
Vol.:(0123456789)1 3

https://doi.org/10.1007/s12035-021-02487-7

Defective Autophagy and Mitophagy in Alzheimer’s Disease: 
Mechanisms and Translational Implications

Jie Chen1 · Hai‑Jun He2 · Qianqian Ye2 · Feifei Feng2 · Wen‑Wen Wang4 · Yingying Gu5 · Ruiyu Han3 · 
Chenglong Xie2,6,7

Received: 2 April 2021 / Accepted: 7 July 2021 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2021

Abstract
The main histopathology of Alzheimer’s disease (AD) is featured by the extracellular accumulation of amyloid-β (Aβ) plaques 
and intracellular tau neurofibrillary tangles (NFT) in the brain, which is likely to result from co-pathogenic interactions 
among multiple factors, e.g., aging or genes. The link between defective autophagy/mitophagy and AD pathologies is still 
under investigation and not fully established. In this review, we consider how AD is associated with impaired autophagy and 
mitophagy, and how these impact pathological hallmarks as well as the potential mechanisms. This complicated interplay 
between autophagy or mitophagy and histopathology in AD suggests that targeting autophagy or mitophagy probably is a 
promising anti-AD drug candidate. Finally, we review the implications of some new insights for induction of autophagy or 
mitophagy as the new therapeutic way that targets processes upstream of both NFT and Aβ plaques, and hence stops the 
neurodegenerative course in AD.

Keywords Autophagy · Mitophagy · Alzheimer’s disease · Dementia · Molecular mechanism

Background

Alzheimer disease (AD) is a slow progressive and irrevers-
ible neurodegenerative disease, affecting about 45 million 
people worldwide [1]. Clinically, AD is characterized by 
an insidious onset and a gradual deterioration of cognitive 
functions involving memory loss to impairment of higher 
executive functions [2–4]. The subjects of AD have a pro-
found influence on the quality of life, of both the affected 
patients and their careers or relatives [5]. This represents a 
major global public health issue and socioeconomic burden 

Jie Chen and Hai-Jun He contributed equally to this work

Key Points
1. Update the interplay between autophagy or mitophagy and
    histopathology in AD.
2. Interventional strategies of targeting autophagy or mitophagy as
    promising anti-AD drug candidates.
3. Induction of autophagy or mitophagy as the new therapeutic 
   strategy that targets processes upstream of both Aβ and tau, and  
     therefore forestalls the neurodegenerative process in AD.

 * Ruiyu Han 
 66743941@qq.com

 * Chenglong Xie 
 xiechenglong1987@126.com

1 Department of Rehabilitation Medicine, Ningbo Medical 
Center Li Huili Hospital, Ningbo 315000, China

2 Department of Neurology, The First Affiliated Hospital 
of Wenzhou Medical University, Wenzhou 325000, China

3 NHC Key Laboratory of Family Planning and Healthy, Hebei 
Key Laboratory of Reproductive Medicine, Hebei Research 
Institute for Family Planning Science and Technology, 
Shijiazhuang 050071, Hebei, China

4 The Center of Traditional Chinese Medicine, The Second 
Affiliated Hospital and Yuying Children’s Hospital 
of Wenzhou Medical University, Wenzhou 325027, China

5 Department of Psychiatry, The First Affiliated Hospital 
of Wenzhou Medical University, Wenzhou 325000, China

6 Institute of Aging, Wenzhou Medical University, Wenzhou, 
Zhejiang, China

7 Key Laboratory of Alzheimer’s Disease of Zhejiang 
Province, Wenzhou, China

/ Published online: 19 July 2021

Molecular Neurobiology (2021) 58:5289–5302

http://crossmark.crossref.org/dialog/?doi=10.1007/s12035-021-02487-7&domain=pdf


1 3

with cost of dementia care exceeding $800 billion [1, 6]. The 
main histopathological hallmarks of AD are extracellular 
amyloid-β (Aβ) plaques and intracellular tau neurofibrillary 

tangles (NFT) (Fig. 1). These hallmarks are accompanied by 
neuroinflammation, synaptic dysfunction, and mitochondrial 
dysfunction leading to neuronal loss, thereby resulting in 

Fig. 1  Summaries of the etiologies of AD: The histopathologi-
cal hallmarks of AD are extracellular senile plaques, composed of 
accumulation of amyloid-β (Aβ), and intracellular NFT, containing 
aberrantly hyperphosphorylated microtubule associated protein tau 
(MAPT/p-tau). These hallmarks are accompanied by neuroinflam-
mation, synaptic dysfunction, and mitochondrial dysfunction lead-
ing to neuronal loss, thereby resulting in brain atrophy. Mutations 
in APP, PSEN1, or PSEN2, which respectively encode APP and the 
APP-processing enzymes presenilin 1 and 2, alter amyloidogenic pro-
cessing of APP and cause familial AD. For sporadic AD, polymor-
phisms in genes that regulate microglial immune activation (APOE, 
TREM2, CR1, MS4A6A, MS4A6E, CD33), lipid metabolism 
(APOE, TREM2, CLU, ABCA7, WWOX), and endocytosis (APOE, 

PICALM, BIN1, SORL1, CD2AP) are risk factors for sporadic AD. 
These factors contribute to Aβ and tau pathology-mediated neurode-
generation. AD, Alzheimer’s disease; Aβ, amyloid-β; NFT, neurofi-
brillary tangle; APP, Aβ precursor protein; PSEN, presenilin; APOE, 
apolipoprotein E; TREM2, Triggering Receptor Expressed On 
Myeloid Cells 2; CR1, the complement component receptor 1 gene; 
MS4A6A, Membrane Spanning 4-Domains A6A; CLU, the clusterin; 
ABCA7, ATP Binding Cassette Subfamily A Member 7; WWOX, 
WW Domain Containing Oxidoreductase; PICALM, Phosphatidylin-
ositol Binding Clathrin Assembly Protein; BIN1, Bridging integrator 
1; SORL1, the sortilin-related receptor 1; CD2AP, CD2-associated 
protein
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brain atrophy [7–9]. Despite decades of extensive research, 
the precise cause of AD is still not fully understood, and 
many attempts in treating AD by drugs targeting the pro-
teins Aβ plaque or p-tau have been unsuccessful [10–14]. 
Exploring new targets and mechanism is urgent in front of 
these conditions.

Mitochondria are double-membrane bound organelles 
that perform essential roles in several cellular processes, 
ranging from energy production through oxidative phos-
phorylation (OXPHOS) to initiation of cell death [15, 16]. 
Despite the brain accounting for about 2% of body weight, it 
utilizes up to 20% of oxygen at rest [17]. The energy require-
ment is largely dependent on the cellular demand to perform 
and/or maintain function. Thus, mitochondria are considered 
as the “powerhouses” of cells that play a key role in develop-
mental and neuronal survival [16, 18]. Mitochondrial main-
tenance and the timely clearance of damaged mitochondria 
are a necessity to maintain neuronal function, synaptic plas-
ticity, and neuronal survival. Thus, there are a number of 
quality control systems in place for the sake of maintaining 
mitochondrial health and efficient functioning, under physi-
ological conditions. In particular mitochondrial autophagy, 
termed mitophagy, predominantly regulates mitochondrial 
maintenance. Autophagy is the process by which intracel-
lular redundant components are degraded and recycled. 
Age-related diseases, including neurodegeneration, have 
been associated with reduced autophagy [19]. Mitophagy, 
the mitochondria-specific autophagy, can either specifically 
clear impaired mitochondria or eliminate all mitochondria 
during specialized developmental stages or starvation [19]. 
Accumulating evidences presented have indicated that 
compromised mitophagy contributes to aging and neurode-
generation observed in models of premature aging disease 
and AD [18, 20–23]. This review summarizes the recent 
developments on the role of autophagy, which also includes 
mitophagy, in the etiology of AD and the key mechanisms 
underlying its cross-talk interplay with the AD-associated 
neuropathological hallmarks. We review the reasons for the 
failures of current therapeutic approaches in AD and suggest 
possible new approaches.

Autophagy: General

Autophagy is an elaborately controlled stepwise quality con-
trol mechanism, which is active at basal level under physi-
ological conditions; however, it can be activated in response 
to cellular stresses, such as DNA damage, nutrient depriva-
tion, toxic stimulation, oxidative stress, and protein aggre-
gation [24]. Autophagy degrades cellular products that can 
result in cytotoxicity upon accumulation, such as oxidative 
stress protein aggregates or impaired mitochondria, which is 
necessary for cellular homeostasis, organelle quality control, 

and organismal accommodation to environmental changes 
[25]. The resulting degradation products of autophagy can 
be used for various purposes including, but not limited to, 
protein synthesis and energy production [26]. In addition, 
autophagy is tightly fit with cell environments to sustain 
healthy aging [27].

Mechanisms of Autophagy

During the initiation of autophagy, the initial vesicles are 
derived from a variety of membrane sources, including the 
endoplasmic reticulum, Golgi apparatus, mitochondria, and 
certain endosomal intermediates et al. [28]. Nutrient depri-
vation, growth factor depletion, or low cellular energy lev-
els are documented inducers of primordial autophagy [24], 
which mediates mechanistic target of rapamycin complex 
1 (mTORC1) inhibition and AMP-activated protein kinase 
(AMPK) activation, and then upregulates the Unc-51 like 
kinase-1 (ULK1) serine threonine kinase complex, including 
autophagy-related 101 (ATG101), ATG13, and focal adhe-
sion kinase family-interacting protein of 200 kDa (FIP200) 
through a range of phosphorylation events [29]. Phago-
phore nucleation is a complicated process, and its underly-
ing mechanisms are still not fully characterized. According 
to contemporary knowledge, induction of the ULK1 com-
plex following activates the class III PI3K VPS34 at the 
phagophore initiation sites, where VPS34 generates PI3P, 
whereas in a complex with VPS15, ATG14L, and Beclin1 
to act in phagophore nucleation, which leads to the devel-
opment of cup-shaped pre-autophagosome structures fol-
lowing the activation of ATG9 [30]. PI3P also recruits the 
WIPI and DFCP1 by binding domains and subsequently 
defines the microtubule-associated protein LC3 lipidation 
sites for autophagosome precursors by facilitating the sup-
plementation of the ATG5-ATG12-ATG16L1 complex 
and enabling the membrane prolongation [31]. The ATG5-
ATG12-ATG16L1 complex is recruited to the phagophore 
assembly site via the interaction of ATG16L1 with WIPI2. 
This complex is necessary for the linkage of LC3-I to phos-
phatidylethanolamine (PE) in membranes by a mechanism 
that is dependent on ATG3 and ATG7 for the formation of 
LC3-II, which sustains autophagosome membrane expan-
sion and completion [32]. The isolation membrane gradu-
ally elongates and finally seals into a double-membraned 
vesicle structure, called the autophagosome. During the 
entire autophagy process, ATG proteins can interact with 
other ATG proteins that reside outside of their “classic” 
complex. For example, FIP200 combines with ATG16L1 to 
correctly guide it to the isolation phagophore of the nascent 
autophagosome [33]. The ATG13 HORMA domain interacts 
with ATG9, a multi-spanning membrane protein, to hierar-
chically recruit ATG9 vesicles to the pre-autophagosomal 
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structure (PAS) [33]. Finally, following elongation and 
closing of the phagophore, the autophagosome achieves 
maturation, which recruits the STX17 and SNAP29 on the 
autophagosome membrane and VAMP8 on the lysosome 
membrane together with the HOPS complex to complete 
fusion [34]. Moreover, adequate lysosome quantity is also 
needed for fusion with autophagosomes due to this reac-
tion expends the lysosomes. TFEB has been established as 
a pivotal regulator of lysosomal biogenesis and plays a role 
in the control of the autolysosome degradation stage [35]. 
In brief, the autophagosome outer membrane must fuse with 
the lysosome to form an autolysosome and engulf a variety 
of substrates that are ultimately degraded; this leads to nutri-
ent recycling via the release of amino acids, glucose, and 
lipids [36]. An overview of the autophagy molecular path-
way and some targeting involved in the autophagy machin-
ery is shown in Fig. 2.

Autophagy: a Key Contributor to AD 
Pathogenesis

Autophagy is a conserved valid neuroprotective process that 
actively results in the elimination of pathogenic misfolded 
aggregates. Various lines of evidence suggest that aging reg-
ulates the autophagy process [37]. Indeed, autophagy plays 
a key role during development and disease, and evidences 
assembled over the past decades indicate that autophagy has 
a direct role in modulating aging, especially in AD [38]. 
In cross-species AD animal models, damaged autophagy 
is closely connected with the collection of Aβ plaques and 
NFT. Meanwhile, AD main pathologies can also serve as 
upstream events to impaired autophagy. Actually, there is a 
little complicated relationship between Aβ and autophagy. 
On one hand, Aβ can be degraded by autophagy in multiple 
systems and opposite also be generated in autophagosomes, 
which appear to contain both APP and PS-1, an enzyme 
involved in the cleavage of APP to Aβ [39, 40]. Hyperphos-
phorylated tau co-localizes with LC3-positive vesicles and 
the autophagy cargo-receptor p62 to disrupt the autophagy 
flux [41]. Moreover, tau has also been shown to bind lyso-
somal membranes and perturb lysosomal permeability in 
AD models to impair autophagy process [42]. Decline in 
autophagic functions in AD models can be primary or sec-
ondary to other potential causes. For instance, PS muta-
tion proteins in AD are primary defects, which can cause 
autophagy impairment that due to their physiological com-
petence is lost [43]. In addition, autophagosomes produced 
in the distal end of the axon utilize the retrograde transport 
way for the soma to arrive, where they fuse with lysosomes 
[44]. Several studies have shown that abnormal binding of 
Aβ oligomers to the cytoskeletal motor protein dynein would 
interfere with autophagosome trafficking and fusion, which 

decreases autophagosome motility in neurons and contrib-
utes to their accumulation in the distal part of the axons 
in patients with AD [45]. In terms of autophagy induction, 
rapamycin, the best known mTOR inhibitor, has been dis-
played to avert protein accumulation and neurodegeneration 
in experimental models of AD [46]. Moreover, temsiroli-
mus could enhance Aβ clearance by an autophagy-dependent 
manner and improved spatial learning and memory abilities 
in APP/PS1 transgenic mice [47].

Defective Autophagy in AD

The accumulation of lysosomes is a well-established neuro-
pathologic feature of AD. In the human AD cortex, striking 
accumulations of immature autophagic vacuole (AV) forms 
in dystrophic neurites when using immuno-electron micros-
copy suggest that the transport of AVs and their maturation 
to lysosomes may be impaired, thereby impeding the func-
tion of autophagy [48]. Of note, based on genetic studies 
over recent decades, several gene mutations in AD have been 
reported that are also involved in different steps of autophagy 
and impair autophagy efficiency. One study has demon-
strated that phosphatidylinositol-binding clathrin assembly 
protein (PICALM) plays a role in AD etiology, which is a 
clathrin adaptor protein that plays a role in AD etiology, and 
ablation of this protein has been shown to prohibit autophagy 
at various steps, including autophagosome formation and 
maturation, disruption of cargo recognition and inhibition of 
autolysosome formation [49]. Similarly, PICALM is aber-
rantly cleaved in the brain samples of AD patients, and the 
quantity of the un-split 65–75-kDa full-length PICALM 
species is clearly decreased, leading to tau pathology and 
endocytic dysfunction in AD [50]. PICALM is also indis-
pensable for the endocytosis of VAMP2, VAMP3, and 
VAMP8, which are important for autophagosome–lysosome 
fusion. Autophagosome precursor vesicles incapable of fus-
ing are observed without PICALM, contributing to damaged 
autophagosome biogenesis and a decrease in the formation 
of autolysosome and autophagic flux, and this may influ-
ence AD in a variety of ways comprising regulation of tau 
turnover [51]. In addition, there is a mass of evidence show-
ing that the mutation of PS-1, as the catalytic subunit of the 
γ-secretase enzyme complex, alters the way the APP protein 
is processed and contributes to AD. PS-1 has been exhibited 
to function as an endoplasmic reticulum (ER) chaperone for 
the  V0a1 subunit of the lysosomal v-ATPase and is essential 
for lysosomal turnover of autophagic and endocytic protein 
substrates [52]. Mutations in PS1 cause early-onset AD due 
to decreased lysosome acidification and maturation of the 
lysosomal v-ATPase, thus increasing lysosomal pH, which 
would be forecasted to decrease autophagosome clearance 
[53]. Although the established mechanism that generates 
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this reduction in turnover is dimness, there seems to be a 
consensus concerning the idea that PS1 has a role in AD due 
to the defective autophagy [54]. Meanwhile, in AD models, 

the increase in the level of acid sphingomyelinase (ASM) 
in fibroblasts and the brain can cause a decrease in TFEB 
levels, leading to defective autophagic degradation due to 

Fig. 2  Overview of the autophagy molecular pathway and the genes 
implicated in AD pathogenesis: Nutrient deprivation, oxidative 
stress, and/or low cellular energy levels are well-established primor-
dial autophagy inducers, which is mediated mTORC1 inhibition and 
AMPK activation, then positively adjust the ULK1 complex bear-
ing with ATG13, ATG101, ULK1, and FIP200 through a ranges of 
phosphorylation events. Induction of the ULK1 complex following 
activates the class III PI3K VPS34 to the phagophore initiation sites 
where VPS34 generates PI3P while in a complex with p115, VPS15, 
AMBRA1, ATG14L, and BECN1 to act in phagophore nucleation, 
which leads to developing a cup-shaped pre-autophagosome struc-
tures with the activation of ATG9. PI3P also recruits the WIPI and 
DFCP1 via bind domains and subsequently defines the LC3 lipidation 
sites for autophagosome precursors by helping in the supplement of 
the ATG5-ATG12-ATG16L1 complex, and enabling the membrane 
prolongation. This complex is essential for the conjugation of LC3-I 
to PE in membranes by a mechanism dependent on ATG3, ATG7 to 
the formation of LC3-II, which sustains autophagosome membrane 
expansion and completion. The isolation membrane gradually elon-
gates and finally seals into a double-membraned vesicle, termed the 
autophagosome. Finally, following elongation and closing of the pha-
gophore, the autophagosome experiences maturation, which impli-
cates the STX17 and SNAP29 on the autophagosome membrane and 

VAMP8 on the lysosome membrane, with the help of HOPS com-
plex to finish fusion together. TFEB has been established as a piv-
otal regulator for lysosomal biogenesis which plays an important role 
in the control of autolysosome degradation stage. Mutations in core 
autophagy genes that are implicated in AD occur. PICALM plays a 
role in autophagosome formation and maturation, disruption cargo 
recognition, and inhibition of autolysosome formation. In addition, 
the mutation of PS-1, which is involved in lysosomal v-ATPase, 
alters the way the APP protein is processed and contributes to AD. 
Moreover, mutations of the BECN1, Dynein, ATG7, TMED10, 
and TFEB all have been suggested to be involved in AD pathogen-
esis. mTORC1, mechanistic target of rapamycin complex 1; AMPK, 
AMP-activated protein kinase; ULK1, Unc-51 like kinase-1; ATG, 
autophagy-related; FIP200, family-interacting protein of 200 kDa; 
VPS34, vacuolar protein sorting 34; PI3P, phosphatidylinositol 
3-phosphate; AMBRA1, autophagy and beclin 1 regulator 1; BECN1, 
Beclin1; WIPI, WD repeat domain phosphoinositide-interacting pro-
teins; DFCP1, zinc-finger FYVE domain-containing protein 1; LC3, 
microtubule-associated protein light-chain 3; PE, phosphatidyletha-
nolamine; STX17, syntaxin 17; SNAP29, synaptosomal-associated 
protein 29; VAMP8, vesicle-associated membrane protein 8; HOPS, 
homotypic fusion and protein sorting; TFEB, transcription factor EB
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lysosomal depletion. In contrast, genetic inhibition of ASM 
in heterozygous knockout mice is able to ameliorate AD 
clinical performance and pathological findings (e.g., Aβ 
deposition) because it reduces the accumulation of LC3-II 
and p62 by restoring lysosomal biogenesis [55]. The level 
of BECN1 mRNA is reduced in AD brain tissue follow-
ing caspase-cleavage, resulting in impaired autophagosome 
formation. Inhibition of autophagy through conditional 
knockout of the ATG7 in the forebrains of mice results in 
phospho-tau accumulation and aberrant intraneuronal Aβ 
accumulation [56]. In parallel, meta-analyses of existing 
genome-wide association studies have shown that mutations 
in autophagic receptor p62 were associated with AD [57]. In 
summary, the function of autophagy in AD is complicated 
and controversial due to the different stages of autophagy 
implicated in the disease.

Defective Mitophagy in AD

It is now explicit that mitochondria perform various impor-
tant roles in the cellular homeostasis and are implicated 
in nearly all fields of cell function by forming a highly 
interconnected network throughout the cells, including 
oxidative phosphorylation, calcium buffering in synapses, 
metabolism, and the biosynthesis of intermediates for cell 
growth or death et al. [16]. Consequently, mitochondrial 
dysfunction in bioenergetic and metabolism can contribute 
to the etiology of neurodegenerative diseases by affecting 
several pathways, suggesting that strategies aimed at restor-
ing mitochondrial function are a significant drug target for 
these highly widespread diseases [58]. Mitochondria have 
long been studied as a key organelle in the pathogenesis of 
AD, as the subjects show early mitochondrial dysfunction 
prior to the appearance of any histopathological or clinical 
symptoms [59]. Recently, there have been hundreds of stud-
ies recording mitochondrial abnormalities and the accumu-
lation of damaged mitochondria in AD models in vitro and 
in vivo and illuminating the potential molecular circadian 
mechanisms and cellular consequences of mitochondrial 
insufficiency [22]. Cytochrome c, cytochrome oxidase 1, 
and Bax, as markers of mitochondrial dysfunction, were 
observed in dystrophic neurites in transgenic AD mice and 
progressively increased with age [60]. To uncover the con-
dition of mitophagy impairment and the accumulation of 
damaged mitochondria in AD brain, Fang found excessive 
mitochondrial damage and small-sized mitochondrial mor-
phology by electron microscopy in postmortem hippocam-
pal tissues from AD patients compared to healthy controls, 
indicating the mitophagy dysfunction in AD subjects [23]. 
A pathway that links nuclear DNA damage to mitochondrial 
homeostasis is the PAPR1-NAD+-SIRT1-PGC1α axis, in 
which PAPR1 is activated in AD and subsequently inhibits 

various DNA repair pathways and  NAD+ depletion, leading 
to impaired nuclear to mitochondrial signaling [61, 62]. As a 
result, dysfunctional mitochondria gather in neurons, leading 
to reduced cellular ATP levels and superfluous production of 
reactive oxygen species (ROS) production, which can cre-
ate a “vicious circle” that worsens mitochondrial damage, 
resulting in the formation Aβ deposition and tau phospho-
rylation and finally contributing to AD.

Mechanisms of the Mitophagy Pathway

Insufficient degradation of damaged or superfluous mito-
chondria is likely to be responsible for the aggregation of 
defective mitochondria in AD [22]. Recently, mitophagy has 
been found to be one of the most common forms of selec-
tive autophagy in scientific fields that degrades mitochondria 
within lysosomes, and which is often mediated by autophagy 
receptors such as PTEN-induced putative kinase 1 (PINK1), 
Parkin and BNIP3L, and mitophagy impairment resulting in 
the disability of mitochondrial cargo recognition machinery, 
thus inhibiting the clearance of damaged mitochondria and 
leading to cell and tissue injuries [59, 63]. In addition, com-
promised mitophagy in AD may result from dysfunctional 
fusion between autophagosomes and lysosomes, which is the 
final step of mitophagy. Molecular pathways of mitophagy 
are intricate, including PINK1–Parkin-dependent or inde-
pendent pathways [64]. Following oxidative stress and mem-
brane potential dissipation, leading to stabilization of the 
PINK1 at the outer mitochondrial membrane (OMM). After-
wards, PINK1 is activated first by auto-phosphorylation and 
then phosphorylates mitofusin 2 (MFN2) and ubiquitin, 
leading to the recruitment of Parkin to the OMM surface. 
Phosphorylated poly-ubiquitin chains serve as a “swallow 
me” signal for the autophagic machinery. Meanwhile, parkin 
ubiquitylates several outer membrane components that are 
following recognized by the adaptor proteins ubiquitin-bind-
ing proteins optineurin (OPTN), p62, nuclear dot protein 52 
(NDP52), and neighbor of BRCA1 gene 1 (NBR1) et al., 
which recruit the impaired mitochondria to the autophagy 
pathway and initiate autophagosome formation through 
binding with LC3. In addition to Parkin, BNIP3, NIX/
BNIP3L, and FUNDC1 are referred to as mitophagy recep-
tors, localize to the OMM, and connect directly with LC3 to 
induce mitochondrial elimination [65] (Fig. 3).

Pathogenic Aβ Interfering with Defective 
Mitophagy

Neurons affected by AD undergo mitochondrial abnormali-
ties and a bioenergetic deficit that may generate the disease-
defining Aβ pathologies. Oppositely, Aβ deposition can 
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also deteriorate mitochondrial homeostasis [66]. Studies 
of cultured neurons and those in brain specimens from AD 
patients have demonstrated that mitochondrial dysfunction 

accelerates Aβ production through oxidative stress produc-
tion [67], and restoring mitochondrial function by admin-
istration of superoxide dismutase-2 (SOD2) might protect 

Fig. 3  Overview of the mitophagy molecular pathway and implicated 
in AD pathological hallmarks. A damaged mitochondrion is marked 
and recognized by the autophagic machinery, forming a mature 
mitophagosome, and then fuses to a lysosome to be degraded. Fol-
lowing oxidative stress and membrane potential dissipation, lead-
ing to stabilization of the PINK1 at the OMM. PINK1 is activated 
by auto-phosphorylation and then phosphorylates MFN2 and ubiq-
uitin, leading to recruiting Parkin to the OMM surface. Phosphoryl-
ated poly-ubiquitin chains serving as a “swallow me” signal for the 
autophagic machinery. Meanwhile, parkin ubiquitylates several outer 
membrane components, such as FUNDC1, AMBRA1, TAX1, NIX/
BNIP3L, BNIP3, and FKBP8, that are following recognized by the 
adaptor proteins ubiquitin-binding proteins OPTN, p62, NDP52, 

and NBR1 et  al., which recruit the impaired mitochondria to the 
autophagy pathway and initiate autophagosome formation through 
binding with LC3. Neurons affected in AD undergo mitochon-
drial abnormalities and a bioenergetic deficit that may generate the 
disease-defining Aβ pathologies and NFT, leading to brain atrophy 
and AD. PINK1, PTEN-induced putative kinase 1; OMM, outer 
mitochondrial membrane; MFN2, mitofusin 2; FUNDC1, FUN14 
Domain Containing 1, AMBRA1, autophagy and beclin 1 regulator 
1; NDP52, Nuclear Dot Protein 52 kDa; NIX, BCL2 Interacting Pro-
tein 3 Like; FKBP8, FKBP Prolyl Isomerase 8; OPTN, optineurin; 
NBR1, neighbor of BRCA1 gene 1; LC3, microtubule-associated pro-
tein light-chain 3
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the aging brain against hAPP/Aβ-induced impairments 
[68]. Accumulation of unrepaired damaged nuclear due to 
dysfunction of base excision repair and DNA double-strand 
break repair and mitochondrial DNA may occur early in the 
AD, leading to Aβ increase by inhibition of the nicotinamide 
adenine dinucleotide  (NAD+)/sirtuin–PGC-1a pathway [61]. 
Simultaneously, a growing number of evidence report that 
Aβ peptides exert a critical role in mediating mitochondrial 
toxicity. The results of one cross-species study offer robust 
evidence that mitophagy defects play a robust role in AD 
development and progression, which can be ascribed to 
both Aβ1–42 and p-tau pathologies, which is a major factor 
of AD progression and memory disability range from Cae-
norhabditis elegans and mice to humans [23]. Accumula-
tion of Aβ in neurons expressing mutant APP diminished 
mitochondrial ATP production and mitochondrial mem-
brane potential decreased and enzyme competence, as well 
as increasing levels of mitochondrial ROS [69]. Inhibition of 
mitochondrial permeability transition pores and reduction in 
mitochondrial injury would be expected to protect neurons 
against Aβ neurotoxicity [70]. Moreover, mitophagy failure 
was observed because of diminished autophagy degradation 
function in fibroblasts and iPSC-derived neurons harboring 
the PS1 mutation A246E, thus leading to the accumulation 
of damaged mitochondria [71]. In terms of synaptic mito-
chondria, especially Aβ-rich region, may be especially apt to 
damage by Aβ result from their high ATP demand and con-
stant  Ca2+ influx during synaptic activation, emphasizing the 
critical role of synaptic mitochondrial dysfunction ascribe 
to the development of synaptic degeneration in AD [72].

Pathogenic Tau Interfering with Defective 
Mitophagy

Tau belongs to a family of microtubule-associated proteins 
(MAPs) that is essential for maintenance of cell structure 
and integrity. It is bound to microtubules, performing an 
important role in regulating the assembly and stabilization 
of microtubules, which is necessary in order to facilitate 
diverse process, including axonal transport, synaptogen-
esis, and neurite outgrowth [73–76]. Phosphorylation of 
tau protein is reported to decrease its capacity to bind and 
stabilize microtubule; though at the same time, it is also 
critical for the dynamic regulation of microtubules in order 
to perform their function efficiently. In a group of neurode-
generative disease, referred to as “tauopathies,” tau is aber-
rantly hyperphosphorylated and aggregated, which results 
in changes to its structure and function. The most common 
of which is AD, where p-tau constitutes to paired helical 
filaments (PHFs), which facilitate formation of one of the 
pathological hallmarks, namely NFT [73]. Accumulating 
evidence stemming from AD human post-mortem tissue 

as well as models of AD, namely drosophila, murine, and 
human cell lines overexpressing wild-type (WT) and/or 
mutant tau, implicate impairments in mitochondrial mor-
phology, function, dynamics, and transport [73, 77–81]. In 
particular, localization of p-tau on the outer mitochondrial 
membrane, within the inner mitochondrial membrane, as 
well as in the mito-autophagosomes has become evident [82, 
83]. Mitochondrial localization of p-tau has been associated 
with impairments in mitochondrial  Ca2+ homeostasis, mito-
chondrial-ER communication, and mitophagy, in particular 
[82, 83]. Further evidence shows overexpressing mutant tau 
implicates impaired mitophagy which leads to accumulation 
of damaged mitochondria and functionally to cognitive defi-
cits [21, 23, 84]. Overexpression of tau in human cell lines 
revealed reduced levels of Parkin in mitochondrial fraction 
accompanied by localization of tau in the outer membrane 
of the mitochondria [84]. Moreover, upon upregulation of 
Parkin, the mitophagy deficits were rescued. Götz et al. 
reported that disease-associated tau impairs mitophagy by 
inhibiting Parkin translocation to mitochondria in cell and 
also in C. elegans models. Thus, implicating the insertion 
of tau in the outer membrane may reduce the interaction 
between Parkin and the mitochondria [73, 84]. Collectively, 
these studies suggest that an overexpression of tau impairs 
the recognition of damaged mitochondria owed to impaired 
Parkin-mitochondria interaction, resulting in accumulation 
of dysfunctional mitochondria.

Interventional Strategies of Targeting 
Autophagy/Mitophagy to AD Treatment

Autophagy Inducers: Preclinical Studies

Among the different compounds to induce autophagy, rapa-
mycin is the best-known mTOR inhibitor, and has been 
shown to avoid protein aggregation and ameliorates memory 
features in experimental models of AD [85]. Besides, rapam-
ycin administration also plays beneficial effects confronting 
mitochondrial dysfunction by maintaining energy metabo-
lism homeostasis and stress resistance possibly through 
mitophagy in murine cells [86]. Temsirolimus can enhance 
Aβ and p-tau clearance in an autophagy-dependent manner 
in various AD models, as well as improve spatial learning 
and memory abilities [47]. Metformin, as a biguanides anti-
diabetic, administration either acts on tau dephosphorylation 
via mTOR/protein PP2A signaling in AD [87] or induces 
mitophagy by facilitating Parkin activity through p53 
downregulation [88]. Moreover, many mTOR-independent 
autophagy inducers signal via AMPK. For example, treha-
lose, a natural disaccharide, has shown neuroprotective prop-
erties and exhibits therapeutic effects in the fields of cogni-
tive and learning ability and concomitant with autophagy 
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induction in AD mouse [89]. Carbamazepine, an inhibitor of 
inositol synthesis that activates autophagy in an mTOR-inde-
pendent manner, can significantly improve spatial learning 
and memory deficits as well as reduce the cerebral amyloid 
plaque burden in the APP/PS1 mice [90]. Strategies that 
target the lysosomal compartment are also gaining attention. 
For instance, regulation of TFEB, known to control lyso-
some biogenesis and autophagy, has produced momentous 
interest as an elementary for against NDDs. Overexpression 
of TFEB based on adeno-associated virus vector-mediated 
can effectively reduce NFT and rescue behavioral deficit in 
experimental mouse models of AD by targeting toxic tau 
[91]. A synthesized curcumin derivative termed compound 
C1 specifically binds to TFEB and promotes TFEB nuclear 
translocation without influencing mTOR activity, as well as 
enhances autophagy and lysosome biogenesis, and can be a 
candidate agent for the treatment of AD [92]. The E3-ubiq-
uitin ligase Parkin expression ubiquitinates intracellular pro-
teins and motivates BECN-dependent molecular cascade of 
autophagy/mitophagy in triple transgenic AD mouse [93].

Autophagy Inducers: Clinical Studies

Latrepirdine (Dimebon), which is a mTOR-dependent 
autophagy targeted drug, showed divergent results in several 
clinical trials in AD [94]. A large controlled phase 2 trial in 
183 mild-to-moderate AD patients shows apparently thera-
peutic benefit over placebo after 24 weeks in terms of cog-
nitive symptoms, daily living, and also for neuropsychiatric 
symptoms [95]. This positive effect was not reproduced in 
several subsequent larger trials where both groups improved 
to about the same extent with no significant difference 
(NCT00675623; NCT00838110). Furthermore, nilotinib is 
currently being tested in a phase 2 trial in mild to moder-
ate AD (NCT02947893) because of the strong preclinical 
evidence about the effects on AD models, including inhibit-
ing brain Aβ deposition, decreasing p-tau, modulating brain 
and peripheral immune profiles, and alleviating cognitive 
decline [96]. Nilotinib strengthens the autophagic machinery 
by increasing endogenous parkin levels and ubiquitination, 
which may enhance parkin recycling and interaction with 
BECN-1 that plays a critical role in clearance of misfolded 
and damaged protein [97]. A pilot study of metformin was 
carried out among persons with amnestic mild cognitive 
impairment (MCI) with the goal of collecting preliminary 
data on feasibility, safety, and efficacy (NCT00620191). 
There were no differences between metformin and placebo 
in terms of efficacy, as well as no serious adverse event dis-
crepancy [98]. In addition, a phase 2 trial to study the effect 
of metformin on AD Biomarkers (NCT01965756) is finished 
but not published yet. Participants received metformin for 
8 weeks as follows: 500 mg daily for 1 week, then daily dose 
increased by 500 mg per week until a maximum of 2000 mg/

day was reached. The final analysis data concerning on 
the outcome measures are still not public right now. The 
most well-known compound that can enhance autophagy 
through inositol signaling pathway is lithium. A couple of 
ongoing trials are recruiting to assess the effect of lithium 
on AD (NCT02129348; NCT03185208). Collectively, sig-
nificant progress has been made in ascertaining the roles 
of autophagy in the AD etiology, while interventions that 
stimulate autophagy can be a potential therapeutic strategy 
for AD patients.

Mitophagy Inducers

The accurate mechanisms of protein misfolding in AD are 
poorly understood; and hence, there are currently no effec-
tive treatments that block the progression of AD. Recently, 
one study reported that boosting neuronal mitophagy by 
augmentation with nicotinamide mononucleotide (NMN), 
a  NAD+ precursor, could reduce insoluble Aβ1–42 levels 
and against cognitive performances in both C. elegans and 
APP/PS1 AD mouse models, suggesting impaired removal 
of damaged mitochondria is a critical etiology in AD, and 
induction mitophagy via  NAD+-precursor can reverse the 
AD pathological hallmarks and clinical phenotypes [23]. 
Analogically, treatment of 3xTgAD mice with nicotinamide 
(NAM) for 8 months improved cognitive performance, as 
well as reduced Aβ and p-tau pathologies in cerebral by a 
mechanism involving  NAD+ biosynthesis, PI3K-AKT sign-
aling, MAPK/ERK1/2, SIRT1, and autophagy [99]. NAM 
could hold mitochondrial integrity and dynamics, and 
improve lysosome procession by promoting autophagy or 
mitophagy and lysosomal acidification to reduce autophago-
some accumulation [99, 100]. In addition, several energy 
modulators, including metformin, pifithrin-a, resveratrol, 
spermidine, p62-mediated mitophagy inducer (PMI), uro-
lithin A (UA), and actinonin (AC), to some degree, have 
been shown to maintain mitochondrial integrity and boost 
mitochondrial biogenesis through mitophagy induction [22, 
64]. These small compound treatments induce mitophagy-
related cytoprotective and anti-aging effects through recov-
ering energy metabolism in several model organisms, con-
sidered to be promising anti-AD drug candidates in theory 
[101]. However, the underlying molecular mechanisms of 
their effects and detailed functions in AD require further 
exploration. Among them, some modulators have been 
tested in AD cross-species models. Induction of neuronal 
mitophagy with UA (200 mg/kg/day) and AC (30 mg/kg/
day) relieved cognitive decline, p-tau, and Aβ plaque by 
promoting mitophagy machinery in the APP/PS1 mouse 
model. The effects of UA and AC are in part dependent on 
key mitophagy genes, such as DCT-1, PDR-1, and PINK1 
[23]. There are some additional pharmacological compounds 
that show protection against mitochondrial injury in animals, 
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including mitochondria-targeted antioxidants (e.g., MitoQ) 
[102], mitochondrial uncoupling agents (e.g., DNP) [103], 
and mitochondria-targeted peptides (e.g., Bendavia) [104]. 
Moreover, therapies that strengthen mitochondrial biogen-
esis by increasing the AMPK-PGC1α-BDNF-NGF activi-
ties with 5-aminoimidazole-4-carboxamide ribonucleotide 
(AICAR) [105] or 2-deoxyglucose [106] are also effective 
in limited AD models. Collectively, all aforementioned 
results provide a rationale for future thorough investigation 
of compounds that induce mitophagy as potential candi-
dates in preclinical AD models. Recently, a 24-week, rand-
omized, double-blind, placebo-controlled phase 2 trial was 
launched, recruiting in 2018 to evaluate the safety, toler-
ability, and effects of treatment with AMX0035 (a combi-
nation of sodium phenylbutyrate and tauroursodeoxycholic 
acid (TUDCA) and phenylbutyrate) in subjects with MCI 
or early-stage AD (NCT03533257). TUDCA is a bile acid 
that protects mitochondrial dynamics by reducing mitochon-
drial permeability and increasing mitophagy by Parkin sig-
nal [107]. The summary of the aforementioned discussed 
autophagy/mitophagy inducers is in Table 1.

Outstanding Questions and Conclusions

Notably, Aβ plaque and p-tau were virtually decreased 
by anti-Aβ/tau therapies, but did not show any cognitive 
benefit in clinical trials over the past decade [2]. Hence, 
an alternative promising option for AD therapeutics is 
to address the dysfunction of autophagy and mitophagy 
for developing AD. However, the roles of autophagy in 
AD may be more complex and are not simply cell-auton-
omous, but interacting with other molecular processes. 
For instance, different theories such as “amyloid plaques, 
NFT, neuroinflammation, mitochondrial dysfunction, and 
comprised autophagy” result in AD etiologies that fuse 
with each other [111]. The “chicken and egg” relationships 
between different hallmarks of AD needs to be established, 
and specific therapy should be directed to targeting the 
reason of the neuronal insult and not the host response. 
Meanwhile, we can pick up some clues from other diseases 
of aging, including heart disease, cancers, and hyperten-
sion et al. that combinations of administrations based on dif-
ferent theories are essential and reasonable for AD patients.

Table 1  Summary of the discussed autophagy/mitophagy inducers on AD

NMN, nicotinamide mononucleotide; NAM, nicotinamide; PMI, p62-mediated mitophagy inducer; UA, urolithin A

Name Mechanisms of action References

Autophagy inducers: preclinical studies
  Rapamycin Rapamycin is the best-known mTOR inhibitor [86]
  Temsirolimus Inactivation of glycogen synthase kinase-3β [47]
  Metformin Induces PP2A and AMPK activities, reduces tau phosphorylation at PP2A-depend-

ent epitopes in vitro and in vivo
[87]

  Trehalose As an mTOR-independent autophagy activator [89]
  Carbamazepine Significantly enhances the autophagic flux in the APP/PS1 mice which is unlikely 

via mTOR-dependent autophagy pathway
[90]

  A synthesized curcumin derivative As a novel MTOR-independent activator of TFEB [92]
Autophagy inducers: clinical studies

  Latrepirdine As a mTOR-dependent autophagy targeted drug, showed divergent results in several 
clinical trials in AD

[108]

  Nilotinib Induce autophagic changes increase endogenous parkin level and ubiquitination, 
leading to amyloid clearance

[96]
NCT02947893

  Metformin Inhibition mTOR and activate AMPK [109]
  Lithium Enhancing autophagy through inositol signaling pathway NCT02129348 

NCT03185208
Mitophagy inducers: preclinical studies

  NMN Increased PINK-1, PDR-1, or DCT-1-dependent pathways [23]
  NAM Activation of AMPK and SIRT et al [99]
  PMI P62/SQSTM1-dependent and PINK1/Parkin pathways [110]
  UA The effects of UA are in part dependent on key mitophagy genes, such as DCT-1, 

PDR-1, and PINK1
Mitophagy inducers: clinical studies

  AMX0035 A combination of sodium phenylbutyrate and tauroursodeoxycholic acid (TUDCA) 
and phenylbutyrate

NCT03533257

  TUDCA Protects mitochondrial dynamics by reducing mitochondrial permeability and 
increasing mitophagy by Parkin signal

[107]
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This complex interplay between autophagy or mitophagy 
and histopathology in AD suggests that targeting autophagy 
or mitophagy is a promising anti-AD drug candidate. We 
discuss the implications of these new insights for induction 
of autophagy or mitophagy as the new therapeutic strategies 
that target processes upstream of both Aβ and tau, and there-
fore forestall the neurodegenerative process in AD.
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