pathway is the most well character-
ized mechanism of mitophagy, especially in neuronal cells.
Interestingly, mitophagy through the PINK1/Parkin path-
way occurs gradually in neurons and much slower than in
other cells, as evidenced by comparing cultured hippocam-
pal neurons with HeLa cells. Specifically, autophagosome
fusion with lysosome and acidification occur hours after the
stimulus of mitophagy has emerged (Evans and Holzbaur
2020b). Recently, it was shown that another E3 ubiquitin
ligase, Mdm?2, takes part in the PINK1/Parkin pathway.
Mdm?2 is directly activated by Parkin, without the assistance
of other proteins, enhancing protein ubiquitination, and thus
mitophagy (Kook et al. 2020). This suggests that the direct
protein—protein interaction between two ligases is essential
to maintain healthy neurons (Kook et al. 2020). Neverthe-
less, the importance of PINK1/Parkin pathway in neuronal
basal mitophagy has not been clarified yet, and many stud-
ies have shown that PINK1 knockout does not influence
mitophagy under physiological conditions (Devireddy et al.
2015; McWilliams et al. 2018; Puschmann et al. 2017).
This is further verified by a parallel pathway mediated by
the mitochondrial ubiquitin ligase 1 (Mull), which lies on
the OMM and appears to compensate for PINK1/Parkin
loss (Yun et al. 2014). Furthermore, a recent study on the
autophagy receptor SQSTMI1 showed that SQSTM1 dele-
tion in cortical neurons inhibits PINK1 accumulation on
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mitochondria, and this event does not affect mitochondrial
degradation (Poon et al. 2021). Altogether, these studies
emphasize the existence and importance of Parkin-inde-
pendent pathways in basal mitophagy.

Protein ubiquitination and deubiquitination by Parkin
are crucial for mitophagy. The mitochondrial Rho GTPase
Miro is a Parkin ubiquitination substrate and is proven to
be essential for the PINK1/Parkin pathway. Miro recruits
Parkin and induces its binding on damaged mitochondria,
while its degradation arrests mitochondrial motility, isolat-
ing mitochondrial damage to a specific region for mitophagy
to occur (Lopez-Domenech et al. 2021; Wang et al. 2011;
Zheng et al. 2019). PINK1 accumulation in the mitochon-
dria and Miro degradation act as protective mechanisms
for neurons as they prevent damaged mitochondria from
being transported to the axons and simultaneously promote
mitophagy for immediate removal (Liu et al. 2012). Specifi-
cally, PINK1 and Parkin are negative regulators of Miro, as
loss of PINK1 contributes to enhanced Miro protein levels
in Drosophila dopaminergic neurons (Liu et al. 2012). More-
over, poly- and mono-ubiquitination of voltage-dependent
anion channel 1 (VDAC1) by Parkin promotes mitophagy
and suppresses apoptosis, respectively (Ham et al. 2020).
USP30 and USP33 are mitochondrial deubiquitinases that
supress PINK1/Parkin-mediated mitophagy by preventing
Parkin ubiquitination of proteins (Bingol et al. 2014; Niu
et al. 2020). In addition, USP30 inhibits delivery of lys-
osomes to neuronal mitochondria (Bingol et al. 2014). Dele-
tion of USP30 or USP33 induces translocation of PRKN1/
Parkin to depolarised mitochondria to promote mitophagy
(Bingol et al. 2014; Niu et al. 2020). Thus, deubiquitina-
tion is a mechanism to slow down neuronal mitophagy when
required, as discussed above.

Recent studies have discovered important regulators of
the PINK1/Parkin pathway in neuronal mitophagy. Sigma 1
receptor (Sig 1R) is an endoplasmic reticulum (ER) chaper-
one protein that is widely expressed in neurons. Its impor-
tance in mitophagy was highlighted by the fact that Sig IR
deletion impairs mitochondrial degradation in mouse retinal
explants and cultured cells treated with carbonyl cyanide
m-chlorophenyl hydrazone (CCCP), as evidenced by the
accumulation of mitophagic markers VDACI1 and TIMM23
(Yang et al. 2019). Notably, PINK1/Parkin signalling was
not affected, suggesting that Sig 1R depletion prevents only
the autophagosome-lysosome fusion event and not the ini-
tiation of mitophagy (Yang et al. 2019). It is also possible
that mitophagy inhibition and accumulation of VDAC1 and
TIMM23 result from the impairment of Parkin-independent
pathways. By contrast, it was recently shown that knock-
down of Sig 1R inhibits PINKI1 stabilization and Parkin
recruitment on depolarized mitochondria of dopaminer-
gic neurons in culture and eventually impairs mitophagy
(Wang et al. 2021). Finally, mitochondrial expression of
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DJ-1, a protein involved in the oxidative stress response,
was increased in primary cortical neurons following CCCP
treatment. DJ-1 overexpression induced Parkin translocation,
suggesting it regulates Parkin, and this regulation occurs
vice versa, as enhanced DJ-1 in the mitochondria is mediated
by Parkin (Joselin et al. 2012).

Mitochondria are probably shaped in the soma and then
translocated and anchored at the axons and dendrites of
neurons, which raises the question whether mitophagy is
differentially regulated in each region (Fig. 2). Under phys-
iological conditions, Parkin levels vary among different
brain regions, indicating that its processing is also differ-
ent (McWilliams et al. 2018). Initially, it was shown that
Parkin-mediated mitophagy occurs solely in the soma of
neurons (Cai et al. 2012), but it was later proved that it also
takes place in the axons (Ashrafi et al. 2014; Wang et al.
2011). The theory that mitochondria are transferred back
to the soma for degradation is compelling, as motility and
degradation of neuronal mitochondria are tightly regulated
processes (Cardanho-Ramos et al. 2020). Parkin transloca-
tion in neurons reduces the anterograde mitochondrial motil-
ity, probably to prevent damaged mitochondria from enter-
ing the axons, or arrests mitochondrial motility completely
(Cai et al. 2012; McWilliams et al. 2018; Wang et al. 2011).
Overexpression of PINK1 enhances retrograde mitochon-
drial movement, but not anterograde, while PINK1 or Par-
kin knockdown promotes anterograde mitochondrial motility
(Devireddy et al. 2015; Wang et al. 2011). Under mild stress,
the majority of mitochondria are unable to recruit Parkin
and thus are transported retrogradely (Lin et al. 2017). Thus,
mitophagy in the soma is probably required to sustain the
healthy mitochondrial population in the axons, because,
upon stress, mitochondria are transported from the axons to
the soma for degradation (Lin et al. 2017).

A recent study showed that treatment with CCCP induces
translocation of Ras homologue enriched in brain GTP-bind-
ing protein (RHEB) from the axonal cytoplasm to damaged
mitochondria that are subsequently moved in a retrograde
direction, for degradation in the soma. RHEB is not involved
in the PINK 1/Parkin somal basal mitophagy but in the axonal
receptor-mediated mitophagy. Indeed, the outer mitochondrial
membrane protein NIP3-like protein X (NIX; also known as
BCL2/adenovirus E1B-interacting protein 3-like, BNIP3L)
has been shown to facilitate the association of RHEB with
damaged mitochondria, thereby targeting them to autophago-
somes in axons (Fig. 1) (Han et al. 2020). There is also the
case that the PINK1/Parkin pathway is specific to the soma,
while in the axons, mitophagy is mainly Parkin-independent
(Cai et al. 2012). This is further supported by the fact that
Parkin or PINK1 deletion in Drosophila affects the somal
mitochondria but not the ones located in the axons or junc-
tions (Devireddy et al. 2015; Sung et al. 2016). Collectively,
mitophagy initiation can occur in the axons, in physiological
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Fig.2 Basal neuronal mitophagy. In vivo studies show that PINK1
and Parkin are not activated neither required for mitophagy under
physiological conditions. Mitochondria are generated in the soma
and transferred in the axons and synapses where there is high ATP
and Ca®* buffering demand. Mitochondria are anchored there but
can move anterogradely and retrogradely. PINK1/Parkin-independent
mitophagy of depolarized or superfluous mitochondria will initiate

conditions or under mild stress; once autophagosomes are
formed, they are probably transported to the soma where
lysosomes are located for degradation (Fig. 2) (Maday et al.
2012; McWilliams et al. 2018).

Mitophagy is well-studied during ageing and neurode-
generation, but under physiological conditions, the research
is limited. This can be attributed to the fact that no standard
approaches exist to stimulate the extent of damage that
induces basal mitophagy in neurons. CCCP is a nonspecific
ionophore that is commonly used to induce global damage
in mitochondria, as it uncouples mitochondrial oxidative
phosphorylation (Cai et al. 2012; Han et al. 2020). On the
other hand, antimycin A is a milder depolarizer, which
inhibits respiratory complex III and affects neuronal mito-
chondrial motility, but still induces partial neuronal loss
(Ashrafi et al. 2014; Wang et al. 2011). Valinomycin is
even milder than antimycin A, because it does not alter the
pH gradient and induces Parkin recruitment without critical
neuronal loss (Puschmann et al. 2017). Thus, artificially
induced mitophagy in cells cannot mimic basal mitophagy,
and only in vivo studies can shed light into this process.
However, Evans and Holzbaur (2020a, b) managed to simu-
late low levels of mitochondrial damage in vitro, by simply

until the formation of autophagosomes. Then the autophagosomes
will be transported to the soma for fusion with lysosomes and deg-
radation with the help of RHEB. Since PINK1/Parkin signalling is
not essential for basal mitophagy, probably Mull and NIX/BNIP3 are
involved. Mull, mitochondrial ubiquitin ligase 1; NIX/BNIP3, NIP3-
like protein X/BCL2/ adenovirus E1B- interacting protein 3; RHEB,
Ras homologue enriched in brain GTP-binding protein

removing antioxidants from the media of hippocampal
neurons, resulting in enhanced ROS production, without
affecting the mitochondrial morphology and dynamics.
Overall, these results suggest that basal and mildly induced
mitophagy occurs also in the axons, but when mitophagy is
accompanied by neuronal loss, mitochondria are degraded
in the soma or transferred there for degradation, probably
to prevent neuronal apoptosis (Fig. 3). Finally, mitochon-
drial damage may not be the sole initiator of neuronal basal
mitophagy, as it is a crucial process for cell differentiation
and fate, and thus, it would be interesting to identify other
types of stimuli for mitophagy induction, besides depolari-
zation and damage.

Mitophagy in ageing

Accumulating findings indicate that mitophagy declines with
age. Indeed, assessment of in vivo mitophagy using a trans-
genic mouse model that expresses a mitochondrial-targeted
form of the fluorescent reporter Keima (mt-Keima) revealed
that basal levels of mitophagy are reduced by approxi-
mately 70% in the dentate gyrus region of old mt-Keima
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Fig.3 Mitophagy is differentially regulated upon mild and toxic
stress. Under mild stress, mitochondria become depolarized, but
only a few mitochondria recruit Parkin. Low levels of Parkin induce
anterograde motility. The motility of axonal mitochondria is arrested,
either by Parkin recruitment and Miro degradation or translocation
of RHEB, and they undergo mitophagy immediately to isolate dam-
age. After initiation of mitophagy and formation of autophagosomes
in the axons, autophagosomes are transferred to the soma for fusion
with lysosomes and degradation. Under mild stress, the entire or
majority of mitochondrial population undergo Parkin-independent

mice compared to young animals. This area of the brain
is enriched for neural stem cells and has a key role in hip-
pocampal memory formation and learning (Sun et al. 2015).
The age-dependent decline in mitophagy is further sup-
ported by a recent study where Western blot analysis from
28- and 48-week-old mice with dysfunctional mitochondria
showed a gradual increase in LC3II/LC3I ratio and p62
levels, which indicates impaired mitochondrial autophagy
(Galizzi et al. 2021).

A growing body of evidence now suggests that age-
related reduction of mitophagy is not simply a corollary
of the ageing process, but rather, it has a causative role in
senescence decline. Consistent with this, a recent study
demonstrated that p53-deficient mice, which have ele-
vated Parkin-dependent mitophagy, exhibit a better car-
diac performance with increasing age compared to their
wild-type counterparts. Furthermore, overexpression of
Parkin mitigated cardiac functional decline in aged mice,
corroborating the beneficial effects of mitophagy against
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mitophagy. Under severe stress, the PINK1/Parkin pathway is mainly
activated. Parkin recruitment and degradation of Miro arrest mito-
chondrial motility to prevent damage from spreading. High levels of
Parkin increase retrograde motility of the axonal mitochondria. Thus,
stress-induced mitophagy occurs mainly in the soma, like during
neurodegeneration. A¥m, mitochondrial membrane potential; Mull,
mitochondrial ubiquitin ligase 1; NIX/BNIP3, NIP3-like protein X/
BCL2/ adenovirus E1B- interacting protein 3; RHEB, Ras homo-
logue enriched in brain GTP-binding protein

cardiovascular ageing (Hoshino et al. 2013). In addition,
emerging observations suggest that impaired mitophagy
contributes to a human premature ageing disorder known
as Werner syndrome (WS). In fact, it has been shown that
stimulation of mitophagy in WS human samples and WS
invertebrate models through NAD™ repletion ameliorates
disease phenotypes (Fang et al. 2019a).

Studies in Drosophila uncovered a direct link between
Parkin and ageing. Flies carrying null alleles of parkin
displayed locomotor defects as a consequence of apoptotic
muscle degeneration and reduced longevity (Greene et al.
2003). On the other hand, ubiquitous or neuron-specific
overexpression of Parkin was shown to extend adult Dros-
ophila lifespan without affecting reproduction, physical
activity or feeding behaviour. Long-lived Parkin overex-
pressing flies displayed a reduction in both the number
and size of protein aggregates, reduced Mitofusin levels
and increased mitochondrial activity during ageing. These
findings demonstrated that Parkin overexpression improves
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the capacity of the proteostasis network and alters mito-
chondrial dynamics, thereby promoting health span and
longevity (Rana et al. 2013).

An intriguing perspective on the roles of PINK1 and Par-
kin in modulating healthy ageing was provided by using a
transgenic Drosophila model that expresses the mitophagy
reporter mt-Keima. It was shown that mitophagy occurs in
Drosophila flight muscle and dopaminergic neurons in vivo
even under physiological conditions. More importantly,
mitophagy in these cell types increases during ageing, and
this age-associated increase is abrogated when PINKI1 or
Parkin is depleted. Furthermore, knockdown of the Dros-
ophila homologues of the deubiquitinases USP15 and
USP30 rescues, at least partially, the mitophagy defects in
parkin-deficient flies. These findings provide experimental
evidence that PINK1 and Parkin are crucial components of
age-dependent mitophagy in Drosophila in vivo (Cornelis-
sen et al. 2018).

In C. elegans, mitophagy was shown to be required for
longevity under conditions of reduced insulin signalling,
impaired mitochondrial function or under caloric restric-
tion, a condition known to extend lifespan from yeast to
primates. Knockdown of either pdr-1 (Parkinson’s disease-
related-1 gene encoding the nematode Parkin orthologue),
pink-1 or dct-1 (DAF-16/FOXO-controlled germline-tumour
affecting-1), which encodes a putative homologue to the
mammalian NIX/BNIP3L and BNIP3 (BCL2/ adenovirus
E1B- interacting protein 3), shortens the lifespan of insu-
lin signalling-defective daf-2(el370) animals and calorie-
restricted eat-2(ad465) mutants. These findings establish
that different longevity-promoting processes, including
caloric restriction, are associated with mitophagy. Moreo-
ver, mitophagy deficiency impairs mitochondrial function
and compromises the response to stress. These detrimental
effects trigger a mitochondrial retrograde signalling cascade
through SKN-1 (SKiNhead-1), the nematode homologue of
NRF?2 transcription factor, which induces expression of both
mitochondrial biogenesis genes and mitophagy by upregu-
lating dct-1 (Palikaras et al. 2015). Collectively, these find-
ings provide critical insights into the mechanisms by which
mitophagy modulates neuronal and whole-body ageing.

Mitophagy in age-related pathologies: focus
on neurodegeneration

Beyond ageing, multiple lines of evidence suggest an
intriguing link between mitophagy and age-associated
pathologies, including neurodegenerative diseases. As
discussed above, genetic and biochemical studies estab-
lished that mutations in PINK1 and Parkin genes are asso-
ciated with autosomal recessive cases of PD, supporting
early observations that implicate mitochondrial damage

in PD pathogenesis (Pickrell and Youle 2015). Interest-
ingly, genetic deficiency of the mitochondrial protein
phosphoglycerate mutase family member 5 (PGAMS),
which is involved in PINK1 stabilization on damaged
mitochondria, leads to PD-like movement abnormalities
and dysfunctional dopaminergic neurons in mice (Lu
et al. 2014). Moreover, mutations in leucine-rich repeat
kinase 2 (LRRK2), which affect mitochondrial function
and mitophagy, have been associated with autosomal
dominant PD. Such mutations impair the degradation of
Miro, thereby delaying the arrest of mitochondria upon
depolarization and the subsequent axonal mitophagy.
Indeed, in neurons derived from induced pluripotent stem
cells from patients with inherited or sporadic PD, degra-
dation of Miro is reduced, and consequently, the initia-
tion of mitophagy is delayed. Notably, lowering of Miro
levels in LRRK2G2019S human neurons and Drosophila
PD models rescued neurodegenerative phenotypes (Hsieh
et al. 2016).

Along similar lines, LRRK?2 was shown to affect mito-
chondrial function by impairing PINK1/Parkin-dependent
mitophagy in cell lines and primary fibroblasts from PD
patients. This adverse effect is exacerbated by the most fre-
quent G2019S mutation that increases LRRK?2 kinase activ-
ity. Moreover, LRRK?2 impaired the interactions between
Parkin and Drp1 and their targets on the outer mitochondrial
membrane early in mitophagy when damaged mitochondria
tend to aggregate. Consistently, impaired protein—protein
interactions and the PINK1/Parkin-dependent mitophagy
defect can be rescued by the inhibition of LRRK2 kinase
activity (Bonello et al. 2019). Taken together, these find-
ings support the notion that defective mitophagy, leading
to mitochondrial failure and subsequently reduced energy
supply, contributes to PD pathogenesis.

Accumulation of damaged mitochondria in neurons is
also a hallmark of Alzheimer’s disease (AD), the most
common form of dementia. Extracellular deposits of amy-
loid beta (AP) peptide and intraneuronal tangles of hyper-
phosphorylated forms of microtubule-associated protein
tau (p-tau) are the histopathological characteristics of the
disease (Braak and Braak 1991). Neurons affected in AD
experience mitochondrial abnormalities and decreased
mitochondrial bioenergetics that occur early in AD patho-
genesis and may contribute to AD pathologies (Yao et al.
2009). However, the role of mitophagy in AD progression
is still elusive. Recently, it was shown that Parkin-medi-
ated mitophagy is induced in cultured primary neurons
derived from mutant hAPP Tg mice and AD patient brains.
In this context, mitophagosomes were aberrantly accumu-
lated, most likely because of increased autophagic flux
and defective degradation of autophagic substrates due to
reduced lysosomal efficiency (Ye et al. 2015). In addition,
electron microscopy of the hippocampal mitochondria
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from normal and transgenic amyloid precursor protein/
pesenilin-1 (APP/PS1) AD mice showed decreased
mitophagy events, along with elevated ROS production in
AD mice (Zhang et al. 2021).

There is compelling evidence from studies in animal and
cellular models of AD and also in patients with sporadic
late-onset AD suggesting that mitophagy perturbations
result in synaptic failure and decreased cognitive function.
This occurs by promoting A and tau accumulation through
increased oxidative stress and impaired cellular bioener-
getics. These abnormalities, in turn, may cause mitophagy
alterations (Kerr et al. 2017). In a recent study, defects in
mitophagy were detected in post-mortem hippocampal sam-
ples of AD patients, in induced pluripotent stem cell-derived
human AD neurons and in mouse and nematode AD mod-
els. Importantly, the restoration of mitophagy ameliorated
cognitive deficits in nematode and mouse models of AD by
inhibiting A plaques and tau hyper-phosphorylation. In Ap
and tau C. elegans models of AD, memory improvement
was mediated by the PINK-1-, PDR-1- or DCT-1-dependent
pathways (Fang et al. 2019b). Taken together, these find-
ings support the view that mitophagy defects and eventually
perturbation of mitochondrial homeostasis are intimately
linked to AD pathology. Accordingly, genetic or pharma-
cological modulation of mitophagy would be an attractive
therapeutic intervention for AD.

Similarly, recent evidence supports the involvement of
mitochondrial dysfunction and defective mitophagy in the
pathogenesis of Huntington’s disease (HD). This is one of a
number of dominant inherited late-onset neurodegenerative
disorders caused by aberrant polyglutamine expansion in
the gene encoding the huntingtin protein (Orr 2001). Recent
work on cellular and mouse models of HD and cells from
HD patients suggested that cytosolic and mitochondrial
cargo are inefficiently engulfed by autophagosomes under
these diseased states, and consequently, their removal is per-
turbed (Martinez-Vicente et al. 2010). Along similar lines,
mitophagy was significantly reduced in a mouse model of
HD expressing human Huntingtin’s transgene (HTT) along
with the mt-Keima reporter compared to its control counter-
part (Sun et al. 2015). In agreement, neuronal expression of
mutant huntingtin (mHtt) was shown to affect mitochondrial
morphology in a Drosophila model of HD. PINK1 over-
expression rescued mitochondrial abnormalities, amelio-
rated neuronal integrity and increased survival in HD flies.
These neuroprotective effects were dependent on Parkin
and required mitofusin and VDAC1/Porin. In line with this,
PINK1 overexpression, at least partially, rescued mitophagy
defects in HD striatal cells derived from a HdhQ111 knock-
in mouse model of HD. Collectively, these findings indicate
that mitophagy is impaired in mHtt-linked diseases and
its restoration may ameliorate HD pathology (Khalil et al.
2015).
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Concluding remarks and future perspectives

Multiple quality control pathways help mitochondria main-
tain proper function under physiological conditions and in
response to stress. Perturbations in mitochondrial function
and defects in mitochondrial quality control systems are hall-
marks of ageing and age-related pathologies. Over the last
decade, several studies highlight the roles of mitophagy in
distinct physiological and pathological contexts. Monitor-
ing in vivo mitophagy using animal disease models helped
uncover the involvement of impaired mitophagy in many
human pathologies, including neurodegenerative disorders.
Therefore, modulation of mitophagy by pharmacological
agents seems to hold great promise for therapeutic appli-
cations. Indeed, many natural and/or synthetic compounds,
including NAD™ precursors (Fang et al. 2019a), resveratrol
(Varghese et al. 2020), spermidine (Schroeder et al. 2021)
and urolithin A (Ryu et al. 2016) have been shown to allevi-
ate various disease phenotypes by modulating mitophagy
in patient-derived samples and in model organisms. Impor-
tantly, oral consumption of urolithin A has been found
to improve mitochondrial and cellular health in a human
clinical trial (Andreux et al. 2019). Although the role of
mitophagy in both physiological and pathological contexts is
being increasingly appreciated, issues related to tissue- and
disease- specificity are still poorly understood. Moreover,
important questions remain unanswered regarding the com-
plex interplay between different mitophagy pathways and
the interface of mitophagy with other mitochondrial qual-
ity control systems under physiological conditions. A better
understanding of such crosstalk will provide critical insights
into the roles of mitophagy in neuronal function and dys-
function and will eventually contribute towards developing
emergent intervention strategies to fight numerous patho-
logical conditions in humans. As an initial step to address
these topics, future studies should involve the development
of novel genetically encoded reporters to monitor neuronal
mitophagy in vivo as well as genetic and pharmacological
interventions to modulate mitophagy in cell type- and tissue-
specific contexts.
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