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Alzheimer’s disease (AD) is one of the most persistent and devastating neurodegenerative
disorders of old age, and is characterized clinically by an insidious onset and a gradual, pro-
gressive deterioration of cognitive abilities, ranging from loss of memory to impairment of
judgement and reasoning. Despite years of research, an effective cure is still not available.
Autophagy is the cellular ‘garbage’ clearance system which plays fundamental roles in neu-
rogenesis, neuronal development and activity, and brain health, including memory and
learning. A selective sub-type of autophagy is mitophagy which recognizes and degrades
damaged or superfluous mitochondria to maintain a healthy and necessary cellular mito-
chondrial pool. However, emerging evidence from animal models and human samples sug-
gests an age-dependent reduction of autophagy and mitophagy, which are also
compromised in AD. Upregulation of autophagy/mitophagy slows down memory loss
and ameliorates clinical features in animal models of AD. In this review, we give an over-
view of autophagy and mitophagy and their link to the progression of AD. We also summa-
rize approaches to upregulate autophagy/mitophagy. We hypothesize that age-dependent
compromised autophagy/mitophagy is a cause of brain ageing and a risk factor for AD,
while restoration of autophagy/mitophagy to more youthful levels could return the brain
to health.
� 2022 The Author(s). Published by Elsevier Inc. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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D. Caponio, Kateřina Veverová, Shi-qi Zhang et al. Aging Brain 2 (2022) 100056
3.2. Ab and Tau-associated autophagic abnormalities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
3.3. Mitophagy deficiency in AD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
3.4. CMA and other autophagic pathways alterations in AD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
4. Approaches to upregulate autophagy: caloric restriction, exercise, and small compounds. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

4.1. Lifestyle interventions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
4.2. Pharmacological inducers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
5. Outstanding questions and future perspectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
Declaration of Competing Interest . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
1. Autophagy: history, mechanism, and functions

Autophagy (from the Greek words ‘‘auto” meaning
‘‘self”, and ‘‘phagein” meaning ‘‘to eat”) is a cellular evolu-
tionary conserved mechanism through which eukaryotic
cells break down and recycle old, dysfunctional, or
damaged subcellular components, such as defective orga-
nelles and misfolded protein aggregates [1–3]. Autophagy
was first observed by Keith R. Porter and his student Tho-
mas Ashford at the Rockefeller Institute in 1962, when
they reported an increased number of lysosomes in rat
liver cells after the addition of glucagon, and some dis-
placed lysosomes towards the center of the cell containing
other cell organelles such as mitochondria[4]. The term
‘‘autophagy” was coined by the Belgian biochemist Chris-
tian de Duve in 1963 based on his discovery of lysosome
function[5]. In the 1990s studies identified several
autophagy-related (ATG) genes in yeast that are highly
conserved in mammals. In 2016 Professor Yoshinori
Ohsumi was awarded the Nobel Prize in Physiology or
Medicine for his discovery of the mechanisms behind
autophagy (Table 1).

Three forms of autophagy have been identified based on
the processes of cargo sequestration: macroautophagy,
microautophagy, and chaperone-mediated autophagy
(CMA)[3] (Fig. 1). While each is mechanistically different,
all these pathways culminate with lysosomal degradation
of the cargo. During macroautophagy (hereafter named
autophagy), de novo synthesis of double-membraned vesi-
cles occurs which promotes the formation of autophago-
somes engulfing sub-cellular components. The proposed
site for autophagosome formation is known as the phago-
phore assembly site (PAS). As the source of the isolation
membrane, the PAS site has been described to mainly loca-
lize at the endoplasmic reticulum (ER) and additional
membrane sources have been described, including Golgi
complex, plasma membrane, mitochondria, ER-
mitochondria contact sites, recycling endosomes[6]. Upon
activation of autophagy, at this site, several ATG proteins
are recruited[7]. These proteins play different and definite
roles in all autophagy steps, including initiation, nucleation
and elongation of the phagophore, sequestration of the
cargo, delivery of the phagosome to a lysosome followed
by their fusion, forming the autolysosome, and, lastly,
degradation of the cargo by lysosomal hydrolases (Fig.
1A). Assembly of the core autophagic machinery normally
begins with the inhibition of the mechanistic target of
rapamycin (mTOR) and / or the activation of 50AMP-
2

activated protein kinase (AMPK)[2]. Depending on the trig-
ger, autophagy can be in bulk or selective for specific cellu-
lar structures, such as aggregated proteins (aggrephagy),
outside pathogens (xenophagy), damaged/superfluous
mitochondria (mitophagy), lipid droplets (lipophagy) or
others[8]. Details of the molecular mechanisms of many
of these sub-type autophagic pathways and their linkages
to health and disease have been reviewed by us and
others[2,9], and thus will not be repeated here.

Autophagic receptors, such as p62, optineurin (OPTN),
NBR1, nuclear dot protein 52 kDa (NDP52), NIX, BNIP3,
bind to microtubule-associated protein light chain 3
(LC3) driving target sequestration, resulting in the forma-
tion of autophagosome. The mature autophagosome binds
kinesins which promote the movement towards the lyso-
some [10]. Microautophagy allows the direct invagination
of cellular components into the lysosome or into the late
endosome either in bulk or in a selective way through
the cytosolic chaperone heat shock cognate 71 kDa
(HSC70) which then directly binds lipids on lysosome
membrane [11] (Fig. 1B). While HSC70 is involved in all
three different autophagy pathways [11,12], its role is cru-
cial in CMA [13]. Here, the substrates to be degraded are
selectively recognized by HSC70 binding the pentapeptide
KFERQ, which is essential to assign KFERQ-containing tar-
geting proteins for lysosomal degradation [14]. The
chaperone-substrate complex is recognized by the specific
lysosomal membrane receptor lysosome-associated mem-
brane protein type 2A (LAMP2A), which in turn translo-
cates the complex inside the lysosome where the
degradation takes place [13] (Fig. 1C).

Basal levels of autophagy are important for cellular
homeostasis, including preservation of genomic and whole
cellular integrity and function, stem cell turnover and sup-
pression of age-related inflammation. Under stressful con-
ditions, autophagy is considered an adaptive response that
supports cellular survival [2]. Severe starvation induces
autophagy to sustain cell viability via proteolysis of cellu-
lar compoments [7,13]. It has been reported that 48 h star-
vation is sufficient to trigger degradation of up to 40 %
proteins in the rat liver [15]. It has been noticed that there
is a high level of autophagy in dying cells which resulted in
the term ‘autophagic cell death’; mounting evidence sug-
gests this is a misnomer, as increased autophagy during
cellular death is a cellular compensatory response for sur-
vival [16]. In this review, we will focus mainly on the
changes of macroautophagy and its sub-type mitophagy
in the brain during ageing and in Alzheimer’s disease (AD).



Table 1
A summary of a list of autophagy and mitophagy inducers and their biomedical activities.

Mitophagy
inducers

Chemical
formula

Mechanism Main effects on AD models Reference

5-aminoimidazole-
4-carboxamide
riboside (AICAR)

CH14N4O5 AMPK activator. Increases spatial memory and improves motor function in young and old
mice.

[1]

Berberine C20H18NO4+ Berberine induces autophagy through the class III PI3K/Beclin-1/Bcl-2
pathway.
Additionally, berberine triggers the enhancement of lysosomal activity,
which effectively degrades LC3-Ⅱ-positive autophagosomes.

Promotes Ab clearance and inhibits its production, improves learning
capacity and memory retentions and attenuates the hyperphosphorylation
of tau in 3 � Tg AD mice.

[2]

Carbamazepine C15H12N2O Carbamazepine stimulates autophagy by a mechanism dependent on
the myo-inositol levels and AMPK activation.

Alleviates memory deficits and cerebral Ab pathology in APP/PS1 mice [3,4]

Cinnamic acid C9H8O2 Cinnamic acid activates the nuclear hormone receptor PPARa to
transcriptionally upregulate TFEB and stimulates lysosomal biogenesis.

Stimulates lysosomal biogenesis, decreases Ab plaque burden and improves
memory and behavioral performance in 5XFAD mice.

[5]

Everolimus C53H83NO14 Allosteric mTORC1-specific inhibitor. Reduces human APP/Ab and human tau levels and improves cognitive
function in 3 � Tg AD mice.

[6]

Gemfibrozil and
Wy14643

C15H22O3 and
C14H14ClN3O2S

Both of them are PPARA activators and can activate autophagy through
TFEB pathaway.

Reverse memory deficits and anxiety symptoms and reduce level of soluble
and insoluble Ab in APP-PSEN1DE9 mice.

[7]

Gypenoside XVII C48H82O18 Gypenoside XVII enhances lysosome biogenesis and autophagy flux
through TFEB activation.

Restores the spatial learning and memory, decreases soluble and insoluble
fraction of Ab and prevents the formation of Ab plaques in the hippocampus
and cortex of APP/PS1 mice.

[7,8]

HEP14 C25H34O5 HEP14 induces PKC-dependent activation of TFEB. Reduces Ab plaque formation in APP/PS1 mice. [9]
Latrepirdine C21H25N3 Latrepirdine enhances mTOR- and Atg5-dependent autophagy. Improves memory, degrades p62 and reduces the accumulation of insoluble

Ab42 in TgCRND8 mice.
[10]

Lithium chloride LiCl Lithium chloride induces autophagy by inhibiting inositol
monophosphatase.

Restores the long-term spatial memory deficit and reduce brain Ab levels in
APP/PS1 mice.

[11,12]

Melatonin C13H16N2O2 Melatonin exhibits a beneficial effect on mitochondria by reducing the
oxygen consumption rate, oxygen flux and membrane potential and,
therefore, suppressing ROS production.

Reduces Ab generation and modulates and maintains tau phosphorylation [13–15]

Metformin C4H11N5 Metformin triggers autophagy through AMPK activation and
subsequent inhibition of mTOR.

Decreases tau phosphorylation in human tau transgenic mice. Decreases Ab
influx across the blood–brain barrier, improves memory impairment under
diabetic context. Attenuates spatial memory deficit, hippocampal neuron
loss, enhances neurogenesis, decreases Ab plaque load and chronic
inflammation in APP/PS1 mice.

[16,17,18]

Nicotinamide
mononucleotide
(NMN)

C11H15N2O8P NMN is a NAD+ precursor and mitophagy activator. Reduces Ab load, decreases p-Tau levels, improves cognitive and memory
functions, reduces neuroinflammation and promotes microglia phagocytic
activity in APP/PS1, 3xTgAD, Ab and Tau models of C.elegans.

[19]

Nicotinamide
riboside (NR)

C11H15N2O5 NR is a NAD+ precursor and mitophagy inducer. Increases NAD+ levels, promotes neurogenesis, improves cognition and
reduces p-Tau and Ab load and aggregation in Ab model of C. elegans,
3xTgAD and APP/PS1 mice, APP-SH-SY5Y cells.

[19,20]

Nicotinamide(NAM) C6H6N2O NAM could enhance acidification of intracellular acidic organelles. In
NAM-treated 3xTgAD mice the LC3-II/LC3-I ratio is reduced.

Improves cognitive performance, reduces Ab and p-Tau pathologies and
improves mitochondrial dynamics in 3xTgAD mice. Increses SIRT1
expression, which mediates the stress resistance signaling in NAM-treated
3xTgAD mice.

[21,22]

Ouabain C29H44O12 Ouabain enhances activation of TFEB through inhibition of the mTOR
pathway and induces downstream autophagy-lysosomal gene
expression.

Reduces the accumulation of phosphorylated tau in tau transgenic flies as
well as improves memory inTauP301L mice.

[23]

Rapamycin C51H79NO13 Inhibition of mTOR signaling. Decreases intraneuronal accumulation of Ab, decreases brain levels of
pathogenic Ab42 and attenuates age-dependent accumulation of
phosphorylated and aggregated tau in 3 � Tg-AD and PDAPP mice. Prevents
synaptic failure induced by Ab oligomers. There are ongoing clinical trials in

[24–26]

(continued on next page)
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Table 1 (continued)

Mitophagy
inducers

Chemical
formula

Mechanism Main effects on AD models Reference

humans.
Resveratrol C14H12O3 Resveratrol activates autophagy through the mTOR-ULK1 pathway and

SIRT1/AMPK signaling pathway.
Decreases brain Ab levels.Modulates Ab cleveage preventing its
oligomerization. The effects of resveratrol in neurodegeneration are widely
described in a review.

[27,28]

Simvastatin C25H38O5 Simvastatin can activates LBK1-AMPK-mTOR signalling pathway. Efficiently reduces levels of Alzheimer’s Ab in yeast and reduces cerebral
Ab42 and Ab40 levels in the cerebrospinal fluid and brain homogenate.

[29,30]

Spermidine C7H19N3 Spermidine triggers autophagy mainly by promoting AMPK
phosphorylation and mitophagy via PINK1/Parkin pathway.

Reduces neuroinflammation and soluble Ab in APP/PS1 mice and prevents
Tau fibrillization in rTg4510 mice.

[31,32]

Temsirolimus C56H87NO16 Allosteric mTORC1-specific inhibitor. Induces autophagy, reduces both Ab and p-Tau and improves motor
functions in several AD mouse models, such as APP/PS1, P301S and Tg30.

[33–35]

Tomatidine C27H45NO2 Tomatidine maintains mitochondrial homeostasis by modulating
mitochondrial biogenesis and PINK-1/DCT-1-dependent mitophagy.

Counteracts age-related deterioration of muscle function in C. elegans
through the activation of cellular stress responses against metabolic and
oxidative stress.

[36]

Trehalose C12H22O11 Trehalose regulates autophagy by inducing rapid and transient
lysosomal enlargement and membrane permeabilization.

Inhibits Ab generation in APP23 mice and in HAW and 20E2 cells. [37,38]

1. Kobilo, T. et al. AMPK agonist AICAR improves cognition and motor coordination in young and aged mice. Learn Mem 21, 119–126 (2014).
2. Chen, Y. et al. Berberine mitigates cognitive decline in an Alzheimer’s disease mouse model by targeting both tau hyperphosphorylation and autophagic clearance. 121, 109,670 (2020).
3. Li, L. et al. Autophagy enhancer carbamazepine alleviates memory deficits and cerebral amyloid-b pathology in a mouse model of Alzheimer’s disease. 10, 433–441 (2013).
4. Vasconcelos-Ferreira, A. et al. The autophagy-enhancing drug carbamazepine improves neuropathology and motor impairment in mouse models of Machado–Joseph disease. Neuropathology and Applied
Neurobiology 48, e12763 (2022).
5. Chandra, S., Roy, A., Jana, M. & Pahan, K.J.N.o.d. Cinnamic acid activates PPARa to stimulate Lysosomal biogenesis and lower Amyloid plaque pathology in an Alzheimer’s disease mouse model. 124, 379–395
(2019).
6. Cassano, T. et al. Early intrathecal infusion of everolimus restores cognitive function and mood in a murine model of Alzheimer’s disease. Exp Neurol 311, 88–105 (2019).
7. Luo, R. et al. Activation of PPARA-mediated autophagy reduces Alzheimer disease-like pathology and cognitive decline in a murine model. 16, 52–69 (2020).
8. Meng, X. et al. Gypenoside XVII enhances lysosome biogenesis and autophagy flux and accelerates autophagic clearance of amyloid-b through TFEB activation. 52, 1135–1150 (2016).
9. Li, Y. et al. Protein kinase C controls lysosome biogenesis independently of mTORC1. 18, 1065–1077 (2016).
10. Steele, J.W. et al. Latrepirdine improves cognition and arrests progression of neuropathology in an Alzheimer’s mouse model. 18, 889–897 (2013).
11. Pan, Y. et al. Cognitive benefits of lithium chloride in APP/PS1 mice are associated with enhanced brain clearance of b-amyloid. Brain, Behavior, and Immunity 70, 36–47 (2018).
12. Sarkar, S. et al. Lithium induces autophagy by inhibiting inositol monophosphatase. The Journal of cell biology 170, 1101–1111 (2005).
13. Li, X.-C., Wang, Z.-F., Zhang, J.-X., Wang, Q. & Wang, J.-Z.J.E.J.o.P. Effect of melatonin on calyculin A-induced tau hyperphosphorylation. 510, 25–30 (2005).
14. Fernández, A., Ordóñez, R., Reiter, R.J., González-Gallego, J. & Mauriz, J.L.J.J.o.P.R. Melatonin and endoplasmic reticulum stress: relation to autophagy and apoptosis. 59, 292–307 (2015).
15. Luo, F. et al. Melatonin and autophagy in aging-related neurodegenerative diseases. 21, 7174 (2020).
16. Chen, F. et al. Antidiabetic drugs restore abnormal transport of amyloid-b across the blood–brain barrier and memory impairment in db/db mice. 101, 123–136 (2016).
17. Ou, Z. et al. Metformin treatment prevents amyloid plaque deposition and memory impairment in APP/PS1 mice. 69, 351–363 (2018).
18. Kickstein, E. et al. Biguanide metformin acts on tau phosphorylation via mTOR/protein phosphatase 2A (PP2A) signaling. Proceedings of the National Academy of Sciences of the United States of America 107,
21830–21835 (2010).
19. Fang, E.F. et al. Mitophagy inhibits amyloid-b and tau pathology and reverses cognitive deficits in models of Alzheimer’s disease. Nat Neurosci 22, 401–412 (2019).
20. Sorrentino, V. et al. Enhancing mitochondrial proteostasis reduces amyloid-b proteotoxicity. Nature 552, 187–193 (2017).
21. Liu, D. et al. Nicotinamide forestalls pathology and cognitive decline in Alzheimer mice: evidence for improved neuronal bioenergetics and autophagy procession. 34, 1564–1580 (2013).
22. Lautrup, S., Sinclair, D.A., Mattson, M.P. & Fang, E.F.J.C.m. NAD + in brain aging and neurodegenerative disorders. 30, 630–655 (2019).
23. Song, H.-L. et al. Ouabain activates transcription factor EB and exerts neuroprotection in models of Alzheimer’s disease. 95, 13–24 (2019).
24. Ramirez, A., Pacheco, C., Aguayo, L. & Opazo, C.J.B.e.B.A.-M.B.o.D. Rapamycin protects against Ab-induced synaptotoxicity by increasing presynaptic activity in hippocampal neurons. 1842, 1495–1501 (2014).
25. Caccamo, A., Majumder, S., Richardson, A., Strong, R. & Oddo, S. Molecular Interplay between Mammalian Target of Rapamycin (mTOR), Amyloid-b, and Tau: EFFECTS ON COGNITIVE IMPAIRMENTS*. Journal of
Biological Chemistry 285, 13107–13120 (2010).
26. Spilman, P. et al. Inhibition of mTOR by rapamycin abolishes cognitive deficits and reduces amyloid-beta levels in a mouse model of Alzheimer’s disease. PLoS One 5, e9979 (2010).
27. Ladiwala, A.R.A. et al. Resveratrol selectively remodels soluble oligomers and fibrils of amyloid Ab into off-pathway conformers. 285, 24228–24237 (2010).
28. Rahman, M.H. et al. Resveratrol and Neuroprotection: Impact and Its Therapeutic Potential in Alzheimer’s Disease. Frontiers in Pharmacology 11 (2020).
29. Dhakal, S., Subhan, M., Fraser, J.M., Gardiner, K. & Macreadie, I.J.I.j.o.m.s. Simvastatin efficiently reduces levels of Alzheimer’s amyloid beta in yeast. 20, 3531 (2019).
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2. Impaired autophagy and mitophagy in normal ageing
brain

Compromised autophagy is a hallmark of ageing [2,17–
19]. Ageing is associated with the accumulation of mis-
folded proteins and senescent mitochondria, mainly due
to failure of the cellular repair mechanisms [20]. Clearance
of misfolded proteins is crucial for cell survival because
protein misfolding impairs biological function and
increases the tendency to form toxic aggregates [21], one
of the characteristic signs of age-related neurodegenera-
tive disorders [22]. In physiological conditions, misfolded
proteins are initially removed by the ubiquitin-
proteasomal system (UPS); however, big cargos, such as
protein oligomers, aggregates, and damaged mitochondria,
are too large to enter the proteasome of the UPS system,
and are degraded by autophagic clearance. A coordinated
activity between UPS and autophagy has been described
to maintain homeostasis of functional protein levels. The
ubiquitin tags of misfolded or aggregated proteins foster
the deliver and the degradation by either the UPS or autop-
hagy. Pharmaceutical or genetic approaches aiming to
inhibit the UPS promote autophagy by increasing the
expression of some autophagy genes, such as ATG5 and
ATG7, upregulating of Beclin-1 and activating AMPK for
instance. Similarly, compromised autophagy leads to the
activation of the UPS, through upregulation of proteasomal
subunit levels. Extensive descriptions of the crosstalk
between UPS and autophagy are available elsewhere
[23,24].The role of autophagy is particularly important
for long-lived post-mitotic cells such as neurons that are
rarely replaced throughout the adult organism’s lifespan
[22]. This protective mechanism decreases during ageing,
which causes the accumulation of damaged structures
both extra- and intra-lysosomally [2,7].

A part of intracellular long-lived protein turnover is
mediated by the Beclin-1-regulated autophagy pathway
and levels of Beclin-1 correlate with autophagic activity
[25,26]. In post-mortem samples of human prefrontal cor-
tices, this marker declined in an age-dependent manner.
Both Beclin-1 mRNA and protein levels were 2-fold lower
in the brain of older versus younger individuals [27]. The
transcriptional downregulation of key autophagy-
regulating genes such as Atg5 and Atg7 in older (>70 years
old) compared to younger (<40 years old) human brain
samples were found in a genome-wide study [28]. Another
study compared the gene expression in hippocampal brain
tissue, the key memory structure, of younger versus older
men and women to explore the impact of sexual dimorph-
ism and ageing on autophagy. In older women, they found
reduced expression of PINK1 (a mitochondrial kinase cru-
cial for mitophagy [29]), reduced HDAC6 (a deacetylase
required for the maturation of autophagosomes and their
fusion with lysosomes [30]), and also decreased expression
of LC3 (a protein important for membrane elongation of
phagophore [31]). An increased expression of Bcl-2 (the
inhibitor of Beclin-1) and mTOR was seen in older men
suggesting decreased autophagy activity [31].

Mitophagy is also a mitochondrial quality control
mechanism crucial for the maintenance of homeostasis in



Fig. 1. Molecular machinery of autophagy. a) AMPK is the major energy-sensing kinase in the cell and responds to intracellular AMP/ATP ratio. A low
energy state, associated with high AMP and a low ATP level, activates AMPK which in turn phosphorylates the TSC1/TSC2 complex by inhibiting the activity
of mTORC1. In contrast, signals such as growth factors and nutrient abundance lead to inhibition of autophagy through mTORC1, which phosphorylates and
associates with the induction complex ULK1/2-ATG13-ATG101-FIP2000 by preventing autophagic cascade. Under rapamycin treatment and starvation,
mTORC1 dissociates from the induction complex, resulting in autophagy induction. This triggers phosphorylation of components of the class III PI3K
(PI3KC3) complex I (including class III PI3K, VSP34, Beclin-1, ATG14, AMBRA1) which triggers nucleation of the phagophore. The source of membrane
includes mitochondria, plasma membrane, Golgi apparatus, endoplasmic reticulum and ATG9-containg vesicles. The anti-apoptotic protein Bcl2 binds
Beclin-1 and prevents its interaction with PI3KC3 and, in turn, autophagy. The PI3KC3 complex activates and recruits phosphatidylinositol-3-phosphate
(PI3P) and its effector proteins WIPIs and DFCP1.This complex binds the ATG12-ATG5-ATG16L1 complex that promotes cleavage of LC3 by ATG4 to form
LC3-I and its lipidated form with phosphatidylethanolamine (PE), which is integrated in the pre-autophagosomal and autophagosomal membrane, where
LC3-II interacts with cargo receptors containing LC3-interacting motif (LIR). Finally, the mature autophagosome fuses with a lysosome, where acidic
hydrolases and proteases, such as cathepsins, degrade the autophagic cargo. Lysosomal activity is mainly regulated by TFEB, whose nuclear translocation is
promoted by a lower phosphorylation induced by AMPK activation. After degradation, component parts of the autophagic cargo are exported back into the
cytoplasm through lysosomal permeases for use by the cell in biosynthetic processes or to produce energy. b)Microautophagy involves the direct uptake of
the cargo through invagination of the lysosomal or late endosomal membrane. c) In chaperone-mediated autophagy (CMA), HSC70 together with co-
chaperones binds KFERQ pentapeptide motif. Then, LAMP2A, a lysosomal membrane receptor, drives the degradation. The activity of this receptor is
modulated by the glial fibrillary acidic protein (GFAP).
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neurons, and its impairment is associated with different
neurodegenerative disorders, including AD, Parkinson’s
disease (PD), Huntington’s disease (HTT), and amyotrophic
lateral sclerosis (ALS) [18,32–36]. Upon stress, PINK1 and
PARK2 cooperatively identify and label damaged mito-
chondria with phosphorylated poly-ubiquitin (p-S65-Ub)
chains. This specific label is decoded by autophagy recep-
tors that further facilitate mitophagy. p-S65-Ub is barely
detectable in basal conditions but rapidly increases upon
mitochondrial damage [37]. A strong correlation between
p-S65-Ub levels and age was found in human post-
mortem brain samples, specifically in the hippocampus,
amygdala, and nucleus basalis of Meynerti, reflecting mito-
phagy dysfunction in the ageing human brain [38]. All
these results suggest that the age-dependent decline in
the expression of autophagy markers may contribute to
the impairment of autophagy function and accumulation
of misfolded proteins or damaged organelles during ageing
in humans.

The study of ageing on brain autophagy in mammal
models provides similar results. Moreover, the experimen-
6

tal manipulation of autophagy and mitophagy pathways
has significantly influenced healthspan and lifespan in dif-
ferent model organisms [7]. Reductions in Beclin-1, VPS34,
and Atg5 were observed in the hippocampi of 16-month-
old mice compared to 3-month-olds, both in protein and
mRNA levels [39]. Additionally, reduced autophagy activity
was reflected by the decrease in LC3-II accumulation, the
marker of autophagosomes, and by an increase in p62/
SQSTM1, a marker of autophagic flux [40], in neurons
[39]. Similar age-related declines in autophagy markers
(Beclin-1, Atg5-Atg12, LC3-II) together with increased pro-
tein levels of mTOR were found in whole mouse brain [41]
and in rat hippocampi [42]. In addition, the reduction of
Beclin-1 and increased LC3-II/LC3-I ratio were found in
the hippocampi of aged cows which may indicate exces-
sive accumulation of autophagosomes and impaired
autophagosomal degradation [43]. Also, decreased mito-
phagy activity was observed in the brain of aged mice
[44]. In vivo assessment of mitophagy in a transgenic
mouse strain that expresses the fluorescent mitophagy
reporter mt-Keima, has shown a decline of mitophagy
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activity by approximately 70 % in the hippocampal dentate
gyrus in 21-month-old compared to 3-month-old mice
[44].

Compromised autophagy during ageing is likely not a
‘bystander’ but a ‘culprit’ of brain deterioration and dys-
function, as autophagy maintenance/restoration delays
ageing and impedes brain diseases. The effect of autophagy
and mitophagy modulation on lifespan has been notably
demonstrated by using several model organisms, such as
the roundworm (Caenorhabditis elegans), fruit flies (Droso-
phila melanogaster), and mice (Mus musculus) [45–50].
The upregulation of autophagy via mTOR inhibition
doubled normal lifespan in nematodes [50], increased life-
span in flies [45], and prolonged mice lifespan by 14 % in
females and 9 % in males [47].

Genetic induction of autophagy via enhancement of the
levels of Atg8a, a member of the Atg8/LC3 protein family,
in older fly brains extended fly lifespan by 56 % [49]. In
addition, Atg8a mutant flies had a 53 % shorter lifespan
in comparison to wild type; these Atg8a flies also devel-
oped a neurodegenerative phenotype, including accumula-
tion of protein aggregates inside the neurons [49]. Atg5 is
an autophagy protein important for autophagosome for-
mation. Atg5 overexpression in mice enhanced autophagy
and led to extensions of lifespan by 17.2 %. Additionally,
these mice showed anti-ageing phenotypes, including
improved motor function and leanness [48]. In view of
the importance of Atg5, it is not surprising that Atg5
knockout resulted in neonatal lethality [51]. Forebrain-
specific Atg7 deficient mice experienced age-related neuro-
degeneration with accumulation of ubiquitin and p62-
positive protein aggregates, as well as the accumulation
of p-Tau [52]. Facilitating the mitophagy pathway also
has a beneficial effect on health and lifespan in different
animal models. Overexpression of PINK1 and Parkin
extended the healthspan and lifespan in flies [53,54]. Simi-
larly, overexpressing the mitochondrial fission protein
dynamin-related protein 1 (Drp1) increased the lifespan
in flies [55]. Extended lifespan was also demonstrated in
nematodes after stimulation of mitophagy with tomatidine
[46].

Collectively, the evidence indicates that autophagy
decreases during ageing and that enhancing autophagy/
mitophagy pathways may be an effective approach to
delay ageing and extend health- and lifespan in diverse
model organisms.
3. Impaired autophagy and mitophagy in AD

AD is on the rise, affecting approximately 55 million
people worldwide, a figure estimated to triple by 2050
[56]. AD is the most common neurodegenerative disease
of old age, characterized clinically by an insidious onset
and a gradual, progressive deterioration of cognitive abil-
ities [36]. Genetic factors, such as APP, presenilin 1 and 2
(PSEN1/PS1 and PSEN2/PS2) and APOE among others, have
been identified as causative genes or risk factors for AD
[57,58]. The main disease-defining pathological features
of AD are extracellular amyloid-beta (Ab) aggregates
(intracellular Ab1-42 is also toxic to neurons) and intracellu-
7

lar neurofibrillary tangles of aberrantly hyper-
phosphorylated microtubule-associated Tau (MAPT/p-
Tau) [59]. Both these hallmarks lead to neurodegeneration
associated with synaptic loss and neuronal dysfunction, or
even neuronal death. While the Ab hypothesis has been
instrumental in directing our in-depth understanding of
the aetiology and progression of AD [59], continued fail-
ure/slow movement in anti-AD drug development target-
ing on reducing Ab plaques mandates to shift the focus
on additional and alternate mechanisms such as to develop
a multi-drug approach targeting both amyloid and tau
[60,61].

3.1. Autophagy and lysosomal dysfunction in AD

Autophagy is impaired in AD with compromised autop-
hagy contributing to AD progression. Compelling evidence
from hippocampi of AD patients showed hyperactivation of
mTOR and its upstream molecules, suggesting an enduring
autophagy inhibition [62]. Genetic ablation of mTOR in
Tg2576 mice promoted autophagy and rescued memory
deficits [63]. A summary on the known molecular mechan-
isms of impaired autophagy in AD is provided (Fig. 2A).

One prominent feature of AD is neuronal loss accompa-
nied by the presence of autophagic vacuoles (AVs) within
neuronal processes, including in synaptic regions [64].
AVs have been observed in human AD brains and in trans-
genic mice expressing mutant P301L Tau [65] and are con-
sidered as late-stage autophagic remnants, suggesting an
impaired autophagic pathway at the lysosomal degrada-
tion stage. Further, the expression of Beclin-1 declines in
brains of AD patients compared with healthy controls
[66]. In addition, the production of PI3P, which is mediated
by Beclin-1/VSP34 complex, was down-regulated in brain
tissue from AD patients [67]. AV accumulation appears at
early stages of AD and before extracellular Ab depositions,
suggesting that macroautophagy activation is a very early
response in the disease development [68]. Purified AVs
were enriched with APP and its processing enzymes, such
as c-secretase (gamma secretase), being the first source
of intracellular Ab1-42 production and accumulation in neu-
rons [69]. Indeed, in AD, neuronal maturation of autopha-
golysosomes and their retrograde transport are impeded,
which makes lysosomal deficiency a prominent feature in
normal ageing as well as in AD brains [70]. Disruption of
lysosomal proteolysis in wild-type mice was shown to
mimic the neuropathology of AD and exacerbate autopha-
gic impairment and amyloidogenesis in AD mouse models
[71].

c-Secretase, working with b-secretase (beta secretase),
cuts APP to produce Ab1-42 peptide, the primary compo-
nent of Ab plaques. c-secretase is a multi-subunit trans-
membrane protease complex, consisting of presenilin-1
(PS-1), PS-2, nicastrin, and APH-1. PS1 is a multi-pass
membrane protein that serves as a catalytic site for c-
secretase and is involved in several cellular pathways,
including synaptic plasticity, neurite growth, cell adhesion,
and calcium homeostasis, among other functions [72].
Accentuated AVs in early-onset familiar AD, due to muta-
tions of PS1, unveil a role of PS1 in lysosomal function
[68,73]. PS1 deletion prevents macroautophagic protein



Fig. 2. Autophagy andmitophagy in AD. a) Alterations of autophagic pathway in AD. b) Alterations of mitophagic pathway in AD. In each section strategies
to induce and restore the pathway are reported.
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turnover by altering lysosome acidification caused by
failed maturation of the proton trans-locating V0a1 subu-
nit of the vacuolar (H+)-ATPase [74]. Moreover, PS1 dele-
tion has been shown to reduce p62 levels, a protein cargo
involved in Tau degradation, leading to impairment of
Tau turnover [75]. In PS1 deficiency, MTORC1 is constitu-
tively activated, which subsequently inhibits TFEB-
mediated autophagy and lysosome biogenesis [76]. In
addition, PS2 mutation was reported to alter autophagic
flux by inhibiting autophagosome and lysosome fusion
[77]. Lysosomal dysfunction has been also described in
relation with the APP b-cleaved CTF (b-CTF) in Down syn-
drome, which normally further develops to AD [78]. Exten-
sive studies in CA1 pyramidal neurons in the hippocampus
of early and late-stage AD demonstrated that autophagy
flux is upregulated in AD, but it is progressively impeded
due to deficient substrate clearance, as reflected by autoly-
sosomal accumulation of LC3-II and SQSTM1/p62 and
expansion of autolysosomal size and total area [79].

Lysosomal dysfunction results in the accumulation of
Ab1-42 and aberrant Tau in AD [70]. A key protein involved
in the biogenesis of lysosomes is transcription factor EB
(TFEB). TFEB is normally sequestered in the cytoplasm by
phosphorylation and, under specific stimuli, it translocates
to the nucleus and binds to a specific DNA sequence called
CLEAR (Coordinated Lysosomal Expression and Regulation)
within the promoters of several lysosomal and autophagic
genes, including WIPI1, PSEN2, LAMP1, CTSB, CTSD amongst
others [80]. Approaches overexpressing and activating
TFEB have been shown to possibly reverse AD pathology.
A recent study reported variations of TFEB protein levels
in a Braak-stage dependent manner [81]. Nuclear levels
of TFEB strongly decreased in late stages of the disease,
compensated by an increase in its cytoplasmatic levels,
supporting the widely reported finding of lysosomal
defects in AD [81]. This compensatory TFEB upregulation
in the late stages of AD, due to increased autophagy induc-
tion in response to accumulated cellular Ab and Tau pro-
teins, may create favorable conditions for Ab clearance,
though insufficient to clear all the accumulated ‘garbage’.
TFEB overexpression or activation promoted Ab clearance
through regulation of the autophagy-lysosome pathway
(ALP), reduced Ab-induced ROS production and cell apop-
tosis [82–84]. However, such approaches appear to be suc-
cessful at early stages of AD, while they are insufficient in
later ones, indicating the presence of more hampered
autophagic machinery. Under basal conditions, TFEB-
mediated ALP has also been shown to modulate Ab turn-
over in neurons. TFEB promotes APP cleavage through
the upregulation of the a-secretase ADAM10, resulting in
an increase of a-CTF and thus precluding Ab production
[85]. Meanwhile, TFEB also augmented b-CTF levels possi-
bly through altered proteasome-mediated catabolism [85].
Several studies reported a neurotoxic role for b-CTF [86]
and thus upregulation of lysosomal pathway as a thera-
peutical strategy needs to be carefully evaluated. In addi-
tion to memory preservation, TFEB is likely involved in
longevity. Downregulation of hlh-30 (the C. elegans ortho-
logue of the mammalian TFEB) and daf-16 (the C. elegans
orthologue of the mammalian FOXO) in C. elegans shor-
tened lifespan in both wild type and long-lived daf-2
9

mutant [87], while its upregulation enhanced autophagy
and extended lifespan [88].

Upregulation of TFEB in both microglia and astrocytes,
cells that clear extracellular Ab plaques via phagocytosis,
accelerates their capacity to remove Ab plaques [89,90].
TFEB overexpression in different Tau mouse models of
AD has been associated with higher clearance of NFTs
through ALP without affecting normal Tau and improved
neuronal survival and synaptic function [91,92]. The
mechanism by which TFEB rescued Tau aggregation is
likely via the TFEB-PTEN-PI3K-Akt-mTOR pathway with
an increased Tau degradation by cathepsin D [91,92];
while the polymorphism of cathepsin D is an AD risk factor,
its complete loss is associated with devastated neurode-
generative disorders [93,94]. In response to trans-
synaptic spreading of Tau [95], astroglial TFEB overexpres-
sion has been reported to enhance the lysosomal pathway
and slow down Tau aggregation in some ADmouse models,
such as rTg4510 and PS19 [96]. TFEB also regulates lysoso-
mal exocytosis, which may have an unexplored role in cel-
lular clearance in neurodegenerative diseases [97]. In this
regard, TFEB is involved in Tau exocytosis. TFEB specifically
recognized the microtubule-binding repeat (MTBR) - trun-
cated Tau, but not the wild type one, and mediates its
secretion through the lysosomal calcium channel TRPML1
[98]. Loss of TFEB induced a higher Tau accumulation
[98]. To note, TFEB seems to be protective across different
neurodegenerative diseases, as it eliminated aberrant
aggregates in models of PD and HD, etc [99,100]. Cumula-
tively, these data suggest that TFEB-dependent lysosomal/
autophagic function is pivotal in the homeostasis of pro-
teins (proteostasis) and neuroprotection.

3.2. Ab and Tau-associated autophagic abnormalities

While the molecular interactions between Ab, Tau, and
autophagy are not fully understood, recent studies have
uncovered the intertwined linkages among them. First,
autophagy impairment induces Ab production. Inducing a
point mutation (F121A) in the mouse gene encoding
Beclin-1, disrupted the interaction between Beclin-1 and
Bcl-2, leading to autophagy activation [101]. AD mice car-
rying this mutation showed a dramatic reduction of amy-
loid plaques and a rescue of cognitive impairment [101].
Accordingly, Beclin-1 knock-out mice showed aggregation
of both intercellular and extracellular Ab compared to the
control mice [66]. The benefits may be attributable to an
induction of autophagy, which modulates both Ab clear-
ance and production. In addition to Beclin-1 knock out that
is linked to enhanced AD pathology, conditional knock-
down of Atg7 in an APP/PS1 mouse model of AD resulted
in enhanced secretion of Ab that contributes to the forma-
tion of extracellular plaques [102]. Indeed, autophagy has
been implicated in secretion of undegraded integral mem-
brane proteins via a secretory pathway from the endoplas-
mic reticulum (ER), to Golgi, and ultimately to the plasma
membrane or through secretory lysosomes, a route
through which APP is known to be transported and pro-
cessed to Ab [102]. Although autophagosomes may serve
as sites for processing of APP to generate Ab, how Ab is
then secreted following induction of autophagy is not
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known. However, in this context, it has been proposed that
the increase in the accumulation of autophagosomes in AD
promoted the release of Ab into the extracellular space,
facilitating the deposition of amyloid plaques [103].
Within the cell, impaired lysosomal function may give rise
to accumulation of intracellular Ab that participates in the
cascade of events leading to neurodegeneration [102]. Pro-
moting autophagic activity in AD models rescued neurode-
generation and inhibited the cognitive decline that
correlated with an increase in clearance of Ab
[17,104,105]. For example, brain-specific upregulation of
the anti-ageing hormone Klotho in APP/PS1 transgenic
mice promoted autophagic clearance of Ab and improved
memory [106]. In humans, the heterozygous KLOTHO gene
variant KL-vS which increases circulating levels of Klotho,
abrogated APOE e4-related phenotypes; carriers with APOE
e4/KL-vS heterozygosity had low AD risk [106].

APP’s cleaved product, APP-bCTF, also links to autop-
hagy. AP2 (adaptor protein 2) is a specific LC3 cargo recep-
tor that brings APP-bCTF directly to autophagosomes
therefore leading to reduced Ab1-42 prodution [107]. APP-
bCTF removal via AP2 binding is also assisted by phospha-
tidylinositol binding clathrin assembly protein (PICALM), a
known binding partner of AP2 involved in clathrin-
mediated endocytosis [107]. Indeed, AD GWAS showed
compelling evidence for association between AD and
PICALM variants [108], supporting the idea that PICALM
played an important role in APP-bCTF clearance and muta-
tions in its locus link to a higher risk of AD [109]. PICALM
expression is reduced in AD brains and its deficiency corre-
lates with Ab formation as well as accumulation of p-Tau
[107,110,111]. Indeed, PICALM regulates both autophago-
some formation and fusion with lysosomes via modulation
of NSF attachment protein receptors (SNAREs) including
VAMP2 and VAMP8 [111].

A physiological role for autophagy in Tau homeostasis
is documented through p-Tau accumulation and neurode-
generation in mice with neuronal deletion of Atg7 [52]. A
tight collaboration between the ubiquitin proteasome
system (UPS) and autophagy, with p62 acting as a bridge,
has been widely reviewed for Tau clearance [112]. Down-
regulation of p62, alone or together with other genetic
factors, such as the APOE e4 allele, caused changes in
Tau conformation and solubility with a consequent fail-
ures in its removal [113]. Autophagy induction affects
tauopathies. Tau mutant mice treated with rapamycin,
an mTOR inhibitor, showed reduced Tau phosphorylation
[114]. Conversely, TSC2-KO mice, which express an mTOR
negative regulator in which mTOR is constitutively acti-
vated, displayed elevated Tau levels as well as Tau phos-
phorylation [114]. By using mTOR inhibitors more potent
than rapamycin in patient iPSC-derived neuronal cells
carrying a Tau mutation, Tau phosphorylation and insolu-
ble Tau were reduced [115]. The autophagy receptor
NDP52 recognized phosphorylated Tau in brains of AD
mice models [116]. NDP52 upregulation by a compound
from tea extract induced phosphorylated Tau clearance
in cultured neurons [117]. Thus, impaired autophagy
results in accumulated Ab and Tau, which in turn block
autophagy, initiating a ‘vicious cycle’ which may finally
cause AD.
10
3.3. Mitophagy deficiency in AD

Neurons heavily depend on mitochondria to support
their function, thus mitophagy plays an essential role in
neuronal health and function via efficient degradation of
damaged mitochondria. In neurons, clearance of autopha-
gic substrates mainly occurs in the soma, where most of
the lysosomes are located. Mitophagy is impaired in
post-mortem human AD brain tissue as well as in AD
iPSC-derived neurons and cross species AD animal models
[17]. Initiation of the mitophagy machinery was impaired
in postmortem brain tissue from AD patients; this was evi-
denced by reduced p-TBK1(Ser172) and p-ULK1(Ser555) in
AD compared with cognitively normal control samples
[17]. Studies in C. elegans suggest Ab1-42 and Tau mutants
inhibited PINK-1, DCT-1/NIX, or PDR-1/Parkin-dependent
mitophagy pathways [17]. Defective mitophagy contri-
butes to AD as restoration of neuronal and microglial mito-
phagy reduced insoluble Ab1–42 and Ab1–40, rescued
memory deficits, and reduced the phosphorylation of Tau
at several sites (Thr181, Ser202/205, Thr231, Ser262) in
an AD mouse model [17]. Mitophagy stimulation in a
human neuronal cell line increased the levels of a series
of mitophagy-related proteins, including PINK1, Parkin,
Beclin-1, Bcl2L13, AMBRA1, MUL1 and p-ULK1(Ser555)
[17]. In addition, microglial mitophagy seems to be
involved in eliminating extracellular Ab plaques and redu-
cing pro-inflammatory cytokines in AD [17,118]. In neuro-
blastoma cells and C. elegans, expression of human wild-
type Tau and frontotemporal dementia mutant Tau
(P301L) inhibited mitophagy by increasing Tau-mediated
sequestration of Parkin, which finally prevented its recruit-
ment to damaged mitochondria without alterations in the
mitochondrial membrane potential [119]. This was also
shown in vivo in the C. elegans nervous system, wherein
hTau expression reduced mitophagy while the mutant
Tau completely inhibited mitophagy [119]. NH2-hTau frag-
ments strongly associated with Parkin and Ubiquitin-C-
terminal hydrolase L1 (UCHL-1) in cellular and animal AD
models and in human AD brain tissue, leading to synaptic
deterioration due to an improper mitochondrial clearance
[120].

Defective mitophagy in AD, can happen at the initiation
stage or lysosomal dysfunction stage [17,121] (Fig. 2B), and
may be caused by different mechanisms. The way Ab
enters into mitochondria seems to involve the translocase
of the outer membrane (TOM) complex or the
mitochondrial-associated endoplasmic reticulum (ER)
membrane (MAM) [122,123]. Both Ab and p-Tau interacted
and blocked voltage-dependent anion channel (VDAC) pro-
teins, leading to mitochondrial dysfunction [124]. Accumu-
lation of mutant APP and Ab in the hippocampi of APP-
transgenic mice caused defective biogenesis with reduced
levels of PGC1a, NRF1, NRF2 and TFAM, increased levels
of mitochondrial fission (Drp1 and Fis1), decreased levels
of fusion (MFN1, MFN2 and Opa1), autophagy (ATG5 and
LC3BI, LC3BII), mitophagy (PINK1 and TERT), synaptic
(synaptophysin and PSD95) and dendritic (MAP2) proteins
[125,126]. Disrupted-in-schizophrenia-1 (DISC1), a
recently discovered mitophagy receptor, has been shown
to be reduced in AD human brain samples and in APP/
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PS1 mice [127]. DISC10s overexpression protects synaptic
plasticity from Ab accumulation-induced toxicity through
promoting mitophagy [127]. Additionally, mitochondrial
imbalance activates mitochondrial unfolded protein
response (UPRmt), a response which appears to be compro-
mised in AD [128]. Pharmacologic and genetic restoration
of UPRmt function reduced Ab accumulation in both C. ele-
gans and mouse models of AD [128].

Dysfunction of PINK1-Parkin-mediated mitophagy
appears crucial in AD. Progressive Ab accumulation signif-
icantly induced Parkin recruitment to depolarized mito-
chondria accompanied by cytosolic Parkin depletion over
the disease’s progression, as confirmed in AD human sam-
ples [129]. In AD-derived patient fibroblasts, upregulating
Parkin expression and enhancing autophagy restored mito-
chondrial membrane potential, reduced PINK1 expression,
and hindered accumulation of damaged mitochondria
[130]. Recently, Parkin has been shown to regulate PINK1
expression through PS1 [131]. Indeed, PS1, included in
the catalytic core of the c-secretase, led to the production
of Ab and its C-terminal counterpart AICD (APP intracellu-
lar domain), which in turn act on FOXO3, eventually upre-
gulating PINK1 level [131]. In addition, AICD acts on other
autophagy/mitophagy markers by upregulating LC3B and
deregulating SQSTM1/p62 and TOMM20 together with
MFN2 and Drp1 [131]. PINK1 also activates mitophagy in
a Parkin-independent manner through some autophagy
receptors, such as OPTN and NDP52 [132]. PINK-1 expres-
sion is significantly decreased in APP mouse models and
AD human brains, supporting a correlation between Ab
spreading and PINK1. In addition, this led to an impairment
in mitochondrial clearance. Approaches aimed at increas-
ing PINK1 function both in vitro and in vivo promoted
clearance of dysfunctional mitochondria and Ab degrada-
tion, suppressed ROS production and improved synaptic
plasticity [133]. In addition to turning up the PINK1/Parkin
pathways, upregulation of other mitophagy pathways also
inhibits AD. One example is MCL-1, a key anti-apoptotic
protein but also a mitophagy receptor that interacts with
LC3A to promote mitophagy; upregulation of the MCL-1-
dependent mitophagy pathway inhibited memory loss in
the APP/PS1 mice [134].

3.4. CMA and other autophagic pathways alterations in AD

Several pieces of literature show that both Ab and Tau
contain a KFERQ-like motif, suggesting they are eligible
for degradation via CMA or microautophagy [135,136].
APP contains a KFERQ motif in its C-terminus and, interest-
ingly, its deletion did not affect its binding to HSC70, but it
prevented the binding of either APP or its CTF with the
lysosome for degradation [135]. Therefore, KFERQ deletion
enhanced APP-bCTF accumulation and Tau phosphoryla-
tion, contributing to AD pathogenesis. Tau bears two
KFERQ-motifs in its C-terminal region, which are required
for the HSC70 binding and LAMP2A-mediated lysosomal
degradation [137]. Blocking of the internalization step
occurred when the N-terminal was disrupted [137]. Ineffi-
cient translocation of the Tau fragments across the lysoso-
mal membrane caused formation of Tau oligomers on the
surface of lysosomes, which may act as precursors of
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aggregation and interfere with lysosomal functioning
[138]. Recently, CMA has been shown to regulate a subset
of the proteome prone to aggregation, and manipulation of
its activity protected neurons from proteotoxicity in AD
mice [136].

Non-canonical functions for several autophagy proteins
in Ab degradation have been documented. In physiological
conditions, Ab is engulfed and removed by microglia
through LC3-associated endocytosis (LANDO), which is
LC3+, Rab5+, and clathrin+ dependent. LANDO is signifi-
cantly reduced in AD mice, and its restoration increased
Ab removal [139]. Microglial autophagic removal of Ab is
impaired in AD patients carrying TREM2 risk variants and
in TREM2 -/- AD mice [140]. The key autophagy protein
Beclin-1 (encoded by BECN1) plays a fundamental role in
health and longevity [141]. Becn1+/- mice exhibited
increased inflammation (higher IL-1b and IL-18) and
Becn1+/- / APPS1 mice showed exacerbated microglial
inflammation due to activation of the NLRP3-Caspase1-
IL1b pathway [142].

Bcl-2 associated athanogene (BAG) proteins are a family
of co-chaperones that interact with the ATPase domain of
Hsp70 through a specific structural domain named BAG
[143]. In humans this protein family consists of six mem-
bers (BAG1-BAG6) all sharing the BAG domain with dis-
tinct protein domains (widely described in [144]). BAG
proteins are involved in several biological process, includ-
ing apoptosis, development, cytoskeleton organization and
autophagy. Because of its ubiquitin-like domain, BAG1
drives the degradation of polyubiquitinated proteins via
the proteosome, while BAG3 mediates lysosomal degrada-
tion, possibly also via the ubiquitin-binding protein p62/
SQSTM1 [145]. Stressful stimuli, normal ageing and
protein-prone neurological disease induced higher BAG3
expression associated with a functional switch from
Hsp70-BAG1-mediated proteasomal degradation to
Hsp70-BAG3-mediated selective autophagy [145]. BAG3-
stimulated autophagy is interpretated as an adaptive
response of the protein quality control system following
proteosome impairment. BAG3-driven autophagy involves
the formation of the ‘‘aggresome”, a perinuclear compart-
ment with higher autophagic activity [146]. Indeed, HspB8
formed a stable complex with BAG3 in cells and the forma-
tion of this complex is essential for the degradation of a
pathogenic form of huntingtin prone to aggregation [147].

A higher BAG3 expression has also been described in
the astrocytes of post-mortem human brain tissue from
neurodegenerative disorders, such as AD, PD, and HD
[148]. In line with the previous mentioned BAG1-BAG3
expression switch, inhibition of the proteasome in rat cor-
tical neurons activated autophagy and reduced Tau levels
[149]. There are also data showing BAG1 overexpression
increased Tau levels, likely due to BAG1 facilitating the
refolding of Tau and downregulating its degradation
[150]. Genetic and pharmacological induction of BAG3,
associated with proteasome inhibition, in rat primary neu-
rons led to a significant reduction in Tau and p-Tau levels
[151]. Recently, BAG3 has been defined as a ‘‘protector”
against Tau accumulation [152]. Indeed, Tau preferentially
accumulates in excitatory neurons, but not in inhibitory
neurons, where BAG3 expression is higher. Downregulation
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of BAG3 in primary neurons enhanced Tau accumulation in
inhibitory neurons. The balance between the proteasomal
and lysosomal pathways may be also regulated by sAbPPa,
a non-amyloidogenic trophic peptide produced by a-
secretase cleavage of APP [153]. Indeed, under conditions
of proteotoxic stress, sAbPPa increased proteasomal activity
and decreased BAG3 expression in young cells. In aged cells,
the irreversible changes of the proteasome machinery made
sAbPPa unable to revert the protein turnover [153]. These
data highlight roles for BAG3 in the mediation of Tau pathol-
ogy, paving the way to consider it a drug target for drug
development.
4. Approaches to upregulate autophagy: caloric
restriction, exercise, and small compounds

Increasing evidence suggests that autophagy and mito-
phagy are significantly impaired during ageing and age-
related disease such as AD [2]. Therapeutic intervention
aiming to modulate these molecular pathways has the
potential to mitigate the detrimental effect associated with
ageing. Autophagy can be induced by multiple mechan-
isms, including lifestyle interventions such as caloric
restriction [154] or exercise [155] and pharmacological
interventions by synthetic drugs or natural compounds
[156].
4.1. Lifestyle interventions

Caloric restriction (CR), reducing food intake by 25–50 %
without malnutrition, is a non-genetic stimulator of autop-
hagy that promotes lifespan and improves health in flies,
worms, mice, and lemurs [157,158]. In humans, short-
term CR (from 1.5 � 3 days) increased autophagy markers
in skeletal muscle samples [159,160]. Likewise, long-term
CR (6 ± 3 years) in middle-aged adults (58.7 ± 7.4 years)
significantly upregulated many autophagy genes, including
Beclin-1, ULK1, Atg12, LC3, and increased Beclin-1 and LC3
protein levels in the skeletal muscle. Additionally, CR
decreases inflammation and increases serum cortisol
resulting in enhanced cellular protein quality and a
decrease in dysfunctional proteins and organelles [161].
Also, increased autophagy markers were observed after 4
consecutive days of a zero-calorie diet in healthy volun-
teers’ white blood cells suggesting that CR has a pleiotropic
effect in multiple tissues [162].

The effect of CR on neuronal autophagy was investi-
gated in animal models [163]. In mice, 24 h of food restric-
tion induced autophagy in cortical neurons and Purkinje
cells in the cerebellum [164]. In AD mouse models, short
term CR enhanced autophagy but was insufficient to
degrade brain Ab [165,166]. However, long-term CR for
68 weeks enhanced the autophagy and significantly
decreased the Ab plaques in the hippocampus, alongside
an increased cerebral glucose metabolism and neuronal
integrity resulting in an improved cognition of the AD mice
model [166]. It was suggested that CR activates autophagy
via two pathways: first, it reduces levels of insulin and
insulin-like growth factor 1 (IGF-1), which decrease mTOR
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signaling. Second, it increases the AMP/ATP ratio which
activates the nutrient-sensing kinase, AMPK [167,168].

Similar to CR, physical exercise decreases the ATP/AMP
ratio leading to AMPK activation [155]. In humans, physical
activities upregulate the age-related decline in autophagy
markers. After 8 weeks of aerobic exercise, the LC3-II/
LC3-I ratio and the protein levels of Atg12, Atg16, and
Beclin-1 were upregulated in peripheral blood mononuc-
lear cells (PBMC) of older adults; similarly, autophagy inhi-
bition markers such as phosphorylated ULK1 at serine 757
and p62/SQSTM1 levels were reduced in the same samples
[169]. A similar effect on autophagy activation was
observed in PBMC after 8 weeks of resistance exercise,
which suggests that exercise has the potential to induce
autophagy [170]. In addition to AD, the beneficial effect
of exercise on autophagy was also observed in animal
models of PD [171–174], suggesting broad benefits of exer-
cise against common neurodegenerative diseases.

4.2. Pharmacological inducers

Different autophagy/mitophagy activators show trans-
lational potential against AD. The most studied pharmaco-
logical inducer of autophagy is the first mTOR inhibitor
rapamycin. Oral intake of rapamycin has been shown to
be effective in extending lifespan, slowing brain ageing,
and protecting against neurodegeneration in various
experimental models [47,174,175]. As a promising autop-
hagy activator, the effect of rapamycin is already being
tested in humans. Currently, ongoing clinical trials are
aiming to determine the long-term efficacy of rapamycin
in reducing clinical ageing measures in healthy older
adults [176] and older adults with amnestic mild cognitive
impairment and early-stage AD [177]. Chronic rapamycin
treatment induces side effects, possibly due to its effect
on inhibiting MTORC2. Therefore, specific MTORC1
inhibitors-rapamycin paralogues have been developed,
such as everolimus and temsirolimus. Everolimus reduced
human APP/Ab and human tau levels and improved cogni-
tive function in 3 � Tg AD mice [178]. Temsirolimus
induced autophagy, reduced both Ab and p-Tau and
improved motor functions in several AD mouse models,
such as APP/PS1, P301S and Tg30 [179–181].

mTOR-independent autophagy activators are normally
designed to target the AMPK pathway. One of them is met-
formin, a biguanide anti-diabetic drug with neuroprotec-
tive properties [182]. Preclinical studies suggest a role for
metformin in mitigating ageing [183]. Metformin
increased the lifespan of C. elegans by 36 % [184]. In mice,
metformin increased longevity and attenuated the deleter-
ious effects of ageing, such as high cholesterol levels or the
age-related rise of triglyceride and blood glucose levels
[185,186]. Treatment with metformin mimics some of
the benefits of CR, such as prevention of the onset of meta-
bolic syndrome and amelioration of physical performance
[183]. Another AMPK activator AICAR (5-aminoimidazole-
4-carboxamide ribonucleoside) has effectively delayed
ageing by inducing autophagy/mitophagy with a beneficial
effect on cognition and motor function [187].

Mitophagy is a sub-type of autophagy, molecules that
induce mitophagy show similar benefits against AD labora-
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tory models. Commonly studied mitophagy inducers are
urolithin A (UA, a metabolite compound resulting from
the transformation of ellagitannins bioactive polyphenols,
found in some fruits, especially berries and nuts, by the
gut bacteria) [188], antibacterial compound actinonin
[32], polyamine spermidine [189], nicotinamide riboside
(NR) and nicotinamide mononucleotide (NMN) which are
precursors of nicotinamide adenine dinucleotide (NAD+)
[190], as well as the natural compounds Kaempferol and
Rhapontigenin [191].

Oral consumption of UA induced mitophagy in worms
and mice resulting in extended lifespan and healthspan
[192]. Additionally, promising results were shown in the
mouse model of AD and Ab and Tau C. elegans, where UA
reversed memory impairment via activation of mitophagy
[32]. In a first-in-human clinical trial, UA was administered
over 4 weeks to healthy, sedentary elderly individuals.
Results of this trial have demonstrated positive biological
effects on mitochondrial health and, importantly, the com-
pound showed a favourable safety and bioavailability pro-
file [188]. Similarly, treatment with actinonin has shown
positive effects in AD models. APP/PS1 mouse models were
treated orally with actinonin for 2 months which restored
hippocampal neuronal mitophagy, and ameliorated cogni-
tive deficit and Ab pathology [32]. In addition, actinonin
induced robust neuronal mitophagy in AD C. elegans mod-
els [32]. Beneficial effects of both UA and AC are dependent
on important mitophagy genes, such dct-1, pdr-1 and pink-
1 as well as improvement of phagocytic activity of micro-
glia [32].

Spermidine, a natural polyamine implicated in cell
growth and survival, declines during ageing, and external
supplementation of spermidine can extend the lifespan of
worms, yeast, flies, mice, or human cells through enhanced
autophagy [193,194]. It has been shown that increased
dietary spermidine inhibits memory loss in AD worms
and improves locomotor capacity in a PD worm model
both via the PINK1-PDR1- dependent mitophagy pathway
[195]. Spermidine can trigger autophagy mainly by activat-
ing phosphorylation of AMPK [196] and mitophagy via
PINK1/Parkin pathway [195]. Detailed molecular mechan-
isms of spermidine’s biological activity as well as its clini-
cal potential are summarized in a recent review [197].

The NAD+ precursors NR and NMN induce mitophagy
via different NAD+-dependent cell signaling pathways
[18,198]. NAD+ is a coenzyme that plays a pivotal role in
energy metabolism and cell survival via cellular redox
reactions, through which it becomes converted to NADH
[18]. Reports have shown that an age-associated decline
in NAD+ levels is associated with several age-related dis-
eases, such as AD and PD, while the upregulation or replen-
ishment of NAD+ metabolism with precursors might slow
down certain aspects of ageing and forestall some age-
related diseases [199]. It has been shown that NAD+

replenishment via NR supplementation restored the
NAD+ profile and improved mitochondrial quality through
mitophagy in both worm and fly models of Werner syn-
drome, a human premature ageing disease [200]. NAD+

repletion extended lifespan and delayed accelerated ageing
in these model organisms [200]. Similarly, NAD+ depletion
was found in models of accelerated ageing disease, such as
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ataxia-telangiectasia (AT) and xeroderma pigmentosum
(XPA), which both exhibit neurodegeneration, and NAD+

augmentation had a beneficial effect on lifespan and
healthspan [201,202]. NAD+-enhanced mitophagy in AD
mouse models reduced Ab load, decreased p-Tau levels,
improved cognitive and memory functions, reduced neu-
roinflammation and promoted microglia phagocytic activ-
ity [32], thus further supporting the role of impaired
removal of mitochondria in AD aetiology. The beneficial
effects of NAD+ supplementation are related to the activity
of NAD+-consuming enzymes, such as sirtuins (SIRT1,
SIRT3, SIRT6, SIRT7), cyclic ADP-ribose synthases CD38
and SARM1 (sterile alpha and TIR motif containing 1) and
the DNA damage sensor PARPs (poly[ADP-ribose] polymer-
ase) [190].

In view of the importance of mitophagy stimulation in
treating AD, a lot of effort has been put into the identifica-
tion of robust but low toxicity but potentially clinical
applicable mitophagy inducers. While these mitophagy
inducers are mainly identified using classic wet laboratory
methods, modern techniques like AI have been used in
drug development targeting on mitophagy induction.
Kaempferol and Rhapontigenin were identified with the
assistance of AI. Using unsupervised machine learning
(involving vector representations of molecular structures,
pharmacophore fingerprinting and conformer fingerprint-
ing) and a cross-species approach, two potent mitophagy
inducers, Kaempferol and Rhapontigenin, were identified
from a total of 18 AI-high scored compounds. These com-
pounds are able to induce mitophagy via transcriptionally
upregulation of key mitophagy/autophagy proteins like
PINK1 and ULK1. Intriguingly, these two compounds dra-
matically increased the survival and functionality of gluta-
matergic and cholinergic neurons, abrogated amyloid-b
and tau pathologies, and improved 3xTg AD mice’s mem-
ory [191].

5. Outstanding questions and future perspectives

The importance of healthspan cannot be underesti-
mated considering the potential impact of an increasingly
ageing population worldwide [203–205]. The Lancet Com-
mission on dementia prevention, intervention, and care
identified a total of twelve potentially modifiable risk fac-
tors for dementia, which correlate with around 40 % of all
cases of dementia worldwide [206]. Specific interventions
may delay or even prevent the incidence of dementia and
be protective for people even without a genetic risk. Many
of these risk factors may also affect and impair autophagic
and mitophagic pathways. The challenge will be to main-
tain youthful brain functions as ageing progresses, includ-
ing through mitigation of mitochondrial damage and
compromised autophagy [18,207]. Thus, strategies to
maintain autophagy or to restore autophagy to a ‘young’
level could provide an approach to prevent or slow down
brain ageing and the occurrence of diseases. The genetic
heterogeneity and etiological complexity of AD present a
significant challenge in the search for a cure for AD
[58,208]. Mitochondria are linked to many pathways and
events within the body, such as inflammation, senescence,
stem cell exhaustion, and impaired phagocytosis of micro-
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glia and astrocytes, all of which could contribute to AD
[32]. Thus, approaches that support mitophagy may pro-
vide additive or synergistic benefits, with targets inhibiting
multiple AD-related pathways or events [209]. To note,
turning up autophagy could be a double-edged sword. Nor-
mally, physiological level of autophagy is important on
cell/tissue homeostasis and survival. In the conditions of
aging and diseases, autophagy induction improves cell sur-
vival (e.g., in neurons) and healthy longevity; however,
caution to be made that higher autophagy may facilitate
cancer growth and resistance against chemotherapy
[2,210]. It urges the establishment of a guideline on how
to safely manipulate autophagy to promote health and to
limit side effects in different disease and health conditions.

Future studies in this emerging field could include a)
creation of an autophagy and mitophagy ‘‘atlas” of the
human brain covering both spatiotemporal and regional
brain differences; b) investigation of activity levels and
potential differential roles of autophagy and mitophagy
in different brain cell types, such as excitatory neurons,
inhibitory neurons, astrocytes, microglia, and oligodendro-
cytes; and c) investigation of the interactions between
autophagy/mitophagy and other risks factors of the brain,
such as impaired circadian rhythm and compromised
glymphatic system. Furthermore, as the entorhinal cortex
(EC) is the region where Tau pathology appears to origi-
nate, roles for compromised autophagy/mitophagy in the
EC and in the spreading of Tau pathology is of paramount
importance for the discovery of AD etiology and to secure
new targets for anti-AD drug development [211]. Finally,
AI has been increasingly used in the medical field, from
assisting mechanistic investigation to translational appli-
cations; new AI approaches linked to large omics data from
laboratory models and humans are needed to propel the
development of strategies to maintain brain ageing in the
healthy elderly and for treating AD and other neurodegen-
erative diseases.
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