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Abstract

Mitophagy is a specific type of autophagy that is crucial for neuronal survival and for the maintenance of mitochondrial
quality. Dysfunction of it leads to the progression of neurodegenerative diseases such as Alzheimer’s disease, Parkinson’s
disease, Huntington’s disease, and amyotrophic lateral sclerosis. This review discusses major pathways of mitophagy,
including PINK1-Parkin and Parkin-independent pathways, as well as disease-specific alterations in these pathways.
Impaired removal of mitochondria promotes oxidative stress, energy failure, protein aggregation, neuroinflammation and
neuronal apoptosis. Emerging treatments, such as urolithin A, rapamycin, nicotinamide riboside and gene-based
approaches, may restore mitochondrial homeostasis. Nevertheless, the lack of tools to monitor mitophagic activity and
disease-specific responses, as well as limited clinical evidence, hinders therapeutic translation. Elucidation of these
mechanisms may facilitate the creation of specific therapies for neurodegenerative disorders.
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1. Introduction

Macroautophagy, an evolutionarily conserved mechanism, encompasses the lysosomal breakdown and
recycling of cellular constituents. Mitophagy is a form of macroautophagy that specifically directs
mitochondria to lysosomes for their destruction(Uoselis et al.,, 2023). Mitophagy is initiated when
mitochondrial impairment surpasses the effectiveness of alternative quality and quantity control mechanisms,
or when mitochondria are eliminated for cellular metabolic functions(Wang et al., 2023). The removal of
mitochondria through mitophagy is crucial in various processes, including inflammation, metabolic shifts, and
cellular reprogramming(Wang et al., 2026).

Mitochondria are vital organelles that govern cellular metabolism, maintain homeostasis, and manage stress
responses. Impaired mitochondria not only fail to generate ATP and other biosynthetic compounds but also
emit elevated quantities of “reactive oxygen species (ROS)”. If reactive oxygen species are not eliminated
promptly and build up within cells, it will lead to programmed cell death(Zorov et al.,, 2014). Mitophagy
preserves mitochondria in an ideal state by eliminating defective or surplus mitochondria. The equilibrium of
mitochondrial homeostasis is maintained through a balance of degradation and biogenesis, which may be
disturbed by unregulated mitophagy. This results in a suboptimal mitochondrial condition, causing disorders of
the neurological system, cardiovascular system, lungs, liver, kidneys, skeletal muscle, and more. The prompt
and precise elimination of mitochondria is essential for cellular viability in response to alterations in
developmental, bioenergetic, and environmental factors(Pickles et al., 2018).

Neurodegenerative illness refers to a category of ailments characterised by the gradual and persistent
deterioration of nerve tissue, predominantly affecting the elderly, and marked by the targeted degeneration
and depletion of central neurons(Jellinger, 2010). In neurons, if impaired mitochondria are not adequately
eliminated through mitophagy, reactive oxygen species, nitrogen oxides, and various oxidising agents will be
generated. These oxidising agents can induce a range of neurodegenerative disorders, including “Alzheimer's
disease (AD)”, “Parkinson's disease (PD)”, “Amyotrophic lateral sclerosis (ALS)”, and “Huntington's disease
(HD)”, among others(Lu et al., 2023).

Despite the diversity in lesion locations and etiologies of various ailments, neuronal degeneration remains their
unifying factor. Significantly, compromised mitophagy could lead to the emergence or exacerbation of certain
neurodegenerative disorders, rendering strategies aimed at enhancing mitophagy a plausible treatment option
for these conditions(Lyu et al., 2024)(Ahmad and Siddiqui, 2022).
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2. Molecular Mechanisms of Mitophagy in Neurons } .

Mitophagy does not occur through a single molecular pathway. Neurons have-evolved a number of
mechanisms to recognize and get rid of damaged mitochondria. The best-characterised pathway is the “PTEN-
induced putative kinase 1 (PINK1)”—Parkin pathway, in which mitochondrial depolarisation induces PINK1
stabilisation on the “outer mitochondrial membrane (OMM)”, followed by the recruitment of Parkin,
ubiquitination of mitochondrial proteins, recruitment of autophagy receptors and lysosomal degradation of the
damaged organelle(Truban et al., 2017). Besides this ubiquitin-dependent mechanism, mitochondria can be
targeted for autophagic degradation via receptor-mediated pathways involving proteins like BCL2/adenovirus
E1B 19-kDa-interacting protein 3 (BNIP3)”, “FUN14 domain-containing protein 1 (FUNDC1)”, BNIP3-like/NIX
(BNIP3L) and BCL2-like 13 (BCL2L13)(Wang et al., 2023). These pathways may act in parallel or independently
of PINK1-Parkin signalling and could become especially relevant under specific metabolic or cellular stress
conditions.

2.1 PINK1-Parkin pathway

The PINK1-Parkin is the best-characterised pathway of selective mitochondrial clearance and has provided a
major molecular framework for understanding mitophagy in neurons. PINK1 is a serine/threonine protein
kinase that functions as a sensor of mitochondrial damage, and Parkin is a cytosolic E3 ubiquitin ligase that is
activated and recruited to damaged mitochondria. Mutations in PINK1 and PRKN (encoding Parkin) have been
linked to inherited forms of PD, emphasising the significance of this pathway in neuronal mitochondrial quality
control (Pickrell and Youle, 2015a)(Trinh and Farrer, 2013).

2.1.1 PINK1 Stabilisation on Damaged Mitochondria

Under physiological conditions, PINK1 is continuously imported into healthy mitochondria in a manner
dependent on mitochondrial membrane potential (AWm). Upon mitochondrial import, PINK1 is proteolytically
processed and degraded. Under basal conditions, PINK1 levels are very low. This mechanism prevents
mitophagy from being activated unnecessarily in healthy mitochondria(Wang et al., 2023).

Mitochondrial damage, especially loss of mitochondrial membrane potential, inhibits PINK1 import into the
inner mitochondrial membrane. Full-length PINK1 thus accumulates on OMM, where it serves as an initiating
signal for mitochondrial quality control. Thus, the accumulation of PINK1 provides a molecular link between
mitochondrial damage and the activation of selective autophagy(Pickrell and Youle, 2015a)(Lazarou et al.,
2015). PINK1 accumulation is therefore considered an early molecular event in the recognition of damaged
mitochondria.

2.1.2 PINK1-Mediated Ubiquitin Phosphorylation

Once PINK1 is stabilised on damaged mitochondria, it phosphorylates ubiquitin on serine 65 (Ser65). PINK1
also phosphorylates the analogous Ser65 residue in the ubiquitin-like domain of Parkin. Phosphorylated
ubiquitin is a crucial molecular signal for the activation and amplification of Parkin-dependent
mitophagy(Koyano et al., 2014).

Phosphorylated ubiquitin may facilitate Parkin activation, and activated Parkin produces additional ubiquitin
chains on mitochondrial surface proteins. This establishes a positive-feedback loop whereby phospho-ubiquitin
produced by PINK1 promotes Parkin activation and ubiquitination by Parkin generates more substrate for
PINK1 phosphorylation. This can amplify a relatively local mitochondrial damage signal to a strong mitophagic
response(Koyano et al., 2014)(Pickrell and Youle, 2015b).

2.1.3 Recruitment and Activation of Parkin

Under normal conditions, Parkin is mainly present in the cytosol in an autoinhibited state. Mitochondrial
damage results in PINK1-dependent phosphorylation of ubiquitin and Parkin, leading to conformational
changes that activate Parkin and recruit it to the OMM. Activated Parkin acts as an E3 ubiquitin ligase to
stimulate ubiquitination of several OMM proteins(Chin and Li, 2016).

Experimental studies demonstrated that Parkin is selectively recruited to mitochondria following mitochondrial
depolarisation and facilitates their autophagic elimination. This finding identified Parkin as a key regulator of
damage-induced mitochondrial clearance. Thus, recruitment of Parkin is a key point between sensing of
mitochondrial damage and initiation of selective mitochondrial degradation (Narendra et al., 2008).

2.1.4 Ubiquitination of Outer Mitochondrial Membrane Proteins

Upon activation, Parkin ubiquitinates a number of proteins on the OMM. These include proteins involved in
mitochondrial dynamics and transport, such as mitofusins, and other mitochondrial surface proteins. The
ubiquitin chains then serve as molecular signals to promote recruitment of selective autophagy
machinery(Youle and Narendra, 2011).

PINK1 and Parkin are not acting independently but cooperatively. PINK1 is the first to detect the damaged
mitochondria and produces phospho-ubiquitin, and Parkin amplifies the ubiquitination signal on the surface of
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the mitochondria. Such amplification allows for subsequent recruitment of ‘autophagy-receptors and the
formation of autophagic structures around the damaged mitochondrion (Truban et al;; 2017).

2.1.5 Recruitment of Mitophagy Receptors 2

Ubiquitinated mitochondria are recognised by selective autophagy receptors, which bridge the damaged
organelle to the autophagic machinery. The main receptors involved in PINK1-Parkin-mediated mitophagy are
“optineurin (OPTN)”, nuclear dot protein 52 kDa (NDP52/CALCOCO2), p62/SQSTM1, TAX1BP1 and NBRL.
Among them, OPTN and NDP52 have been identified as crucial receptors for initiation of PINK1-Parkin-
dependent mitophagy(Lazarou et al., 2015).

OPTN and NDP52 have ubiquitin-binding domains that enable them to interact with ubiquitinated
mitochondria. They also bind to ATG8-family proteins, including LC3 and GABARAP proteins, during the
formation of autophagic membranes. These interactions allow autophagy receptors to act as molecular bridges
connecting damaged mitochondria to the autophagic machinery(Heo et al., 2015)(Lazarou et al., 2015).
Importantly, NDP52 and OPTN can recruit autophagy initiation factors upstream of the ULK1 complex, including
WIPI1, ULK1 and DFCP1, to mitochondria. Therefore, mitophagy receptors are not only passive cargo adaptors,
but they can also actively contribute to the initiation and progression of autophagosome formation(Lazarou et
al., 2015).

2.1.6 Formation of the Mitophagosome

The damaged mitochondrion is then associated with a developing isolation membrane known as the
phagophore, following the recruitment of autophagy receptors. The phagophore expands around the damaged
mitochondrion, eventually enclosing it in a double membrane structure called the mitophagosome. LC3
lipidation and recruitment of ATG proteins are key steps in this process. Phagophore LC3/GABARAP proteins
bind to LC3-interacting regions in mitophagy receptors, allowing selective sequestration of damaged
mitochondria into the growing autophagosome(Youle and Narendra, 2011).

2.1.7 Fusion with Lysosomes and Mitochondrial Degradation

The last step of mitophagy is the fusion of the mitophagosome with lysosomes. The fusion results in an
autolysosomal compartment in which mitochondrial proteins, lipids, membranes and mitochondrial DNA are
degraded by lysosomal hydrolases. The degradation products can then be recycled and used by the cell(Mary
et al., 2023).

Mitophagic flux to be successful needs to have lysosomal degradation finished. Note that the presence of
mitophagy-related proteins or the formation of autophagosomes does not always indicate the complete
degradation of mitochondria. Therefore, ideally, mitophagy assessment should differentiate between pathway
initiation and the successful completion of mitochondrial clearance(Basak and Holzbaur, 2025a),(Youle and
Narendra, 2011). This distinction is especially critical for neurons as mitochondrial trafficking, localisation, and
turnover vary among neuronal compartments. Emerging evidence suggests that neuronal mitophagy is
spatially regulated and cannot always be explained by mechanisms observed in non-neuronal cell lines.

2.2 Parkin-Independent Mitophagy

Whereas PINK1-Parkin-dependent mitophagy has been studied extensively, mitochondria can also be
eliminated in a Parkin-independent manner. Parkin-independent routes are mediated by mitochondrial
proteins that function as mitophagy receptors and bind directly to the autophagy machinery. Major receptors
are BNIP3, NIX/BNIP3L, FUNDC1, BCL2L13, FKBP8 and other proteins that can connect mitochondria to ATGS-
family proteins(Choubey et al., 2021a)(Springer and Macleod, 2016).

These pathways represent alternative mitochondrial quality-control mechanisms and may be particularly
important during hypoxia, metabolic stress, mitochondrial stress, or when the canonical PINK1-Parkin pathway
is insufficient. The evidence available suggests that neuronal mitophagy is not a linear signalling cascade, but
rather a network of overlapping and context-dependent pathways(Basak and Holzbaur, 2025a).

2.3 BNIP3- and NIX/BNIP3L-Mediated Mitophagy

BNIP3 and NIX/BNIP3L are mitophagy receptors on the outer mitochondrial membrane. Both proteins contain
“LC3-interacting regions (LIRs)” that bind directly to LC3 and other ATG8-family proteins on autophagic
membranes. BNIP3 and NIX are induced or activated by cellular stress, in particular hypoxia and metabolic
changes. Interaction with LC3 promotes mitochondrial recruitment to developing autophagosomal membranes
and facilitates mitochondrial engulfment(D’Arcy, 2024). NIX is best characterized in physiological mitochondrial
clearance during cellular differentiation, while BNIP3 plays important roles in stress-associated mitochondrial
turnover. The BNIP3/NIX pathway suggests that mitochondrial damage does not always need to be sensed
through PINK1 stabilisation and Parkin recruitment. Rather, some stress-induced receptors can couple the
mitochondria and autophagy machinery directly(Tang et al., 2025).

2.4 FUNDC1-Mediated Mitophagy
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FUNDC1 is a hypoxia-regulated OMM protein that functions as a mitophagy" recepfdf.”tike.B_NlP?: and NIX,
FUNDC1 has an LIR motif that mediates its interaction with LC3. However, reversible phosphorylation of -
specific residues regulates its ability to induce mitophagy . Under normoxic conditions FUNDC1 is
phosphorylated and maintained in a relatively inactive state. Changes in the phosphorylation‘status of FUNDC1
in hypoxia increase its interaction with LC3 and promote the recruitment of mitochondria to autophagic
membranes(Liu et al., 2012).

FUNDC1-mediated mitophagy therefore provides a mechanism through which mitochondrial clearance can be
coupled to cellular oxygen availability. This pathway highlights the importance of post-translational regulation
in determining whether mitochondrial receptors can engage the autophagy machinery(Zhang, 2021).

2.5 BCL2L13-Mediated Mitophagy

BCL2L13 is another outer-membrane mitochondrial protein that can induce mitophagy by interacting with the
autophagy machinery. It has an LC3-interacting region and can promote mitochondrial fragmentation and
subsequent sequestration of mitochondria in autophagic structures(Choubey et al., 2021b). BCL2L13-mediated
mitophagy is considered a Parkin-independent pathway and represents an alternative route for mitochondrial
clearance. Its activity may be especially relevant when mitochondrial damage or cellular stress activates
mitophagy without strong PINK1—-Parkin signaling(Youle and Narendra, 2011).

2.6 Regulation of Mitophagy by Mitochondrial Dynamics

Mitochondrial dynamics such as fission and fusion are highly correlated with mitophagy. Mitochondrial fission
produces smaller mitochondrial fragments that may help in segregating damaged mitochondrial regions from
otherwise healthy mitochondrial networks. Mitochondrial fusion, in contrast, allows functional mitochondria to
share mitochondrial components and metabolites, thereby contributing to mitochondrial resilience(Wang et
al., 2022). The balance between fission, fusion, mitochondrial transport and mitophagy is particularly
important in neurons, as mitochondria must be distributed over long cellular distances and maintained at sites
of high energy demand, including synapses(Youle and Van Der Bliek, 2012).

Moreover, several aspects of mitochondrial dynamics also cross-talk with mitophagy signalling. One example is
Parkin-mediated ubiquitination of mitofusins, which can promote their removal and affect mitochondrial
network organisation. Therefore, mitochondrial fragmentation and selective mitochondrial degradation should
be viewed as interrelated mitochondrial quality control mechanisms instead of independent
processes(Gustafsson and Dorn, 2018).

2.7 Regulation of Mitophagy by Cellular Stress

Cellular conditions dynamically regulate mitophagy. Loss of mitochondrial membrane potential is a major
trigger for PINK1 stabilisation. Hypoxia can activate receptor-mediated pathways involving BNIP3, NIX and
FUNDC1. Oxidative stress, nutrient availability, calcium imbalance and alterations in cellular energy status can
also affect mitochondrial turnover(Wang et al., 2023). Mitochondrial damage caused by stress is particularly
important in neurons, as excessive mitochondrial ROS and impaired ATP production could impair synaptic
function and neuronal survival. Thus, appropriate induction of mitophagy allows removal of damaged
mitochondria before they become a major source of oxidative and metabolic stress(Islam, 2017).
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Figure 1: It depicts the PINK1-PARKIN pathway.

But mitophagy must be strictly regulated. Overzealous elimination of mitochondria may compromise cellular
energy production, while insufficient clearance of mitochondria can lead to the accumulation of dysfunctional
mitochondria. Thus, neuronal survival depends on a proper balance between mitochondrial damage, repair,
biogenesis and selective mitochondrial degradation(Novak, 2012).
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3. Mitophagy Dysfunction in Major Neurodegenerative"'Diseas'es

3.1 Alzheimer's disease

AD is induced by the degeneration of neurons and synapses, marked by the atypical accumulation of B-amyloid
(AB) and the buildup of hyperphosphorylated Tau protein (pTau). The primary clinical characteristic is the
deterioration of the cerebral cortex, leading to memory impairment and cognitive deficits(E. Liu et al., 2024).
Electron microscopy has revealed specific changes in the mitochondrial ultrastructure of AD sufferers in
contrast to healthy individuals(Baloyannis, 2006). Recent research indicates that the accumulation of AR is
pivotal in initiating mitochondrial impairment in AD. As a result, treatment approaches aimed at improving
mitochondrial function and maintaining mitochondrial integrity are becoming increasingly popular for
addressing neurological ilinesses, such as AD(Chen and Yan, 2010).

Recent research indicates that the accumulation of A is pivotal in initiating mitochondrial impairment in AD.
As a result, treatment approaches aimed at improving mitochondrial function and maintaining mitochondrial
integrity are becoming increasingly popular for addressing neurological illnesses, such as AD(Wang et al.,
2020). Mitochondrial impairment, as shown, may occur prior to the buildup of AB aggregates. Properly
operating mitochondria can diminish the abnormal processing of “amyloid precursor protein (APP)” and the
accumulation of AP plaques(Ye et al., 2015). Furthermore, the cytosolic Parkin in the brains of AD patients
diminishes as the condition advances, resulting in the atypical buildup of PINK1. The overexpression of Parkin
successfully reinstates mitophagy. Furthermore, it diminishes the buildup of impaired mitochondria. The
reinstatement of mitophagy promotes the suppression and diminishment of AP plaques, eradication of tau
hyperphosphorylation, and avoidance of cognitive impairment(RoRner et al., 2022).

The atypical buildup of tau protein also impairs the process of mitophagy. The N-terminal tau fragment exhibits
a stable affinity for Parkin and cytosolic “ubiquitin C-terminal hydrolase L1 (UCHL-1)", resulting in the aberrant
localization of Parkin and UCHL-1 to mitochondria and subsequent excessive mitochondrial degradation and
synaptic loss, contributing to the onset of AD(Corsetti et al., 2015). Brains of AD patients demonstrate
heightened aggregation of mitochondrial proteins such as COXIV and Tomm?20, which correlates with elevated
Tau levels. Furthermore, a study indicated diminished concentrations of the autophagy indicators ATGS5,
Beclinl, ATG12, ULK1, along with mitophagy markers like Optineurin, BNIP3L, FUNDC1 and BNIP3 in the
cerebral tissues of AD patients(Ganguly et al., 2024). The aggregation of tau may potentially hinder mitophagy
by directly integrating into the mitochondrial membrane, leading to heightened mitochondrial membrane
potential, diminished Parkin recruitment, and escalated neuronal toxicity(Hu et al., 2016).

Significantly, in both AP and tau C. elegans models of Alzheimer's, urolithin A-induced mitophagy was shown to
ameliorate memory deficits via processes reliant on PINK1, “Parkinson's disease-related-1 (PDR-1)”, or DAF-
16/FOXO-regulated germline-tumour affecting-1 (DCT-1)(Fang et al.,, 2019). Currently, it has been
demonstrated that the gradual degeneration of functioning neurons is a significant pathogenic characteristic of
AD. For instance, it has been documented that evident neuronal apoptosis may manifest in the initial phase of
AD. Simultaneously, inadequate ATP synthesis resulting from compromised mitophagy may increase the
vulnerability of neuronal cells to apoptosis-inducing proteins and expedite their demise. In contrast to other
brain cells, neurons exhibit a greater reliance on ATP generated by the oxidative phosphorylation process of
mitochondria. Mitochondrial failure can directly lead to neuronal death, impairing their abilities to receive,
integrate, transmit, and conduct information(Lu et al., 2023).

In summary, dysfunctional mitophagy promotes the elevation of Alzheimer's disease-associated pathological
proteins, including the buildup of AR and Tau protein phosphorylation, heightens neuronal apoptosis, and
disrupts cerebral energy metabolism, thereby hastening the onset and progression of AD (Reddy and Oliver,
2019a). Currently, no medication can evidently postpone or avert AD, as it is a progressive neurological
disorder influenced by numerous causes. Fortunately, current research suggests that mitophagy inducers can
eliminate dysfunctional mitochondria and bolster their capacity to withstand oxidative stress, so enhancing
mitochondrial function and postponing the progression of AD (Ghosh and Kumar, 2024). In the AD mouse
model, the addition of NAD+ precursors (such as nicotinamide) can enhance mitochondrial performance,
diminish AP accumulation and Tau protein phosphorylation, thereby ameliorating cognitive impairments in
mice. Consequently, additional investigation into the correlation between mitophagy dysfunction and AD may
yield novel insights for the targeted modulation of mitophagy and amelioration of neuropathological
alterations in Alzheimer's, thus ensuring informed clinical choices for therapeutic approaches to
neurodegenerative disorders(Liu et al., 2013).

3.2 Parkinson's disease
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PD results from the deterioration of dopaminergic neurons within the substanﬁ'a»nigral The primary symptoms
are heightened muscle tension across the body, sluggish movements, and expressionless facial features,
frequently accompanied by static tremors(Fahn, 2003). The manifestation of PD is associated with alterations in

n o«
’

several critical proteins, including a-“Synuclein (a-syn)”, “leucine-rich repeat kinase 2 (LRRK2)
(DJ-1)", “F-Box protein 7 (Fbxo7)”, and “vacuolar protein sorting 35 (VPS35)”(Zhang et al., 2018).
Investigations revealed that in the PD animal model, mitochondria exhibited enlargement and edema,
indicating a potential mitophagy dysfunction. a-syn has been documented to provoke neuronal demise by
enhancing mitophagy in A53T mutant mice(Wang et al., 2023). In yeast cells, the deleterious effects of a-syn
can be conveyed via mitophagy facilitated by Sir2, the yeast equivalent of mammalian SIRT1(Kumari et al.,
2026). Subsequent research indicated that Fbxo7, a-syn, LRRK2, VPS35 and DJ-1 influence the onset of PD via
mechanisms associated with Parkin-mediated mitophagy(Huang et al., 2025). For instance, the overproduction
of the A53Ta-syn mutant triggers p38 MAPK activation, resulting in the phosphorylation of Parkin at serine
131, ultimately leading to mitochondrial impairment and neuronal demise(Wang et al., 2023).

Furthermore, these proteins facilitate mitophagy via other pathways. The G2019S mutation in LRRK2 may
impede the expulsion of Miro from the outer mitochondrial membrane, therefore postponing mitochondrial
stasis and mitophagy(Bonello et al., 2019). The mutation additionally enhances the phosphorylation of RAB10
at threonine 73 in PD patients, consequently reducing the accumulation of OPTN on depolarised mitochondria
and hindering depolarisation-induced mitophagy(Wauters et al., 2020). LRRK2 kinase inhibitors rectify the
mitophagy defect caused by G2019S without reliance on the PINK1-Parkin pathway. These findings indicate
that PD-associated proteins may influence the progression of PD by modifying mitophagy, which can be
rectified using pharmacological agents, thus paving the way for novel therapeutic strategies for PD(X. Le Wang
etal., 2021).

Research has indicated that alterations in either PINK1 or Parkin can result in the manifestation of genetic
Parkinson's. The lack of PINK1 or Parkin leads to dysfunctional mitophagy, heightened oxidative stress, and the
buildup of substantial toxic materials, resulting in mitochondrial impairment in the mesencephalic SN and
ultimately causing the demise of dopaminergic neurons(Sever and Erbas, 2024). Consequently,
pharmacological strategies targeting the modulation of PINK1/Parkin signalling should prove beneficial in the
management of PD. Significantly, nitrosative stress constitutes a critical pathogenic characteristic in PD.
Collectively, it is evident that mitochondrial impairment resulting from mitophagy abnormalities is a significant
contributor to the development of PD. Consequently, sustaining mitophagy at an optimal level with small-
molecule modulators presents a promising approach for PD treatment; however, this complex therapeutic
strategy needs additional investigation into the correlation between mitophagy and Parkinson's (Zhang et al.,
2016).

3.3 Huntington's disease

Until recently, there was unexpectedly scant data explicitly associating mitophagy with HD. It is a neurological
condition associated with the deterioration of motor coordination. The origin of HD is associated with
mutations in the gene that encodes “Huntington (Htt)”, primarily distinguished by an additional sequence of
“polyglutamine (polyQ)” repeats at the N-terminus of the Htt protein(Gatto et al., 2020). Expanded polyQ
repeats exhibit aberrant interactions with “glyceraldehyde-3-phosphate dehydrogenase” (GAPDH, an enzyme
involved in glycolysis), diminishing the activation of GAPDH-mediated mitophagy(Hwang et al,
2015). Moreover, elongated polyQ repeats disrupt the assembly of ULK1/PtdIns3K and the interaction with
OPTN/NDP52, thereby influencing the initiation of mitophagy and the recruitment of LC3 to
mitochondria(Wang et al., 2023). Impairments in mitophagy lead to the buildup of dysfunctional mitochondria
and heightened cellular death, facilitating the advancement of HD. Consequently, the swift and efficient
removal of impaired mitochondria is crucial(Sawant et al., 2021). Augmenting the PINK1-Parkin-driven
mitophagy mechanism can bolster mitochondrial integrity and provide neuroprotection in Huntington's
disease. Significantly, the hyperactivation of mitophagy facilitates the progression of Huntington's
disease(Khalil et al., 2015). VCP, a class Il ATPase, has the ability to associate with mutant Htt and aggregate in
mitochondria, leading to excessive activation of PINK1-Parkin-mediated mitophagy and, eventually, neuronal
demise(Doblado et al., 2021).

Shirendeb et al. discovered that mHtt engaged with mitochondrial “dynamin-related protein 1 (Drp1)”, which
augmented the GTPase activity of Drpl, leading to excessive mitochondrial fragmentation and irregular
distribution(Shirendeb et al., 2012). Recent studies have indicated that the advancement of HD may initiate
when nonviable or deteriorating mitochondria are not eliminated. Notably, alterations in the quantity and
dimensions of mitochondria were detected in HD, contingent upon grade. Moreover, it was demonstrated that
the mitochondrial architecture of neurons impacted by HD was compromised, diminished in size, and more
spherical, with disrupted cristae. Furthermore, studies involving cellular and animal models of HD indicate that

protein DJ-1
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both nuclear and mitochondrial DNA sustain damage, so reinforcing the link between mitophagy impairment
and the development of HD(Lu et al., 2023). .

3.4 Amyotrophic lateral sclerosis

While the prevalence of ALS is lower than that of AD or PD, it remains a lethal and untreatable condition
marked by the targeted degradation of motor neurons, resulting in escalating muscular weakening and
mortality from respiratory failure. Alterations in many genes play a role in the advancement of ALS(Verma et
al., 2025). Mutant “Superoxide dismutase (SOD1)” inhibits the retrograde transport of mitochondria within
neurons. It additionally consolidates and sequesters OPTN, obstructing the development of mitophagosomes
and subsequently mitophagy flux. The cumulative impacts result in the accumulation of impaired mitochondria
at axon terminals, diminishing neuronal viability(Andersen, 2006). Reports indicate that the Parkin-mediated
mitophagy pathway is stimulated in the ALS mutant SOD1 murine model (Palomo et al., 2018). The
simultaneous deletion of PINK1 and Parkin leads to the accumulation of impaired mitochondria, diminishing
mitochondrial efficacy and resulting in the deterioration of ALS neuromuscular connections(Rogers et al.,
2017). In contrast, Palomo et al. indicated that the deletion of the Parkin gene in the SOD1-G93A animal model
diminishes mitochondrial loss and postpones the advancement of ALS. Nevertheless, as far, no credible
rationale has been provided for these inconsistencies(Palomo et al., 2018).

Genetic alterations in autophagy-regulating genes, including the ubiquitin-binding proteins OPTN and
SQSTM1/p62, as well as the kinase TBK1, have been documented in individuals with ALS(Ramesh and Pandey,
2017). In instances of mitochondrial impairment, OPTN is attracted to ubiquitinated mitochondria subsequent
to Parkin activation, and commences the assembly of autophagosomes, a mechanism supported by the
development of a sheet-like condensate on the injured organelle's surface(Qiu et al., 2022). An ALS-related
mutation in the ubiquitin-binding domain of OPTN was discovered to obstruct the recruitment of OPTN to
impaired mitochondria, impeding mitophagy(Moore and Holzbaur, 2016). Likewise, certain pathogenic variants
of TBK1 seen in ALS patients adversely affect kinase activity or dimerization, hence impairing mitophagy.
SQSTM1, also known as p62, is a structural protein with well-defined functions in autophagy(Beckers and Van
Damme, 2025). p62 is additionally summoned to impaired mitochondria, where it generates condensates that
are separate from those produced by OPTN, yet it colocalizes with NEMO. 2—-3% of ALS instances have a genetic
association with mutations in the p62 gene, which has been observed to colocalize with TDP-43 aggregates in
the brain and spinal cord inclusions of individuals with ALS(Harding et al., 2023). Nonetheless, it has still to be
ascertained if mutations in p62 provoke ALS via impairments in mitophagy or through alternative autophagic
mechanisms like aggrephagy, although new studies indicate that p62 is not essential for this pathway in
neuronal cells. Conversely, p62 is essential for lysophagy, and mutations linked to ALS impede the removal of
impaired lysosomes in cell cultures; nevertheless, additional research is necessary to elucidate a pathogenic
mechanism in motor neurons(Gallagher and Holzbaur, 2023).

Predominantly, the majority of research on mitophagy inside the nervous system emphasizes molecular
etiology and prospective therapeutic options for neurological disorders. Nonetheless, debates persist regarding
the focus of mitophagy, the precise mechanisms of receptor-mediated mitophagy, variations in research and
environmental contexts, the balance of drawbacks versus benefits in illness therapy, and the optimal strategies
to address these issues. The future research challenge lies in developing improved models to comprehend the
impacts of mitophagy, prevalent signaling pathways, and mitochondrial abnormalities on the pathogenic
mechanisms of neurodegenerative disorders(Lu et al., 2023). Additionally, agents that selectively promote or
suppress mitophagy may be employed in the model to examine the alterations in mitophagy and its correlation
with the onset and progression of illnesses. Furthermore, the outcomes of focusing on mitophagy in prolonged
chronic neurological disorders remain ambiguous, and there is a deficiency of comprehensive and stringent
studies on short-term acute neurological conditions. These issues require resolution in next studies(Picca et al.,
2023).

4. Molecular Links Between Mitophagy Dysfunction and Neurodegeneration

4.1 Mitophagy and oxidative stress

Oxidative stress arises when the generation of Reactive oxygen species markedly escalates, surpassing the
antioxidant enzyme capacity of a cell. ROS are generated as a secondary result of metabolic processes within
mitochondria (Singh et al., 2019). AB has been identified as a factor that enhances the generation of ROS by
mitochondria through the formation of coordination complexes with metal ions (Cu and Fe) in the brain (Roy et
al.,, 2023). In AD brains, elevated ROS generation results from a lack of cytochrome c oxidase in the
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mitochondrial electron transport chain. Reactive oxygen species (ROS) encompass both radical and non-radical
forms of oxygen, including superoxide radical anion (02 -), peroxynitrite (ONOO-), nitric oxide (NO), hydrogen
peroxide (H202) and hydroxyl radical (HO) (Misrani et al., 2021). An imbalance in-the generation and
breakdown of ROS can lead to oxidative stress, as these species can oxidise nucleic acids-(DNA and RNA),
proteins, and lipids, ultimately harming neuronal cells (Li et al., 2013).

Numerous investigations have demonstrated that reactive oxygen species contribute to cellular damage in the
context of ageing and several neurodegenerative disorders. With advancing age, elevated levels of ROS have
been correlated with the buildup of impaired mitochondria. Oxidative stress induces alterations in
mitochondrial DNA (Cui et al., 2012). The alterations in mtDNA that arise with ageing and are not passed down
are referred to as somatic mutations. These mtDNA mutations are linked to impaired OXPHOS functionality, as
mtDNAs are known to encode enzymes utilised in the ETC, hence harming mitochondria and ultimately
resulting in diminished ATP synthesis (McKenzie et al., 2004). ROS also harm proteins and lipids related to
bioenergetics, including cardiolipin present in the inner membrane. Consequently, neurones succumb to
apoptosis or necrosis over time due to insufficient energy supply or heightened oxidative stress, ultimately
contributing to the onset and advancement of neuroinflammation and neurodegenerative disorders.
Furthermore, elevated levels of ROS are linked to the induction of senescence in many cells by causing damage
and the reduction of telomere length in nuclear DNA, as well as through ROS-driven cellular signalling
mechanisms (Stojanovic et al., 2025). Oxidative stress and the resulting significant rise in its by-products have
been extensively documented in AD. These oxidised biomolecular by-products exhibit greater stability and are
thus utilised as reactive oxygen species markers in tracking the advancement of Alzheimer's. Neuronal
mitochondria are adversely affected by oxidative stress, resulting in their gradual deterioration. Elevated
oxidative stress is significant as it harms mitochondria, leading to neuronal dysfunction (Facecchia et al., 2011).
Oxidative stress additionally harms mtDNA, thereby impairing the respiratory complexes. The excessive
generation of reactive oxygen species leads to mitochondrial impairment via oxidative stress. This detrimental
loop of reduced ATP synthesis resulting from impaired OXPHQOS, heightened oxidative stress, mitochondrial
impairment, and cellular demise is characteristic of Alzheimer's disease advancement (Butterfield and Halliwell,
2019).

In PD, the aberrant expression of Drpl and Mfn2 may induce a change in the mitochondrial network toward
fragmentation. With the passage of time, these structural modifications impede ATP supply to synapses and
hinder standard mitophagy (Arias-Carrién et al., 2026). Achieving equilibrium between fusion and fission is
crucial for satisfying regional energy requirements and isolating critically impaired organelles for removal.
Dysregulated mitochondrial dynamics consequently establishes a foundation for neuronal stress and hastens
pathogenic processes (Chan, 2020).

When mitochondria incur damage or experience a loss of membrane potential, mitophagy mechanisms—
especially those facilitated by PINK1 and Parkin—are accountable for their targeted elimination. Dysfunction of
these systems leads to the buildup of impaired organelles that emit ROS, proteotoxic fragments, and pro-
apoptotic elements (Ashrafi and Schwarz, 2012). Genes related with Parkinson's disease significantly suggest
impaired mitophagy, as mutations in PINK1 or Parkin diminish the capacity to ubiquitinate and eliminate
damaged mitochondria. Disruptions in this route can increase the loss of dopaminergic neurones, even in
intermittent PD (Malpartida et al., 2021).

Furthermore, intramitochondrial proteases and chaperones sustain proteostasis by either refolding or
destroying improperly folded proteins. In ALS, mutated SOD1 or TDP-43 may cluster within the intermembrane
space, disrupting import channels and proteolytic activity (Chauhan et al., 2025). In Huntington's disease,
mutated huntingtin can disrupt autophagic processes, obstructing the removal of harmful protein fragments.
Consequently, the quality-control framework—comprising mitophagy, proteostasis, and mitochondrial
import—arises as a pivotal arena in neurodegeneration, wherein disease-specific proteins interfere with
standard clearance processes (Yang, 2025).

An expanding collection of research associates persistent neuroinflammation with mitochondrial deterioration
across all principal neurodegenerative disorders. Impaired mitochondria emit alarmins such as mtDNA,
cytochrome c, and cardiolipin, functioning as “damage-associated molecular patterns (DAMPs)” to stimulate
microglia and astrocytes (Lin et al., 2022). Activated glial cells generate pro-inflammatory cytokines (such as IL-
6, TNF-a, IL-1B) and reactive nitrogen species (such as nitric oxide), which further impair mitochondrial
function. As time progresses, a feedforward loop develops; augmented mitochondrial damage results in
elevated DAMP release, amplifying inflammation and worsening neuronal stress (Mdller et al., 2025).

In ALS, the activation of microglia frequently occurs prior to the noticeable loss of motor neurones, indicating
an initial interaction between innate immune responses and the metabolic requirements of susceptible
neurones. The significance of chronic inflammation in Parkinson's, Huntington's and Alzheimer's disease is
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increasingly acknowledged, especially the notion that glial dysfunction exacerbates ‘mitochondrial stress,
propelling the transition from minor impairment to overt neuronal death (Rodriguez and Mahy, 2017).
Excessive calcium in neurones can be fatal, and mitochondria are essential in regulating cytosolic Ca2* during
excitatory occurrences. At certain contact points between the endoplasmic reticulum and mitochondria,
referred to as MAMs, the transport of calcium is meticulously controlled. Nevertheless, in situations like AD or
ALS, alterations in mitochondrial-associated membranes facilitate excessive calcium absorption by
mitochondria. Increased Ca2* concentrations can activate the mPTP, disrupt membrane potential, and initiate
apoptosis or necrosis (Truong et al., 2025).

Parkinson's disease may additionally entail modified coupling between the endoplasmic reticulum and
mitochondria, intensifying calcium dysregulation and oxidative stress in dopaminergic neurones (Gomez-Suaga
et al., 2018). Familial ALS mutations in TDP-43 or fused in sarcoma (FUS) disrupt standard protein management
at MAMs, underscoring the susceptibility of these subcellular junctions in pathological conditions. Excessive or
sustained influx of calcium leads to the release of apoptotic agents such as cytochrome c from mitochondria,
resulting in irreversible neuronal degeneration (Scarian et al., 2022)

4.2 Mitophagy and protein aggregation

Protein misfolding and aggregation are hallmark pathological features of several neurodegenerative diseases
including Alzheimer’s, Parkinson’s, Huntington’s disease and amyotrophic lateral sclerosis (Ciechanover and
Kwon, 2015). Key pathological proteins include amyloid-B (AB) and hyperphosphorylated tau in AD, a-
synuclein in PD, mutant huntingtin in HD, and TDP-43 and mutant SOD1 in ALS(Ciurea et al., 2023). Increasing
evidence suggests that mitochondrial dysfunction and defective mitophagy are tightly associated with the
accumulation and toxicity of these misfolded proteins. Importantly, the relationship between mitophagy and
protein aggregation seems to be reciprocal, as impaired mitochondrial clearance promotes conditions
favourable for protein aggregation and pathological protein aggregates interfere with mitochondrial quality-
control mechanisms. Such interaction may create a positive feedback cycle that contributes to neuronal
dysfunction and degeneration (Basak and Holzbaur, 2025b)(Tanaka, 2020a).

Mitochondria are especially sensitive to the damage caused by misfolded proteins and the associated cellular
stress. Pathological protein accumulation impairs mitochondrial respiration, affects mitochondrial membrane
potential, increases the generation of ROS and interferes with mitochondrial dynamics. These changes can
either activate or impair mitophagy depending on the degree and duration of mitochondrial stress. Under
physiological conditions, mitophagy acts to clear damaged mitochondria, thus limiting the accumulation of
dysfunctional organelles that can generate excessive ROS and other stress signals. However, if mitophagy is
insufficient or defective, damaged mitochondria remain in neurones and can further exacerbate oxidative and
proteostatic stress (Liu et al., 2017).

The ubiquitin—autophagy system provides an important mechanistic link between protein aggregation and
mitophagy. p62/SQSTM1 is an autophagy adaptor that recognises ubiquitinated cargo and is involved in
aggregate clearance and mitochondrial quality control (Katsuragi et al., 2015). p62 can bind to ubiquitinated
proteins and to LC3 to promote the delivery of such proteins to autophagosomes. It may also be involved in
Parkin-dependent mitochondrial ubiquitination and mitophagy. Thus, interference with p62-mediated
autophagy may influence both clearance of protein aggregates and damaged mitochondria (Johansen and
Lamark, 2011).

Alpha-synuclein in Parkinson's disease serves as an important example of the interaction between protein
aggregation and mitochondrial quality control. Misfolded and aggregated a-synuclein is a major component of
Lewy bodies and has been implicated in mitochondrial dysfunction, oxidative stress and altered mitochondrial
dynamics(Pozo Devoto and Falzone, 2017). Experimental evidence suggests that pathological a-synuclein can
interfere with mitochondrial homeostasis and autophagic pathways, while defective mitochondrial quality
control may create an intracellular environment favouring a-synuclein accumulation and toxicity (Feng et al.,
2021)(Shen and Dettmer, 2024). Thus, the relationship between a-synuclein and mitochondrial quality control
is complex and may involve reciprocal effects rather than a simple one-way pathway.

Another mechanism connecting defective mitophagy to protein aggregation is mitochondrial oxidative stress.
Dysfunctional mitochondria can produce excess ROS that can oxidatively modify cellular proteins and increase
their propensity to misfold or aggregate. Mitochondrial dysfunction and oxidative stress have been linked to a-
synuclein aggregation in PD, and a-synuclein accumulation might further disrupt mitochondrial function.
Similar interactions between mitochondrial dysfunction, oxidative stress and pathological protein
accumulation have been described in other neurodegenerative conditions (Tanaka, 2020a)(Feng et al., 2021).
Mitochondrial dysfunction has been implicated in both AB and tau pathology in Alzheimer’s. Mitochondrial
dysfunction and oxidative stress are associated with the accumulation of AB, whereas tau pathology is
associated with mitochondrial transport and bioenergetic failure(Reddy and Oliver, 2019b). Mitochondrial
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dysfunction and oxidative stress may, in contrast, contribute to abnormal protein proées’sing and aggregation.
Mitophagy is only part of this complex network, but the failure to clear damaged mitochondria may
exacerbate the cellular stress induced by AB and tau pathology. Thus, defective mitophagy and pathological
protein aggregation may constitute a self-sustaining pathological feedback loop. This interaction is especially
important in long-lived neurones, where efficient removal of both damaged mitochondria and misfolded
proteins is required to maintain cellular homeostasis. However, the exact role of this relationship differs
between neurodegenerative diseases and is still a subject of intense research (Long et al., 2026).

4.3 Mitophagy and neuroinflammation

There is growing evidence suggesting that mitophagy acts as a safeguard against the triggering of inflammatory
reactions due to the release of mtDNA. Upon the release of mtDNA into the cytoplasm, it may operate as a
“danger-associated molecular pattern (DAMP)” capable of initiating inflammatory pathways. Extracellular
mtDNA can incite inflammation via the cGAS-STING signalling cascade and/or by the stimulation of the NLRP3
inflammasome (Tong et al., 2022)(Marchi et al., 2022). Significantly, the concentrations of cGAS and STING, as
well as the interferon regulatory transcription factor IRF3, are elevated in these tissues(Basit et al., 2020).

In neuroblastoma cells, the absence of PINK1 correlates with elevated mRNA levels for interleukins and
chemokines such as IL-6, IL-1a, IL-1b, IL-8, MMP-3, and IFN-b. Patients with Parkinson's disease possessing
mutations in the PRKN gene exhibit increased concentrations of IL-6, IL-1b, CCL2, and CCL4 in their serum. The
absence of Parkin in Mutator mice, which gather mutations in mitochondrial DNA, results in the buildup of
inflammatory substances such as IL-6, IL-13, IFNb1, IL-12, CCL2, and CCL4 in the bloodstream. Significantly, the
absence of STING can reinstate baseline levels and ameliorate both the motor impairments and the depletion
of dopaminergic neurones observed in Parkin-mutator mice. These investigations suggest that proficient
mitophagy mitigates the neuroinflammatory reactions linked to the release of mitoDNA into the cytosol (Liu et
al., 2022)(Vizziello et al., 2021).

4.4 Mitophagy and neuronal apoptosis

Neuronal apoptosis is a key mechanism involved in the progressive loss of neurones in neurodegenerative
diseases. Mitochondria are central to the regulation of intrinsic apoptosis because mitochondrial damage can
lead to mitochondrial outer membrane permeabilisation, release of pro-apoptotic proteins, initiation of
caspases, and ultimately cell death. Mitophagy acts upstream of these events by selectively eliminating
damaged mitochondria and limiting the accumulation of mitochondria capable of initiating apoptotic
signalling. Thus, balanced mitophagy may in turn be neuroprotective by preserving mitochondrial integrity and
preventing inappropriate activation of mitochondrial apoptotic pathways (Basak and Holzbaur, 2025c)(Tanaka,
2020b).

Mitochondrial damage is frequently associated with the loss of mitochondrial membrane potential, excessive
ROS production, dysregulated calcium, and impaired ATP generation. If the extent of mitochondrial damage
exceeds what the mitochondrial quality-control mechanisms can handle, the mitochondrial outer membrane
can become permeable, releasing apoptogenic factors such as cytochrome c into the cytosol. Cytochrome c
then participates in apoptosome formation and the activation of caspase-9. Activation of executioner caspases
such as caspase-3 then follows, eventually resulting in apoptotic cell death (Bock and Tait, 2020).

Mitophagy can potentially counteract this process by removing damaged mitochondria even before the point
of no return. In this context, the PINK1-Parkin pathway is especially important. After mitochondrial damage,
PINK1 accumulation and Parkin activation promote ubiquitination and subsequent autophagic clearance of
damaged mitochondria. Mitophagy may reduce ROS production and the probability of mitochondrial apoptotic
signalling by decreasing the intracellular pool of damaged mitochondria (Youle and Narendra, 2010).
Therefore, the relationship between mitophagy and apoptosis is closely related to the degree and duration of
mitochondrial damage. Mild mitochondrial damage can trigger mitophagy as a defensive reaction, enabling
the cell to get rid of defective mitochondria and re-establish mitochondrial homeostasis. Conversely, severe or
persistent mitochondrial damage can outstrip mitophagic capacity, leading to accumulation of dysfunctional
mitochondria, oxidative stress, mitochondrial membrane permeabilisation and activation of apoptotic
pathways (Zong et al., 2024a).

Mitochondrial dynamics are also involved in mitophagy-apoptosis crosstalk. Excessive mitochondrial
fragmentation may increase the number of damaged mitochondrial fragments and promote apoptotic
signalling if mitochondrial quality control is not sufficient. In contrast, proper removal of mitochondria
prevents accumulation of dysfunctional mitochondrial fragments. Thus, mitophagy, mitochondrial
fission/fusion and apoptosis should be viewed as interconnected elements of mitochondrial homeostasis
rather than as separate processes (B. H. Liu et al., 2024).

The PINK1-Parkin system exemplifies an important link between mitochondrial quality control and neuronal
survival. PINK1 and Parkin are involved in the removal of damaged mitochondria and disruption of this
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pathway has been linked to increased mitochondrial dysfunction and neuronal '\/'U’Iherabilijcy. However,
experimental evidence also suggests a more complex relationship between PINK1/Parkin-mediated mitophagy
and neuronal survival than a simple linear pathway. It has been shown that spatial and temporal regulation of
mitophagy in neurones is different from commonly used immortalised cell models and studies in appropriate
neuronal systems are essential (Whitworth and Pallanck, 2017)(Grenier et al., 2013).

Mitophagy may also cross-talk with apoptotic signalling through oxidative stress and inflammatory pathways.
Damaged mitochondria release mitochondrial components and ROS that induce cellular stress responses and
defective mitophagy may allow these signals to persist. In neurodegenerative diseases, this may establish a
cellular environment in which mitochondrial dysfunction, inflammation, and neuronal death support each
other. Recent studies in neurones have found links between defective mitochondrial clearance and
inflammatory signalling pathways, thus extending the role of mitophagy beyond simple mitochondrial
degradation (Basak et al., 2026).

Mitophagy and neuronal apoptosis are two closely linked processes that determine neuronal fate following
mitochondrial injury. Effective mitophagy supports mitochondrial quality and neuronal survival. Inadequate
mitochondrial clearance may result in the accumulation of damaged mitochondria and promote apoptotic
signalling. However, mitophagy should not be considered as a paradigmatic antiapoptotic mechanism since
excessive mitochondrial removal may in itself compromise cellular bioenergetics. Therefore, the balance
between mitochondrial damage, mitophagy, mitochondrial biogenesis and apoptotic signalling should be kept
at an appropriate level for neuronal homeostasis (Basak and Holzbaur, 2025c)(Tanaka, 2020b)(Youle and
Narendra, 2010).

5. Therapeutic Modulation of Mitophagy

5.1 Pharmacological modulators

Drugs that act on mitophagy have great potential to improve the treatment of neurodegenerative diseases and
ageing. Various compounds such as urolithin A, NAD+ precursors and rapamycin have been modulated and
improve mitophagy and mitochondrial function.

Mitophagy Mechanism / Experimental | Major findings relevant | Evidence Reference
modulator molecular target model to neurodegeneration type
Urolithin A Gut microbiota- Healthy UA was safe and Human (Andreux et
(UA) derived metabolite; elderly bioavailable in elderly clinical al., 2019)
promotes mitophagy humans; individuals and altered trial
and mitochondrial aged animals plasma acylcarnitines
quality control, and skeletal-muscle
including mitochondrial gene
lysosomal/autophagic expression, indicating
pathways improved
mitochondrial/cellular
health
Urolithin A Stimulates mitophagy AD Improved learning, Animal (Hou et al.,
(UA) and improves transgenic memory and olfactory study 2024)
lysosomal function mouse function; reduced AB
models and tau pathology;
enhanced long-term
potentiation; restored
mitophagy and
lysosomal function
Rapamycin mMTOR inhibition - APP/PS1 Increased Parkin- Animal (H. Wang et
enhanced mice mediated mitophagy study al., 2021)
autophagy/mitophagy; and mitophagosome—
increases Parkin- lysosome fusion;
mediated improved learning,
mitochondrial memory and synaptic
clearance plasticity; reduced
oxidative stress and
apoptosis; improved
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mitochondrial function.
Rapamycin mTOR inhibition - 5xFAD mice Enhanced mitophagy, Animal | (Zhengetal,,
activation of reduced neuronal loss study 2024)
mitophagy/PINK1— and mitochondrial
Parkin pathway dysfunction, and
improved cognitive
function; facilitated
clearance of A and
damaged mitochondria
Nicotinamide NAD* precursor > POLG-mutant | NRimproved defective | Cellular | (Chenetal.,
riboside (NR) increases NAD* iPSC-derived mitophagy and study 2021)
availability; regulates astrocytes mitochondrial
AMPK/SIRT3 and dysfunction; effects
mitochondrial quality- involved PINK1/Parkin
control pathways and
AKT/mTOR/AMPK/ULK1
signaling
Nicotinamide | NAD* augmentation - LPS- Reduced inflammatory | Cellular | (Moon et al.,
riboside (NR) | AMPK-SIRT3 signaling; stimulated responses, restored study 2025)
improves microglia mitochondrial
mitochondrial respiration and
metabolism reduced metabolic
dysfunction through
AMPK-SIRT3 signaling

5.2 Natural compounds

Dietary Polyphenols: Polyphenols are naturally occurring substances found in fruits, vegetables and other
plant-based meals that have been shown to improve mitophagy and protect against mitochondrial dysfunction
(Davinelli et al., 2020). Compounds such as resveratrol, quercetin and curcumin have been shown to increase
mitophagy, reduce oxidative stress and improve cognitive performance in animal studies. Quercetin is a natural
flavonoid with anti-inflammatory and antioxidant activities that markedly lowers microglial inflammation by
induction of mitophagy. It inhibits the growth of microglial cells and suppresses the generation of inflammatory
substances and the activation of the NF-kB pathway and NLRP3 inflammasome. Quercetin inhibits the
activation of the NLRP3 inflammasome by enhancing the clearance of injured mitochondria via mitophagy,
hence decreasing mtROS buildup (Stacchiotti and Corsetti, 2020)(Han et al., 2021).

These dietary polyphenols are being studied in animal models for their potential to counteract the effects of
ageing and neurodegenerative diseases, but their clinical efficacy in humans is unknown (Grabska-Kobytecka et
al., 2023). These dietary polyphenols are being investigated in animal models for their potential to prevent the
effects of ageing and neurodegenerative diseases, but their therapeutic utility in humans remains uncertain.
The key issue is bioavailability, as the absorption and metabolism of polyphenols depend on their chemical
structure and interactions with gut bacteria. There are little in vivo data and the concentrations used in the in
vitro experiments are unlikely to be achieved in humans. There is also a lack of knowledge about synergistic
effects with other plant chemicals. But further studies are needed to investigate the safety of high consumption
of polyphenols. More clinical trials are needed to assess the therapeutic potential of polyphenols in
mitochondrial dysfunction and age-related ilinesses (Crozier et al., 2009)(Husain et al., 2022).

5.3 Gene-based approaches

Mitophagy is a promising strategy to directly modify mitophagy to treat neurodegenerative illnesses and
minimise ageing-related mitochondrial malfunction. Recent breakthroughs in genetic engineering and delivery
methods have paved new paths for tailored therapeutics to improve mitophagy (Yang et al., 2026).

PINK1 and Parkin Gene Therapy: Mutations in the PINK1 and Parkin genes have been associated with faulty
mitophagy and impaired mitochondrial function, especially with neurodegenerative illnesses such as PD. Gene
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therapy techniques delivering functional copies of these genes have shown promise in fes’toring mitophagy and
enhancing mitochondrial health. Mitochondrial abnormalities were corrected, neuroinflammation ameliorated
and motor function improved in PD models following delivery of PINK1 or Parkin genes in animal models
(Pickrell and Youle, 2015c)

5.4 Mitochondria-targeted approaches

Mitochondrial Transplantation: This involves the transfer of healthy mitochondria from donor cells to recipient
cells with malfunctioning mitochondria. Mitochondrial transplantation has been promising in mending tissue
damage in neurological and other illnesses and modulating the regulation of neuroinflammation. Despite
promising studies, the mechanisms driving the absorption of mitochondria into neurons are still unknown
(Zong et al., 2024b). Mitochondrial malfunction is a hallmark of neurodegenerative illnesses including
Parkinson’s, Alzheimer’s and ALS. This leads to cellular energy deficiencies, and therefore mitochondrial
transplantation is a possible therapeutic method to restore cellular function in these conditions (Ore et al.,
2024). Mitochondrial transplantation is successful in a number of criteria including the quality of isolated
mitochondria, the protocol of delivery and the ability of recipient cells to ingest and integrate these
mitochondria. The origin and status of the mitochondria are of paramount relevance since only intact
functional mitochondria can restore bioenergetic balance of the recipient cells. The mode of delivery is also
critical, and should be able to transport the mitochondria to the target cells in an intact state. Finally, recipient
cells must be able to internalise the transplanted mitochondria and integrate them into their endogenous
mitochondrial network to gain therapeutic effect (Chang et al., 2019).

Recent research indicates that exogenous mitochondria can be delivered into animal tissue cells for therapeutic
purposes through local or intravenous injection. Mitochondrial transfer is a normal mechanism in the brain,
whereby damaged mitochondria are transferred from neurones to astrocytes for destruction and recycling.
Astrocytes then supply functioning mitochondria for neuronal uptake. This physiological mechanism provides a
solid rationale for mitotherapy for neurological illnesses associated with mitochondrial malfunction (Henrich
and Scheiblich, 2026). The first investigation to demonstrate the potential for therapy of unmodified
mitochondria in AD was carried out in a mouse model produced by intracerebroventricular injection of AB
peptide (Wadan et al., 2025). Freshly isolated human mitochondria administered intravascularly from Hela
cells effectively restored cognitive function in AD mice to approaching that of non-AD mice. Neuronal damage
and gliosis were greater in the hippocampus of untreated mice compared to treated AD mice. Improved
mitochondrial function was associated with increased activity of important enzymes involved in energy
metabolism, such as CS of the Krebs cycle and “cytochrome c oxidase (COX)”, the fourth complex of the
electron transport chain (Weidling and Swerdlow, 2020)(Wadan et al., 2025).

PD is a promising strategy to enhance mitochondrial function via mitotherapy. Several studies have
demonstrated that infusion or transplantation of freshly isolated mitochondria significantly improves
mitochondrial function (Chang et al.,, 2019). These studies showed that mitochondrial transplantation
enhanced the expression of mitochondrial proteins and precursor metabolites which in turn increased energy
production and cellular respiration. When cells are given transplanted mitochondria, studies show that they
have less ROS and make more ATP. Moreover, MPTP rat model studies have shown upregulation of ETC activity,
restoration of cellular apoptosis and necrosis processes, and reduction of ROS levels following mitochondrial
injection. The findings suggest the therapeutic potential of intravenous or intracerebral injection of
mitochondria (Shi et al., 2017). Mitochondrial donation has been observed in a wide range of human and
animal tissues. This process involves the replacement of dysfunctional mitochondria with healthy ones and is a
promising strategy for the treatment of mitochondrial disorders. Mitochondrial donation has been linked to the
healing of injured cells, better activity of OXPHOS, greater ATP production, and improved mitochondrial
function. Recently, a new notion has been introduced in the transplantation of cellular parts such
mitochondrial organelles to promote healing and functionality of the cell (Gomzikova et al., 2021). Xenogeneic
mitochondrial transplantation has been shown to restore mitochondrial respiration in human mitochondrial
DNA-deficient cells in vitro (Singh et al., 2026).

But there are hurdles to clear before mitochondrial transplantation can be used in the clinic. This includes:
optimisation of yield and purity of mitochondria, protocol development for long-term storage of mitochondria
and prevention of transplant rejection. There is a risk of mitochondrial rejection; foreign mitochondria
detected by the immune system might be a non-self signal that induces an inflammatory response. One
potential way to address this is autologous mitochondrial transplantation where the mitochondria are derived
from the patient (McCully et al., 2016). But for people with congenital mitochondrial abnormalities, other
options might be needed, such as mitochondria from close maternal relatives or gene-editing methods
(D’Amato et al., 2023).
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To summarise, mitochondrial transplantation is a novel therapeutic approach for the treatment of diseases
caused by mitochondrial dysfunction. However, despite the great progress that has been made in
understanding the mechanisms of mitochondrial transfer, further studies are needed to improve the
techniques and address the existing challenges. Further advances in this field could lead to the application of
mitochondrial transplantation as a potential treatment for many mitochondrial diseases and thus to
considerable clinical benefits soon enough.

6. Challenges and Future Perspectives

Although mitophagy is emerging as a possible therapeutic target in neurodegenerative diseases, there are a
number of challenges. First, mitophagy is controlled by several PINK1/Parkin-dependent and Parkin-
independent pathways, whose contribution varies between neuronal types and disease conditions. Thus,
generalised activation of mitophagy might not always be useful, and the proper degree and timing of
mitophagy modulation must be determined (Dhar et al., 2024).

A second major challenge is the lack of reliable methods for measuring mitophagy flux in the central nervous
system. Alone, changes in levels of PINK1, Parkin, LC3 or p62 do not confirm effective mitochondrial
degradation. Therefore, disease-relevant neuronal models, live-cell imaging and validated mitophagy-flux
biomarkers are required to improve the translation of experimental findings to clinical studies (Dhar et al.,
2024)(Dagda and Rice, 2017).

Most mitophagy modulators that are currently being explored, such as urolithin A, rapamycin, and other
autophagy-inducing compounds, have shown benefits primarily in cellular and animal models. For example,
rapamycin induced Parkin-mediated mitophagy and ameliorated cognitive and mitochondrial abnormalities in
APP/PS1 mice and urolithin A has shown safety and modulation of mitochondrial biomarkers in humans.
Nevertheless, evidence for disease-modifying efficacy in patients with neurodegenerative diseases remains
limited (Wang et al., 2021).

Therefore, future studies should aim at the development of selective mitophagy modulators, disease-specific
delivery systems, and clinically relevant biomarkers. Recent advances in PINK1 activators and USP30 inhibitors
are particularly promising, as these approaches target the selective enhancement of mitochondrial quality
control and have begun entering early clinical development. Patient-derived neuronal models and combination
strategies targeting mitophagy together with oxidative stress, neuroinflammation or mitochondrial biogenesis
may further enhance therapeutic efficacy (Antico et al.,2025).

7. Conclusion

Mitophagy is a key mitochondrial quality control process that maintains neuronal energy metabolism and
cellular homeostasis. Its dysregulation results in accumulation of damaged mitochondria, oxidative stress,
neuroinflammation, protein aggregation and neuronal death in major neurodegenerative diseases (Yang et
al.,2023).

The PINK1/Parkin pathway and other alternative receptor-mediated mitophagy pathways are important
molecular targets for therapeutic intervention. Preclinical studies with mitophagy modulators such as urolithin
A, rapamycin and spermidine have shown promising neuroprotective effects, but their clinical efficacy and
long-term safety are yet to be established (Li et al., 2023).

So overall, restoring mitophagy rather than enhancing it may be a better therapeutic strategy.” Future studies
combining selective mitophagy modulation, reliable biomarkers, disease-specific models and targeted drug
delivery may help to facilitate the development of clinically effective therapies for neurodegenerative disease
(Dhar et al., 2024).
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