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Abstract: Autism spectrum disorder (ASD) is a group of neurodevelopmental and biobe-
havioral conditions that arises from complex interactions between environmental factors
and physiological development in genetically predisposed individuals. Among the most
frequently observed metabolic abnormalities in ASD is mitochondrial dysfunction. Mito-
chondria respond to cellular stress by altering their dynamics or initiating mitophagy. In
neurons, the buildup of dysfunctional mitochondria and reactive oxygen species (ROS)
poses a significant risk, as these cells cannot regenerate through division. To safeguard
mitochondrial health, cells rely on an efficient “clean-up mechanism” to remove compro-
mised organelles. Mitophagy, a specific form of autophagy, is responsible for regulating the
turnover of flawed and non-functional mitochondria. Impairments in this process result
in the accumulation of defective mitochondria in neurons, a characteristic of several neu-
rodegenerative disorders associated with behavioral abnormalities. This systematic review
offers an in-depth summary of the present knowledge of mitophagy and underscores its
pivotal role in the pathogenesis of ASD.
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1. Introduction

Autism spectrum disorder (ASD) is one of the most significant childhood mental
health conditions, characterized by its profound clinical impact, long-term outcomes, and
far-reaching effects on both families and society. According to data from the Centers for Dis-
ease Control and Prevention’s Autism and Developmental Disabilities Monitoring Network,
about 1 in 36 children is diagnosed with ASD (https://www.cdc.gov/ncbddd/autism/
data.html accessed on 15 December 2024). The etiology at molecular, cellular, and systemic
levels remains incompletely understood and is further complicated by the heterogeneity
among affected individuals. Accumulating clinical evidence shows that 30% of patients
with ASD have dysregulated mitochondrial function [1]. Oxidative stress is observed in
energy-dependent cells such as neural, immune, and gastrointestinal [2]. Considering that
mitochondria are responsible for energy supply, proliferation, apoptosis, oxidative stress,
signal transduction, Ca®* turnover, and iron and electrolyte homeostasis [3-5], their dys-
function could cause different pathophysiological conditions [6]. The buildup of misfolded
proteins in the mitochondrial matrix has been shown to activate mitochondrial-specific heat
shock proteins, initiating adaptive stress responses to maintain cellular homeostasis [7,8].
Although ASD is a neurobiological condition influenced by a complex interplay of genetic
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and environmental factors that impact brain development, its precise etiologic mechanisms
remain elusive despite ongoing research.

Currently, no singular unifying cause for ASD has been identified. Neuropathological
studies have uncovered significant alterations in the brains of individuals with ASD, in-
cluding differences in cerebellar architecture, limbic system abnormalities, and structural
changes in the cortical regions of the frontal and temporal lobes [9-11]. Genetic susceptibil-
ity also plays a pivotal role in ASD, as siblings of affected individuals face a higher risk
compared to the general population. Furthermore, monozygotic twins exhibit a notably
higher, though not absolute, concordance rate for ASD [12-14]. Advances in genome-wide
association studies and whole-exome sequencing have expanded our knowledge for the
genes associated with ASD [15]. Many of these genes encode proteins crucial for neuronal
synapse function or activity-dependent neuronal processes, including regulatory proteins
such as transcription factors [12,16]. Research has identified potential genetic “networks”
implicated in ASD, with pathways involving neurotransmission and neuroinflammation
emerging as key areas of convergence [17]. While genetic factors clearly contribute to
ASD’s etiology [18], phenotypic variability remains significant, as environmental factors
during prenatal, perinatal, and postnatal periods can modulate genetic risk in some indi-
viduals [19].

Impairments in mitochondrial function have been implicated as a hallmark feature in
approximately 80% of individuals with ASD, underscoring its critical role in the disorder’s
pathogenesis [20-23]. Given that mitochondrial dysfunction is prevalent and neuronal
autophagy is impaired in the brains of ASD patients, defective mitophagy, the selective
autophagic degradation of damaged mitochondria, may play a central role in ASD devel-
opment [24].

Dysfunctional mitochondria can signal the induction of stress responses, including
the production of mitochondrial heat shock proteins, while mitophagy works to eliminate
these damaged organelles to preserve mitochondrial integrity and functionality. This
intricate balance between stress response activation and mitochondrial quality control
is essential for maintaining cellular and neuronal health [6]. Subsequently, defective
mitophagy can result in the buildup of dysfunctional mitochondria, disturbances in calcium
balance, the excessive production of reactive oxygen species (ROS), the loss of essential
metabolites, and impaired ATP synthesis, all of which contribute to cellular death [25,26].
The accumulation of damaged mitochondria and ROS is especially hazardous in neurons
due to their inability to regenerate through cell division. Consequently, neurons in the
central nervous system (CNS) are particularly susceptible to damage [21,27,28] and depend
on an efficient “cleaning mechanism” to eliminate malfunctioning mitochondria. When
mitophagy is compromised, it leads to the accumulation of defective organelles in neurons,
a hallmark of several neurodegenerative disorders such as Alzheimer’s disease (AD) and
Parkinson’s disease (PD) [29]. In the context of ASD, the role of mitophagy remains poorly
understood. The lack of therapeutic interventions underscores the need for further research
into the pathophysiological mechanisms underlying this condition.

Since mitochondrial dysfunction and the accumulation of damaged mitochondria are
common findings in neurodegenerative diseases, enhancing the mitochondrial clearance
by increased mitophagy offers a significant therapeutic potential. Several mitophagy mod-
ulators with neuroprotective effects have been discovered so far. Some of them are used
as ASD therapeutic agents like Coenzyme Q10, N-Acetylcysteine, vitamins E and C [30],
vitamins from the B-group [31-35], the ketogenic diet and the modified Atkins diet [36],
and acetyl-L-carnitine [37]. In addition, Hill et al. (2025) reported that the application
of nutritional supplements, containing vitamins, minerals, and activated cofactors (Spec-
trumNeeds, NeuroNeeds, Old Lyme, CT, USA), in combination with the ubiquinol form of
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Mitochondrial dysfunction
in ASD
1) Reduced activity of
mitochondrial complexes
2) Decreased expression of
mitochondrial proteins
3) Increased production of ROS

CoQ10 (QNeeds, NeuroNeeds), improved social interaction and hyperactivity, as well as
lessening the efforts spent on caregiving by the parents [38].

The aim of the present review is to highlight the essential role of mitophagy in the
pathogenesis of ASD and its connection to neuroinflammation. Heterogeneity among
affected ASD individuals necessitates the search for diagnostic biomarkers for the strati-
fication of patients with ASD and for the selection of specific therapy. The elucidation of
mitophagy dynamics can help in this, and also in establishing the relationship between clin-
ical manifestation and disorders in mitophagy (Figure 1). The answers to these questions
may reveal novel therapeutic approaches.

Potential etiological factors in ASD
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Figure 1. Mitochondrial quality control (MQC). Mitochondrial dysfunction, potential etiological
exo- and endogenous factors, and dysregulated immune function enhance the production of reactive
oxygen species (ROS) and further deteriorate mitochondria. These processes lead to inflammasome
and heat shock protein (HSP) activation and an increase in glycolysis and lactate levels. Production
of proinflammatory cytokines and severe inflammation follow, which enhances the clearance of
damaged mitochondria via mitophagy or via fission/fusion (created with BioRender.com).

2. Methodology
2.1. Search Strategy

We performed a systematic review following a three-step search strategy. Initially,
we conducted a comprehensive literature search across three databases, namely, PubMed,
Google Scholar, and Scopus, in January 2025. Our search terms included “mitophagy”,
“mitophagy pathways”, and “ASD”, allowing us to identify all studies related to mitophagy
pathways and their association with ASD. This approach ensured that no relevant publi-
cations were overlooked. To focus on the most recent research, we applied a publication
date filter to include articles published between 1 January 2019 and 1 January 2025. Using
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these keywords, our search retrieved 787 articles on mitophagy pathways and 8 articles
specifically addressing the link between mitophagy and ASD across the three databases.

2.2. Eligibility and Study Selection

The titles and abstracts of all retrieved records underwent a thorough evaluation to
determine their suitability for inclusion. Studies with titles or abstracts deemed irrelevant
to the research focus, along with review articles, were excluded. Subsequently, the full-text
articles were meticulously examined to ensure they met the established inclusion and
exclusion criteria. The following inclusion criteria were applied: (1) original research
articles providing insights into the mechanisms and pathways of mitophagy; (2) original
studies exploring the relationship between mitophagy and ASD; (3) studies exclusively
focused on ASD; and (4) articles written in English. While this language restriction ensured
uniformity, it may have resulted in the omission of relevant studies published in other
languages. Exclusion criteria included (1) studies investigating mitophagy in diseases
outside the scope of neurodegenerative and neurodevelopmental disorders, and (2) articles
published outside the specified time frame of 2019 to 2025 (Figure 2).

Identification of new studies via datab and regi
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Figure 2. A PRISMA flow diagram illustrating the steps involved in the identification, screening, and
selection of studies for inclusion [39].

3. The Fine Balance Between Neuronal Health and Mitophagy in ASD

Recent studies have highlighted the crucial role of mitochondrial quality control
(MQC) in maintaining normal cell function and mitochondrial homeostasis [40]. It involves
multilevel regulatory mechanisms that interact with each other and can be conditionally
divided into two levels: molecular and organelle [41]. The response of these mechanisms
differs based on the type and severity of stress to which the organelles are subjected [40].
Stressors can be either endogenous, including misfolded proteins, mitochondrial DNA
mutations, and metabolic or oxidative stress, or exogenous, such as mechanical stress,
infections, and hypoxia (Figure 1). Mitochondria respond to these stressors by dynamic
changes or by the mitophagy-induced removal of damaged mitochondria [42-44]. Dis-
ruptions in MQC have been identified in various neurodegenerative disorders, including
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PD, AD, and Huntington’s disease (HD) [45-48], as well as in cardiomyopathies [48], eye
diseases [49,50], and cancer [51,52].

Despite the advances at genomic, transcriptomic, and proteomic levels, it is still dif-
ficult to clearly define the pathogenesis of ASD. In recent years, increasing evidence has
reported its association with mitochondrial dysfunction. It is not completely understood
whether it is a mediator or moderator of disease etiology [53]. In addition, the genetic
basis is still unclear, but, surprisingly, risk genes for ASD patients are associated with
the mitochondrial function [54]. Interestingly, postmortem studies of children with ASD
have revealed elevated levels of proteins linked to mitochondrial fission (such as FIS1
and DRP1), alongside a reduction in those involved in mitochondrial fusion (including
MEN1, MFEN2, and OPA1) [53]. The fusion of mitochondria results in the formation of
single, elongated organelles, which may represent an adaptive response to increased energy
demands and a sustained inflammatory oxidative environment [53]. According to Liczn-
erski et al. (2020), mitochondria switch from immature glycolytic metabolism to mature
oxidative metabolism in various cell types and brain regions in mouse neurons, leading to
abnormal development [55]. Additionally, Twig (2008) observed that at the cellular level,
mitochondria become fragmented and cluster around the nucleus, depriving synapses of
the energy necessary to carry out their functions [56]. This accumulation of mitochondria is
linked to impaired mitophagy, which prevents the removal of damaged mitochondria [56].
Structural and functional alterations in these organelles have been documented in both fi-
broblasts from ASD patients and in the peripheral and central nervous systems. Numerous
studies have highlighted disrupted bioenergetic metabolism, with elevated levels of lactate,
pyruvate, and serotonin. Changes have also been observed in respiratory complexes I, II,
IIL IV, and V, as well as in coenzyme Q10 levels, reduced superoxide dismutase activity, and
increased oxidative damage [57,58]. Overall, mitochondrial dysfunction appears to play a
significant role in the pathogenesis of ASD, primarily by disrupting the energy production
essential for normal physiological processes. This dysfunction is driven either by impaired
mitophagy or by excessive mitochondrial division and the accumulation of dysfunctional
mitochondria (Figure 3).
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Figure 3. Working model integrating the mechanisms discussed within this review (created with
BioRender.com).
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4. Mitophagy Alterations in ASD

Over the past decade, the interest in the mechanisms regulating mitophagy has been
significantly increasing. In addition to that, several mitophagy pathways have been discov-
ered and described.

Among these, the PINK1-PARKIN pathway is the most extensively studied mech-
anism responsible for regulating the removal of damaged mitochondria under stressful
conditions [59-61]. PINK1, a mitochondrial serine/threonine-protein kinase, plays a pro-
tective role by safeguarding cells against mitochondrial stress-induced dysfunction [62].
PARKIN, typically found in an inactive state within the cytosol [63,64], interacts with
PINKT1, which is constantly imported and degraded inside healthy mitochondria [65,66].
However, when mitochondria are damaged or depolarized, PINK1 fails to be imported
into the matrix [67]. Instead, it accumulates and dimerizes on the mitochondrial surface,
triggering mitophagy [68-70].

In addition to PARKIN, other E3 ubiquitin ligases also facilitate the removal of dys-
functional mitochondria [71]. Among these, mitochondrial ubiquitin ligase 1 (MULL1) plays
a pivotal role in what is termed the PARKIN-independent ubiquitin-mediated mitophagy
pathway. MUL1 interacts with four specific E2 conjugating enzymes to link damaged
mitochondria to autophagosomes, initiating their degradation [72,73].

Another notable pathway is receptor-mediated mitophagy, which relies on receptors
typically located on the outer mitochondrial membrane. These receptors directly interact
with LC3 proteins, enabling the damaged mitochondria to be targeted by autophagosomes
without requiring mitochondrial ubiquitination [74].

A fourth pathway involves lipid-mediated mitophagy. Lipids, particularly the phos-
pholipid cardiolipin, can act as signals for the recruitment of damaged mitochondria
to the autophagy machinery [75]. Cardiolipin, typically found in the inner mitochon-
drial membrane, migrates to the outer membrane following mitochondrial injury. This
pathway operates independently of PINK1 and PARKIN. Notably, mutations in LC3 at
cardiolipin-binding sites or the downregulation of cardiolipin itself significantly impair
mitophagosome formation [75].

Dysfunctional mitophagy results in the buildup of damaged mitochondria, which can
severely compromise neuronal function and overall brain health [76]. Increasing evidence
suggests that dysfunctional mitochondria, oxidative stress, and neuroinflammation are
central factors in the development of ASD [77]. Defective mitophagy is likely to play a
crucial role in the disease pathogenesis, as recent studies have demonstrated that mutations
in genes such as wdfy3, ambral, and park2 result in autism-like symptoms and mitophagy
dysfunction [23,78,79] (Figure 3).

4.1. Park2-Mediated Mitophagy in ASD

The park2 gene, located on chromosome 6, encodes the PARKIN protein, an E3 ubiqui-
tin ligase responsible for tagging cellular proteins with ubiquitin to target them for degrada-
tion via the proteasome [80]. It is essential for keeping the mitochondrial health [81]. Park2
is recognized as a critical gene associated with ASD. The ubiquitin-proteasome system
is essential for maintaining synaptic function by facilitating dynamic modifications in
postsynaptic density, dendritic spine structure, and synaptic terminals across both pre- and
postsynaptic regions. A loss of park2 activity can disrupt this system, leading to aberrant
mitochondrial biogenesis, a process linked to ASD pathophysiology [82].

Emerging evidence highlights the significance of park2 copy number variations in
ASD pathogenesis. For instance, whole-genome studies on the park2 gene in Chinese and
European children with ASD have revealed a higher burden of copy number variations in
ASD patients compared to healthy controls [83]. Moreover, studies on park2-deficient mice
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exhibit pronounced autism-like behaviors [79]. These findings strongly suggest that park2
is a gene implicated in ASD pathogenesis, likely due to its association with mitophagy.

4.2. WDFY3-Mediated Mitophagy in ASD

The Wdfy gene family encodes four neuronally expressed intracellular proteins in-
volved in vesicular transport. Among these, human WD repeat and FYVE domain-
containing 3 (WDFY3) is a member of the BEACH (Beige and CHS proteins) family, charac-
terized by several domains among which the FYVE domain facilitates WDFY3's integration
into vesicular membranes [84]. As an adaptor protein essential for autophagy, WDFY3
promotes the fusion of autophagic vacuoles with lysosomes. This autophagy-regulating
gene plays a critical role in neurodevelopment, synaptic plasticity, and overall brain func-
tion. Research has identified wdfy3 as a risk gene for developmental delays and intellectual
disabilities [85]. Another key player, WDR40-47, is a protein associated with microtubules
with a significant role in regulating autophagy and contributing to brain development.
Mutations in approximately 10% of the genes encoding such proteins are linked to brain
disorders, including neurodevelopmental delay and intellectual disability [86]. These
findings underscore the pivotal role of WDFY3 in neurodevelopment and brain function.
Furthermore, it acts as a selective autophagy adaptor that regulates mitophagy [87]. Its
structural features facilitate the delivery of specific intracellular cargoes, directing impaired
mitochondria to lysosomes, where they undergo degradation and removal through mi-
tophagy. Given that maintaining mitochondrial balance is crucial for neuron differentiation,
brain development, and overall brain function, mitophagy mediated by WDFY3 is likely to
have an important role in the development of ASD [24].

4.3. AMBRA1-Mediated Mitophagy and Its Role in ASD

The activating molecule in BECLIN-1-regulated autophagy (AMBRAL1) is a mitophagy
receptor containing a LIR domain that facilitates direct interaction with LC3. This domain
is critical in regulating both PARKIN-independent and PARKIN-dependent mitophagy
pathways [88]. AMBRA1 has emerged as a key mitophagy receptor and a powerful initiator
of mitophagy in mammalian cells, particularly within neurons. In the process of mitophagy,
it attaches dysfunctional mitochondria to autophagosomes through its co-localization with
LC3 [88]. AMBRAI1 deficiency severely disrupts neuronal mitophagy [89]. Conversely, the
overexpression of AMBRA1 has been shown to restore mitophagy in embryonic fibroblasts
derived from PINK1 knockout mice and in fibroblasts from individuals with PD harboring
mutations in PINK1 or PARKIN [90]. Beyond its role in mitophagy and apoptosis, AMBRA1
is closely linked to embryonic development, neurodevelopment, and ASD [91,92]. Research
on AMBRA1 heterozygous mice reveals that they display behaviors similar to autism,
including repetitive actions, cognitive inflexibility, and impaired social interactions [92].
Given AMBRAL1’s crucial role in mitophagy, it is anticipated that neurons in these het-
erozygous mice would exhibit severely impaired mitophagy. Recent phenotype-based
genetic association studies also suggest a strong link between AMBRAT1 single-nucleotide
polymorphisms (SNPs) and autistic traits in humans [93].

5. Mitochondrial microRNAs and Mitophagy

Mitochondrial microRNAs (mitomiRs) are named so due to their regulatory activity
within mitochondria. These miRNAs must traverse the tightly controlled double-membrane
structure of mitochondria to influence mitochondrial gene expression. Several hypotheses
have been proposed regarding the mechanisms by which miRNAs gain entry into mito-
chondria. One of them states that AGO2 and miRNAs enter the mitochondria via sorting
and assembly machinery component 50 and translocase of outer mitochondrial membrane
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20 pores, followed by translocation through the inner membrane [94]. Other proteins,
such as the trinucleotide repeat containing 6A and the polynucleotide phosphorylase en-
zyme (PNPase) are believed to facilitate miRNA import into mitochondria. PNPase, an
enzyme with both 3’ to 5’ exoribonuclease and poly-A polymerase activity, resides within
the mitochondrial intermembrane space and plays a critical role in regulating miRNA
entry into the organelle [95]. Once inside the mitochondrial matrix, these miRNAs bind to
the 3’ untranslated regions (3'UTRs) of targeted mitochondrial mRNAs, modulating gene
expression. This regulation typically manifests as a downregulation of gene activity. Such
effects can occur through mechanisms like mRNA degradation, reduced ribosomal binding,
increased cap removal, deadenylation, and altered cap—protein interactions. The degrada-
tion of mRNA through these processes prevents it from being utilized by the translational
machinery [96]. While all mitomiRs identified so far originate from nuclear DNA, there is
evidence that mitochondrial DNA (mtDNA) itself can also produce miRNAs. Despite the
absence of DICER and DROSHA enzymes within mitochondria, miRNAs derived from
mtDNA transcripts could potentially act within mitochondria or influence other cellular

compartments [94,96] (Figure 3).

A panel of ASD-related miRNAs associated with the regulation of mitophagy are

presented in Table 1.

Table 1. List of mitophagy-related miRNAs in ASD.

miRNA

Function

Ref.

miR-27a and miR-27b

They modulate PINK1 expression at the translational stage, leading to a reduced
efficiency of mitophagy. Specifically, miR-27a and miR-27b expression impairs processes
such as ubiquitin phosphorylation, PARKIN recruitment, and the accumulation of
LC3-1I in damaged mitochondria.

[97]

miR-132

The dysregulation of miR-132 is linked to the pathophysiology of Fragile X Syndrome
(FXS) and is a potential biomarker for the disease. In Parkinson’s patients, miR-132
causes neurotoxicity and neurodegeneration, respectively, by altering mitochondrial
functions and mitophagy.

[98,99]

miR-137

This hypoxia-responsive miRNA plays a role in suppressing mitochondrial degradation
through autophagy. It achieves this by directly reducing the expression of two key
mitophagy receptors involved in hypoxia-driven mitophagy: FUNDC1 and NIX.
Furthermore, a rare chromosomal microdeletion at 1p21.3, encompassing miR-137, has
been identified in cases of ASD. Notably, the targets of miR-137 include several ASD risk
genes, such as those encoding SHANK proteins (SHANK1, SHANK?2, and SHANK3),
which are crucial for synaptic function as well as dendritic and spine development in
glutamatergic neurons.

[99-101]

miR-181a

It functions as a suppressor of mitophagy by targeting PARKIN expression, thereby
hindering the interaction between mitochondria and autophagosomes. Conversely,
studies show that silencing miR-181 is enough to enhance mitophagy in
neuroblastoma cells.

[102]

miR-195-5p

It is a brain-specific ASD-associated miRNA that participates in neurodevelopment,
multiple brain-related functions, and autophagy-deficiency. miR-195-5p high expression
is demonstrated in rats where bdnf functions as a target gene.

[103]

miR-218

This miRNA targets PARKIN and has been shown to slow mitochondrial clearance in
human embryonic kidney cells. It achieves this by decreasing PARKIN levels in
mitochondria, reducing the ubiquitination of proteins on the outer mitochondrial
membrane, and impairing the co-localization of mitochondria with LC3-II.

[104]

6. Conclusions

Considering that mitochondria are responsible for energy supply, cell growth, pro-

liferation, apoptosis, and oxidative stress, their dysfunction could cause ATP deficiency

and accumulation of ROS. The presence of damaged mitochondria and ROS in neurons is
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particularly dangerous because of the inability of these cells to reproduce by division. It is
assumed that mitochondrial dysfunction in ASD may play a significant part in its patho-
genesis, especially by disrupting the proper production of energy needed for physiological
processes. This may occur through impaired mitophagy or by excessive fragmentation and
the buildup of defective mitochondria.

The changes observed in patients with autism primarily affect cells with high energy
demands, such as nerve, immune, and intestinal cells, providing direct evidence of a
link to mitochondrial function. An obvious gap is the fact that it is not clear yet whether
mitochondrial dysfunction is a cause or a consequence of ASD. Additionally, therapies
involving supplements that enhance mitochondrial function are gaining popularity. They
have been shown to positively impact ASD-related symptoms like social interaction and
hyperactivity, and, importantly, they also reduce caregiving burden on parents. The
intersection of mitophagy and ASD could serve as a basis for future research on promising
potential therapeutic options.

Author Contributions: Conceptualization, V.S.,, M.K. and N.M.; Investigation, M.G. and EK;
Writing—Original Draft Preparation, M.G. and E.K.; Writing—Review and Editing, V.S., M.K. and
N.M.; Visualization, N.M., M.G. and E.K.; Supervision, V.S. and M.K.; Project Administration, V.S.
and M.K.; Funding Acquisition, V.S. and M.K. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was financially supported by European Union-NextGenerationEU, through the
National Recovery and Resilience Plan of the Republic of Bulgaria, project Ne BG-RRP-2.004-0007-C03
and Medical University-Plovdiv, project No DPDP 02/2023.

Data Availability Statement: No new data were created.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Rossignol, D.A.; Frye, R.E. Mitochondrial dysfunction in autism spectrum disorders: A systematic review and meta-analysis. Mol.
Psychiatry 2012, 17, 290-314. [CrossRef] [PubMed]

2. Gevezova, M.; Minchev, D.; Pacheva, I.; Todorova, T.; Yordanova, R.; Timova, E.; Ivanov, 1.; Sarafian, V. Association of NGF and
Mitochondrial Respiration with Autism Spectrum Disorder. Int. J. Mol. Sci. 2022, 23, 11917. [CrossRef]

3. Tian, Y.; Garcia, G.; Bian, Q.; Steffen, K.K.; Joe, L.; Wolff, S.; Meyer, B.J.; Dillin, A. Mitochondrial Stress Induces Chromatin
Reorganization to Promote Longevity and UPR(mt). Cell 2016, 165, 1197-1208. [CrossRef]

4.  Biswas, G.; Adebanjo, O.A.; Freedman, B.D.; Anandatheerthavarada, H.K.; Vijayasarathy, C.; Zaidi, M.; Kotlikoff, M.; Avadhani,
N.G. Retrograde Ca?" signaling in C2C12 skeletal myocytes in response to mitochondrial genetic and metabolic stress: A novel
mode of inter-organelle crosstalk. EMBO J. 1999, 18, 522-533. [CrossRef] [PubMed]

5. Harada, H.; Becknell, B.; Wilm, M.; Mann, M.; Huang, L.J.; Taylor, S.S.; Scott, ].D.; Korsmeyer, S.J. Phosphorylation and inactivation
of BAD by mitochondria-anchored protein kinase A. Mol. Cell 1999, 3, 413-422. [CrossRef] [PubMed]

6.  Chandel, N.S. Mitochondria as signaling organelles. BMC Biol. 2014, 12, 34. [CrossRef] [PubMed]

7.  Hoogenraad, N.J.; Ward, L.A.; Ryan, M.T. Import and assembly of proteins into mitochondria of mammalian cells. Biochim.
Biophys. Acta 2002, 1592, 97-105. [CrossRef]

8. Randow, F; Youle, R]. Self and nonself: How autophagy targets mitochondria and bacteria. Cell Host. Microbe 2014, 15, 403—411.
[CrossRef]

9.  Johnson, C.P; Myers, S.M.; Council on Children With Disabilities. Identification and evaluation of children with autism spectrum
disorders. Pediatrics 2007, 120, 1183-1215. [CrossRef]

10. Skefos, J.; Cummings, C.; Enzer, K.; Holiday, ].; Weed, K.; Levy, E.; Yuce, T.; Kemper, T.; Bauman, M. Regional alterations in
purkinje cell density in patients with autism. PLoS ONE 2014, 9, e81255. [CrossRef]

11.  Stoodley, C.J.; D'Mello, A.M.; Ellegood, J.; Jakkamsetti, V.; Liu, P.; Nebel, M.B.; Gibson, ].M.; Kelly, E.; Meng, E.; Cano, C.A.; et al.

Altered cerebellar connectivity in autism and cerebellar-mediated rescue of autism-related behaviors in mice. Nat. Neurosci. 2017,
20, 1744-1751. [CrossRef]


https://doi.org/10.1038/mp.2010.136
https://www.ncbi.nlm.nih.gov/pubmed/21263444
https://doi.org/10.3390/ijms231911917
https://doi.org/10.1016/j.cell.2016.04.011
https://doi.org/10.1093/emboj/18.3.522
https://www.ncbi.nlm.nih.gov/pubmed/9927412
https://doi.org/10.1016/S1097-2765(00)80469-4
https://www.ncbi.nlm.nih.gov/pubmed/10230394
https://doi.org/10.1186/1741-7007-12-34
https://www.ncbi.nlm.nih.gov/pubmed/24884669
https://doi.org/10.1016/S0167-4889(02)00268-9
https://doi.org/10.1016/j.chom.2014.03.012
https://doi.org/10.1542/peds.2007-2361
https://doi.org/10.1371/journal.pone.0081255
https://doi.org/10.1038/s41593-017-0004-1

Int. J. Mol. Sci. 2025, 26, 2217 10 of 13

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Kim, H.; Keifer, C.; Rodriguez-Seijas, C.; Eaton, N.; Lerner, M.; Gadow, K. Quantifying the Optimal Structure of the Autism
Phenotype: A Comprehensive Comparison of Dimensional, Categorical, and Hybrid Models. . Am. Acad. Child Adolesc. Psychiatry
2019, 58, 876-886.€2. [CrossRef] [PubMed]

Sandin, S.; Lichtenstein, P.; Kuja-Halkola, R.; Larsson, H.; Hultman, C.M.; Reichenberg, A. The familial risk of autism. JAMA 2014,
311, 1770-1777. [CrossRef]

Risch, N.; Hoffmann, T.J.; Anderson, M.; Croen, L.A.; Grether, ] K.; Windham, G.C. Familial recurrence of autism spectrum
disorder: Evaluating genetic and environmental contributions. Am. J. Psychiatry 2014, 171, 1206-1213. [CrossRef] [PubMed]
Walsh, C.A.; Morrow, E.M.; Rubenstein, J.L. Autism and brain development. Cell 2008, 135, 396—400. [CrossRef] [PubMed]
Zoghbi, H.Y. Postnatal neurodevelopmental disorders: Meeting at the synapse? Science 2003, 302, 826-830. [CrossRef]
Voineagu, I.; Wang, X.; Johnston, P.; Lowe, ].K,; Tian, Y.; Horvath, S.; Mill, J.; Cantor, R.M.; Blencowe, B.J.; Geschwind, D.H.
Transcriptomic analysis of autistic brain reveals convergent molecular pathology. Nature 2011, 474, 380-384. [CrossRef]
Veenstra-Vanderweele, J.; Christian, S.L.; Cook, E.H., Jr. Autism as a paradigmatic complex genetic disorder. Annu. Rev. Genomics
Hum. Genet 2004, 5, 379-405. [CrossRef]

Wang, C.; Geng, H.; Liu, W.; Zhang, G. Prenatal, perinatal, and postnatal factors associated with autism: A meta-analysis. Medicine
2017, 96, €6696. [CrossRef]

Friedman, S.D.; Shaw, D.W.; Artru, A.A_; Richards, T.L.; Gardner, J.; Dawson, G.; Posse, S.; Dager, S.R. Regional brain chemical
alterations in young children with autism spectrum disorder. Neurology 2003, 60, 100-107. [CrossRef]

Griffiths, K.K.; Levy, R.J. Evidence of Mitochondrial Dysfunction in Autism: Biochemical Links, Genetic-Based Associations, and
Non-Energy-Related Mechanisms. Oxid. Med. Cell Longev. 2017, 2017, 4314025. [CrossRef] [PubMed]

Haas, R.H. Autism and mitochondrial disease. Dev. Disabil. Res. Rev. 2010, 16, 144-153. [CrossRef] [PubMed]

Napoli, E.; Song, G.; Panoutsopoulos, A.; Riyadh, M.A.; Kaushik, G.; Halmai, J.; Levenson, R.; Zarbalis, K.S.; Giulivi, C. Beyond
autophagy: A novel role for autism-linked Wdfy3 in brain mitophagy. Sci. Rep. 2018, 8, 11348. [CrossRef]

Wang, YM.; Qiu, M.Y.; Liu, Q.; Tang, H.; Gu, H.F. Critical role of dysfunctional mitochondria and defective mitophagy in autism
spectrum disorders. Brain Res. Bull 2021, 168, 138-145. [CrossRef] [PubMed]

Breitenbach, M.; Rinnerthaler, M.; Hartl, J.; Stincone, A.; Vowinckel, ].; Breitenbach-Koller, H.; Ralser, M. Mitochondria in ageing:
There is metabolism beyond the ROS. FEMS Yeast Res. 2014, 14, 198-212. [CrossRef]

Gomes, L.C.; Scorrano, L. Mitochondrial morphology in mitophagy and macroautophagy. Biochim. Biophys. Acta 2013, 1833,
205-212. [CrossRef]

Cornford, M.E.; Philippart, M.; Jacobs, B.; Scheibel, A.B.; Vinters, H.V. Neuropathology of Rett syndrome: Case report with
neuronal and mitochondrial abnormalities in the brain. J. Child Neurol. 1994, 9, 424-431. [CrossRef]

Valenti, D.; de Bari, L.; De Filippis, B.; Henrion-Caude, A.; Vacca, R.A. Mitochondrial dysfunction as a central actor in intellectual
disability-related diseases: An overview of Down syndrome, autism, Fragile X and Rett syndrome. Neurosci. Biobehav. Rev. 2014,
46 Pt 2,202-217. [CrossRef]

Swerdlow, R.H. Mitochondria and Mitochondrial Cascades in Alzheimer’s Disease. ]. Alzheimers. Dis. 2018, 62, 1403-1416.
[CrossRef]

Frye, R.E.; Rossignol, D.A. Treatments for biomedical abnormalities associated with autism spectrum disorder. Front. Pediatr.
2014, 2, 66. [CrossRef]

Ivannikov, M.V.; Macleod, G.T. Mitochondrial free Ca(2)(+) levels and their effects on energy metabolism in Drosophila motor
nerve terminals. Biophys. |. 2013, 104, 2353-2361. [CrossRef] [PubMed]

Levinger, L.; Giege, R.; Florentz, C. Pathology-related substitutions in human mitochondrial tRNA(Ile) reduce precursor 3" end
processing efficiency in vitro. Nucleic Acids Res. 2003, 31, 1904-1912. [CrossRef]

Evangeliou, A.; Vlachonikolis, I.; Mihailidou, H.; Spilioti, M.; Skarpalezou, A.; Makaronas, N.; Prokopiou, A.; Christodoulou, P;
Liapi-Adamidou, G.; Helidonis, E.; et al. Application of a ketogenic diet in children with autistic behavior: Pilot study. J. Child
Neurol. 2003, 18, 113-118. [CrossRef] [PubMed]

Pennesi, C.M.; Klein, L.C. Effectiveness of the gluten-free, casein-free diet for children diagnosed with autism spectrum disorder:
Based on parental report. Nutr. Neurosci. 2012, 15, 85-91. [CrossRef] [PubMed]

Casanova, E.L.; Baeza-Velasco, C.; Buchanan, C.B.; Casanova, M.F. The Relationship between Autism and Ehlers-Danlos
Syndromes/Hypermobility Spectrum Disorders. J. Pers. Med. 2020, 10, 260. [CrossRef]

Monzio Compagnoni, G.; Di Fonzo, A.; Corti, S.; Comi, G.P.; Bresolin, N.; Masliah, E. The Role of Mitochondria in Neurodegener-
ative Diseases: The Lesson from Alzheimer’s Disease and Parkinson’s Disease. Mol. Neurobiol. 2020, 57, 2959-2980. [CrossRef]
[PubMed]

Currais, A.; Farrokhi, C.; Dargusch, R.; Goujon-Svrzic, M.; Maher, P. Dietary glycemic index modulates the behavioral and
biochemical abnormalities associated with autism spectrum disorder. Mol. Psychiatry 2016, 21, 426—436. [CrossRef]

Hill, Z.; McCarty, PJ.; Boles, R.G.; Frye, R.E. A Mitochondrial Supplement Improves Function and Mitochondrial Activity in
Autism: A double-blind placebo-controlled cross-over trial. medRxiv 2025. [CrossRef]


https://doi.org/10.1016/j.jaac.2018.09.431
https://www.ncbi.nlm.nih.gov/pubmed/30768420
https://doi.org/10.1001/jama.2014.4144
https://doi.org/10.1176/appi.ajp.2014.13101359
https://www.ncbi.nlm.nih.gov/pubmed/24969362
https://doi.org/10.1016/j.cell.2008.10.015
https://www.ncbi.nlm.nih.gov/pubmed/18984148
https://doi.org/10.1126/science.1089071
https://doi.org/10.1038/nature10110
https://doi.org/10.1146/annurev.genom.5.061903.180050
https://doi.org/10.1097/MD.0000000000006696
https://doi.org/10.1212/WNL.60.1.100
https://doi.org/10.1155/2017/4314025
https://www.ncbi.nlm.nih.gov/pubmed/28630658
https://doi.org/10.1002/ddrr.112
https://www.ncbi.nlm.nih.gov/pubmed/20818729
https://doi.org/10.1038/s41598-018-29421-7
https://doi.org/10.1016/j.brainresbull.2020.12.022
https://www.ncbi.nlm.nih.gov/pubmed/33400955
https://doi.org/10.1111/1567-1364.12134
https://doi.org/10.1016/j.bbamcr.2012.02.012
https://doi.org/10.1177/088307389400900419
https://doi.org/10.1016/j.neubiorev.2014.01.012
https://doi.org/10.3233/JAD-170585
https://doi.org/10.3389/fped.2014.00066
https://doi.org/10.1016/j.bpj.2013.03.064
https://www.ncbi.nlm.nih.gov/pubmed/23746507
https://doi.org/10.1093/nar/gkg282
https://doi.org/10.1177/08830738030180020501
https://www.ncbi.nlm.nih.gov/pubmed/12693778
https://doi.org/10.1179/1476830512Y.0000000003
https://www.ncbi.nlm.nih.gov/pubmed/22564339
https://doi.org/10.3390/jpm10040260
https://doi.org/10.1007/s12035-020-01926-1
https://www.ncbi.nlm.nih.gov/pubmed/32445085
https://doi.org/10.1038/mp.2015.64
https://doi.org/10.1101/2025.01.13.25320480

Int. J. Mol. Sci. 2025, 26, 2217 11 0f 13

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Haddaway, N.R.; Page, M.].; Pritchard, C.C.; McGuinness, L.A. PRISMA2020: An R package and Shiny app for producing
PRISMA 2020-compliant flow diagrams, with interactivity for optimised digital transparency and Open Synthesis. Campbell. Syst.
Rev. 2022, 18, €1230. [CrossRef]

Roca-Portoles, A.; Tait, S.W.G. Mitochondrial quality control: From molecule to organelle. Cell Mol. Life Sci. 2021, 78, 3853-3866.
[CrossRef]

Chang, X.; Zhang, W.; Zhao, Z.; Ma, C.; Zhang, T.; Meng, Q.; Yan, P; Zhang, L.; Zhao, Y. Regulation of Mitochondrial Quality
Control by Natural Drugs in the Treatment of Cardiovascular Diseases: Potential and Advantages. Front. Cell Dev. Biol. 2020, 8,
616139. [CrossRef] [PubMed]

Eisner, V,; Picard, M.; Hajnoczky, G. Mitochondrial dynamics in adaptive and maladaptive cellular stress responses. Nat. Cell Biol.
2018, 20, 755-765. [CrossRef] [PubMed]

Youle, R.J.; van der Bliek, A.M. Mitochondrial fission, fusion, and stress. Science 2012, 337, 1062-1065. [CrossRef]

Ashrafi, G.; Schwarz, T.L. The pathways of mitophagy for quality control and clearance of mitochondria. Cell Death Differ. 2013,
20, 31-42. [CrossRef]

Costa, V.; Giacomello, M.; Hudec, R.; Lopreiato, R.; Ermak, G.; Lim, D.; Malorni, W.; Davies, K.J.; Carafoli, E.; Scorrano, L.
Mitochondrial fission and cristae disruption increase the response of cell models of Huntington’s disease to apoptotic stimuli.
EMBO Mol. Med. 2010, 2, 490-503. [CrossRef]

Bienfait, H.M.; Baas, F.; Koelman, ].H.; de Haan, R.J.; van Engelen, B.G.; Gabreels-Festen, A.A.; Ongerboer de Visser, BW.;
Meggouh, F.; Weterman, M.A.; De Jonghe, P; et al. Phenotype of Charcot-Marie-Tooth disease Type 2. Neurology 2007, 68,
1658-1667. [CrossRef]

Valente, E.M.; Abou-Sleiman, PM.; Caputo, V.; Mugqit, M.M.; Harvey, K.; Gispert, S.; Ali, Z.; Del Turco, D.; Bentivoglio, A.R.; Healy,
D.G.; et al. Hereditary early-onset Parkinson’s disease caused by mutations in PINK1. Science 2004, 304, 1158-1160. [CrossRef]
Kitada, T.; Asakawa, S.; Hattori, N.; Matsumine, H.; Yamamura, Y.; Minoshima, S.; Yokochi, M.; Mizuno, Y.; Shimizu, N. Mutations
in the parkin gene cause autosomal recessive juvenile parkinsonism. Nature 1998, 392, 605-608. [CrossRef]

Alexander, C.; Votruba, M.; Pesch, U.E.; Thiselton, D.L.; Mayer, S.; Moore, A.; Rodriguez, M.; Kellner, U.; Leo-Kottler, B.; Auburger,
G.; et al. OPA1, encoding a dynamin-related GTPase, is mutated in autosomal dominant optic atrophy linked to chromosome
3q28. Nat. Genet 2000, 26, 211-215. [CrossRef]

Delettre, C.; Lenaers, G.; Griffoin, ].M.; Gigarel, N.; Lorenzo, C.; Belenguer, P.; Pelloquin, L.; Grosgeorge, J.; Turc-Carel, C.; Perret,
E.; et al. Nuclear gene OPA1, encoding a mitochondrial dynamin-related protein, is mutated in dominant optic atrophy. Nat.
Genet 2000, 26, 207-210. [CrossRef]

Kashatus, J.A.; Nascimento, A.; Myers, L.].; Sher, A.; Byrne, EL.; Hoehn, K.L.; Counter, C.M.; Kashatus, D.F. Erk2 phosphorylation
of Drpl promotes mitochondrial fission and MAPK-driven tumor growth. Mol. Cell 2015, 57, 537-551. [CrossRef] [PubMed]
Tameire, F.; Verginadis, L.I.; Leli, N.M.; Polte, C.; Conn, C.S.; Ojha, R.; Salas Salinas, C.; Chinga, F.; Monroy, A.M.; Fu, W,; et al.
ATF4 couples MYC-dependent translational activity to bioenergetic demands during tumour progression. Nat. Cell Biol. 2019, 21,
889-899. [CrossRef] [PubMed]

Citrigno, L.; Muglia, M.; Qualtieri, A.; Spadafora, P.; Cavalcanti, F.; Pioggia, G.; Cerasa, A. The Mitochondrial Dysfunction
Hypothesis in Autism Spectrum Disorders: Current Status and Future Perspectives. Int. . Mol. Sci. 2020, 21, 5785. [CrossRef]
[PubMed]

Murtaza, N.; Cheng, A.A.; Brown, C.O.; Meka, D.P.;; Hong, S.; Uy, ].A.; El-Hajjar, ].; Pipko, N.; Unda, B.K.; Schwanke, B.; et al.
Neuron-specific protein network mapping of autism risk genes identifies shared biological mechanisms and disease-relevant
pathologies. Cell Rep. 2022, 41, 111678. [CrossRef]

Licznerski, P.; Park, H.A.; Rolyan, H.; Chen, R.; Mnatsakanyan, N.; Miranda, P.; Graham, M.; W, J.; Cruz-Reyes, N.; Mehta,
N.; et al. ATP Synthase c-Subunit Leak Causes Aberrant Cellular Metabolism in Fragile X Syndrome. Cell 2020, 182, 1170-1185.
[CrossRef]

Twig, G.; Elorza, A.; Molina, A.].; Mohamed, H.; Wikstrom, ].D.; Walzer, G,; Stiles, L.; Haigh, S.E.; Katz, S.; Las, G.; et al. Fission
and selective fusion govern mitochondrial segregation and elimination by autophagy. EMBO J. 2008, 27, 433-446. [CrossRef]
Gevezova, M.; Minchev, D.; Pacheva, 1.; Sbirkov, Y.; Yordanova, R.; Timova, E.; Kotetarov, V.; Ivanov, 1.; Sarafian, V. Cellular
Bioenergetic and Metabolic Changes in Patients with Autism Spectrum Disorder. Curr. Top. Med. Chem. 2021, 21, 985-994.
[CrossRef]

Tang, G.; Gutierrez Rios, P.; Kuo, S.H.; Akman, H.O.; Rosoklija, G.; Tanji, K.; Dwork, A.; Schon, E.A.; Dimauro, S.; Goldman, J.;
et al. Mitochondrial abnormalities in temporal lobe of autistic brain. Neurobiol. Dis. 2013, 54, 349-361. [CrossRef]

Harper, ].W.; Ordureau, A.; Heo, ].M. Building and decoding ubiquitin chains for mitophagy. Nat. Rev. Mol. Cell Biol. 2018, 19,
93-108. [CrossRef]

Montava-Garriga, L.; Ganley, I.G. Outstanding Questions in Mitophagy: What We Do and Do Not Know. J. Mol. Biol. 2020, 432,
206-230. [CrossRef]


https://doi.org/10.1002/cl2.1230
https://doi.org/10.1007/s00018-021-03775-0
https://doi.org/10.3389/fcell.2020.616139
https://www.ncbi.nlm.nih.gov/pubmed/33425924
https://doi.org/10.1038/s41556-018-0133-0
https://www.ncbi.nlm.nih.gov/pubmed/29950571
https://doi.org/10.1126/science.1219855
https://doi.org/10.1038/cdd.2012.81
https://doi.org/10.1002/emmm.201000102
https://doi.org/10.1212/01.wnl.0000263479.97552.94
https://doi.org/10.1126/science.1096284
https://doi.org/10.1038/33416
https://doi.org/10.1038/79944
https://doi.org/10.1038/79936
https://doi.org/10.1016/j.molcel.2015.01.002
https://www.ncbi.nlm.nih.gov/pubmed/25658205
https://doi.org/10.1038/s41556-019-0347-9
https://www.ncbi.nlm.nih.gov/pubmed/31263264
https://doi.org/10.3390/ijms21165785
https://www.ncbi.nlm.nih.gov/pubmed/32806635
https://doi.org/10.1016/j.celrep.2022.111678
https://doi.org/10.1016/j.cell.2020.07.008
https://doi.org/10.1038/sj.emboj.7601963
https://doi.org/10.2174/1568026621666210521142131
https://doi.org/10.1016/j.nbd.2013.01.006
https://doi.org/10.1038/nrm.2017.129
https://doi.org/10.1016/j.jmb.2019.06.032

Int. J. Mol. Sci. 2025, 26, 2217 12 0f 13

61.

62.

63.

64.

65.

66.
67.

68.

69.

70.

71.

72.
73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Sekine, S.; Youle, R.J. PINK1 import regulation; a fine system to convey mitochondrial stress to the cytosol. BMC Biol. 2018, 16, 2.
[CrossRef]

Quinn, PM.].; Moreira, P1.; Ambrosio, A.F,; Alves, C.H. PINK1/PARKIN signalling in neurodegeneration and neuroinflammation.
Acta Neuropathol. Commun. 2020, 8, 189. [CrossRef]

Trempe, ].F,; Sauve, V.; Grenier, K ; Seirafi, M.; Tang, M.Y.; Menade, M.; Al-Abdul-Wahid, S.; Krett, J.; Wong, K.; Kozlov, G.; et al.
Structure of parkin reveals mechanisms for ubiquitin ligase activation. Science 2013, 340, 1451-1455. [CrossRef]

Wauer, T.; Komander, D. Structure of the human Parkin ligase domain in an autoinhibited state. EMBO J. 2013, 32, 2099-2112.
[CrossRef]

Silvestri, L.; Caputo, V.; Bellacchio, E.; Atorino, L.; Dallapiccola, B.; Valente, E.M.; Casari, G. Mitochondrial import and enzymatic
activity of PINK1 mutants associated to recessive parkinsonism. Hum. Mol. Genet 2005, 14, 3477-3492. [CrossRef]

Yamano, K.; Youle, R.J. PINK1 is degraded through the N-end rule pathway. Autophagy 2013, 9, 1758-1769. [CrossRef]

Wang, N.; Zhu, P; Huang, R.; Wang, C.; Sun, L.; Lan, B.; He, Y.; Zhao, H.; Gao, Y. PINK1: The guard of mitochondria. Life Sci.
2020, 259, 118247. [CrossRef]

Shi, G.; Lee, J.R.; Grimes, D.A.; Racacho, L.; Ye, D.; Yang, H.; Ross, O.A.; Farrer, M.; McQuibban, G.A.; Bulman, D.E. Functional
alteration of PARL contributes to mitochondrial dysregulation in Parkinson’s disease. Hum. Mol. Genet. 2011, 20, 1966-1974.
[CrossRef]

Greene, A.W,; Grenier, K.; Aguileta, M.A.; Muise, S.; Farazifard, R.; Haque, M.E.; McBride, H.M.; Park, D.S.; Fon, E.A. Mito-
chondrial processing peptidase regulates PINK1 processing, import and Parkin recruitment. EMBO Rep. 2012, 13, 378-385.
[CrossRef]

Meissner, C.; Lorenz, H.; Hehn, B.; Lemberg, M.K. Intramembrane protease PARL defines a negative regulator of PINK1- and
PARK?2 /Parkin-dependent mitophagy. Autophagy 2015, 11, 1484-1498. [CrossRef]

Rojansky, R.; Cha, M.Y.; Chan, D.C. Elimination of paternal mitochondria in mouse embryos occurs through autophagic
degradation dependent on PARKIN and MULL. Elife 2016, 5, e17896. [CrossRef] [PubMed]

Xu, Y; Shen, J.; Ran, Z. Emerging views of mitophagy in immunity and autoimmune diseases. Autophagy 2020, 16, 3-17. [CrossRef]
Peng, J.; Ren, K.D.; Yang, J.; Luo, X.J. Mitochondrial E3 ubiquitin ligase 1: A key enzyme in regulation of mitochondrial dynamics
and functions. Mitochondrion 2016, 28, 49-53. [CrossRef] [PubMed]

Fritsch, L.E.; Moore, M.E.; Sarraf, S.A.; Pickrell, A.M. Ubiquitin and Receptor-Dependent Mitophagy Pathways and Their
Implication in Neurodegeneration. J. Mol. Biol. 2020, 432, 2510-2524. [CrossRef]

Chu, C.T, Ji, J.; Dagda, RK; Jiang, ].F; Tyurina, Y.Y.; Kapralov, A.A.; Tyurin, V.A; Yanamala, N.; Shrivastava, . H.; Moham-
madyani, D.; et al. Cardiolipin externalization to the outer mitochondrial membrane acts as an elimination signal for mitophagy
in neuronal cells. Nat. Cell Biol. 2013, 15, 1197-1205. [CrossRef]

Rangaraju, V.; Lewis, T.L., Jr.; Hirabayashi, Y.; Bergami, M.; Motori, E.; Cartoni, R.; Kwon, S.K.; Courchet, J. Pleiotropic
Mitochondria: The Influence of Mitochondria on Neuronal Development and Disease. |. Neurosci. 2019, 39, 8200-8208. [CrossRef]
Pacheva, I; Ivanov, I. Targeted Biomedical Treatment for Autism Spectrum Disorders. Curr. Pharm. Des. 2019, 25, 4430-4453.
[CrossRef] [PubMed]

Crespi, B.; Read, S.; Ly, A.; Hurd, P. AMBRA1, Autophagy, and the Extreme Male Brain Theory of Autism. Autism. Res. Treat.
2019, 2019, 1968580. [CrossRef]

Dalla Vecchia, E.; Mortimer, N.; Palladino, V.S; Kittel-Schneider, S.; Lesch, K.P; Reif, A.; Schenck, A.; Norton, W.H.J. Cross-species
models of attention-deficit/hyperactivity disorder and autism spectrum disorder: Lessons from CNTNAP2, ADGRL3, and
PARK?2. Psychiatr. Genet 2019, 29, 1-17. [CrossRef]

Fiesel, E.C.; Caulfield, T.R.; Moussaud-Lamodiere, E.L.; Ogaki, K.; Dourado, D.E; Flores, S.C.; Ross, O.A.; Springer, W. Structural
and Functional Impact of Parkinson Disease-Associated Mutations in the E3 Ubiquitin Ligase Parkin. Hum. Mutat. 2015, 36,
774-786. [CrossRef]

Malpartida, A.B.; Williamson, M.; Narendra, D.P.; Wade-Martins, R.; Ryan, B.J. Mitochondrial Dysfunction and Mitophagy in
Parkinson’s Disease: From Mechanism to Therapy. Trends Biochem. Sci. 2021, 46, 329-343. [CrossRef] [PubMed]

Gyawali, S.; Patra, B.N. Autism spectrum disorder: Trends in research exploring etiopathogenesis. Psychiatry Clin. Neurosci. 2019,
73,466-475. [CrossRef]

Scheuerle, A.; Wilson, K. PARK2 copy number aberrations in two children presenting with autism spectrum disorder: Further
support of an association and possible evidence for a new microdeletion/microduplication syndrome. Am. |. Med. Genet B
Neuropsychiatr. Genet 2011, 156B, 413-420. [CrossRef] [PubMed]

Keays, D.A,; Tian, G.; Poirier, K.; Huang, G.J.; Siebold, C.; Cleak, J.; Oliver, P.L.; Fray, M.; Harvey, R.].; Molnar, Z.; et al. Mutations
in alpha-tubulin cause abnormal neuronal migration in mice and lissencephaly in humans. Cell 2007, 128, 45-57. [CrossRef]
[PubMed]


https://doi.org/10.1186/s12915-017-0470-7
https://doi.org/10.1186/s40478-020-01062-w
https://doi.org/10.1126/science.1237908
https://doi.org/10.1038/emboj.2013.125
https://doi.org/10.1093/hmg/ddi377
https://doi.org/10.4161/auto.24633
https://doi.org/10.1016/j.lfs.2020.118247
https://doi.org/10.1093/hmg/ddr077
https://doi.org/10.1038/embor.2012.14
https://doi.org/10.1080/15548627.2015.1063763
https://doi.org/10.7554/eLife.17896
https://www.ncbi.nlm.nih.gov/pubmed/27852436
https://doi.org/10.1080/15548627.2019.1603547
https://doi.org/10.1016/j.mito.2016.03.007
https://www.ncbi.nlm.nih.gov/pubmed/27034206
https://doi.org/10.1016/j.jmb.2019.10.015
https://doi.org/10.1038/ncb2837
https://doi.org/10.1523/JNEUROSCI.1157-19.2019
https://doi.org/10.2174/1381612825666191205091312
https://www.ncbi.nlm.nih.gov/pubmed/31801452
https://doi.org/10.1155/2019/1968580
https://doi.org/10.1097/YPG.0000000000000211
https://doi.org/10.1002/humu.22808
https://doi.org/10.1016/j.tibs.2020.11.007
https://www.ncbi.nlm.nih.gov/pubmed/33323315
https://doi.org/10.1111/pcn.12860
https://doi.org/10.1002/ajmg.b.31176
https://www.ncbi.nlm.nih.gov/pubmed/21360662
https://doi.org/10.1016/j.cell.2006.12.017
https://www.ncbi.nlm.nih.gov/pubmed/17218254

Int. J. Mol. Sci. 2025, 26, 2217 13 of 13

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Le Duc, D.; Giulivi, C.; Hiatt, S.M.; Napoli, E.; Panoutsopoulos, A.; Harlan De Crescenzo, A.; Kotzaeridou, U.; Syrbe, S.;
Anagnostou, E.; Azage, M.; et al. Pathogenic WDFY3 variants cause neurodevelopmental disorders and opposing effects on brain
size. Brain 2019, 142, 2617-2630. [CrossRef]

Kannan, M.; Bayam, E.; Wagner, C.; Rinaldi, B.; Kretz, PF; Tilly, P.; Roos, M.; McGillewie, L.; Bar, S.; Minocha, S.; et al. WD40-
repeat 47, a microtubule-associated protein, is essential for brain development and autophagy. Proc. Natl. Acad. Sci. USA 2017,
114, E9308-E9317. [CrossRef]

Dragich, ].M.; Kuwajima, T.; Hirose-Ikeda, M.; Yoon, M.S.; Eenjes, E.; Bosco, ].R.; Fox, L.M.; Lystad, A.H.; Oo, T.F,; Yarygina, O.;
et al. Autophagy linked FYVE (Alfy/WDFY3) is required for establishing neuronal connectivity in the mammalian brain. Elife
2016, 5, €14810. [CrossRef]

Strappazzon, E; Nazio, F.; Corrado, M.; Cianfanelli, V.; Romagnoli, A.; Fimia, G.M.; Campello, S.; Nardacci, R.; Piacentini, M.;
Campanella, M.; et al. AMBRAL1 is able to induce mitophagy via LC3 binding, regardless of PARKIN and p62/SQSTML1. Cell
Death Differ. 2015, 22, 419-432. [CrossRef]

Van Humbeeck, C.; Cornelissen, T.; Hofkens, H.; Mandemakers, W.; Gevaert, K.; De Strooper, B.; Vandenberghe, W. Parkin
interacts with Ambral to induce mitophagy. J. Neurosci. 2011, 31, 10249-10261. [CrossRef]

Di Rita, A.; D’Acunzo, P,; Simula, L.; Campello, S.; Strappazzon, F.; Cecconi, F. AMBRA1-Mediated Mitophagy Counteracts
Oxidative Stress and Apoptosis Induced by Neurotoxicity in Human Neuroblastoma SH-SY5Y Cells. Front. Cell Neurosci. 2018,
12, 92. [CrossRef]

Fimia, G.M.; Stoykova, A.; Romagnoli, A.; Giunta, L.; Di Bartolomeo, S.; Nardacci, R.; Corazzari, M.; Fuoco, C.; Ucar, A.; Schwartz,
P; et al. Ambral regulates autophagy and development of the nervous system. Nature 2007, 447, 1121-1125. [CrossRef]

Dere, E.; Dahm, L.; Lu, D.; Hammerschmidt, K; Ju, A.; Tantra, M.; Kastner, A.; Chowdhury, K.; Ehrenreich, H. Heterozygous
ambral deficiency in mice: A genetic trait with autism-like behavior restricted to the female gender. Front. Behav. Neurosci. 2014,
8, 181. [CrossRef] [PubMed]

Mitjans, M.; Begemann, M.; Ju, A.; Dere, E.; Wustefeld, L.; Hofer, S.; Hassouna, I.; Balkenhol, ].; Oliveira, B.; van der Auwera, S.;
et al. Sexual dimorphism of AMBRAI1-related autistic features in human and mouse. Transl. Psychiatry 2017, 7, €1247. [CrossRef]
[PubMed]

Macgregor-Das, A.M.; Das, S. A microRNA’s journey to the center of the mitochondria. Am. J. Physiol. Heart. Circ. Physiol. 2018,
315, H206-H215. [CrossRef] [PubMed]

Wang, G.; Chen, HW,; Oktay, Y.; Zhang, J.; Allen, E.L.; Smith, G.M.; Fan, K.C.; Hong, ].S.; French, S.W.; McCaffery, ].M.; et al.
PNPASE regulates RNA import into mitochondria. Cell 2010, 142, 456-467. [CrossRef]

Kumar, S.; Reddy, PH. Are circulating microRNAs peripheral biomarkers for Alzheimer’s disease? Biochim. Biophys. Acta 2016,
1862, 1617-1627. [CrossRef]

Kim, J.; Krishnamurthy, N.; Santini, T.; Zhao, Y.; Zhao, T.; Bae, K.T.; Ibrahim, T.S. Experimental and numerical analysis of B1(+)
field and SAR with a new transmit array design for 7T breast MRI. ]. Magn. Reson. 2016, 269, 55-64. [CrossRef]

Couto, R.R.; Kubaski, F; Siebert, M.; Felix, TM.; Brusius-Facchin, A.C.; Leistner-Segal, S. Increased Serum Levels of miR-125b and
miR-132 in Fragile X Syndrome: A Preliminary Study. Neurol. Genet 2022, 8, €200024. [CrossRef]

Aaluri, G.R.; Choudhary, Y.; Kumar, S. Mitochondria-Associated MicroRNAs and Parkinson’s Disease. Neurosci. Insights 2024, 19,
26331055241254846. [CrossRef]

Li, W.; Zhang, X.; Zhuang, H.; Chen, H.G,; Chen, Y.; Tian, W.; Wu, W.; Li, Y.; Wang, S.; Zhang, L.; et al. MicroRNA-137 is a novel
hypoxia-responsive microRNA that inhibits mitophagy via regulation of two mitophagy receptors FUNDC1 and NIX. J. Biol.
Chem. 2014, 289, 10691-10701. [CrossRef]

Roussignol, G.; Ango, F; Romorini, S.; Tu, J.C.; Sala, C.; Worley, P.F.; Bockaert, J.; Fagni, L. Shank expression is sufficient to induce
functional dendritic spine synapses in aspiny neurons. J. Neurosci. 2005, 25, 3560-3570. [CrossRef] [PubMed]

Cheng, M; Liu, L.; Lao, Y.; Liao, W.; Liao, M.; Luo, X.; Wu, J.; Xie, W.; Zhang, Y.; Xu, N. MicroRNA-181a suppresses parkin-
mediated mitophagy and sensitizes neuroblastoma cells to mitochondrial uncoupler-induced apoptosis. Oncotarget 2016, 7,
42274-42287. [CrossRef] [PubMed]

Wang, Z,; Lu, T,; Li, X,; Jiang, M.; Jia, M; Liu, J.; Zhang, D.; Li, J.; Wang, L. Altered Expression of Brain-specific Autism-Associated
miRNAs in the Han Chinese Population. Front. Genet 2022, 13, 865881. [CrossRef]

Di Rita, A.; Maiorino, T.; Bruqi, K.; Volpicelli, F,; Bellenchi, G.C.; Strappazzon, F. miR-218 Inhibits Mitochondrial Clearance by
Targeting PRKN E3 Ubiquitin Ligase. Int. J. Mol. Sci. 2020, 21, 355. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1093/brain/awz198
https://doi.org/10.1073/pnas.1713625114
https://doi.org/10.7554/eLife.14810
https://doi.org/10.1038/cdd.2014.139
https://doi.org/10.1523/JNEUROSCI.1917-11.2011
https://doi.org/10.3389/fncel.2018.00092
https://doi.org/10.1038/nature05925
https://doi.org/10.3389/fnbeh.2014.00181
https://www.ncbi.nlm.nih.gov/pubmed/24904333
https://doi.org/10.1038/tp.2017.213
https://www.ncbi.nlm.nih.gov/pubmed/28994820
https://doi.org/10.1152/ajpheart.00714.2017
https://www.ncbi.nlm.nih.gov/pubmed/29570349
https://doi.org/10.1016/j.cell.2010.06.035
https://doi.org/10.1016/j.bbadis.2016.06.001
https://doi.org/10.1016/j.jmr.2016.04.012
https://doi.org/10.1212/NXG.0000000000200024
https://doi.org/10.1177/26331055241254846
https://doi.org/10.1074/jbc.M113.537050
https://doi.org/10.1523/JNEUROSCI.4354-04.2005
https://www.ncbi.nlm.nih.gov/pubmed/15814786
https://doi.org/10.18632/oncotarget.9786
https://www.ncbi.nlm.nih.gov/pubmed/27281615
https://doi.org/10.3389/fgene.2022.865881
https://doi.org/10.3390/ijms21010355
https://www.ncbi.nlm.nih.gov/pubmed/31948106

	Introduction 
	Methodology 
	Search Strategy 
	Eligibility and Study Selection 

	The Fine Balance Between Neuronal Health and Mitophagy in ASD 
	Mitophagy Alterations in ASD 
	Park2-Mediated Mitophagy in ASD 
	WDFY3-Mediated Mitophagy in ASD 
	AMBRA1-Mediated Mitophagy and Its Role in ASD 

	Mitochondrial microRNAs and Mitophagy 
	Conclusions 
	References

