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Role of mitophagy in the
neurodegenerative diseases and
its pharmacological advances: A
review
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Shu-Hong Huang* and Zhaoqgiang Zhang*

School of Clinical and Basic Medical Sciences, Shandong Provincial Hospital Affiliated to Shandong
First Medical University, Jinan, China

Neurodegenerative diseases are a class of incurable and debilitating diseases
characterized by progressive degeneration and death of cells in the central
nervous system. They have multiple underlying mechanisms; however, they
all share common degenerative features, such as mitochondrial dysfunction.
According to recent studies, neurodegenerative diseases are associated
with the accumulation of dysfunctional mitochondria. Selective autophagy
of mitochondria, called mitophagy, can specifically degrade excess or
dysfunctional mitochondria within cells. In this review, we highlight recent
findings on the role of mitophagy in neurodegenerative disorders. Multiple
studies were collected, including those related to the importance of
mitochondria, the mechanism of mitophagy in protecting mitochondrial
health, and canonical and non-canonical pathways in mitophagy. This
review elucidated the important function of mitophagy in neurodegenerative
diseases, discussed the research progress of mitophagy in neurodegenerative
diseases, and summarized the role of mitophagy-related proteins in
neurological diseases. In addition, we also highlight pharmacological advances
in neurodegeneration.

KEYWORDS

mitophagy, neurodegenerative diseases, Alzheimer's disease, Parkinson’s disease,
Huntington'’s disease, amyotrophic lateral sclerosis

Introduction

As energy factories of cells, mitochondria generate enough energy through oxidative
phosphorylation to maintain normal cellular processes. When cells are damaged, the
number, size, and structure of mitochondria change to varying degrees. Mitochondria
always exhibit balanced fusion, fission, and mitophagy, which are crucial for maintaining
the integrity and function of mitochondria. Of these, mitophagy is the main mechanism
for mitochondrial quality control (Cai and Tammineni, 2016; Rossmann et al., 2021).

Mitophagy, a kind of selective autophagy that clears damaged or dysfunctional
mitochondria, is regulated by mitochondrial biogenesis, mitochondrial dynamics,
calcium imbalance, mitochondrial DNA (mtDNA) damage, oxidative stress, and reactive
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oxygen species (ROS) (Ashrafi and Schwarz, 2013; Hirota
et al., 2015; Chen et al., 2020). When mitophagy dysfunction
occurs, severely damaged mitochondria cannot be removed
promptly. This results in continuous accumulation of damaged
mitochondria, and may even cause neuronal defects, thereby
inducing Alzheimer’s disease (AD), Parkinson’s disease (PD),
Huntington’s disease (HD), amyotrophic lateral sclerosis
(ALS), and other neurodegenerative diseases (Palikaras and
Tavernarakis, 2012; Fivenson et al., 2017; Kerr et al., 2017; Liu
et al., 2019; Cen et al., 2021).

Mitophagy

Under the action of external stimuli such as ROS,
nutritional deficiency, and cell aging, the mitochondria in
cells are depolarized and damaged. Damaged or dysfunctional
mitochondria are selectively removed via autophagosomes
and then catabolized by lysosomes to maintain intracellular
homeostasis, this process is known as mitophagy (Palikaras et al.,
2018; Onishi et al., 2021). Mitophagy is the main mechanism
of mitochondrial quality control and is mainly activated in
mammalian cells by two pathways: PTEN-induced putative
kinase 1 (PINK1) and Parkin (E3 ubiquitin-protein ligase
parkin)-mediated mitophagy, which is ubiquitin-dependent,
and a receptor-mediated mitophagy (Iorio et al., 2021).

PINK1/parkin pathway in mitophagy

PINK1-Parkin-mediated that
mitochondrial degradation in a ubiquitin-dependent way

mitophagy advances
is a canonical mitophagy pathway (Denisenko et al., 2021)
(Figure 1). PINK1 is a mitochondrial serine/threonine kinase
that serves as a molecular sensor of mitochondrial health,
monitoring the health of mitochondria (Nguyen et al,
2016). In healthy mitochondria, newly synthesized PINKI1
is continuously imported from the cytoplasm into the inner
mitochondrial membrane, and its transmembrane domain is
cleaved by the presenilin-associated rhomboid-like (PARL).
After the processed PINKI is released from the mitochondrial
intermembrane space into the cytoplasm, it is rapidly degraded
by the ubiquitin-proteasome system, which prevents PINKI
from accumulating on the mitochondrial outer membrane
and reduces the level of PINK1 in healthy mitochondria, thus
inhibiting mitophagy (Yamano and Youle, 2013). In damaged
mitochondria, PINK1 accumulates on the mitochondrial outer
membrane after depolarization of the membrane potential.
The stable accumulation of several PINK1 molecules on the
mitochondrial outer membrane leads to the translocation
of Parkin to the damaged mitochondrial outer membrane.
Parkin is an E3 ubiquitin ligase, localized in the cytoplasm, and
PINK1 activates Parkin by phosphorylating its Ser65 residue
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leading to a conformational change (Bingol and Sheng, 2016).
Moreover, PINK1 stimulates the phosphorylation of serine 65
on ubiquitin molecules, which promotes the recruitment and
activation of Parkin and inhibits de-ubiquitination (Bingol
and Sheng, 2016). Parkin acts as an amplifier of mitophagy.
It ubiquitinates mitochondrial outer membrane proteins on
dysfunctional mitochondria to form polyubiquitin chains,
which are recognized by p62/SQSTMI1 (sequestosome 1),
nuclear dot protein 52 kDa (NDP52) and optineurin (OPTN)
phosphorylated by PINKI1 (Mizushima and Komatsu, 2011;
Minowa-Nozawa et al,, 2017). P62/SQSTM1, NDP52, and
OPTN were formerly known as cargo adapters because they
link autophagic cargo to LC3 during selective autophagy. They
were more recently called autophagy receptors because they
bind to the cargo and/or cause degradation. They recognize
phosphorylated polyubiquitin chains on mitochondrial proteins
and bind to the autophagosome marker microtubule-associated
protein light chain 3 (LC3) through the LC3-interacting region
(LIR) motif to initiate autophagosome formation, which
associates with the lysosome fusion to initiate degradation of
damaged mitochondria by autolysosomes (Lazarou et al., 2015).

P62/SQSTM1, containing ubiquitin-associated and LIR
domains, is a selective cargo receptor for autophagic degradation
of misfolded proteins (Liu et al., 2017). Initially, p62/SQSTM1
was considered to be the main mitophagy adaptor. However,
later studies reported that p62/SQSTM1 did not play a decisive
role and was dispensable for the occurrence of mitophagy
(Narendra et al., 2010). In addition, the promoter region of
p62/SQSTM1 contains antioxidant response elements (AREs).
Therefore, the expression of p62/SQSTM1 can be upregulated
by inducing AREs to induce mitophagy.

OPTN is highly expressed, whereas NDP52 is barely
the OPTN-mediated
mitophagy appears to be spatially confined to neuronal cell

detectable in brain. Interestingly,
bodies, with just a few mitophagy events observed in axons or
dendrites (Evans and Holzbaur, 2020). OPTN can compensate
for NDP52 by tank-binding kinase 1 (TBK1; a kinase involved
in innate immunity that phosphorylates cargo adapters) during
mitophagy. Previous research suggests that TBK1 improves
the cargo adapter binding affinity to ubiquitin chains by

phosphorylation and enhances mitophagy (Pickles et al., 2018).

Mitophagy mediated by mitophagy
receptors

Mitophagy receptors usually refer to the mitochondrial
proteins containing LIR motifs, which can interact with LC3.
The most studied mitophagy receptors are the activating
molecules in beclinl-regulated autophagy (AMBRA1), Bcl-2
and adenovirus E1B 19 kDa-interacting protein 3 (BNIP3),
NIP3-like protein X (NIX), FUN14 domain containing 1
(FUNDC1), prohibitin 2 (PHB2), and cardiolipin (Zhang et al.,
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FIGURE 1

Figdraw (www.figdraw.com).

Ubiquitin-dependent mitophagy. PTEN-induced putative kinase 1 (PINK1) recognizes the damaged mitochondria, recruits Parkin to the
damaged mitochondrial outer membrane, and phosphorylates it. Parkin can ubiquitinate proteins on the outer mitochondrial membrane, such
as Mfn1/2 (mitofusins 1 and 2), Drpl (dynamin-related protein 1), and Miro (mitochondrial Rho) to form polyubiquitin chains, which act as an
“eat-me” signal for the autophagy mechanism to signal p62/SQSTM1 (sequestosome 1), optineurin (OPTN), and NDP52 (nuclear dot protein 52
kDa). They initiate mitophagy by LC3 (binding to light Chain 3) on autophagosomes through their LIR (LC3-interacting region) domains. By

2008; Feng et al., 2013; Liu et al., 2014; Swerdlow and Wilkins,
2020) (Figure 2).

AMBRAI1, NIX, FUNDCI, and BNIP3 are localized to
the mitochondrial outer membrane. AMBRA1 can interact
with Parkin to promote the occurrence of mitophagy. In the
absence of Parkin and p62/SQSTM1, AMBRAI can also act as
a mitophagy receptor and bind to LC3 through its LIR motif
to induce mitophagy (Strappazzon et al., 2015). NIX, which is
involved in the clearance of mitochondria during mammalian
erythrocyte maturation, plays an important role in mitophagy
(Novak et al, 2010). Under hypoxia, the transcription of
BNIP3 and NIX is activated by hypoxia-inducible factor 1-a
(HIF1-0) and forkhead box class-O family member proteins
(FoxO), and the activities of BNIP3 and NIX are regulated
by phosphorylation. Phospholipids can increase their ability
to bind to LC3 (Marinkovi and Novak, 2021). FUNDCI is
a new hypoxia induced mitophagy receptor. Its N-terminal
LIR domain is exposed to the cytoplasm that can selectively
respond to ischemia and hypoxia stimuli but not starvation
stimuli. Phosphatase can change the phosphorylation state of the
FUNDOCI site, which affects the binding affinity of the LIR motif
to LC3, promoting or inhibiting mitophagy (Liu et al., 2012).
localized to the
mitochondrial membrane. When mitochondria are damaged,

PHB2 and cardiolipin are inner

PHB2 and cardiolipin move to the outer mitochondrial
membrane and interact with activated LC3, targeting the

Frontiersin Molecular Neuroscience

03

damaged mitochondria for mitophagy (Liu et al., 2019). Overall,
mitophagy receptors are inactive at resting potentials, and their
activity is elicited under various conditions. Moreover, various
mitophagy receptors ensure specificity for various tissues
and stimuli.

The relationship between mitophagy
and neurons

Neurons are terminally differentiated cells that can live
through a lifetime. For this, they require energy in large
amounts. Therefore, neurons are highly dependent on
mitochondria. Besides, the strict control of mitochondrial size,
number, and distribution is crucial for neurons (Millecamps and
Julien, 2013; Schonfeld and Reiser, 2013; Stavoe and Holzbaur,
2019). Given the importance of mitochondria, it is necessary
to understand the mechanism by which mitophagy protects
neurons (Doxaki and Palikaras, 2020).

According to the physiological conditions of cells,
mitophagy can be divided into programmed mitophagy,
basal mitophagy, and stress-induced mitophagy. Activated
mitophagy under stressors such as oxidative stress, starvation,
and hypoxia reduces oxygen consumption and reactive oxygen
species production in damaged mitochondria (Gaetano et al,
2021). The regulation of mitophagy varies by tissue, and in
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FIGURE 2

Receptor-mediated mitophagy. Under certain conditions (hypoxia and toxins) mitophagy receptors are activated. The mitophagy receptors
containing LIR (LC3-interacting region) motifs, such as FUNDC1 (FUN14 Domain Containing 1), BNIP3 (BCL2 Interacting Protein 3), NIX
(Nip3-like protein X), AMBRAL1 (Activating Molecule in Beclinl-regulated Autophagy), PHB2 (Prohibitin 2), and cardiolipin, interact with the
autophagosome light chain 3 (LC3), targeting the damaged mitochondria for mitophagy. By Figdraw (www.figdraw.com).

the context of stressors, mitophagy may be upregulated to
increase mitochondrial function. Different stressors that induce
autophagy can increase ROS production, such as starvation,
heat shock, pathogen infection, and hypoxia. However, given
the high reactivity of these stressors in biological systems, it is
difficult to distinguish which are the key molecules that trigger
mitophagy. Mitochondrial dysfunction increases oxidative
stress and cellular damage in mammals, injured mitochondria
can be eliminated through a PINK1-Parkin-dependent pathway
or activation of mitophagy receptors, thereby reducing
mitochondrial production of ROS. The architecture of neuronal
cells characterizes the regulation of mitophagy in neurons,
and damaged organelles are reversibly transported into the
neuronal soma. Compared with neurons, astrocytes appear
to be characterized by more pronounced changes in the
mitophagy-regulated PINKI-parkin pathway in response to
various stimuli, including inflammatory and metabolic stress
(Sukhorukov et al., 2021).

The antioxidant responsive element (ARE) mediates
transcriptional activation of protective genes, the transcription
factor NF-E2-related factor 2 (Nrf2) maintains
homeostasis by regulating the expression of ARE-dependent

redox
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transcripts (Bahn and Jo, 2019). The Nrf2-ARE pathway serves
as an indicator of oxidative stress in neurodegeneration, and
the binding of Nrf2 to ARE protects cells from oxidative
stress-induced cell death, which in the pathogenesis of
multiple chronic neurodegenerative diseases The increase
is associated with neuronal cell death (Raghunath et al,
2018). Neurons are the cells most vulnerable to excess
reactive oxygen species because they have the highest
energy demands and are more vulnerable than astrocytes
(Barreto et al., 2012). Under conditions of aging and stress,
neurons increase oxidative phosphorylation (OXPHOS) by
enhancing glycolysis in astrocytes to meet the increased
2007).
Enhancing astrocyte function could represent a valuable

demand for lactate in neurons (Pellerin et al,

neuroprotective strategy. In previous studies, selective
overexpression of Nrf2 in astrocytes is an effective method
to preserve neuronal viability in mice. The Nrf2-ARE
pathway plays a neuroprotective role in glial cells, but
the mechanism is also elusive and needs to be continued in
neurodegenerative disease models such as AD, PD, HD, and ALS
to investigate how this pathway mitigates neurodegeneration

(Johnson et al., 2008).
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Under physiological conditions, fusion is a way of
changing mitochondrial morphology to enable the exchange
of mtDNA, proteins, lipids, and metabolites, thereby avoiding
the accumulation of dysfunctional mitochondria. Mitochondrial
fission can release damaged mitochondria through mitophagy,
which is effective in maintaining the quantity and quality
of mitochondria (Youle and van der Bliek, 2012). Impaired
mitochondrial dynamics (fusion and fission) may disrupt
mitophagy, which increases oxidative stress and exacerbates
neuronal degeneration (Knott et al, 2008). Mitochondria
are particularly abundant at synapses, and impairment of
their movement disrupts the synaptic transmission between
neurons. Parkin ubiquitinates Rho GTPase (Miro), mitofusinl,
and 2 (Mfnl/2), targeting them for degradation. Mfnl1/2
degradation leads to blocked mitochondrial fusion, whereas
Miro degradation prevents mitochondrial movement and
isolates mitochondrial damage to specific regions for the
occurrence of mitophagy. Therefore, accumulation of Parkin in
mitochondria and degradation of Miro may serve as a protective
mechanism for neurons (Sandoval et al., 2014).

The body normally clears dysfunctional mitochondria
through mitophagy. The accumulation of injured mitochondria
surveyed in neurodegenerative diseases, suggests that damaged
mitochondria are not removed promptly and the processes
of mitochondrial quality control are affected in these diseases
(Mani et al, 2021). Studies have reported that impaired
mitophagy is associated with various neurodegenerative
diseases, such as AD, PD, HD, and ALS. The toxicity of
pathogenic proteins in the mitophagy system may be a leading
cause of neurodegenerative diseases, and the accumulation
of pathogenic proteins [e.g., P-amyloid (AP), a-synuclein,
and mutated huntingtin] often results from deficiencies in
mitophagy (Chiang et al., 1989). The accelerated elimination
of damaged mitochondria or misfolded proteins by enhancing
mitophagy has been predicted as a novel approach to treating
neurodegenerative diseases.

Mitophagy and Alzheimer's disease

Alzheimer’s disease (AD) is characterized by extracellular A
deposition and the formation of intraneuronal neurofibrillary
tangles that ultimately lead to neuronal loss and cognitive
deficits. (Ingelsson et al., 2004; Wang et al., 2020).

Mitochondria are the key organelles in AD pathogenesis.
Their dysfunction can significantly contribute to early-stage
AD progression. Impaired mitochondrial function can lead
to energy deficiency, intracellular calcium imbalance, and
oxidative stress, which exacerbates Af accumulation and tau
hyperphosphorylation. This further contributes to cognitive
decline and memory loss. Amyloid precursor protein (APP) is
one vital player in AD, and AP is a cleavage product of the
universally expressed APP. Prior work suggests that APP is
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involved in the pathology of AD (Manocha et al., 2016). AB, an
important pathological protein found in the brains of patients
with AD, was shown in mutant APP (mAPP) mice, suggesting
that alack of PINK1 promotes the accumulation of Ap (Du et al.,
2017). Tau is the number of the microtubule-associated protein
(MAP) family and plays a significant role in promoting axonal
transport, synaptogenesis, and neurite outgrowth. Furthermore,
it is essential for maintaining cell structure and integrity. In AD,
tau accumulates excessively in neurons, leading to abnormal tau
phosphorylation and microtubule disassembly (Puri et al., 2009;
Gubha et al., 2020).

Mitochondrial quality control can be preserved through
the balance of mitochondrial dynamics, which means that
mitochondria are constantly fused and fissioned in the body to
maintain cellular metabolic stability. In AD, the levels of fission
proteins Fisland Drpl increase, whereas those of fusogenic
proteins OPA1l, Mfnl/2 decrease. This leads to increased
mitochondrial fission and reduced fusion. This suggests that
mitochondrial dynamics are severely impaired in AD (Zhu
et al.,, 2013). The increase in AP increases nitric oxide levels
in the brain, which in turn activate Drpl and Fisl. This
leads to excessive mitochondrial fragmentation and defective
mitochondrial transport to synapses, which results in synaptic
dysfunction. Further studies have reported that p-tau interacts
with Drpl, enhances the enzymatic activity of the GTPase
Drpl, and leads to excessive mitochondrial fragmentation and
mitochondrial dysfunction in AD. The oligomers of AB and tau
can be localized to mitochondria in the early stage of disease
progression, altering mitochondrial morphology as observed
in the model systems of several pathophysiological features
(Manczak et al., 2006; Del Prete et al., 2017).

The most consequential damage caused to mitophagy in
AD is the reduction in PINKI1 and Parkin protein levels,
which results in decreased mitophagy and accumulation of
dysfunctional mitochondria (Oliver and Reddy, 2019). A
previous study reported decreased levels of PINKI protein
and an increase in mitochondrial number in the hippocampal
neurons in a mouse model of AD (Manczak et al., 2018). The
overexpression of Parkin reduces AP plaques and amyloid-
induced inflammation in the hippocampus and cortex in a
mouse model of AD, which alleviates behavioral abnormalities
(Hong et al., 2014). In both, early- and late-onset AD, defective
mitophagy leads to synaptic dysfunction and cognitive deficits
by triggering AP and p-tau accumulations. Studies on cell
and animal models of AD and patients with AD support that
impaired mitophagy increases A and tau accumulations, thus
aggravating AD synaptic defects and cognitive decline (Du et al.,
2017; Kerr et al., 2017). Mice lacking PINK1 seem to develop AR
plaques and mitochondrial abnormalities earlier, while PINK1
overexpression promotes the removal of damaged mitochondria
and reduces synaptic defects and cognitive decline in mice (Du
et al., 2017). Enhancing mitophagy can not only inhibit Ap and
tau protein aggregation but also reverse cognitive deficits in
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AD models. Thus, the regulation of mitophagy may be a new
approach to treating AD.

Mitophagy and Parkinson’s disease

Parkinson’s disease (PD) is characterized by gradually
losing dopaminergic neurons in the substantia nigra pars
compacta and selective loss of Lewy bodies. Although the exact
pathogenesis of PD is still vague, substantial evidence shows that
dysfunctional mitophagy, excess ROS, and mtDNA damage may
work in PD development (Federico et al., 2012; Ryan et al., 2015).

The neuronal apoptosis in patients with PD can be affected
by regulating mitophagy, which suggests that mitophagy may be
closely related to PD. PINKI1 and Parkin are the most widely
studied PD-related proteins that can maintain mitochondrial
function by participating in mitophagy, and their loss of
function is the most widely known cause of autosomal recessive
and early-onset PD (Valente et al., 2004). PINKI/Parkin
mutations prevent Parkin recruitment to mitochondria and
promote the number of unhealthy mitochondria. This may raise
ROS and then promote PD lesions. This supports the earlier
observations of the accumulation of damaged mitochondria in
patients with PD.

Except for PINK1 and Parkin, most PD-related genes have a
direct or indirect effect on mitochondrial dynamics and quality
control. The mutations in a-synuclein and glucocerebrosidase
(GBA) lead to mitochondrial dysfunction and increased or
impaired mitophagy respectively. As an abundant neuronal
protein in the brain, a-synuclein is related to the disruption of
mitochondrial function and can maintain the normal function
of synapses under normal conditions. Accumulated pathological
a-synuclein binds preferentially to mitochondria, inhibits
mitochondrial protein import, and causes depolarization of
mitochondrial membrane and impairment of cellular respiration
(Wang et al,, 2019). DJ-1, encoded by the PARK7 gene, is a
mitochondria-localized redox sensor whose deletion impedes
mitophagy and affects mitochondrial dynamics in mouse
embryonic fibroblasts. Thus, it plays a key role in mitochondrial
homeostasis (Gao et al, 2012). Mutations in DJ-1 cause
mitochondrial dysfunction and oxidative stress, which are
associated with autosomal recessive PD (Hague et al., 2003).

The pathogenic causes of PD are complex and still
unknown. No effective strategy is available to fundamentally
cure PD. Therefore, the enhancement of mitophagy to remove
dysfunctional mitochondria serves as a potential strategy for the
treatment of PD (Luo et al., 2015).

Mitophagy and Huntington'’s disease

Huntington’s disease (HD) is an autosomal dominant
disorder characterized by progressive motor, cognitive, and
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psychiatric impairments (Ross and Tabrizi, 2011; Jimenez-
Sanchez et al., 2017). HD is caused by the inheritance of
Huntington gene mutation. The abnormal expansion of CAG
trinucleotide repeats in the HTT gene is the genetic basis of HD
and changes the conformation of HTT protein and produces
neural toxicity, leading to neurodegenerative changes (Ross and
Tabrizi, 2011; Podvin et al., 2019).

In neurons, huntingtin protein (HTT) performs essential
functions in the control of intra-axonal organelle trafficking
through the formation of complexes with huntingtin-associated
protein 1 (HAP1), kinesin, and dynein (Wong and Holzbaur,
2014). Some evidence suggests that mutant huntingtin (mHTT)
can interact with the mitochondrial outer membrane, which
leads to mitochondrial abnormalities (Choo et al., 2004).
MHTT is ubiquitous in the brain and peripheral tissues, and
its ability to form insoluble aggregates and interact with other
proteins results in transcriptional dysregulation, abnormal
synaptic transmission, defects in cellular trafficking, and
several cell dysfunctions (Franco-Iborra et al, 2021). In the
presence of mHTT, impaired autophagosome trafficking
increases the number of autophagosomes and fragmented
mitochondria. MHTT interacts with the GTPase Drpl
and inhibits mitochondrial biogenesis, promoting synaptic
degeneration in HD. Additionally, the enhanced mitochondrial
biogenesis in the mouse models of HD reduced the HD
phenotype (Chandra et al., 2016).

MHTT interacts abnormally with proteins in the mitophagy
pathway, such as Unc-51-like autophagy-activating kinase
1(ULK1), beclin 1(BECN1), OPTN, NDP52, p62/SQSTMI,
and Neighbor of Brcal(NBRI1), resulting in reduced LC3
recruitment to damaged mitochondria, which in turn disrupts
mitophagy. This implies that the rescue of mitophagy can
prevent neuron loss, thereby slowing the disease onset
(Franco-Iborra et al., 2021).

Mitophagy and amyotrophic lateral
sclerosis

As a fatal motor neuron disease, amyotrophic lateral
sclerosis (ALS) is characterized by degenerative changes
occurring in upper and lower motor neurons (Rowland and
Shneider, 2001). The exact mechanism by which ALS occurs
is unclear. However, ALS is known as a disorder of protein
homeostasis. Mitophagy defects act a substantial role in the
pathogenesis of ALS (Wong and Holzbaur, 2015).

The majority of ALS-related genes are involved in the
regulation of mitophagy, such as superoxide dismutase 1
(SODI1), OPTN, TAR DNA-binding protein 43 (TDP-43),
and TBKI (Rosen et al, 1993; Amin et al, 2020; Liu
et al, 2021). Furthermore, misfolded or aggregated protein
products of some ALS-causing genes (e.g., SODI) that are
not directly involved in mitophagy can interact abnormally
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with mitophagy proteins, thereby deregulating their activity
(Zhang et al., 2007; Tak et al., 2020).

ALS-related mitochondrial dysfunction manifests itself in
various forms, including defective oxidative phosphorylation,
ROS production, impaired calcium buffering capacity, and
defective mitochondrial dynamics. The accumulation of
fragmented mitochondria is one of the common features
of ALS, and it may indicate that mitophagy fails to remove
damaged mitochondria (Smith et al., 2019). Some ALS-related
mutations cause malfunctioning of proteins, such as OPTN,
p62, or TBK1, and lead to inefficient mitophagy. For example,
missense mutations in TBKI have various biophysical and
biochemical effects on this molecule and are associated with
ALS linked to frontotemporal dementia (Harding et al., 2021).

The accumulation of neurotoxic misfolded proteins and
aggregates within motor neurons are the main pathological
hallmarks of ALS. Mitophagy may decrease protein aggregates,
and the induction of mitophagy may improve ALS pathology
(Amin et al., 2020).

Pharmacological advances

Mitochondrial damage is a hallmark of neurodegenerative
disorders, such as PD and AD. Enhancing the levels of
molecules that remove defective mitochondria may have
significant therapeutic benefits (Mattson et al., 2008; Fang
et al,, 2017). Several mitophagy enhancers have been identified,
such as NAD™ precursor, urolithin A (UA), actinin (AC), and
spermidine. All of them can enhance mitophagy and increase
mitochondrial response to oxidative stress, thus protecting
human neurons and extending the lifespan of animal models
(Gupta et al., 2013; Madeo et al., 2018).

Mitophagy enhancers

As neurons consume large amounts of energy, they are
sensitive to reduced NAD™ levels and reduced ATP production
(Fang et al., 2016). NADT affects neuronal health and survival,
whereas reduced NADT levels impair mitophagy, facilitate
the backlog of misfolded proteins, and even lead to neuronal
death (Zhou et al, 2015). The major NADT precursors
include nicotinamide riboside, nicotinamide, and nicotinamide
mononucleotide. NAD™T levels are reduced in the animal
models of AD, and cellular NAD™T levels are increased by
supplementing NAD™ precursors to alleviate AB and tau lesions
while preventing cognitive impairment (Brown et al.,, 2014;
Scheibye-Knudsen et al., 2014). UA, an ellagitannin-derived
metabolite, induces mitophagy in neurons of Caenorhabditis
elegans and the brain of mice (Fang et al.,, 2019). Spermidine
can increase autophagy activity by affecting autophagy-related
gene expression and induce mitophagy by inhibiting mTOR
and activating adenylate-activated protein kinase (AMPK)
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(Fan et al., 2017; Madeo et al., 2018). AMPK is an energy sensor
in mitochondria, regulated by the cellular AMP/ATP ratio, and
is involved in mitophagy in various ways. Deletion of AMPK
results in abnormal accumulation of p62 protein and defects
in mitophagy in mammals (Yang et al., 2018). In addition,
spermidine was reported to induce mitophagy in cultured cell
lines of human fibroblasts and cardiomyocytes.

Rapamycin (RAP) and metformin are two FDA-approved
mTOR inhibitors with anticancer and antiaging properties. RAP
is currently the most important drug for the treatment of
mitophagy deficiency (Carosi and Sargeant, 2019). Abnormal
levels of mTOR, particularly mTORCI, can lead to excessive
mitophagy, and the inhibition of mTOR appears to be a novel
approach to promoting mitophagy, possibly improving the
symptoms of neurodegenerative diseases (Xu and Brink, 2016).
In mutant APP transgenic mouse models, RAP is reported to
reduce AP pathology, improve cognitive dysfunction, and either
slow or block AD progression (Spilman et al., 2010). Metformin
stimulates mitophagy by restoring mTOR-dependent autophagy
activation and Parkin-mediated mechanisms (Song et al., 2016).

Mitophagy enhancers in aging, and
neurodegenerative diseases

Recent studies have shown that dysfunctional mitochondria
are one of the causes of worsening in patients with aging
and age-related neurodegenerative diseases. Previous studies
have suggested that mitophagy activation may serve as a
potential therapeutic chance to remove damaged mitochondria.
Mitophagy enhancers remove defective mitochondria and
enhance the clearance of mitochondrial debris from affected
cells, which could be a therapeutic drug for neurodegenerative
diseases. Studies have shown that UA, actinomycin, and
tomatine can increase PINKI and Parkin levels,thereby
increasing the clearance of unhealthy mitochondria (Ryu
et al., 2016; Fang and Tao, 2020; Esselun et al., 2021). In
immortalized primary mouse hippocampal neurons (HT22),
treated with mitophagy enhancers such as UA, actinomycin,
tomatine, and nicotinamide riboside, the survival rate of
HT22 cells, mitochondrial fusion, Mitophagy gene expression
was increased, and mitochondrial fragmentation was reduced.
Interestingly, among the tested mitophagy enhancers, UA
showed the strongest protective effect (Kshirsagar et al., 2021).
UA is protective against human Af peptide-induced toxicity,
and combined treatment of UA with amyloid-p and/or P-tau
inhibitors such as green tea extract EGCG has shown a
combined therapeutic effect better and better effect, indicating
that combination therapy is expected to treat late-onset AD
patients (Kshirsagar et al., 2022). UA stimulates mitophagy and
improves muscle health in aged animals and clinical models
of aging. The study reports the results of a first-in-human
clinical trial that after regular oral administration in humans,
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TABLE 1 Compounds targeting mitophagy and their effects.
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Compounds  Mitophagy-related mechanisms Diseases References
NAD™ precursor Increases the NAD™/NADH ratio, promoting mitophagy AD Jang et al., 2012; Brown et al., 2014; Scheibye-Knudsen
etal,, 2014; Fang et al., 2016

Urolithin A Promotes PINK1-dependent pathway AD Ryu et al., 2016; Jayatunga et al., 2021

Actinin Enhances kinase activity of PINK1 and promotes mitochondrial AD Burman et al.,, 2017
fission

Spermidine Enhances mitophagy AD/PD/HD/ALS Eisenberg et al., 2016

Rapamycin Increases p62 and Parkin translocation to damaged mitochondria AD/PD/HD/ALS Spilman et al., 2010; Li et al.,, 2018

Metformin Restores Parkin-mediated mitophagy AD/PD/HD/ALS Song et al., 2016; Vizquez-Manrique et al., 2016

Deferiprone Causes iron loss, triggering PINK1/Parkin independent PD Allen et al., 2013; Devos et al., 2014; Kirienko et al., 2015
mitophagy

Trehalose Induces mitophagy AD/PD/HD/ALS Sarkar et al.,, 2007

UA induced improved mitochondrial and cellular Molecular
signatures of health (Andreux et al., 2019). To develop potential
mitophagy enhancers, further studies are still needed to identify
mitophagy enhancers (Pradeepkiran and Reddy, 2020).

Defective mitophagy is a common characteristic of a wide
range of neurodegenerative disorders. The autopsy evidence
collected from patients with neurodegenerative disorders
suggested that dysregulated mitophagy triggers multiple forms
of neurodegeneration. These observations can facilitate the
search and rationale for screening novel mitophagy-targeted
drugs as therapeutic strategies for AD, PD, HD, and ALS. The
summary of small molecular compounds that induce mitophagy
and their associated mechanisms is given in Table 1.

Outlook

Defective mitochondria cause progressive accumulation of
damaged organelles and are characterized as a hallmark of
neurodegenerative diseases. This review revealed that mitophagy
plays a significant role in maintaining body homeostasis.
Healthy mitochondria can provide sufficient energy for neuronal
protection and repair mechanisms. Failure of clearing damaged
mitochondria can lead to neuronal dysfunction, impairment,
and degeneration. Therefore, the elimination of defective
mitochondria is essential for the proper functioning of neurons.
At present, the existing therapies for neurodegenerative diseases
can only relieve the symptoms but cannot cure the disease.
Understanding the pathophysiological mechanisms associated
with neurodegeneration may help develop pharmacological and
nutritional interventions to combat cognitive decline. Although
there is no clear candidate therapeutic drug that specifically
modulates mitophagy, the development of mitophagy-targeting
drugs has increased significantly in the past few years. As the
understanding of the mechanisms of mitophagy in different
diseases improves, we expect the discovery of new inducing
compounds will increase, which will drive further potential
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clinical studies. Further studies are needed to explore whether
specific pharmacological compounds administered early in the
disease process can generate meaningful clinical outcomes by
targeting multiple processes, and the mechanism of action of
these pharmacological compounds will not be restricted to
neurons, rather than a single pathway to produce meaningful
clinical benefit.
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