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Alzheimer’s disease (AD) is one of the major worldwide causes of dementia that

is characterized by irreversible decline in learning, memory loss, and behavioral

impairments. Mitophagy is selective autophagy through the clearance of aberrant

mitochondria, specifically for degradation to maintain energy generation and neuronal

and synaptic function in the brain. Accumulating evidence shows that defective

mitophagy is believed to be as one of the early and prominent features in AD

pathogenesis and has drawn attention in the recent few years. APOE ε4 allele

is the greatest genetic determinant for AD and is widely reported to mediate

detrimental effects on mitochondria function and mitophagic process. Given the

continuity of the physiological process, this review takes the mitochondrial dynamic

and mitophagic core events into consideration, which highlights the current knowledge

about the molecular alterations from an APOE-genotype perspective, synthesizes

ApoE4-associated regulations, and the cross-talk between these signaling, along with

the focuses on general autophagic process and several pivotal processes of mitophagy,

including mitochondrial dynamic (DRP1, MFN-1), mitophagic induction (PINK1, Parkin).

These may shed new light on the link between ApoE4 and AD and provide novel insights

for promising mitophagy-targeted therapeutic strategies for AD.
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INTRODUCTION

Alzheimer’s disease (AD) is the most common and well-known form of dementia and
features age-related and progressive recognition impairment, memory loss, and learning failure,
accompanied by encephalatrophy, and extracellular amyloid-β (Aβ) plaques, intracellular tangles of
hyperphosphorylated Tau (Mahaman et al., 2022). Since the global aged tendency of the population
has a dramatic impact on an individual and family development, and social healthcare costs
throughout the world, ADwith widespread prevalence has become an increasingly challenging task
for elderly care, public health, and all the human beings (2020 Alzheimer’s disease facts and figures,
2020). Therefore, AD targets or therapeutical strategies are urgent to be proposed currently.
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It is extensively recognized that the apolipoprotein E4 (APOE
ε4) allele remains the strongest genetic risk for sporadic AD
(Belloy et al., 2020; Serrano-Pozo et al., 2021). APOE ε4 allele,
usually existing in approximately 15% of people, lowers the
age of AD onset and increases the risk of AD in a dose-
dependent manner (Levy et al., 1990; Wallon et al., 2012; Ward
et al., 2012; Tang et al., 2016). Accumulating difficulties remain
when Aβ-targeting interference fails to effectively halt or slow
clinical AD progression (Bohrmann et al., 2012; Salloway et al.,
2014; Bomasang-Layno and Bronsther, 2021; Pleen and Townley,
2022); thus, it is widely believed that amyloid cascading seems
to appear as less possibility for a major explanation of AD
pathogenesis. Other rising insights drawmore andmore interests
broadly. The existing investigation of APOE ε4 pathogenesis in
AD (Norwitz et al., 2021; Serrano-Pozo et al., 2021) has expanded
beyond Aβ peptide-centric mechanisms to Tau neurofibrillary
degeneration, neuroinflammation (Kaur et al., 2019; Leng and
Edison, 2021), synaptic loss (Zhao et al., 2020), depression
(Rhodes et al., 2021; Zhang et al., 2021), blood–brain barrier
disruption (Rhea and Banks, 2021; Zhang and Xie, 2021), insulin
resistance (Jabeen et al., 2021), gut dysfunction (Hoffman et al.,
2019), oxidative stress (Butterfield and Mattson, 2020), and
autophagic deficit (Chen et al., 2021; Sohn et al., 2021; Eran
and Ronit, 2022); particularly, damagedmitophagy (Simonovitch
et al., 2019; Schmukler et al., 2020; Liang et al., 2021a; Morton
et al., 2021; Wang et al., 2021b). However, the precise molecular
mechanisms underlying ApoE4 pathogenic effects during AD
have not yet been elucidated.

Mitochondria consisting of the outer mitochondrial
membrane (OMM), inner mitochondrial membrane (IMM),
intermembrane space, and mitochondrial matrix performs
diverse essential roles in multiple intracellular homeostasis
events, including tricarboxylic acid cycle, β-oxidation of
fatty acids, genetic information storage, Ca2+ homeostasis,
and biosynthesis of intermediates for cell growth or death
(Moreira et al., 2010; Kauppila et al., 2017). The integrity of
the mitochondrial structure is indispensable for mitochondrial
function andmitophagy, which demonstrates major involvement
in Aβ and Tau pathology (Parker et al., 1994; Zhu et al.,
2013; Monzio Compagnoni et al., 2020). Diverse mitophagy-
dependent signaling pathways have been established, many of
which are conserved from Caenorhabditis elegans to humans
(Egan et al., 2011; Fivenson et al., 2017; Kerr et al., 2017;
Gustafsson and Dorn, 2019; Cai and Jeong, 2020; Wang et al.,
2021b). Mitophagy, a stress-response mechanism to suppress
mitochondrion-dependent apoptosis for neuronal protection
(Pan et al., 2021), is fairly fundamental for mitochondrial quality
control, function recovery, and self-renewal, whose deficiency is
revealed in AD iPSC-derived neurons, as well as hippocampal
samples from the AD model mice and patients with AD, thus
receiving growing attention as a promising mechanism for
AD-targeted therapy of late years (Fang et al., 2014, 2019;
Xu et al., 2017; Tran and Reddy, 2020; Sukhorukov et al.,
2021; Wang et al., 2021b). Specifically, accumulating evidence
implies that mitophagy deficit fails to maintain mitochondrial
clearance (Kerr et al., 2017), axonal transport (Ashrafi and
Schwarz, 2015), and synapse biosynthesis (Pan et al., 2021),

which exacerbates neuroinflammation, Aβ and p-Tau deposition,
and energy dysfunction, thereby promoting AD pathology and
memory loss (Song et al., 2021). Mitophagy-dependent signaling
is reported to not only reduce Aβ and tau pathology (Pan
et al., 2021), but also alleviate cognitive damages (Fang et al.,
2019; Pan et al., 2021) through AMPK and SIRT1 activation,
mTOR inhibition, and lysosomal functional improvement in
AD progression (Fang et al., 2019). These evidence suggest that
normal mitophagy protection or maintenance is an essential
target for AD therapeutic development, while there is yet no
effective and clear therapeutic approach by which to artificially
manipulate mitophagy so as to improve the clinical symptoms
and prolong the survival of patients affected by AD. Given its
significance in various physiological processes, mitophagy has
been barged to the forefront of AD researches after being studied
for years. ApoE isoforms have been reported to have multiple
effects of mitochondrial dysfunction, and mitophagy and ApoE4
seem to have negative impacts on diverse physiological processes
(Chang et al., 2005; Chen et al., 2011; Orr et al., 2019; Horner
et al., 2020; Schmukler et al., 2020; Yin et al., 2020; Liang et al.,
2021b; Qi et al., 2021; Eran and Ronit, 2022). Many issues remain
ambiguous and seem appealling for further investigations,
however, both the functional and mechanistic multiformity of
ApoE4 effects of mitophagy have emerged and been extensively
enlightened in AD pathogenesis (Chen et al., 2011; Palikaras
et al., 2017; Simonovitch et al., 2019; Schmukler et al., 2020; Sohn
et al., 2021; Eran and Ronit, 2022).

Here, we have reviewed emerging findings for the central and
multi-faceted roles that mitophagy plays in the pathogenesis of
AD, described physiological changes from the pre-mitophagy
events to mitophagy proceeding considering the continuity of
the physiological processes, integrated the signaling pathways
suggesting the relationships between ApoE4 and mitophagy
deficit, and discussed the underlying mechanisms that how
ApoE4 triggers these abnormalities and ultimately contributes to
AD pathogenesis, while highlighting potential therapeutic targets
that may correct these dysfunctions (Figure 1).

APOE4 AND GENERAL AUTOPHAGIC
PROCESSES IN AD

Autophagy is a ubiquitous event highly conserved from
yeast to mammals and functions as a recycling system
for maintaining metabolic homeostasis and cellular self-
renewal (Parzych and Klionsky, 2014). Strictly, there are four
main forms—macroautophagy, microautophagy, chaperone-
mediated autophagy, and selective autophagy. The term
“autophagy” usually means “macroautophagy”, a non-selective
process. In autophagy, cargoes are labeled and enclosed by a
double-membrane vesicle and become autophagosomes, then
autophagosomes recruit and fuse with the lysosome to address
degradation. Namely, this is highly dependent on functionally
vesicular trafficking (Parzych and Klionsky, 2014). Relatively,
selective autophagy is when several specific organelles, such as
mitochondria, lipids, and endoplasmic reticulum (ER), fulfill
their degradation by the core machinery of autophagy (Scrivo
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FIGURE 1 | Summary of mitochondrial events and general autophagic events under ApoE4 intervention. (A) After excessive cellular stress, mitochondria begin to

swell and fragment into healthy mitochondria for fusion, and pre-degraded mitochondria for mitophagy. damaged mitochondria induce PINK1/Parkin pathways and

then participate in general autophagic flux. ApoE4 is directly or indirectly involved in mitochondrial events, including DRP1 pathways during fission; the MFNs

pathways during fusion; and the PINK1/Parkin pathways during mitophagic induction. (B) After excessive cellular stress, the omegasome is initiated to form an

elongated into a phagophore, which encloses the damaged mitochondria and becomes a mature autophagosome. Lysosomes recruit to autophagosome and fuse

with it to form autolysosome, the ultimate area of mitochondrial degradation. ApoE4 intervenes autophagic initiation by the mTOR, TFEB, and SIRT1 pathways;

compromises elongation by LC3, p62, and Rab5 pathways; blocks autophagosome-lysosome fusion by the Rab7, LAMP2, and LAMP1 pathways; damages

lysosomal degradation by CTSD and V-ATPase pathway.

et al., 2018). Mitophagy is a selective mode of autophagy targeted
engulfment and destruction of mitochondria, namely, mitophagy
shares several common mechanisms with autophagy.

Autophagy mediates the degradation of abnormal cellular
components or damaged organelles, closely associated with
ontogeny and growth, oxidative damage protection, the
malignant proliferation of tumor cells, and neurodegenerative
diseases (Parzych and Klionsky, 2014). It is extensively believed
autophagic impairment in AD and APOE genotypes plays
diverse roles in the underlying mechanisms (Chen et al.,
2021). Specifically, ApoE4 mainly inhibits autophagic initiation
by the upregulation of the mammalian target of rapamycin
(mTOR), the binding to transcription factor EB (TFEB), the
inhibited expression of Surtuin 1 (SIRT1), and forkhead box
O3a (FOXO3a), and their signaling pathways, respectively
(Theendakara et al., 2016; Parcon et al., 2018; Lima et al.,
2020; Sohn et al., 2021); thereby interfering with phagophore
elongation and completion, which is involving PI3K, LC3,
p62, and Rab5 (Gilat-Frenkel et al., 2014; Ong et al., 2014;
Simonovitch et al., 2016; Nuriel et al., 2017; Parcon et al., 2018;
Li et al., 2019), blocking autophagosome-lysosome fusion by
lysosomal associated membrane protein 1 (LAMP1), LAMP2,
and Rab7-dependent movement (Nuriel et al., 2017; Parcon et al.,
2018) and damages phospholipid homeostasis and lysosome
membrane integrity (Ji et al., 2002; Zhu et al., 2015; Persson
et al., 2017). This compromises lysosomal degradation by the

leakage of cathepsin D (Ji et al., 2002; Belinson et al., 2008;
Nuriel et al., 2017; Persson et al., 2017) and the abnormal
lysosomal acidification mediated by the proton pump V-ATPase
(Nuriel et al., 2017; Larramona-Arcas et al., 2020). As a part of
these general processes of autophagy—initiation, elongation,
autophagosome-lysosome fusion, and lysosomal degradation—
overlapped with those of mitophagy and they share common
mechanisms, namely, it is probably that ApoE4 also impedes
mitophagy by these common processes.

We have summarized ApoE4 regulation on the stages
shared by mitophagy and autophagy and illustrated the insights
underlying AD-targeted therapy, then we will discuss the
association between ApoE4 and mitophagy from the perspective
of mitophagy-exclusive processes, including mitochondrial
dynamic equilibrium (fission and fusion), and mitophagy-
specific induction.

APOE4 AND MITOPHAGY-SPECIFIC
PROCESSES IN AD

Mitochondria is a highly dynamic organelle that can form
long tubular networks for highly interconnected networks,
and continually undergoes the cycle of fusion and fission
in response to environmental changes (Wolf et al., 2020).
When mitochondria are damaged, the swelling mitochondria
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trigger component redistribution and are divided into relatively
healthy mitochondria for fusion and damaged mitochondria for
mitophagy and degradation. After fission events, depolarized
mitochondria induce PTEN-induced putative kinase 1
(PINK1)/Parkin-dependent mitophagy (Wolf et al., 2020;
Luan et al., 2021). As mitochondrial events are closely linked
and occur in succession, mitochondrial fission and fusion are
disrupted followed by aberrant mitophagy.

ApoE4 and Mitochondrial Fission in AD
Mitochondrial fission is required for mitophagy and
mitochondrial transport, while fusion prevents mitochondria
from undergoing mitophagy by replenishing mitochondrial
DNA and promoting biolipid exchange (Wolf et al., 2020).
Mitochondria fission is a basic and vital process via programmed
and sequential membrane movement that (Mahaman
et al., 2022) involves healthy mitochondria fragments for
growing physiological requirements; (2020) aged or damaged
mitochondria divided into healthy mitochondria for recycling
and pre-degraded mitochondria for clearance (Wolf et al.,
2020; Luan et al., 2021). Impaired mitochondrial dynamics is
widely established in AD model mice and cells, as well as AD
individuals (Manczak et al., 2011; Reddy et al., 2011, 2018;
Manczak and Reddy, 2012a; Zhu et al., 2013; Kandimalla et al.,
2021), as determined by the lower expression of mitochondrial
fission genes (DRP1 and FIS1) and higher phosphorylation
level of dynamin-related protein1 (DRP1), leading to reductive
mitochondria fragmentation and neuronal energy dysfunction
(Reddy et al., 2011; Manczak and Reddy, 2012a; Misrani et al.,
2021; Wang et al., 2021a; Dhapola et al., 2022). Incidentally,
additional studies indicate that decreased DRP1 promotes
cognitive performance and improves mitophagy and dendritic
spines in tau-transgenic mouse model and APP/PS1 mice
(Kandimalla et al., 2021; Misrani et al., 2021; Song et al., 2021),
in which DRP1 is overactivated under abnormal conditions;
and consistently, various DRP1 inhibitors promote fusion
and improve cognition in AD (Dhapola et al., 2022). These
suggest that correcting DRP1 activity might confer tolerance to
cytotoxicity from p-Tau and Aβ (Manczak and Reddy, 2012a;
Kuruva et al., 2017; Reddy and Oliver, 2019) and there is a need
for further investigation into the identified regulation underlying
AD events.

DRP1 GTPase and its receptors (FIS1, MFF, MID49, and
MiD51/MIEF1) are the most broadly investigated fission
regulators network in recent years (Chan, 2012). Mitochondrial
fission is promoted by DRP1-Ser616 phosphorylation and
inhibited by DRP1-Ser637 phosphorylation (Taguchi et al., 2007;
Cereghetti et al., 2008; Chang and Blackstone, 2010). DRP1
translocation induces mitochondrial dynamics disturbance and
contributes to the imbalance of mitochondrial dynamics
toward fission, consequently triggering mitophagy and inhibiting
pathogen-induced apoptosis (Schmukler et al., 2020). ApoE3 is
the most common isoform found among people, thus usually
functioning as the control group during ApoE4 studies (Liu
et al., 2013). Compared to ApoE3, ApoE4 inhibits DNM1L
transcription and attenuates DRP1 expression in astrocyte
cell lines (Schmukler et al., 2020), primary astrocytes, and

hippocampus from ApoE-TR mice (Yin et al., 2020), and the
ostmortem brain specimens from APOE ε4 carriers and patients
with AD carrying APOE ε4/4 (Simonovitch et al., 2019; Yin et al.,
2020). DRP1 level is not different in ApoE3 and ApoE4 astrocytes
with the treatment of lysosomal inhibitor chloroquine or
proteasomal inhibitor MG-132, indicating that DRP1 lysosomal
and proteasomal degradation pathways are not affected by
APOE genotype (Schmukler et al., 2020). ApoE4 attenuates
carbonyl cyanide m-chlorophenyl hydrazone (CCCP)-induced
increase of DRP1 in ApoE4-astrocytes compared to ApoE3,
indicating an impaired stress reaction to mitochondrial energy
disorders (Schmukler et al., 2020). These results suggest that
decreased DRP1 level may majorly result in compromised RNA
synthesis induced by ApoE4 (Figure 2), instead of enhancing
lysosomal and proteasomal degradation (Gomes et al., 2011;
Rambold et al., 2011; Simonovitch et al., 2019; Schmukler et al.,
2020). However, other studies display inconsistent observations.
ApoE4 (1272–299), an effective fragment derived from ApoE4,
promotes MFF expression and DRP1-Ser616 phosphorylation as
well, and compromises mitofusin (MFN)−1 and−2 and optic
atrophy 1 (OPA1) expression in vitro, indicating that ApoE4
(1272–299) possess pro-fission activation and fusion inhibition
(Liang et al., 2021b). These contradictory observations probably
are by virtue of the effects of different structural features. It
is well-known that ApoE4 detrimental pathogenic effects are
highly dependent on its peculiar conformation with a more
compacted structure and higher oligomerized inclination, which
is resulted from two amino acid residues varying from ApoE3
(Chen et al., 2011). Accordingly, ApoE4 is more susceptible to
cleave than ApoE3 (Huang et al., 2001; Kothari et al., 2021).
Different ApoE4 fragments differentially couple with certain
neurotoxicity and induce mitochondrial disorders (Chang et al.,
2005). Both the lipid-binding region (amino acids 241–272) and
receptor-binding region (amino acids 135–150) are indispensable
for ApoE4 neurotoxicity, and the amino acids 273-299 are
identified for its neuroprotection (Chang et al., 2005). Only
ApoE4 fragments with these two regions can escape from
the secretory pathway and interact with mitochondria, thus
impairing mitochondrial function and integrity (Chang et al.,
2005). Briefly, in our views, concerning the comprehensive effects
of integrated protein structure, full-length ApoE4, instead of
its (1272–299) fragment, is proposed to play primary roles
to inhibit fission by DRP1 expression, of course, there is still
appealed for further investigation in the complicated potency
and the prime functional regions. Incidentally, glucose-regulated
protein 75 (GRP75) inhibitor is effective to correct the pro-
fission activation induced by the ApoE4 (1272–299) (Liang et al.,
2021b), indicating a promising insight for AD-targeted therapy.

Owing to a lack of detailed investigation into DRP1 properties,
it is also worth determining the DRP1 activity changes from
the ApoE4 perspective or evaluating mitochondrial fission
from other perspectives. Although the regulatory effects
of ApoE4 on fission have been established, the alternative
mechanisms that how ApoE4 affects DRP1 function in addition
to transcription remain unknown, and the potential signaling
interactions are here summarized. First, ApoE4 exerts multiple
inhibitions on SIRT1 dynamics and function (Theendakara
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FIGURE 2 | Detailed processes of established ApoE4-mediated regulation of mitochondrial events at molecular level. During mitochondrial fusion, ApoE4 interferes

with MFNs proteasomal degradation, then leading to MFN dynamic dysfunction. During mitochondrial fission, ApoE4 inhibits DRP1 transcription and expression, thus

leading to a lower capacity of fission. During mitophagic induction, AcpoE4 inhibits PINK1 transcription and impairs proteolytic cleavage of FL-PINK1, exemplified by

FL-PINK1 elevation and cleaved-PINK1 reduction. ApoE4 also blocks PINK1 proteasomal degradation, resulting in PINK1 dynamic dysfunction. ApoE4 not only

promotes Parkin transcription and expression but also disrupts both proteasomal and lysosomal degradation, leading to a remarkable increase of ubiquitinated Parkin

and total Parkin.

et al., 2013, 2016), then resulting in disturbance of SIRT1-
mediated mitochondrial fragmentation in mitophagy (Qiao
et al., 2018). Specifically, in both the in vivo and in vitro,
ApoE4 interferes with SIRT1 transcription, expression, and
enzyme activity more than ApoE3 (Lattanzio et al., 2014;
Theendakara et al., 2016) and the inhibited effects seem to
result from a pretranscriptional affect—the specific binding
of ApoE4-SIRT1 promoter with the highest affinity among
ApoE isoforms (Theendakara et al., 2016; Lima et al., 2020).
Moreover, only ApoE4 triggers SIRT1 mislocalization to the
cytoplasm and impairs the SIRT1 function (Theendakara
et al., 2016; Lima et al., 2020). Notably, overexpressed SIRT1
can rescue ApoE4-induced physiopathologic alterations in
AD events (Theendakara et al., 2013). Since SIRT1-involved
neuroprotection plays extensive and multiple roles in AD
progression (Fujita and Yamashita, 2018; Gomes et al., 2018), it
might be helpful to extract the relationship between SIRT1 and
ApoE4 and the potential mechanisms. Second, the abnormal
interactions between DRP1 and hyperphosphorylated Tau, as
well as DRP1 and Aβ monomers and oligomers, are established
by coimmunoprecipitation (co-IP) and double-labeling

immunofluorescence analysis, in postmortem brain tissues
of AD patients and brain homogenates from several AD mouse
models (Manczak et al., 2011; Reddy et al., 2011; Manczak
and Reddy, 2012a; Abtahi et al., 2020; Kandimalla et al., 2021),
which is speculated that excessive p-Tau and Aβ accumulation
may synergistically disrupt mitochondrial fragmentation in
a ApoE4-dose-dependent manner. These findings may help
to shed new light on the alternative link between ApoE4 and
mitophagic dynamics.

Taken together, these findings suggest that ApoE4 disrupts
mitochondrial fission by the inhibition of DRP1 transcription
and expression (Schmukler et al., 2020), DRP-Aβ interaction
(Manczak et al., 2016), DRP1-Tau interaction (Kandimalla et al.,
2016), and the downregulation of its regulators SIRT1 level
(Theendakara et al., 2013), ultimately resulting in dysregulated
mitochondrial dynamics, consequently probably triggering
irreversible and progressive neuronal damage and cognitive
impairment (Manczak and Reddy, 2012a). These seem to reveal
a new hypothesis for neurodegeneration in AD involving
mitochondrial dynamics and ApoE4-targeted pathology at
the molecular level, leading to a better understanding of
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the mechanisms underlying the ApoE4 regulatory effect on
mitophagy in AD.

ApoE4 and Mitochondrial Fusion in AD
Mitochondrial fusion includes two types IMM fusion is
facilitated by OPA1 and OMM fusion is majorly dependent
on the oligomerization of MFN-1 and−2 (Eisner et al., 2018;
Tilokani et al., 2018; Dhapola et al., 2022). MFN-1 and−2 are
transmembrane GTPases embedded in OMM that are usually
degraded by proteasomes to prevent mitochondrial fusion and
maintain mitochondrial fission (Nguyen et al., 2016; Meng
et al., 2019). Mitochondrial fusion is established associations
with AD pathogenesis as determined by the mitochondrial
dynamic proteins that influence AD cognitive function in a
dose-dependent manner (Yin et al., 2020). Interestingly, some
reports indicate increased levels of MFN-1, MFN-2 and OPA1
are detected in hippocampal tissue of patients with AD and
APP/PS1 mice (Wang et al., 2009, 2021b; Song et al., 2021), while
another study found decreased levels of mitochondrial fusion
genes (MFN-1, MFN-2, TOMM40, and OPA1) in the frontal
cortex tissue from AD patients (Reddy et al., 2011), which may be
explained by the samples from different brain region and appeals
for further investigation and reconfirmation in detail Although
the definite alterations and impacts remain contradictory and
ambiguous, at least, there are some associations between
mitochondrial fusion and AD pathogenesis to a certain extent.

The mitochondrial network is hyperfused in ApoE4 astrocytes
(Schmukler et al., 2020). ApoE4 elevates MFN-1 protein level
in N2a cells (Orr et al., 2019), astrocytes cell lines (Schmukler
et al., 2020), primary astrocytes, and brain tissues from young
5-month-old APOE ε4-TR mice (Simonovitch et al., 2019).
However, the expression ofMFN-1 andMFN-2 have significantly
decreased in the postmortem brain tissues of APOE ε4 carriers
with a mean age of 84.6 years (Yin et al., 2020). The contradictory
results may be involved in a discrepancy of different ages or
objects. For instance, theMFN-1 level is decreased in AD patients
with a mean age of 88.5 years (Yin et al., 2020), while the levels
of MFN-1, MFN-2, and OPA1 are increased in the hippocampus
of patients with AD with the age range from 60 to 89 years, in
which the mean age is lower (Wang et al., 2009). Specifically, in
young subjects, MFN production normally remains and is able to
function compensatory in response to ApoE4-induced damage,
thus majorly demonstrating degradation blockage exemplified
by MFN elevation (Orr et al., 2019; Simonovitch et al., 2019;
Schmukler et al., 2020). With increasing age, age possesses
more profound and irreversible degenerated potency on overall
cellular metabolisms (Mkrtchyan et al., 2020; Wissler Gerdes
et al., 2020) and the compensatory capacity may have been
exhausted. Thus, old subjects majorly demonstrate deficient
production exemplified by MFN reduction. It may be helpful
to study MFN-1 changes under the specific conditions, such
as in APOE ε4/4/AD patients or animal models. Despite the
inconsistent results, there are certain association between ApoE4
and mitochondrial fusion proteins. Additionally, compared to
ApoE3 astrocytes, the increase of total MFN-1 and ubiquitinated
MFN-1 are lower in APOE4 astrocytes without transcriptional

change, while it is found the consistent alteration under MG-
132 treatment (Schmukler et al., 2020). These results indicate
ApoE4 induces MFN-1 accumulation and defective degradation
without proteasomal inhibition (Figure 2), and decreases MG-
132-triggered accumulation and degraded response (Schmukler
et al., 2020). Namely, MG-132 blocks MFN-1 elimination in
ApoE3 astrocytes but functions less in the ApoE4 setting. ApoE4
has probably compromised the degraded machinery before MG-
132 treatment or eliminated the potency of inhibitor, which
appears that ApoE4 effects may be equivalent to those of MG-
132, the inhibition of MFN-1 degradation and ubiquitination in
young mice. Moreover, CCCP-induced reduction of MFN-1 is
lower in ApoE4 astrocytes than those of ApoE3 (Schmukler et al.,
2020), indicating an impaired stress reaction as well. Therefore,
ApoE4 may play significant roles in degraded machinery and
mitochondrial fusion, or in certain steps before fusion so that
MG-132 and CCCP fail to trigger corresponding stress signaling
in the ApoE4 setting.

Like DRP1, the interfered effects of ApoE4 on MFN-
mediated fusion are approximately established, but the regulatory
mechanism in which APOE4 affects MFN metabolism is yet
unclear, and several potential mediators are illustrated as follows.
First, the levels of fusion proteins (MFN-1, MFN-2, OPA1)
are growing and the polyubiquitinated level of MFN-2 is
reduced, while the fission proteins (FIS1 and GLP1) are not
distinctively altered in HEK293 cells overexpressing human Tau,
and rat primary hippocampal neurons (Li et al., 2016), and
the brain tissues from human Tau-transgenic mice (Kandimalla
et al., 2016), indicating MFNs accumulation and mitochondrial
dysfunction caused by human Tau. Second, excess Ca2+ in
cytoplasm triggered by ApoE4 (Larramona-Arcas et al., 2020)
partially blocks GTP-mediated oligomerization of MFN-1, thus
resulting in impaired complex formation for fusion (Ishihara
et al., 2017). Third, functional factors in the mitochondrial
network link with each other by various chemical modifications.
MFN-2 is phosphorylated by PINK1 for Parkin recruitment
(Holness and Sugden, 2003; Bhupana et al., 2020; Du et al., 2021)
and is ubiquitinated by Parkin (Zachari and Ktistakis, 2020),
while PINK1 and Parkin are collectively regulated by ApoE4
(Simonovitch et al., 2019; Schmukler et al., 2020; Sohn et al.,
2021).

Briefly, ApoE4 seems to interfere with mitochondrial fusion
by blocking proteasomal degradation of MFN, and other
potential regulations are required for further confirmation.
Considering fission alteration, ApoE4-mediated fission failures
probably couple with ApoE4-mediated fusion abnormalities
and jointly deteriorate mitochondrial dynamics imbalance.
It may be interesting to investigate whether there is a
mutual implication between MFN-1 upregulation and DRP1
downregulation during ApoE4-impaired mitophagy. Overall,
these results consistently suggest that the ApoE status specifically
alters mitochondrial fission and fusion possibly via DRP1
and MFN-1 signaling, and the precise underlying mechanisms
may be intriguing to be identified at different levels and by
different measuring methods, such as activity, conformation, and
chemical modification.
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ApoE4 and Mitophagy Induction in AD
Mitophagy usually occurs in a ubiquitin-dependent manner,
which is mediated by the classical PINK1/Parkin signaling
pathway (Narendra et al., 2012), or in a receptor-mediated
manner, which is independent of ubiquitin and regulated by
NIX/BNIP3 (Sandoval et al., 2008; Li et al., 2021), FUNDC1
(Narendra et al., 2012; Chen et al., 2016), and BCL2-L-13
(Yamaguchi et al., 2016; Guan et al., 2018). Normally, PINK1
enters the mitochondria via translocase of outer mitochondrial
membrane 40 (TOMM40) machinery, then is cleaved by PARL in
a mitochondrial membrane potential (MMP)-dependent manner
followed by degradation (Jin et al., 2010; Matsuda et al., 2010;
Gottschalk et al., 2014). Upon mitochondrial depolarization,
MMP collapse intervenes TOM complex thus leading to
PINK1 accumulation on OMM and its autophosphorylation and
dimerization (Jin et al., 2010; Narendra et al., 2012; Zachari
and Ktistakis, 2020). PINK1 triggers the phosphorylation of
ubiquitin, Parkin, and MFN-2, and couples with phosphorylated
ubiquitin to facilitate Parkin recruitment. Activated Parkin
further conjugates ubiquitin and boosts the ubiquitination of
MIRO, voltage-dependent anion channel 1 (VDAC1) and MFNs
on mitochondria (Zachari and Ktistakis, 2020), in which the
ubiquitin chains can recruit p62, OPTN, NDP52, TAX1BP1, and
NBR1 and facilitate mitophagy (Schmidt et al., 2021).

ApoE4 and PINK1/Parkin in AD
The PINK1-Parkin signaling pathway is one of the well-described
molecular mechanisms inducing mitophagy (Narendra et al.,
2012). Both PINK1 and Parkin have been widely investigated
not only in PD but also in AD (El Gaamouch et al.,
2016; Martín-Maestro et al., 2016). The levels of PINK1 and
Parkin, as well as the related factors, are usually remarkably
increased in vivo and in vitro models of AD and patients
with AD (Mise et al., 2017; Ochi et al., 2020; Goudarzi
et al., 2021), indicating various mitochondrial disturbances
or dysfunctional mitophagy. However, the additional finding
indicates upregulation of PINK1-Parkin-mediated mitophagy
signaling improves cognitive behavior and memory in rats
injected with Aβ1−42 (Han et al., 2020). The elevation does
not necessarily mean ongoing and activated mitophagy or a
determined change inmitochondria status, as it may be caused by
blocked degradation, available compensatory effect in response
to various dysfunction in early AD progression, or exhausted
compensatory storage along with aging in the terminal stage.

ApoE4 decreases MMP and ATP storage (Schmukler et al.,
2020). Accordingly, lower cleaved PINK1 levels and higher
full-length PINK1 (FL-PINK1) levels are found in ApoE4
astrocytes and hippocampal neurons from APOE ε4-TR mice
(Simonovitch et al., 2019) (Figure 2), indicating the impaired
proteolytic cleavage of PINK1 is in response to ApoE4-induced
mitochondrial dysfunction (Figure 2). Incidentally, both the
RNA level in APOE ε4 astrocytes and the total protein level of
PINK1 in APOE ε4 carriers are decreased (Schmukler et al., 2020;
Sohn et al., 2021), as well as PINK1-mediated phosphorylation
of ubiquitin in APOE ε4 carriers is significantly suppressed
(Sohn et al., 2021), suggesting inhibited expression of PINK1 and
damaged potential reserve capacity of mitophagy. Taken together,

it seems to reveal that under the ApoE4 condition, the proportion
of FL-PINK1 is increased and the proportion of cleaved PINK1
is accordingly decreased at the basic of the reductive total
amount of PINK1. These observations echo the alterations in AD
abovementioned (Mise et al., 2017; Ochi et al., 2020; Goudarzi
et al., 2021). Additionally, ApoE4 rather than ApoE3 astrocytes
demonstrate lower level of PINK1 upregulation caused by MG-
132 (Schmukler et al., 2020), similarly indicating an impaired
degradation caused by ApoE4. However, an alternative study
reported the level of the FL-PINK1 does not differ in the
hippocampus of ApoE3 and ApoE4 mice (Simonovitch et al.,
2019). Despite either FL-PINK1 is increased or unchangeable,
the relation between PINK1 and ApoE4 is gradually established
(Schmukler et al., 2020).

With enhancing PARK2 mRNA synthesis (Schmukler et al.,
2020), the total amount of Parkin and ubiquitinated Parkin
levels are concomitantly dramatically increased in different
hippocampal sections from APOE ε4-TR mice (Simonovitch
et al., 2019) and ApoE4 astrocytes (Schmukler et al., 2020)
(Figure 2). Following either the treatment with MG-132 or
chloroquine, ApoE4 astrocytes display less increase of Parkin
accumulation than those in ApoE3 astrocytes (Schmukler
et al., 2020), indicating Parkin elevation is not only accounts
for activating transcription, but its reduced proteasomal
and mitophagic degradation, respectively (Figure 2). Similarly,
accumulation of ubiquitinated Parkin caused by MG-132 only
presents in ApoE3 astrocytes, indicating ubiquitinated Parkin
also participates in proteasomal degradation and reconfirming
the degradation blockage caused by ApoE4. This result is
consistence with another finding regarding deficient degradation
that ApoE4 directly interacts with lysosomal membranes,
disrupts lysosomal acidification, and inactivates lysosomal
hydrolase (Ji et al., 2002; Belinson et al., 2008; Zhu et al.,
2015; Nuriel et al., 2017; Persson et al., 2017; Fote et al.,
2022). It will be intriguing to examine the changes of
mitophagic inducers and inhibitors on ApoE4-related pathology
in vivo. Remarkably, autophagic inducer rapamycin has no
effect on cleaved PINK1 level, but elevates FL-PINK1 level
by enhancing PINK1 mRNA synthesis, decreasing MFN-1 and
Parkin levels without transcriptional inhibition, and facilitates
the PINK1/Parkin pathway in the ApoE4 astrocytes (Schmukler
et al., 2020), leading to restoring mitochondrial metabolism, and
correcting the altered medium pH without affecting cell number
(Schmukler et al., 2020). These changes suggest that downstream
Parkin accumulation follows upstream PINK1 deficiency, and
rapamycin promotesmitophagy and remains its protective effects
under ApoE4 condition, and it is likely to gain more attention as
an AD therapeutical target.

Briefly, conservative speculation is that ApoE4 impedes
mitophagy throughout protein synthesis and degradation, and
there seems to exist a theoretical relationship between ApoE4,
PINK1/Parkin-mediated mitophagy, and AD, which suggests
an instructive hypothesis for neurodegenerative changes in
AD involving various processes, including expression, cleavage,
recruitment, ubiquitination, and degradation of PINK1 and
Parkin at the molecular level. Nevertheless, the precise molecular
mechanisms by which ApoE4 alters PINK1 and Parkin function
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have not yet been elucidated, and it may involve a complicated
regulated network of mitochondrial physiological events. Herein,
we present the potential machinery focusing on several pivotal
mitophagic factors as follows:

ApoE4 and the Regulators of PINK1/Parkin in AD
FOXO3a served as a transcription factor highly represented in
the brain and a new target of AD diagnosis (Pradhan et al.,
2020), that maintains cellular homeostasis against stresses for
neuronal protection, and regulates the transcriptional activity
of autophagy (BECN1, ATG12, PIK3C3) and mitophagic genes
(BNIP3 and PINK1) (Greer and Brunet, 2005; Murtaza et al.,
2017; Cheng, 2019). Akt-involved phosphorylation of FOXO3a
keeps exclusion from the nucleus and inhibits its transcriptional
activity (Greer and Brunet, 2005). The lower protein level of
FOXO3a and the higher phosphorylation level of FOXO3a-
Ser253 are found in the postmortem human brain tissues from
APOE ε4 carriers than non-carriers (Sohn et al., 2021), indicating
that the transcriptional activity and expression of FOXO3a are
considerably suppressed by APOE ε4 allele. Consistently, this is
also supported by the results from immunoblot and correlation
analysis that there is a concomitantly reductive transcription
of its downstream genes (BECN1, ATG12, BNIP3, and PINK1)
in APOE ε4 carriers. Collectively, ApoE4 mediated full-scale
inhibition of mitophagy via FOXO3a signaling, including its
expression, activity-dependent on chemical modification, and the
induction of its downstream effects.

SIRT1 is a NAD-dependent deacetylase that is involved
in the regulation of autophagy and mitophagy (Lee et al.,
2008; Salminen and Kaarniranta, 2009; Jang et al., 2012;
Ou et al., 2014) and displays neuroprotective implications
in AD (Julien et al., 2009; Gomes et al., 2018). SIRT1
directly binds to the transcription factor FOXO3a and mediates
FOXO3a deacetylation (Motta et al., 2004; Eijkelenboom and
Burgering, 2013; Ou et al., 2014). The SIRT1-FOXO3a-BNIP3
axis is indispensable for the induction of PINK1-Parkin-
dependent mitophagy (Yao et al., 2021). SITR1 activation elevates
Parkin expression, thus facilitating Parkin-dependent mitophagic
induction (Qiao et al., 2018). Given that ApoE4 interferences
of SIRT1 function have been mentioned above, it may be
attributable to the lower capacity reserve of mitophagy in
AD progression. The neuroprotection of overexpressed SIRT1
indicates a promising target for AD.

BNIP3, A BH3-only member of the BCL2 family operating
as a mitophagic receptor on OMM (Gao et al., 2020), stabilizes
PINK1 protein onto mitochondria to boost PINK1-mediated
mitophagy in hypoxic conditions (Zhang et al., 2016; Zachari
and Ktistakis, 2020). Performed with mass spectrometry analysis
and co-IP assay, FL-PINK1 is shown interact with BNIP3,
and the BNIP3-PINK1 binding disrupts proteolytic cleavage of
PINK1 to maintain the stabilization of FL-PINK1 for more
Parking recruitment (Zhang et al., 2016). Moreover, BNIP3-
mediated mitophagy is required for FOXO3a protections against
temozolomide-induced DNA double-strand breaks (He et al.,
2021), while FOXO3a interacts with the BNIP3 upstream
promoter and elevates BNIP3 expression (Lu et al., 2014). These
results suggest that BNIP3 function as a hinge during mitophagy.

Moreover, ApoE4 attenuates the expression of BNIP3 and PINK1
via Foxo3 signaling in APOE ε4 carriers (Sohn et al., 2021), thus
impairing the responsiveness of mitophagy. This may enlighten
an overlooked hinge for key mitophagic induction pathways,
which closely involved PINK1-induced signaling and FOXO3a-
induced signaling.

Sirtuin 3 (SIRT3) is a deacetylase, highly expressed in high-
metabolic tissues, and strongly associated with mitochondrial
quality (Meng et al., 2019). SIRT3 mediates FOXO3a activation
and the PINK1-Parkin mitophagic induction to prevent cellular
death (Jacobs et al., 2008; Li et al., 2018; Zhang et al., 2020).
SIRT3 activation alleviates Aβ toxicity and repairs mitochondrial
bioenergetics and maintains mitophagic activity and cognitive
function in AD (Meng et al., 2019; Li et al., 2020; Yin et al., 2020;
Yu et al., 2020; Zhang et al., 2020; Tyagi et al., 2021). SIRT3
expression was lower in the temporal cortices from APOE ε4
carriers than non-carriers (Yin et al., 2020). Additionally, SIRT3
expression is reduced and is rescued with ketones treatment only
in APOE ε4-TR mice (Yin et al., 2019). Collectively, SIRT3, a
downstream modulator of ApoE4, may provide a novel direction
for AD pathology-related therapy targeting FOXO3a and PINK1-
Parkin signaling.

TOMM40, a channel-forming subunit at OMM constituting
the TOMM40 complex for protein import into mitochondria
(Humphries et al., 2005; Manczak et al., 2011; Liu et al.,
2018), is proposed as a novel biomarker of AD (Mise et al.,
2017; Ochi et al., 2020). The TOMM-dependent signaling is
well-known as a molecular hinge for PINK1/Parkin-mediated
mitophagy (Bertolin et al., 2013). The defective TOMM complex
is responsible for PINK1 accumulation and activation, as well
as Parkin recruitment via direct interaction with TOMM40
(Bertolin et al., 2013). Compared to ApoE3 astrocytes, the
protein level of TOMM40 is upregulated without growing
transcriptional activity, indicating that augmented TOMM40
level in ApoE4 astrocytes may be on account for damaged
degradation (Schmukler et al., 2020). This result is consistence
with other findings regarding TOMM40 increase in the N2a
cells by proteomic profiling (Mise et al., 2017) and in both
hippocampal homogenates and CA3 pyramidal cells fromApoE4
mice by immunoblot (Orr et al., 2019). Owing to the linkage
disequilibrium with APOE (Simonovitch et al., 2019), TOMM40
expression is closely associated with APOE expression (Mise
et al., 2017), and APOE-TOMM40-APOC1 variants are strongly
associated with a high instance of AD (Gottschalk et al.,
2014; Kulminski et al., 2022). With increasing age, APOE
ε4 has closely linked to various TOMM40 polymorphisms
carried adverse impacts (Roses et al., 2013; Li et al., 2022),
and alter the distribution and function of the TOMM40
haplotypes (Roses et al., 2010). which echoes the mentioned
findings—more FL-PINK1 and Parkin, less cleaved PINK1
caused by ApoE4 (Simonovitch et al., 2019). Overall, TOMM40
polymorphisms and expression are associated with APOE ε4,
and its degradation is blocked under an ApoE4-induced context,
which may be helpful to explore the underlying mechanisms
of AD.

VDAC1, a porin protein abundantly located at OMM that
mediates ATP production and the trafficking of nucleotide
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and metabolites, functions as a target for Parkin-directed poly-
ubiquitin chains, and regulates Parkin recruitment (Sun et al.,
2012), thus playing an indispensable role in PINK1/Parkin-
mediated mitophagy (Geisler et al., 2010; Yamaguchi et al., 2016)
and AD pathogenesis (Manczak and Reddy, 2012b; Shoshan-
Barmatz et al., 2018; Chi et al., 2021). VDAC1 preliminarily
showed an increase in ApoE4-N2a cells performed by proteomic
profiling assays (Orr et al., 2019), which is appealed to further
experimental verification. Interestingly, a recent study reports the
binding of ApoE and VDAC induces the continual opening of
the mitochondrial permeability transition pore thus resulting in
MMP collapse and electronegative LDL-mediated mitochondrial
disorders and impaired degradation (Chen et al., 2020), which
may partially account for the VDAC1 elevation abovementioned
(Orr et al., 2019). Specifically, it is shown both ApoE3 and
ApoE4 are colocalized with VDAC via double-labeling analysis,
and reconfirmed the interaction without isoform-dependent
difference via co-IP in H9c2 cells, a type of embryonic rat heart-
derived cells (Chen et al., 2020). Although discrepant interaction
between ApoE3 and ApoE4 could not be found, the finding
enlighten the researchers to broadly examine the ApoE-VDAC
interaction in neuronal models, including cell lines of neurons
or glia, primary neuronal cells, and brain tissues from APOE-
TR mice or AD model mice, even the APOE ε4 carriers and AD
subjects, in order to explore whether the interaction exists in
the neuronal system, whether there is a differential interaction
between ApoE3 and ApoE4, and whether it is associated with
AD pathogenesis. Incidentally, the VDAC1-Aβ and VDAC1-
Tau interaction is confirmed by double-labeling analysis and co-
IP in the brains of AD subjects and several AD model mice
(Manczak and Reddy, 2012b), while it is well known that ApoE4
mediates Aβ aggregation and Tau hyperphosphorylation (Ellis
et al., 1996; Brecht et al., 2004). Looking at the above factors,
it is supposed that the ApoE-VDAC binding cooperates with
the VDAC1-Aβ and VDAC1-Tau interaction conjointly blocks
mitochondrial pores as synergistic effects, ultimately contributing
to mitochondrial dysfunction, defective mitophagy, and aberrant
accumulation of damaged mitochondria, interrupting energy
supply and aggravating synaptic dysfunction in AD.

Aβ aggregation causes reductive cytosolic Parkin and PINK1
levels in the cytoplasm (Kerr et al., 2017); Aβ also binding to
Parkin and autophagic vacuoles in the distal axons of APP-
mutant mouse cells (Cai and Tammineni, 2016; Reddy and
Oliver, 2019). Presenilins mutations interrupt PINK1 elevation
and PINK/Parkin-dependent mitophagic cycle (Goudarzi et al.,
2021). More Parkin recruitment of cytosolic to depolarized
mitochondria is shown in human APP-transgenic neurons (Cai
and Tammineni, 2016). Dysfunctional Parkin translocation and
recruitment result from Tau accumulation and detrimental
interactions with Tau (Goudarzi et al., 2021).

Collectively, ApoE4 and PINK1-Parkin comprise a potential
mitochondrial signaling cascade response pathway, and these
observations indicate ApoE4-mediated inhibition on PINK1-
Parkin mitophagy via multi-faced downstream regulators (Sohn
et al., 2021). The data provide new insights into the role of ApoE4
in mitophagic deficiency to develop a potential therapeutic target
for AD.

CONCLUSION AND PROSPECTS

Deficient mitochondrial quality control is established to
interfere with cellular bioenergetic metabolisms and neuronal
survival, leading to the occurrence and development of
neurodegenerative disorders (Chinnery, 2015). Based on the
multi-faceted roles that mitophagy plays in AD pathogenesis
(Salminen et al., 2013), we integrate various overwhelming
evidence ranging from cellular models to clinical patients
that autophagic and mitophagic dysfunction result from
ApoE4—multiple interferences of general autophagic processes,
fission inhibition, fusion-related protein accumulation,
PINK1/Parkin signaling blockage—and highlight additional
findings that helps to further elucidate the cross talk of ApoE4
and its effector, as well as the regulations of mitochondrial
dynamics events.

Despite current studies about mitophagic control, some
important issues are required to be addressed. First, ApoE4
participates in diverse mitophagic signaling pathways at various
processes in direct or indirect manners (Horner et al.,
2020; Schmukler et al., 2020; Yin et al., 2020; Liang et al.,
2021b; Qi et al., 2021; Eran and Ronit, 2022). Taking the
cross talk among these signaling pathways into account, it
is proposed to further study the interconnected interactions
between different pathways, and distinguish which of them
plays a predominant role in the pathological consequences
of ApoE4. Moreover, certain factors play multiple roles in
mitochondria metabolism. SIRT1 (Lee et al., 2008; Jang et al.,
2012; Lu et al., 2014; Ou et al., 2014; Qiao et al., 2018; Yao
et al., 2021), Ca2+ (Cereghetti et al., 2008; Ishihara et al.,
2017; Barazzuol et al., 2020), Aβ (Manczak et al., 2011; Cai
and Tammineni, 2016; Kerr et al., 2017; Reddy and Oliver,
2019), and Tau (Manczak and Reddy, 2012a; Abtahi et al.,
2020; Goudarzi et al., 2021; Kandimalla et al., 2021) function
throughout autophagic general processes and mitochondria-
specific processes and affect the balance between mitophagy,
mitochondrial biogenesis, and mitochondrial dynamics. Second,
concerning high AD prevalence in females, it is recommended to
highlight the probable role of gender differences or interference
in various behavior assessments or molecular indicators in
clinical or non-clinical studies in order to find more meticulous
findings underlying the complicated effects of APOE genotype.
Third, the neuro-degeneration processes may share a common
mechanismwith AD and other neurodegenerative diseases. ApoE
has been extensively studied in multiple fields and displays
new findings, such as the interaction of ApoE4-TFEB promoter
(Parcon et al., 2018), ApoE4-SIRT1 promoter (Theendakara et al.,
2016; Lima et al., 2020), and particularly ApoE-VADC (Chen
et al., 2020) in myocardial cells, which deserves extending to
neuronal researches, particularly mitophagy in AD. There is a
preference for detailed, multivariate, and diversified indicators
to investigate molecular and functional alterations in new
aspects. From a molecular perspective, it may be worthy
to differentiate the features of the specific interactions more
detailedly, including specificity, affinity, stability, intermolecular
force, and other quality at the submolecular level. Fourth,
because only few studies have reported OPA1, FIS1 function,
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and receptor-mediated mitophagy differed from an APOE-
genotype perspective, hence, completing a related investigation
may be helpful to better understand the complicated alterations
in AD (Sun et al., 2014; He et al., 2019). Fifth, mitophagic
stimulation may be beneficial to tissue homeostasis, as judged
by the neuroprotective implication of rapamycin has been
comprehensively assessed (Schmukler et al., 2020). Studies may
be intriguing to investigate the clinical benefits of more known
autophagic ormitophagic inducers or other drugs, such as GRP75
inhibitor (Liang et al., 2021b), in vivo and in vitro studies and
further develop specific therapies.

In general, mitophagy is a multifunctional event preventing
AD pathogenesis along with multiple challenges to its
beneficial effects. Current findings of the ApoE4 role of
mitophagy in AD seem to be limited to some extent, and
remain controversial still need further investigation in detail.
Discovering the gaps in the underlying mechanisms are
greatly enlightened to screen for possible and predominant
mechanisms and open a new avenue of research to facilitate
earlier diagnosis or potential neuroprotective therapies
for AD.
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