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The major neuropathological hallmarks of Alzheimer’s disease (AD) are senile 
plaques composed of amyloid β protein (Aβ) and neurofibrillary tangles that 
are composed of the highly phosphorylated tau. Usually, Aβ accumulation 
precedes the tau deposition. In the past, the research focus was on the over-
production or enhanced aggregation of Aβ by the genetic mutation of amy-
loid precursor protein (APP) or presenilin1 (PS1). Front-temporal dementia 
linked to chromosome17 (FTDP-17) is a neurodegenerative disorder caused 
by mutations in tau gene. However, most AD and dementia cases are sporadic 
and is not accompanied by mutations, including APP, PS1, PS2, or tau genes. 
Usually, Aβ accumulates when the balance between synthesis and degrada-
tion of Aβ is disrupted. It was clarified that the degradation of Aβ peptide in 
cerebrospinal fluid was impaired in 98% of the sporadic AD. The impaired 
degradation of Aβ and Tau is largely related to the pathogenesis of AD.

Basal macroautophagy, usually referred to as autophagy, is the major in-
tracellular degradation and regenerating mechanisms. Disturbances of auto-
phagy in AD were first identified by Nixon et al. in 2005. Since 2008, several 
groups, including us, have reported that tau can be degraded by autophagy. In 
2008, Pickford et al. reported increased intracellular and extracellular Aβ depo-
sitions due to heterogeneous deletion of the Beclin1, autophagy-related gene. 
In 2011, mTORC1-dependent autophagy induction by rapamycin showed 
the improved cognitive function with the reduced Aβ at the early stage of AD.

This book summarizes the latest research on the implication of auto-
phagy in pathogenesis and its prevention of AD. It also describes autoph-
agy and other diseases causing dementia, including Huntington’s disease, 
Parkinson’s disease, or dementia with Levy bodies. The book also discusses 
the possibility of treatment with autophagy modulation. All the authors are 
leading researchers in the respective field, and we are confident that the 
readers will be satisfied after reading this book.

Tadanori Hamano, MD, PhD
University of Fukui, Fukui, Japan

Tatsuro Mutoh, MD, PhD
Fujita Health University Hospital, Aichi, Japan

Preface

xix



This page intentionally left blank



We express our appreciation to Dr. Yoshinori Endo and Dr. Yuka Hama who 
served as editorial committee members. We also express our sincere appreci-
ation to Dr. Maho Morishima of the Brain Bank for Aging Research at the 
Tokyo Metropolitan Geriatric Hospital and Institute of Gerontology, Japan, 
and Dr. Tomohisa Yamaguchi, Dr. Hirohito Sasaki, and Dr. Yuki Kitazaki at 
the University of Fukui for their review. We express our deepest gratitude 
to Professor Yasunari Nakamoto, Second Department of Internal Medicine, 
University of Fukui, and all the members of the Department of Neurology, 
University of Fukui, Japan.

We express our heartfelt gratitude to Melanie Tucker, Senior Acquisitions 
Editor at Neuroscience Academic Press/Elsevier, for giving us the oppor-
tunity to edit this book. We also express our deepest gratitude to Kristi 
Anderson, Senior Editorial Project Manager at Academic Press/Elsevier for 
her constant and appropriate advice.

We thank Emiko Kitagawa, Junko Nakane, and Natsumi Kitajima, 
Second Department of Internal Medicine, University of Fukui, Japan, for 
their excellent help with this project.

Finally, we express our deepest gratitude to Professor Emeritus Yasuo 
Ihara at the University of Tokyo, Japan, and Professor Shu-Hui Yen at Mayo 
Clinic Jacksonville, United States, for teaching one of us (Tadanori Hamano) 
about the methodology, interpretation, depth, and pleasure of Alzheimer's 
disease research.

Tadanori Hamano, MD, PhD
University of Fukui, Fukui, Japan

Tatsuro Mutoh, MD, PhD
Fujita Health University Hospital, Aichi, Japan

Acknowledgments

xxi



This page intentionally left blank



SECTION I

Degradation 
mechanisms of cells



This page intentionally left blank



Autophagy Dysfunction in Alzheimer’s Disease and Dementia
https://doi.org/10.1016/B978-0-323-89906-2.00004-6 3

Copyright © 2022 Elsevier Inc. 
All rights reserved.

CHAPTER 1

Degradation mechanisms of cells
Asako Otomoa,b,c and Shinji Hadanoa,b,c,d
aMolecular Neuropathobiology Laboratory, Department of Molecular Life Sciences, Tokai University School 
of Medicine, Isehara, Kanagawa, Japan
bMicro/Nano Technology Center, Tokai University, Hiratsuka, Kanagawa, Japan
cThe Institute of Medical Sciences, Tokai University, Isehara, Kanagawa, Japan
dResearch Center for Brain and Nervous Diseases, Tokai University Graduate School of Medicine, Isehara, 
Kanagawa, Japan

1. Neurons are highly polarized cells with the sophisticated 
trafficking system

Before getting into the main topic, we briefly describe the structural and 
functional features of neurons and their relationship with the proteostatic 
and trafficking systems. Neuron is a highly polarized cell with a single long 
axon and several dendrites around the cell body. Intracellular transport 
pathways in neuron are highly organized to efficiently transport proteins 
and other macromolecules not only from the cell body to the tips of ex-
tended neurites but also from the distal areas to the cell body.1 Virtually 
all intracellular organelles are selectively transported with the help of mo-
tor proteins moving along the polarized microtubule networks throughout 
neuron.2 Indeed, protein degradation by the ubiquitin-proteasome system 
(UPS), which proceeds locally in neurons, depends on the correct deliv-
ery of the proteasome complex to the intended intracellular sites through 
such selective transport system.3,4 On the other hand, degradation by the 
 autophagy-endolysosomal system (APELS) is entirely dependent on the 
retrograde transport of autophagosomes and late endosomes, including 
multivesicular bodies. Their gradual degradation processes via the APELS 
are ultimately completed by the fusion with lysosomes that are primarily 
located in the cell body.5,6 Therefore, the regulation of proteostasis and in-
tracellular trafficking in neurons are intimately linked to each other. Most 
neurons in the brain do not divide during adulthood and thus generally last 
an entire lifetime of organisms. However, as it should be, both proteolytic 
and intracellular transport systems are gradually deteriorated due to aging. 
In fact, excessive decline of protein degradation and intracellular transport 
has been documented in many cellular as well as animal models of neuro-
degenerative diseases, including Alzheimer’s disease (AD), frontotemporal 
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dementia (FTD), Parkinson’s disease (PD), and amyotrophic lateral sclerosis 
(ALS).7–12 Here, we review general aspects of the UPS and APELS in a re-
lationship with the intracellular trafficking system in neurons.

2. Ubiquitin-proteasome system: UPS
2.1 Molecular mechanism for the ubiquitin-dependent 
degradation of proteins
The UPS is a systematically regulated protein degradation system, consist-
ing of multiple enzymatic reaction steps13,14 (Fig. 1A). The first step involves 
the ubiquitination of target proteins to be degraded. A single ubiquitin (ub) 
molecule is covalently conjugated to a lysine (Lys) residue of the substrate 
protein by a series of enzymatic reactions. First, ub is attached to and acti-
vated by an E1 ub activating enzyme in an ATP-dependent manner. Then, 
E1 transfers the activated ub to an E2 ub conjugating enzyme via a transthi-
olation reaction. The ub-E2 conjugate is recognized by E3 ub ligases, and ub 
is transferred either directly to the substrate (for RING family E3 ub ligases) 
or first attached to the E3 ub ligase followed by transferring to the substrate 
(for HECT and RBR family E3 ub ligases). Since ubiquitination involves 
the attachment of ub to Lys residues on the substrates and/or ub itself, it 
results in the formation of the substrates that are modified with either single 
ub molecule (monoubiqutination) or polyubiquitin chains (polyubiquitina-
tion). Such diverse substrate-ubiquitin structures can create a multitude of 
distinct signals with distinct cellular responses, referred to as “ub code.”15,16 
Among seven Lys residues in ub, Lys 48-linked chains are the predominant 
linkage type in cells (often > 50% of all linkages), whose role is to target 
proteins to the proteasome for degradation.15 Of note, monoubiquitinated 
small proteins with less than 150 amino acid residues are degraded by the 
UPS17; however, the protein degradation by the UPS generally requires tan-
dem ubiquitin conjugation with at least two to four ubiquitin molecules.18

In the second step, polyubiquitinated substrates are targeted directly to or 
via ub-binding shuttle protein to the proteasome for proteolysis.19 The in-
trinsic proteasomal (proteasome-associated) ub receptors, Rpn10 and Rpn13, 
can only trap polyubiquitinated substrates that are present in a proximity to 
the proteasome. In contrast, ub-binding shuttle proteins, which are not inte-
gral subunits of the proteasome, can recognize ubiquitinated substrates that 
are geometrically distant from the proteasome and recruit them to the pro-
teosomes for degradation (Fig. 2A). The nonproteasomal UbL-UBA family 
of proteins, such as ubiquillins, are known as proteasomal shuttles.20
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Fig. 1 The ubiquitin system. Ubiquitin (ub) is a polypeptide consisting of 76 amino acid 
residues, within which seven lysine residues that can be covalently conjugated by other 
ub molecules are included. In addition to these lysine residues, the first methionine 
can also be conjugated by other ub molecules. Ubiquitination of substrates by a se-
ries of enzymatic reactions. First, ub is attached to the substrate by an E1 ub activating 
 enzyme in an ATP-dependent manner, and then transferred to an E2 ub conjugating 
enzyme. The ub-E2 conjugate is recognized by an E3 ub ligase. Finally, ub is transferred 
either directly to the substrate (for RING family E3 ub ligases) or first attached to the 
E3 ub ligase before being transferred to the substrate (for HECT and RBR family E3 ub 
ligases). Monoubiquitination and polyubiquitination of substrates both occur by this 
conserved system. Monoubiquitination provides signaling scaffolds for UBA-containing 
proteins, mediating downstream signal transduction or substrate degradation; how-
ever, monoubiquitinated small proteins with less than 150 amino acid residues are likely 
to be degraded by the UPS. Polyubiquitinated proteins are specifically recognized and 
degraded by proteasome. It is noted that structurally distinct linkage-specific homo-
typic and heterotypic polyubiquitin chains can covey functionally distinct intracellular 
signals with distinct cellular responses.
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In the last step, ubiquitinated substrates are degraded by the 26S pro-
teosome.13,14 The 26S proteasome consists of two functionally distinct sub-
complexes: the 20S core catalytic particle and the 19S regulatory particle 
(Fig. 2B). The 20S core particle catalyzes the protein degradation via its 
peptidase activities. The 19S regulatory particle caps the 20S core particle at 

Fig.  2 Structure and function of proteasome. (A) Recognition of ubiquitinated sub-
strates. The intrinsic proteasomal ub receptors, Rpn10 and Rpn13, directly bind to poly-
ubiquitinated substrates and mediate their degradation by proteasomes. Ub-binding 
shuttle proteins, which contain both proteasome binding domain and ubiquitin- 
binding domain such as Ubl and UBA, recognize ubiquitinated substrates and recruit 
them for proteasomal degradation. (B) Schematic diagram of 26S proteasome. 26S pro-
teasome is composed of two functionally distinct subcomplexes: the 20S core catalytic 
particle and the 19S regulatory particle. The 20S core particle consists of a barrel of four 
axially stacked rings: two outer α-rings and two inner β-rings. β-rings form a proteolytic 
chamber, and α-rings serve as a gate for entry into the chamber. The 19S regulatory 
particle contains the intrinsic proteasomal ub receptors, Rpn10 and Rpn13.
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one or both ends and captures the ubiquitinated substrates via its intrinsic 
proteasomal ub receptors, Rpn10 and Rpn13, facilitating the 20S-mediated 
protein degradation.

2.2 Functional roles of the UPS in neurons
The proteasome complex is assembled in the cytosol and shuttles between 
the cytosol and nucleus21,22 (Fig. 3). Functional UPSs in the cytosol and 
nucleus are both essential for cell survival. Especially in neurons, the UPS 
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Fig. 3 The UPS in neurons. Neuron is a highly polarized cell with a single long axon and 
several dendrites around the cell body. Like other somatic cells, majority of lysosomes 
and proteasomes are present in the cell body. Proteasomes shuttle between the nu-
cleus and cytosol in the cell body. In response to the intrinsic activity and/or extracel-
lular stimuli, proteasomes can enter the axon and are transported either anterogradely 
or retrogradely in an environmental context dependent manner. (A) Proteasome func-
tion in dendrites. Proteasome plays an essential role in dendritic spine morphogenesis. 
Proteasomes in dendritic spines can rapidly digest postsynaptic molecules in response 
to neural activity to enhance the local remodeling of the protein composition of syn-
apses, which contributes to the synaptic plasticity in neurons. (B) Proteasome function 
in the axon terminal. Proteasome-mediated clearance of damaged proteins plays an 
important role in maintaining proteostasis in the distal axon. Furthermore, since many 
presynaptic molecules contributing to exocytosis of synaptic vesicles are ubiquitinated, 
proteasomal degradation in the axonal terminal might be involved in presynaptic 
exocytosis.
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plays a crucial role in the formation and maintenance of their unique mor-
phology and functions. During development, the UPS activity controls 
the growth and pruning of both axon and dendrites.3,4,23 In mature neu-
rons, UPS-mediated protein degradation at synapses is critical for activity- 
dependent plasticity, learning and memory.24 Interestingly, the direction of 
proteasome trafficking varies depending on the developmental stages of 
neurons. At an immature stage, a majority of proteasomes are retrogradely 
transported to the cell body in the axon and are eliminated from the distal 
axon, which is required for the proper specification of axon.3 On the other 
hand, at a mature stage, the proteasomes are preferentially transported in 
the anterograde direction from the cell body to the axon terminal, which is 
regulated by proteasome inhibitor of 31 kD (PI31) that serves as an adaptor 
to couple proteasomes with dynein light chain proteins (DYNLL1/2).25 
Taken together, the transport of proteasomes to the appropriate locations 
is prerequisite not only for the development and maintenance of neuronal 
morphology but also for the multiple functional processes relying on the 
proteasome-mediated proteolytic systems in neurons. Interestingly, expres-
sion of Rnp11, a component of the 19S regulatory particle, decreases with 
aging in Drosophila, destabilizing the 26S proteasome complex and sequen-
tially causes age-dependent accumulation of ubiquitinated proteins.26 Thus, 
it is reasonable to assume that reduction of proteasome activity with aging is 
associated with decline in neuronal function, triggering neurodegeneration.

3. Autophagy-endolysosomal system: APELS
3.1 Lysosome-mediated degradation of cellular 
macromolecules
The lysosome is a membrane-bound organelle that contains many di-
gestive enzymes and plays crucial roles in the intracellular degradation of 
various macromolecules.27 Extracellular and membrane proteins are pri-
marily delivered to lysosomes for degradation through the endocytic path-
way, while cytoplasmic macromolecules, e.g., proteins, lipids, nucleotides, 
and organelles, are delivered to lysosomes through various types of the 
autophagic pathways (Fig. 4). Therefore, although the endocytic and au-
tophagic pathways are distinct cellular processes, both systems ultimately 
merge at the lysosomes and share many protein machineries and cellular 
processes for degradation. After the lysosomal digestion, resulting mole-
cules can be recycled to use either as energy sources or raw materials for 
anabolic reactions in cells.
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Fig. 4 The lysosome-mediated degradation system. Both extracellular and membrane- 
bound proteins in the plasma membrane are delivered to lysosomes via a variety of 
endocytic systems. Internalized molecules are transported to early endosomes, where 
cargo molecules are pooled and selected. The molecules that are destined for degra-
dation are transported to late endosomes and/or multivesicular bodies. Some mole-
cules such as receptors are transported from early endosomes to recycling endosomes 
and returns to the plasma membrane. On the other hand, cytoplasmic macromolecules 
are delivered to lysosomes through various types of autophagy. Macroautophagy is 
initiated by recruiting the autophagy-mediated molecules on endoplasmic reticulum 
membrane, from which phagophore arises and engulf the substrates for autophagy, 
resulting in the formation of autophagosomes. Autophagosome fuses with lysosome 
or first fuses with late endosome to form amphisome followed by fusion with lyso-
some. Ultimately, their enwrapped molecules are digested by lysosomal enzymes. The 
digested materials are released from lysosomes and recycled to use either as energy 
sources or raw materials for anabolic reactions in cells.
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3.2 Endocytic pathways to the lysosome
Endocytosis is the fundamental cellular mechanism that is highly conserved 
among eukaryotes, through which materials outside of the cell as well as 
proteins embedded or anchored in the plasma membrane can be engulfed. 
Internalized molecules, as cargos, are first transported to early endosomes, 
and then are either recycled back to the cell surface or targeted to ly-
sosomes for degradation. Early endosomes themselves, by fusing with the 
zymogen-containing vesicles from Golgi apparatus, can mature into late 
endosomes and ultimately lysosomes with concomitant intralumenal acid-
ification by vacuolar-type ATPase (V-ATPase), through which the inactive 
form of acid enzymes is activated. Lysosome contains an approximately 60 
active acidic enzymes such as proteases, lipases, and nuclease, which medi-
ates degradation of various cargos and macromolecules.28 Cargo-selective 
internalization and sorting are both strictly controlled, playing crucial roles 
not only in the maintenance of proteostatic balance but also in the regu-
lation of signal transduction in cells. Thus far, various endocytic pathways 
(internalization pathways) have been identified (Table 1).29 Among these, 
we here focus on three major endocytic pathways that are linked to the 
lysosomal degradation, i.e., clathrin-dependent endocytosis (CDE), phago-
cytosis, and macropinocytosis.

CDE is among the most studied endocytic pathway.30 Growth factors 
such as epidermal growth factor (EGF), nerve growth factor (NGF), and 
brain-derived neurotrophic factor (BDNF) are recognized by the specific 
receptors on the cell surface and engulfed by CDE. Initially, clathrin oligo-
merizes into curved lattices on the inner face of the plasma membrane 
where ligand-bound receptors are located and induces the formation of 
invaginated structure called clathrin-coated pit. Once the clathrin-coated 
pit develops to a spherical in shape, clathrin-coated vesicles (CCVs) are 
pinched off from the plasma membrane by Dynamin, a membrane re-
modeling GTPase. After the internalization, CCVs are quickly uncoated 
by heat shock cognate 71 kDa protein (HSC70), a member of the heat 
shock and chaperone protein.30 Resulting vesicles are transported to and 
fused with early endosomes, thereby delivering the cargos, e.g., the ligand- 
receptor complex, to early endosomes.31 Early endosome is a specialized 
organelle that acts as a sorting center, where the engulfed cargos are pre-
cisely selected and enriched within a particular subcompartment of early 
endosome and delivered to appropriate destinations by vesicle trafficking.31

Unlike CDE, many endocytic pathways do not use clathrin. These types 
of endocytosis are referred to as clathrin-independent endocytosis (CIE).32 



Name of 
endocytosis

Clathrin-dependent 
endocytosis

Caveolin-dependent 
endocytosis

Flotillin-
associated 
endocytosis Phagocytosis Macropinocytosis

CLIC/GEEC 
endocytosis

Category CDE CIE CIE CIE CIE CIE
Coat 

protein
Clathrin Caveolin Flotillin Actin Actin Actin

Name of 
vesicle

Clathrin-coated 
vesicle

Caveosome/
caveolosome

N.D. Phagosome Macropinosome GEEC

Size of 
vesicles

100 nm 50–60 nm N.D. 0.5–10 μm 0.5–5 μm N.D.

Cargos EGF receptor, 
transferrin 
receptor, LDL 
receptor

Aminopeptidase 
P, albumin, folic 
acid

CD59, cholera 
toxin

Infectious agents, 
apoptotic cells

Macromolecules, 
extracellular 
fluid, EGF 
receptor

GPI-
anchored 
protein, 
CD44

Table 1 The endocytic systems and their cargo specificity.

CDE, clathrin-dependent endocytosis; CIE, clathrin-independent endocytosis; CLIC, clathrin-independent carriers; GEEC, glycosylphosphotidylinositol-anchored 
protein (GPI-AP) enriched compartments; EGF, epidermal growth factor; LDL, low-density lipoprotein.
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Among CIE, phagocytosis and macropinocytosis are two representative mac-
roscale endocytic systems that are tightly linked to the lysosome- mediated 
degradation. Both processes, which involves in the formation of large endo-
cytosed vesicles, are triggered by and/or dependent on the actin- mediated 
remodeling of the plasma membrane.

Phagocytosis is a fundamental cell biological process exhibited by a wide 
variety of cell types. It plays an important role in engulfing large solid mate-
rials into cells. However, except for professional phagocytes, the activity of 
this system is generally low. Professional phagocytes, including macrophage, 
monocyte and neutrophil, are cells whose main tasks are the efficient elim-
ination of infected microbes as well as the stimulation of adaptive immune 
responses by presenting antigens to lymphocytes.33 Phagocytosis is activated 
by the interaction of cargo molecules, including not only non-self- particles 
and microbes but also self-entities such as apoptotic cells and cellular debris, 
with various specific cell surface receptors such as mannose, IgG, comple-
ment, and Fcγ receptors.34 Once internalized, cargos are encased in the 
large vesicular structure called phagosomes. Phagosomes are then fused with 
lysosomes, and cargo molecules that are delivered from phagosomes are ul-
timately degraded by lysosomal enzymes.

Macropinocytosis is also a fundamental cellular system involving the en-
gulfment of a relatively large amount of fluid as well as solid macromolecules 
such as albumin and bacteria.35 Unlike phagocytosis, macropinocytosis can 
be induced in many cell types upon the stimulation with phorbol esters, cy-
tokines, growth factors, and oxidative stress.36 Macropinocytosis involves the 
formation of large vesicles called macropinosomes, and their contents are also 
degraded following the fusion with lysosomes. Interestingly, several recent 
studies on cancer cells have demonstrated that  macropinocytosis-mediated 
uptake of extracellular materials coupled with the  lysosome-mediated deg-
radation of the internalized materials are essential for cancer cell survival.37 
These findings indicate that macropinocytosis has a crucial role to maintain 
a stable supply of energy sources in cells.

3.3 Endocytic pathways and endosome trafficking in neurons
CDE and macropinocytosis are two main endocytic pathways, both of 
which are linked to the lysosome-mediated degradation in neurons, merge 
at the early endosome. A particular population of growth factor receptors 
and engulfed molecules are selectively accumulated in a specific domain or 
compartment of early endosomes, converting early endosomes into vesicles 
having characteristics of late endosomes (Fig. 5). Such conversion occurred 



Fig. 5 See figure legend on next page.
(Continued)



14 Autophagy dysfunction in Alzheimer’s disease and dementia

at the axonal terminal enables the retrograde transport of late endosomes 
along the microtubules in axon.38 Polarity orientation of microtubules in 
axons is strictly organized with the plus end facing the axon terminal and 
the minus end facing the cell body.39 Anterograde transport (from the cell 
body to the axon) is primarily mediated by the diverse family of plus-
end-directed kinesin motor proteins, N-KIFs (KIFs with a motor region 
at the N-terminus), while retrograde transport (from the axon to the cell 
body) is mediated by the minus-end-directed motor proteins, cytoplasmic 
dynein.40 Late endosomes are selectively transported in a retrograde direc-
tion through the interaction with dynein motor protein complex in axon.38 
Furthermore, acidification of late endosomes gradually proceeds during the 
retrograde transport,5 which may contribute to the efficient degradation of 
cargos after fusing with lysosomes in the cell body. On the other hand, sig-
nal transduction molecules, which are endocytosed at the axonal  terminal, 

Fig.  5 The APELS in neurons. (A) Motor proteins. Plus-end directed motor proteins, 
Kinesin, anterogradely transport cargos, while minus-end directed motor protein, 
Dynein, mediates the retrograde cargo transportation. (B) Rab proteins. Rab family of 
small GTPases are key regulators of intracellular membrane trafficking, including the 
formation of transport vesicles and their fusion with membranes. Rab5 is required for 
the fusion between endocytic vesicles and early endosomes. Rab7 regulates early en-
dosome maturation and retrograde transport of late endosome and autophagosome. 
Rab proteins serve as binary switches cycling between an inactive GDP-bound form 
and an active GTP-bound form. When activated, Rab can recruit different sets of down-
stream effectors that are directly responsible for vesicle formation, fusion and transport. 
(C) Activators for the Rab protein. Each Rab protein has a specific guanine nucleotide 
exchange factor (GEF). ALS2 acts as an activator for Rab5. The trimeric Mon1-Ccz1-
C18orf8 (MCC) complex activates Rab7 in mammalian cells. (D) Cargos traveling in the 
axon. Cargos, such as proteasome, mitochondria, mRNA associating with RBP (RNA-
binding protein), autophagosome, late endosome and neurofilaments, are actively 
transported in the axon. (E) Late endosome and autophagosome transport in the distal 
axon. Organelles including mitochondria, endoplasmic reticulum, proteasome, early 
endosome, late endosome, and autophagosomes are present in the distal axon, while 
mature active lysosomes are rarely observed in the axon. Rab5 is recruited and activated 
by a Rab5-specific GEF on early endosomes (E-a). ALS2 is a GEF for Rab5, whose function 
is required for motor neuron survival and maintenance. Activated Rab5 can recruit Rab7 
activator onto endosomal membranes. Once Rab7-specific GEF (MCC) activates Rab7, 
effector proteins for Rab7, including cargo receptors mediating the association with 
Dynein, are recruited to endosomal membranes with concomitant maturation from 
early to late endosomes (E-b). Then, the Rab7 complex with cargo receptor and Dynein 
mediates the retrograde transport of late endosomes and autophagosomes in the axon 
(E-c). Ultimately, both late endosomes and autophagosomes are delivered to the cell 
body and fuse with lysosomes for degradation.
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are also transported by this retrograde transport via late endosomes so that 
neuronal cell bodies can continuously receive survival and/or trophic sig-
nals from postsynaptic cells.41,42

3.4 Autophagic pathways to the lysosome
Autophagy is an evolutionarily conserved self-degradation mechanism re-
sponsible for degradation of autophagic cargo, such as damaged organelles, 
malformed proteins produced during translation, and misfolded protein 
aggregates via the lysosome.43 There are at least four types of autophagy, 
including macroautophagy, microautophagy, chaperone-mediated autoph-
agy (CMA), and xenophagy, except for organelle-specific autophagy such 
as mitophagy.44 It has originally been believed that autophagy involves 
 lysosome-mediated nonselective bulk proteolysis. However, in some cases, 
unwanted cytosolic materials and damaged organelles are selectively re-
moved by the system called “selective autophagy.”45

Macroautophagy is the most well-studied form of autophagy, by 
which the cytoplasmic substrates are delivered to lysosomes via double- 
membraned vesicles called autophagosomes.43 Macroautophagy takes place 
in the following five steps.46 The first step is “induction.” Induction of mac-
roautophagy, which is mediated by the ULK1-containg protein complex, 
occurs after metabolic or other stresses. The second step is “nucleation.” 
During this step, the formation of the phagophore (or isolation membrane) 
is initiated. This action is mainly triggered by a protein complex containing 
VPS34, a PtdIns3K of class III. The third step is “elongation.” Elongation 
of the phagophore is mediated by two ubiquitin-like conjugation systems, 
the Atg12-Atg5 and the LC3-PE, both of which are indispensable for the 
autophagosome formation. The fourth step is “cargo recognition.” LC3 on 
the autophagosomal membrane recruits autophagic cargos via the inter-
action with autophagy adaptor protein SQSTM1/p62, which recognizes 
cytoplasmic ubiquitinated substrates. At this step, cargos are accurately en-
wrapped by extended phagophore, and autophagosome formation is com-
pleted. The fifth step is “autolysosome formation.” Once autophagosomes 
are formed, they either fuse directly with lysosomes to form autolysosomes 
or first fuse with late endosomes to form amphisomes followed by fusion 
with lysosomes. Through these processes, autophagic cargos entrapped in 
the autophagosome are digested by lysosomal enzymes and the degraded 
primary components are released from lysosomes to the cytosol for recy-
cling. The lysosomes themselves can be regenerated so that the process can 
continuously proceed.
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Microautophagy is the degradation process that involves the uptake of 
cytosolic materials by direct invagination of the lysosomal membrane.47 
However, the mechanism underling microautophagy in the lysosome re-
mains unclear. Besides microautophagy in lysosomes, a similar phenom-
enon is observed in late endosomes. Proteins and organelles can also be 
targeted to late endosomes for degradation in mammals through what is 
known as endosomal microautophagy.48 Endosomal microautophagy oc-
curs during the formation of multivesicular bodies (MVBs). Substrates con-
taining KFERQ(-like) motifs are first recognized by cytosolic HSC70, and 
then delivered to endosomes via the interaction of HSC70 with phospha-
tidylserine in the endosomal membrane. The endosomal sorting complex 
required for transport (ESCRT) machinery executes inward membrane 
curvature formation and scission of the endosomal membrane, generating 
the intraluminal vesicles, MVBs.49 Finally, late endosomes containing MVBs 
fuse with lysosomes, thereby engulfed substrates and MVBs are simultane-
ously degraded.

CMA is the degradation process that involves the translocation of the 
target proteins with a specific consensus sequence into the lysosomes via 
lysosomal surface proteins.47,50 First, the KFERQ-like motif-bearing cy-
tosolic substrates are trapped by HSC70.51 Then, the chaperone-substrate 
complex is recruited to lysosome-associated membrane protein type 2A 
(LAMP2A) on the lysosomal membrane, inducing the oligomerization of 
LAMP2A. Formation of LAMP2A oligomer is essential for the transloca-
tion of substrates to the lumen.52 Lysosomal HSC70 associated with the 
luminal side of LAMP2A oligomer also assists the translocation of sub-
strates. Finally, internalized substrates are degraded by lysosomal enzymes. 
Since approximately 45% of proteins in the mammalian proteome contain 
a canonical KFERQ-like motif,53 the contribution of HSC70-mediated 
protein degradation system, such as CMA and endosomal microautophagy, 
for protein degradation could be considerable. Indeed, mutations in several 
genes that play an essential role in CMA and endosomal microautophagy 
are linked to neurodegenerative diseases,54 suggesting that HSC70-mediated 
protein degradation system strongly contributes to neuronal survival and 
maintenance.

Xenophagy is defined as a specialized form of autophagy dedicated to 
eliminating pathogens in cells.55 After infection, the surface of pathogens is 
rapidly polyubiquitinated in the cytosol of host cells, allowing for recog-
nition by SQSTM1/p62.56 The pathogen-SQSTM1/p62 complex is then 
captured by LC3 on the phagophores and enwrapped by  autophagosomes. 
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Subsequently, autophagosomes containing pathogens are fused with lyso-
somes for digestion. In addition to such direct bacterial xenophagy, patho-
gens hidden in endosomes are also subjected to xenophagy. Once pathogens 
invade and sneak in early endosomes through endocytosis, endosomes them-
selves become damaged and some molecules on the cytosolic surface are 
ubiquitinated.57 Such abnormal endosomes are recognized by SQSTM1/
p62 and degraded by the autophagic system in due course.

3.5 Functional roles of autophagy in neurons
Autophagosome formation occurs anywhere in neurons, including in the 
axon, dendrite, and the cell body.58 Autophagosomes formed in the distal 
axon are retrogradely transported to the cell body to fuse with lysosomes 
for substrate degradation. This unidirectional retrograde transport along the 
axon employs the trafficking system that resembles those for axonal late 
endosomes.6 By contrast, dendritic autophagosomes exhibit bidirectional 
transport in a synaptic activity-dependent manner.59 Of note, autophagy in 
neurons serves as more than recycling of energy sources and raw materi-
als for anabolic reactions in cells. For example, autophagy in hippocampal 
neurons is implicated in memory formation, which is associated with the 
activity-dependent structural and functional synaptic plasticity, such as dy-
namics of dendritic spines, synaptic facilitation, and long-term potentiation. 
It is also noted that autophagic activity in the brain appears to decline in 
aged wild-type mice, which is associated with decreased autophagic core 
proteins, i.e., Atg5–Atg12 and Becn1, and with increased mTOR activity.60 
Thus, it is reasonable that various brain functions relying on autophagy may 
also decline with aging.

3.6 Rab GTPases involves in autophagosome  
and endolysosome transport in neurons
Rab proteins comprise the largest subfamily of the Ras superfamily small 
GTPases.61 They act as regulators of the secretory and endocytic pathways 
in eukaryotic cells. As mentioned above, both late endosomes and auto-
phagosomes generated in the distal axon are retrogradely transported by 
cytoplasmic dynein moving along the polarized microtubule in neurons. 
At this step, Rab proteins, namely Rab5 and Rab7, play crucial roles in 
the maturation from early endosomes/autophagosomes to late endosomes 
(Fig. 5). Rab5 is initially activated by the Rab5-specific guanine nucleotide 
exchange factor (Rab5-GEF) on early endosomes, facilitating homotypic 
as well as heterotypic endosome and/or autophagosome fusion. Rab7-GEF 
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is also recruited to early endosomes.62 Once Rab7 is activated by Rab7-
GEF, not only effector proteins for Rab7 including cargo receptors but 
also cytoplasmic dynein are recruited to the endosomal membrane, allow-
ing retrograde transport of endosomes and/or autophagosomes in axon. 
Furthermore, endosomal maturation associated with the Rab conversion 
from Rab5 to Rab7 is accompanied by progressive acidification of the lu-
men via endosomal V-ATPase, thereby cargo molecules are gradually de-
graded during transportation. The signaling pathway mediated by Rab5 and 
Rab7 is commonly observed in virtually all cell types; however, it is noted 
that mutations in the genes involving this pathway cause neurodegenerative 
diseases. For example, endosomal dysfunction induced by Rab5 overacti-
vation can be linked to AD.63 Furthermore, loss of function mutations in 
the ALS2 gene, whose gene product ALS2 acts as a Rab5-GEF,64,65 ac-
count for several forms of ALS and motor neuron diseases. Mutations in 
the RAB7A gene are also linked to Charcot-Marie-Tooth disease type 2B 
(CMT2B).66,67 Although the mechanism by which neuronal cells are pref-
erentially affected by dysregulation of the Rab5-Rab7-mediated signaling 
pathway remains unclear, it is reasonable to speculate that neurons primar-
ily rely on this proteolytic and trafficking systems to maintain neuronal 
proteostasis.

4. Integration of cellular degradation systems

The UPS and APELS play a central role in protein quality control and the 
maintenance of cellular homeostasis. Recent studies support the existence 
of a cross-talk between the UPS and APLES.68 Ub, a molecular tag once 
thought exclusive to proteasome degradation, is also utilized for cargo selec-
tion by some forms of autophagy. However, the ub-codes that determine the 
system-dependent substrate selection is still unknown. Nonetheless, some of 
the ub-recognizing molecules and shuttle factors, such as SQSTM1/p62 
and ubiquilins, are responsible for the delivery of ubiquitinated substrates 
not only to the proteasomes but also for macroautophagy.16,19 In addition, 
inhibition of the UPS activity results in the upregulation of macroautoph-
agy, whereas persistent blockage of macroautophagy conversely increases 
the UPS activity, indicative of a possible reciprocal cross-talk between these 
two systems in cells.69,70 Therefore, unraveling these many layers of inter-
action between the UPS and APELS will lead to a better understanding of 
neuronal proteostasis and ultimately mechanisms underlying neurodegen-
eration and neurodegenerative diseases.
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1. Lysosomes

Lysosomes are cytoplasmic acidic organelles characterized by a perinuclear 
localization. They are present in all eukaryotic cells and are responsible for the 
catabolism of exogenous and endogenous macromolecules. Usually, they ap-
pear at the electron microscopy as sphere-shaped dense bodies with a diam-
eter of 0.5–1 μm and with a tubular structure in dendritic cells and activated 
macrophages.1 The lysosomal membrane is characterized by a phospho-
lipids’ bilayer poor in cholesterol (7–10 nm of thickness) presenting, at the 
luminal side, an intricate net of highly glycosylated proteins, the so-called 
lysosomal membrane proteins. Among them, the most abundant members 
are the lysosomal associated membrane proteins LAMP-1 and LAMP-2, 
both presenting more than 25 glycosylation sites. Beside a structural and 
protective role, these highly glycosylated proteins are clearly involved in 
processes ranging from lysosomal motility and transport of catabolites across 
the membrane to fusion of lysosomes with others intracellular organelles or 
the plasma membrane (PM).2,3 Moreover, this particular membrane orga-
nization is fundamental to isolate within lysosomes more than 60 different 
hydrolytic enzymes, such as peptidases, glycosidases, phosphatases, sulfatases, 
lipases, esterase, and nucleases. These enzymes are mainly soluble, except 
for those involved in the lipid catabolism, which are principally associated 
with the inner layer of the lysosomal membrane. Lysosomal hydrolases work 
in acidic conditions (pH of about 5.0) guaranteed by the presence of the 

aThese authors contributed equally to this work.
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 proton pump vacuolar ATPase.4 In case of lysosomal membrane leakage, the 
cell undergoes the so called lysosomal-mediated cell death (LMCD), caused 
by the release of hydrolytic enzymes, such as cathepsins B, D, and L, into the 
cytosol.5 These enzymes, which are able to work also at neutral pH, activate 
apoptotic/necrotic effectors, such as mitochondria proteins and/or caspases, 
leading to the onset of cell death.

In addition to their role in catabolic processes, lysosomes can also be 
considered calcium storage organelles. In fact, they present a calcium stor-
age capacity comparable to that of the endoplasmic reticulum (ER).6 Since 
calcium is an important second messenger involved in the regulation of 
different processes, such as organelles trafficking, recycling, and fusion, this 
evidence opens a new scenario in the role of lysosomes in maintaining cell 
homeostasis.

Lysosomes are also involved in the delivery of the cholesterol, contained 
in low-density lipoproteins, by the action of the acid lipase and its trans-
port to the other cellular site by the action of two specific transporters: 
Niemann-Pick C1 and C2.7

Based on these considerations on the important role of the lysosomes 
in several cellular processes, it is clear that their biogenesis, trafficking, and 
turnover need a coordinated regulation. Recent evidences demonstrate the 
presence of a regulatory machinery present on lysosomal surface and trig-
gered by the mechanistic target of rapamycin (mTOR). mTOR, in case of 
starvation or lysosomal engulfment, dissociates from the external leaflet of 
the lysosomal membrane and becomes inactive. This results in the dephos-
phorylation of the transcription factor EB that translocates into the nucleus 
promoting the expression of several lysosomal genes, representing the so-
called CLEAR-network.8 An alteration of the lysosomal biogenesis is cor-
related with severe pathologies, further supporting the role of the lysosomes 
in the cell physiology.

2. Lysosomal storage diseases

The importance of lysosomes in the regulation of cell homeostasis is clearly 
demonstrated by the effect evocated by their impairment. Indeed, the lack 
or reduced activity of only one of the lysosomal hydrolases or related pro-
teins is responsible for the onset of the so called lysosomal storage disorders 
(LSDs). LSDs are a heterogeneous group of about 60 distinct monogenic 
disorders characterized by defects in lysosomal structure and metabolism 
that result in the accumulation of undegraded macromolecules.
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In particular, LSDs are caused by mutations in genes coding for lyso-
somal proteins, such as lysosomal hydrolases, integral membrane proteins, 
transporters, enzyme modifiers and activators, or for proteins involved in 
glycohydrolases’ maturation. Mutations in these genes affect the function 
of the encoded proteins, resulting in lysosomal malfunction and intralyso-
somal accumulation of undegraded metabolites that leads to the onset of 
cell damage.9

Classically, LSDs were classified based on the nature of the accumulated 
substrate in three groups: (i) mucopolysaccharidoses, resulting from a defi-
ciency of lysosomal enzymes that are involved in the sequential degradation 
of glycosaminoglycans (or mucopolysaccharides), (ii) sphingolipidoses, in 
which undegraded sphingolipids accumulate due to an enzyme deficiency 
or to an activator protein defect, and (iii) oligosaccharidosis, also known 
as glycoproteinoses, characterized by defects of glycoprotein degradation 
(Table  1).10 More recently, a classification on the base of the molecular 
defects in LSDs is emerging, including more pathologies recognized now 
as LSDs: (i) lysosomal defects not concerning enzymes, (ii) transmembrane 
protein defects (transporters and structural proteins), (iii) lysosomal enzyme 
protection defects, (iv) posttranslational processing defects of lysosomal en-
zymes, (v) trafficking defects in lysosomal enzymes, and (vi) polypeptide 
degradation defects.

LSDs often present multiple organs involvement with a continuum of 
clinical phenotypes ranging from mild to severe clinical manifestations11 and 
with different ages of onset. The heterogeneous clinical phenotype depends 
on several factors as residual enzymatic activity, tissue and cell distribu-
tion of accumulated substrates, cell turnover rate, defective protein expres-
sion, and other mechanisms that influence the life span of affected cells.12 
The onset of symptoms can occur before birth, for the most severe forms, 
or during adulthood for the mild phenotypes. The principal pathological 
phenotypes are represented by hepatosplenomegaly, corneal or lenticular 
opacities, retinal dystrophy, optic nerve atrophy, glaucoma, blindness, bone 
dysplasia, abnormalities of bone density, and osteonecrosis.13 Moreover, 
about two-thirds of patients was affected by LSDs, and almost all those 
affected by defects in SL catabolism (sphingolipidoses) also show an import-
ant neurological deficiency, which is extremely variable and heterogeneous 
ranging from progressive neurodegeneration and severe cognitive deficit to 
psychiatric and behavioral disorders.13–16

Even if a definitive cure for these pathologies is still absent, during the 
years some therapeutic options were developed. Starting from the 90s, the 



Disease Defective protein Primary accumulated substrate

Mucopolysaccharidoses (MPS)

MPS I (Hurler, Scheie, Hurler/Scheie) α-Iduronidase Dermatan sulfate, heparan sulfate
MPS II (Hunter) Iduronate sulfatase Dermatan sulfate, heparan sulfate
MPS III A (Sanfilippo A) Heparan sulfamidase Heparan sulfate
MPS III B (Sanfilippo B) Acetyl α-glucosaminidase Heparan sulfate
MPS III C (Sanfilippo C) Acetyl CoA: α-glucosaminide 

N-acetyltransferase
Heparan sulfate

MPS III D (Sanfilippo D) N-Acetyl glucosamine-6-sulfatase Heparan sulfate
MPS IV A (Morquio A) Acetyl galactosamine-6-sulfatase Keratan sulfate, chondroiotin 6-sulfate
MPS IV B (Morquio B) β-Galactosidase Keratan sulfate
MPS VI (Maroteaux-Lamy) Arylsulfatase B Dermatan sulfate
MPS VII (Sly) β-Glucuronidase Dermatan sulfate, heparan sulfate, chondroiotin 

6-sulfate
MPS IX (Natowicz) Hyaluronidase Hyluronan

Sphingolipidoses

Fabry α-Galactosidase A Globotriasylceramide
Farber Acid ceramidase Ceramide
Gangliosidosis GM1 (Types I, II, III) GM1 β-galactosidase GM1 ganglioside, Keratan sulfate, 

oligosaccharides, glycolipids
Gangliosidosis GM2 (Tay-Sachs) β-Hexosaminidase A GM2 ganglioside, oligosaccharides, glycolipids
Gangliosidosis GM2 (Sandhoff) β-Hexosaminidase A + B GM2 ganglioside, oligosaccharides, glycolipids
Gaucher (Types I, II, III) Glucosylceramidase Glucosylceramide
Krabbe β-Galactosylceramidase Galactosylceramide
Metachromatic leucodystrophy Arylsulfatase A Sulfatides
Niemann-Pick (Types A, B) Sphingomyelinase Sphingomyelin

Table 1 Lysosomal storage disorders classification.



Oligosaccharidoses (glycoproteinoses)

Aspartylglicosaminuria Glycosylasparaginase Aspartylglucosamine
Fucosidosis α-Fucosidase Glycoproteins, glycolipids, fucoside-rich 

oligosaccharides
α-Mannosidosis α-Mannosidase Mannose-rich oligosaccharides
β-Mannosidosis β-Mannosidase Man(β1 → 4)GlnNAc
Schindler N-Acetylgalactosaminidase Sialylated/asialoglycopeptides, glycolipids
Sialidosis Neuraminidase Oligosaccharides, glycopeptides

Glycogenoses

Glycogenosis II/ Pompe Acid α-glucosidase (Aacid maltase) Glycogen

Lipidoses

Wolman/CESD Acid lipase Cholesterol esters

Lysosomal protein defect

Gangliosidosis GM2, activator defect GM2 activator protein GM2 ganglioside, oligosaccharides
Metachromatic leucodystrophy Saposin B Sulfatides
Krabbe Saposin A Galactosylceramide
Gaucher Saposin C Glucosylceramide

Transmembrane protein defect

Transporters

Sialic acid storage disease; infantile form 
(ISSD) and adult form (Salla)

Sialin Sialic acid

Cystinosis Cystinosin Cystine
Niemann-Pick Type C1 Niemann-Pick type 1 (NPC1) Cholesterol and sphingolipids
Niemann-Pick, Type C2 Niemann-Pick type 2 (NPC2) Cholesterol and sphingolipids

Continued



Table 1 Lysosomal storage disorders classification—cont’d

Structural proteins

Danon Lysosome-associated membrane protein 2 Cytoplasmatic debris and glycogen
Mucolipidosis IV Mucolipin Lipids

Lysosomal enzyme protection defect

Galactosialidosis Protective protein cathepsin A Sialyloligosaccharides

Posttranslational processing defect

Multiple sulfatase deficiency Multiple sulfatase Sulfatides, glycolipids, GAGs

Trafficking defect in lysosomal enzymes

Mucolipidosis IIα/β, IIIα/β GlcNAc-1-P transferase Oligosaccharides, GAGs, lipids
Mucolipidosis IIIγ GlcNAc-1-P transferase Oligosaccharides, GAGs, lipids

Polypeptide degradation defect

Pycnodysostosis Cathepsin K Bone proteins

Neuronal ceroid lipofuscinoses (NCLs)

NCL 1 Palmitoyl protein thioesterase Saposins A and D
NCL 2 Tripeptidyl peptidase 1 Subunit c of ATP synthase
NCL 3 CLN3, lysosomal transmembrane protein Subunit c of ATP synthase
NCL 5 CLN5, soluble lysosomal protein Subunit c of ATP synthase
NCL 6 CLN6, transmembrane protein of ER Subunit c of ATP synthase
NCL 7 CLC7, lysosomal chloride channel Subunit c of ATP synthase
NCL 8 CLN8, transmembrane protein of ER Subunit c of ATP synthase
NCL 10 Cathepsin D Saposins A and D

Disease Defective protein Primary accumulated substrate
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enzyme replacement therapy (ERT) has been introduced for the treatment 
of LSDs. The increase of enzyme activity leads to some improvement in 
clinical symptoms; however, the enzyme given intravenously cannot cross 
the blood-brain barrier (BBB) and enter the brain.17,18 Thus, neurologic 
symptoms, which are present in about two-thirds of LSDs, do not amelio-
rate with the treatment. The first ERT approved was for Gaucher Disease 
(GD) type 1, in which lysosomal glucocerebrosidase deficiency causes glu-
cosylceramide accumulation leading to damages in liver, spleen, kidney, 
lung, and bone. Administration of recombinant beta-glucocerebrosidase 
to type 1 GD patients increases the activity of this enzyme intracellularly, 
ameliorating the symptoms. The recombinant enzyme brings one or more 
mannose epitope that are recognized by mannose receptors present on the 
surface of macrophages and allow endocytosis of the receptor and of the 
linked enzyme which is internalized in the lysosomes. A similar approach 
has been used to engineer the α-galactosidase for the treatment of Fabry 
disease. Fabry disease is caused by the deficiency in the lysosomal enzyme 
involved in the catabolism of globotriaosylceramide that accumulates caus-
ing a progressive damage of kidney and other organs, including peripheral 
neuropathy. ERT is also available for Pompe disease, the glycogen storage 
disease type II, caused by a deficiency of the lysosomal acid α-glucosidase, 
and for few mucopolysaccharidoses.

Long-term treatment slows down disease progression; however, ERT 
presents several mild side effects such as diarrhea and back pain.19,20 
Therefore, several new treatment approaches are under development and 
study. Among these, the most promising are chaperone therapy, aimed at 
stabilizing the misfolded enzymes, thus improving their residual activity; 
administration of the enzyme mRNA, to stimulate the synthesis of the en-
zyme; substrate reduction therapies, for example, by the administration of 
inhibitors of glucosylceramide synthase in GD.

3. Impairment of lysosomal activity and alteration in the 
sphingolipid composition of cell membranes: A possible link 
with the onset of neuronal damage in LSD

In LSDs, beside the accumulation of the primary uncatabolized substrate 
caused by the loss of function mutations in a specific enzyme or related 
proteins, it is common to find a secondary accumulation of lysosomal com-
ponents such as the sphingolipids.21 Sphingolipids (SL) are amphiphilic 
membrane lipids characterized by the presence of a long-chain base called 
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sphingosine in their hydrophobic portion.22 They are asymmetrically dis-
tributed in the cell membrane and result enriched in the outer leaflet where 
SL play an important role in maintaining cell homeostasis.22,23 Indeed, at 
PM level, thanks to their unique physicochemical properties, they are able 
to organize specific micro domains that, with the recruitment of selected 
proteins, generate a macromolecular complex involved in the control of 
signaling transduction, the so called lipids raft.24 Despite SL are ubiquitous 
components of the PM of mammalian cells, they are particularly abundant 
in neurons.25 In neurons, SL and especially gangliosides, a particular class of 
glycosphingolipids containing one or more sialic acid in their hydrophilic 
portion, are involved in a number of cellular processes fundamental for the 
correct development and function of the nervous system. Indeed, they are 
involved in the regulation of: (i) neuronal survival, (ii) neuronal differen-
tiation, (iii) neurite outgrowth, (iv) synapses formation and transmission, 
and (v) neuronal cell adhesion, motility, and recognition.26 On the other 
hand, alterations of the physiological composition of the PM sphingolipids 
are responsible for the onset of neuronal senescence and apoptosis.26 The 
metabolic flows that participate to define the final SL pattern at the cell 
surface are different and not completely dissected so far. De novo biosyn-
thesis occurs mainly in the ER and Golgi apparatus by the action of tightly 
regulated enzymes and vesicular transport.27

In particular, it begins with the biosynthesis of ceramide in the ER. Ceramide is 
then transferred to the Golgi apparatus where it can be modified into sphingomyelins 
or glycosphingolipids. The generation of sphingomyelin occurs through the 
transfer of a phosphocholine head group from phosphatidylcholine to cer-
amide by the action of sphingomyelin synthase. Alternatively, ceramide can 
be glycosylated into the cerebroside glucosylceramide (GlcCer) by GlcCer 
synthase or into the galactosylceramide (GalCer) by galactosylceramide 
synthase. GlcCer and GalCer are then transferred to the luminal side of the 
Golgi where the synthesis of more complex glycosphingolipids occurs by 
sequential activity of specific glycosyltransferases. Neo-synthesized sphin-
golipids reach the PM through vesicular transport, becoming components 
of the external leaflet.

Sphingolipid synthases and hydrolases are found both associated with 
the PM allowing directly in situ changes in the content of ceramide, sphin-
gomyelin, neutral glycosphingolipids, and gangliosides.28,29 PM sphingo-
lipids in low amount are shed in the extracellular milieu and can partially 
re-associate with the same membrane or associate with the membranes of 
neighboring cells.30 In addition, also the intracellular trafficking, consisting 
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in the fusion of intracellular vesicles with the PM and the flow of sphingo-
lipids among the membrane contact sites, plays a key role in the modifica-
tion of the PM sphingolipid composition.30

The biosynthetic processes and those involved in the fine regulation 
of the cell surface SL composition are not enough to guarantee, for all 
the cell life, a stable SL pattern. Indeed, a crucial role in the SL turnover is 
played by the lysosomes, principal district of their catabolism.16 The lyso-
somal catabolism of the SL can occur only upon the fine coordination of 
lysosomal hydrolases, saposins, and/or activator proteins and anionic lipids 
that facilitate the interaction between the SL and the specific hydrolases in 
order to obtain monomers that can leave the lysosomes and be recycled in 
the biosynthetic pathways.

In this scenario, lysosomes could be considered important organelles 
with an energetic role, since the recycling of catabolites originated in the 
lysosome for biosynthetic purposes is quantitatively relevant. However, as 
mentioned above, only a “healthy” lysosome is able to completely catab-
olize an SL in its monomers. The impairment of sphingolipids’ catabolism 
at lysosomal level leads to the jamming of the overall flow of metabolites, 
with consequences on the sphingolipids composition in all cellular districts, 
including the PM.

As proof of principle, using an artificial model of lysosomal impairment, 
represented by human fibroblasts loaded with sucrose, it has been described 
that the impaired lysosomes are not able to catabolize the SL leading to 
their accumulation, not only in lysosomes but also at PM level.31 Similar 
findings were obtained also in a neuronal model of Niemann-Pick type A 
disease (NPA). NPA is a pathology characterized by the loss of function 
mutation in the gene coding for the lysosomal acid sphingomyelinase, en-
zyme responsible for the catabolism of sphingomyelin. Interestingly, also in 
this case, the accumulation of undegraded SL is not only confined to the 
lysosomes but also affects the PM.32

The molecular mechanism involved in the transfer of uncatabolized SL 
from lysosomes is still debated. Interestingly, it has been found that cells 
react to the lysosomal accumulation of uncatabolized substrates enhancing 
the fusion of the lysosomes with the PM (called lysosomal exocytosis).31 
It is reasonable to speculate that the intralysosomal vesicles accumulating 
SL could exchange with the internal leaflet of the lysosomal membrane 
that, by the fusion with the cell surface, becomes component of the PM. 
In addition, the aberrant lysosomal exocytosis could induce the release, in 
the extracellular milieu, of the intralysosomal vesicles accumulating SL that, 
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by shedding processes, could become component of the outer leaflet of the 
same cell PM or of that of neighboring cells.

These events are not the only ones involved in the modification of the 
PM sphingolipid composition occurring in LSDs.

The activation of lysosomal exocytosis in response to lysosomal stress is 
responsible also for driving a high amount of lysosomal hydrolases at the ex-
ternal leaflet of the PM. The concomitant aberrant presence of SL and their 
hydrolases induces conformational changes in the membrane architecture 
that are responsible for the onset of cells damage31 (Fig. 1).

As mentioned above, the bioactive role of SL is mainly related to their 
capability to organize macromolecular complexes at the cells PM level 

Fig. 1 Schematic representation of the effect of lysosomal impairment on the plasma 
membrane of neurons. Lysosomal accumulation of uncatabolized substrates promotes 
lysosomal biogenesis and impairs the catabolic activity of the lysosome inducing the 
accumulation of uncatabolized SL. Intralysosomal vesicles accumulating SL exchange 
with the internal leaflet of the lysosomal membrane that, by the fusion with the cell 
surface, becomes component of the PM. The aberrant lysosomal exocytosis also induces 
the release in the extracellular milieu of the intralysosomal vesicles accumulating SL 
that, by shedding processes, could become component of the outer leaflet of the same 
cell PM. In addition, the lysosomal exocytosis drives lysosomal hydrolases at the exter-
nal leaflet of the PM. The concomitant aberrant presence of SL and their hydrolases in-
duces conformational changes in the membrane architecture that are responsible for 
the onset of cells damage.
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where they are involved in the control of the signal transduction (lipid-rafts 
concept). Alteration in the sphingolipid-enriched membrane domains could 
be responsible for impairment in the signaling events resulting in the onset 
of the cellular damage.

The data obtained in a cell model of GD are in line with this hypothe-
sis. In fact, it has been demonstrated that glucosylceramide accumulation is 
not confined to lysosomes but occurs also in lipid rafts, possibly explaining 
the altered lipid and protein sorting observed in this pathological condi-
tion.33 Moreover, it has been reported that GD is associated with insulin 
resistance.34 Since insulin receptor function is regulated by its interaction in 
lipid rafts with glycosphingolipid35 and in particular with GM3 ganglioside, 
this suggests that the altered lipid rafts organization in Gaucher cells might 
be responsible for altered responsiveness to insulin.

Another example is represented by psychosine (galactosylsphingosine), 
one of the galactohingolipids that accumulates in the brain of patients affected 
by Krabbe disease. This pathology is caused by the deficient activity of galac-
tosylceramidase. Psychosine accumulates in lipid rafts leading to an altered 
distribution of lipid raft proteins and to inhibition of protein kinase C.36

ASMKO mice are an animal model for Niemann-Pick disease type A 
characterized by the inactivation of the gene coding for the acid sphingo-
myelinase. In the brain of this mice, it has been observed altered composi-
tion in terms of the fatty acid moiety in the accumulated SM. In addition, 
a significant increase in ganglioside content was also found, mainly due to 
the accumulation of monosialogangliosides GM3 and GM2 that induce 
the formation of “not conventional” lipid rafts.37,38 Taken together, these 
observations open a new scenario on the existence of a lysosome-PM axis 
fundamental to maintain cell homeostasis that, in case of alterations, is re-
sponsible for the onset of neuronal damage.

4. Involvement of mitochondrial impairment in the onset of 
neurodegeneration in lysosomal storage diseases

Mitochondria are double-membrane organelles responsible for many met-
abolic functions, including ATP synthesis through oxidative phosphoryla-
tion, synthesis of biomolecules, and maintenance of calcium homeostasis.

Emerging evidences indicate an important mitochondrial dysfunction in 
LSDs, which seems to have an important role in the onset of neuronal dam-
age. Indeed, neurons are postmitotic cells that are dependent on mitochon-
drial respiration for the production of energetic substrates. Mitochondrial 
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ATP production is essential for neuronal metabolism and represents the 
major energy supply for synaptic function, including neurotransmitter syn-
thesis and loading in the presynaptic vesicle and their release upon the 
induction by action potentials.39,40

Since mitochondrial homeostasis critically depends on autophagy and 
lysosomal degradation, secondary deficits in mitochondrial function and 
turnover are common pathologic findings in LSDs. Upon mitochondrial 
damage, the autophagy machinery is activated in order to eliminate the 
damaged mitochondria via lysosomal degradation through a process called 
mitophagy. This process is limited in LSDs because of the block in lyso-
somal activity that leads to an increase in impaired mitochondria.41–43 
Indeed, accumulated mitochondria showed morphologic abnormalities 
such as fragmentation, swelling, reduced mitochondrial cristae, and inner- 
mitochondrial vacuolation resulting into a functional deficit in terms of 
mitochondrial respiration.42–49 Mitochondrial membrane potential (ΔΨm) 
was found to be decreased in several models of LSDs as Krabbe disease,50,51 
Gaucher disease,42 and GM1-gangliosidosis.44,52

Many studies report that mitochondrial alterations in LSDs cannot be 
only due to defective autophagy, speculating on the possibility that, as de-
scribed before, the accumulated macromolecules can leave the lysosomes 
and affect directly mitochondria interfering with their function.44,51,53,54 
For example, in the brain of Npc−/− mouse, a model of Niemann-Pick 
type C, characterized by the deletion of the gene coding for the intracel-
lular cholesterol transporter 1, the cholesterol accumulation is not only 
confined to lysosomes but results also increased in the mitochondrial 
membrane inhibiting ATP synthase activity. The reduced availability of 
ATP is responsible for a decreased neuronal outgrowth and enhanced 
susceptibility to cellular stress.55 In addition, in mouse models of Krabbe 
disease, mitochondrial transport along axons results impaired, leading to 
the depletion of axonal mitochondria and therefore reduced availability 
of ATP at the synaptic sites. The impaired axonal transport seems to be 
caused by psychosine accumulation, which leads to an abnormal acti-
vation of GSK3β and to an aberrant kinesin light chain phosphoryla-
tion, resulting in a premature cargo release.54 In a Gaucher disease mouse 
model, amyloid precursor protein and α-synuclein accumulation have 
been found to inhibit complex I of mitochondrial ETC, reduce ∆ Ψm, 
and alter calcium homeostasis.48,56

Mitochondrial dysfunction, besides causing a reduction in the produc-
tion of ATP, is responsible also for excessive production of mitochondrial 
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reactive oxygen species (ROS) and dysregulation of mitochondrial calcium 
homeostasis, common features involved in the onset of neuronal damage in 
LSDs.

Elevated levels of ROS production, together with a depletion in mito-
chondrial glutathione (GSH), which impairs mitochondrial ROS-buffering 
capacities, were reported in galactosylsphingosine-treated MO3.13 human 
oligodendrocytes, a cellular model of Krabbe disease.50,51

The fine regulation of calcium concentration is fundamental for syn-
aptic functioning and neuronal survival. Nowadays, it is clear that mito-
chondria and the ER, the major intracellular calcium storage organelles, 
communicate through specific contact sites called mitochondria-associated 
membranes (MAMs). MAMs are rich in inositol triphosphate (IP3) and 
ryanodine receptors that allow the calcium flux from the ER to the mi-
tochondrial matrix. In an in  vitro model of Krabbe disease represented 
by a cell line of human oligodendrocyte-like cells, the loading with ga-
lactosylsphingosine induces an increase in mitochondrial calcium via the 
activation of the ryanodine receptor.51 Similarly, in the β-gal−/− mouse, an 
animal model of GM1 gangliosidosis, accumulation of GM1 ganglioside 
in MAMs increases the open probability of IP3 receptors leading to mi-
tochondrial calcium overload.44 Calcium overload and subsequently pro-
longed mitochondrial depolarization result in the breakdown of ΔΨm and 
mitochondria- induced neuronal death.44,51,57

On the other hand, as reported in several LSDs, the reduced capability of 
impaired mitochondria to help in the removal of cytosolic calcium, released 
for instance in response to an action potential, is considered as a proapop-
totic signal.58

Given the importance of mitochondrial dysfunction in the de-
velopment of neurodegeneration in LSDs, experimental therapeutic 
approaches targeting mitochondria have been explored. Promising ap-
proaches include the reduction of mitochondrial ROS through the ad-
ministration of: (i) antioxidant, such as MitoQ10,42 GSH ethyl-ester,59 
and N-acetylcysteine (NAC)50,51; (ii) direct caspase inhibition; and (iii) 
modulators of sirtuins, a group of proteins with important roles in mi-
tochondrial biogenesis and mitophagy. Finally, inhibitors of glycogen 
synthase kinase-3 (GSK3) have been developed in recent years, since 
GSK3 inhibition was shown to promote mitochondrial transport along 
axons.60,61 Among these, L803-mts was found to be able to restore mi-
tochondrial trafficking along axons in a NSC34 motoneuron-like cell 
model of Krabbe disease.54
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Taken together, from literature, it clearly emerges that in LSDs im-
paired lysosomal activity has an impact also on mitochondrial func-
tioning, effect that contributes to the onset of the neurodegenerative 
phenotype.

5. Involvement of lysosomal impairment in the 
neuroinflammation

The term neuroinflammation is used to describe the occurrence of an im-
mune response in the central nervous system (CNS) involving the inter-
play of a broad set of cellular mediators such as neurons, microglia, and 
astrocytes.62

In particular, microglia cells are the principal immune cells of the CNS 
that are able to sense the release of damage-associated molecular patterns 
(DAMPs) from damaged cells. Upon the activation, microglia switch to a 
phagocytic phenotype and by producing cytokines and chemokines lead to 
the recruitment of peripheral leukocytes to the site of inflammation. On the 
other hand, astrocytes are the most abundant cell population in the CNS 
providing neurons with neurotrophic factors. Activated by microglia, astro-
cytes are known to worsen the neuronal damage due to their production 
of chemokines, ROS, and other neurotoxic molecules. Neuroinflammation 
is therefore often associated with processes of astrocytosis and microgliosis, 
indicating the preponderance of a reactive response mediated by these cell 
populations.

A transient neuroinflammatory process can be protective toward 
impaired neurons reducing the damage by activating the innate im-
mune system. On the contrary, persistent activation of immune cells 
leads to prolonged release of inflammatory mediators and neurotoxic 
molecules, with consequences on the blood brain barrier permeability, 
allowing infiltration of more peripheral macrophages and molecules, 
which can promote and/or worsen the neurodegeneration state.63,64 It 
is still largely debated if neuroinflammation is a cause or an effect of 
neuronal damage.

An exemplary evidence supporting neuroinflammation’s causative role 
toward neurodegeneration has been found concerning the aging process, 
where senescent astrocytes release proinflammatory cytokines and chemo-
kines which induce the overexpression of CD38, enzyme that catalyzes the 
synthesis of nicotinamide from nicotinamide adenine dinucleotide (NAD+). 
This leads to NAD+ depletion and reduced activity of NAD+-dependent 
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enzymes, such as sirtuins and PARP-1, contributing to DNA damage, met-
abolic dysfunctions, and oxidative stress of neurons.65,66

The other way round neuronal induction of inflammation has 
been for instance supported by in  vivo studies on a mouse model of 
GD characterized by the conditional knock out of the enzyme beta- 
glucosylcerebrosidase in neurons and astrocytes leaving the enzyme ac-
tive in microglia. Surprisingly, glucosylceramide accumulates in all three 
cell types. These data let to speculate that the accumulation of glucosyl-
ceramide induces a damage in neurons and astrocytes which, from one 
side, activates microglia by the release of DAMPs and, from the other side, 
inactivates the native enzyme in microglial cells further enhancing the 
inflammatory state.67

The study of LSDs presenting a neuropathic phenotype has given 
a great contribution to shed light on the possible involvement of lyso-
somal impairment on both neuronal damage and microglia/astrocytes 
activation.

As mentioned earlier, microglia are devoted to the removal through 
phagocytosis of cellular debris of different origins that were degraded by 
lysosomes. It is clear that in case of lysosomal impairment, these cells are ex-
posed to the aberrant accumulation of uncatabolized substrates that in turn 
induce their activation.1,68 In addition, also the nature of the accumulated 
substrate plays an important role in defining the functioning of these cells. 
Indeed, accumulation of glucosylceramide in inflammatory cells and mac-
rophages, typical feature of GD, has been associated with altered migration 
and antigen presentation.69

Patients affected by mucopolysaccharidosis and characterized by a neu-
rodegenerative phenotype show a prolonged neuroinflammatory state me-
diated by microglia. In particular, the lysosomal accumulation of heparan 
sulfate and gangliosides alters lysosome membrane integrity, which allows 
the release into the cytoplasm of the storage products causing self- activation 
of the microglia. On the other hand, activated microglia affect neurons gen-
erating a self-propagating vicious cycle between neurodegeneration and 
neuroinflammation.70

In conclusion, dissecting the paradigm of neuroinflammation remains 
one of the challenges to define the complete mechanism responsible for 
the onset of neuronal damage in LSDs. In addition, elucidating the role of 
lysosomal impairment in the promotion of the neuroinflammatory state is 
also fundamental to understand the etiopathogenesis of several other pa-
thologies affecting the CNS.
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1. The autophagy machinery

Over the past two decades, autophagy has been intensively investigated us-
ing a variety of laboratory models in yeast, fly, fish, and mammals.1–4 The 
molecular machinery of autophagy is evolutionarily conserved, with com-
mon autophagy-related (ATG) genes and proteins orchestrating the entire 
autophagy process, including autophagosome formation, autophagosome 
maturation, and fusion with lysosomes (Fig.  1).5 The initiation of auto-
phagy is regulated by the multiprotein complexes, unc-51-like autophagy 
activating kinase 1 (ULK1) complex, and Class III phosphatidylinositol 
3-kinase (PI3K) complex.6,7 The ULK1 complex consists of ULK1, RB1-
inducible coiled-coil protein 1 (RB1CC1, also known as FIP200), ATG13, 
and ATG101.6 This macromolecular complex phosphorylates ATG9 via the 
kinase activity of ULK1, which induces the incorporation of phospholipids 
from various organelles, including the endoplasmic reticulum (ER), leading 
to phagophore elongation.6 The Class III PI3K complex is composed of vac-
uolar protein sorting 34 (VPS34), VPS15, ATG14L, and beclin-1 (BECN1), 
which phosphorylates phosphatidylinositol to generate phosphatidylinositol 
3- phosphate (PI3P). PI3P is required for biosynthesis of the autophagosome.7 
Two ubiquitin-like conjugation systems also play a central role in the au-
tophagy process.8 ATG7 (E1 ubiquitin-activating enzyme-like) and ATG10 
(E2 ubiquitin-conjugating enzyme-like) participate in ATG5-ATG12 con-
jugation, which then forms a complex with ATG16L1 that is necessary 
for autophagosome formation. Another complex is mediated by ATG7 
and ATG3 (E2 ubiquitin-conjugating enzyme-like), which facilitates the 
conjugation of phosphatidylethanolamine (PE) and microtubule- associated 
protein 1 light chain 3 beta (MAP1LC3B or LC3B, an ATG8 subfamily 
member in mammals) to generate a lipidated form of LC3B (known as 
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LC3B-II) in cooperation with ATG4 protease.8 Both the ATG12-ATG5-
ATG16L1 complex and LC3B-II have an essential role in autophagosome 
formation by mediating phagophore expansion, which is considered to 
be the major source of the membrane for autophagosomes.9 In addition 
to LC3B, which is presumed to be the dominant homolog of the ATG8 
family, five other homologs, LC3A, LC3C, and GABA receptor-associated 
protein (GABARAP) subfamily members: GABARAP, GABARAPL1, and 
GABARAPL210,11 also have individual roles in LC3-mediated phagophore 
expansion and GABARAP-mediated autophagosome closure.12 LC3 and 
GABARAP also mediate the recognition of autophagy substrates by bind-
ing to autophagy receptors, such as sequestosome 1 (SQSTM1, also known 
as p62).13 WD repeat domain phosphoinositide-interacting 1/2 (WIPI1/2) 
promotes the recruitment of two ubiquitin-like conjugation systems to the 
phagophore assembly site by interaction with PI3P, which is responsible for 
phagophore elongation.14 In the next step, autophagosomes fuse with late 
endosomes to form amphisomes. This is followed by fusion with a lysosome 
to form an autolysosome in which the enclosed autophagic substrate or 
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Fig. 1 The core autophagic machinery in mammalian cells. Autophagy is initiated by 
the ULK1 complex, and the Class III PI3K complex is involved with autophagosome for-
mation. Two ubiquitin-like conjugation systems orchestrate phagophore expansion 
and LC3-II formation with ATG4 protease and WIPI. PE-conjugated LC3-II and auto-
phagic receptors, such as p62/SQSTM1, participate in cargo selection and autophago-
some maturation. The BECN1-VPS34-VPS15 complex with UVRAG and RAB7A activated 
by HOPS also regulate autophagosome maturation. Finally, autophagosomes fuse with 
lysosomes mediated by ESCRT and SNARE proteins, leading to the formation of autoly-
sosomes where the cargo is degraded and recycled.
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cargo is degraded.15 These fusion steps are regulated by various proteins and 
complexes including RAS-related protein RAB7A,16 endosomal sorting 
complexes required for transport (ESCRT),17 soluble NSF attachment pro-
tein receptor (SNARE) proteins,18 homotypic fusion and vacuole protein 
sorting (HOPS) complexes,19 and the BECN1-VPS34-VPS15 complex as-
sociated with UV radiation resistance-associated gene protein (UVRAG) 
or Run domain Beclin-1-interacting and cysteine-rich domain- containing 
protein (RBCN).20,21 RAB7A activated by UVRAG associated with the 
BECN1-VPS34-VPS15 complex induces autophagosome maturation, 
while this step is inhibited when the complex interacts with RBCN.22 
RAB7A is also activated by the HOPS complex, which mediates mem-
brane tethering between autophagosomes and late endosomes to form the 
amphisomes.23 ESCRT proteins, which are essential for multivesicular body 
(MVB) formation, also have a function in autophagosome maturation.24,25 
Syntaxin-17 (STX17) is a SNARE protein that is essential for autolysosome 
formation.26 STX17 localizes on the autophagosomal membrane and asso-
ciates with lysosomal vesicle-associated membrane protein 8 (VAMP8) and 
synaptosome-associated protein 29 (SNAP29), leading to the fusion of au-
tophagosomes with lysosomes.27 Once autolysosome formation is complete, 
the acidic environment maintained by vacuolar-type ATPase (V-ATPase) 
leads to activation of the lysosomal enzymes, such as cathepsins, that are 
essential to degrade the autophagic cargo.28,29 The degradation products, 
including amino acids and sugars, are transported out of the autolysosome 
by efflux transporters.30 In the termination stage of autophagy, autophagic 
lysosome reformation (ALR) occurs to recycle lysosomal membrane pro-
teins from autolysosomes into proto-lysosomes that eventually mature into 
functional lysosomes.31

2. Key regulators and signaling pathways of autophagy

Autophagy is regulated by several intracellular signaling pathways that are 
activated by various stimuli, such as starvation, stress responses, and tran-
scriptional and posttranscriptional (epigenetic) modifications.32–34 Later, we 
described established autophagic pathways and their key molecules (Fig. 2).

2.1 Regulation of autophagy by MTOR
Mechanistic target of rapamycin (MTOR) is a serine/threonine protein 
kinase and a well-established regulator of autophagy.35 MTOR forms two 
distinct functional complexes, MTOR complex 1 and 2 (MTORC1 and 
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MTORC2, respectively). MTORC1 acts as a master regulator of cell growth 
and proliferation by regulating anabolic and catabolic pathways,36 while 
MTORC2 regulates cytoskeletal structure and cell survival. MTORC1, 
however, has a more prominent role than MTORC2 in the regulation of 
autophagic activity.37 MTORC1 consists of MTOR,  regulatory-associated 
protein of MTOR (RAPTOR), DEP-domain containing MTOR-
interacting protein (DEPTOR), proline-rich Akt substrate of 40 kDa 
(PRAS40) and target of rapamycin complex subunit LST8 (MLST8). 
MTORC1 directly phosphorylates ULK1 and ATG13, which negatively 
regulate the ULK1 complex, leading to the suppression of autophagy.36 
Transcription factor EB (TFEB), a master regulator of lysosomal/auto-
phagy gene expression, is negatively regulated by  MTORC1-dependent 
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Fig. 2 The signaling pathways regulating autophagy in mammalian cells. MTORC1 neg-
atively regulates autophagy by suppressing the ULK1 complex and TFEB transcription 
factor. The activity of MTORC1 is regulated by growth factor signaling, the Rag/Ragulator 
complex, or AMPK. MTORC2 phosphorylates AKT, which forms a positive feedback loop. 
AMPK positively regulates autophagy via not only MTORC1 inhibition but also direct 
activation of ULK1 and Class III PI3K complexes. AMPK is regulated by diverse signaling 
pathways, such as energy state, DNA damage, Ca2 +, and ROS. While ROS mainly act as an 
autophagy activator, nitrogen oxide inactivates autophagy via JNK inhibition. Inositol 
signaling negatively regulates autophagy by IP3R-mediated interaction of BCL2 with 
BECN. IMPase also inhibits autophagosome formation. IP3R-mediated Ca2 + release from 
the ER to the cytosol both positively and negatively regulates autophagy via Calpain 
and CAM/CAMKK-AMPK signaling. Ca2 + release from lysosomes by MCOLN1 activates 
the calcineurin-TFEB axis, thereby activating autophagy. The unfolded protein response 
caused by ER stress activates eIF2α-ATF4-CHOP/GADD34, XBP1-FOXO, and XBP1-TRAF2-
ASK1-JNK signaling, resulting in autophagy induction. Transcription factors, such as 
TFEB, FOXO, and NFκB, regulate autophagy gene expression.
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phosphorylation, which promotes the interaction of TFEB with 14-3-3, 
resulting in TFEB stabilization in the cytosol, thereby preventing its nuclear 
translocation.38

MTORC1 activity is controlled by nutrient conditions, energy status, 
and several cellular signaling pathways.39 The V-ATPase and Ras-related 
GTP-binding protein (Rag)-Ragulator complex on the lysosomal surface 
senses amino acids and anchors MTORC1 to lysosomes.40 Rag GTPase 
consists of RagA or RagB bound to RagC or RagD. The active form 
of the Rag complex induces the binding of RAPTOR and recruitment 
of MTORC1 and Ras homolog enriched in brain (RHEB) to the lyso-
somal surface, resulting in MTORC1 activation.40 Growth factors, such 
as insulin, activate receptor tyrosine kinase (RTK), which provides a sig-
nal to PI3K (class Ia) to generate phosphatidylinositol(3,4,5)P3 (PIP3), 
which together with phosphoinositide-dependent kinase 1 (PDK1), ac-
tivates AKT.41 Activated AKT inhibits the activity of tuberous sclerosis 
complex (TSC)1/2, which acts as a GTPase-activating protein (GAP) for 
RHEB through phosphorylation, resulting in formation of an active GTP-
bound form of RHEB.42 This form of RHEB can directly interact with 
MTORC1 anchored to the lysosomal surface by the Rag-Ragulator com-
plex.40 AKT also provides a signal to MTORC1 in a TSC1/2-independent 
manner by phosphorylating PRAS40 from RAPTOR.43 In addition, RTK-
dependent RAS-mitogen-activated protein kinase (MAPK)-extracellular 
signal- regulated kinase (ERK) pathway activation results in phosphoryla-
tion of TSC2 by ERK and its downstream RSK, inhibiting the TSC1/2 
complex and thereby triggering RHEB-mediated MTORC1 activation.44 
Depletion of amino acids or growth factors induces autophagy by disrupt-
ing these regulatory pathways. MTORC2 consists of MTOR, DEPTOR, 
MLST8, rapamycin-insensitive companion of mTOR (RICTOR), mam-
malian stress-activated Map kinase-interacting 1 (mSIN1) and protein ob-
served with RICTOR (PROTOR). MTORC2 can regulate MTORC1 
activity via phosphorylation of AKT at Ser473, which activates AKT lead-
ing to autophagy suppression.45

2.2 Autophagy regulation by AMPK
AMP-activated protein kinase (AMPK) is a core protein of autophagy 
induction and acts as a sensor for increased ATP/AMP ratios, which in-
dicate low energy states. AMPK is regulated by energy metabolism, cal-
cium signaling, and several protein kinases.46 Activated AMPK suppresses 
MTORC1 through the inhibition of RAPTOR and the activation of 
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TSC1/2 by direct phosphorylation, leading to RHEB inhibition. AMPK 
also directly phosphorylates ULK1 and BECN1, which activates ULK1 and 
VPS34 complexes leading to autophagy activation in contrast to phosphor-
ylation of ULK1 by MTORC1.47 Under hypoxic conditions, a low ATP/
AMP ratio caused by suppression of mitochondrial respiration is also sensed 
by AMPK.48 A positive regulator of AMPK is serine/threonine kinase 11 
(STK11, also known as LKB1), which is mainly activated by protein kinase A 
(PKA), a sensor protein of intracellular cyclic AMP (cAMP) although PKA 
can inhibit autophagy via direct phosphorylation of ULK1.49,50 SKT11 is 
also inhibited by ERK and its downstream ribosomal S6 kinase (RSK).51 
Calcium-calmodulin (CAM)-dependent protein kinase kinase (CAMKK) 
plays a central role in calcium and nitrogen sensing. CAM is the primary in-
tracellular calcium sensor and binding to free cytosolic Ca2 + facilitates its in-
teraction with calcium/CAM-dependent protein kinase I and IV (CAMKI 
and CAMKIV, respectively) and CAMKK1 and CAMKK2. CAMKK2 
activation permits phosphorylation of AMPK. Cells also utilize CAMKK 
for sensing nitrogen stress and for activating downstream AMPK.52 Finally, 
DNA damage-associated activation of tumor suppressor p53 (TP53) and its 
downstream sestrin 1/2 (SESN1/2) activate AMPK, resulting in MTORC1 
inhibition and autophagy activation.53 TP53-associated DNA damage reg-
ulated autophagy modulator (DRAM) and TFEB activation also positively 
regulate autophagy.54,55

2.3 Regulation of autophagy by inositol and calcium signaling
Intracellular inositol levels can negatively regulate autophagy in an 
mTOR-independent manner. Inositol 1,4,5-triphosphate (IP3) generated 
from phosphatidylinositol 4,5-bisphosphate by phospholipase C (PLC) 
binds to IP3 receptors (IP3R) on the ER, resulting in the release of Ca2 + 
from the ER to the cytosol (and from other organelles including mito-
chondria and lysosomes), which mediates a range of cellular responses.56 
Intracellular Ca2 + can regulate autophagy (as described below). IP3R fa-
cilitates the binding of BECN1 to B-cell lymphoma 2 (BCL2), a negative 
regulator of autophagy, which suppresses autophagy.57 Inositol monophos-
phatase (IMPase), which hydrolyzes inositol monophosphate generated 
from IP3 by 5′-phosphatase and inositol polyphosphate 1-phosphatase, in-
hibits autophagosome synthesis.58

Intracellular Ca2 + is mainly considered to be a negative regulator of 
autophagy, although some reports implicate Ca2 + in activation of auto-
phagy.59–61 These seemingly contradictory effects of Ca2 + on autophagy 
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 possibly result from the complicated crosstalk of Ca2 +-mediated signaling. 
Under basal conditions, IP3R-mediated Ca2 + release from the ER increases 
cytosolic Ca2 + and Ca2 + in mitochondria and lysosomes.56,62 Cytosolic 
Ca2 + activates a Ca2 +-dependent cysteine protease, calpain, which induces 
the cleavage of ATG5 and BECN1 leading to the suppression of autoph-
agy.62,63 Calpain also activates the cAMP-rap guanine nucleotide exchange 
factor (RAPGEF2, also known as EPAC)-PLC pathway,64 which forms a 
positive feedback loop to maintain IP3 and Ca2 + concentrations although 
cAMP may activate STK11-AMPK-mediated autophagy as described above. 
Ca2 + taken up by mitochondria through voltage-dependent anion channel 
(VDAC) complexes is consumed to maintain mitochondrial ATP produc-
tion, which inactivates AMPK and AMPK-induced autophagy.65 However, 
cytosolic Ca2 + can activate CAMKK and thereby AMPK-mediated auto-
phagy.66 The lysosomal calcium channel, mucolipin TRP cation channel 1 
(MCOLN1, also known as TRPML1), mutations in which cause the lyso-
somal storage disorder mucolipidosis type IV (MLIV) contributes to the 
upregulation of autophagic genes by inducing the nuclear translocation of 
TFEB and activation of autophagic vesicle biogenesis through the genera-
tion of PI3P and the recruitment of essential PI3P-binding proteins to the 
nascent phagophore.67 Under nutrient deprivation, MCOLN1-mediated 
lysosomal Ca2 + release regulates the activity of calmodulin-dependent 
calcineurin, which binds to and dephosphorylates Ser142 and Ser211 
on TFEB, promoting autophagy gene expression.68 Leucine-rich repeat 
 kinase-2 (LRRK2) mutations, which are the most common cause of fa-
milial Parkinson’s disease, elicit Ca2 + release from lysosomes, which triggers 
further Ca2 + release from the ER and induces autophagy via CAMKK/
AMPK,69 although various other mechanisms have been proposed for 
LRRK2 regulation of autophagy.70

2.4 Autophagy regulation by reactive oxygen species and 
redox signaling
Intracellular oxidative stress and excessive reactive oxygen species (ROS), 
which are often associated with mitochondrial dysfunction, stimulate au-
tophagy.71 A reduced form of ATG4 delipidates and recycles LC3, lead-
ing to the suppression of autophagy. Excessive ROS, specifically hydrogen 
peroxide (H2O2)-mediated thiol oxidation of ATG4, promotes conversion 
of LC3-I to LC3-II, which is essential for autophagosome formation.72 
H2O2 also directly oxidizes AMPK and the serine/threonine kinase, ATM, 
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and activates STK11, which activates AMPK and thus induces autophagy.73 
In contrast, nitric oxide (NO), synthesized by NO synthases (NOS), has 
negative effects on autophagy. S-nitrosylation, which is the covalent attach-
ment of NO to a cysteine thiol in a protein, modifies and attenuates the 
activity of stress-activated protein kinase (SAPK, also known as JNK) and 
I kappa B kinase (IKK).74 JNK inhibits the association between BCL2 and 
BECN1 by direct phosphorylation of BCL2,75 and IKK activates not only 
AMPK but also NFκB-mediated transcriptional upregulation of autophagy 
genes,76 S-nitrosylation of these proteins, therefore, suppresses autophagy. 
S-nitrosylation of phosphatase and tensin homolog (PTEN) and lysosomal 
proteins can also suppress autophagy.77,78

Mitochondrial ROS links calcium signaling to autophagy. Stromal inter-
action molecule 1 (STIM1) is activated by mitochondrial ROS and induces 
Ca2 + influx leading to CAMKK activation.79 Mitochondrial ROS is also 
important for the activation of lysosomal MCOLN1.80

Nuclear factor erythroid 2 like 2 (NFE2L2, also known as NRF2), a 
master regulator of the antioxidant response, maintains the cellular redox 
system.81 Kelch-like ECH associated protein 1 (KEAP1) is a negative reg-
ulator of NRF2 by mediating ubiquitination and subsequent proteasomal 
degradation of NRF2.81 Under oxidative stress conditions, ROS oxidize 
KEAP1 and induce the dissociation of NRF2 from KEAP1, which pro-
motes nuclear translocation of NRF2 and activates expression of its target 
genes, including p62/SQSTM1, an autophagy receptor protein.82 A recent 
study revealed that p62/SQSTM1-droplets serve as a platform for auto-
phagosome formation and the antioxidative stress response.83 Unlike the 
association with AMPK, MTORC1, TFEB, and DRAM described ear-
lier, TP53 negatively regulates autophagy via TP53-induced glycolysis and 
apoptosis regulator (TIGER). ROS-induced DNA damage can activate 
TP53 and its downstream TIGER, which functions to reduce intracellu-
lar fructose-2,6-bisphosphatase activity, thereby inhibiting glycolysis and 
activating the pentose phosphatase pathway.54 Under these conditions, in-
creased levels of intracellular NADPH and glutathione suppress intracel-
lular ROS levels, resulting in suppression of autophagy.54 ROS-mediated 
activation of hypoxia inducible factor 1 subunit alpha (HIF1A) can activate 
macroautophagic degradation of mitochondria (mitophagy) mediated by 
transcriptional upregulation of BCL2/adenovirus E1B 19-kDa interact-
ing protein 3 (BNIP3) and BNIP3-like (BNIP3L/NIX).84 HIF1A also 
activates cyclin dependent kinase inhibitor 1B (CDKN1B, also known as 
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p27/KIP1)-E2F transcription factor 1 (E2F1)-mediated autophagy gene 
expression.85

2.5 Regulation of autophagy by the unfolded protein 
response
Accumulation of unfolded or misfolded proteins in the ER triggers ER 
stress. To attenuate such stress conditions, cells activate the unfolded pro-
tein response (UPR) to maintain cellular homeostasis. ER stress and UPR 
have been implicated in various diseases, particularly in neurodegenerative 
disorders including Alzheimer’s disease and Parkinson’s disease.86 Under 
ER stress, the UPR is initiated by three transmembrane ER stress sensors, 
eukaryotic translation initiation factor 2A kinase 3 (EIF2AK3/PERK), en-
doplasmic reticulum to nucleus signaling 1 (ERN1/IRE1α), and activating 
transcription factor 6 (ATF6).87 PERK activates the eukaryotic translation 
initiation factor 2 subunit 1A (EIF2S1/EIF2α)-ATF4-DNA damage in-
ducible transcript 3 (DDIT3/CHOP) axis, which activates expression of 
autophagy genes, including ATG5, ATG7, ATG16L1, LC3, BECN1, p62/
SQSTM1, and NBR1.88 ATF6-activation is also important for the expres-
sion of DDIT3/CHOP.89 Protein phosphatase 1 regulatory subunit 15A 
(PPP1R15A/GADD34) is also activated by ATF4, resulting in mTORC1 
inactivation and transcriptional tuning of lysosome/autophagy gene 
expression.90

IRE1α induces the splicing of X-box binding protein 1 (XBP1) and 
spliced XBP1 interacts with the promotors of several genes involved in 
autophagy, such as BECN1.91 IRE1α also activates the XBP1-mediated 
forkhead box protein O1 (FOXO1) axis and TNF receptor associated fac-
tor 2 (TRAF2)-apoptosis signal regulating kinase 1 (ASK1)-JNK signaling, 
which activate autophagy.92,93

Although ER stress and the UPR mainly activate autophagy, ER stress 
triggered by depletion of Ca2 + stores in the ER [experimentally induced by 
chemical treatment with thapsigargin, a sarcoendoplasmic reticulum Ca2 + 
ATPase (SERCA) blocker], clearly inhibit the fusion of autophagosomes 
with lysosomes. This suggests that an appropriate concentration of Ca2 + 
in the ER store is needed to form autophagosomes with sufficient luminal 
Ca2 + to enable autophagosome lysosome fusion.94

An increase in the abundance of unfolded proteins in mitochondria can 
cause mitochondrial dysfunction that activates a mitochondrial unfolded 
protein response (UPRmt), which upregulates mitochondrial chaperone 
production and alleviates cytotoxicity.95 In the UPRmt, eukaryotic transla-
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tion initiation factor 2-alpha kinase 4 (EIF2AK4/GCN2) phosphorylates 
EIF2S1/EIF2α and activates the EIF2S1/EIF2α-ATF4-CHOP axis, which 
is likely to activate autophagy.96 Sirtuin 3 (SIRT3) is also activated under 
UPRmt, resulting in the activation of FOXO3 and thereby induction of 
autophagy gene expression.97 The UPRmt induces mitochondrial-selective 
autophagic degradation (mitophagy, described in detail later) via mitochon-
drial lon peptidase 1 (LONP1)-mediated translocation of PTEN-induced 
kinase 1 (PINK1) and E3 ubiquitin-protein ligase, parkin (PRKN), which 
are key mitophagy components.98

2.6 Regulation of autophagy by transcription factors
There are several transcription factors that regulate lysosomal/autoph-
agy gene expression.33 TFEB is a member of the microphthalmia/tran-
scription factor E (MiT/TFE) family of transcription factors that also 
includes MITF, TFE3, and TFEC. TFEB enhances global expression of 
lysosomal/autophagy genes involved in the different steps of autophagy, 
such as BECN1, WIPI1, and ATG9 (autophagy initiation); ATG5, LC3B, 
and p62/SQSTM1 (autophagosome elongation and recognition of au-
tophagic cargo); UVRAG and RAB7 (fusion with lysosomes); LAMP1 
and cathepsins (lysosomal components).38 TFEB is primarily regulated by 
MTORC1 (described above); however, recent studies show that protein 
kinase C (PKC) can directly activate TFEB,99,100 while glycogen synthase 
kinase 3 (GSK3), ERK, or AKT suppress the transcriptional activity of 
TFEB via direct phosphorylation.101 MITF and TFE3 are also regulators of 
lysosome/autophagy gene expression, and their activity is maintained via 
MTORC1, GSK3, or Wnt signaling.102–104 Zinc finger with KRAB and 
SCAN domains 3 (ZKSCAN3) negatively regulates autophagy as a tran-
scriptional repressor of autophagy. Under basal or nutrient-rich conditions, 
ZKSCAN3 localizes in the nucleus and suppresses autophagic gene ex-
pression.105 Although the mechanism of ZKSCAN3 regulation is not fully 
elucidated, PKC activates downstream p38MAPK and JNK phosphory-
lates ZKSCAN3 leading to its translocation out of the nucleus. MTORC1 
inhibition by small molecule, torin1, induces nuclear exclusion and inac-
tivation of ZKSCAN3, indicating that MTORC1 regulates the activity of 
ZKSCAN3.99,106

FOXO1 and FOXO3 also regulate the expression of autophagic 
genes, such as LC3, ATG4, ATG12, BECN1, ULK1, VPS34, and RAB7.33 
Activated AKT phosphorylates FOXOs then induces the binding of FOXO 
proteins with 14-3-3, resulting in their cytoplasmic retention and prevent-
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ing their nuclear translocation.107 FOXO1 also regulates autophagy in a 
transcriptional-independent manner. While FOXO1 is deacetylated by 
NAD-dependent deacetylase sirtuin 2 (SIRT2) under basal conditions, 
FOXO1 is acetylated possibly because of SIRT2 inhibition in response 
to oxidative stress or starvation, which induces the association of FOXO1 
with ATG7 and autophagosome formation.108 JNK-mediated phosphory-
lation of FOXOs positively regulates its transcriptional activity and thereby 
autophagy.109

The key transcription factor, NF-κB, which is mainly involved with 
apoptosis and inflammation, also has a function in autophagy regulation.110 
NF-κB activated by IKK can trigger autophagy by directly inducing the 
expression of autophagy-related genes, such as BECN1, ATG5, and LC3.76 
However, NF-κB can also inhibit autophagosome biogenesis by increas-
ing the expression of autophagy repressors, including BCL2 and MTOR, 
indicating that NF-κB signaling regulates autophagy potentially in a 
 context-dependent manner.76

2.7 Regulation of autophagy by microRNAs
Accumulating evidence indicates that microRNAs (miRNAs) play an im-
portant role in the regulation of autophagy.111 miRNAs are a class of non-
coding RNAs that play important roles in regulating gene expression and 
mainly interact with the 3′ untranslated region of target mRNAs to induce 
mRNA degradation and translational repression.112 miRNA expression and 
abundance are strongly dependent on cell type113; therefore, in this section, 
we discuss the regulation of autophagy by miRNAs in Alzheimer’s disease. 
In brain tissue of Alzheimer’s disease patients or mouse models, decreased 
levels of miR-124, miR-132, miR-212, miR-214-3p, and miR-299-5p 
were observed.114–117 miR-124 regulates AMPK signaling and the expres-
sion levels of p62/SQSTM1 and p38MAPK.118,119 miR-132 and miR-212 
target ATG9 and ATG5-ATG12, which are essential autophagy proteins.116 
miR-214-3p also targets ATG12,115 and miR-299-5p represses ATG5 ex-
pression.117 These miRNAs target positive regulators of autophagy; there-
fore, downregulation of these miRNAs is likely to elicit a neuroprotective 
effect on the Alzheimer’s disease brain. Moreover, many miRNAs regulate 
autophagy in different cell types or species; for example, miR-101 down-
regulates RAB5A and ATG4,120 miR-83 suppresses MCOLN1,121 while 
miR-378 activates autophagy by downregulating PDK1.122 Thus, many 
miRNAs are involved in autophagy; however, their exact mechanisms of 
action in the control of autophagy remain unclear. Further research will 
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provide better understanding of the relationship between miRNAs and au-
tophagy and also deeper insight for the development of novel therapeutic 
strategies that use or target miRNAs.

2.8 Regulation of autophagy by posttranslational and 
epigenetic modulators
Posttranslational modifications that affect the association between transcrip-
tion factors and chromatin regulate autophagic gene expression.123 The 
NAD+-dependent deacetylase, SIRT1, deacetylates FOXO1 and FOXO3, 
resulting in the induction of autophagy gene expression.124 SIRT1 is con-
sidered to be a regulator of autophagy by deacetylating targets, including 
ATG5, ATG7, and LC3B, which promotes autophagy-processing activity.124 
SIRT1 also positively controls AMPK activity by deacetylating LKB1, lead-
ing to autophagy induction.125 Resveratrol, a polyphenolic compound, is 
considered to induce autophagy via SIRT1 activation.126 The histone lysine 
acetyltransferase, GCN5, was recently reported as a negative regulator of 
autophagy. GCN5 specifically catalyzes acetylation of TFEB at K274 and 
K279, which disrupts TFEB dimerization and the binding of TFEB to its 
target gene promoters.127 Bromodomain-containing protein 4 (BRD4) is 
a transcriptional repressor of lysosome/autophagy genes. In the basal state, 
euchromatic histone lysine methyltransferase 2 (EHMT2, also known as 
G9a) recruited by BRD4 catalyzes di-methylation of histone H3 at lysine 
residue 9 (H3K9me2) in the promoter regions of lysosome and autophagy 
genes, such as LC3B, p62/SQSTM1, BECN1, and ATG16L, resulting in 
transcriptional repression.128 Histone H3 Arg17 dimethylation by coacti-
vator associated arginine-methyltransferase 1 (CARM1), a key autophagy 
regulator, is associated with TFEB activity. CARM1 binds to the promoter 
region of TFEB and orchestrates lysosome/autophagy gene expression with 
TFEB.129 Histone lysine acetyltransferase 8 (KAT8, known as MYST1) cat-
alyzes H4K16ac and H4K16 deacetylation, which is associated with the 
downregulation of autophagy-related genes.130 In addition, H3K4me3 and 
H3K56ac are downregulated, while H4K20me4 is upregulated during au-
tophagy, although the mechanism of this action is unknown.131

3. Selective autophagy regulated by autophagic receptors

Autophagy is primarily considered as nonselective and a degradation 
process of bulky cytoplasmic proteins. However, various types of target/ 
organelle-selective autophagy have been discovered in recent years.132 
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In selective (macro)autophagy, preselected cell components recruited by 
type-specific autophagic receptors are degraded to remove nonfunctional 
organelles, foreign pathogens, or cytotoxic aggregates and maintain cellular 
homeostasis.133 Selective autophagy targets specific organelles, complexes, 
or pathogens such as mitochondria, ER, protein aggregates, nuclei, ribo-
somes, peroxisomes, lysosomes, and bacteria.134 Among them, we describe 
autophagic degradation of mitochondria, protein aggregates, and ER (de-
fined as mitophagy, aggrephagy, and ER-phagy, respectively) because they 
are closely related to pathophysiology of neurodegenerative diseases.135–137

3.1 Mitophagy
Macroautophagic degradation of mitochondria (hereafter mitophagy) can 
remove excessive, nonfunctional, or damaged mitochondria and contribute 
to mitochondrial quality control.138 The most well-known mitophagic path-
way is PINK1 and E3 ubiquitin-protein ligase PRKN-dependent mitoph-
agy. Mitophagy dysfunction is observed in familial Parkinson’s disease with 
PINK1/PRKN mutations.138 During mitochondrial  depolarization-induced 
mitophagy [using a chemical mitochondrial uncoupler such as carbonyl 
cyanide 3-chlorophenylhydrazone (CCCP)], PINK1 accumulates on the 
mitochondrial surface, which induces autophosphorylation and homodi-
merization of PINK1.139 Dimerized PINK1 facilitates binding to PRKN 
and ubiquitin. Thus, PINK1 acts as a sensor protein upon acute mitochon-
drial damage. PINK1 then activates PRKN via phosphorylation of ubiquitin 
and ubiquitin-like (UBL) domain of PRKN at S65, which recruits PRKN 
to the damaged mitochondria and increases E3 ubiquitin ligase activity 
of PRKN.139 Ubiquitin chains formed by PRKN mediate the binding of 
ubiquitinated proteins of damaged mitochondria with autophagic receptors 
including LC3, p62/SQSTM1, calcium binding and coiled-coil domain 2 
(CALCOCO2, also known as NDP52), and optineurin (OPTN), as well 
as RAB proteins RAB5 and RAB7A. This results in the enclosure of dam-
aged mitochondria into autophagosomes and autophagic degradation.133 In 
coordination with the PINK1/PRKN system, after mitochondrial outer 
membrane rapture, the mitochondrial inner membrane protein, prohibi-
tin 2 (PHB2), binds to LC3B through its LC3 interacting region (LIR) in 
a PRKN-dependent manner.140 However, many studies indicate that the 
PINK1/PRKN-mediated mechanism is not necessary to regulate basal mi-
tophagy because PINK1/PRKN knockout cells are still capable of execut-
ing mitophagy.141 Resident mitochondrial proteins, BNIP3 and BNIP3L/
NIX, and the mitochondrial outer membrane protein, FUN14 domain- 
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containing protein 1 (FUNDC1), are upregulated upon mitochondrial dam-
age or hypoxia and act as autophagic receptor proteins.142,143 These receptors 
accumulate on the damaged mitochondria and directly interact with LC3 
and GABARAP through their LIR domains.143,144 BCL2L13 (a  mammalian 
homolog of yeast mitophagy receptor Atg32) also potentially induces mi-
tophagy through association with LC3.145 In addition to the autophagic/
mitophagic receptors, cardiolipin and ceramide (mitochondria-specific 
phospholipid and sphingolipid, respectively) trigger mitophagy by directly 
interacting with LC3.146

The mitochondrial fission and fusion mechanism orchestrates mito-
phagy by segregating the damaged compartment from functional healthy 
mitochondria.147 Mitochondrial fission-related proteins, dynamin-1 like 
(DNM1L, also known as DRP1) and mitochondrial fission 1 protein (FIS1), 
as well as mitochondrial fusion-related proteins, mitofusin1/2 (MFN1/2) 
and mitochondrial dynamin-like GTPase optic atrophy 1 (OPA1), regulate 
not only mitochondrial dynamics but also mitophagy.148–150 Mitophagy is 
particularly important to maintain high-energy-requiring cells/tissue types 
such as neurons.151 Compromised mitophagy causes neurodegenerative dis-
ease phenotypes. Conversely, mitophagy activation can be a novel thera-
peutic approach for the treatment of neurodegenerative diseases, including 
Alzheimer’s disease and Parkinson’s disease.152

3.2 Aggrephagy
Aggrephagy is a autophagic degradation pathway that specifically eliminates 
intracellular protein aggregates.134 Cytoplasmic aggregation-prone proteins, 
such as amyloid plaques, Lewy bodies, and polyglutamine-expanded hun-
tingtin (in Alzheimer’s, Parkinson’s, and Huntington’s diseases, respectively), 
are hallmarks of neurodegenerative diseases; therefore, enhancing auto-
phagy to facilitate the clearance of potentially cytotoxic aggregates using 
small-molecule compounds is a promising therapeutic strategy.153

Aggregated proteins are actively and retrogradely transported to the 
microtubule-organizing center (MTOC) and encapsulated into a cyto-
plasmic juxtanuclear structure called the aggresome. Histone deacetylase 
6 (HDAC6) plays a key role in aggresome formation and aggrephagy.154 
HDAC6 recognizes the diglycine motifs of protein aggregates and induces 
the association between the aggregates and the dynein motor complex, a 
microtubule transport system, resulting in enclosure of protein aggregates 
into aggresomes.154 The aggresomes are recognized by autophagic recep-
tors and subsequently packed into autophagosomes for lysosomal degrada-
tion. OPTN, p62/SQSTM1, neighbor of BRCA1 (NBR1), toll-interacting 



 The autophagy pathway and its key regulators 61

protein (TOLLIP), and TAX1-binding protein (TAX1BP1) recognize the 
protein aggregates and mediate aggrephagy.133 The ATG8 family protein, 
LC3C, cooperates with lysosomal tectonin beta-propeller repeat- containing 
protein (TECPR1) to promote aggrephagy.155

3.3 ER-phagy
ER-phagy (or reticulophagy) is a major cellular degradation system that is 
involved in clearing ER fragments and ER-resident proteins, which plays 
an important role in maintaining ER homeostasis.134,156 Accumulation of 
unfolded proteins in the ER causes ER stress, which is implicated in var-
ious disorders, including neurodegenerative diseases, and can activate ER-
phagy; therefore, enhancement of ER-phagy may be a potential therapeutic 
strategy for these diseases.86,157 In mammals, eight autophagic receptors 
are involved with ER-phagy. The key regulators of ER-phagy are family 
with sequence similarity 134, member B (FAM134B), atlastin GTPase 3 
(ATL3), CDK5 regulatory subunit-associated protein 3 (CDK4RAP3), cell 
cycle progression 1 (CCPG1), reticulon 3 (RTN3), translocation protein 
SEC62, testis expressed 264 (TEX264), and CALCOCO1.133,158 In a recent 
study, ER-localized UFMylation, conjugation of a ubiquitin-like protein, 
 ubiquitin-fold modifier 1 (UFM1), ribophorin1 (RPN1), and ribosomal 
protein L26 (RPL26) by UFM1 specific ligase 1 (UFL1) brought to the 
ER surface by DDRGK domain containing 1 (DDRGK1) induced ER-
phagy to repress the unfolded protein response via ERN1/IRE1α signaling, 
which is analogous to PINK1/PRKN-mediated mitophagy.159

4. Concluding remarks

Autophagy is an essential catabolic process that promotes the clearance of 
surplus or damaged intracellular components and maintains cellular ho-
meostasis. Given that autophagy dysfunction has been implicated in various 
human diseases, such as cancer, infections, and neurodegenerative diseases, 
stimulating autophagy by pharmacological or genetic approaches has been 
proposed as therapeutic intervention. Over the past two decades, under-
standing of autophagy at mechanistic, physiological, and pathological lev-
els has progressed substantially. ULK1 and Class III PI3K complexes, two 
ubiquitin-like conjugation systems formed by several ATG proteins, are the 
central core of the autophagy molecular machinery. In the regulation of 
intracellular autophagic signaling, MTOR, a master regulator of autophagy, 
predominantly suppresses autophagy. In addition, AMPK, inositol, calcium, 
and stress response signaling can regulate autophagy (partially) in an MTOR-
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independent manner. Transcription factors and epigenetic modifications 
also affect autophagic activity via autophagy or lysosome-related gene ex-
pression. Both MTOR-dependent and MTOR-independent autophagic 
pathways are tightly regulated by complicated signaling pathway crosstalk, as 
described. Interestingly, some of the autophagy regulators, such as Ca2 + and 
TP53, positively and negatively regulate autophagy, possibly in the context 
of cell conditions, cell types, organs, or the expression levels and subcellular 
localization of autophagic signaling sensors/receptors. This should be care-
fully considered when analyzing the mechanism of autophagy regulation 
by novel substrates or chemical compounds of interest. Notably, many of 
the signaling pathways involved with MTOR-independent signaling are 
likely to affect MTOR activity directly or indirectly via the MTOR sig-
naling cascade. This complicates the development of autophagy-activating 
drugs oriented to treat diseases associated with autophagy dysfunction be-
cause in addition to autophagy, MTOR regulates diverse cellular functions, 
such as protein translation, cell proliferation, and metabolism, and, therefore, 
MTOR inhibition can cause a variety of side effects. From this point of 
view, small molecules that target autophagic machinery without affecting 
upstream signaling pathways may overcome this challenge. In recent years, 
organelle-specific autophagic degradation, such as mitophagy, ER-phagy, 
and aggrephagy, have emerged with implications for the maintenance of 
cell/organismal homeostasis. This selective autophagy relies on specific au-
tophagic receptor proteins that recognize damaged organelles and cytotoxic 
protein aggregates. Interestingly, chemical compounds that interact with 
both LC3 and mutant huntingtin protein reduced mutant huntingtin lev-
els and rescued disease phenotypes in in vivo models of Huntington’s dis-
ease.160 In line with this, “chemical linker compounds” that recognize both 
intracellular pathogens/dysfunctional organelles and (specific) autophagic 
receptors have potential as treatments against neurodegenerative diseases. 
Further intensive and extensive research on autophagy will continue to 
provide us with deeper insights to develop precise therapeutic interventions 
for the treatment of human diseases.
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1. What is amyloid β?

Amyloid β (Amyloid beta, abbreviated as Aβ) is the main component of 
amyloid plaques found in the brains of patients with Alzheimer’s disease.

Aβ has been identified as a major component by biochemical analysis 
of cerebrovascular amyloid angiopathy and amyloid plaque accumulated 
in the brains of Alzheimer’s disease patients and is a peptide of about 40 
amino acids of 36–43 amino acids.1 It is considered to play an import-
ant role in Alzheimer’s disease as a major constituent of amyloid plaque, 
which is one of the pathological features of Alzheimer’s disease. Amyloid 
plaques are composed of regularly arranged fibrillar aggregates called 
amyloid fibrils.

Aβ was identified by Glenner et al. In 1984, as a protein with a molec-
ular weight of 4 kDa from cerebrovascular amyloid. Amyloid is a patho-
logical general term for extracellular deposits that are stained orange-red 
by Congo red staining and show green polarization under a polarizing 
microscope. An electron microscope shows a fiber structure of 8–15 nm. 
In 1985, Master et al. prove that amyloid plaque is also composed of the 
same Aβ protein.

Aβ can be measured semi-quantitatively by immunostaining, and the 
position where Aβ is present can also be determined. Aβ is present in the 
brain primarily in blood vessels, as in the case of cerebral amyloid angi-
opathy, or in amyloid plaques in the white matter.2 In cerebral amyloid 
angiopathy, Aβ forms aggregates that line blood vessels in the brain, but 
similar plaques also appear in some Lewy body diseases and inclusion 
body myositis.
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2. Production and formation

Aβ is derived from amyloid precursor protein (APP). APP is cleaved by the 
proteolytic enzymes α-secretase, β-secretase, and γ-secretase, while Aβ is 
produced by β-secretase and γ-secretase. Aβ excised by successive two-step 
cleavage by β-secretase and γ-secretase is secreted extracellularly.

2.1 APP
APP was revealed in 1987 that the locus is located on chromosome 21. APP 
is a type 1 transmembrane protein consisting of approximately 700 amino 
acid residues. The physiological functions of APP have been reported to 
include neuroprotection, neurite outgrowth, synaptogenesis promotion, cell 
adhesion, and synaptic vesicle axonal transport function.3

2.2 β-Secretase
β-Secretase activity is borne by a single transmembrane aspartic pro-
tease called beta-secretase (BACE)1, whose cleavage regulates total Aβ 
production.

2.3 γ-Secretase
γ-Secretase produces the C-terminus of the Aβ peptide. γ-secretase cleaves 
the inside of the transmembrane region of APP to produce many isoforms 
with a length of 30–51 amino acids.4 The most abundant isoforms pro-
duced by γ selectors are Aβ40 and Aβ42.

2.4 α-Secretase
Most APPs are cleaved by γ-secretase after cleavage of α-secretase and re-
leased as a nonamyloid production pathway. Alpha secretase cleaves APP 
at position 16 of the Aβ sequence. The resulting C-terminal fragment is 
cleaved by γ-secretase and a short fragment called p3 is secreted. Since this 
pathway does not lead to Aβ production, it is protective against the devel-
opment of Alzheimer’s disease. ADAM9, ADAM10, and ADAM17 are con-
sidered as candidates as the main α-secretases in nerve cells.

2.5 Aβ40 and Aβ42
As the main molecular species of Aβ, Aβ40 in which the 40th amino acid is 
Val and Aβ42 in which the 42nd amino acid is Ala are known. Aβ40 is pro-
duced by cutting in the trans-Golgi network.5 Aβ42 is commonly produced 
by cleavage in the endoplasmic reticulum.5
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Normally, nerve cells produce nearly 10 times more Aβ40 than Aβ42.6 
Aβ42 is extremely hydrophobic and cohesive, is first deposited in the brain, 
and is a major component of amyloid plaque. On the other hand, deposition 
in cerebrovascular amyloid begins with Aβ42, but Aβ40 is predominantly 
deposited. However, among cerebrovascular amyloids, Aβ42 is predominant 
when it is deposited in capillaries.

Most of the intracellularly produced Aβ is secreted extracellularly. Aβ 
detected in cerebrospinal fluid and plasma is derived from secreted Aβ, ex-
ists at a constant concentration, and is determined by the balance between 
production and degradation.

3. Aggregation

The characteristic of Aβ is its high aggregation potential, and it aggregates 
to form amyloid fibrils only when it is present in a high concentration in a 
buffer solution. Aggregated Aβ exhibits degradation resistance. The differ-
ence in the maximum C-terminal length caused by the diversity of cleavage 
sites by γ-secretase during production is a factor that changes the aggrega-
tion potential of Aβ that can occur under physiological conditions.

Of these, Aβ42 is particularly critical for the disease progression because 
this longer form is more prone to aggregate than is the shorter Aβ40 pep-
tide in vitro and is known to accumulate predominantly in the brains of 
Alzheimer’s disease patients from the early stages.7,8 Recently, it has been 
shown that Aβ43 is a more cohesive molecular species and is also accu-
mulated in Alzheimer’s disease brains, reaffirming the importance of the 
C-terminal length of Aβ.9 Partial fraction decomposition of the N-terminal 
and polyglutamylation that occur after production are also considered to 
be important because they are highly hydrophobic. Therefore, the most 
important Aβ accumulated as amyloid plaque in the brains of Alzheimer’s 
disease patients is assumed to be a molecular species in which the third glu-
tamate is pyroglutamylated and the C-terminal ends with the 42nd alanine.

3.1 Amyloid hypothesis
In the pathophysiology of AD, the process by which Aβ is excised from 
APP, abnormally aggregates, and damages nerve cells is thought to play an 
important role, and is called amyloid hypothesis.10

Aβ deposition is the earliest pathologically perceived lesion, and since 
Aβ can aggregate and directly exhibit neuronal toxicity, abnormalities in 
Aβ production and accumulation are thought to be closely related to the 
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 development of Alzheimer’s disease. Genetic analysis of patients with famil-
ial Alzheimer’s disease (FAD) also supports this.

3.2 Oligomer hypothesis
The “amyloid hypothesis” that amyloid plaques are the cause of Alzheimer’s 
disease has been accepted by most researchers, but has not been conclusively 
established. Traditionally, insoluble Aβ fibrils (fAβ) that accumulate as cere-
bral amyloid have been thought to exert neurotoxicity. Recently, however, 
attention has been focused on the study of soluble oligomers as more toxic 
aggregates and intermediates in the Aβ aggregation process such as protofi-
brils, which is called the oligomer hypothesis.11

The oligomeric hypothesis suggests that amyloid oligomers, rather than am-
yloid plaques, cause the disease. It is hypothesized that soluble Aβ oligomers 
cause synaptic toxicity via toxic receptors before causing neuronal cell death, and 
various membrane proteins have been listed as candidates for Aβ toxic receptors.

Mice that have been genetically modified to form oligomers but not 
amyloid plaques develop the disease. In addition, mice that have been mod-
ified to convert oligomers to amyloid plaques do not have worse symptoms 
than mice that express only oligomers.12

In AD, intracellular accumulation of tau protein is also seen, which may 
be involved in the disease as well as α-synuclein aggregation.

3.3 Process of Aβ aggregation
Aβ molecules aggregate to form flexible soluble oligomers in several forms. 
It is now believed that misfolded oligomers called “seed” induce misfolding 
of other Aβ molecules, triggering a chain reaction like prion infection. This 
oligomer is toxic to nerve cells.13

In the process of Aβ aggregation, structural conversion from unstruc-
tured Aβ monomer to β sheet occurs. Subsequently, oligomers are formed, 
protofibrils with a width of about 5 mm are formed, and fAβ, which is a 
mature fiber with a width of about 10 mm, is formed11 (Fig. 1).

The process of formation of fAβ from Aβ is said to follow a polym-
erization nucleus-dependent polymerization model.14 The polymerized 

Fig. 1 Aβ aggregation model.
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nucleation phase is thermodynamically less likely to occur and is the 
rate-determining step of the entire reaction, but once the polymerized nu-
clei are formed, fiber elongation proceeds according to the primary reac-
tion kinetics model. That is, Aβ, which is a precursor protein, binds to the 
polymerized nucleus or the already existing fiber stump one after another 
while changing the three-dimensional structure, so that it proceeds rapidly. 
Using a high-speed atomic force microscope that can be observed in sec-
onds, Ono et al. revealed the formation of fAβ42, which was difficult to 
observe in real time due to its rapid aggregation. It was shown that fAβ42 is 
not only stepwise formed but also has a one-way advantage. In addition, it 
was proved that there are two types of fAβ formed, straight and spiral, and 
that a switched hybrid type is also observed, and that the fibrillar structure 
can be changed depending on the surrounding electrolyte conditions.15

3.4 Soluble low-molecular-weight oligomer
Recent studies of Aβ oligomers have focused on smaller soluble oligomers 
as well as correlating oligomer size and biological activity.

Ono et al. succeeded in separating and extracting soluble oligomers in a 
stabilized state and analyzed using the extracted oligomers. As a result, it was 
clarified that the proportion of β-sheet structure increased in dimers, trim-
mers, and tetramers compared with monomers and the cytotoxicity increased 
accordingly.14 In particular, it has been shown that the  monomer-to-dimer 
process may be an important therapeutic target for AD.16

3.5 High-molecular-weight oligomers and off-pathways
As an intermediate in the Aβ aggregation process, not only low- molecular-
weight oligomers as described above but also high-molecular-weight 
oligomers such as Aβ-derived diffusible ligands and protofibrils have been 
reported. Ono et al. compared and observed the aggregation process from 
the polymer oligomer protofibril and the monomer, and the protofibril 
was a pathway different from the pathway (on pathway) in which Aβ42 
fiber is formed from the monomer, which is the final stage (off pathway) 
(Fig.  2). It was proposed that the monomer may be depolymerized and 
then enter the on-pathway.15 In addition, the high-molecular-weight oligo-
mer of Aβ42 exerts neurotoxicity through membrane damage mediated 
by active oxygen generation on the cell membrane and lipid peroxidation, 
 resulting in decreased membrane fluidity and abnormal intracellular calcium  
regulation, membrane depolarization, and synaptic plasticity disorder have 
been shown.17 It was also found that these effects are weak mainly in 
low-molecular-weight Aβ containing monomers.17
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4. Regulation of Aβ concentration in the brain

Aβ production in the brain is mainly carried out by neurons with the high-
est BACE1 expression levels.18 The activity of BACE1, γ-secretase, and the 
α-secretase a disintegrin and metalloprotease 10 (ADAM10) changes ac-
cording to neural activity, and the amount of Aβ produced also changes 
according to neural activity.19

The following reports have also been made in relation to increased 
Aβ production linked to neural activity. That is, the correlation between 
the level of consciousness and the amount of Aβ in the cerebrospi-
nal fluid in coma patients,20 the daily fluctuation of the amount of Aβ 
in the brain associated with sleep/wakefulness,21 and abnormal eleva-
tion of brain activity in nondemented individuals with amyloid plaque 
deposits.22

On the other hand, experiments have shown that high concentrations 
of Aβ cause abnormal excitement of nerve cells, decrease of nerve activity, 
or death of nerve cells.

5. Decomposition and excretion
5.1 Decomposition
The half-life of Aβ in the brain is about 30 min.23 Aβ is destroyed by several 
 amyloid-degrading enzymes, such as neprilysin. Insulin-degrading enzymes, 
plasmin, endoserin-converting enzyme, cathepsin, Kallikrein-related pepti-
dase 7 (KLK7), matrix metalloproteinase, etc. have been identified as Aβ-
degrading enzymes.24

Fig. 2 Polymer oligomers and off-pathways.
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Aβ is also known to be phagocytosed by glial cells. Furthermore, it has 
been suggested that it may be excreted by transendocytosis via vascular 
 endothelial cells. In addition, apolipoprotein E, which is the strongest ge-
netic risk factor for Alzheimer’s disease, is said to be involved in the Aβ deg-
radation system.25 Furthermore, it has been shown that Aβ clearance rates 
are significantly reduced in patients with sporadic Alzheimer’s disease.26

5.2 Excretion
There is no lymphoid tissue in the brain. Therefore, the system correspond-
ing to the lymphatic system involved in the excretion of waste products in 
the brain is called intramural Periarterial drainage (IPAD). Interstitial fluid 
and cerebrospinal fluid play a central role.27

The anatomical absorption pathway for waste products when albumin 
was injected into the brain gray matter was envisioned in the 1990s.28 That 
is, from the basement membrane of the capillaries, it is selectively distrib-
uted in the pericapillary space of the artery, enters the nasal mucosal lymph 
vessels along the olfactory nerve at the base of the anterior skull, and reaches 
the cervical lymph nodes. Since then, the perivascular space around the 
cerebral arteries has come to be considered to correspond to a functional 
lymphatic vessel (perivascular drainage pathway).

5.3 Normal function of Aβ
Although the normal function of Aβ is not well understood, it has been dis-
covered that it may have some activity. Examples include kinase activation,29 
protection from oxidative stress,30 regulation of cholesterol transport,31 func-
tion as a transcription factor,32 and antibacterial activity (possibly associated 
with Aβ proinflammatory activity).33 It is also suggested that Aβ produced 
in a neural activity-dependent manner may be involved in the regulation of 
neural activity in the brain as feedback. However, no neuroplastic abnor-
malities have been reported in APP knockout mice, and the physiological 
significance of Aβ is unknown. Studies in some animals have shown that the 
absence of Aβ does not cause a definite loss of physiological function.34

6. Relationship between Aβ and disease (including gene 
mutation)
6.1 Sporadic AD
Brain Aβ is elevated in patients with sporadic AD. Aβ is a major compo-
nent of amyloid in the brain parenchyma and cerebrovascular disease, which 
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 contributes to cerebrovascular lesions, and is neurotoxic. It is not known 
how Aβ accumulates in the central nervous system and then how cell le-
sions begin.

6.2 FAD and genetic mutation
Autosomal dominant mutations in APP cause hereditary FAD. FAD families 
with duplicate mutations in the APP gene have been identified and provide 
a strong basis for the amyloid cascade hypothesis in Alzheimer’s disease.35

On the other hand, autosomal dominant mutations in APP account for 
less than 10% of all cases, and most are not associated with such mutations.36 
FAD is thought to be the result of altered processing of proteolysis. Most 
of the gene mutations linked to FAD show the property of increasing Aβ 
production or aggregation potential.

6.2.1 Gene mutation that enhances Aβ production
The Swedish mutation and Italian mutation present near the β-secretase 
cleavage site increase the affinity of APP for BACE1 and increase the total 
Aβ production.37,38 In addition, there is another cleavage site for β-secretase 
in the Aβ sequence, which is called the β′cleave site. This cleavage leads to 
the production of Aβ with a short N-terminus, but the Leuven mutation, 
which is a mutation at the β′cleavage site, suppresses β′cleavement, and as a 
result, has the effect of increasing total Aβ production.39

In addition, whole-genome sequencing analysis of the Icelandic popula-
tion identified an Icelandic mutation that reduces Aβ production by 40% as 
a rare variant that acts protectively against Alzheimer’s disease and cognitive 
decline associated with aging.40 This mutation has been shown to reduce 
the efficiency of cleavage by β-secretase. It can be said that this mutation 
clarified that changes in Aβ production regulated the risk of developing 
Alzheimer’s disease.

Recently, a functional deletion mutation of ADAM10 was found in 
FAD, and it was shown that suppression of the non-Aβ production pathway 
shifts APP metabolism to Aβ production and induces AD.41

6.2.2 Gene mutation that changes the production ratio of highly 
cohesive Aβ42
FAD mutations present near the Aβ sequence in the APP sequence do not 
affect the Aβ molecule itself, but change its production. The London muta-
tion, found for the first time in the world as a gene mutation linked to FAD, 
has been shown to affect the C-terminal length of secreted Aβ.42
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In addition, the Iranian mutation, Australian mutation, German muta-
tion, French mutation, Florida mutation, Iberian mutation, London muta-
tion, Australian mutation, Belgian mutation, etc., which are present on the 
C-terminal side of Aβ, all change cleavage by γ-secretase. As a result, the 
production ratio of Aβ42, which is particularly highly cohesive, is increased 
without significantly affecting the total amount of Aβ produced. Flemish 
mutations are also thought to reduce the effectiveness of domains that sup-
press γ-secretase activity and increase Aβ production.43

On the other hand, most FADs are linked to point mutations on the 
Presenilin 1 or 2 gene. It is not yet clear how these FAD mutations affect the 
presenilin protein. In addition to mutations that increase Aβ42 production, 
mutations that decrease Aβ40 production and mutations that suppress Aβ 
production as a whole have also been reported. However, it is common for 
all mutations to specifically increase the production ratio of Aβ42 compared 
to wild-type γ-secretase.44 As a result, it is thought that the onset process of 
AD is promoted.

Mutations that suppress Aβ42 production by γ-secretase, such as the 
Icelandic mutation for β-secretase, have not yet been found. However, it has 
been reported that decreased expression of the AD-related genetic preven-
tive factor PICALM reduces Aβ42 production by altering the intracellular 
transport of γ-secretase.45

6.2.3 Gene mutations that alter aggregation potential
Many FAD mutations are also present in the Aβ sequence and often have 
a significant effect on Aβ aggregation. The mutations on the N-terminal 
side of the Aβ sequence are the British, Tottori, and Italian mutations. Both 
the British and Tottori mutations enhance fAβformation.46 For the Italian 
mutation, it enhances cleavage by β-secretase and at the same time enhances 
aggregation potential.38

On the other hand, as mutations located in the central part of the Aβ 
sequence, there are Arctic mutation, Osaka mutation, and Iowa mutation. 
The Dutch mutation was discovered as a mutation linked to Dutch he-
reditary amyloid cerebral hemorrhage. Both the Dutch and Arctic mu-
tations have been shown to have high amyloid fibrillogenic potential 
in vitro.47 In addition, Arctic mutations have been observed to enhance 
and stabilize the formation of protofibrils that occur during the inter-
mediate stages of fAβ formation.48 Aβ with the Osaka mutation does not 
form amyloid fibrils and remains in the form of oligomers, exhibiting 
synaptic toxicity.49
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6.3 Down syndrome
The APP gene is located on chromosome 21, so people with Down syn-
drome have an extremely high incidence of Alzheimer’s disease. Adults with 
Down’s syndrome had an accumulation of amyloid associated with evidence 
of Alzheimer’s disease, including memory loss, impaired executive function, 
and impaired visuospatial skills.50

7. Intervention strategy

Anti-AD therapeutic agents have been developed targeting Aβ. The devel-
opment of therapeutic agents that suppress the mechanism of Aβ production 
by controlling secretase activity, suppress amyloid formation by inhibiting 
Aβ aggregation, and promote Aβ removal has been promoted.

7.1 Secretase activity regulator
Mutations in APP associated with the early onset of Alzheimer’s disease have 
been shown to relatively increase Aβ42 production, regulating β-secretase 
and γ-secretase activity primarily to produce Aβ40. It has been suggested 
that doing so may be a cure for Alzheimer’s disease.

β-secretase inhibitors prevent the initial cleavage of APP in the endo-
plasmic reticulum within the cell. γ-secretase inhibitors prevent the second 
cleavage of APP on the cell membrane and stop the subsequent formation 
of Aβ and toxic fragments. One of the major problems with this therapeutic 
approach is the need to interfere with enzymes that have functional roles 
other than the amyloid formation pathway.

Such examples include clinical trials approached by γ-secretase inhib-
itors, which faced results such as severe cognitive impairment and an in-
creased incidence of skin cancer.51 It is thought that γ-secretase is involved 
in the cleavage of many substrates, and in particular, suppression of Notch 
signal may have become a major problem.

Compounds that partially inhibit β-secretase and γ-secretase activities 
are also being sought. However, in order to initiate partial inhibition, the 
compound must block the large active site of aspartic protease, but at the 
same time, it must cross the blood-brain barrier, which is one developmen-
tal challenge.

7.2 Aβ aggregation inhibitor
Compounds targeted for Aβ aggregation that have been clinically tested are 
Tramiprosate (polysulfate compound), PBT2 (an analog of cryoroquinol), 
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ELND005 (cyloinositol, a plant sugar alcohol), and GV-971 (sodium oligo-
manuralate, oligosaccharide derived from the ocean).

Regarding clinical trials using Tramiprosate, it was reported in a phase II 
study that maintenance or improvement of cognitive function was  observed 
in patients with mild AD,52 but no significant effect was observed in a 
phase III study.53 However, new prodrugs and biotransformers are also be-
ing developed. ALZ-801, an orally administrable prodrug of tramiprosate, 
significantly improved pharmacokinetic variability and gastrointestinal tol-
erance.52 In addition, 3-sulfopropanoic acid, which is a metabolite of trami-
prosate, has been shown to be as effective as tramiprosate in vitro.54

In a phase II study, PBT2 showed a significant improvement in frontal 
lobe function and a significant decrease in Aβ42 in cerebrospinal fluid in 
patients with mild to moderate AD.55 On the other hand, in another phase 
II study, there was no significant effect on amyloid deposition, glucose me-
tabolism, or cognitive function in patients with amnestic mild cognitive 
impairment (with amyloid deposition) and mild AD.56

ELND005 was conducted in a double-blind phase II study in patients 
with mild to moderate AD, but the high-dose group was discontinued due 
to serious side effects. On the other hand, although there were no signifi-
cant differences in cognitive function or daily living function in the low-
dose group, tolerability was confirmed and Aβ42 found in cerebrospinal 
fluid was significantly reduced.57

GV-971 is a linear molecule of manno-oligosaccharide, and a phase III 
study was conducted in AD patients in China, and changes were observed 
to improve the Alzheimer’s disease evaluation scale (ADAS-cog). Phase III 
trials are underway and are planned for deployment in the United States, 
Europe, and China.58,59

Aggregates of pathogenic proteins, especially oligomers, are considered 
to be important target factors in the development of disease-modifying 
therapies for neurodegenerative diseases. Aβ aggregation regulators are cur-
rently being vigorously developed with the aim of preventing lesion pro-
gression in AD.

7.3 Immunotherapy
A strategy that stimulates the host’s immune system to recognize and attack 
Aβ, or to prevent the accumulation of amyloid plaques or promote the re-
moval of amyloid plaques and Aβ oligomers.

Oligomerization is the chemical process by which individual molecules 
are transformed into chains of a finite number of molecules. Prevention of Aβ 
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oligomerization is an example of active and passive immunization to Aβ. In 
this process, antibodies to Aβ are used to reduce the level of amyloid plaques 
in the brain. Amyloid levels are reduced by removal by microglia or by facili-
tating the redistribution of peptides from the brain to the  systemic circulation. 
Antibodies targeting Aβ that have been clinically tested include aducanumab, 
bapineuzumab, crenezumab, gantenerumab, and solanezumab.60,61 Aβ vac-
cines such as CAD106 and UB-311 are also in clinical trials.60

Questions have been raised about the effectiveness of immunotherapy. 
Multiple anti-Aβ42 antibodies have been shown to have minimal cognitive 
protective effects in each study. However, it is also possible that the symp-
toms were too advanced at the time of the study. Further development is 
needed to apply it to asymptomatic patients and evaluate its effectiveness at 
an early stage of disease progression.

7.4 Other strategies
Long-term use of cholesterol-lowering drugs such as statins has been 
shown to be associated with a reduced incidence of Alzheimer’s disease. In 
mice with genetically modified APP, cholesterol-lowering drugs have been 
shown to suppress pathology overall. Although the mechanism is not well 
understood, cholesterol-lowering drugs appear to have a direct impact on 
APP processing.62

Norvaline is an arginase inhibitor that easily crosses the blood-brain 
barrier and reduces the loss of arginine in the brain. Aβ accumulation is 
associated with l-arginine deficiency and neurodegeneration. Mice treated 
with norvaline had improved spatial memory, increased neuroplasticity- 
related proteins, and decreased Aβ.63

7.5 Summary of intervention strategies and the future
Based on the amyloid cascade hypothesis, Aβ-targeted anti-Alzheimer’s dis-
ease strategies have been expected as radical treatments.

On the other hand, other than Aβ are involved in the pathophysiol-
ogy of AD. There has long been a lot of debate about the relationship be-
tween Aβ accumulation and neurofibrillary tangles, which are tau lesions. 
While the disease specificity of amyloid plaque is high in the autopsy brain, 
neurofibrillary tangles are observed in various neurodegenerative diseases, 
and amyloid plaque accumulation is also observed in healthy nondementia 
subjects.
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Since then, it has been found that almost all FAD gene mutations en-
hance Aβ accumulation. In addition, mutations that suppress Aβ  production 
were identified as protective mutations against cognitive decline. In addi-
tion, frontotemporal lobar degeneration was found that did not show amy-
loid plaque accumulation due to mutations in the tau gene.

These findings suggest that Aβ is a toxic molecule that causes Alzheimer’s 
disease and that tau lesions are a process directly involved in neuronal cell 
death downstream. Using model mice, it was also shown that Aβ accumulation 
enhances tau lesions and increases tau concentration in cerebrospinal fluid.64,65

However, the development of treatments for many Aβ has failed so far. 
In particular, in the clinical trial of Aβ vaccine therapy AN-1792, the de-
cline in cognitive function was not suppressed, although patients with am-
yloid plaque accumulation disappeared.66 Therefore, anti-Aβ therapy based 
on the amyloid cascade hypothesis was questioned.

On the other hand, recent large-scale clinical observational studies and 
biomarker analysis of FAD mutation carriers have revealed that Aβ accu-
mulation begins more than 15–20 years before the onset of Alzheimer’s dis-
ease. Tau lesions are subsequently triggered. It was also found that healthy 
subjects with amyloid plaque accumulation and mild cognitive impairment 
have a significantly higher probability of developing Alzheimer’s disease.67

Based on the above, Aβ accumulation is considered to be the most up-
stream process in Alzheimer’s disease lesions as brain amyloidosis. At present, 
it is necessary to correctly understand the risk of developing AD in individ-
uals in the presymptomatic stage and to start anti-Aβ therapy as preemptive 
medicine.
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1. Introduction

In the pathophysiology of Alzheimer’s disease (AD), the two classic hall-
marks of disease are the presence of extracellular plaques, mainly made out 
of amyloid-β peptides (Aβ), and intracellular tangles consisting mostly of 
microtubule-associated, hyperphosphorylated protein tau (p-tau).1 Aβ is a 
cleaved product by β-secretase (also known as BACE1) and γ-secretase from 
the integral membrane protein amyloid precursor protein (APP). Aβ can be 
produced in different sizes (from 36 to 43 amino acids in length), differing 
in their C-terminus, from which the 42-amino acid peptide is the least 
soluble and most prone to aggregation. Presenilin 1 (PSEN1) is a subunit 
of γ-secretase, and mutations in PSEN1 and APP may increase the gener-
ation of Aβ1–42 peptides.2 For example, PSEN1 mutations cause the most 
common type of familial AD, FAD.3 In addition to the known extracellular 
aggregation of Aβ plaques in AD, intracellular Aβ peptides play both physio-
logical and pathological functions in neurons.4,5 In addition to pathological 
Aβ, accumulation of pathological tau tangles is arguably another cause of 
AD. While tau is mostly known to participate in microtubule assembly,6 
other roles, such as its participation in different cell signaling pathways, 
have also been described.7,8 Tauopathies are a group of neurodegenerative 
diseases with abnormal hyperphosphorylation of microtubule-associated 
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protein Tau (MAPT), leading to the formation of neurofibrillary tangles. 
Tauopathies include AD and many other diseases. While there is no Tau 
mutation in AD, Tau mutations are present in other tauopathies, such as 
 tangle-only dementia, Pick’s disease, progressive supranuclear palsy, cortico-
basal degeneration, argyrophilic grain disease, and globular glial tauopathy, 
among others.9 One of the most well-recognized puzzles in the field has 
been how one protein (tau) could possibly lead to so many different types 
of diseases. Recent structural studies have shown that different diseases pos-
sess distinct conformers of tau filaments.9 Additionally, the least soluble and 
aggregative forms of Aβ and p-tau may be considered the most pathological 
in AD.10 It is interesting to note that Aβ plaques and tau tangles do not 
seem to act independently from each other, but rather interact to produce 
the characteristic phenotypes of AD. For instance, injection of Aβ1–42 into 
mutant tau mice (expressing mutant human tau P301L) dramatically accel-
erated tau pathology as shown by increased number of tangles11 (limitations 
of AD models reviewed in Ref. 12). Accumulation of brain Aβ plaques and 
tau tangles may be caused by increased production and reduced elimination 
of Aβ and tau, such as might be seen through impaired cellular clearance 
pathways, also termed autophagy.

Autophagy is a powerful cellular process that encompasses the differ-
ent pathways that cells use to engulf and transport cellular substrates to 
the acidic lysosomes for degradation and recycling.13,14 While there is an 
age- dependent reduction in autophagy, it is also compromised in AD.15 
Mitochondrial autophagy (termed mitophagy) is a subtype of selective 
macroautophagy, whereby damaged and superfluous mitochondria are 
recognized and selected for lysosomal degradation (Fig. 1). Compromised 
mitophagy is a risk factor in AD and exacerbates AD progression.16,17 
Accumulation of brain Aβ plaques and tau tangles may also be related to 
impaired glymphatic clearance during sleep. Indeed, an emerging biomarker 
for the development of AD is sleep dysfunction.18 Circadian rhythm dysreg-
ulation, insomnia, fragmented sleep, and “sundowning” are common clinical 
manifestations associated with both early and late stages of AD, along with 
simultaneous deficits in mitochondrial function and mitophagy.19 Both 
sleep and mitochondrial dysfunction are risk factors for AD that appear 
preclinically,20,21 while early sleep fragmentation predicts the severity of 
cognitive decline in late stage AD.18

Here, we summarize the roles of mitochondria and mitophagy in neu-
rons and the brain, and their linkages to Aβ plaques, tau tangles, and other 
AD pathologies. In addition to including molecular mechanisms of de-
fective mitophagy in AD, novel therapeutic strategies targeting mitophagy 
stimulation are also included.
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Fig.  1 Mechanisms of mitophagy. (A) In cells, the initiation of the macroautophagic machinery 
is at least partially regulated by mTOR and AMPK, where the ULK1 complex is a common target. 
This complex begins nucleation through the activation of the PI3KC3 complex, a process that can 
be inhibited through the interaction of Bcl-2 and Beclin1. Nucleation starts the production of 
 phosphatidylinositol-3-phosphate (PI3P), which recruits WIPI proteins and DFCP1. LC3 is initially 
cleaved by ATG4, converting it into LC3-I. ATG7, phosphatidylethanolamine (PE), and ATG3 then 
conjugate LC3-I into LC3-II. Members of the PI3P complex can interact with ATG5-ATG12-ATG16L1 
and boost conjugation of LC3. Receptors (e.g., NIX) bind both the mitochondria and to LC3-II on 
the phagosome. The phagosome further develops into an autophagosome, acidifies, and fuses 
with a lysosome, turning into an autophagolysosome, where degradation of the targets occurs. 
(B) One of the most common types of mitophagy is the PINK1-Parkin-dependent pathway. Initially, 
PINK1 targets dysfunctional mitochondria and accumulates on their surface; this in turn recruits 
Parkin, which ubiquitinates the mitochondria. Receptors bind to both the ubiquitin and the LC3 
on the forming phagosome. The phagophore further develops into an enclosed autophagosome, 
which acidifies and fuses with the lysosome, further degrading the targeted mitochondrion. (C) 
The process of mitophagy can also occur in the absence of PINK1-Parkin, where receptors (e.g., 
NDP52) directly bind to the damaged mitochondria. (D) The process of mitophagy can degrade 
components of the mitochondria through the piecemeal mitophagy pathway. It has been shown 
that mitochondrial components such as MTX1 can be targeted by LC3 and SQSTM1 and further 
degraded through mitophagy. Selective targeting of mitochondrial proteins is relevant to maintain 
mitochondrial protein homeostasis.
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2. Mitochondrial dysfunction
2.1 Mitochondria play fundamental roles in development  
and activities of neurons
Neurons form a unique cell type within the body. Transferring signals from 
center to center within the brain, as well as out to the body itself, neurons 
expend a large amount of energy in performance of their daily tasks. This 
energy is produced by the mitochondria within the cells. Due to their rel-
atively higher energy expenditure, neurons often contain a large volume of 
mitochondria for ATP production. In addition, neurons rely on the efficient 
transport of energy to different subcellular regions in order to ensure appro-
priate levels of ATP production in more remote locations,22,23 which itself 
requires increased energy production. A mitochondrion consists of an outer 
membrane, and inner membrane and matrix; the TCA cycle and oxida-
tive phosphorylation (OXPHOS) take place in mitochondria and produce 
ATP. In order to bring the raw materials required for ATP production into 
the mitochondria, translocases located on the outer membrane (TOMs) 
mediate the movement of molecules into the mitochondria, while trans-
locases located on the inner membrane (TIMs) mediate the movement of 
molecules into the aqueous mitochondrial matrix for use.24 Mitochondria 
are dynamic subcellular organelles as they constantly go through fusion 
and fission. Common proteins involved in mitochondrial fusion are mi-
tofusin 1 and 2 (MFN1 and MFN2) and optic atrophy 1 (OPA1), while 
proteins such as mitochondrial fission factor (MFF), the cytosolic GTPase 
dynamin-related protein 1 (DRP1), mitochondrial fission protein 1 (FIS1), 
mitochondrial dynamics proteins of 49 and 51 kDa (MiD49 and MiD51, 
respectively), and dynamin 2 (DNM2; possibly not essential in some cell 
types) divide one mitochondrion to smaller ones.25–27

In the nervous system, mitochondria play critical roles in a multitude 
of processes, such as neuronal growth and differentiation, synaptic plasticity, 
neuronal firing, and the arbitration of neuronal survival or death16,28; thus, 
their proper functioning may be key to the maintenance of brain health. 
Recent studies have shown that the healthy human brain is able to un-
dertake regeneration of itself after hippocampal injury, but this process is 
severely lacking in the AD brain.29 It is known that during neuronal dif-
ferentiation, the number of mitochondria within in the neuron increases,28 
and if mitochondrial amplification is suppressed, neurons are not able to dif-
ferentiate.30 These findings, emphasizing the importance of mitochondria in 
brain development and health, suggest that the progression of AD could be 
impeded, at least partially, by targeting the maintenance of mitochondrial 
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homeostasis. Further supporting this suggestion, research suggests that the 
accumulation of damaged mitochondria, mainly due to compromised mi-
tophagy and the ubiquitin-proteasome system (UPS), contributes to neuro-
nal loss in both the elderly and individuals with accelerated aging diseases, 
as well as in AD and other neurodegenerative diseases.14,31,32 These find-
ings highlight the importance of a healthy mitochondrial pool and proper 
functioning of the mechanisms that maintain mitochondrial homeostasis to 
maintain healthy aging and neuroprotection.

2.2 Mitochondrial dysfunction is an early feature of AD
Mounting evidence from experiments using human brain tissue and ani-
mal models indicates that there may be altered morphology and impaired 
function of mitochondria in AD. Proteins involved in mitochondrial dy-
namics are also altered in AD. Mitochondrial fission proteins such as DRP1, 
MFF (including phosphorylated MFF at S146), MiD49, MiD51, and FIS1 
have bene shown to be upregulated in AD, in line with the excessive mito-
chondrial fragmentation seen in AD.17,33–35 In the brains of both early- and 
late-onset AD patients, as well as in some AD mouse models, mitochon-
drial abnormalities are visible, including accumulation of mitochondrial 
DNA (mtDNA), higher reactive oxygen species (ROS), reduced mito-
chondrial membrane potential, and low ATP production. Compromised 
ATP production in AD could be attributed to impaired axonal transport 
of mitochondria and reduced activities of members of OXPHOS (such 
as enzyme complexes I, II, and V).17,23,35,36 Furthermore, abnormalities in 
mitochondrial function could be related to the impairment of other mi-
tochondrial proteins such as cytochrome c oxidase (COX), α-ketoglutarate 
dehydrogenase complex (KGDHC), and pyruvate dehydrogenase complex 
(PDHC).37–39 In line with the importance of mitochondria in metabolism, 
metabolic derailment is one of the earliest features in AD brains40; for ex-
ample, there is a glial upregulation of fatty acid metabolism to compensate 
for neuronal glucose hypometabolism in AD,41 while oxidative damage has 
been shown to precede Aβ deposition.42

While it is not fully clear whether mitochondrial dysfunction arises due to 
Aβ/tau pathologies or the other way around, age, genetic, and environmental 
factors cause compromised mitophagy, which results in the accumulation of 
damaged mitochondria during aging and especially in AD. Accumulation of 
damaged mitochondria could cause or exacerbate Aβ and tau pathologies 
via different mechanisms, including activation of the NLRP3 inflammation 
pathway,17,43 and indeed it has been reported that NLRP3 activation leads 



96 Autophagy dysfunction in Alzheimer’s disease and dementia

to Aβ and tau pathologies.44,45 Emerging evidence from postmortem human 
brain samples and animal studies suggests a high likelihood that mitochon-
drial dysfunction occurs ahead of detectable Aβ and tau pathologies and 
AD clinical phenomena (reviewed in Ref. 4). The entorhinal cortex (EC) is 
pivotal in memory (especially spatial memory) as it links the neocortex and 
the hippocampus. EC layer II (EC L-II) is the earliest brain region affected 
by neurofibrillary tangles (NFTs)46; reelin- immunoreactive neurons in EC 
L-II express intracellular amyloid-beta Aβ (iAβ) in early AD when no extra-
cellular Aβ plaques are yet visible.5 Interestingly, mitochondrial dysfunction 
happens in a spatiotemporal pattern with the EC being the earliest region 
exhibiting changes. In the human brain, when compared with cognitively 
healthy individuals, reduced activity of mitochondrial complexes I, II, IV, 
and V are already detectable in the EC at Braak stages I–II.47 This is likely 
followed by a similar reduction in mitochondrial activity in the hippocam-
pus,17 with other areas (the parietal, prefrontal, and frontal cortices) exhib-
iting dysfunctional mitochondria at later stages.48,49 The cerebellum does 
not show AD pathologies until a very late stage of AD, and consequently, it 
incurs less mitochondrial damage and oxidative stress than the neocortical 
areas.50 Collectively, mitochondrial dysfunction is already present in the ear-
liest stages of AD, much earlier than the symptomatology arises. In addition, 
there is a high anatomical and spatiotemporal match between tau pathology 
and mitochondrial dysfunction in AD.

2.3 Interactions of mitochondria with Aβ and tau
Evidence from over three decades of studies shows a convoluted and vicious 
cycle between mitochondrial dysfunction and pathological Aβ and tau. As 
mitochondrial dysfunction increases the aggregation of Aβ and tau, patho-
logical Aβ and tau can cause and exacerbate mitochondrial dysfunction 
(Fig. 2). It is suggested that genes involved in mitochondrial energy metab-
olism are upregulated as a compensatory response to the expression of both 
mutant amyloid-beta precursor protein (APP) and Aβ.51,52

While Aβ can be found in the brain of cognitively healthy people,53 
there is evidence that a small portion of Aβ exists in the mitochondria of the 
human AD brain42 and that inhibiting energy production increases the pro-
duction of Aβ51,54 (Aβ can use translocase of the outer membrane (TOM) to 
be transported into the mitochondria52). In addition, APP can block TOM40 
and TIM23, arresting the entry of nuclear DNA-encoded mitochondrial 
proteins such as cytochrome c oxidase subunits 4 and 5b.55 This results in an 
increase in hydrogen peroxide levels and a decrease in cytochrome c oxidase 



Fig.  2 Boosting mitophagy as a potential therapy for AD. Left: Impaired mitophagy results in accumulation of damaged mitochondria, 
contributing to Aβ and tau pathologies. Furthermore, in a vicious cycle, Aβ and tau increase ROS production while altering mitochondrial fis-
sion/fusion (dynamics) and biogenesis, exacerbating mitochondrial dysfunction. In addition, the presence of Aβ and tau decreases the levels 
of important mitophagy/autophagy proteins such as the mitochondrial localization of Parkin and p-ULK1. These may contribute to risk or 
exacerbation of the clinical appearance of AD. Right: Pharmacological or genetic restoration of defective mitophagy/autophagy allows for 
the clearance of dysfunctional mitochondria, as well as pathological Aβ and tau proteins, resulting in brain protection.
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activity, which can then result in production of free radicals.52,55 Cyclophilin 
D (CypD), a mediator of the mitochondrial permeability transition pore 
(PTP), has also been found to interact with Aβ in AD models, increasing 
mitochondrial and neuronal stress. Interestingly, AD mice lacking CypD are 
protected from cell death due to oxidative stress, in addition to experiencing 
improved cognition.56 In mitochondria, the enzyme presequence protease 
(PreP) is capable of degrading Aβ; however, the degradation of Aβ by PreP 
is eradicated under oxidative stress.57 Another potential target may be Aβ 
binding alcohol dehydrogenase (ABAD). In AD models, Aβ may directly 
or indirectly interact with ABAD, an enzyme present in the mitochondria, 
which may create mitochondrial dysfunction through reduction of COX 
activity, membrane potential, ATP, etc.58,59 Regarding fission-fusion dynam-
ics, Aβ can induce mitochondrial fragmentation through higher levels of 
S-nitrosylation of the fission-inducer DRP1, resulting in neuronal injury 
and death.60 All this research indicates that in AD, Aβ may directly interact 
with mitochondria and cause mitochondrial damage.

In addition to Aβ, pathological tau also has a strong links to mitochon-
drial dysfunction. In human AD neurons, where mitochondrial fission 
dominates,17 tau has been shown to directly interact with DRP1 and to 
correlate with an increase in GTPase activity.60 By blocking mitochondrial 
localization of DRP1, mutated tau can produce mitochondrial elongation 
in neurons, together with cell death,61–64 in addition to neurotoxicity.65 
Furthermore, studies have shown that phosphorylation at certain sites affects 
the movement and distribution of neuronal mitochondria.66 In the model 
(rTg)4510, which is a reversible tau mouse, it was shown that the distribution 
of mitochondria across somata and neurites progressively worsens with age. 
However, when the expression of tau was inhibited, a normal distribution 
was recovered.67 These localization abnormalities were also observed in hu-
man brain samples.67 Finally, truncated forms of tau were associated with 
fragmented mitochondria, which in turn correlate with decreased levels 
of the mitochondrial fusion protein OPA1.68 Collectively, pathological tau 
causes damage and distribution abnormality to mitochondria in the neurons.

3. Defective mitophagy in AD
3.1 Molecular mechanisms of mitophagy
As mentioned before, mitophagy is a type of selective autophagy through 
which damaged mitochondria are marked and recognized by the cellular 
autophagic machinery, enveloped by autophagosomes, and then degraded 
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through fusion with lysosomes. Several mitophagy pathways have been 
identified, but the PTEN-induced kinase 1 (PINK1)/Parkin pathway is 
probably one of the most studied.69 PINK1-Parkin-dependent mitophagy 
is initiated by a depolarization of the mitochondrial inner membrane caused 
by mitochondrial damage. This stops the normal movement of PINK1 into 
the mitochondria for degradation, resulting in the accumulation of PINK1 
anchored on the mitochondrial outer membrane.70 The PINK1 associated 
with the surface then begins to recruit the E3 ubiquitin ligase Parkin, which 
further ubiquitylates specific mitochondrial outer membrane proteins, even-
tually causing formation of a phagophore. The phagophore then associates 
with the lysosome that in turn degrades the damaged organelle. To note, 
Parkin can function as a signal amplifier through adding more ubiquitin 
chains to the mitochondria, enabling stronger mitophagy; in line with this, 
the PINK1-dependent, Parkin-independent pathway is less efficient in mi-
tochondrial elimination compared with the PINK1-Parkin-dependent mi-
tophagy pathway.71–73 In PINK1/Parkin-independent mitophagy pathways, 
recognition of damaged (in some specific conditions, sulfurous but healthy 
mitochondria) is mediated by other proteins such as NIX, BNIP3, FKBP8, 
FUNDC1, BCL2L13, PHB2, and Cardiolipin, among others (reviewed in 
Ref. 16). Other mitophagy pathways and nonmitophagic mitochondrial 
elimination pathways are detailed in published reviews.4,74 The mitophagy 
machinery is a promising druggable target as bioavailable molecules, such as 
nicotinamide riboside (NR), nicotinamide mononucleotide (NMN), and 
urolithin A (UA) induce mitophagy and increase neuronal function.17,75

3.2 Defective mitophagy in AD
Mitophagy is compromised in AD. The basal level of mitophagy in post-
mortem hippocampi from AD patients is reported to be 30%–50% reduced 
compared with cognitively normal individuals.17 In line with this, mito-
phagy is diminished in the iPSC-derived cortical neurons of AD patients, 
in the neurons of Caenorhabditis elegans, as well as in the hippocampal tis-
sues of both APP/PS1 and 3xTgAD mice.17,76 Defective mitophagy leads 
to the accumulation of dysfunctional mitochondria, which could result in 
increased mitochondrial Ca2 + release, bioenergetic deficiency, loss of mem-
brane potential, and oxidative stress at a cellular levels.35,77 By extrapolation, 
accumulation of damaged mitochondria could also lead to Aβ and tau pa-
thologies, with detailed mechanisms we have summarized elsewhere.4,23

While the molecular drivers of defective mitophagy in AD are not fully 
understood, there are some clues. First, impaired mitophagy in AD could 
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be contributed to by the impaired initiation of the mitophagy machinery as 
the active phosphorylated form of ULK1, one of the initiative proteins of 
the autophagy machinery, is impeded in AD human hippocampal tissues.17 
Second, impaired mitophagy in AD could be caused by pathological tau as 
overexpression of human wild-type (hTau) and FTD mutant tau (hP301L) 
inhibit mitophagy in neuroblastoma cells and in C. elegans, via reduction of 
the mitochondrial translocation of Parkin.78 Whether and how pathologi-
cal Aβ peptides inhibit mitophagy remains to be determined. Importantly, 
pharmacological17 or genetic79 restoration of mitophagy impedes memory 
loss in AD animal models, indicating that compromised mitophagy plays an 
important role in AD progression.

Compromised mitophagy in AD could be also ascribed to aging via nic-
otinamide adenine dinucleotide (NAD+) depletion. NAD+ is a fundamental 
metabolite involved in a broad spectrum of cellular activities, such as cellular 
bioenergetics, genomic stability, mitochondrial homeostasis, adaptive stress 
responses, and cell survival.80 In neurons, NAD+ is necessary for neuronal 
development, synaptic plasticity, and neuronal stress resistance. Neurons are 
sensitive to the reduction of NAD+ levels.31,81,82 A deficiency in neuronal 
NAD+ affects neuronal health and survival through disruption of the main-
tenance of balance between mitochondrial biogenesis and mitophagy.80 
NAD+ modulates mitochondrial bioenergetics through several pathways 
including the NAD+/SIRT1-PGC1α pathway, which plays a major role in 
mitochondrial biogenesis, neuroprotection, and longevity.31 Furthermore, 
NAD+ stimulates mitophagy/autophagy via transcriptional or transla-
tional upregulation of several mitophagy/autophagy proteins, such as NIX 
(DCT-1 in worms), ULK1 (UNC-51 in worms), Beclin-1, LC3, ATG-12, 
and BNIP3.82,83 NAD+ also posttranslationally activates many proteins di-
rectly or indirectly involved in mitophagy/autophagy via NAD+-SIRTs-
dependent deacetylation (or other processes), such as ATG5, ATG7, LC3, 
FOXO1, and FOXO3.83–85 There is also a likelihood that autophagy main-
tains cellular NAD(H) pools.86 Intriguingly, NAD+ augmentation forestalls 
memory loss in both Aβ- and mutant Tau-harboring AD C. elegans models 
via PINK1 or Parkin, or in a DCT-1-dependent manner.17 Collectively, 
NAD+ and mitophagy/autophagy regulate each other to maintain cellular 
homeostasis, with in-depth molecular mechanisms still requiring further 
exploration. Since NAD+ is reduced in the elderly, we have proposed that 
age-dependent impairment of the NAD+-mitophagy-mitochondrial ho-
meostasis axis is a risk factor for AD, as well as for Parkinson’s disease (PD), 
Huntington’s disease (HD), and amyotrophic lateral sclerosis (ALS).80
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Upregulating mitophagy is a novel and likely also multifunctional ther-
apeutic strategy for AD.87 Studies in human cells and animals show that 
stimulation of autophagy via rapamycin reduces tau pathologies.17 In other 
words, the mTOR inhibitor rapamycin could stimulate autophagy and also 
mitophagy as a result inhibiting tau.88,89 Pharmacological stimulation of 
mitophagy, for example, via NAD+ precursors (NR, NMN), urolithin A, 
and actinonin, impeded memory loss as well as both Aβ and tau pathologies 
in both 5xFAD and 3xTgAD mouse models, showing translational poten-
tial.17 Through the use of machine learning and a cross-species workflow, 
we have identified two new robust mitophagy inducers Kaempferol and 
Rhapontigenin. These molecules inhibited memory loss and AD pathol-
ogies (both Aβ and pTau) in both C. elegans and mouse models of AD in 
a mitophagy-dependent manner.76 Furthermore, clinical studies on NR, 
NMN, and urolithin A show that they are safe (at the doses studied) and 
bioavailable; clinical trials on neurodegenerative, muscle, and metabolic dis-
eases are in progress.80,90,91

4. Mitochondrial dysfunction and defective mitophagy  
at the circuit and behavioral level

Compromised mitophagy followed by accumulation of damaged mito-
chondria could contribute to the synaptic loss, circuit pathologies, and 
disturbed behaviors (e.g., bad sleep) seen in AD patients. Synaptic loss 
and excitotoxicity in neurons have implications that manifest in memory 
loss, cognitive dysfunction, poor sleep and circadian dysregulation, among 
others. A well-known brain structure affected by AD is the hippocam-
pus, specifically the CA1 excitatory pyramidal neurons. In AD, the spread 
of pathological Tau starts in the trans-EC and EC layer II, spreading to 
the hippocampus, and later to the whole cortex.4,92 Poor spatial mem-
ory is characteristic of AD and is thought to be related to neuronal loss 
or dysfunction in EC layer II and hippocampus.17,93 Although the direct 
mechanism mediating neuronal loss remains a debate, evidence points to-
ward compromised mitochondrial dynamics and mitophagy as key reg-
ulators of Aβ-dependent synaptic loss.17,64 Autophagy proteins Atg5 and 
mitophagy protein PINK1 are underexpressed in APP mutant mice as 
well as AD patient-derived pluripotent cells.17,93 This underexpression is 
accompanied by fewer dendritic spines in hippocampal neurons of APP 
mice.93 Correspondingly, cognitive deficits and poor spatial memory using 
the Morris water maze are characteristic of APP mutant mice as well as  
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APP/PS1 mice, which overexpress Aβ and extracellular tau tangles.17,93 
These data suggest a possible linkage between altered mitophagy dynamics 
and impaired neuronal circuits associated with AD.

While disrupted sleep is common in and likely a risk factor of AD, 
restoration of the NAD+-mitophagy axis may improve sleep in AD. When 
injected with tau fibrils, mice that were chronically sleep-deprived displayed 
aggregates in the locus coeruleus (LC), a key population of neurons in-
volved in the waking response through excitatory noradrenergic signaling 
to the hippocampus and the cortex.94,95 The norepinephrine released from 
the LC at hippocampal and cortical synapses is essential for long-term po-
tentiation of the postsynaptic targets of LC projections.95–97 The LC also 
commonly shows neurodegeneration in sporadic AD.98 The vulnerability 
of the LC to AD degeneration is thought to be due to its high bioener-
getic load since these neurons are the primary source of norepinephrine to 
many brain regions (reviewed in Ref. 99). Degenerating neurons in the LC 
contribute to memory loss through their connections with hippocampal 
neurons.100 The LC controls wakefulness and is suppressed by inhibitory 
GABAergic input to promote sleep-like states.101 Similarly, ROS levels in 
LC neurons fluctuate over the sleep-wake cycle.102 Circadian dysregulation, 
insomnia, fragmented sleep, and sundowning are common clinical mani-
festations associated with both early and late stages of AD.101 Early stages 
of AD have characteristic fragmented sleep correlated with the presence of 
soluble Aβ oligomers.103 Disrupted sleep, which affects 40% of AD patients, 
reduces quality of life and is a common reason for AD patient institution-
alization.19,104 Similarly, tau and Aβ proteins fluctuate with the sleep-wake 
cycle, where Aβ in the cerebrospinal fluid of mice is cleared during sleep, it 
accumulates during wakefulness and is its further agglomeration is therefore 
exacerbated through sleep deprivation. CSF tau is also increased by 50% 
after sleep deprivation compared with controls.105 Interestingly, NAD+ and 
NADH have strong circadian fluctuations along with SIRT1 and PGC1α 
that dampen with aging and AD, as does mitophagy.106,107 It was reported 
that NAD+ augmentation markedly improved sleep quality in old mice; 
mechanistically, mitochondrial respiration rhythms, and late evening ac-
tivity were restored by NAD+ augmentation to youthful levels through 
PER2 (clock repressor) nuclear translocation.108 However, whether NAD+ 
repletion-induced memory improvement in the AD animals could be at 
least partially contributed to by the improvement of sleep in AD remains 
to be determined. By extrapolation, targeting mitophagic pathways to im-
prove clearance of damaged mitochondria may alleviate symptoms of sleep 
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 fragmentation and memory loss, slowing the symptomatic progression of 
AD. Further experiments to test this hypothesis are necessary.

5. Future research

Although much research has been done looking into the potential mecha-
nisms behind AD, many questions remain unanswered; we do not yet know 
the exact mechanisms behind compromised mitophagy, for example. In or-
der to address this question, human CSF or blood samples, matched with 
high-quality clinical cognitive data from longitudinal cohorts, would be 
ideal. Additionally, the exploration of mitophagy proteins as biomarkers of 
AD and prodromal AD (also named mild cognitive impairment/MCI) is 
a potential target for research. As well, in view of the continued failure of 
clinical trials of drug candidates targeting solely Aβ, p-tau, or inflammation, 
alternative approaches that target broader aspects of AD pathologies, such 
as potentially compromised mitophagy, hold promise. Finally, should the 
mechanisms behind AD appear to point to dysfunctional mitophagy, the 
screening and characterization of specific, safe, and bioavailable mitophagy 
inducers may be warranted. It is important to note here that there is no 
perfect mouse model of AD. The commonly used mouse models of AD, like 
those mimicking Aβ pathology (APP/PS1, 5xFAD) and Tau pathology (Tau 
P301S from the Goedert group and the Tau P301S (Line PS19) from the 
Lee group) only recapitulate some of the features of AD. Thus, mechanistic 
and interventional data from AD mice should be validated in tissues and 
stem cells from AD humans for confirmation, and before moving to any 
clinical studies.

Compromised mitophagy can lead to the accumulation of damaged 
mitochondria, potentially resulting in a risk of AD.17 Failure to remove 
damaged mitochondria could release cell death signals,109 activate inflam-
mation via the NLRP3-Caspase 1-IL1β pathway,17 and induce mitochon-
drial  dysfunction-associated senescence (MiDAS),110 all of which have been 
linked to the progression of AD. Additionally, there is likely a strong “mutu-
ally causative” linkage between Aβ/Tau pathologies and defective mitoph-
agy as summarized in this chapter and elsewhere.23
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1. Introduction

Alzheimer’s disease (AD) is one of the most prevalent and devasting neuro-
degenerative conditions, characterized by progressive pathological neuronal 
loss leading to severe impairments in memory and cognition.1 From an 
overly simplistic view, AD is often held as a spontaneous age-associated pa-
thology with the emergence of symptomatic profiles measurable in elderly 
individuals of 65 + years of age (late-onset AD). However, highly aggressive 
inherited or genetically linked AD, referred to as early-onset AD, presents 
as early as 40–50 years of age and is often accompanied by an exaggerated 
time course of disease progression compared to late-onset disease. While the 
factors leading to disease establishment and ultimately disease progression 
differ between early- and late-onset AD, both forms of disease are charac-
terized by the deposition of the neurotoxic peptide β-amyloid (Aβ) into 
amyloid plaques, hallmark features of AD.1,2

Neurotoxic Aβ has long been considered as the primary driving factor 
for AD pathology, often referred to as the amyloid hypothesis.3 Aβ found in 
the AD brain varies between individuals but is most commonly composed 
of two predominant forms, Aβ1–40 and Aβ1–42. In addition, other Aβ peptides 
are present in AD and have been shown to contribute to disease pathol-
ogy.1,4–6 Rigorous studies over the past two decades have provided con-
vincing evidence illustrating the processing of amyloid precursor protein 
(APP) into various Aβ peptide states. APP is a critically important type-I 
transmembrane glycoprotein in neurons that has a variety of proposed 

* These authors contributed equally to this work.
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 functions ranging from regulation of neuronal development and signaling 
to the maintenance of neuronal homeostasis in the adult organism and in 
development.7,8 Aβ is produced by the proteolytic cleavage of transmem-
brane APP by β- and γ-secretases leading to release of cleaved Aβ intracel-
lularly.9,10 The amyloidogenic pathway of APP processing is complex and 
results in a variety of Aβ peptides that serve a variety of both known and 
unknown functions and has been well reviewed previously.11

How Aβ becomes neurotoxic and leads to the establishment of AD is 
poorly understood. Novel in vivo imaging techniques developed within the 
past 10 years have increased the complexity surrounding Aβ production and 
secretion by neurons, as mounting evidence demonstrating that while all 
AD patients have Aβ deposition, Aβ accumulation alone does not necessar-
ily lead to AD pathogenesis as nonsymptomatic individuals with extraneu-
ronal Aβ deposition have now been well documented.12,13 These data bring 
into question the validity of the amyloid hypothesis.

Although debate regarding physiological versus pathological functions 
of Aβ remain, it is clear that accumulation of Aβ is ubiquitously present in 
the AD brain and is a major contributor to disease progression and pathol-
ogy. An effort has been underway for the better part of the new millen-
nium to target Aβ utilizing small molecule inhibition and more recently 
monoclonal antibody neutralization,14–16 all with little success. Mounting 
evidence is demonstrating the importance of pathways such as phagocytosis 
and endocytosis in the recognition and clearance of extraneuronal Aβ and 
genetic evidence reveals alterations and impairments in these and associated 
pathways in the human AD brain.17–19 Moreover, endocytic processes are 
known to function not only in the uptake of extra-neuronal Aβ but also 
play distinct roles in the processing and production of Aβ. Herein, we fo-
cus our efforts on detailing the endocytic mechanisms responsible for the 
processing, production, and clearance of neurotoxic Aβ and the effects of 
modulating these pathways on AD pathology.

2. The flavors of endocytosis in the brain

As with other cell and tissue types, endocytosis in the brain refers to a 
variety of pathways that result in the internalization of extracellular car-
goes and receptors into the cell. The most predominant of these pathways 
are clathrin-mediated endocytosis (often referred to as receptor-mediated 
 endocytosis and hereafter endocytosis) and phagocytosis, both are exten-
sively described in this chapter. As with other cell types, neuronal and glial 
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endocytosis is regulated by a variety of multiprotein complexes and occurs 
in a stepwise fashion. While these regulatory pathways have been well re-
viewed in full detail,20–23 in brief receptor ligation on the plasma membrane 
results in signaling leading to the recruitment of intracellular clathrin and 
the formation of a clathrin-coated vesicle or pit. This clathrin cage is rapidly 
shed following vesicle internalization and the vesicle subsequently fuses with 
early endosomes for downstream trafficking within the cell. Although ubiq-
uitous across cell types, the machinery that regulates retrieval, degradation, 
or recycling of cargo at the early endosome is of particular importance in 
neurons and microglia. Sorting machinery including the retromer- complex, 
retriever-complex, ESCRT machinery, and the WASH-complex play de-
fined roles in cargo processing at the early endosome and direct down-
stream end points for endosomal cargoes and  internalized receptors (Fig. 1). 

Fig. 1 End points of endocytosis. Endocytic cargoes are derived from extracellular uptake 
following receptor ligation or from transport from the trans-Golgi network. Machinery at 
the level of the early endosome is responsible for the retrieval and sorting of cargoes in 
an end point-dependent manner. Complexes involved in sorting include retromer, re-
triever for endosomal maturation and/or recycling, and the WASH-complex primarily for 
cargo degradation. Subsets of cargo are sorted for endosomal maturation and eventual 
lysosomal fusion and degradation. Receptors or receptor-cargo complexes can likewise 
be shuttled for recycling to the plasma membrane. All three major endosomal end points 
are observed in Aβ processing or clearance as described in the main text.
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In the context of Aβ production, components of the retromer-complex 
are of particular importance as further discussed herein. At its core, the 
retromer-complex contains the endocytic proteins VPS26, VPS29, sorting 
nexins (SNXs), and anchored by VPS35, the master conductor of endoso-
mal sorting.24

Mutations in the retromer-complex, in particular within VPS35, are 
known risk factors for neurodegenerative conditions including Parkinson’s 
disease and perhaps roles in AD.25,26 Furthermore, it is believed that other 
endosomal processes downstream of cargo sorting, including recruitment 
of WASH-complex components for lysosomal targeting, are dependent on 
the assembly of at least certain components of the retromer machinery.27 
Therefore, alterations in retromer function have a broad impact on endo-
cytic function beyond simple cargo recognition at the early endosome. As 
endosomal maturation occurs, distinct roles for the Rab-GTPase family 
of proteins are required for proper trafficking of vesicles. Although Rab 
proteins including Rab5 and Rab7 are shared between a variety of vesicu-
lar pathways, including crosstalk between endosomes, autophagosomes, and 
lysosomes, mutations in Rab7, have been identified in the AD brain and 
thought to contribute to not only aberrant Aβ production but impaired Aβ 
clearance, discussed in more detail later.28

Falling under the umbrella of endocytosis is the process of phagocytosis. 
Long thought to be the primary mechanism of Aβ recognition and clear-
ance by innate immune cells of the brain, the microglia, phagocytosis is now 
known to simply be one mechanism of clearance. Unlike  receptor-mediated 
endocytosis, phagocytosis is typically restricted to professional phagocytic 
cells of the immune system, which include microglia. These macrophage-like 
cells are the brain’s primary defense against any immunological perturbation 
ranging from a pathogen or dying cell to Aβ and other protein aggregates.29 
Although microglia possess many of the same properties as their periph-
eral counterparts, microglia are distinct from macrophages and arise from a 
unique developmental lineage.30 Moreover, brain region-specific microglia 
can differ dramatically with respect to their genetic signatures and abilities 
to phagocytose or endocytose cargoes. This heterogeneity within microglial 
populations is further exacerbated under pathological conditions including 
those found in AD. Regulated by similar machinery that is found in the en-
docytic pathway, phagocytosis is a delineated process targeting the uptake or 
internalization of cargoes greater than 0.5 μm in size.31 Unlike endocytosis, 
phagocytic uptake is independent of clathrin-pit formation and does not 
have a variety of intracellular end points, rather is defined as the directed 
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delivery of cargoes to lysosomes for cargo degradation.31 The phagocytic 
pathway plays no role in the production of Aβ, but is relevant for the rec-
ognition and clearance of Aβ. Moreover, unlike endocytosis, phagocytosis 
requires actin polymerization and actin re-organization, illustrating another 
level of distinction between these molecular entities.31

A concerted effort between canonical endocytic processes and phago-
cytosis exists, and deregulation of these pathways is a key contributor to the 
development of Aβ deposition and ultimately AD pathology.

3. The MO(F) of Aβ
To understand the endocytic processes that recognize and govern Aβ pro-
cessing and eventual clearance, it is important to first understand the various 
forms Aβ can assume. As a nascently formed peptide, Aβ is found as a soluble 
monomeric (M) species. However, human Aβ monomers rapidly aggre-
gate into a variety of assemblies ranging from oligomers and protofibrils, 
to amyloid fibrils found in amyloid plaques in AD. Due to the intrinsically 
unstructured and disordered nature of Aβ, common methods for peptide 
crystallization have proven difficult. Recent advances in NMR technology 
have revealed slight nuisances in the structure of monomeric Aβ species 
with the hydrophobic C-terminus of Aβ being critical in conformational 
reorganization from alpha-helical to β-sheet structure that plays a central 
role in determining peptide aggregation state in AD.32,33

The primary intermediate form of Aβ aggregation is oligomer (O) 
formation. These oligomers typically appear as spherical aggregates that 
subsequently elongate into mature Aβ fibrils (f).32,33 Like monomeric Aβ, 
oligomeric Aβ is mostly soluble in nature and has been suggested to be a 
major neurotoxic form of the peptide.10,34 While early studies suggested 
that Aβ plaques are the causative agents in AD pathology, newer data have 
suggested that the formation of insoluble fibrils and plaques might serve as 
a protective mechanism to sequester aberrantly cleaved Aβ once extricated 
from neurons into the extraneuronal space.10,34 Evidence demonstrating 
the high toxicity of both soluble monomeric and oligomeric Aβ on cell 
survival as well as inflammatory activation in the brain lends support to this 
idea.35,36 Soluble Aβ has been shown to bind to a host of other molecules as 
well as surface receptors (see below) on microglia.37–40 Additionally, soluble 
Aβ binds a variety of receptors found on neurons including β-adrenergic 
receptor, Aβ-binding p75 neurotrophin receptor, low-density lipoprotein 
receptor-related protein 1 (LRP1), NMDAR, and others.17 Binding of Aβ 
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to these receptors is thought to be fundamental in the transduction of neu-
rotoxic signals into neurons leading to events such as mitochondrial dys-
function, ER stress, and ultimately apoptotic death.

In its native state, APP is a single-pass transmembrane protein that takes 
residence in the plasma membrane of neuronal axons following synthesis 
in the Golgi.41 The critical steps in APP processing occur at the plasma 
membrane and within the trans-Golgi network (TGN). Newly synthesized 
APP can either be transported to the plasma membrane or directly shuttled 
into the endosomal compartment. Both of these events are mediated by 
clathrin-coated vesicles. Plasma membrane APP can be directly proteolyzed 
by α-secretase and then γ-secretase that does not result in the production 
of Aβ, or can be reinternalized in clathrin-coated pits. This latter reinternal-
ization event facilitates the exposure of APP in an endosomal compartment 
containing the proteases β-secretase and γ-secretase.42,43 Cleavage by these 
secretases results in the production of Aβ peptides that are either degraded 
through the lysosome or deposited into the extracellular space via the en-
docytic recycling pathway.10 This deposition of Aβ into the extracellular 
brain interstitial fluid (ISF) is the event that leads to the hallmark plaque 
formation found in AD.

The intimate need for the endocytic machinery in the processing of 
mature APP into Aβ illustrates a potential therapeutic target for limiting the 
aberrant cleavage of APP. Pharmacological or genetic modulation of key 
endocytic regulators has been shown to alter APP processing. Interestingly, 
when and where endocytosis is interrupted results in diverse outcomes with 
respect to Aβ production and extraneuronal deposition. Inhibition of early 
stages of endocytosis, by targeting multivesicular body (MVB) production 
via depletion of Tsg101, leads to retention of APP and limits Aβ produc-
tion.41 In contrast, inhibiting later stages of the MVB pathway through 
ablation of VPS4 or CHMP6 shuttles APP to the TGN where increased 
processing of APP into Aβ occurs.41 Moving further down the process, in-
hibition of retromer-mediated recycling of APP through ablation of VPS35 
essentially halts the production of Aβ suggesting that VPS35 and likely the 
retromer complex as a whole is required for Aβ production.41 These find-
ings suggest that “stalling or interrupting” the bidirectional recycling pro-
cess results in a net intracellular accumulation of APP in early endosomes 
and prevents its ability to be cleaved into Aβ peptides.

It is clear that endocytic processes play a direct role in the production of 
Aβ; however, how this necessarily applies to human AD pathology remains 
a question, as most individuals do not have aberrant Aβ deposition within 
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their brains. This is likely due to two facets, (1) variances in Aβ production 
and/or (2) differences in Aβ clearance. It is evident from human studies 
that Aβ deposition is most often correlated with age. Similarly, genome 
wide analyses have revealed that components of the endocytic machinery 
have increased expression with age and are further elevated in the human 
AD brain. Furthermore, this upregulation of endocytic genes is not lim-
ited to minor regulators, but rather is highlighted by the major founda-
tional components of the machinery, genes including clathrin, dynamin-1, 
Rab5, and caveolin-2.19,21 In comparison, APP expression in aged and AD 
brains remained statistically equivalent. Aβ deposition, in contrast, is highly 
correlated with the upregulation of the endocytic regulators.17 Although 
upregulation of neuronal endocytic pathways is not the only contributing 
factor to Aβ production, changes in secretase expression and activity occur 
as well and are definitive contributing components to Aβ processing and 
aberrant deposition.

Recent evidence demonstrates further correlations between elevated 
endocytic regulation, Aβ production, and neuronal signaling. The role for 
the endocytic machinery in neuronal signaling and synaptic transmission is 
well defined. It is tempting to hypothesize that increased endocytic function 
in neurons with age and further in AD brains is a compensatory mecha-
nism to maintain homeostatic signaling processes and that this heightened 
endocytic function in synaptic activity may have a deleterious effect on 
APP homeostasis, resulting in changes to Aβ production. Interestingly, sup-
porting this idea is the observation that approximately 70% of Aβ arises 
from  endocytic-associated mechanisms, with a significant majority of that 
Aβ pool being dependent on synaptic activity.44 Together, this suggests that 
changes in endocytic signaling and increased synaptic activity with age is 
sufficient to “prime” neurons for aberrant Aβ production.

4. Endocytosis in a phagocytic world

While clathrin-mediated endocytosis is the major endocytic process in 
neurons and in the processing, cleavage, and deposition of Aβ, the roles of 
endocytosis in the recognition and clearance extra-cellular Aβ are less clear. 
Early studies investigating the recognition and uptake of amyloids were 
originally performed in the 1960s using models of peripheral amyloidosis 
and defined roles for phagocytosis in clearing and degrading amyloid fibrils 
by macrophages.45,46 However, it was not until the early 1990s that evidence 
demonstrating recognition and phagocytic uptake of Aβ by microglia was 
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first characterized.47–49 Due to limitations in imaging technology and the 
early thought that all detrimental aspects of Aβ stem from the fibrillary 
plaque structures that are comparatively large in size, continued investiga-
tion of phagocytosis ensued.

It has now become widely accepted that microglia recognize and phago-
cytose large fibrillary Aβ deposits, and this process is robustly increased when 
fibrillary Aβ is bound to the complement fragment, C3b.50 Furthermore, 
elegant studies have revealed multiple surface receptors that are now im-
plicated in the recognition phase of Aβ by microglial cells (Fig. 2). Of par-
ticular importance is Triggering Receptor Expressed on Myeloid Cells 2 
(TREM2), wherein polymorphisms in the coding region, associated with 
late onset AD, reduce protein maturation and reduce protein maturation 
and ultimately impair the phagocytic capacity of TREM2-expressing mi-
croglia.51,52 More recent evidence has illustrated that TREM2 may function 
to direct microglial association with Aβ plaques, effectively surrounding the 
plaque, limiting Aβ effects, and preventing neuritic damage.51 The role of 
TREM2 in recognizing Aβ goes beyond simply identifying Aβ as a cargo 
and has more intrinsic roles within immune regulation. In response to Aβ, 
microglia often upregulate proinflammatory immune cytokines includ-
ing the activation of interleukin-1 signaling and TNFa signaling pathways, 
resulting in feedback signaling which itself can alter the phagocytic and 

Fig. 2 Major Aβ receptors found primarily on microglia as well as neurons and astro-
cytes. Heterodimerization of these receptors has been shown, and they likely function 
in concert in the recognition of Aβ.
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endocytic capacity of microglia.53,54 Deletion or mutation of microglial 
TREM2 drastically impacts TREM2-dependent Aβ recognition and its 
ability to antagonize NFkB activation and signaling, resulting in dysregu-
lated inflammation.51

Toll-like receptors have likewise been shown to be involved in the rec-
ognition of Aβ across all peptide forms including monomeric, oligomeric, 
and fibrillary. Of particular importance are TLR2 and TLR4, both of which 
are directly involved in Aβ uptake along with TREM2 and the immune 
scavenger receptor, Leukocyte Differentiation Antigen CD36 (CD36), as 
well as immune receptor cluster of differentiation 14 (CD14).55,56 Knockout 
of TLR2 or TLR4 in mice leads to impaired Aβ clearance and increased Aβ 
deposition in brain.57–59 Signaling through TLRs has long been shown to 
activate inflammatory pathways in response to microbial infection. Similarly, 
activation of TLRs by Aβ peptides contributes to immune polarization of 
microglia.57–59

The consequences of immune activation following Aβ recognition are 
multimodal in nature. Direct effects stemming from inflammatory cytokine 
production include neuronal impairment and eventual induction of neu-
rodegeneration. Similarly detrimental is the autocrine impact of inflamma-
tion on microglial function. Inflammatory mediators and NFkB pathway 
activation have the potential to greatly reduce the ability of microglia to 
internalize cargoes including Aβ as described earlier. Taken together, these 
facets result in the establishment of a progressive reactive feedback loop that 
often is unresolvable in AD pathology.

Interestingly, most of the work regarding microglial dynamics and acti-
vation was in the context of Aβ phagocytosis. However, improved mouse 
modeling of AD and new imaging techniques have revealed that Aβ phago-
cytosis is only one aspect of Aβ recognition and clearance. Over the past 
few years, significant evidence has emerged demonstrating a primary role 
for canonical clathrin-mediated endocytic pathways in Aβ clearance.56,60–63 
Unlike phagocytic recognition of fibrillary Aβ, endocytic uptake of mono-
meric and oligomeric species of Aβ appears to be of critical importance to 
brain health. This area has been spurred by the realization that monomeric 
and oligomeric Aβ species are often more neurotoxic than their fibrillary, 
plaque associated counterparts that appear to be mostly inert.64 Intraneuronal 
accumulation and neurotoxicity associated with oligomeric Aβ are depen-
dent on clathrin-mediated endocytosis. Blocking dynamin-mediated vesi-
cle trafficking limits intraneuronal oligomeric Aβ deposition and reduces 
neurotoxicity.63
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Recognition and uptake of oligomeric Aβ by microglia occurs in a sim-
ilar manner. Following receptor ligation, oligomeric Aβ internalization oc-
curs through a clathrin-dependent process. Interestingly, internalization of 
 monomeric Aβ can occur through both clathrin-dependent and -independent 
endocytic pathways.17 Consistent with these nonfibriallary forms of Aβ, endo-
cytosis of fibrillary Aβ peptides has also been observed. TLR4 and CD14 rec-
ognition of Aβ can promote clathrin-mediated endocytosis of Aβ fibrils.62 The 
presence of clathrin on these Aβ fibrillary containing vesicles provides definitive 
evidence of delineation from canonical phagocytosis. More importantly, CD14-
positive microglia have been shown to increase in response to aging, providing 
more credence to global endocytic pathway upregulation with age.42

Adding more complexity to the recognition and clearance of Aβ pep-
tides by microglia is the observation that Aβ itself, specifically the 1–40 
and 1–42 species can directly impair phagocytic and endocytic capacity 
in the microglia and neurons. One way in which Aβ itself interrupts the 
clearance of Aβ peptides is through altering the trafficking of master tran-
scription factors such as TFEB that are required for lysosomal biogene-
sis and homeostasis.65 Aβ 1–42 peptide reduces the nuclear translocation 
of TFEB and decreases downstream expression of TFEB targets including 
 osteoporosis-associated transmembrane protein 1 (OSTM1).65 OSTM1 
is crucial for regulating lysosomal acidification in microglial cells, and re-
duction in OSTM1 functional capacity restricts lysosomal function.65 This 
Aβ-induced lysosomal dysfunction subsequently leads to intravesical accu-
mulation of Aβ and a propagation and exacerbation in inflammatory signal-
ing paired with continual extracellular Aβ accumulation.

Defects in both the phagocytic and endocytic recognition and clearance 
of Aβ by microglia are now bonafide contributors to AD pathology. Both 
pathways likely work in tandem to limit an amyloid burden due to increase 
processing and production in neurons. By having the ability to recognize and 
internalize varying forms of Aβ monomers, oligomers, fibrils, and plaques, 
this multifaceted endocytic system endows microglia with means to prevent 
aberrant Aβ deposition. In the context of AD, this system is essentially overrun 
due to effects of Aβ on processes such as inflammation in addition to direct 
consequences and organelle impairment stemming from direct effects of Aβ.

5. Adding a modifier, a new world for endocytosis in the AD 
brain

From studies over the better part of the past half-century, it has become 
apparent that endocytic processes are central components in Aβ production 
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and AD pathology. Nuances in phagocytosis versus endocytosis that have 
recently been revealed and recognition of varying Aβ peptides has strength-
ened our understanding of how neurons produce Aβ and how microglia 
attempt to deal with increased Aβ burdens. Over the past decade, a unique 
modification to membrane vesicles was identified in the context of pha-
gosomes. A well-described mediator of the autophagy pathway is the small 
microtubule-associated protein light-chain 3 (LC3) family of small pro-
teins.66 LC3 is processed by multiple complexes referred to as the autoph-
agy lipidation machinery that ultimately conjugates ATG4-cleaved LC3 to 
phosphatidylethanolamine (PE) in the autophagosomal membrane.67 This 
lipidation of LC3 to autophagosomes functions in intracellular cargo rec-
ognition and facilitates vesicle trafficking and lysosomal fusion, resulting in 
cargo degradation.67 This canonical process of LC3 lipidation in autophagy 
is required for the completion of autophagy and degradation of autopha-
gosomal cargoes.

While crosstalk between the autophagy and endosomal pathways was 
identified and characterized previously, it was not until the discovery of 
LC3-associated phagocytosis (LAP) that distinct LC3 lipidation events on 
single membranes were observed.68–70 In LAP, a subset of the autophagy 
machinery lipidates LC3 directly on phagosomes in a process that is distinct 
from canonical autophagy and requires unique initiating components in-
cluding the protein Rubicon.68–70 Abrogation of this LC3 lipidation in LAP 
proved to have severe consequences in peripheral macrophages. Inhibition 
of LAP via deletion of the primary regulatory protein Rubicon resulted 
in a significant impairment in cargo degradation and promoted robust in-
flammatory activation, even in response to typically immune silent cargoes 
such as apoptotic cell corpses.71 Unlike autophagy, activation of LAP in 
macrophages is not dependent on the AMPK-mTORC1-ULK1 signaling 
axis and does not require the FIP200 anchored autophagy initiation com-
plex.68,69 A majority of other autophagy genes (ATGs) are however required 
(ATG5, 7, 12, 16, and others) for LAP.68,69

The effects of LAP abrogation, including those associated with alter-
ations in immune polarization mentioned above, likely stem from variations 
in pathway cargo. Unlike autophagy, LAP cargo are extracellular in nature. 
A variety of ligands that stimulate the recruitment of Rubicon to the de-
veloping phagophore have been identified and include a diverse cohort 
ranging from pathogen moieties and dying cells to unique immune com-
plexes.68,69 To date, LAP activation has best been characterized by the liga-
tion of dying cells to receptors including TIM4 as well as activation through 
binding of TLR2/6 and TLR4 for pathogen recognition.68,69 Based on the 
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involvement of the TLR family of immune receptors, one may hypothesize 
that LAP functions similarly in microglial cells for the recognition of extra-
cellular cargoes in the brain.

Initial studies evaluated the role of LAP in microglia in the recogni-
tion and uptake of Aβ.56,72,73 Abrogation of the LAP pathway via ablation 
of Rubicon in the 5xFAD mouse model of Aβ deposition and AD re-
sulted in a robust exacerbation in both the timeframe and the amount of 
Aβ accumulation.56 The loss of LAP further increases inflammatory cyto-
kine production by microglia and microglial-specific deletion of the LAP 
pathway, which substantiated these results.56 Commensurate increases in the 
hyperphosphorylation of tau, a major AD hallmark and severe behavioral 
and memory impairments, are observed in LAP-deficient, 5xFAD mice.56 
However, discrepancies exist between Aβ-mediated LAP activation and 
stimulation with other cargoes such as yeast particles. Mainly, Aβ induces 
LC3 lipidation on vesicles, but abrogation of LAP does not alter the delivery 
of Aβ to the lysosome or the subsequent degradation of that Aβ by lyso-
somal hydrolases (Fig. 3A and B).56 Further investigation shows that what 
were presumed to be LC3+ “LAPosomes” containing Aβ are in fact distinct 
molecular entities that are resistant to phagosomal inhibition and are posi-
tive for endocytic markers including clathrin (Fig. 3C).56

These distinct clathrin-coated, LC3+ vesicles containing Aβ are endo-
somal in nature, and impairment of this novel pathway leads to severe re-
strictions in the recycling of a variety of receptors, including major Aβ 
receptors TREM2, TLR4, and CD36 (Fig.  4).56 Although this pathway 
shares the molecular components that regulate LAP, it is functionally di-
vergent and is referred to as LC3-associated endocytosis (LANDO). The 
discovery and characterization of LANDO mark a paradigm shift in our 
understanding of how Aβ is recognized and has increased our understand-
ing of how Aβ functions to alter immune pathways in the brain. The phys-
ical process of recognition and uptake of Aβ by microglial is no longer the 
sole prime determinant of Aβ flux, rather modifications to the canonical 
endocytic pathway, including LANDO activation have key biological rele-
vance. Furthermore, it demonstrates that simply clearing an aberrant aggre-
gate may not be sufficient to prevent detrimental consequences. LANDO 
is protective by not only mitigating neuroinflammatory activation of mi-
croglia but is also critical to maintain a pool of Aβ receptors at the plasma 
membrane for the continued recognition and internalization of Aβ. The 
mechanisms by which LANDO is activated in response to particular forms 
of Aβ remain to be elucidated and delineated experiments evaluating the 



Fig. 3 (A) Representative fluorescence imaging showing LC3-recruitment (green) to vesicles containing Aβ (red) in LANDO-sufficient (parental) 
and LANDO-deficient (Rubicon−/−) microglia. (B) Analysis of phagocytic zymosan or endocytic Aβ delivery to lysosomes using pH-sensitive, 
pH-rodo labeling in LANDO-sufficient versus LANDO-deficient microglia. (C) Immunofluorescence imaging for LC + Aβ vesicles copositive 
for endosomal clarthin. (Reproduced with permission from Elsevier: Heckmann BL, Teubner BJW, Tummers B, et al. LC3-associated endocy-
tosis facilitates beta-amyloid clearance and mitigates neurodegeneration in murine Alzheimer’s disease. Cell. 2019;178(3):536–551 e514.)
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activating potential of all forms of Aβ are needed. Nonetheless suppression 
of this key protective pathway through the downregulation of genes in-
cluding Rubicon or mutation of the WD-domain of ATG16L1 with age 
is likely to contribute to the development and ultimately worsening of AD 
pathology. In mice, LANDO deficiency alone is sufficient for driving an 
age associated, spontaneous AD-like pathology with Aβ accumulation, tau 
hyperphosphorylation, neurodegeneration, and memory loss as observed in 
aged ATG16L1 WD-domain-deficient mice.74 These findings further illus-
trate the true importance of endocytic regulation in AD.

6. Endocytosis in a starry world

The majority of focus on endocytic processes has been directed toward 
Aβ production in neurons or clearance by microglia. Endocytosis in other 
brain cells such as astrocytes has largely gone unexplored. Recent evidence 
illustrating the importance of astrocytes in AD has begun to emerge. More 
importantly, endocytosis of Aβ by astrocytes has been well documented, 
and multiple studies have been focused on understanding the mechanisms 
that govern Aβ recognition and endocytosis regulation. Silencing of LRP1 
in astrocytes leads to the reduction in not only Aβ internalization but also 
results in the downregulation of multiple Aβ-degrading enzymes including 

Fig.  4 Representative analysis of recycling for major Aβ receptors; TLR4, TREM2, and 
CD36 in LANDO-sufficient (parental) and LANDO-deficient (Rubicon−/−) microglia. 
Impaired LANDO reduces receptor recycling.
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the metalloproteases MMP2 and MMP3.75 Furthermore, disruption of ac-
tin polymerization in astrocytes by depletion of metallothionein 3 (Mt3) 
demonstrated an obligatory need for actin homeostasis.76 Mt3-deficient 
astrocytes have marked reduction in both Aβ 1–40 and 1–42 endocytosis. 
Consistent with these in  vitro studies, Mt3 is downregulated in the hu-
man AD brain.77 More recently, direct links between AD risk genes such 
as PICALM and APOE4 and Aβ endocytosis in astrocytes were identified. 
Studies using iPSC-derived human astrocytes show that APOE4 expressing 
astrocytes have fewer early endosomes but do not have alterations in recy-
cling endosomes compared to healthy donor APOE3 expressing cells.78 This 
results in a decrease in endocytic uptake of cargo. Interestingly, PICALM 
overexpression is able to reverse the APOE4-induced endocytic defect. This 
functional interaction between two AD genetic risk factors demonstrates 
unique regulation of conserved biological processes in AD and raises more 
questions into defining the relationship between endocytosis across varying 
cell types in the AD brain and the contribution of varying genetics on these 
processes.

7. Exploiting endocytosis for therapeutic gain

AD is one of the remaining conditions without a viable therapeutic in-
tervention. Targeting endocytosis has been posed as a potential avenue 
to either limit the production of Aβ or bolster its degradation. However, 
all of these proposals are predicated on the assumption that the amyloid 
hypothesis is correct and that simply limiting Aβ accumulation will re-
solve the pathology. The complexity of the roles of endocytosis in the 
AD brain between neurons and microglia as well as the added layer of 
signaling alterations by pathways such as LANDO, inherently stymies 
enthusiasm for targeting endocytic processes. An additional layer is the 
critical necessity for endocytosis in synaptic transmission and neuronal 
function, and therefore simply inhibiting neuronal endocytosis would 
likely create more problems than it would solve. Other approaches to im-
prove the function of endocytosis and possibly pathways such as LANDO 
in microglia are attractive, yet have their own drawbacks. One factor is 
the ability to restore the normal expression of a full set of regulatory 
proteins required for pathways including LANDO to function. Although 
challenges exist in targeting endocytic pathways in the AD brain, some 
of which are detailed above, it should not detract from the serious discus-
sion of targeting endocytosis in AD.
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8. Recycling full circle, a summary

Roles for the endocytic machinery in Aβ biology and AD have long been 
acknowledged, and for the better part of the past 30 years well character-
ized. However, the true breadth of the role played by endocytosis in AD 
with regard to being “simply a process in the disease” or a party to pa-
thology has long been debated. As reviewed herein, there is mounting ev-
idence demonstrating that endocytosis is indeed a key contributor to the 
establishment and progression of AD pathology. Neuronal endocytosis is 
a required entity in the processing of APP and aberrant production of Aβ 
peptides. The recycling endosome is critical for the delivery and ultimate 
secretion of Aβ into the brain interstitium. Moreover, distinct roles for 
endocytic mechanisms ranging from phagocytosis to receptor-mediated 
endocytosis have been illustrated in the recognition of Aβ by microglia. 
Newer evidence has revealed unique modifications to canonical forms of 
endocytosis in processes including LANDO and how pathways such as 
LANDO participate in mitigating aberrant immune activation, inflamma-
tion, and neurodegeneration.79

Over the years, elegant genetic studies and RNA sequencing analyses 
have corroborated genome wide changes in the machinery that regu-
lates endocytosis in both murine models of AD as well as in human AD 
patients. Pairing these observations with new frontiers of investigation 
studying the role of endocytosis in other brain cells, including astrocytes, 
has provided data that parallels endocytic function in other glia and al-
terations in endocytic pathways consistent to those observed in neurons 
and microglia.

While this chapter is dedicated to the role of endocytosis with respect 
to Aβ, it is pertinent to illustrate the role which endocytosis plays in other 
aspects of AD, in particular in the spreading and aggregation of tau. Under 
physiological conditions, extracellular tau is internalized through endocyto-
sis and mostly degraded through the lysosome.80 While the receptor for tau 
has not been determined, newer data suggest that tau, at least in its mono-
meric state, binds LRP1 leading to internalization.81 Hyperphosphorylation 
of tau dramatically reduces the affinity for LRP1-tau binding and is likely 
significant in the development of tau neurofibrillary tangles.81 Furthermore, 
ApoE4 reduces the endocytic uptake of tau, leading to enhanced extracel-
lular accumulation, consistent with what is observed with Aβ.82 The loss of 
this physiological pathway of tau catabolism promotes tau uptake by other 
mechanisms that can result in the exacerbation of tau spreading and ulti-
mately tau-mediated cognitive impairment.
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When taken together, this surmounting evidence demonstrating the 
critical role of endocytic pathways at essentially every step of Aβ biology 
and furthermore many aspects of AD pathology highlight the importance 
for continued investigation into not only direct mechanisms which govern 
the cell-specific endocytic pathways, but moreover those that regulate the 
crosstalk with immune signaling, neuronal function, and cell death regula-
tion. No matter how you traffic or recycle it, endocytosis is indeed inter-
twined in every aspect of Aβ and AD pathology from start to finish.
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1. Introduction

Neurofibrillary tangles (NFTs) consisting of aberrantly phosphorylated tau 
and senile plaques (SPs) consisting of amyloid-β protein (Aβ) are patho-
logical hallmarks of Alzheimer’s disease (AD). Tau protein stabilizes micro-
tubules1 and has an important role in axonal transport.2,3 However, once 
tau is extensively phosphorylated, it changes conformation and is unable 
to bind to microtubules. The free tau forms aggregates, called oligomers 
(Fig. 1). Further aggregation of tau oligomers forms NFTs. Tau oligomers 
are more toxic to neurons than NFTs.4 AD, progressive supranuclear palsy 
(PSP), corticobasal degeneration (CBD), Argyrophilic grain disease, Pick’s 
disease, frontotemporal dementia with parkinsonism linked to chromosome 
17 (FTDP-17), Niemann-Pick disease type C, and chronic traumatic en-
cephalopathy are collectively known as tauopathies due to the shared fea-
ture of pathological tau accumulation.4–6

There are several factors that cause tau aggregation. The first is the acti-
vation of tau kinases, glycogen synthase kinase 3 (GSK3β), cyclin-dependent  
kinase 5 (cdk5), p38 mitogen-activated protein kinase (p38MAPK), or 
stress-activated protein kinase (SAPK)/Jun amino terminal kinase (JNK) 
activation, or inactivation of the tau phosphatase, protein phosphatase 2A 
(PP2A). Second, as the C-terminus of tau inhibits tau aggregation, C ter-
minal truncation of tau is a factor that promotes tau aggregation (Fig. 1A).7 
Another important factor causing tau aggregation is the impaired clearance 
of tau.

The ubiquitin-proteasome system (UPS) and the autophagy-lysosome 
system have been proposed as mechanisms of tau clearance. UPS mainly 
breaks down short-lived proteins, and autophagy is involved in the digestion 
of long-lived proteins and damaged organelles.
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Fig.  1 Pathological hallmarks of Alzheimer’s disease. (A) Amyloid β protein (Aβ) was 
generated by cleaving amyloid precursor protein (APP) with β secretase and γ secretase. 
Aβ forms oligomers and finally forms senile plaques. Once tau protein is hyperphos-
phorylated by tau kinases, including GSK3β or cdk5, it detaches from the microtubule 
and form aggregates, called tau oligomers. C terminal-truncated tau by caspase3 and 
N-terminal truncation accelerates tau aggregation. Tau oligomers are neurotoxic and 
further aggregation leads to neurofibrillary tangles (NFTs). (B) Tau isoforms and phos-
phorylation epitopes. There are 6 tau isoforms according to the number of N-terminal 
insertions and repeats of the microtubule binding domain: 4 repeat 2N (4R2N), 4 repeat 
1N (4R1N), 4 repeat 0N (4R0N), 3 repeat 2N (3R2N), 3 repeat 1N (3R1N), and 3 repeat 0N 
(3R0N). (Revised from Fig. 1, Hamano T, Enomoto S, Shirafuji N, et al. Autophagy and tau 
protein. Int J Mol Sci. 2021;22(14):7475.)
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In this chapter, we describe the process of degradation of tau proteins 
including polymerized tau by the autophagy-lysosome system and the pos-
sibility of autophagy regulation as a therapeutic strategy for tauopathies 
including AD.

2. Tau protein
2.1 Physiological functions of tau
The tau gene is located on chromosome 17 and has 6 different isoforms due 
to alternative splicing of exons 2, 3, and 10. The isoforms differ in the num-
ber of N-terminal insertions (0, 1, or 2) and the number of microtubule- 
binding repeat domains (3R or 4R), resulting in six isoforms: 4-repeat 2N 
(4R2N), 4-repeat 1N (4R1N), 4-repeat 0N (4R0N), 3-repeat 2N (3R2N), 
3 repeat 1N (3R1N), and 3R0N (3R0N) (Fig. 1B).3

The main function of tau is considered to be the stabilization of micro-
tubules.1 Tau also participates in promoting the axonal transport of cellular 
cargo on microtubule tracks of neurons by specifically controlling two mo-
tor proteins, dynein, and kinesin.2 However, the interaction of tau with mi-
crotubules is intermittent and short, metaphorically referred to as the “kiss 
and hop process”.8 Many previous studies demonstrated that tau regulates 
numerous signaling pathways. For example, tau promotes insulin-induced 
tyrosine (Tyr) phosphorylation of insulin receptor substrate 1 (IRS-1) and 
inactivates phosphatase and tensin homolog (PTEN). In conclusion, the 
essential physiological function of tau in the brain remains unclear.8

Experimental reduction or removal of tau in vivo does not alter a va-
riety of neural properties and processes thought to be dependent on mi-
crotubules, such as neuronal health, axonal transport, synaptogenesis, and 
complicated brain functions. Moreover, it has been emphasized that a de-
crease in endogenous tau is essential for the treatment of tauopathies.8,9

2.2 Posttranslational modifications of tau
2.2.1 Phosphorylation of tau protein
Tau is phosphorylated at several sites by multiple tau kinases.8,10 The phos-
phorylation sites in normal and AD brains are shown in Fig. 2A.3 The phos-
phorylation levels of tau Serine (Ser)199, Ser202/Threonine (Thr)205, and 
Ser422 were comparable in normal and Braak stage I–IV brains. However, 
in Braak stage V/VI, they increased in the cerebral cortex and lateral cortex 
and further increased with increasing Braak stage. Furthermore, the larg-
est increases in phosphorylation compared with controls were observed in 
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Tyr18, Thr231, and Ser199. Conversely, Ser396 tau and Ser262 tau were 
only weakly phosphorylated, with only a slight progression in all brain 
regions.11

2.2.2 Ubiquitination of tau protein
Ubiquitination is one of the essential posttranslational modifications that 
has important functions in eukaryotic cells, including protein homeosta-
sis, signal transduction, and subcellular localization. Ubiquitin is covalently 
bound to lysine (Lys) residues of target proteins and functions as a degra-
dation signal by the 26S proteasome. NFTs are also immunostained with 
antibodies against ubiquitin, suggesting that paired helical filament (PHF)-
tau is ubiquitinated. Analysis of tau from AD brains revealed that most of the 
ubiquitinated tau is monoubiquitinated and only small portion was poly-
ubiquitinated. In addition, the tau was N-terminally truncated. This implies 
that N-terminal cleavage of tau precedes its ubiqutination. The C-terminus 
of Hsc70-interacting protein (CHIP), a ubiquitin E3 ligase, cooperates with 
Hsp70/90 and indirectly induces tau ubiquitination.12 The ubiquitination 
site of tau is shown in Fig. 2B.3

2.2.3 Acetylation of tau protein
Acetylation is another posttranslational modification. Lys residues are char-
acterized by their involvement in electrostatic and hydrophobic interactions 
and play an essential role in tau polymerization and toxicity. Therefore, it is 
of interest whether acetylation at Lys residues of tau regulates tau polymer-
ization. Cohen et al. found that CREB (cAMP-response element-binding 
protein)-binding protein (CBP), an acetylase, acetylates Lys residues in tau 
fragments containing microtubule-binding domains. Acetylation promotes 
the aggregation of tau.13 The acetylation site of tau is shown in Fig. 2B.3,14 
Recently, it has been suggested that acetylated tau inhibits chaperone- 
mediated autophagy (CMA)-mediated degradation. Therefore, acetylated 
tau is thought to be preferentially degraded by macroautophagy and micro-
autophagy. However, other reports stated that acetylation of full-length tau 
by acetyltransferase p300 inhibits tau aggregation, which is restored when 
the deacetylase histone deacetylase (HDAC6) is added.15

2.2.4 Nitration
Nitration is the covalent addition of a nitro group to the aromatic ring of a 
Tyr residue and nitrated tau exists in NFTs,16 which is thought to cause the 
loss of tau binding to microtubules.17 In particular, Tyr29-nitrated tau has 
been observed specifically in severe AD brains (Fig. 2D).3
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Fig.  2 Posttranslational modification of tau protein. (A) Putative sites of tau protein 
phosphorylation. Amino acids phosphorylated in brain with Alzheimer’s disease (AD) 
are shown in red, those in AD and normal brains are shown in blue, and those in nor-
mal brains are shown in black. (B) Ubiquitination sites (upper) observed in AD brain, 
and acetylation by p300 and CREB (cAMP-response element-binding protein)-binding 
protein (black), only by p300 (red), or only by CREB-binding protein (blue) is also shown.  
(C) Truncation sites of tau protein. The sequential truncation of tau can produce tau frag-
ments. The cleavage of tau is more likely when tau is detached from microtubules, either 
forming aggregates or associating with other proteins than tubulin. (D) Nitration sites of 
tau protein. (Revised from Fig. 2, Hamano T, Enomoto S, Shirafuji N, et al. Autophagy and 
tau protein. Int J Mol Sci. 2021;22(14):7475.)
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2.2.5 Glycosylation of tau
O-linked glycosylation is a common type of glycosylation in which O-
GlcNAc is added to Ser or Thr adjacent to Proline (Pro). Tau also undergoes 
this modification. However, the number of glycosylation sites is smaller than 
that of phosphorylation sites. When tau undergoes this modification, it be-
comes less phosphorylated.18 Furthermore, when the protein O-GlcNAc 
transferase (OGT), an O-GlcNAc-adding enzyme, was knocked out in the 
forebrain, neurodegeneration was observed, and the amount of O-Glu-Nac 
tau in the AD brain decreased as the disease progressed. On the other hand, 
N-glycosylation of abnormally phosphorylated tau in AD brain functions in 
the maintenance of PHF structure.

2.2.6 Truncation of tau protein
As mentioned previously, tau proteins purified from the core of PHF have 
their N- or C-terminal portions truncated. It has been demonstrated that 
cleavage of tau promotes tau aggregation.19,20 Tau is readily digested by 
proteases. Many studies have confirmed that tau is digested by calpain, 
caspases,6,20–23 and A disintegrin and metalloproteinase 10 (ADAM10). Tau 
is also a substrate for aspartate endopeptidase. These studies suggest that 
tau cleavage is important for tau aggregation and neurodegeneration.19,20 
Several specific tau cleavages have been discovered in AD brains, including 
cleavage of Asp421 (D421) and Glu391 (E391), which promote tau aggre-
gation3,8,19 (Fig. 2C). In addition, it has been reported that tau fragments 
propagate between neurons via synapses and expand neurofibrillary degen-
eration to postsynaptic neurons.10

2.2.7 Tau toxicity
Aberrant phosphorylation, proteolysis, and aggregation of tau protein in 
the early stages of neurofibrillary degeneration (Figs. 1 and 2)3 are neuro-
pathologically important in the development of AD. However, it is unclear 
which type of tau is most toxic (misfolded fibrous aggregates, soluble hy-
peraggregates, fibrous aggregates, soluble hyperphosphorylated aggregates, 
or mislocalized) and whether the toxicity is due to a gain or loss of function.

As there is limited precise proof that tau fibers are toxic themselves, it 
is becoming more certain that the soluble oligomeric form of tau is more 
toxic to neurons and synapses.9 In the normal brain, tau is observed pri-
marily in axons.2 However, in the AD brain, NFTs consisting of highly 
phosphorylated tau are observed not only in axons but also in the cytoplasm 
and dendrites.
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3. Autophagy
3.1 Concept of autophagy
Autophagy (Greek for “self-eating”) is a highly conserved pathway and 
a unique mechanism for the degradation of large organelles and proteins 
via lysosomes. Three types of autophagy exist: macroautophagy, CMA, and 
microautophagy (Fig.  3).3,24 Usually, the term autophagy means macro-
autophagy. Autophagy is mainly considered as a mechanism for survival. 
Under physiological conditions, cells carry out low levels of autophagy to 
maintain homeostasis, which termed basal autophagy. However, various 
life- threatening events, such as hypoxia, nutrient deprivation, exposure to 
reactive oxygen species (ROS), microbial invasion, organelle damage, and 
excessive accumulation of aggregation proteins, for example, Aβ and tau, 
activate autophagy all at once.

Previous studies demonstrated that autophagy is highly selective.25 
Selective autophagy includes pexophagy (peroxisomes), mitophagy (mito-
chondria), xenophagy (bacteria), and aggrephagy (misfolded proteins with 
aggregation) (Fig. 4).3

The discovery of selective autophagy receptors in mammalian cells and 
the study of cytoplasmic to vacuolar targeting pathways revealed some of 
the mechanisms of efficient autophagy. Autophagy is highly dynamic and 
consists of the processes of initiation, nucleation, and elongation.

3.2 Initiation of autophagy
The ULK1 (unc-51-like kinase 1) complex is considered to be the lead-
ing initiator of mammalian autophagy.26 ULK1 and Atg (autophagy-related 
protein)13 are the core of the ULK1 complex, which is further supported 
by scaffolding proteins Atg101, and focal adhesion kinase (FAK) interacting 
protein (FIP). The ULK1 complex is inhibited by stress signaling pathways, 
including the mechanistic target of rapamycin complex 1 (mTORC1) 
pathway (Fig. 4).3 In a nutrient-rich environment, mTORC1 binds to and 
inhibits ULK1. On the other hand, when intracellular amino acids are de-
pleted during starvation, the energy level-dependent sensor 5′ adenosine 
monophosphate-activated protein kinase (AMPK) is activated. AMPK phos-
phorylates mTORC1 and helps dissociate mTORC1 from ULK1. When 
mTORC1 is downregulated, transcription factor EB (TFEB) is translocated 
to the nucleus and activated, resulting in the translation of autophagy and 
lysosome-related genes. ULK1 activates Atg13, FIP200, and Atg10.26 The 
fully bound ULK-1 complex moves to the membrane compartment of 
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Fig. 3 Scheme of three types of autophagy; Macroautophagy, microautophagy, and the 
chaperon-mediated autophagy pathway. Macroautophagy: A part of the cytoplasm in-
cluding the organelle is surrounded by an isolated membrane, the phagophore, which 
then forms an autophagosome. By the fusion of the outer membrane with a lysosome, 
the internal materials are broken down in the autolysosome. Microautophagy: A small 
amount of cytoplasmic substance is caught in the lysosome/vacuole through the ran-
dom process of membrane erosion. Chaperon-mediated autophagy (CMA): Proteins 
with an KFERQ-like motif are identified by cytosolic Hsc 70 and co-chaperons. Then, the 
substrate proteins are translocated to the lumen of the lysosomes after docking with 
the lysosome. (Revised from Fig. 3, Hamano T, Enomoto S, Shirafuji N, et al. Autophagy 
and tau protein. Int J Mol Sci. 2021;22(14):7475.)
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the autophagosome assembly along with the class III phosphatidylinositol 
3- kinase (PI3K-III) complex (Fig. 4).27

3.3 Nucleation of phagophores
The lipid kinase PI3K-III (Vps34), its regulatory subunit P150, and 
Beclin1 (Atg6) are key components of the PI3K-III complex and are es-
sential for phagophore formation and maturation into autophagosomes. 
Other important coregulators of the PI3K-III complex consist of Atg14L, 
AMBRA-1 (autophagy and Beclin 1 regulator 1), and UVRAG (UV 
 resistance-associated gene). The activated PI3K-III complex locally gener-
ates  phosphatidylinositol-3-phosphate (PI3P) at the nucleation site of the 
phagophore (Fig. 4).3

3.4 Elongation and closure
The elongation of a new organelle requires the continuous incorporation 
of membranous material into the expanding body. VMP1 (vacuole mem-
brane protein 1) binds the PI3K-III complex to Beclin1 and anchors it to 
the surface of the expanding phagophore. Atg9 moves between membrane 
compartments in the cell (mitochondria, Golgi apparatus, and plasma mem-
brane) and transfers fragments of phospholipids for incorporation into the 
expanded structure. Autophagosome formation requires the ubiquitin-like 
protein LC3 and the E3 ligase Atg12. Atg7 upregulates Atg12 and Atg10 is 
responsible for binding Atg12 to Atg5. The Atg-12-Atg5 heterodimer com-
bines with Atg16L1 to form the core of the entire Atg16L1 complex. LC3-I 
is produced by cleavage of LC3 by the cysteine protease Atg4B. LC3-I is 
translocated to the inner and outer membranes of the expanding phago-
some by Atg7. LC3-I binds to phosphatidylethanolamine (PE) and converts 
to LC3-II, which is anchored to the membrane of the autophagosome by 
the local action of PI3K-III and Atg16L1 complexes (Fig. 4).3

Mitochondria are directly taken up by mitochondrial receptors without 
polyubiquitination. In aggrephagy, polyubiquitinated protein aggregates (Aβ 
and tau oligomers) are taken up by phagophores via SLRs (sequestosome 1/
p62-like receptors) such as P62 and NBR1 (neighbor of BRCA1 gene 1).

Autophagosomes form at random locations in the cytoplasm and are 
delivered to microtubule organizing centers where lysosomes are enriched 
along the microtubules.28 The transport of autophagosomes toward the 
plus end of microtubules involves the interaction of FYCO1 (FYVE and 
coiled-coil domain containing 1), with LC3-II on the outer membrane of 
autophagosomes.25
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Fig. 4 The sequence of autophagy in mammals. (A) Initiation. In response to nutrient 
deprivation, AMPK inactivates mTORC1, releasing its inhibition on ULK, and activates 
the initiation complex. Downregulation of mTORC1 leads to the translocation of TFEB to 
the nucleus. Then, TFEB is upregulated, and autophagy- and lysosome-related genes are 
translated. ULK phosphorylates AMBRA-1, which promotes the interaction of Beclin1 
with p150 and PI3K-III (Vps34) in PI3K-III complexes. UVRAG and Atg14L bind differently 
to form separate PI3K-III-complex populations in cells. AMBRA-1 interacts with PI3K-III-
complexes. (B) Nucleation. ULK- and PI3K-III-complexes are translocated to early phago-
phore sites later with the help of Atg9 and VMP1, and local production of PI3P enlists 
additional effectors and the first segregating membrane is formed. 

(Continued)
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3.5 Fusion of lysosomes
When a fully developed autophagosome fuses with a lysosome, the Atg16L1 
complex separates from the vesicle and the cytoplasmic fraction of LC3-II is 
removed by Atg4B. Fusion of autophagosomes with lysosomes requires the 
SNARE (sol-N-ethylmaleimide-sensitive factor activity part receptor) com-
plex, which requires a complex involving multiple syntaxes and Atg14L1.29 This 
complex prepares the autophagosome for fusion with the lysosome. Acidification 
and further maturation into mature autolysosomes take place with the help of 
the Rab family, small GTPases, and LAMP1 and 2 (lysosome-associated mem-
brane proteins 1 and 2). The inner membrane components of autolysosomes are 
degraded by lysosomal hydrolases. A series of lysosomal proteases (cathepsins B, 
D, and L) is required to degrade mammalian cells. When macromolecules are 
degraded in the lysosome, monomeric molecules such as amino acids and lipids 
are returned to the cytoplasm and reused as building blocks.

4. Disturbance of the autophagy-lysosome system in AD  
and related disorders
4.1 Disruption of the autophagy-lysosome system in AD
In 1967, Suzuki and Terry found that swollen and dystrophic neurites sur-
round the SPs in the AD brain.30 In the dystrophic neurites, they found cir-
cular or oval-layered material of 0.5 μm in diameter. However, their  identity 

Fig. 4,cont’d (C) Elongation. Immediately after the activation of autophagy, Atg7 is up-
regulated, promoting Atg5-Atg12 dimer formation, which connects to Atg16L1 to form 
the Atg16L1 elongation complex. Atg7 also directs the cleavage and lipidation of LC3 
to LC3-I and then to LC3-II, which binds to the inside and outside of the formed pha-
gosomal membrane. Mitochondria can be directly bound by mitochondrial receptors 
without poly-ubiquitination. In aggrephagy, poly-ubiquitinated protein aggregates (Aβ 
oligomer and tau oligomer) are engulfed by the phagophore via SLRs, which include 
P62 or NBR. (D) Maturation. Once the loaded phagophore is closed and the outer frac-
tion of LC3-II is removed, the completed autophagosome fuses with the lysosome via 
a bonding process involving syntaxin members, LAMP-1, and -2, creating an autolyso-
some. Autophagosomes are produced in the cytoplasm at random sites. The autopha-
gosomes are delivered to lysosomes at the microtubule organizing center. Transport 
of autophagosomes toward the plus end of microtubules involves the interaction of 
the LIR motif of FYCO1 with LC3-II on the outer membrane of the autophagosome. 
Abbreviations: PI3K-III, class III phosphatidylinositol 3-kinase; LC3-II, microtubule associ-
ated protein light chain 3-II; LAMP-1, LAMP-2, lysosome-associated membrane protein 
1, 2; SLRs, sequestosome 1/p62-like receptors; FYCO1, FYVE and coiled-coil domain con-
taining 1; p62, p62/sequestosome-1; NBRI-1, neighbor of BRCA1 gene 1; TFEB, transcrip-
tion factor EB. (From Fig. 4, Hamano T, Enomoto S, Shirafuji N, et al. Autophagy and tau 
protein. Int J Mol Sci. 2021;22(14):7475.)
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was not clear at the time. In 2005, Nixon et  al. revealed that they were 
autophagic vacuoles (Avs).31 Avs are composed of autophagosomes, amphi-
somes, and autolysosomes (Fig. 3).3

Accumulation of lysosomes and lysosomal hydrolytic enzymes, in addi-
tion to defects in the integrity of lysosomal membranes, has been described 
in AD patients.32 Increased levels of cathepsin D and LAMP1, lysosome 
components, were also noted in the brains of CBD and PSP patients.33 In 
the altered axons of the AD brain, the accumulation of autophagosomes, 
Avs, multivesicular bodies (MVBs), multilayers, and cathepsin-containing 
autolysosomes is evident.27,31,34

Macroautophagy is constitutionally active and efficient in young neu-
rons. However, the function of macroautophagy is inhibited in the AD 
brain. The induction of autophagy has been observed under conditions of 
cellular stress and neurodegeneration,35 including AD.

Macroautophagy is induced and disturbed in AD brains, and mice 
overexpressing mutant human presenilin 1 (PS1) and amyloid precursor 
protein (APP) exhibit the induction and impairment of macroautoph-
agy and accumulation of Avs holding Aβ.31 In AD neurons and PS1-APP 
mice, autophagosomes proliferate in dendrites at an early stage, before Aβ 
is deposited. This suggests that the induction of macroautophagy occurs 
in an early phase of AD and that it is not a consequence of Aβ deposition. 
Boland et  al. reported that when mTOR kinase activity is suppressed 
by rapamycin or nutrition shortage, LC3-II-positive autophagosomes, but 
not cathepsin D-positive autophagosomes were found in cortical primary 
neurons. Thus, the clearance of autophagosomes is efficient in neurons. 
Conversely, disruption of macroautophagy at a late stage by lysosomal 
protease inhibition and microtubule disruption by vinblastine treatment 
resulted in the accumulation of Avs in primary cortical neurons, similar 
to that observed in AD brains and dystrophic neuronal projections of AD 
model mice.

This led the authors to state that autophagic pathology in AD brains is 
probably due to the induction of autophagy.36 PS1 is required for the rota-
tion of protein substrates in lysosomes for autophagy and endocytosis. Loss 
of PS1 impairs the acidification of autolysosomes and inhibits the activation 
of cathepsins (cysteine cathepsins are proteases responsible for proteolysis in 
lysosomes), resulting in the dysfunction of autophagy (macroautophagy).37 
Thus, mutations in PS1, a major cause of familial AD (FAD), are directly 
related to the mechanisms that promote the pathogenesis of AD.38 In AD, 
defects in retrograde transportation of autophagosomes from axons to cell 



 Autophagy and tau protein 147

body, and defects in the forward transport of lysosomes to the neuronal ax-
onal dorsal end were also demonstrated.39

4.2 Sporadic inclusion of body myositis and tau and Aβ
Progressive muscle disorder, sporadic inclusion body myositis (s-IBM), is 
most commonly observed in the elderly in Europe and the United States. 
Patients with s-IBM are markedly disabled and no effective treatment has 
been established. S-IBM pathology is characterized by large amounts of 
ubiquitin-positive aggregates that accumulate with Avs, which contain 
phosphorylated tau and Aβ with a β-sheet structure. Endoplasmic retic-
ulum stress (ERS) and 26S proteasome inhibition are also associated with 
s-IBM and are thought to exacerbate the deposition of misfolded proteins. 
Nogalska et al. reported that cathepsins D and B, enzymes of the lysosome, 
are inactivated in s-IBM. The authors also found that the presence of LC3-II 
and phosphorylation of p70S6 kinase by mTORC1 were suppressed, sug-
gesting that autophagosomes are maturing. Thus, proteolysis in lysosomes in 
muscle may be inactivated in s-IBM, which may result in the deposition of 
misfolded proteins, independent of increased autophagosome maturation.40 
Abnormalities in mitophagy have also been reported in s-IBM, suggesting 
that dysfunction of mitophagy in s-IBM plays an important role.41

4.3 Tau and Aβ can induce autophagy dysfunction
Previous studies revealed that phosphorylated tau and Aβ disturb autoph-
agy and mitophagy, which are major pathologies in AD.42 Age-dependent 
increases in phosphorylated tau and Aβ reduce autophagy and mitophagy 
proteins. Aberrant interactions between phosphorylated tau and Drp-1 and 
Aβ and PINK1 (PTEN-induced kinase 1)/parkin induce the inability to 
remove defective mitochondria and other debris from neuronal cells.43

Fragmented tau impairs the function of CMA and lysosomes and can 
cause oligomerization and aggregation of tau.44 Feng et al. also found that 
tau accumulation inhibits autophagosome-lysosome fusion by inhibiting 
the expression of IST1 (increased salt tolerance 1), which in turn inhibits 
ESCRT-III (an endosomal sorting complex required for transport-III) for-
mation, revealing a vicious circle of tau deposition and autophagy impair-
ment in the chronic progression of AD.45

FKBP4/FKBP52 is a member of the immunophilin protein family and 
functions in immunomodulation and basic cellular processes such as pro-
tein folding and transport. The encoded protein is a cis-trans prolyl isom-
erase, which binds to the immunosuppressive drugs FK506 and rapamycin. 
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FKBP52 has been reported to localize to the lysosomal system of healthy 
human neurons, suggesting that it is involved in lysosomal function.46 
Cleavage of the C-terminus of tau is essential for tau aggregation3,21–23 
(Figs. 1 and 2). This caspase-3-cleaved tau (D421) colocalizes with FKB52 
in the autophagy-endolysosomal system of AD neurons. The amount of 
FKBP52 is significantly lower, and the reduction in FKBP52 correlates 
with a high number of NFTs in AD brain. When autophagy was inhib-
ited in tau-induced neuroblastoma, FKBP52 was released extracellularly. 
In AD brain, FKBP52 is abnormally released from NFT-negative neurons, 
suggesting that this is related to the extent of early tau-D421 accumulation 
in neurons.47 Thus, the cleavage of tau by caspases may inhibit autophagy 
through the release of FKBP52 and vice versa.

5. Tau degradation pathway

In the AD brain, the activity of the 20S proteasome (core particle), espe-
cially its trypsin-like activity, is inhibited.48 When tau is ubiquitinated by 
CHIP, it is degraded by the proteasome.49 The proteasome is capable of 
degrading endogenous tau, whether it is full length or truncated. However, 
PHF-tau is not digested by the proteasome, and PHF-tau interferes with 
the proteasome.

The relationship between tau degradation and the autophagy-lysosome 
system has long been unclear. Chloroquine, a malaria drug, perturbs auto-
phagy by blocking the fusion of lysosomes and autophagosomes, rather than 
inhibiting lysosomal acidity or digestive function.50 In a study of chloroquine 
myopathy, tau accumulated in the lysosomes of rat muscle. This implies that 
tau is digested by the lysosome-autophagy system.51 We used tetracycline- 
off-induced M1C cells harboring wild-type tau (4R0N)5,6,23,52–55 and 
treated them with the lysosomal inhibitor NH4Cl and the autophagy in-
hibitors chloroquine and 3-methyladenine (3MA). Chloroquine increased 
the accumulation of Avs by light microscopy (Fig. 5A) and electron mi-
croscopy.53 All chloroquine (Fig. 5 B and C), NH4Cl, and 3MA treatments 
increased the accumulation of tau in the cells.53 The following year, Wang 
et al. demonstrated that the degradation of tau was due to macroautoph-
agy.44 However, they found that the N-terminally truncated tau species were 
preferentially trapped by CMAs and that C-terminal truncation occurs; 
C-terminally truncated tau promotes tau aggregation.6 Subsequently, it has 
been reported that rapamycin (Fig. 4), which induces autophagy, also reduces 
aggregated tau.3,56 Therefore, the autophagy- lysosome system  degrades not 
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Fig.  5 Autophagic vacuole formation and tau accumulation by autophagy inhibitor 
chloroquine (CQ) treatment. (A) A morphological study demonstrated autophagic vacu-
ole formation after 5 μM CQ treatment. Bar: 50 μm. (B) CQ treatment markedly increased 
LC-3II, suggesting that autophagosomal clearance was disturbed by CQ treatment. (C) 
Tau accumulation in the sarkosyl insoluble fraction detected by Tau46 after CQ treat-
ment (−: untreated cell, +: 5 μM chloroquine treated cells).



150 Autophagy dysfunction in Alzheimer’s disease and dementia

only  soluble tau but also insoluble aggregated tau. C-terminally truncated 
tau is favorably digested by autophagy. However, full-length tau is prefer-
entially degraded by the proteasome.57 Increased C-terminal cleavage of 
tau6,20–23 causes tau aggregation and dysfunction of autophagy.47 Recently, 
it has been proposed that the majority of tau is degraded by CMA, and 
when acetylated, tau is specifically degraded through macroautophagy and 
endocytic microautophagy.58

UPS, CMA, and endosome microautophagy remove neurotoxic soluble 
tau; however, macroautophagy breaks down intracellular insoluble tau in 
neurons. In addition, autophagy-dependent endolysosome degradation of 
ubiquitinated tau with specific phosphorylation sites has been reported.

Endolysosomal degradation of autophagy-independent tau was also re-
cently proposed in primary cultured neurons in the hippocampus and N2a 
cells.59 Of note, tau was observed in Hrs (hepatocyte growth factor-regulated 
tyrosine kinase substrate)/EEA1 (early endosome antigen1)/Rab5-positive 
early endosomes, MVBs, and LAMP1-positive vesicles. This suggests tau is 
transported throughout the endolysosome pathway. Tau interaction with the 
ESCRT protein Hrs is possibly via ubiquitination because tau interaction 
with Hrs increased after deubiquitylation enzyme inhibitor treatment. Tau 
sorting into the ESCRT pathway depended on the Rab35, a low-molecular- 
weight GTPase. Rab35-dependent tau degradation was especially depen-
dent on tau phosphorylated sites, including pSer396/404 and pSer262, but 
not pSer202. This implies preferential selection of phosphorylated tau at the 
specific sites by multiple autophagy endolysosomal pathways.34

As mentioned above, activation of caspase-3 increases C-terminal cleav-
age of tau,6,20–23 causing tau aggregation and dysfunction of autophagy.47 
Although further studies are necessary to provide direct evidence, activation 
of caspase-3 may be responsible for neurodegeneration, including AD.

6. Mitophagy and tau

Defective mitochondrial accumulation is a hallmark of normal aging and 
age-related neurodegenerative diseases, including AD. Mitophagy is inhib-
ited in iPS cell-derived neurons from AD patients and in animal mod-
els of AD. In the Caenorhabditis elegans (C. elegans) model, stimulation of 
mitophagy restores cognitive function in a PINK-1, PDR-1 (Parkinson’s 
disease- related 1; parkin), and DCT-1 (DAF-16/FOXO-controlled germline- 
tumorizing-1)-dependent pathway. Mitophagy activation through NAD+ 
supplementation restored cognitive function through a DCT-1 (DAF-16/
FOXO-controlled germline-tumorizing-1)-dependent pathway. Mitophagy  
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reduces aggregated Aβ42 and Aβ40 and suppressed neuronal inflamma-
tion by allowing microglia to phagocytose Aβ in SPs. Mitophagy activa-
tion also suppressed tau phosphorylation in human neurons and restored 
cognitive function in transgenic C. elegans and transgenic mouse models.60 
Cummins et al. also reported that human wild-type tau (hTau) and mutant 
tau (hP301L) observed in human FTDP-17 inhibit mitophagy in neuro-
blastoma cell lines by reducing the translocation of parkin to mitochondria. 
Tau expression in neurons itself inhibits mitophagy and the expression of 
hP301L suppressed mitophagy in C. elegans.61

7. Diabetes, tau, and autophagy

Epidemiological studies confirmed that the prevalence of AD is doubled in pa-
tients with diabetes.62 Impaired insulin signaling is associated with accelerated 
deposition of NFTs and SPs in AD brains.63 Diabetic animal models also exhibit 
pathological changes in AD, including memory impairment and phosphorylated 
tau.64 Diabetic rats treated with streptozotocin performed worse than control 
animals in several cognitive function tests, including the Morris water maze.

Furthermore, diabetes-induced AD-like behavioral and pathological find-
ings (including deposition of Aβ and phosphorylated tau) were associated 
with reduced autophagy in neurons. The impairment of cellular autophagy 
was also reproduced in neuronal cell cultures under high glucose conditions.65 
Chen et al. reported that metformin ameliorated cognitive decline in a rodent 
model of diabetes, suppressed phosphorylated tau hyperactivity, and restored 
autophagy impairment in diabetic patients. In addition, both the cognitive 
decline and the increase in phosphorylated tau in the diabetic model were 
caused by the inhibition of autophagy. In HT22 cells cultured under high 
glucose conditions, metformin-activated autophagy via AMPK (Fig. 4).3,66

8. Propagation of tau by the disruption of autophagy
8.1 Pathways of pathological tau protein secretion
Microtubule-associated tau protein resides in the cytoplasm, but is also ob-
served in the extracellular space under physiological conditions. Misfolded 
tau can move between cells through four mechanisms.

8.1.1 Direct secretion of tau through the cell membrane
For the direct secretion of tau via the cell membrane, the clustering of tau at 
the cell membrane and the interaction of cholesterol- and sphingomyelin-rich 
membrane microdomains with specific lipids are important. After  penetrating 
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the cell membrane, it is released from the cell membrane by heparin sulfate 
proteoglycans on the cell surface.67

8.1.2 Tau is secreted into ectosomes
Ectosomes, which are larger than exosomes, are produced by sprouting of 
the plasma membrane to the outside, rather from MVBs in the cells.68 Tau 
was observed in ectosomes obtained from neuroblastoma cells, primary cul-
tured neurons in the cortex, interstitial fluid (ISF) of the mouse brain,68 and 
cerebrospinal fluid of AD patients and normal controls.68,69 It has been sug-
gested that the secretion of tau by ectosomes is a normal condition, while 
the secretion of tau by exosomes is predominantly observed in pathological 
states.68,69

8.1.3 Secretion of tau by exosomes and organelle hitchhiking
Tau can be taken into exosomes by inwards sprouting of the late endo-
some membrane leading to the development of intraluminal vesicles in 
MVBs that can be secreted by docking of the MVB membrane to the 
plasma membrane. UPS III-like organelle hitch-hiking pathways are in-
volved in the cytosolic section of tau and other misfolded proteins, includ-
ing secretory endo-lysosomes related to the autophagy-lysosomal pathway. 
In the MAPS (misfolding-associated protein secretion) pathway, cytosolic 
misfolded proteins are incorporated into the endoplasmic reticulum by 
 chaperone-mediated capture, followed by fusion of endolysosomal vesicles 
with the plasma membrane and secretion, thus releasing vesicle-free tau into 
the extracellular space.

8.1.4 Tau seeds move between cells via tunneling nanotubes that 
directly connect the cytoplasm of two adjacent cells
Regardless of the secretory pathway, aggregated tau eventually reaches the 
cytoplasm of the receptor cell and causes template misfolding. The mis-
folded protein acts as a conformational template, turning a normal protein 
into a pathogen. At present, it is unclear which of the above mechanisms 
participate in tau synaptic release and whether the same mechanism is re-
sponsible for physiological and pathological synaptic release of tau.70

8.2 Propagation of tau by the disruption of autophagy
The propagation of tau into neurons is considered to be important in the 
progression of tau-mediated neurodegeneration. Tau is acetylated by the 
lysine acetyltransferase p300/CBP. Tau degradation and toxicity are also 
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 regulated by p300/CBP.71 p300/CBP is aberrantly expressed in patients 
with tauopathy, inhibiting the autophagy-lysosomal pathway and leading to 
tau hypersecretion.72

In a mouse model of tauopathy and in cultures of human and rodent 
neocortex, the new p300 inhibitor SMDC37892 increased autophagic flux 
and reduced tau secretion. In contrast, activated p300/CBP inhibited auto-
phagy and promoted neuronal tau secretion. Tang et al. also reported that 
activated mTORC promoted extracellular tau secretion. This suggests that 
the release of tau is mediated by mTORC through a route that does not 
involve exosomes.73 It has been reported that CMA inhibition promotes 
cell-to-cell propagation.58 Contrary to this, the induction of autophagy in-
creases the secretion of both total and phosphorylated tau, and this phe-
nomenon was inhibited by Beclin1 knockdown or autophagy inhibitors in 
a hTau-overexpressing human neuroblastoma cell line.74 Furthermore, six 
isoforms of tau are secreted in an autophagy-dependent manner (Fig. 1).3,74 
Thus, this issue remains controversial.

9. Potential of autophagy modulators as a treatment for AD

Autophagy regulation may be a therapeutic focus of AD or a method to 
slow its progression. Autophagy-inducing drugs are usually divided into 
two major groups: mTORC-dependent and independent. For example, 
rapamycin56,75,76 and its analogs,76 Curcumin77 and methylene blue,78 were 
proposed as mTOCR1-dependent autophagy modulators. Metformin,66 
trehalose,79 lithium,80 clonidine,75 curcumin,81 nicotinamide,82 and rifampi-
cin83 were proposed as mTORC1-independent autophagy modulators.3,28 
See Chapters 14 and 16 for more information on the autophagy pathway 
and autophagy modulators.

10. Conclusion

The ubiquitin proteasome and the autophagy-lysosome system have im-
portant roles in the degradation of tau. In particular, polymerized tau is di-
gested by the autophagic lysosomal system. Recently, it was confirmed that 
tau is mainly degraded by CMA. However, acetylated tau is degraded by 
macroautophagy and microautophagy. Furthermore, it is clear that tau accu-
mulation impairs autophagy and mitophagy. This vicious cycle may lead to 
the further progression of AD. From this point of view, the regulation of au-
tophagy may be effective in the treatment of AD. However, Avs  accumulate 



154 Autophagy dysfunction in Alzheimer’s disease and dementia

in the axons of AD. In other words, although autophagy is induced, the 
clearance of autophagy is not achieved. For these reasons, even if autoph-
agy is induced, treatment will not be effective if clearance is not successful. 
Therefore, it is important to treat AD according to the stage of the disorder 
and to the characteristics of each patient.
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CHAPTER 8

BAG3 promotes tau clearance by 
regulating autophagy and other 
vacuolar-dependent degradative 
processes
Changyi Ji, Heng Lin, and Gail V.W. Johnson
Department of Anesthesiology and Perioperative Medicine, University of Rochester Medical Center, 
Rochester, NY, United States

1. Introduction

Autophagy is an essential degradation process for a cell to remove unnec-
essary and damaged components, and therefore it is key for maintaining 
cellular homeostasis.1 Initially, it was described as a defensive mechanism 
in starvation conditions2–4; however, it is now evident that this process is 
crucial for the orderly degradation and recycling of cytosolic constitutes.1,5 
In this process, long-lived proteins, lipids, carbohydrates, or damaged cellular 
components are targeted to lysosomes for degradation.1 The breakdown 
can then serve as building blocks for cells to make new cellular compo-
nents.1 Therefore, active autophagy is a key process to rejuvenate a cell. 
Dysfunction of autophagy is linked to many diseases, including neurode-
generative diseases and cancer.1

There are four types of autophagy: macroautophagy, microautophagy, 
chaperone-mediated autophagy, and crinophagy.1,6 Macroautophagy is the 
most thoroughly researched form of autophagy. In macroautophagy, un-
wanted cellular components, such as misfolded proteins and damaged mi-
tochondria, are targeted and sequestered into a double-membraned vesicle, 
the autophagosome. Autophagosomes then fuse with lysosomes and form 
autolysosomes. The content of autolysosomes is degraded by hydrolases that 
are active in the acidic environment.1 In this chapter, the term autophagy 
will be used throughout the text to refer to macroautophagy.

Autophagy-related (ATG) proteins orchestrate the ordered process of 
autophagy.7 Initially identified in yeast and further characterized in other 
organisms, there are 36 ATG proteins, of which 18 belongs to the core 
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machinery of autophagy.7,8 Induction of autophagy involves dephosphor-
ylation and activation of the Unc-51-like kinases (ULKs) (mammalian ho-
mologs of ATG1), which are part of a protein complex containing ATG13, 
ATG101, and FIP200.9,10 ULK activates Beclin-1 (mammalian homologs of 
ATG6), which is a member of a complex with PIK3R4 (p150), ATG14L, 
and the class III phosphatidylinositol 3-phosphate kinase VPS34.9,11,12 Once 
activated, both complexes are localized to the phagophore.9,11,12 VPS34 
phosphorylates phosphatidylinositol to generated phosphatidylinosi-
tol 3-phosphate, which serves as a docking spots for WIPI2 (WD-repeat 
protein interacting with phosphoinositides protein 2) and further recruits 
ATG16L1 to the surface of phagophore.13 ATG16L1 interacts with ATG5 
and ATG7 and forms ubiquitin-like conjugation complex.14 This complex 
binds and activates ATG3, which physically attaches to ATG8 and results in 
lipidation of ATG8.14 Lipidated ATG8 not only contributes to the closure 
of autophagosomes15 but also enables the sequestration of specific cargos 
or adaptor proteins such as Sequestosome-1/p62, CALCOCO2/NDP52, 
and NBR1.16,17 The mature autophagosomes then fuse with lysosomes a 
process that is orchestrated by various proteins including SNAREs.18 The 
content inside the autolysosomes is then degraded by various hydrolases 
in the acidic environment, and the resulting degradation products are then 
released from the autolysosomes.19

Postmitotic cells, such as neurons, rely heavily on autophagy to main-
tain a healthy proteome as they cannot dilute the misfolded or aggregated 
proteins by cell division.20–23 Autophagy is basally active in different sub-
cellular compartments (e.g., axons, dendrites, and cell bodies) in neurons.24 
Loss of this activity causes neurodegeneration, significant behavioral deficits, 
and premature death in mouse models.22,23 Autophagosome biogenesis is 
constitutively active and follows an ordered pathway.25 In each neuronal 
compartment, autophagy is spatially regulated in a compartment-specific 
manner.24–30

In neurons, chaperone-assisted selective autophagy plays a significant 
role in maintaining proteostasis.31 As the name implies, this form of autoph-
agy is mediated by chaperones and cochaperones, which works in coopera-
tion with autophagy adaptors to direct specific cargos into autophagosomes 
and facilitate the autophagic process.32 For example, it has been shown that 
heat shock protein 70 (HSP70) and its cochaperone BCL2-associated atha-
nogene 3 (BAG3) cooperate with the autophagy receptor SQSTM1/p62 to 
mediate the degradation of aggregation-prone proteins mutant huntingtin 
and superoxide dismutase 1.31,33 Further, soluble tau and its phosphorylated 
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forms in neurons are also substrates of this HSP70/BAG3-mediated auto-
phagy.34 Indeed, there is a growing awareness that BAG3 plays a crucial role 
in neuronal proteostasis.35

2. BAG3 protein

BAG3 belongs to the BAG family of cochaperones that were first identified 
as interactors of the ATPase domain of HSP70 using a yeast two- hybrid 
screen.36,37 BAG3 is highly conserved in mammals and has molecular 
weight of 75 kDa.38,39 A truncated BAG3 with a molecular weight of 
40 kDa has also been detected in neuronal synaptosomes; however, its 
function has not yet been fully characterized.40 BAG3 is predominantly 
located in the cytosol, with a minor fraction in nucleus under physiologi-
cal conditions.41 In addition, BAG3 expression is increased in response to 
stress,41 and its subcellular localization is often altered in stress conditions. 
For example, BAG3 translocates to the nucleus or aggregates under acute 
stress or upon viral infection.31,42 In addition, in neurons, BAG3 levels 
increase with age.32

BAG3 is a multiple-domain protein, which consists of a BAG domain at 
its C terminus, a tryptophan containing (WW) domain at its N terminus, 
two isoleucine-proline-valine (IPV) domains and a proline-rich (PXXP) 
domain in the central region.37,43 BAG domain interacts with HSP70. IPV 
domains recruits small heat shock proteins such as HSPB6 and HSPB8.37,43 
Therefore, BAG3 serves as a hub to bring these two types of chaperones 
together. The ternary complex formed plays a critical role in protein qual-
ity control, in which BAG3 functions as a nucleotide exchange factor to 
help HSP70 refold protein clients that are delivered by HSPB or DNAJ 
proteins.44 The PXXP domain of BAG3 interacts with microtubule motor 
dynein, which is likely to facilitate the transport of protein clients between 
different cellular compartments.31 This interaction was upregulated when 
neurons were treated with proteasome inhibitor MG132, a condition that 
causes proteostatic stress (Fig. 1). One of the important functions of BAG3 
is to regulate selective autophagy via specific interactions with its partner 
proteins.43 Studies have shown that the WW domain of BAG3 is required 
for autophagy induction in glioma cells and muscle cells.45,46 In particular, 
the WW domain of BAG3 interacts with a proline-rich motif (PPPY) in 
SYNPO2/myopodin (synaptopodin 2), an actin cytoskeleton adaptor pro-
tein, which facilitates the formation of autophagosomes during mechanical 
stress in muscle cells.46
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2.1 BAG3 mediated tau degradation
In neurons, regulation of BAG3 expression mediates soluble tau degrada-
tion.34 During proteostatic stress, such as proteasome inhibition, the ex-
pression of BAG3 significantly increases, which may be regulated in part by 
the JNK signaling pathway.34 Upregulation of BAG3 results in decreased 
soluble total tau and phosphorylated tau.34 Furthermore, overexpression of 
BAG3 alone is sufficient to promote soluble tau degradation in neurons.34 
BAG3 expression decreases during aging,47,48 and in Alzheimer’s disease 
brain the levels of BAG3 are significantly lower compared to age-matched 
controls.48 Along with other autophagy-associated proteins such as the au-
tophagy receptors NDP52, NBR1, and SQSTM1/p62, the expression of 
BAG3 may also be regulated by nuclear factor (erythroid-derived 2)-like 2 
(Nrf2).47 Reduction of BAG3 in Nrf2 knockout mice is closely associated 
with the accumulation of total tau and phosphorylated tau as these mice 
age.47 Further, studies in human brain demonstrate that BAG3 is a master 
regulator gene of a tau “homeostasis signature”, which differentiate excit-
atory neurons from inhibitory neurons in terms of cellular vulnerability 
to tau pathology.49 In the coexpression network analysis, the BAG3 gene 
was identified as a hub gene among the subproteomes that modulates tau 
aggregation, degradation, and neurofibrillary tangle formation.49 Excitatory 
neurons express relatively lower levels of BAG3 expression, which is as-
sociated with increased vulnerability to tau pathology, whereas inhibitory 
neurons express higher levels of BAG3 and are resistant to the accumulation 
of pathological tau.34,49,50

Fig. 1 BAG3 interacts with dynein intermediate chain (DIC) in mature neurons. Mature 
rat cortical neurons were treated with 10 μM MG132 for 24 h followed by immunopre-
cipitation of DIC. Both BAG3 and HSPA/Hsp70 were detected in the precipitated fraction.
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2.2 Mechanisms of BAG3-mediated tau degradation
Although BAG3 as a scaffold protein expressed in many different cell type, 
it recruit cell specific protein partners to coordinate autophagic machin-
ery.37,43,51 To investigate the mechanisms of BAG3-mediated tau degrada-
tion in neurons, binding partners that interact with the different domains 
of BAG3 were investigated for how they impacted vacuolar-dependent tau 
degradation.50,52 The WW domain of BAG3 interacts with a proline-rich 
motif (PPPY) in its protein-binding partners.46,53 A peptide array screen 
using purified BAG3 WW domain revealed 72 top hits of PPxY-containing 
peptides derived from the human proteome. A 12-mer peptide containing 
the PPSY motif of synaptopodin (SYNPO), a close homolog of SYNPO2, 
was identified.46 SYNPO is a postsynaptic protein that links to the struc-
tural and functional plasticity of dendritic spines.54–57 SYNPO functions 
as an organizer of the actin cytoskeleton58 and controls calcium release 
from local stores at spines.59 To verify this interaction, coimmunoprecipita-
tion experiments were performed in Hela cells overexpressing the epitope 
tagged proteins, as well as in primary rat cortical neurons with endogenous 
levels of expression.50 SYNPO coimmunoprecipitated with BAG3 in both 
experimental conditions. The WW domain is essential for BAG3 to bind 
SYNPO, as the tryptophan to alanine mutations in the WW domain ablated 
the interaction. SYNPO contains two PPxP motifs. In a similar experimen-
tal set-up, a mutated form of SYNPO with the first PPTY motif (PAAY) 
retains the ability to bind to BAG3, whereas inactivation of the second 
PPSY motif (PAAY) strongly reduces the interaction between BAG3 and 
SYNPO. Therefore, the PPSY motif of SYNPO is the preferential BAG3-
binding site, which is consistent with the observations from the peptide 
array screen.50

Interaction between SYNPO and BAG3 raises the possibility that 
SYNPO may participate in cochaperone BAG3-assisted selective autoph-
agy.50 Supporting a role of SYNPO in autophagy, coimmunoprecipitation 
of SQSTM1/p62 was observed in a SYNPO affinity pull-down fraction 
from neurons. This interaction did not depend on the presence of BAG3.50 
Furthermore, colocalization of SYNPO with BAG3, SQSTM1/p62, as well 
as the chaperone HSP70 was observed in mature primary cortical neurons. 
Approximately 10% of SYNPO-positive puncta contain BAG3.50 The spatial 
proximation of BAG3/SYNPO complex to the autophagy adaptor protein 
SQSTM1/p62 further suggests their involvement in neuronal autophagy. 
Indeed, endogenous LC3B was observed in BAG3 or SYNPO-containing 
puncta in neuronal processes.50 Exogenous expression of mCherry tagged 



164 Autophagy dysfunction in Alzheimer’s disease and dementia

LC3 also appears to colocalize with SQSTM1/p62, BAG3, and SYNPO-
containing puncta (Fig. 2). Taken together, these data suggest SYNPO and 
BAG3 are physically associated with the autophagy machinery in the pro-
cesses of mature cortical neurons.

The role of BAG3 and SYNPO in neuronal autophagy was further 
investigated by knockdown of endogenous SYNPO or BAG3.50 Increased 
steady-state levels of LC3B-II were observed in both conditions. The in-
crease did not occur in the presence of chloroquine, a reagent that inhib-
its the acidification and function of lysosomes.50 This observation suggests 
that LC3B accumulation in the absence of BAG3 or SYNPO is not due 
to an enhancement of autophagy initiation, but rather a block of LC3B 
degradation. Decreased autophagy flux in neuronal processes was detected 
by a tandem-fluorescence tagged reporter to quantify autophagosomes and 
autolysosomes.50 This blockage of autophagic flux was due to an inhibition 
of autophagosome-lysosome fusion as suggested by less colocalization be-
tween LC3B and LAMP1 positive puncta in neuronal processes.50 BAG3 
and SYNPO do not directly regulate lysosome function as knockdown 
of BAG3 or SYNPO did not affect the maturation of the lysosomal pro-
tease cathepsin L or the total level of LAMP1.50 Consistent with the role 
of BAG3 and SYNPO in autophagosome-lysosome fusion, both proteins 
appear to localize to the outer membrane of autophagic vesicles as revealed 
by the proteinase K protection assay.50

Phosphorylated tau is one of the client proteins targeted by BAG3-
associated autophagy.34,49,50,52 In mature cortical neurons, suppression of 
BAG3 or SYNPO did not change the level of phospho-tau Thr231 or 
Ser396/Ser404, which are enriched in somatic and axonal compartments. 
However, the levels of phospho-tau Ser262 significantly increased when ei-
ther BAG3 or SYNPO was knockdown.50 Phospho-tau Ser262 appears to 
associate with dendritic compartments compared to other tau species.60,61 
When the expression of BAG3 or SYNPO was decreased in neurons, in-
creased overlap between phospho-tau Ser262 and LC3B positive vesicles 
was observed at PSD95-positive postsynaptic densities.50 Therefore, we con-
clude that BAG3- and SYNPO-mediated autophagy facilitates the removal 
of phosphorylated tau from postsynaptic terminals. This result also indicates 
that BAG3, in cooperation with SYNPO, participates in compartment- 
specific regulation of neuronal autophagy. Efficient removal of unwanted 
proteins at the distal processes and dynamic synapses is crucial to maintain 
a healthy neuronal proteome.



Fig. 2 Colocalization of BAG3, SYNPO, or SQSTM1/p62 with LC3-mCherry-positive puncta in neuronal processes. LC3-mCherry was 
expressed in neurons by lentivirus. Neurons were coimmunostained for BAG3, SYNPO, or SQSTM1/p62, respectively. Overlap of 
BAG3 (A), SYNPO (B) or SQSTM1/p62, (C) with LC3-mCherry puncta was observed in neuronal processes. The corresponding line 
scans are shown on the bottom. Arrowheads denote areas of overlap. Scale bar: 10 μm.
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To further uncover potential BAG3 interactors in neurons, an unbiased 
proteomic screen was performed by immunoprecipitation of endogenous 
BAG3.52 A total of 127 proteins were found to selectively coprecipitate with 
BAG3 from neurons.52 KEGG pathway analysis revealed the top pathway 
represented by the BAG3-associated proteins was endocytosis.52 Further 
analysis of this subgroup of proteins identified a cluster that interact with 
each other and closely associate with chaperones and cochaperones.52 These 
proteins can be further divided into three subgroups: chaperones, cytoskel-
etal proteins, and proteins that modulate the activity of small GTPases.52 
Among the small GTPase regulators, TBC1 Domain Family Member 10B 
(TBC1D10B) was identified as a bona fide BAG3 interactor.52 Given the 
role of TBC1D10B as the primary GTPase-activating protein for Rab35-an 
endosomal small GTPase,62,63 the interaction between TBC1D10B and 
BAG3 and the involvement of BAG3 in endosome-lysosome pathway were 
further investigated in neurons.

BAG3 forms a tripartite complex with TBC1D10B and HSP70.52 The 
interaction of BAG3 with TBC1D10B is facilitated by HSP70.52 Through 
the association with TBC1D10B, BAG3 modulates Rab35 activity by pre-
venting TBC1D10B from promoting GTP hydrolysis and therefore pro-
longing Rab35 in a GTP-bounded state.52 Reduction of BAG3 levels or a 
BAG3 mutant deficient in HSP70 binding leads to lower Rab35 activity.52 
Since Rab35 plays a critical role in the endosomal sorting complex required 
for transport (ESCRT) system,63,64 we examined the impact of BAG3 on 
ESCRT function. The recruitment of Hrs, an ESCRT 0 component, to 
the surface of the endosome is mediated by Rab35.65,66 ESCRT 0 plays a 
role in directing cargo to endosomes for engulfment, and also facilitating 
the recruitment of ESCRT machinery to form intraluminal vesicles.65 The 
mobility of Hrs and its association to Rab35 are substantially enhanced by 
the presence of BAG3, whereas loss of BAG3 decreases Hrs and Rab35 
interaction.52

Phospho-tau is one cargo that is directed to endo-lysosomal degradation 
through the ESCRT system.66,67 The modulation of the ESCRT system by 
BAG3 through Rab35/Hrs also plays an important role in regulating the 
degradation of phosphorylated tau through this pathway.52 Reduction of 
BAG3 increases the accumulation of phosphorylated tau, whereas deple-
tion of TBC1D10B decreases the level of phosphorylated tau in neurons.52 
Consistent with the notion that BAG3/TBC1D10B plays a role in regulate 
tau sorting into ESCRT system, BAG3 knockdown decreases colocalization 
between phospho-tau and CHMP2B, an ESCRT-III component; whereas, 
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depletion of TBC1D10B or BAG3/TBC1D10B increases the localization 
of phospho-tau to the ESCRT system.52

The important role of BAG3 in modulating endolysosomal degradation 
of pathological tau was further confirmed in a tauopathy mice model over-
expressing human tau with the P301S mutation (PS19 line).52 Increased 
BAG3 expression in hippocampi of these mice significantly reduces the 
level of pathological tau.52 Further, significantly more Hrs was recruited 
to Rab35, and significantly more phospho-tau was sorted to the endo- 
lysosomal pathway via the ESCRT system.52 As a result, the integrity of 
neuronal dendrites and postsynaptic densities was supported in the PS19 
mice with BAG3 overexpression compared to controls.52 This study further 
underscores the role of BAG3 in maintaining tau homeostasis in neurons. 
It is clear that in addition to the regulation of the autophagic pathway,34,50 
BAG3 also modulates endolysosomal pathway to facilitate the removal of 
phosphorylated tau.52 As the level of BAG3 decreases as a function of age or 
in pathological conditions such as AD,47,48 increasing the expression level of 
BAG3 would be beneficial to prevent the accumulation of pathological tau 
species, and therefore maintain a health neuronal processes.

3. Summary

BAG3 along with its partner proteins plays a vital role in protein quality 
control.32,37,43 These roles include, but not limited to, support of proper 
protein folding, prevention of protein aggregation, and targeting unwanted 
proteins for vacuolar-mediated degradation.37 One likely mechanism that 
enables BAG3 to perform such versatile roles in protein quality control is 
the ability to recruit various protein partners through its modular domains. 
The identities of BAG3 protein partners appear to be cell-type depen-
dent.45,46,48,50,53,68,69 In neurons, BAG3 interacts with an array of proteins 
that are specifically adapted for maintaining proteases in the unique polar 
structure of the neuron (Fig. 3).50,52 Efficient protein turnover mechanisms 
in distal processes, especially at dynamic synapses, are essential to support 
neuronal activities.24,25,48 Given their postmitotic nature, an efficient protein 
degradation system is crucial to maintaining a healthy proteome in neu-
rons. In mature cortical neurons, BAG3 cooperates with SYNPO to recruit 
autophagy machinery to remove phospho-tau in neuronal processes and 
postsynaptic densities.50 Beyond its role as a regulator of autophagy, BAG3 
also facilitates tau degradation via the endolysosomal system through an 
interaction with TBC1D10B to regulate the activity of endosomal GTPase 



Fig.  3 BAG3-mediated vacuolar-dependent tau degradation pathways in neurons. BAG3 cooperates with SYNPO to mediated 
autophagosome- lysosome-dependent degradation of phospho-tau in dendrites. In addition, BAG3 interacts with TBC1D10B through Hsp70 
to modulate Rab35 activity, which promote tau degradation through the endo-lysosome dependent pathway.
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Rab35.52 Both degradation pathways are important for the removal of 
potentially pathological tau species. These diverse roles of BAG3 in these 
different, lysosome-dependent tau clearance pathways further support the 
notion that this protein is a master regulator of tau homeostasis in neu-
rons.49 Indeed, there is a growing body of evidence that dysregulation of 
BAG3 is likely a contributing factor in the progression of neurodegen-
erative proteinopathies in general, and more specifically tauopathies such 
as Alzheimer’s disease and related frontotemporal dementias.48,49 Further 
studies are needed to be more fully delineate the role of BAG3 dysregula-
tion in these diseases and to develop intervention strategies based on these 
knowledge to ameliorate the progression of these diseases.
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1. Introduction

Neurodegenerative disorders showing abundant intracellular Tau aggre-
gates are collectively referred to as tauopathies that include Alzheimer’s 
disease (AD), progressive supranuclear palsy (PSP), corticobasal degener-
ation (CBD), Pick’s disease (PiD), and argyrophilic grain disease (AGD). 
Tau mainly accumulates in neurons in AD and PiD, while the pathologies 
of PSP and CBD are characterized by glial Tau pathologies, such as tufted 
astrocytes and astrocytic plaques. Tauopathies have distinct biochemical sig-
natures; all six isoforms of Tau accumulate in AD, while PiD is characterized 
by a predominance of 3 repeat Tau and CBD, PSP, and AGD are tauop-
athies with a predominance of 4 repeat Tau.1 Cryo-electron microscopy 
(cryo-EM) analyses recently revealed that each tauopathy has a different 
structural conformation and is called a strain.2–4 These findings led to the 
strain hypothesis, which suggests that the prion-like propagation of strains 
accounts for neuropathological heterogeneity.5

Autophagy is an evolutionarily conserved cellular mechanism for the 
degradation and recycling of cellular components via the lysosomal path-
way. In neurons, autophagy is crucial for proper axon guidance, vesicular re-
lease, the dendritic spine architecture, spine pruning, and synaptic plasticity, 
and the dysregulation of autophagy is associated with brain disorders, in-
cluding autism spectrum disorders, and neurodegenerative diseases, such as 
Parkinson’s disease and AD.6,7 The clearance of the physiological and patho-
logical forms of Tau is mediated by proteasomal and autophagic  degradative 
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systems. Monomeric Tau is natively unfolded, which may make it a target 
for 20S proteasomes, while Tau aggregates are selectively degraded by au-
tophagy.8Autophagy is an ongoing clearance mechanism for larger, longer 
lived proteins and aggregates as well as organelles, such as mitochondria and 
peroxisomes. We herein describe strain-mediated Tau propagation and then 
discuss the role of autophagy in tauopathies.

2. Tau propagation mechanisms

Tauopathies are characterized by the progressive intraneuronal deposi-
tion of aggregated Tau proteins. In AD, Tau stereotypically extends as 
aggregate deposits along anatomically connected networks from the 
transentorhinal cortex or neocortical areas.9 The spatiotemporal pro-
gression of Tau aggregates correlates with cognitive impairment. Along 
with this classical observation, an intracerebral injection of brain ex-
tracts containing aggregated Tau or recombinant Tau seeds induces 
tauopathy in Tau-transgenic (Tg) or nontransgenic (NTg) mice. The 
Tau lesions induced propagate from the injection site to other regions 
via a  connectome-dependent manner. This phenomenon strongly sup-
ports the transfer of Tau, the  cell-to-cell “ prion-like” particle, from one 
cell to another, similar to the aggregated form of the prion protein in 
Creutzfeldt-Jacob disease. Along with cell-to-cell spreading, internalized 
Tau is considered to induce the fibrous aggregation of endogenous Tau 
by templated self- assembly (Fig. 1).

2.1 Experimental methods for Tau propagation
2.1.1 In vitro Tau propagation

Self-assembly of Tau
Tau protein is highly hydrophilic and natively unfolded. Under pathological 
conditions, Tau becomes misfolded, attains a β-structure, and assembles into 
paired helical filaments (PHF). In vitro aggregation is triggered by the ad-
dition of polyanionic cofactors, including heparin and RNA, and followed 
continuously by thioflavin T (Th T) fluorescence. The Tau aggregation assay 
is highly reproducible and has been used as a robust tool for screening drugs 
that may interfere with the pathogenesis of Tau.10

Seed-dependent Tau propagation
Internalized Tau is considered to induce the fibrous aggregation of en-
dogenous Tau by templated self-assembly (Fig. 1). Recent studies using 
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cryo-EM to elucidate the structure of AD Tau filaments discovered a 
C-shaped  filament core encompassing residues 204/306–378/380 of Tau 
protein.3 Abnormal forms of Tau, such as AD Tau filaments, appear to act 
as seeds that recruit and convert normal Tau to a pathological species in a 
prion-like manner. The recombinant AD Tau core exhibited potent seed-
ing activity to recruit normal full-length Tau to filaments, thereby creating 
a pathogenic species with enhanced seeding capability.11 The structures 
of other Tau filaments in CBD, PiD, and chronic traumatic encephalop-
athy have been elucidated using cryo-EM.2,4,12,13 The self- propagating 
prion-like properties of these different tauopathies have been used to 
develop a diagnostic marker using an ultrasensitive real-time quaking- 
induced conversion assay.14,15

Seed-dependent Tau propagation using a cell-based assay
Sonicated recombinant Tau aggregates were previously shown to enter 
C17.2 cells and induce the fibrillization of intracellular-transfected Tau.16 

Fig. 1 Schematic model of in vitro Tau propagation based on cryo-EM structures. Pick’s 
disease adopts a single novel fold of 3R Tau (A), which is distinct from the Tau filament 
fold found in AD that contains C-shaped protofilaments (B). 4R tauopathy CBD com-
prises an antiparallel four-layered fold that undergoes the self-assembly of naïve un-
folded Tau and forms CBD Tau aggregates (C). Recombinant Tau seeds have distinct 
structures from other patient-derived Tau seeds (D). Fibril structures were taken from 
PDB files originally published in Ref. 2–4.
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PHF extracted from the AD brain developed intracellular aggregates that 
formed aggresomes.17 Using SH-SY5Y cells, we examined the seed- 
dependent  propagation properties of a 24-kDa fragment (Tau-CTF24) of 
Tau that increased with aging in tauopathy model mice and human tauop-
athies.18 The findings obtained showed that Tau-CTF24 consisted of four 
binding domains and a C terminus (243–441). When insoluble Tau from 
AD, PSP, and CBD brains or aggregated recombinant Tau was introduced as 
seeds into SH-SY5Y cells, a larger amount of insoluble Tau formed in cells 
overexpressing Tau-CTF24 than in those overexpressing full-length Tau. 
Using SH-SY5Y cells expressing a series of 10 partial deletions (Del 1–19, 
covering 244–400 amino acids) in Tau-CTF24 mutants, we attempted to 
identify the key sequences of seed-dependent propagation and found that 
aggregation was significantly decreased in the Del 8 mutant lacking  353–368 
amino acids.19 In Del 8, the Asn-368 mutation suppressed Tau aggregation 
induced by an AD Tau seed. The effects of Asn-368 were observed in AD, 
but not recombinant, PSP, or CBD seeds (Fig. 2). These findings imply that 
the Asn-368 residue plays a role in strain-specific Tau aggregation in differ-
ent tauopathies.

Fig. 2 Effects of Δ368 on Tau aggregation were only observed in AD seeds. HA-tagged 
Tau-CTF24 WT or the Δ368 mutant was expressed in SH-SY5Y cells and treated with 
AD brain lysates or heparin-induced recombinant full-length Tau fibrils. Aggregate-
like structures were absent in the no seed panel (A, B, and C), and only diffuse staining 
was noted in soma. However, the introduction of recombinant seeds (D, E, and F) or 
AD seeds induced aggregate-like structures (white arrowheads) (G and I upper). The 
number of aggregates was reduced in cells expressing Tau-CTF24 with Δ368 induced 
by AD seeds, (H and I lower), but was maintained in wild-type recombinant Tau seeds 
(E and F lower). The insets in A, B, D, E, G, and H indicate areas of higher magnification 
as C, F, and I. Cells were stained with an anti-HA antibody (green), antitubulin antibody 
(red), and DAPI (blue).



 Tau propagation and autophagy 177

2.1.2 In vivo Tau propagation
Tau aggregates injected into the unilateral hippocampus and the overlying 
cerebral cortex of Tg or NTg mouse brains induced the Tau pathology 
via connected networks in the contralateral hippocampus, fimbria, fornix, 
 lateral septal nucleus, mammillary area, EC, and locus coeruleus.20–22 In our 
laboratory, a sarkosyl-insoluble fraction of AD brains was injected into the 
unilateral hippocampus of Tg601 mice, which overexpress wild-type hu-
man Tau, and NTg mice. The Barnes maze test conducted 17–19 months af-
ter the injection showed increased primary latency to reach the target hole 
in the 3rd and 5th sessions in AD brain-injected mice (Fig. 3A).1 Seventeen 
to nineteen months incubation of AD brain induced AT8-positive neurons 
and threads more strikingly in Tg601 mice (Fig. 3B and C). These find-
ings indicate that Tau propagation contributes to functional decline and 
also suggest that long-term changes in nonmutated Tau mice reflect human 
pathological conditions.

Fig.  3 AD brain injection-induced learning disability and Tau pathology. The Barnes 
maze test was originally developed by Carol Barnes to overcome the stress induced by 
swimming in the Morris water maze test. A two-way factorial ANOVA for each training 
session revealed the significant effect of the AD brain injection in the 3rd session (F (3, 
61) = 4.1277, P = .0469) and 5th session (F (3, 61) = 5.6253, P = .021)1 (A). An AT8 antibody, 
which recognizes phosphorylated serine 202 and threonine 205, showed Tau-positive 
threads and neurons in the hippocampus of NTg mice (B). In the dentate gyrus of the 
ipsilateral hippocampus, the number of AT8-positive cells was shown for Tg601 mice 
(C). Bar = 100 mm.
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The Tau pathology observed in mice after a tauopathy brain injection 
extended in a Tau strain-specific manner. PSP-Tau and CBD-Tau strains 
induced astroglial and oligodendroglial Tau inclusions, recapitulating the di-
versity of neuropathology in human tauopathies.22 In our laboratory, a PSP 
brain homogenate injection into the unilateral hippocampus of NTg mice 
after 22 months incubation induced astrocytic plaque-like structures in the 
ipsilateral retrosplenial granular cortex (Fig.  4). An AGD brain homoge-
nate injection also induced grain-like structures.23 These strain-specific 
propagation properties may be related to the different cryo-EM structures 
(Fig. 1).2–4,24

2.2 Potential routes for the intercellular spread of Tau 
aggregates
The intercellular spread of Tau aggregates occurs in a hierarchical pattern; 
they initially appear in the entorhinal cortex (EC) and then spread to the 
hippocampus and surrounding areas. The mechanisms and agents underly-
ing the progression of the Tau pathology remain controversial. One of the 
most interesting and poorly examined questions in this field is whether a 
pathology and/or dysfunction in the EC initiates the anatomical progres-
sion of disease or if a pathology and/or dysfunction in the extrahippocam-
pal areas develop independently and are independent of events occurring in 

Fig.  4 Glial-like Tau pathology in the ipsilateral retrosplenial cortex after a PSP brain 
injection. A PSP brain homogenate was injected into the unilateral hippocampus of 
2-month-old NTg mice. The retrosplenial cortex of mice showed AT8-positive astrocytic 
plaque-like structures (white arrow heads) at 19 months.
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the EC. To the best of our knowledge, 4 routes have been proposed for the 
intercellular spread of Tau aggregates (Fig. 5).

2.2.1 Trans-synaptic Tau propagation
A number of circumstantial observations support the trans-synaptic spread 
hypothesis for AD in terms of both pathology development and functional 
outcomes. A tauopathy mouse model study demonstrated the propagation 
of pathology from the EC and reported a trans-synaptic mechanism of 
spread along anatomically connected networks between connected and 
vulnerable neurons.25 Hyman and colleagues showed that PBS-soluble 
phosphorylated high-molecular-weight Tau, though very low in abun-
dance, was taken up, axonally transported, and passed onto synaptically 
connected neurons.26 Using microfluidic devices, exosomes have been 
shown to mediate the trans-neuronal transfer of Tau depending on synap-
tic connectivity. The spread of Tau is achieved by the direct transmission 
of exosomes between neurons. In organotypic hippocampal slices, Tau-
containing exosomes in conditioned medium are taken up by neurons and 
microglia, not astrocytes. In N2a cells, Tau assemblies were shown to be 
released via exosomes.27

Fig. 5 Schematic representation of routes for the intercellular spread of Tau aggregates. 
Aggregated Tau is transmitted or spreads from neuron to neuron trans-synaptically, 
exo-synaptically, extracellularly, and via tunneling nanotubes.
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2.2.2 Exo-synaptic Tau propagation
Ikezu and co-workers reported another nonsynaptic route for the spread of 
Tau aggregates because Tau accumulation in layer II of the EC region does 
not directly connect to the CA1 region of the hippocampus, in which Tau 
accumulation is commonly detected as the pathology progresses.28 In two 
independent models of tauopathy, the DG and EC regions of PS19 mice 
and the DG of the rapid AAV model, microglial-mediated Tau propaga-
tion may explain the evolution of Braak staging, which shows the lateral 
propagation of the Tau pathology in neurons that are not connected by 
synapses, such as those from the transentorhinal cortex to the higher-order 
sensory association areas of the occipitotemporal gyrus in Braak III stage 
AD. The lateral (nonsynaptic) propagation of Tau has also been reported in 
rTgECTau mice, which reversibly express the human variant Tau P301L 
primarily in layer II of the EC.28,29

2.2.3 Extracellular Tau propagation
The extracellular localization of Tau implies novel physiological functions 
that are altered during the neurodegeneration process.30 Naked Tau assem-
blies may be secreted into the extracellular environment by exocytosis and 
taken up by naïve cells via endocytosis. Evidence for the secretion of Tau 
species within extracellular vesicles, e.g., exosomes (~ 30–100 nm), which 
originate from the fusion of multivesicular bodies (MVB) with the plasma 
membrane, and ectosomes (~ 100–1000 nm), which form directly from the 
plasma membrane, has been reported; however, the contribution of these 
systems to the spread of disease has not yet been confirmed or defined.31 
Tau is also present in the cerebrospinal fluid (CSF) and interstitial fluid 
as well as in the conditioned medium of neuronal cultures. Extracellular 
Tau species may be toxic to neurons32 and, more importantly, may serve 
as pathogenic “seeds” to be taken up by surrounding neurons, thereby en-
abling prion-like propagation.33

2.2.4 Tau propagation by tunneling nanotubes (TNTs)
TNTs are filamentous actin-containing membranous structures that bridge 
and connect cells. Previous studies reported the presence of misfolded pro-
tein assemblies associated with disease within TNTs directly connecting 
the cytoplasm of distant cells, such as from immune to neuronal cells.34 
In addition to allowing the long-range intercellular transfer of cytoplas-
mic macromolecules, plasma membrane components, vesicles, and organ-
elles, TNTs transfer pathogens, such as HIV, infectious prion particles, and 
 huntingtin-Exon 1 aggregates, from affected donor to naive recipient cells.
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3. Autophagic impairment promotes Tau aggregation

Autophagy plays a vital role in regulating cellular homeostasis and disease 
states. Therefore, dysfunctional autophagy results in the accumulation of 
pathogenic proteins inside cells.35 However, autophagy in neurons is more 
than a simple housekeeper, it has several neuronal-specific functions, such 
as axonal guidance, synaptic transmission, proper neuronal connectivity, and 
neural stem cell development.6,36 Impairments in these degradative systems 
leads to the intracellular accumulation of Tau, neuronal deficits, and the 
formation of aggregates.37 Three types of autophagy have been described 
in mammals according to the delivery mechanisms of cargo to lysosomes 
(Fig.  6). In macroautophagy, cytosolic cargo is initially trapped inside 
 double-membrane vesicles (autophagosomes), which then fuse with lyso-
somes to completely degrade the cargo.38 In chaperone-mediated autoph-
agy (CMA), proteins are identified one by one by a cytosolic chaperone that 
transports them to the lysosomal surface for translocation across this mem-
brane.39 In microautophagy and endosomal microautophagy, cargo is inter-
nalized through invaginations in lysosomal and endosomal membranes.37

3.1 Macroautophagic dysfunction in tauopathies
Macroautophagy, the most characterized form of autophagy, is classified 
into two main types. Basal macroautophagy is a quality control mecha-
nism that prevents metabolic and oxidative stress by degrading aggregated 
or  aggregate-prone proteins. Starvation-induced autophagy occurs in re-
sponse to nutrient deprivation and recycles macromolecules to provide 
substrates for energy metabolism.38 Autophagy is a highly regulated process 
that involves the sequential activation of protein complexes encoded by 
autophagic genes (ATG). Briefly, in mammalian cells, autophagy is initi-
ated by the activation of the class III phosphatidylinositol 3-kinase (PI3K) 
complex by the unc-51-like autophagy-activating kinases 1/2 (ULK 1/2) 
complex, leading to the primary nucleation of the membrane and re-
cruitment. Membrane elongation then occurs under the direction of two 
ubiquitin-like conjugation systems, ATG12–ATG5 and MAP1LC3B/LC3 
(microtubule- associated protein 1 light chain 3). ATG12 binds to ATG5 
and ATG16L1 in order to facilitate the recruitment and lipidation of the 
cytosolic form of LC3 (LC3-I) with phosphatidylethanolamine to become 
the  phagophore-specific and autophagosome membrane-associated form 
LC3-II.39 Cytoplasmic substrates are recognized by autophagic receptors, 
such as SQSTM1/p62 (sequestosome 1) or NBR1 (NBR1 autophagy cargo 
receptor), which also recognize the LC3-II protein.40 The  autophagosome 



Fig. 6 Three main types of autophagy impaired in AD. In macroautophagy, cytosolic cargo is initially trapped inside double-membrane 
vesicles (autophagosomes) that then fuse with lysosomes for the complete degradation of cargo (A). In chaperone-mediated autophagy 
(CMA), proteins are identified by a cytosolic chaperone that transports them to the lysosomal surface for translocation across this mem-
brane (B) In microautophagy and endosomal microautophagy, cargo is internalized through invaginations in lysosomal and endosomal 
membranes (C).
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fuses its outer membrane with a lysosome, forming a single membrane au-
tolysosome, the contents of which are degraded by acidic lysosomal hy-
drolases, thereby restoring the lysosome (Fig. 6A). When the mechanisms 
underlying autophagy are disrupted, cells become more prone to the accu-
mulation of defects, which reduces cell viability. If autophagic pathways are 
not rescued, the accumulation of cellular debris may occur and accelerate 
physiological tauopathies and related neurodegenerative diseases.37

A prominent feature of AD is the massive accumulation of lysosomal ve-
sicular structures in degenerating neurons, and pathological studies have sug-
gested the impairment of macroautophagy in neurodegenerative disorders, 
including AD and other tauopathies.7 Atg7-deficient mice were found to 
be defective for the initiation of macroautophagy and displayed progressive 
neurodegeneration with prominent inclusions positive for ubiquitin, p62, 
phosphorylated Tau, and GSK3β.41 A previous study reported that miR-
132/212 targeted Tau mRNA to regulate Tau expression, the downregu-
lation of miR-132/212 expression in the brains of AD patients led to the 
aggregation of Tau, and the regulation of Tau aggregation by miR-132/212 
was associated with dysfunctional autophagy.42 A transcriptomic analysis of 
APOE3/4-targeted replacement mice identified the upregulation of genes 
associated with vesicle function, including nine vacuolar H+ ATPases and 
Rab GTPases, which are vital for early and late endosome (LE) functions. 
The dysregulation of autophagy within the EC may facilitate the initial 
aggregation of Tau, which ultimately results in the pathological spread of 
Tau to other vulnerable brain regions.43 AD neurons may be relevant to the 
progression of tauopathy by hindering correct lysosomal positioning and fa-
cilitating Tau release in the extracellular space during short-lived and acute 
Tau proteotoxic stress, and also by triggering the accumulation of insoluble 
Tau under a long-term Tau pathology.44

3.2 CMA dysfunction in tauopathies
Initial investigations on CMA indicated that the degradation of intracel-
lular components by lysosomes was selective; however, this concept is now 
recognized as one type of autophagy. Lysosomes not only degrade the 
cellular cytosol in a nonspecific manner but also discriminate between 
what to target for degradation with the involvement of a degradation 
tag, a chaperone, and this sophisticated mechanism induces selected pro-
teins to cross the lysosomal membrane through a dedicated translocation 
complex.45 The selectivity of CMA is conferred by the ability of the heat 
shock cognate protein of 70 kDa (hsc70) to recognize a pentapeptide 
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 motif ( biochemically related to the pentapeptide KFERQ) in CMA sub-
strate proteins and deliver them to the lysosomal surface for binding to 
 lysosome-associated membrane protein type 2A (LAMP2A).46,47 Following 
the binding of substrates, LAMP2A multimerizes into a translocation com-
plex, allowing substrate proteins access to the lysosomal lumen. Substrate 
entry requires a form of hsc70 residing inside lysosomes that completes 
substrate translocation (Fig. 6B).48 Tau contains two targeting motif ho-
mologs (336QVEVK340 and 347KDRVQ351) in microtubule-binding 
domains, which are involved in the direct delivery of cytosolic Tau by 
chaperones to lysosomal membranes. CMA contributes to the degradation 
of pathogenic proteins involved in neurodegenerative disorders, such as 
a-synuclein (a-syn) and Tau.49 The experimental blockage of CMA resulted 
in the rerouting of oligomers of acetylated Tau toward LE/MVB by endo-
somal microautophagy, and this mechanism may lead to the extracellular 
release and cell-to-cell propagation of Tau.50 The loss of CMA in a mouse 
model of AD exerted synergistic negative effects on the proteome at risk 
of aggregation, thereby increasing neuronal disease vulnerability and accel-
erating disease progression.45 An inducible mouse neuroblastoma N2a cell 
model of tauopathy expressing the repeat domain of Tau with a FTDP-17 
mutation (TauRD ∆ K280) and its F1 fragment interacting with the cytoso-
lic hsc70 chaperone was examined, and TauRD ∆ K280 mutants facilitated 
its binding to lysosomes in a manner that depended on the CMA receptor 
LAMP-2A.51 Besides Tau, a connection between CMA and an AD-related 
protein, the regulator of calcineurin 1 (RCAN1) has also been established. 
CMA degrades RCAN1, the high expression of which in AD brains has 
been linked to neuronal demise.52

3.3 Microautophagic dysfunction in tauopathies
Microautophagy is a type of autophagy that is characterized by direct 
enclosure with the vacuolar/lysosomal membrane, which completes 
the isolation and uptake of cell components in the vacuole (Fig.  6C). 
Microautophagy involves the invagination of the endosomal membrane by 
a series of Endosomal Sorting Complex Required for Transport (ESCRT) 
complexes to generate intraluminal vesicles, which capture cytosolic- and 
membrane-bound molecules.53 Microautophagy may be categorized into 
three types depending on the morphology of the vacuolar/lysosomal 
membrane deformation: (i) with lysosomal/vacuolar membrane protru-
sions, (ii) invaginations, and recently discovered (iii) LE invaginations.54 
Selective organelle degradation by microautophagy occurs via interactions 
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between organelle proteins and surface proteins on vacuoles, lysosomes, or 
LE.51 Selective and nonselective microautophagy was differentiated based 
on the selectivity of the engulfment of cargo during these processes; cargo 
may consist of nonselective soluble components in the cytosol.55 However, 
particular organelles and cellular components may also be sequestered in 
selective microautophagy, such as micropexophagy (peroxisomes),56 piece-
meal microautophagy of the nucleus (part of the nucleus),57 and micro-
autophagy (mitochondria).58 A previous study reported increased levels 
of mitophagy markers, including COX IV, TOMM20, and the ratio of 
mtDNA to genomic DNA indexed as mt-Atp6/Rpl13, in AD brains and 
in human wild-type Tau-overexpressing Tg mice.59 A direct toxic effect of 
pathogenic aggregate proteins on Hsc70, which is responsible for cargo 
recognition in CMA and endosomal microautophagy, has not yet been 
demonstrated. However, a model of chaperone depletion has been sug-
gested in which the aggregate-mediated sequestration of Hsc70 reduces 
its availability for other cellular functions, such as endocytosis and pro-
tein folding. Moreover, immunohistochemistry of the EC and cingulate 
cortex of APOE4/4-targeted replacement mice revealed an increase in 
early endosomes, which has also been observed in AD.43 Furthermore, the 
knockdown of several components of the ESCRT machinery, including 
charged multivesicular body protein 6 (CHMP6) or CHMP2A in com-
bination with CHMP2B (the gene of which is linked to familial FTD), 
promoted the propagation of Tau aggregation.60 In a human cell system 
for seeding-dependent tau aggregation, the molecular chaperones heat-
shock cognate 71-kDa protein (HSC71)/heat-shock protein 70 (HSP70), 
HSP90, and J-domain co-chaperones were sequestered by tau aggregates. 
A single-cell analysis of protein-folding and clathrin-mediated endocyto-
sis revealed that chaperone-dependent cellular activities were significantly 
impaired by tau aggregation and may be reversed by a treatment with 
small-molecule regulators of heat-shock transcription factor 1 proteostasis, 
which induce the expression of cytosolic chaperones.61

4. Pharmacological agents modulating Tau propagation
4.1 Autophagic modulators attenuated Tau propagation
The autophagy-lysosomal pathway (ALP) is recognized as the main mech-
anism responsible for the clearance of protein aggregates that cannot be 
proteolyzed by proteasomes. Accumulating evidence has demonstrated the 
pharmacological enhancement of autophagy activity in patient-derived 
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neurons and in vivo reductions in oligomeric and aggregated Tau, the mit-
igation of Tau neuronal transmission, and reduced cell loss, which support 
the potential of autophagy modulators as therapeutic agents (Table  1).73 
The stimulation of autophagy by trehalose in the Tg Tau-P301S mouse 
model was shown to significantly reduce Tau inclusions in the brain and 
promote neuronal survival in the cerebral cortex and brainstem. However, 
trehalose failed to activate autophagy in the spinal cord and did not af-
fect motor impairments in Tau-P301S mice.62 Studies on mouse models 
treated with rapamycin, an inhibitor of mammalian target of rapamycin 
(mTOR), revealed a reduction in pathogenic Tau levels and improved cog-
nition by the upregulation of autophagy.63 The pharmacological upregu-
lation of autophagy was recently shown to rescue the Tau phenotype in 
tauopathy patient iPSC-derived neurons. Three ATP-competitive mTOR 
kinase inhibitors, OSI-027, AZD2014, and AZD8055, exert stronger effects 
on Tau clearance than rapamycin without affecting viability. These com-
pound treatments downregulated P-Tau and insoluble Tau, which reduced 
Tau-mediated neuronal stress vulnerability. The most notable finding in this 
study was the discovery that a single-dose 24-h treatment reduced Tau for 
12–16 days without the loss of cell viability or integrity.64 However, the 
induction of autophagy in tauopathies does not necessarily have a straight-
forward beneficial outcome. Research has shown that the induction of new 
autophagosome formation is not necessarily impaired in disease states, the 
lysosomal-dependent proteolytic system is the main cause of disruption, 
which leads to the “backed up” accumulation of autophagosomes carrying 
misfolded proteins.74 In many cases, the pharmacological enhancement of 
autophagosome formation also activates transcription factor EB (TFEB), 
which simultaneously coordinates lysosomal biogenesis as well as the genes 
required for autophagosome formation, fulfilling the criteria for the up-
regulation of ALP.75 These findings also suggest the potential of TFEB as 
a therapeutic target. On the other hand, pharmacological treatments that 
improve the catalytic performance of lysosomal enzymes and reduce the 
load of autolysosomes may also rescue lysosomal functions. A previous study 
discovered that pathological Tau reduced the effects of fisetin (3,7,3´,4´- 
tetrahydoxyflavone), an organic flavonoid present in many types of fruits 
and vegetables. The treatment of mouse primary cortical neurons and rat 
primary cortical neurons with fisetin reduced S262 and S396/S404 hy-
perphosphorylated Tau and decreased sarkosyl-insoluble Tau in 293T cells 
by enhancing autophagy through increases in the transcriptional activity 
of TFEB and Nrf2.65 Pimozide, an antipsychotic, that is used to manage 



Pharmacological agents In vitro/in vivo models Molecular mechanisms
Influence of Tau 
clearance Additional outcome

Trehalose62 P301S tau Tg mice, 
C57BL/6 mice

m-TOR independent ↓ Sarkosyl insoluble tau ↑ Neural activity

Rapamycin63 7PA2, 3X Tg-AD mice Inhibited m-TOR ↓ Tau pathology ↓ Aβ pathology
OSI-027, AZD2014, and 

AZD805564
Patient iPSC-derived 

neuronal cells
Inhibited m-TOR ↓ Phosphorylated and 

insoluble tau
↓ Neuronal stress 

vulnerability
Fisetin (3,7,3′,4′ 

-tetrahydroxyflavone)65
Mouse cortical neuronal 

cells (T4)
↓ m-TOR, ↑ TFEB, Nrf2 ↓ Tau phosphorylation, 

insoluble tau
 

Pimozide66 TauC3 mice AMPK-mediated, non-
m-TOR pathway

↓ Phosphorylation, Tau 
aggregates

↑ Memory deficits

Berberine67 3XTgAD mice Class III PI3K/beclin-1 
pathway

↓ Tau phosphorylation ↑ Learning and 
memory

Compound 2268 
(derivative of 
nitazoxanide (NTZ))

SH-SY5Y cells, BV2 
cells, APP/PS1 mice

Inhibited m-TOR ↓ Tau phosphorylation ↑ Aβ clearance

Cerium oxide 
nanoparticles 
(nCeO2)

69

Drosophila AD model ↑ ATG1 and ATG 18 ↓ hTau gene expression  

Bis(ethylmaltolato) 
oxidovanadium (IV) 
(BEOV)70

APPSwe/PS1dE9 mice, 
N2asw cells

Tyrosine phosphatase-1B 
(PTP1B) and Akt/
GSK3β pathway

↓ Tau phosphorylation ↓ Aβ production

Metformin71 APP/PS1 Tg mice ↑ m-TOR-dependent 
microglial autophagy

↓ Tau pathology ↓ Aβ pathology

Lithium72 SH-SY5Y cells m-TOR independent ↓ Sarkosyl insoluble tau  

Table 1 Pharmacological agents promoting the clearance of Tau propagation by activating autophagy.
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debilitating motor and phonic tics in patients with Tourette’s disorder, also 
increased autophagic flux through the activation of the AMPK-ULK1 axis, 
but not mTOR, and reduced the levels of abnormally phosphorylated Tau 
aggregates in neuronal cells.66 In the triple-Tg mouse model of AD (3 × Tg 
AD), berberine, a natural isoquinoline alkaloid isolated from Rhizoma cop-
tidis, promoted the autophagic clearance of Tau by enhancing the activity 
of autophagy via the class III PI3K/beclin-1 pathway.67 Moreover, through 
high-throughput compound screening, a novel p300/CBP inhibitor was 
identified that promotes autophagic flux, decreases Tau secretion, and re-
duced Tau propagation in fibril-induced Tau spreading models both in vitro 
and in vivo.76 An inducible tauopathy cell model with a repeat domain with 
the K280 mutation cleared Tau aggregation through the activation of au-
tophagy, and not by the ubiquitin proteasomal system.77 Nitazoxanide is an 
FDA-approved antiparasite drug and its derivative, compound 22 inhibited 
the phosphorylation of p70S6K, which was the direct substrate of mTOR, 
and its phosphorylation level may reflect mTOR-dependent autophagy 
in vivo as well as in vitro.68 Cerium oxide nanoparticles (nCeO2) act as an-
tioxidants by mimicking the activities of catalase and superoxide dismutase 
and also as scavengers of free radicals. A one-month synthesized nCeO2 
diet significantly improved climbing activity in a pan-neuronal fly model 
of AD. nCeO2 also induced a significant decrease in hTau gene expression 
and increased the mRNA expression of the key autophagy genes ATG1 
and ATG18.69 Bis(ethylmaltolato) oxidovanadium (IV) (BEOV) was shown 
to significantly reduce the generation of Aβ by increasing the expression of 
peroxisome proliferator-activated receptor-gamma and insulin-degrading 
enzyme and by decreasing β-secretase 1 in the hippocampus and cortex of 
AD mice. BEOV also reduced Tau hyperphosphorylation by inhibiting pro-
tein tyrosine phosphatase-1B and regulating the pathway of insulin recep-
tor/insulin receptor substrate-1/protein kinase B/glycogen synthase kinase 
3 beta.70 The administration of metformin ameliorated microglial autoph-
agy impairment, enhanced the activation of microglia around Aβ plaques, 
promoted the phagocytosis of Tau aggregates in dystrophic neurites sur-
rounding Aβ plaques, and attenuated the Aβ load.71 Noninvasive autophagic 
modulators, such as near infrared light and ultrasound, have been suggested 
to reduce or alleviate the Tau burden in tauopathy mouse models.78,79 
However, the lack of highly specific and safe autophagy modulators is still a 
major obstacle to the development of autophagy modulators for clinical ap-
plications. Among the hundreds of autophagy modulator candidates being 
reported, only a few may ultimately progress to clinical  trials. Therefore, the 
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development of novel autophagy modulators with high specificity and low 
toxicity is urgently needed.

4.2 Lithium-induced autophagic promotion of aggregated  
Tau clearance
Lithium, an FDA-approved mood stabilizer that has been safely used to treat 
bipolar disorders for more than 50 years, is a validated autophagy inducer 
with potent efficacy.80–82 Autophagic activity has been associated with the 
beneficial effects of lithium in several disease models. Lithium was shown to 
reduce neuronal damage and promotes neurological recovery by inducing 
autophagy in a rat model of spinal cord injury.83 Lithium-triggered auto-
phagy may be an attractive strategy for developing novel pharmacological 
therapies in Parkinson’s disease.84 Sarkar et al. demonstrated that lithium- 
induced autophagy, independently of mTOR, by inhibiting inositol mono-
phosphatase (IMPase), resulting in the clearance of huntingtin and α-syn in 
nonneuronal and neural precursor cells.85,86 The generation of conforma-
tionally distinct Tau aggregates (or strains) has been reported.87 We recently 
showed that a lithium treatment reduced AD seed-dependent Tau aggre-
gation in SH-SY5Y cells by promoting autophagy. The lithium-induced 
promotion of autophagy was weaker in the case of CBD seeds than in 
AD or PSP seeds.72 A transmission electron microscopy analysis showed a 
markedly higher number of autophagic vacuoles in AD- and PSP-seeded 
cells than in SH-SY5Y cells seeded by CBD brain lysates (Fig. 7). In con-
trast to AD and PSP seed-treated cells, CBD-seeded cells have not followed 
the IMPase inhibition pathway. We speculate that differences in filament 
structures may influence enzyme-protein interactions, leading to the strain- 
specific lithium-induced promotion of autophagy.

5. Conclusion

Different strains of tau exhibit the distinct capacity for propagation, 
which may lead to the different phenotypes of tauopathies. Our findings 
on lithium-induced autophagy indicate the possibility of strain-specific 
degradation.
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1. Introduction

The accumulation and deposition of misfolded proteins are common 
features of neurodegenerative diseases, such as Alzheimer’s disease (AD), 
Parkinson’s disease (PD), amyotrophic lateral sclerosis, multiple system atro-
phy (MSA) and polyglutamine diseases.1–5 A normal balance between the 
production and degeneration of cellular protein is required for cell sur-
vival, and dysfunction of protein degradation systems has been proposed 
as one of the causes of neurodegeneration.6 In AD pathology, impairment 
of the  protein-degradation system including autophagy has been proposed 
as one of the causes of the accumulation of aberrant proteins.7 The patho-
logical features of AD included senile plaques, which contain extra cellular 
deposits of amyloid β and dystrophic neurites, and neurofibrillary tangles 
(NFTs) containing hyperphosphorylated tau.1,8 In addition to these two 
pathological hallmarks, granulovacuolar degeneration (GVD) is increased in 
AD brain, so GVD is also one of the pathological features of AD.9,10 In this 
review, we describe GVD sight of autophagy.

2. Neuropathological features of granulovacuolar 
degeneration (GVD) in neurons

GVD, which appears in the neuronal cytoplasm, was first described 
by Simchowicz in 1991.11 GVD is characterized by the presence of 
 membrane-delineated vacuoles harboring a dense core, the so-called GVD 
body (GVB) (Fig. 1). GVBs comprise single or multiple granule- containing 
vacuoles, 3–5 μm in diameter, within the neuronal cytoplasm, and can be 
observed by hematoxylin and eosin staining, and are argyrophilic in  nature.12 
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GVBs are most commonly observed in the pyramidal cells of the hippo-
campus, predominantly in the cornu ammonis 1 in AD and aged brain, 
and the number of cells with GVBs significantly increases in AD cases as 
compared to healthy individuals.9,10,13 In addition to AD, GVD is also ob-
served in many other diseases involving tau accumulation, including Pick’s 
disease, Parkinsonism-dementia complex of Guam, Down’s syndrome, tu-
berous sclerosis, and progressive supranuclear palsy.12,14,15 Thus, GVD is not 
specific to AD, but is one of the pathological changes associated with tau 
accumulation.

GVBs coexist with NFTs, and the distribution and spreading pattern 
of GVD are similar to that of NFT.16–18 GVBs are positive for tau, includ-
ing phosphorylated-tau19–22 and tau kinase.18,23–25 Moreover, GVBs are fre-
quently observed in pretangle, which means neurons are diffusely stained by 
tau antibodies.26,27 Thus, many researchers hypothesized that GVD in the 
AD brain is associated with NFT formation at an early stage,23,28–30 but there 
has been no direct evidence that tau accumulation induces GVBs in neu-
rons. Recently, Wiersma et al. showed that tau accumulation induced GVB-
like structures with GVB markers in  vitro and in  vivo.28 They observed 
GVB-like structures with GVB markers in tau-injected mouse brains and 
in tau-treated primary cultured neuron.28 Therefore, these results directly 
show that stress induced by tau accumulation can cause GVD changes. In 
addition to tauopathy, including AD, GVD is also observed in normal aging 
brains without AD, with the number of GVBs increasing with age.10 GVBs 

Fig. 1 Granulovacuolar degeneration in Alzheimer’s disease.
Immunohistochemical detection of pPERK (Protein kinase R (PKR)-like endoplasmic 
 reticulum kinase) in hippocampus in AD. GVBs have single or multiple granule-containing 
vacuoles within the neuronal cytoplasm. (Scale bars A: 100 m, B: 10 m.)
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might emerge before tau accumulation and their presence might be an early 
change in neurodegeneration.

3. What kind of organelle are GVBs?

GVBs are small and round organelles in neuronal cells, which are sur-
rounded by membranes and have granules. From this morphology, there are 
some candidates for the kind of organelle GVBs could be. GVBs are labeled 
by cytoskeletal proteins, such as tubulin31 and neurofilament,21,32,33 along 
with proteins such as ubiquitin,34 phosphorylated-TAR-DNA- binding 
protein 43 (TDP-43),35 and many organelle markers. In electron micro-
scopic observation, the morphology of the granules is somewhat different in 
each vacuole, and some vacuoles may contain slight-to-moderate amounts 
of electron-dense material.36 These findings indicate that GVBs are not a 
homogeneous type of organelle and are rather structures with variety. From 
the varied morphology and presence of markers for different organelles, one 
can only guess what kind of organelle GVBs are.

Endosomes are a collection of intracellular sorting organelles in eu-
karyotic cells under normal conditions and are part of the endocytic 
membrane transport pathway originating from the trans-Golgi network.37 
Immunohistochemical studies have shown that GVBs are positive for en-
dosomal, Golgi apparatus,37–39 and lysosomal markers.40,41 In electron mi-
croscopic observation, some GVBs have a two-layered membrane, which 
indicates autophagic vacuoles.36 Autophagy is initiated when an isolation 
membrane is created with microtubule-associated light chain 3-II (LC3-II), 
and the membrane elongates and sequesters cytoplasm and organelles into 
autophagosome42 (Fig. 2). Internalized membrane proteins are sorted into 
intraluminal vesicles of late endosomes (multivesicular body, MVB), and 
autophagosomes fuse with MVB and lysosomes for digesting the contents 
(Fig. 2).43–45 Lysosomes have acidic pH and proteolytic enzymes, and af-
ter fusing with lysosomes,46 the cargo carried by autophagosomes and late 
endosomes are digested by lysosomal enzymes45 (Fig. 2). A normal balance 
between the formation and degradation of cellular proteins is important 
for homeostasis. Although GVBs have lysosomal proteins, endosomal pro-
teins, Golgi apparatus proteins, and GVBs even have double membranes, 
indicating an autophagosomal lineage, GVBs are not exactly the same as 
these organelles that are found under normal conditions in neurons. In 
addition to markers for these organelle markers, GVBs are positive for the 
markers of organelles that emerge under stress, including stress granules, 
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 necrosome, and unfolded protein response (UPR) (Fig. 3).47–50 This indi-
cates that GVBs are unique structures that emerge under stress, especially 
due to tau accumulation in neurons (Fig. 3).

Autophagosomes increase intracellularly under two states: one is when 
the autophagy is enhanced, while the other happens when degradation in 
lysosomes is decreased.51,52 Electron microscopy has revealed that in the AD 
brain, autophagosomes and autolysosomes are increased, along with LC3-II, 
which is a marker of autophagosomes.53 This suggests the possibility of au-
tophagy failure. GVD might be a condition in which the intracellular deg-
radation system via autophagy malfunctions due to tau accumulation, and 
abnormal proteins cannot be degraded.

4. GVB-like structures in oligodendroglia in multiple system 
atrophy

GVBs are observed in the cytoplasm of neurons in brains with tauopa-
thy and aged brains, and there have been no previous reports of GVBs in 
glial cells. We have previously reported structures that were composed of 
cores and the surrounding outer layer, compatible with GVBs  morphology, 

Fig. 2 Autophagy-lysosome-endosome pathway in normal condition.
Autophagy is initiated when an isolation membrane is created with microtubule- 
associated light chain 3-II (LC3-II), and the membrane elongates and sequesters the 
cytoplasm and organelles into the autophagosome. Autophagosomes fuse with late 
endosomes (multivesicular bodies) and lysosomes to digest the contents. Lysosomes 
have acidic pH and proteolytic enzymes, and after fusing with lysosomes, the cargo car-
ried by autophagosomes and late endosomes are digested by lysosomal enzymes.
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in glial cells in MSA brains.54 MSA is a sporadic neurodegenerative dis-
order characterized by neuronal loss and accompanied by gliosis in the 
basal ganglia, cerebellum, pons, inferior olivary nuclei, and spinal cord.55 
The histopathological features of MSA are the presence of argyrophilic glial 
cytoplasmic inclusions (GCIs) with α-synuclein in oligodendroglia, so MSA 
is one of the α-synucleinopathies, similarly to PD.56–58 The GVB-like struc-
tures in oligodendroglia in MSA also expressed the markers of GVBs in 
neurons (Fig. 4A and B), including UPR, p-tau, phosphorylated glycogen 
synthase kinase (pGSK3), and pTDP43.54 The main components of GCIs 
are α- synuclein, and GVB-like structures in oligodendroglia, frequently ob-
served in cells that have faint staining of α-synuclein37 (Fig.  4C). GVB-
like structures in oligodendroglia frequently co-localized with tubulin 
 polymerization-prompting protein (TPPP) rather than Ubiquitin.37 TPPP 
accumulates in oligodendroglia at the early stage of the formation of GCIs, 
and ubiquitin at the late stage.59,60 These results indicate that GVB-like 
structures emerge at early stages of GCI (Fig. 5). GVBs were also labeled 
by anti-UPR antibodies in α-synuclein-positive neurons in PD61 (Fig. 4D); 

Fig. 3 Model of GVBs.
GVBs are small and round organelles in neuronal cells, which are surrounded by mem-
branes and have granules. GVBs have lysosomal and endosomal proteins, and may be 
single or double membrane. These results indicate that GVBs are the structures of auto-
phagic and endocytic pathways. GVBs are also positive for the markers of organelles that 
emerge under stress, including stress granules and the necrosome. The morphology of 
the granules is somewhat different in each vacuole, and some vacuoles contain slight to 
moderate amounts of electron-dense material. GVBs are structures that emerge when 
autophagy is impaired by aggregating proteins, such as tau and α-synuclein, leading to 
cell death or inclusion body formation.
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Fig. 5 GVBs emerge at early stage of GCIs.
TPPP accumulates in oligodendroglia at the early stage of the formation of GCIs, and 
ubiquitin at the late stage. GVB-like structures in oligodendroglia, frequently ob-
served in cells that have faint staining of α-synuclein, and co-localized with tubulin 
 polymerization-prompting protein (TPPP) more than Ubiquitin. GVB-like structures 
emerge at early stages of GCI.

Fig. 4 GVBs in α-synucleinopathy.
Immunohistochemical detection of pPERK in pons in MSA (A, B). pPERK-positive struc-
tures were detected as granules in some glial cells. The pPERK-positive structures 
(brown in C) were localized in cells exhibiting α-synuclein labeling (red in C), which 
was frequently but faintly positive. GVBs were detected by anti-pPERK antibodies in  α- 
 synuclein-positive neurons in PD (red:  α-synuclein, purple pPERK) (scale bars A, C: 50 
μm, B, D: 10 μm).
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autophagy is impaired in PD as well as in AD.62 Therefore, GVBs in PD 
might indicate a malfunction of autophagy by accumulation of α-synuclein. 
Thus, GVB-like structures in oligodendroglia emerge from the stress of 
accumulation of α-synuclein. In MSA, GCIs are LC3-positive, which is a 
marker for autophagosomes, so it is considered that the dysfunction of au-
tophagy is involved in the pathogenesis.63,64

Aggregation of tau in AD and α-synuclein in MSA and PD may cause 
impaired autophagy pathways, resulting in the appearance of GVB during 
cell degeneration, leading to inclusion body formation with NFTs, Lewy 
bodies, and GCIs. Thus, GVD might be in a state where autophagy is im-
paired by accumulation of proteins such as tau and α-synuclein, leading 
to cell death or inclusion body formation.
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CHAPTER 11

Autophagy dysfunction in 
skeletal myopathies: Inclusion 
body myositis and Danon disease
Kazuma Sugie
Department of Neurology, Nara Medical University School of Medicine, Kashihara, Nara, Japan

1. Autophagy and autophagic vacuoles

Autophagy is a self-digesting mechanism responsible for the degradation 
of intracytoplasmic proteins and intercellular organelles in lysosomes, to 
achieve cell homeostasis and organelle renewal in all the cells.1 Muscle cells 
also have this function as cells in the whole body. Lysosomes are recognized 
as key organelles for the autophagy mechanism. Various hydrolytic enzymes 
are contained in lysosomes enclosed with membrane structure, and the in-
side of lysosomes is kept acidic with optimal pH of between 4.5 and 5.0 
so that enzymes can efficiently function. Degradation product may be used 
inside cells or released outside the cells through exocytosis.

Autophagy has two major physiological functions. The first function is 
homeostatic, where intercellular proteins or organelles that have become 
unnecessary for the purpose of quality control and depuration in cells are 
disposed. The second function is autophagy that degrades intracytoplasmic 
components under stress conditions, including a starved state for continuous 
energy supply system. Autophagy consists of the following three subtypes: 
macroautophagy, microautophagy, and chaperone-mediated autophagy.2 
Autophagic vacuoles are thought to form in the process of macroauto-
phagy. First, the isolation membrane, which is a flat membranous sac in 
cytoplasm, engulfs portions of the proteins and intercellular organelles that 
are to be degraded while also extending to form the autophagosome. Next, 
the autophagosome fuses with lysosome to form autolysosome, which is 
degraded by hydrolytic enzymes contained in the lysosome. Vacuolar struc-
tures formed through these processes are collectively called the “autophagic 
vacuoles”.
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2. Autophagic vacuolar myopathy

In general, during morphological monitoring of normal muscle tissues, 
the presence of lysosomes or autophagic vacuoles is rarely observed. 
Hence for a long time, the role of autophagy in muscle cells remained 
unclear. The importance of autophagy in muscle cells, however, started 
to attract attention with the identification of a subgroup of muscle 
diseases accompanied by many autophagic vacuoles in muscle cells. 
Myopathies caused by abnormality of autophagy in skeletal muscles 
are called autophagic vacuolar myopathies, which collectively represent 
muscle diseases defined by conditions in which autophagic vacuoles 
present as a muscle pathological feature.3 Of these, clinicopathological 
studies in Pompe disease are historically most advanced. As such, the 
causes of autophagic vacuolar myopathies, except for Pompe disease, 
lacked clarity until relatively recently. Two novel categories have since 
been recognized.

Currently, this subgroup can be classified into three subtypes ac-
cording to its pathomechanical and morphological characteristics 
(Table 1). Inclusion body myositis (IBM), which is one of the focus of 
this article, is a representative disease classified into rimmed vacuolar 
myopathy, and Danon disease, the other focus of this article, is a repre-
sentative disease classified into AVSF myopathy. The three subtypes are 
described below.

A. Deficiency of lysosomal enzyme
Pompe disease

B. Secondary lysosomal dysfunctions
Rimmed vacuolar myopathy
✓ Inclusion body myositis (IBM)
✓ Distal myopathy with rimmed vacuoles (GNE myopathy)
✓ Inclusion body myopathy with Paget’s disease of bone and  

frontotemporal dementia (IBMPFD)
✓ Oculopharyngeal muscular dystrophy (OPMD)
✓ Oculopharyngodistal myopathy (OPDM)

C. Primary lysosomal dysfunctions
AVSF myopathy
✓ Danon disease
✓ X-linked myopathy with excessive autophagy (XMEA)

Table 1 Autophagic vacuolar myopathies.
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2.1 Pompe disease
Pompe disease, also known as glycogen storage disease type II, is an auto-
somal recessive inherited disorder caused by the deficiency of acid alpha- 
glucosidase (acid maltase, GAA). GAA is an enzyme that is essential in the 
degradation of glycogen to glucose in lysosomes. Patients with Pompe disease 
demonstrate muscle weakness of extremities and hypertrophic cardiomyop-
athy.4 Muscle pathological findings found excessive glycogen accumulated 
in lysosomes in muscle cells and observed the formation of characteristic 
large autophagic vacuoles that occupy the entire cell.5 Enzyme replacement 
therapy was introduced in 2006, and its efficacy has been demonstrated so 
far.6–8 Nonetheless, insufficient effect or the development of serious adverse 
reactions in some patients have been reported, and the cause of such con-
ditions has been investigated in various studies including gene therapies.9

2.2 Rimmed vacuolar myopathy
The second subtype is a group of diseases with distinctive autophagic vac-
uoles called rimmed vacuoles. Among rimmed vacuolar myopathies, IBM 
is a representative nonhereditary disease,10 listed along with many hered-
itary diseases such as distal myopathy with rimmed vacuoles (GNE my-
opathy),11–13 oculopharyngeal muscular dystrophy,14 oculopharyngodistal 
myopathy,15 inclusion body myopathy with Paget’s disease of bone and 
frontotemporal dementia (IBMPFD) (VCP myopathy),16 tibial muscular 
dystrophy, Marinesco-Sjogren syndrome, and Welander distal myopathy. 
Since all the causative genes identified in these hereditary rimmed vacu-
olar myopathies are present outside the lysosomes, formation of rimmed 
vacuoles is considered to be caused by an abnormality of autophagy due to 
secondary lysosomal dysfunctions. However, as rimmed vacuoles may also 
be nonspecifically observed in other muscle diseases, careful attention is 
required in its identification.

2.3 AVSF myopathy
The third subtype is a group of diseases caused by abnormality in the structure 
and function of lysosomes. Since this subtype is characterized by the presence of 
specific autophagic vacuoles known as autophagic vacuoles with sarcolemmal 
features (AVSF), it is referred to as AVSF myopathies.17 AVSF express virtually 
all sarcolemmal proteins, in addition to acetylcholinesterase (AChE), on their 
vacuolar membranes in muscle cells. Danon disease, a representative disease, 
is caused by primary deficiency of lysosomal-associated membrane protein 
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2 (LAMP-2).18,19 Hypertrophic cardiomyopathy is a determinant prognostic 
factor of this disease, and heart transplantation is still the sole radical treatment. 
X-linked myopathy with excessive autophagy (XMEA), another representative 
disease, has recently been revealed to be caused by gene mutations of vacuolar 
membrane ATPase activity 21 (VMA21), which contributes to acidification in-
side the lysosomal lumen.20 Since both causative genes of genetically diagnos-
able AVSF myopathies are present in lysosomes, AVSF myopathies are thought 
to be caused by an abnormality of autophagy due to primary lysosomal dys-
functions. AVSF are the pathological finding with extremely high disease spec-
ificity unlike other autophagic vacuoles.

3. Inclusion body myositis
3.1 Outline of the disease
Inclusion body myositis (IBM) is the most common idiopathic inflamma-
tory myopathy (IIM) among older persons aged 50 and above in Western 
countries. In 1967, Chou and colleagues reported the first case that showed 
severe atrophy and weakness of bilateral quadriceps femoris muscles.21 
Muscle pathology revealed inflammatory cell infiltration in histochemis-
try and presence of tubular filaments in electron microscopy. An additional 
characteristic observation was the coexistence of autophagic vacuoles re-
ferred to as rimmed vacuoles and deposition of amyloid in muscle cells. 
While it shares aspects of muscle “degenerative diseases,” IBM is classified 
as IIM along with polymyositis (PM), dermatomyositis (DM), immune- 
mediated necrotizing myopathy, and antisynthetase syndrome.22 IBM may 
not respond to immunological treatments including corticosteroid and/or 
high-dose immunoglobulin therapy. Therefore, this disease is considered to 
be a refractory and progressive muscular disease without effective treat-
ments.23 Accurate diagnosis is pertinent to avoid risk of variable adverse 
reactions or complications. However, IBM is generally underdiagnosed, and 
it is sometimes misdiagnosed.

IBM is a sporadic disease in principle, despite reports of IBM in pa-
tients’ parents, children, or siblings, which suggest a genetic background 
such as HLA. Recently, genetic abnormalities in valosin containing protein 
(VCP) gene have been detected in patients with IBMPFD.16 This finding 
has attracted attention in terms of the pathomechanism of IBM, although 
there is a difference between IBM and IBMPFD; patients with IBMPFD 
commonly lack inflammation as a pathological feature. Interestingly, the 
presence of amyloid β protein (Aβ) and phosphorylated tau in rimmed 
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vacuoles has been revealed, suggesting the homology of Alzheimer’s disease 
(AD) and IBM in aspects of the molecular pathogenic mechanisms.

3.2 Clinical features
IBM is a chronic progressive and disabling muscle disease that generally 
develops from age 50, and the diagnosis is not typically made for 5 years or 
more after the onset of its first symptoms in many patients. PM and DM 
dominantly affect females, while IBM dominantly affects males. In patients 
with IBM, asymmetric muscle weakness and muscle atrophy develop in bi-
lateral quadriceps femoris muscles and flexor muscles of fingers and wrists. 
Flexor muscles of fingers and wrists are commonly weaker than abductor 
muscles, and muscle strength of knee extension and ankle dorsiflexion are 
commonly weaker than that of hip flexion.22

A nationwide survey of 146 IBM patients in Japan demonstrated that 
the ratio of males to females in patients with IBM was 1.4 to 1, indicating a 
slightly greater number of males.24 The survey revealed that the age at onset 
was 64 years old and initial symptoms included difficulty in going upstairs 
due to weakness of quadriceps femoris muscle found in 74% of the patients 
surveyed. Dysphagia was observed in 23% of the patients, which is one of 
factors that have impact on the prognosis. There was significant laterality in 
the muscle symptoms in 27% of the patient sample. There were no patients 
with obviously decreased cognitive function. Deep tendon reflexes were 
normal or mildly decreased. Complications of autoimmune abnormalities 
such as systemic lupus erythematosus, Sjögren’s syndrome, scleroderma, or 
sarcoidosis were present in approximately 15%, while no increase in the in-
cidence of interstitial lung disease or malignant tumor was demonstrated in 
patients with IBM, unlike patients with PM or DM. Serum creatine kinase 
(CK) levels were normal or mildly increased, up to 10 times the upper limit 
of normal level. The mean value was 511.2 IU/L, and patients whose CK 
level exceeded 2000 IU/L were rare. Approximately 20% of the patients 
with IBM were positive for antinuclear antibodies, while they were nega-
tive for myositis-specific autoantibodies. Recently, an autoantibody against 
cytosolic 5′-nucleotidase 1A (cN1A), which is described later, has been 
identified, and anti-cN1A autoantibodies were detected in approximately 
one-thirds of the Japanese patients with IBM, suggesting involvement of the 
immunological pathomechanism.25

On skeletal muscle MRI findings, atrophy of flexor digitorum profun-
dus muscles in forearms and quadriceps femoris muscles were especially 
prominent.26 In electromyogram, early recruiting, short duration, and low 
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amplitude polyphasic motor unit action potentials (MUAPs) were observed 
in affected muscles. High amplitude polyphasic MUAPs and increased 
insertion activity were often observed. Since these findings may lead to 
a mistaken diagnosis of a neurogenic disease such as amyotrophic lateral 
sclerosis, careful attention is required. Spontaneous sensory paresthesia is 
rarely observed, but in a nerve conduction study, sensory nerve abnormali-
ties were noted in around 30% of patients with IBM, partly because of old 
age or complications.22 Interestingly, in the survey on 146 IBM patients 
mentioned above, approximately 20% of the sample were tested positive for 
human T-lymphotropic virus type I (HTLV-I) or hepatitis C virus (HCV). 
Previous reports suggest that hypertrophic cardiomyopathy might concur-
rently exist as a serious complication of IBM.27

3.3 Muscle pathological features
Muscle biopsy findings in patients with IBM are characterized by 
rimmed vacuoles in muscle cells and invasion, and/or encirclement of 
nonnecrotic muscle cells by monocytes, in addition to lymphocytic in-
flammation to endomysium (Fig.  1). According to typical pathological 
findings, the following features can be listed: necrosis and regeneration 
of muscle cells; monocyte infiltration to nonnecrotic cells mainly con-
taining CD8-positive T cells in immunostaining; overexpression of major 
histocompatibility complex class-I (MHC-I) in morphologically nor-
mal muscle cells; ubiquitin-positive inclusion bodies and amyloid depo-
sition in muscle cells; and relatively higher frequency of the presence of 
muscle cells stained negative for cyclooxygenase in proportion to age. 

Fig.  1 Muscle pathology of a patient with inclusion body myositis. Muscle cells with 
rimmed vacuoles (arrows) are scattered with hematoxylin and eosin stain (A) and with 
modified Gomori-trichrome stain (B). Bar = 50 μm.
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Furthermore, the presence of filamentous inclusion bodies of 16–20 mm 
in size in nucleus and cytoplasm has been confirmed by electron micros-
copy. Presence of many swollen muscle nuclei and eosinophilic inclusion 
bodies is observed. Immunostaining shows the presence of emerin, lamin 
A/C, VCP, histon, TAR DNA-binding protein of 43 kDa (TDP-43), and 
p62, which are nucleoproteins, inside the inclusion bodies, suggesting 
that these inclusion bodies are disrupted muscle nuclei. Moreover, Aβ 
deemed as AD-related proteins can be observed in the inclusion bodies, 
but its pathological significance has not been identified.28 In muscle cells 
with formation of vacuoles, amyloid-like cells of up to 6–10 mm in size 
accumulate in the cytoplasm. Repeated muscle biopsy may be required 
in some cases to make a definitive diagnosis of IBM based on patholog-
ical features, including electron microscopy findings. Some cases of IBM 
may potentially be diagnosed as PM because the criteria for muscle bi-
opsy are not satisfied due to sampling errors.

3.4 Pathogenesis and pathomechanism
The pathogenesis and pathomechanism of IBM have not been identified. 
Whether the primary phenomenon or pathological condition of IBM is 
inflammation or degeneration has yet to be clarified. The observation of 
rimmed vacuoles as a muscle pathological feature suggests degeneration or 
abnormality in the proteolysis pathway.

3.4.1 Mechanism of degeneration: Homology of Alzheimer’s disease
Using immunohistochemistry, deposition of Aβ, amyloid precursor pro-
tein (APP), phosphorylated tau, prion proteins, apolipoprotein E, α- 
antichymotrypsin, ubiquitin, and neurofilaments can be observed inside 
rimmed vacuoles in muscle cells. The similarity between Alzheimer brains 
and IBM muscles for Aβ accumulation was proposed by Askanas et al..28 
This hypothesis has been supported by findings of muscle degeneration 
and formation of inclusion bodies in model mice in which muscle- specific 
overexpression of APP was induced.29 In addition, it is known that some 
cytokines released from inflammatory cells increase production of APP. 
Recently, it has been demonstrated that ultrastructural abnormality in mi-
tochondria occurs prior to formation of inclusion bodies, and inhibition 
of calcium ion transport to the mitochondria leads to suppression of APP 
accumulation, suggesting that abnormality in mitochondrial function is an 
important step in the early stage of the pathogenesis.30 As Greenberg and 
colleagues pointed out, however, there are concerns regarding the  specificity 



214 Autophagy dysfunction in Alzheimer’s disease and dementia

of antibodies of APP shown in immunostaining.31 Given that APP accumu-
lation is also observed in the muscle biopsy of patients with PM and DM, 
further research on disease specificity is necessary.

3.4.2 Abnormality in proteolytic pathway
Homeostasis of muscle cells is presumed to be maintained by a delicate 
balance between the synthesis and degradation of proteins. Potential dis-
ruptions to the proteolysis system or overdegradation by enhanced expres-
sion of a certain protein may be assumed. Increased expression of RING 
finger protein 5 (RNF5), one of ubiquitin E3 ligases, in IBM, and muscle 
atrophy and formation of inclusion bodies were observed in model mice 
with overexpression of RNF5.32 Increased expression of ubiquitin E3 li-
gase and muscle degeneration and muscle atrophy were also observed in 
model mice in which defect of autophagy was induced specifically to skel-
etal muscles.33 Furthermore, it was reported in drosophilae that autophagy 
and  ubiquitin-proteasome system complementarily function, and the en-
hancement of histone deacetylase (HDAC) suppresses neurodegeneration, 
suggesting a potential for the development of a treatment method.34

Accumulation of familial ALS-related molecules such as TDP-43 and 
FUS are also observed in skeletal muscles in patients with IBM. Weihl et al. 
reported in 2008 the presence of TDP-43-positive intracytoplasmic inclu-
sion bodies in muscles.35 TDP-43-positive cells are far more frequently ob-
served than rimmed vacuoles and Aβ-positive cells, which are considered to 
be a frequently observed pathological indicator in IBM. However, this find-
ing is a common pathological change with patients with rimmed vacuolar 
myopathies, and its disease specificity to IBM is deemed low. P62, which is a 
ubiquitin-binding protein and observed in brain in patients with AD, shows 
stainability in muscle cells in patients with IBM at a higher frequency than 
TDP-43.36 In addition, even in patients with abnormality in VCP, which 
is an important protein in proteolytic pathway mentioned earlier, rimmed 
vacuoles are observed in muscle cells. Abnormality in proteolytic pathway is 
considered an important mechanism in the pathogenesis of IBM.

3.4.3 Abnormality in immunological system
Another pathological feature in addition to those mentioned above is 
the presence of dendritic cells around nonnecrotic fibers. These cells are 
thought to function as antigen-presenting cells that lead to the activa-
tion of lymphocytes. In previous reports using microarray and microdis-
section, clonal proliferation of CD138-positive plasma cells was observed, 
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 indicating the involvement of plasma cells. Involvement of virus is also pre-
sumed, but it has yet to be demonstrated. In considering the pathogenesis 
of IBM, it is interesting to note that pathological features similar to those 
in IBM can be observed in patients with HIV, HTLV-1 infection, or those 
with sequelae of poliomyelitis, although persistent infection with mumps 
virus was ruled out.

Clonal proliferation of inflammatory cells indicates a possibility of auto-
immune disease mediated by cytotoxic T-cells. As the proportion of muscle 
fibers that are surrounded by inflammatory cells is higher than that of muscle 
fibers with rimmed vacuoles or amyloid deposition, the extent of the involve-
ment of inflammation is likely significant. The overexpression of MHC-I and 
enhancement in proliferation induced by cytokine also indicate the involve-
ment of inflammation. Recently, it has been revealed that the expression of 
inducible nitric oxide synthase (iNOS) increases in patients with IBM. In ad-
dition, an in vitro experiment suggests the possibility that interleukin-1-beta 
induces iNOS to contribute to Aβ accumulation.37 The finding of a potential 
mechanism that can connect inflammation and degeneration is important. 
However, since this phenomenon is observed even in patients with PM, it 
may not be considered a disease specific phenomenon. IBM patients also do 
not respond well to immunosuppressive agents in clinical practice. Thus, IBM 
is not considered a primary inflammatory disease. The relationship between 
inflammation and degeneration in IBM is likened to a chicken-and-egg sit-
uation, but identifying the process of occurrence of both inflammation and 
degeneration can potentially lead to the development of new radical treat-
ment methods.

Recently, Greenberg and colleagues’ finding of the autoantibody whose 
target antigen is cN1A that contributes to nucleic acid metabolism and 
DNA repair in the serum of patients with IBM that reacts to human skel-
etal muscle extract and roles of the autoantibody in the pathology of IBM 
have attracted attention.38,39 Tawara et al. also identified anti-cN1A autoan-
tibodies in 36% of 67 Japanese patients with IBM, which strongly suggests 
the autoantibodies’ involvement in the immunological pathology of IBM.25

4. Danon disease
4.1 Outline of the disease
Danon disease (MIM#300257, LAMP-2 deficiency) is an extremely rare dis-
ease which was described as a “lysosomal glycogen storage disease with nor-
mal acid maltase” by Danon et al. in 1981.40 In 2000, Nishino et al. identified 

omim:300257


216 Autophagy dysfunction in Alzheimer’s disease and dementia

the LAMP2 gene on Xq24 as a causative gene of Danon disease and revealed 
that Danon disease to be caused by a primary deficiency of LAMP-2.18 In 
2002, Sugie et al. first reported that Danon disease showed X-linked dom-
inant inheritance, and hypertrophic cardiomyopathy, myopathy, and mental 
retardation comprised the clinical manifestation triad of this disease in male 
patients, whereas cardiomyopathy was a main symptom in female patients.19 
In addition, autophagic vacuoles observed in patients with Danon disease 
were considerably different from those in other muscular diseases such as 
Pompe disease and rimmed vacuolar myopathies, which are extremely spe-
cific autophagic vacuoles (AVSF) with sarcolemma as a muscle pathological 
feature.17,41 In the vacuolar membrane, almost all sarcolemmal proteins in-
cluding dystrophin and sarcoglycans are expressed, and AChE activities are 
also observed. Autophagic vacuoles increases with aging, suggesting an ac-
cumulative change. LAMP-2 is a component of lysosomal membranes and 
is thought to protect lysosomal membranes and cytoplasm from proteolytic 
enzymes in lysosomal lumen. In addition, LAMP-2 has been revealed to con-
tribute to the migration of lysosomes or fusion with autophagosomes.42 The 
pathomechanism is different from that of glycogen storage diseases, which are 
caused by glycolytic enzyme deficiency, and it is thus inappropriate to classify 
Danon disease as a “glycogen storage disease”. In patients with Danon dis-
ease, cardiomyopathy is a significant life-threatening factor, and cardiac failure 
leads to death. This disease can cause a severe arrhythmogenic phenotype that 
includes a high risk of sudden death. Danon disease has recently attracted 
attention as a differential diagnosis for hypertrophic cardiomyopathy of un-
known cause because symptoms other than cardiomyopathy are mild in the 
patients.43–45 Currently, heart transplantation is the sole radical treatment as 
we await the development of new treatment methods.

4.2 Epidemiology
Since 2000, when causative gene of Danon disease was identified, over 500 
patients with genetically confirmed Danon disease have been reported in 
literature.46,47 This disease is extremely rare, despite relatively frequent re-
ports of such patients in Japan. In a nationwide survey conducted by Sugie 
and colleagues, there were 39 patients with genetically confirmed Danon 
disease in 20 families in Japan (17 male patients and 22 female patients) and 
at the time of survey, 19 patients in 12 families (8 male patients and 11 fe-
male patients) were alive.48 The cause of death in the other 20 patients were 
cardiac failure in 19 patients and malignant tumor in one patient. All the 
patients had cardiomyopathy, and some patients had severe cardiac failure. 
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Heart transplantation was performed on one patient, while five patients were 
on the waitlist for the procedure. There was no difference in the distribution 
of patients with Danon disease among the regions across Japan, and locations 
of genetic mutations varied according to families. The survey also found pa-
tients with features suggesting de novo mutation in 10 families (50%).

4.3 Pathogenesis and pathomechanism
Danon disease is caused by a primary deficiency of LAMP-2, a membrane 
protein of lysosome. LAMP-2 penetrates through the lysosomal membrane 
only once.18,42 Of amino acid sequences in 410 residues, 90% or more of the 
sequences at N-terminal are present in the lysosomal lumen, and only tens 
of residues at C-terminal protrude into the cytoplasm. The domain in the 
lysosomal lumen has four loop structures held by disulfide bonds that are 
significantly influenced by glycosylation. LAMP-2 comprises approximately 
50% of lysosomal membrane together with LAMP-1, which is a homologue 
on the autosome, and thought to possibly protect lysosomal membrane or 
cytoplasm from proteolytic enzymes in the lysosomal lumen.49 In contrast 
to expression levels of LAMP-1 that are constant, those of LAMP-2 increase 
in various conditions. Therefore, LAMP-2 is considered to have specific reg-
ulated expression and inhibitory function. Based on a study using knockout 
mice, it was further revealed that LAMP-2 contributes to migration of lyso-
somes and fusion with autophagosomes. LAMP-2 has three isoforms consist-
ing of LAMP-2A/B/C induced by selective splicing of exon 9.50 It is known 
that LAMP-2A is ubiquitously expressed, while LAMP-2B is mainly ex-
pressed in cardiac muscle, skeletal muscle, and the brain. Little is known about 
LAMP-2C. Autophagy that constantly occurs in these regions stops at the 
final stage (a stage of fusion between autophagosomes and lysosomes) in pa-
tients with Danon disease and is considered to be the cause of the symptoms.

4.4 Clinical features
Danon disease shows X-linked dominant inheritance, and the majority of 
mothers with a male child, a proband, have the symptoms. Clinical symp-
toms of the patients are relatively homogeneous. The triad of this disease 
are cardiomyopathy, myopathy, and mental retardation in male patients, 
while female patients mainly have cardiomyopathy.19 In male patients, 
this disease becomes symptomatic in their teens, and patients usually die 
at around 30 years of age. In female patients, symptoms occur much later 
than males, from the age of 30, and patients die at around 40 years of age. 
Cardiomyopathy necessarily develops in both male and female patients 
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and occurs as hypertrophic cardiomyopathy but may progress to a dilated 
phase at the end stage in some cases. This disease is complicated by cardiac 
conduction involvement such as Wolff-Parkinson-White syndrome with 
high probability, and other complications including high left ventricular 
potentials, abnormal Q wave, atrioventricular block, and atrial fibrillation. 
Concentric left ventricular hypertrophy with left ventricular dysfunction is 
observed on echocardiogram in a majority of the patients. Myopathy occurs 
as muscle weakness and muscle atrophy with a predominance of proximal 
muscles. Muscle atrophy may involve distal muscles in some cases, but it 
does not affect daily living activities. However, serum CK levels in male pa-
tients typically increase up to around 1000 IU/L and show high levels even 
during childhood when there are no symptoms, whereas CK levels range 
from normal to high in female patients. Some patients with high CK level 
eventually received definitive diagnosis based on results of muscle biopsy. 
Mental retardation occurs in approximately 60% of patients, although the 
severity is mild even if it occurs. Brain MRI findings show no remarkable 
changes. Recently, various complications such as autism, peripheral nerve 
involvement, short stature, hepatic dysfunction, retinopathy, and small vessel 
vasculopathy have been reported in some cases.51,52

4.5 Muscle pathological features
As a pathological feature, skeletal muscles show mild to moderate varia-
tions in muscle cell diameter, without necrotic or regenerative cells. Muscle 
cells with basophilic granular small vacuoles are scattered with increased 
acid phosphatase activities (Fig. 2). In addition, AChE activities, which are 

Fig. 2 Muscle pathology of a male patient with Danon disease. Tiny autophagic vacu-
oles look like basophilic granules in muscle cells with hematoxylin and eosin stain (A). 
The vacuolar membrane has acetylcholinesterase activity, known as autophagic vacu-
oles with sarcolemmal features (AVSF) (B). Bar = 50 μm.
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typically observed only at neuromuscular junctions, are found in vacuolar 
membranes that express component proteins of sarcolemma such as dystro-
phin and sarcoglycans. The autophagic vacuoles with sarcolemmal features 
have high disease specificity, and we named it AVSF.17,41 AVSF is thought 
to be formed through the phenomenon where cells construct extracellular 
environment inside cells, but little has been established on its mechanism or 
involvement in the pathogenesis of Danon disease. We confirmed that AVSF 
increases with aging based on biopsied muscles of patients with Danon 
disease and knockout mice.17,53 Some female patients without abnormal 
pathological findings and young female patients who have AVSF with a rate 
of 15%–20% have been reported.43,54 On examination with electron mi-
croscope, basal lamina is observed along with the inner part of the vacuolar 
wall in the autophagic vacuoles containing irregular abnormal structures 
and glycogen granules. There is also an accumulation of vacuoles without 
membranes or myeloid bodies in some parts. Pathological features in cardiac 
muscles, fragmentation, hypertrophy, and vacuolation of cardiac myocytes 
and increased lipofuscin are observed in addition to the accumulation of 
autophagic vacuoles.

4.6 Diagnosis and differential diagnosis
A diagnosis of Danon disease is determined based on LAMP-2 gene analysis 
and LAMP-2 deficiency by immunohistochemistry or western blotting. As 
Danon disease is extremely rare, practically, it is difficult to perform LAMP-
2 gene analysis for suspected Danon disease cases based only on clinical 
symptoms. Muscle biopsy is significant as a practical diagnostic procedure 
given that biopsied samples in patients with Danon disease show AVSF 
in muscle cells with very high specificity.17,41 In female patients, it varies; 
LAMP-2 proteins in muscle tissues may be defected or normal according 
to patient. Clinical phenotypes in patients who have mutations in exon 9B 
that encodes LAMP-2B are known to be relatively mild.

At present, only Danon disease and XMEA are disease types of AVSF 
myopathies with established disease concepts. XMEA is caused by gene mu-
tations of VMA21 in Xq28.20 Other than these disease types, AVSF is also 
observed in patients with autophagic vacuolar myopathy with late-onset 
and multiorgan involvement.55 However, the causative gene or pathomech-
anism of this disease has been demonstrated. In patients with Danon disease, 
the severity of myopathy is mild, and the disease may therefore be detected 
when cardiomyopathy occurs in some cases. Danon disease should be listed 
as a differential diagnosis for patients who have hypertrophic cardiomyop-
athy of unknown cause. Since symptoms other than cardiomyopathy are 
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mild, there might have been undiagnosed cases of Danon disease who died 
of cardiac failure due to cardiomyopathy among individuals from families 
with the disease. It is hence necessary to perform early examination for 
latent cardiomyopathy in females without symptoms who are family mem-
bers of male patients.

4.7 Important differential diagnosis: XMEA
XMEA is a relatively mild myopathy and an extremely rare disease that 
was first reported by Kalimo et al. in 1988.56 In 2013, Ramachandran et al. 
identified VMA21 gene as a causative gene of XMEA.20 VMA21 encodes 
assembly factors of vascular ATPase that contribute to acidification in the 
lysosomal lumen.57 In patients’ cells, lysosomal pH increases due to the dys-
function of assembly factors, and proteolytic activity decreases, triggering 
the inactivation of mammalian target of rapamycin (mTOR), which func-
tions as a modulator of cellular metabolism leading to autophagy.

XMEA shows X-linked recessive inheritance, and in male patients with 
this disease, only myopathy develops as a clinical symptom. Females are 
carriers and asymptomatic. In infancy, muscle weakness and muscle atro-
phy in proximal muscles in lower extremities are noticed, but the symp-
toms are mild. This disease slowly progresses, and distal muscle involvement 
is extremely mild even at relatively later stages when atrophy in thigh is 
prominent. Skeletal muscle is the sole affected organ; patients with XMEA 
have no cardiomyopathy and are intellectually normal unlike Danon disease 
patients. Our colleagues detected VMA21 gene mutations in cases of the 
congenital form of X-linked autophagic vacuolar myopathy58 and infantile 
autophagic vacuolar myopathy,59 and the conditions in these cases were 
considered allelic disease of XMEA.60,61 The disease concept of XMEA may 
be extended in the future. As with Danon disease, AVSF is observed as the 
muscle pathological feature of biopsied samples.62 Unlike Danon disease, 
however, complement complex of C5b-9 called membrane attack complex 
(MAC) deposits on the surface of muscle cells with vacuoles. This feature 
is specific to XMEA and not observed in Danon disease. An examination 
using electron microscope shows reduplication of basal lamina in a part of 
muscle cell membrane and the accumulation of many autophagic vacuoles 
between overlapping basal lamina.

A diagnosis of XMEA is determined by VMA21 gene analysis. This 
disease is extremely rare, and practically, it is difficult to perform VMA21 
gene analysis for suspected XMEA based only on clinical symptoms. Muscle 
biopsy is very important as a practical diagnostic procedure as it enables 
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detection of AVSF in muscle cells. There is currently no radical treatment 
method available, but prognosis in patients with XMEA is good. Muscle 
symptoms in patients with XMEA are mild, and rehabilitation such as phys-
ical therapy is mainly provided as a symptomatic treatment.

4.8 Therapy and prognosis
In patients with Danon disease, cardiomyopathy is a very important determi-
nant of prognosis, and patients die due to cardiac failure.43–45 This disease can 
cause a severe arrhythmogenic phenotype that includes a high risk of sud-
den death. Currently, heart transplantation is the sole radical treatment, and 
the development of new treatment methods is desired. Its skeletal muscles, 
symptoms and mental retardation usually have no large impact on daily liv-
ing activities, and prognosis may significantly improve with successful heart 
transplantation. At present, patients with Danon disease are commonly treated 
with pacemaker implantation or implantable cardioverter- defibrillator as a 
symptomatic treatment. In addition, β-blockers or diuretics, ACE inhibitors, 
Ca blockers, and anticoagulants are generally used in drug therapy.

5. Conclusion

Although the role of autophagy in muscle tissues remained unknown for 
a long time, the importance of autophagy in muscle tissues has attracted 
attention based on the presence of a group of muscle diseases, autophagic 
vacuolar myopathy, in which many autophagic vacuoles are observed in 
muscle cells. Its pathomechanism has been gradually clarified by results of 
clinicopathological or genetic studies. Nevertheless, their rarity meant that 
the number of patients is small, and there are still only a limited number 
of diseases for which effective treatment can be found. The detailed iden-
tification of the pathomechanism of autophagic vacuolar myopathies such 
as IBM and Danon disease provides an important clue, not only for the 
development of treatment methods but also for the identification of the 
autophagy mechanism in normal muscle tissues. Further explorations in this 
area are thus expected.
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1. Introduction

The management of abnormal proteins is key to cellular survival. While cells 
are young and healthy enough to clear abnormal proteins, they are disposed 
of by protein quality control systems, including autophagy and the ubiquitin- 
proteasome system.1,2 However, the ability to degrade proteins declines 
with age, leading to the accumulation of undegraded proteins in cells and 
ultimately cell death. In addition, some genetic mutations that accelerate the 
synthesis of misfolded proteins or impair clearance systems can also affect 
cellular activities. Aging is the primary risk factor for most neurodegener-
ative diseases that have one pathological feature in common—aggregation 
of abnormal proteins in cells.3–5 In this review, we focus on the alterations 
of autophagy that occur in synucleinopathies, which are characterized by 
the presence of abnormal α-synuclein aggregates in neurons or glial cells, 
including Parkinson’s disease (PD), dementia with Lewy bodies (DLB), and 
multiple system atrophy (MSA).4,5 We also discuss the current challenges 
and future directions of autophagy research.

2. Autophagy

Autophagy is the major cellular mechanism responsible for maintaining 
the environment of cells by degrading damaged organelles and misfolded 
proteins.1,6 In addition, autophagy plays a pivotal role in the maintenance 
of amino acid pooling, development, clearance of intracellular microbes, 
and regulation of immunity.7 There are three different forms of autoph-
agy that each uses a different route for delivering substrates to lysosomes: 
microautophagy, chaperon-mediated autophagy, and macroautophagy.1,6,8,9 
In microautophagy, lysosomes invaginate by themselves and directly  engulf 
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small portions of the cytoplasm.8 Chaperon-mediated autophagy is a selec-
tive process that recognizes the KFERQ-like motif by lysosomal- associated 
membrane protein 2A (LAMP-2A).9 On the other hand, macroautophagy 
(hereafter referred to as autophagy) is the main autophagic pathway whereby 
substrates are delivered to the lysosome through a double  membrane-bound 
vesicle known as an autophagosome. Autophagosomes then fuse with lyso-
somes to form autolysosomes.1,6

The process of autophagy includes: (i) induction and phagophore for-
mation, (ii) elongation and autophagosome formation, and (iii) lysosome 
fusion and degradation, all of which are tightly regulated by essential core 
autophagic proteins (Fig. 1). In this review, we focus on the essential auto-
phagic proteins that we have investigated in previous studies. Under basal 
conditions the mammalian target of rapamycin (mTOR) inhibits the func-
tion of the Unc-51-like kinase (ULK) 1/ULK2-ATG13-ATG101-200 kDa 
FAK family kinase-interacting (FIP200) complex.10–16 Inhibition of mTOR 
in turn leads to the activation of this complex, initiating the formation of 
phagophores.17 Next, the class III phosphatidylinositol 3-kinase (PI3KC3/
VPS34), VPS15, Beclin1, activating molecule in beclin1-regulated autoph-
agy (AMBRA1), and ATG14 complex are activated. This PI3KC3 complex 

Fig. 1 Schematic overview of autophagy. The processes of autophagy include induc-
tion, phagophore formation, elongation, autophagosome formation, lysosome fusion, 
and degradation. ER: endoplasmic reticulum.
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is then recruited to the endoplasmic reticulum (ER), giving rise to pha-
gophore genesis in a specialized ER domain called omegasomes.18–21 For 
phagophore elongation, ATG5 conjugates ATG12 to form a complex with 
ATG16L. This complex induces curvature into the growing phagophore 
through the recruitment of microtubule-associated protein light chain 3 
(LC3), a mammalian homolog of yeast Atg8. After autophagy is activated the 
C-terminal amino acid 22 of LC3 is cleaved by ATG4 to generate LC3-I in 
the cytoplasm. After LC3-I is transferred to ATG3 through ATG7, phospha-
tidyl ethanolamine is conjugated to LC3-I, followed by the conversion of 
LC3-I to LC3-II, the lapidated form of LC3.22–24 Importantly, LC3-II gets 
involved in phagophore closure and stays on the inner membrane of the 
autophagosome until engulfed proteins are degraded in the lysosomes; thus 
LC3-II has been utilized as a marker of autophagy activity. Furthermore, 
when substrates are engulfed by a phagophore, various proteins can serve 
as membrane cargo receptors, including p62, neighbor of BRCA1 gene 
(NBR1) or optineurin, which combine aggregated proteins and LC3-II.1 
In addition to LC3, at least three Atg8 homologs exist in mammals which 
participate in several parts of autophagy, including interacting with ULK1 
to connect the ULK1 complex with phagophore, phagophore closure, or  
autophagosome-lysosome fusion. These homologs include: (i) γ-aminobutyric  
acid type A receptor-associated protein (GABARAP); (ii) GABARAP-like 
1 (GABARAPL1); and (iii) Golgi-associated ATPase enhancer of 16 kDa 
(GATE-16).25,26 After a series of reactions with these autophagic proteins, 
autophagosomes fuse with lysosomes with the help of lysosomal membrane 
glycoprotein (LAMP-1 or -2) and small GTPase Rab7.27–29 The inner vesi-
cles are then degraded by lysosomal acid hydrolases. As described above the 
delicate control of autophagy is based on cross talk among many autophagic 
proteins. Therefore when this complex orchestrated autophagic process is 
disturbed due to aging, genetic mutations, or other reasons,  abnormal pro-
teins can accumulate in cells and affect cellular activities.

3. Lewy body diseases
3.1 Clinical features of Lewy body diseases
PD and DLB are collectively known as Lewy body diseases based on the 
presence of Lewy bodies and Lewy neurites in the central and peripheral 
autonomic nervous systems.4,30 Based on these pathological hallmarks, PD 
and DLB are considered to be on the same pathological spectrum; however, 
these conditions clinically differ in the time of onset of parkinsonism and 
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dementia.31,32 Individuals with PD develop bradykinesia, a resting tremor, 
rigidity, and/or postural instability. Dementia is also a common feature, but 
it often occurs in the later stages of PD. On the other hand, DLB primarily 
causes progressive dementia, including fluctuations in cognitive function 
with prominent executive dysfunction and visual hallucinations. The term 
DLB is applied when dementia and parkinsonism begin concurrently or 
when dementia starts within 1 year of motor symptoms. Furthermore, par-
kinsonism in DLB tends to be mild, if present at all, reflecting less severe 
neuronal loss in the substantia nigra of individuals with DLB compared 
with PD cases with dementia.33,34 In addition to these motor symptoms, 
patients with PD and DLB can develop various nonmotor symptoms such 
as autonomic dysfunction, cognitive impairment, rapid eye movement be-
havior disorder, sleep difficulties, depression, apathy, or pain.31,35

3.2 Pathological features of Lewy body diseases
The pathological features of Lewy body diseases include loss of dopaminer-
gic neurons in the substantia nigra (Fig. 2A–D) and the presence of Lewy 
bodies and Lewy neurites that consist of insoluble fibrillary aggregates of 
phosphorylated α-synuclein.4,36,37 While the exact physiological functions 
of α-synuclein remain elusive, α-synuclein exists predominantly in the pre-
synaptic nerve terminals and is believed to regulate synaptic plasticity, vesi-
cle trafficking, and subsequent neurotransmitter release.38–40 In Lewy body 
diseases the self-assembly of α-synuclein into Lewy bodies occurs though 
the oligomeric form of α-synuclein and protofibrils.32 Lewy bodies in the 
brainstem, referred to as brainstem-type Lewy bodies, show eosinophilic 
cores with peripheral halos in hematoxylin and eosin staining (Fig.  2E). 
Lewy bodies in the cortex (cortical Lewy bodies) are also eosinophilic, but 
often irregular, and their structure is poorly defined without a conspicuous 
halo or central core (Fig. 2F). Studies using immunohistochemistry have 
revealed that both cortical and brainstem-type Lewy bodies are strongly 
immunoreactive for phosphorylated α-synuclein, especially in the halo and 
peripheral portions of the core of brainstem-type Lewy bodies (Fig. 3A, B).

3.3 Pathological staging systems for Lewy body diseases
Two staging systems (Braak PD stage and McKeith’s criteria) are commonly 
used to evaluate Lewy body pathologies.41–43 For example, Braak et al. de-
scribed a pathological staging system for PD that begins with α-synuclein 
pathology in the dorsal vagal nucleus and the olfactory bulb (stage 1) and 
then progresses to the pontine tegmentum (stage 2). Braak PD stage 1 or 
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Fig. 2 Pathological features of Parkinson’s disease. Gross appearance of the midbrain 
and pons of a control case (A) and a case of Parkinson’s disease (PD) (B) showing depig-
mentation of the substantia nigra and locus coeruleus in PD (B). Compared with normal 
control (C), loss of dopaminergic neurons is evident in PD (D). (E) Two Lewy bodies (ar-
rows) and a pale body, a precursor of Lewy bodies (asterisk) in a dopaminergic neuron 
in the substantia nigra of PD. (F) Cortical Lewy bodies in neurons in the temporal cortex 
of PD. (C, D) Klüver-Barrera(KB); (E, F) Hematoxylin and eosin (HE) staining.
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2 corresponds to an incidental Lewy body disease. Individuals with inci-
dental Lewy body disease do not manifest any symptoms of parkinsonism 
or dementia. In stage 3, α-synuclein further ascends through the midbrain 
and neostriatum, before reaching the mesocortex and allocortex (stage 4). 
Only when Lewy pathologies reach stage 3 or 4 do individuals with such 
pathologies develop parkinsonism. Finally, α-synuclein pathology spreads 
to the neocortex at stages 5 and 6, where cognition starts to decline in 
addition to the presence of parkinsonism symptoms.41 On the other hand, 
McKeith et al. set the pathological criteria for DLB based on the pattern of 
Lewy pathology in the brainstem, limbic and neocortical regions, with the 
recent addition of the olfactory bulb and amygdala-predominant categories. 
The likelihood that a patient’s pathological findings are associated with the 
clinical manifestations of DLB is assessed according to the severity of Lewy 
body pathology as well as concomitant Alzheimer’s pathology.42,43

3.4 Neuroprotective role of Lewy bodies in Lewy body 
diseases
The role of Lewy bodies in neurodegeneration is still an open topic of 
discussion. However, it has been hypothesized that α-synuclein oligomers 
or protofibrils can be detrimental to neurons, whereas fibrillar aggregates 
of α-synuclein may instead be neuroprotective.44–46 In fact, a previous study 
found that the more α-synuclein aggregates there were, the less toxic α- 
synuclein became in a Drosophila model of PD.47 As we will discuss later 
in more detail, many autophagosomal and autophagic adaptor proteins are 
found in Lewy bodies.48,49 Furthermore, most Lewy bodies are reactive for 
histone deacetylase 6 (HDAC6), which helps in the transport of abnormal 
proteins via the microtubule network to form aggresomes.50 These findings 

Fig. 3 Immunoreactivity of Lewy bodies. Brainstem-type (A) and cortical Lewy bodies 
(B) immunoreactive for phosphorylated α-synuclein. (C) Lewy body (arrow) and Lewy 
neurite (arrowhead) immunopositive for activating molecule in beclin1-regulated au-
tophagy (AMBRA1).
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suggest that neurons harboring Lewy bodies may be dying, as the excessive 
amount of toxic α-synuclein likely overwhelms cellular damage control. 
However, forming Lewy bodies in and of itself can be an aggresome- 
related process that confines damaged, mutated, or cytotoxic proteins to 
Lewy bodies.

3.5 α-Synuclein as a substrate for autophagy
The clearance of abnormal α-synuclein depends heavily on protein quality 
control systems, including autophagy. Importantly, multiple studies have re-
ported α-synuclein as a substrate for autophagy.51–54 To understand the re-
lationship between α-synuclein clearance and β-glucocerebrosidase activity, 
Rothaug et al. investigated the function of the lysosomal integral membrane 
protein type-2 (LIMP-2) in PD. They found that LIMP-2-deficient mice 
exhibited autophagic and lysosomal deficits, which developed into neuro-
logical symptoms in an α-synuclein dosage-dependent manner.51 Another 
study by Winslow et  al. demonstrated that overexpression of wild-type 
α-synuclein impaired autophagy by inhibiting Rab1a, a GTPase required 
for binding with optineurin. Notably, α-synuclein disturbed autophagy 
through Rab1, resulting in the mislocalization of ATG9 and a subsequent 
decrease in the formation of omegasomes.52 In addition, autophagy is pri-
marily impaired in some familial forms of PD. Furthermore, mutations in 
the lysosomal membrane protein ATP13A2 are known to reduce lysosomal 
degradation in human fibroblasts from patients with Kufor-Rakeb syn-
drome (PARK9), characterized by early onset parkinsonism, dementia, and 
pyramidal tract degeneration.53,54 Finally, mutations in VPS35, the causative 
gene of autosomal dominant, late-onset PD (PARK17), impair autophagy 
by perturbing trafficking of ATG9.55

3.6 Impairment of autophagy in the brain of individuals  
with Lewy body diseases
Given the role of autophagy in clearing abnormal proteins, we examined 
multiple autophagic proteins in the brains of individuals with Lewy body 
diseases. First, we confirmed the upregulation of proteins associated with 
autophagy induction and phagophore formation (ULK1, ULK2, Beclin1, 
and VPS34) that occur after transfection of α-synuclein and synphilin-1 
in HEK293 cells. We then investigated the localization and levels of these 
proteins in Lewy body diseases, finding that ULK1, ULK2, VPS34, and 
AMBRA1 were incorporated into brainstem-type Lewy bodies (Fig. 3C). 
In addition, western blot analysis using brain lysates showed specific bands 
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of ULK1, ULK2, Beclin-1, or VPS34 in the soluble or insoluble fraction 
of patients with DLB, but not in normal controls. However, unlike the 
findings in the cellular model of PD, upregulation of these proteins in 
the brains of patients with PD or DLB was only partial.49 Next, we at-
tempted to understand how wild-type or abnormal α-synuclein can in-
teract with autophagic proteins. Notably, abnormal α-synuclein showed a 
nine times stronger affinity toward AMBRA1 compared with that of wild-
type α-synuclein.56 Taken together, these results suggest that autophagy 
can be induced in Lewy body diseases. However, its capacity to degrade 
proteins may be suboptimal in cases of abnormal α-synuclein, which may 
prevent the function of autophagic proteins by sequestering autophagic 
proteins from their original positions. We also investigated changes in the 
downstream parts of autophagic proteins associated with elongation and 
autophagosome formation (LC3, GABARAP, and GATE-16) as well as 
autophagic adaptor proteins (NBR1 and p62). As expected, these pro-
teins were found in brainstem-type and/or cortical Lewy bodies.48,57,58 
Importantly, α-synuclein pathology was enhanced by deletion of p62 in 
mice expressing α-synuclein. In the same study, p62-deficient mice showed 
increased mRNA and protein levels of NBR1.57 Thus p62 and NBR1 can 
serve as adaptor proteins for recognizing α-synuclein. Finally, we compared 
the protein levels of LC3-II between DLB and normal controls, revealing 
significantly increased protein levels of LC3-II in patients with DLB.48 
Contrary to our expectations the level of GABARAP was decreased in 
DLB.48 Our extensive investigations covering the upstream as well as 
downstream parts of autophagy clearly suggest that the accumulation of 
abnormal α- synuclein in Lewy body diseases is inextricably intertwined 
with dysregulation of autophagy. That is, abnormal α-synuclein accumu-
lates in cells, and its accumulation may impair autophagy, or vice versa. The 
alterations in autophagic proteins in the brains of patients with Lewy body 
diseases are summarized in Table 1.

3.7 Impairment of autophagy in PD—Is it a primary  
or secondary event?
A simple question arose from our earlier studies using autopsied brains: 
does the dysregulation of autophagy reflect a primary aspect of Lewy 
body diseases or a secondary feature as a result of extensive neurodegen-
eration? To that end, we studied autophagy of peripheral blood mono-
nuclear cells in early- to middle-stage PD cases and controls.58 Protein 
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levels of ULK1, VPS34, Beclin-1, and AMBRA1 increased in parallel 
with α- synuclein oligomers, whereas the mRNA levels of these proteins, 
except for ULK1, were downregulated in patients with PD compared 
with normal controls. In addition, the oligomeric form of α-synuclein 
was positively correlated with the clinical severity of PD and negatively 
correlated with cognitive function as well as early-phase cardiac uptake 
of meta-iodobenzylguanidine (MIBG). Importantly, autophagy in pe-
ripheral blood mononuclear cells does not directly reflect the condi-
tions of autophagy in the brains of patients with PD. However, our study 
suggests that dysregulation of autophagy can occur concurrently with 
the accumulation of α-synuclein or in a relatively early phase of PD.59 
Recently, Niimi et al. also compared serum lysosomal acid hydrolase ac-
tivities of patients with PD (N = 68) with that of controls (N = 32) and 
patients with Parkinsonian syndrome (N = 32).59 β-Galactosidase activity 
was dysregulated in patients with PD,60 corroborating our hypothesis 
that impairment of autophagy could be one of the primary events in PD. 
Further study is warranted to vilify this hypothesis.

 Immunohistochemistry Protein levels (Western blotting)

 Lewy body diseases MSA Lewy body diseases  

 
Brainstem- 
type LBs

Cortical 
LBs GCIs PD DLB MSA

ULK1 + − −   Increased
ULK2 + − −   Increased
VPS34 + − −  Increased  
Beclin1 + − − Increased   
AMBRA1 + + +   Increased
p62 + + +   Increased
NBR1 + + +   Increased
LC3 + + +    
GABARAP − + −  Decreased Decreased
GATE-16 + ± +   Decreased

Table 1 Alterations of autophagy in Lewy body diseases versus MSA.

Abbreviations: −, immunonegative; +, immunoreactive; AMBRA1, activating molecule in 
 beclin1-regulated autophagy; DLB, dementia with Lewy bodies; GABARAP, γ-aminobutyric-acid type 
A receptor associated protein; GATE-16, Golgi-associated ATPase enhancer of 16 kDa; GCI, glial cy-
toplasmic inclusion; LB, Lewy body; LC3, microtubule-associated protein light chain 3; MSA, multiple 
system atrophy; NBR1, neighbor of BRCA1 gene; PD, Parkinson’s disease; ULK1,  Unc-51-like kinase 
1; VPS34, class III phosphatidyl inositol 3-kinase.
Wakabayashi K, Yoshimoto M, Tsuji S, Takahashi H (1998), αSynuclein immunoreactivity in glial cyto-
plasmic inclusions in multiple system atrophy. Neurosci Lett 249:180–182.



236 Autophagy dysfunction in Alzheimer’s disease and dementia

4. MSA
4.1 Clinical and pathological features of MSA
MSA is an adult-onset, sporadic, neurodegenerative disease that manifests 
with levodopa unresponsive parkinsonism, cerebellar ataxia, and/or au-
tonomic failure.61,62 The average disease duration to death is 9 years after 
symptom onset. Patients with MSA are classified into two clinical pheno-
types based on the predominant motor symptoms: a parkinsonian variant 
(MSA-P) related to striatonigral degeneration (SND) (Fig. 4A–H) and a 
cerebellar variant (MSA-C) associated with olivopontocerebellar atrophy 
(OPCA) (Fig. 5A–F).62,63 In addition to the core clinical features of MSA, 
individuals with MSA can also develop specific signs or symptoms called 
red flag features that assist in its clinical diagnosis.64,65 For example, rapid 
eye movement sleep behavior disorder can precede years before motor on-
set in not only Lewy body diseases but also MSA. Furthermore, recent 
clinicopathological studies have reported that up to 37% of patients with 
pathologically proven MSA develop mild to moderate cognitive impair-
ments in life.66,67 The pathological hallmarks of MSA include the wide-
spread occurrence of abnormal α-synuclein aggregates in oligodendrocytes 
and, to a lesser extent, in neurons (Fig. 6A, B).5,68,69 Despite the predomi-
nant pathological involvement of either MSA-P or MSA-C, both SN and 
OPC systems are often equally affected, especially in MSA cases with a long 
disease duration.63

4.2 Impairment of autophagy in the brain of individuals  
with MSA
With the aim of understanding alterations in autophagy in MSA, we inves-
tigated the brains of individuals with MSA.56 Similar to Lewy body diseases, 
autophagic proteins associated with multiple steps of autophagy (AMBRA1, 
LC3, and GATE-16) were found in oligodendrocytes that harbor abnor-
mal α-synuclein called glial cytoplasmic inclusions (Fig.  6C, D). While 
Beclin1 and VPS34 were increased in PD and DLB, respectively, different 
autophagic proteins associated with autophagy induction (ULK1, ULK2, 
and AMBRA1) were upregulated in MSA. By contrast the protein level 
of GABARAP was significantly decreased in both DLB and MSA.70 Thus 
impaired autophagy can occur along with, or as a result of, α-synuclein  
accumulation in the brain of patients with Lewy body diseases or MSA. 
However, the profiles of autophagy dysregulation may differ between Lewy 
body diseases and MSA (Table 1).
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Fig.  4 Pathological features of multiple system atrophy (striatonigral degeneration). 
(A–D) Gross appearance of the basal ganglia and midbrain of a control case (A, C) and a 
case of multiple system atrophy (MSA) (striatonigral degeneration (SND)) (B, D) showing 
gray-brown discoloration and atrophy of the putamen and depigmentation of the sub-
stantia nigra in an MSA case. (Compared to a control case (E, G)) Histological appearance 
of the putamen and substantia nigra revealing almost complete loss of neurons (F, H, in 
an MSA case). (E–H) KB staining.
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4.3 Impairment of autophagy in MSA—Is it a primary  
or secondary event?
In our earlier study, we revealed that autophagy can be dysregulated con-
currently or along with the progression of PD. Thus impaired autophagy 
may be a primary aspect of Lewy body disease. To date, there have been 
no reports of autophagy in the peripheral blood mononuclear cells of pa-
tients with MSA. However, Monzio et al. generated induced pluripotent 
stem cell-derived dopaminergic neurons from MSA cases and compared 

Fig.  5 Pathological features of MSA (olivopontocerebellar atrophy). Gross appear-
ance of the pons of a control case (A) and a case of MSA (olivopontocerebellar atrophy 
(OPCA)) showing severe atrophy of the pontine base of MSA case (B). Compared with a 
control case (C, E), loss of transverse fibers of the pons (D) and cerebellar Purkinje cells 
(F) is evident in a patient with MSA. (C, D) KB; (E, F) HE staining.
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the activity of autophagy with that of normal controls.71 Interestingly, au-
tophagy flux analysis of LC3-II, the lapidated form of LC3, revealed de-
creased autophagy activity in MSA. In addition, lysosomal enzyme activity 
was significantly impaired in patients with MSA compared with that in 
normal controls.71 Thus, similar to Lewy body diseases, autophagy may also 
be impaired at an early stage of MSA.

4.4 Current challenges and future directions in autophagy  
of synucleinopathies
While previous studies have led to a better understanding of autophagy in 
the pathogenesis of synucleinopathies, we have yet to unveil the complete 
picture of autophagy due to several critical limitations. First, to evaluate 
autophagy in patients with synucleinopathies, we often use formalin-fixed, 
paraffin-embedded, or frozen tissues. We then attempt to understand how 
autophagy is affected during the course of the illness by examining the 
immunoreactivity and/or altered protein levels of autophagic proteins, in-
cluding LC3-II. However, alterations of autophagy in these types of tissues 
may simply reflect their levels at the time of autopsy and not alterations of 
autophagy over time. More importantly, increases in the level of LC3-II, or 

Fig. 6 Immunoreactivity of glial cytoplasmic inclusions and neuronal cytoplasmic in-
clusions. Glial cytoplasmic inclusions (A) and a neuronal cytoplasmic inclusion (B) in a 
patient with MSA immunoreactive for phosphorylated α-synuclein. Glial cytoplasmic 
inclusions (C) and a neuronal cytoplasmic inclusion (D) immunopositive for AMBRA1.
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even the appearance of autophagosomes, do not reflect activated autophagy. 
In fact, the levels of LC3-II can also be increased as a result of the inhibi-
tion of autophagosome clearance. Therefore it may be more reasonable to 
interpret the activation or inactivation of autophagy by measuring multiple 
autophagic proteins. Second, we have not established a method for measur-
ing autophagy flux in the brains of living humans. Instead, we infer that the 
baseline activity of autophagy may be compromised in the brains of indi-
viduals with PD from the alterations of autophagy observed in peripheral 
blood mononuclear cells. However, it goes without saying that we need to 
confirm our findings by measuring the activity of autophagy in the brain 
directly. Therefore establishing direct monitoring systems of autophagy in 
the brain of living humans is critically important for developing a drug that 
activates autophagy.

Notwithstanding these limitations in evaluating the activity of autoph-
agy in living humans, upregulation of autophagy to enhance degradation 
of aggregates has great potential for ameliorating these disease processes. 
For this purpose, there are several strategies to activate autophagy, including 
activation of the upstream part of autophagy or activation of a specific part 
of autophagy that is impaired in PD or DLB. It is also reasonable to activate 
a key molecule implicated in several processes of autophagy or to activate 
multiple key proteins simultaneously. Nevertheless, an autophagic protein 
can be likened to a cog in a large machine. Even if we activate a single auto-
phagic protein, “this single cog” may only spin in the autophagy machinery. 
In this sense, activating multiple key autophagic proteins may be more effi-
cient in boosting autophagy. In fact, multiple studies have reported autoph-
agy activation as a therapeutic strategy for neurodegenerative diseases.72,74 
Taken together, we may be about to experience a new era of treatment for 
neurodegenerative diseases, including synucleinopathies.

5. Conclusions

Recent studies have only begun to uncover the impairment of autophagy 
that occurs in synucleinopathies, thus novel frontiers lie ahead, and despite 
several critical limitations, modulating autophagy remains a promising ther-
apeutic strategy.
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1. Introduction

Huntington’s disease (HD) is a progressive neurodegenerative disorder that 
is clinically characterized by severe motor dysfunction, including chorea, 
cognitive dysfunction, and psychiatric symptoms.1 HD is inherited in a 
dominant form, and its genetic cause has been identified as the abnormal 
elongation of a trinucleotide repeat of CAG (cytosine, adenine, and gua-
nine) in the huntingtin (Htt) gene.1,2 Onset is typically during midlife, and 
the disease duration can span multiple decades. Neurodegeneration starts 
from the medium spiny neurons of the caudate-putamen and then spreads 
to the cortex, cerebellum, thalamus, and white matter, causing neurological 
symptoms.3 The abnormal expansion of CAG repeats decodes a long poly-
glutamine (polyQ) tract close to the amino terminus of the Htt protein. This 
elongated polyQ stretch has a propensity to aggregate4–6; thus, polyQ ag-
gregates form intranuclear and intracytoplasmic neuronal inclusions, which 
are one of the most important pathological hallmarks of HD.7–10 Protein 
aggregation due to abnormal polyQ elongation has been confirmed in 
HD mice models, including R6/2 mouse model, transgenically containing 
N-terminally truncated mutant huntingtin protein (mHTT) with CAG re-
peat expansion within the Htt gene exon 1,8,9,11 and recently in the neurons 
generated from human HD fibroblasts.12 While intraneuronal inclusions are 
observed in at most 10% of cortical, striatal, and thalamic neurons in adult 
HD3, various other neurons contain smaller oligomeric species; this abnor-
mal accumulation of the mutation Htt is considered to contribute to the 
pathogenesis of HD. Only polyQ expression in Htt exon 1 can reproduce 
the HD pathology, and abolishing the mutant Htt in symptomatic animals 
can mitigate neurological deficits13–17; therefore, it is clear that the toxicity 
of the elongated polyQ stretch is critical to the pathomechanism of HD.
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Meanwhile, the expression of Htt itself is essential for life, and dys-
function of HTT due to abnormally elongated polyQ also impairs neu-
ronal function. Htt is a large, 350-kDa protein dominated by the HEAT 
(Huntingtin, EF3, PP2A, and TOR1) motif, indicative of its function as 
a scaffold protein. Htt is involved in various cellular processes, including 
transcriptional regulation, nucleo-cytoplasmic shuttling, mitochondrial dy-
namics, vesicle trafficking, synaptic function, and antiapoptotic activity.18–21 
Elimination of Htt gene expression results in embryonic lethality between 
embryonic days 8.5 to 9.5 in mice.22–24 Subsequent genetic studies investi-
gating the postnatal elimination of Htt gene expression found that the loss 
of Htt can have consequences both within and outside the brain, even when 
the expression is eliminated in adults.25–27 Thus, considering the neuronal 
enrichment of Htt expression, partial loss of Htt function is also attributed 
to the pathomechanism of HD. Neurodevelopmental alterations have been 
recently reported in patients carrying this disease-causing mutation even 
before the motor dysfunction.28,29

In this review, we discuss how autophagy contributes to the elimination 
of aggregated Htt to mitigate its toxicity, as well as the physiological role of 
Htt in synaptic maintenance via autophagy.

2. Macroautophagy in HD

In animal and cellular models, the expression of mutant Htt has been shown 
to induce the accumulation of aggregated Htt. Interestingly, a reduction in 
the expression of mutant Htt decreases the amount of Htt aggregation and 
mitigates motor and cognitive functions even after the manifestation of neu-
rological symptoms.13–16 These studies suggested that mutant Htt pathology 
is in equilibrium between aggregation and degradation, and neuronal cells 
can degrade the aggregated Htt to eliminate its toxicity. The lysosome- 
mediated degradation pathway plays a critical role in the clearance of aggre-
gated proteins,30–33 in this process, histone deacetylase 6 (HDAC6) binds the 
ubiquitinated aggregates to microtubules to contribute to the incorporation 
of aggregates to the autophagy-lysosome pathway.34 Autophagy pathways 
in mammalian cells are classified into three major types: macroautophagy, 
microautophagy, and chaperone-mediated autophagy. Among these, macro-
autophagy processes relatively larger substrates, such as organelles and pro-
tein aggregates.35 Several studies have shown that other pathways can also 
degrade protein aggregates36–38; however, macroautophagy is considered to 
be a robust degradation pathway of protein aggregates.39–41
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In macroautophagy, cargos are captured into a multilamellar struc-
tured organelle, the autophagosome. While the formation of autophago-
somes is mediated by autophagy-related (ATG) genes,42 several adaptor 
proteins selectively capture protein aggregates to incorporate them into 
the autophagosome.43,44 Several adaptor proteins, including p62/
Sequestesome-1,39,45–47 neighbor of BRCA1 (NBR1),47,48 optineurin,49 
and autophagy-linked FYVE protein (Alfy)41,50 are involved in the deg-
radation of aggregated proteins. These adaptor proteins selectively se-
quester their cargos and bind to autophagy-related genes including the 
mammalian orthologs of the yeast protein, Atg8, which are attached to 
the autophagosome membrane to capture adaptor-recognized cargos.46 
For example, p62 contains a Phox and Bem1p (PB1) domain, an ATG8/
LC3-interacting region (LIR) motif and an ubiquitin-associated (UBA) 
domain,51–53 where it recognizes polyubiquitinated cargo via its UBA do-
main and binds to ATG8/LC3 via its LIR domain. By this process, p62 
selectively connect the polyubiquitinaed cargo and the autophagosome 
menbrane. While these adaptor proteins share common functions to bring 
the nascent autophagic membrane to the aggregates and stabilize the au-
tophagosome membrane to the cargo, they interact with different Atg8 
families, suggestive of their functional difference. Although the relevance 
of the different interactions between these adaptor proteins and Atg8 
homologs remains unclear, several studies have investigated the different 
functions of p62 and Alfy, and we discuss in the following sections.

2.1 Alfy
Alfy plays an important role in the clearance of aggregated proteins, as ex-
pected from its function as an adaptor protein connecting the aggregated 
proteins to the autophagosome. Alfy can bind to the p62-positive inclu-
sions54 and the Atg-5-12-16L complex41 to help conjugate Atg8 proteins to 
the autophagosome membrane. Interestingly, Alfy does not bind to the LC3 
protein, which p62 binds as discussed below, instead, it binds to other Atg8 
homologs, such as the gamma aminobutyric acid type A receptor-associated 
protein.55

The depletion of Alfy expression in the cells expressing mutant Htt 
was followed by the increased accumulation of aggregated Htt, and the 
increased expression of Alfy decreased the amount of aggregated Htt, 
suggesting the role of Alfy in the clearance of aggregated proteins.41,56,57 
Furthermore, the increase in aggregated Htt by the abolished expres-
sion of Alfy leads to neurodegeneration.58 Thus, Alfy protects against the 
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toxicity of the abnormally elongated stretch of polyQ by eliminating 
Htt aggregates. Considering that Alfy facilitates the degradation of pre-
formed aggregates of Htt, enhancing its function might be a potential 
target for the development of therapeutics.

2.2 p62
p62 is a selective autophagy receptor and mediates clearance of polyubiq-
uitinated inclusions. While the depletion of Alfy accelerates the accumu-
lation of aggregates and the neurodegenerative process, interestingly, the 
loss of p62 led to partial neuroprotection in mouse models of HD, i.e., 
the R6/2 and HD109QG transgenic models.59 Similar to the depletion 
of Alfy, the depletion of p62 also enhances the cytosolic aggregation of 
Htt; however, it leads to a significant decrease in the number of nuclear 
inclusions. Based on the in vitro assay, it is considered that the abnormally 
elongated polyQ stretch is supposedly the minimal unit for the initiation 
of aggregation, and the recognition of these aggregates by an adaptor 
protein facilitates the degradation of the aggregates. However, the above- 
mentioned study revealed the maladaptive behavior of p62 to sequester 
Htt aggregates within the nucleus and hinder its degradation by auto-
phagy. The depletion of p62 reduces the sequestration of Htt aggregates 
within the nucleus and mitigates the toxicity of the abnormally elongated 
polyQ in the nucleus, leading to partial neuroprotection. However, the 
degradation of Htt aggregates in the cytosol is suppressed by the depletion 
of p62, resulting in polyQ toxicity, which can be attributed to the partial 
neuroprotection. While the levels of Htt aggregates were increased in the 
cytosol upon depletion of p62, the decreased amount of Htt aggregates 
in the nucleus suggests that they are degraded by autophagy independent 
of p62 adaptation in the nucleus. For instance, other adaptor proteins 
can compensate for the loss offunction of p62, or Htt aggregates can 
be captured and degraded in a nonadaptor-mediated manner. Another 
possibility is that the function or binding proteins are different in the cy-
tosol and nucleus. Similar to p62, the inhibition of histone deacetylase 3 
(HDAC3), which directly binds to Htt and suppresses its neurotoxicity, has 
differential effects on cytoplasmic and nuclear Htt aggregates, suggesting 
a different mode of regulation of Htt degradation.60 Taken together, Htt 
aggregates are degraded by macroautophagy, which is regulated by several 
adaptor proteins. The physiological significance of the different adaptor 
proteins with differential behavior in the cytosol and nucleus should be 
investigated in more detail in the future.
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2.3 NBR1
NBR1 is a selective autophagy receptor containing PB1, LIR, and UBA 
domains, and its structure and function are similar to p62.48,52,61 NBR1 
itself functions as a selective autophagy receptor and also interact with p62 
to support sequestration of protein aggregates.52 Compared to p62 to bind 
to polyubiquitinated proteins, NBR1 also binds to monoubiquitin rather 
than polyubiqutinated protein preferentially.62 As mentioned above, mHTT 
forms nuclear inclusions with p62 and reduces cytololic p62. Howerver, 
even in the late stage of HD, NBR1 accumulates in the cytosol and fill in 
for p62 function, suggesting that NBR1 can compensate the pathogenic 
dysfunction of p62 in the late stage of HD.63,64

2.4 Optineurin
Optineurin (OPTN) acts as an adaptor protein in selective autophagy and 
facilitates cytosolic and intranuclear mHTT clearance.65–67 OPTN recruits 
Atg5-Atg12-Atg16L complex to the site of autophagosome initiation,68 
and the lack of OPTN causes defets in trafficking and autopagy leading to 
the deterioration of proteostasis.69–71Consistent these studies, overexpression 
of OPTN increases selective autophagy to reduce mHTT aggregation.72 
Mutations within OPTN ubiquitin-binding domain prevent its interaction 
with mHTT aggregation in a dominant-negative manner, suggestive of its 
oligomeliation in selective autophagy.72,73

2.5 Tollip
Toll-interacting protein (Tollip) functions as a cargo receptor protein in 
selective autophagy and have ubiquitin/Atg8-binding CUE domain to pro-
mote protein aggregates clearance.74 It is found in nuclear inclusions of 
HD mice model suggestive of its involvement in clearance of mHTT ag-
gregation,75 and another study demonstrated that overexpression of Tollip 
increased aggregate clearance.76

3. Physiological function of Htt in autophagy

Although mHTT is widely expressed in a variety of cells, its functional 
abnormalities in neurons have been the focus of various studies. In adult- 
onset HD, where polyQ elongation is relatively short, inclusion bodies are 
observed in various cells at a low frequency; however, in juvenile-onset 
HD with a long polyQ elongation, inclusion bodies accumulate in  neurons, 
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especially in frontal cortical neurons,77 suggesting that autophagy is more 
rate-limiting in neurons than in glial cells. In the early stage of the dis-
ease, autophagosomes are formed at the tips of neuronal axons and mature 
as they are transported to the cell bodies of neurons, which is thought 
to underlie the basis for the importance of autophagy in reducing polyQ 
neurotoxicity at axonal tips.78–81 Considering that the degree of formation 
of aggregates and degeneration of neurons differs among the subtypes of 
neurons and brain regions, it is necessary to clarify the role of autophagy 
in each of these subtypes. Furthermore, in addition to aggregate formation, 
functional and morphological abnormalities have also been reported in glial 
cells, including astrocytes, microglia, and oligodendrocytes in the brains of 
human patients with HD and mouse models of HD.82–85 Despite these 
functional abnormalities, the mechanism by which autophagy contributes 
to the degradation of protein aggregrates in these cell types remains unclear.

As reviewed above, polyQ toxicity is important in the pathogenesis of 
HD, and previous studies have shown that the autophagic processing of Htt 
aggregates contributes to the reduction in polyQ toxicity. If polyQ toxic-
ity can explain the pathogenesis of HD, the gene dosage of abnormal Htt 
should be considered important; however, the fact that even heterozygous 
patients are not necessarily more affected than heterozygous patients86,87 
suggests that a pure gain of toxicity of the polyQ stretch is not the only 
explanation, and that polyQ-induced disruption of the native function of 
Htt may also contribute to the pathogenesis. A complete loss of function of 
Htt results in embryonic lethality, suggesting that a partial loss of function 
can be a potential pathomechanism.

Htt is a scaffold protein that plays an important role as an integrator of 
transport along the cellular cytoskeleton in endocytosis, endosomal motility, 
and axonal transport to regulate the dynamics of trafficking and transport.88–95 
Among various functions, Htt has structural similarities to selective autoph-
agy proteins Atg11, Atg23, and Vac8 and interacts with Atg11-binding part-
ners96,97 to contribute to selective autophagy. The loss of the polyQ stretch 
in Htt enhances its autophagic capacity in neuronal cells and longevity in 
mice.96 In agreement with this study, the loss of Htt or its interactor, HAP1 
(Huntington-associated protein 1), impaired retrograde transport of autopha-
gosomes containing selective cargo, leading to protein accumulation.95,98 Htt 
interacts with p62 to facilitate the interaction between p62 and LC3B, and 
binds to the autophagy initiator ULK1 (Unc-51 like autophagy activating 
kinase 1) by releasing it from negative regulation by the mammalian target of 
rapamycin (mTOR).99 These data suggest that Htt plays a significant role in 
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selective autophagy, and the depletion of its function can contribute to the 
accumulation of abnormal proteins leading to HD pathology.

Furthermore, Htt dysfunction impairs the autophagic turnover of syn-
aptic proteins, thereby reducing synaptic plasticity. To maintain synaptic 
plasticity, where a large number of proteins are packed in a highly organized 
manner, proteins regularly undergo assembly and disassembly processes.100 
Synaptic proteins and synaptic vesicles are locally incorporated into au-
tophagosomes at synapses, transported retrogradely along with the axon, 
and degraded with autophagosomes fused with lysosomes.101–109 A decrease 
in autophagic activity disrupts the rapid turnover of synaptic components, 
leading to impairments in learning and memory by reducing synaptic plas-
ticity.102,110,111 Htt interacts with dynein, dynactin, and kinesin through 
Htt-associated proteins, contributes to the retrograde transport of synaptic 
vesicles, and interacts with Htt-associated protein 40 to regulate endosomal 
trafficking.112–118 Thus, a dysfunction of Htt can result in the disruption of 
vesicle trafficking, leading to reduced synaptic plasticity even without Htt 
aggregates. Previous observational studies have provided clear evidence that 
cognitive dysfunction in HD can occur in the earliest stage and even pre-
cede motor symptoms,119–122 and neuropathological changes at both pre- 
and postsynaptic sites have been reported in the early stages of HD.123,124 
Additionally, polyQ aggregates also impede Htt function and autophagic ef-
ficiency, leading to a further reduction in the turnover of synaptic proteins.

4. Autophagy: A therapeutic target

In HD, autophagy is responsible for the degradation of aggregates; thus, 
the activation of autophagy has been considered as a therapeutic strategy. 
Activation of autophagy by rapamycin, an mTOR inhibitor, has been ex-
amined in a mouse model of HD and has been shown to decrease Htt 
aggregates and reduce toxicity.31,125 Moreover, it has been shown that au-
tophagy can be activated by the modulation of intracellular calcium, which 
is independent of the mTOR pathway. In cell and Drosophila models, Htt 
aggregates are reduced by activating autophagy through intracellular cal-
cium modulation. Additionally, trehalose and metformin have been shown 
to have beneficial effects by activating autophagy via the calcium-induced 
activation of AMP-activated protein kinase in mice.126–134

The global activation of autophagy may be effective in reducing Htt 
aggregates in the brain at the model level, but it should be noted that it 
activates autophagy not only in the brain but also in the whole body. Since 
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muscle wasting is a crucial issue especially in the advanced stage of HD135, 
it should be taken into consideration that increased muscle catabolism due 
to enhanced autophagy may aggravate muscle wasting.

Considering that there is no significant abnormality in the expression of 
genes related to autophagy in HD, the selective enhancement of autophagy 
against Htt aggregates may constitute a potential therapeutic target.135 In 
the brains of patients with HD, adaptor proteins such as Alfy and optineurin 
are decreased; thus, Htt aggregates can be reduced by enhancing the recog-
nition of cargo by adaptor proteins and inducing their incorporation into 
the autophagosome.

Therefore, autophagy is a potential therapeutic target. The global ac-
tivation of autophagy can reduce Htt aggregates in the brain and induce 
therapeutic effects in animal models, but more brain-specific induction of 
autophagy or enhanced recognition of Htt aggregates by adaptor proteins 
would be more desirable as a therapeutic strategy in the future.

5. Conclusion

In HD, autophagy is a rate-limiting factor in the degradation of polyQ ag-
gregates. In this process, polyQ aggregates are recognized by several adaptor 
proteins and recruited to autophagosomes, which then fuse to the lysosome 
to degrade the cargo. Similar to p62 and Alfy, each adaptor protein has a 
unique function in cargo recognition and transport; however, its biological 
significance remains unclear. To date, therapeutic strategies for the global 
activation of autophagy have been successful in cellular and animal models, 
but the unnecessary activation of autophagy may cause undesirable effects. 
Therefore, a deeper understanding of the physiological roles of each adaptor 
protein is required to achieve the exclusive elimination of polyQ aggre-
gates in the brain. Moreover, the length of the polyQ stretch in cellular 
and mouse models is much longer than that in humans with HD; thus, it is 
important to develop a suitable model with a polyQ length closer to that of 
humans with HD, to bridge the gap between models and human patients.
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Drug discovery in Alzheimer’s 
disease by regulating autophagy
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aSecond Department of Internal Medicine, Faculty of Medical Sciences, University of Fukui, Fukui, Japan
bDepartment of Neurology, University of Fukui Hospital, Fukui, Japan
cDepartment of Aging and Dementia (DAD), University of Fukui, Fukui, Japan
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1. Introduction

Typical pathological findings of Alzheimer’s disease (AD) are senile plaques 
(SPs) consisting of amyloid β protein (Aβ) and neurofibrillary tangles (NFT) 
consisting of tau protein. Aβ and tau protein cause neuronal damage and 
synaptic dysfunction.1,2 Excessive phosphorylation of tau is an important 
step to form NFT in patients with AD.3,4 Inhibition of the formation, or 
removal of Aβ or tau is the major therapeutic strategy to prevent or treat 
AD.5 Autophagy is one of the major organelles by which cells break down 
abnormal proteins. Removal of Aβ and tau may also be achieved through 
autophagy.6,7 Regulating the activity of autophagy can be an important 
strategy in treating AD or slowing the progression of AD. The autoph-
agy pathway is shown in Fig. 1, and the autophagy modulators are shown 
in Fig. 2 and Table 1.4,8–110 Autophagy inducers are mainly composed of 
two subgroups that act directly on mechanistic target of rapamycin com-
plex (mTORC) and other pathways to activate autophagy. In this chapter, 
autophagy- activating drugs considered to be useful for AD treatment are 
outlined. Note that some autophagy stimulants were demonstrated to have 
considerable promise as AD therapeutics in clinical trials (Table 1).

2. Drugs that induce autophagy
2.1 Direct mTORC inhibitors
2.1.1 Rapamycin
The mTORC signaling pathway is started by nutrients and growth factors and 
regulates autophagy105 (Fig. 1). Rapamycin (sirolimus) is a selective inhibitor 
of mTORC, which promotes autophagy. Rapamycin is also known to act 
through direct binding to FKBP12. A diet including rapamycin was reported 
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Fig. 1 Scheme of autophagy flux. Initiation. In response to nutrient deprivation, AMPK phos-
phorylates mTORC1, releasing its inhibition on ULK, and activates the initiation complex. 
Downregulation of mTORC1 leads to the translocation of TFEB to the nucleus, where TFEB 
becomes upregulated, and various autophagy- and lysosome-related genes are translated. 
ULK phosphorylates AMBRA-1, which promotes the interaction of Beclin1 with p150 and 
PI3K-III (Vps34) in the PI3K-III complexes. UVRAG and Atg14L bind differently to form separate 
PI3K-III-complex populations in cells. Mitochondria can be directly bound by mitochondrial 
receptors without poly-ubiquitination. In aggrephagy, poly-ubiquitinated protein aggregates 
(Aβ oligomer and tau oligomer) are engulfed by the phagophore via SLRs (sequestosome  
1/p62-like receptors), which include p62 or NBR1. Maturation. Once the loaded phagophore 
is closed and the outer fraction of LC3-II is removed, the completed autophagosome fuses 
with the lysosome via a bonding process involving syntaxin members, and LAMP-1 and -2 
creating an autolysosome. Abbreviations: AMPK, 5′ adenosine monophosphate-activated 
protein kinase; PI3K-III, class III phosphatidylinositol 3-kinase; LC3-II, microtubule-associated 
protein light chain 3-II; LAMP-1, LAMP-2, lysosome associated membrane protein 1, 2; SLRs, 
sequestosome 1/p62-like receptors; FYCO1, FYVE and coiled-coil domain containing 1; p62, 
p62/ sequestosome-1; NBR1, neighbor of BRCA1 gene 1; TFEB, transcription factor EB. (Revised 
from Int J Mol Sci. 2021;22(14):7475.)
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to prolong the life of animals.106 Aging is a most important factor in the etiol-
ogy of AD, especially for the development of AD therapeutics.107 Human stud-
ies suggested the involvement of mTORC signaling in AD.108,109 Blockade 
of mTORC signaling by rapamycin may mitigate cognitive impairment and 
reduce Aβ deposition by increasing autophagy in the AD mouse brain.8

Furthermore, overexpressing mTORC or not expressing mTORC may 
affect the balance of phospho-tau/nonphospho-tau in the cytosol and dif-
ferent cell compartments, which may promote tau deposition. mTORC 
activation significantly increases cytosolic tau and its relocalization to exo-
cytotic vesicles, which are not associated with exosomes. This suggests that 
mTORC is involved in controlling the distribution of tau to organelles in 
cells and initiating the secretion of tau from cells to extracellular organs.110 
Rapamycin promotes Aβ degradation and reduces Aβ deposition. It also 
functions to reduce tau.8,9 Indeed, rapamycin reduced NFT in P301S trans-
genic mice.10 Rapamycin also reduced phosphorylated tau in zebrafish ex-
pressing A152T tau.11 Rapamycin ameliorated memory disturbances in AD 
model mice9 and improved cell viability treated with Aβ42.12 Furthermore, 
rapamycin was proven to improve neuroinflammation, restore blood vessel 
and metabolic functions in the brain, and ameliorate cognitive dysfunction 
in many in vitro and in vivo AD settings.13,39
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Fig.  2 Autophagy upregulating drugs. Two signaling pathways, mTORC1-dependent 
and -independent, are involved in autophagy regulation. Abbreviations: mTORC1, 
mechanistic target of rapamycin 1; IRS-1, insulin receptor substrate-1; PI3K, phospho-
inositide 3-kinase; SIRT1, sirtuin 1. (Revised from Curr Alzheimer Res. 2018;15:1283–1296 
and Int J Mol Sci. 2021;22(14):7475.)
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mTORC dependent 
autophagy inducer

Rapamycin

Direct
mTORC1 inhibitor

 
Improving learning and memory and 

reduced Aβ and tau pathology in 
AD model mouse

 
Promising results with 

not significant decrease 
in β galactosidase 
(NCT01649960)

8–14

  Increased viability of cells against Aβ42   
Rapamycin analogs     
CCI-779 (temsirolimus) Direct mTORC1 

inhibitor
Improved Aβ clearance and cognition 

in mouse model of AD
Not tested 15–17

  Reduced tau and rescue motor 
dysfunction in P301L tau mouse

  

RAD001 (everolimus) Direct mTORC1 
inhibitor

  18

AP23573, selective ATP-
competitive small molecule

    

PP242, OSI-027, AZD2014, 
AZD8055

mTORC1/2 inhibitor   19,20

Other mTORC1 dependent 
autophagy inducer

    

Methylene blue mTORC inhibitor Inhibits tau oligomerization in organic 
hippocampus slice/neuron and 
P301L tau mice

Finished 4 phase III 
clinical trials

21–23

  NCT01689246  
   NCT01689233  
   NCT 01626378  
   Ongoing  
   NCT02380573  

Table 1 Drugs possibly effective for Alzheimer’s disease by activating autophagy.

ctgov:NCT01689246
ctgov:NCT01689233
ctgov:NCT02380573


Curcumin PI3K/Akt/mTORC 
inhibitor

  24,25

 Induces Hsp70 involved 
in CMA

   

Latrepirdine mTORC inhibitor Reduces Aβ peptides in the brains of 
mice

Promising results 26,27

β-Asarone mTORC dependent Decreases Aβ42 in hippocampus 
improves memory in animal model 
of AD.

Not tested 28,29

Oleuropein Aglycone 
(polyphenol)

mTORC dependent Counter acts amyloid aggregation and 
toxicity

 30–32

Omega-3 fatty acids Akt/mTORC1 
pathway inhibitor

Decreases tau, improves cognitive 
function

Ambiguous results on 
cognitive function  
in AD.

33–35

 Disruption of Beclin1-
bcl2 binding

   

Other autophagy modulating 
drugs

    

AMPK activator     
Metformin PP2A agonists Reduced levels of Aβ Already in clinical use for 

diabetes patients
36–38

  Decreased tau phosphorylation Improve cognitive function  
Trehalose AMPK activator Inhibits aggregation on both Aβ40 

and tau
not tested 39–43

 mTORC independent Reduces their cytotoxicity in vitro
Protects against cognitive dysfunction

  

  Decreases hippocampal Aβ   

Continued
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Resveratrol AMPK activator Long term treatment rescued memory 
loss and reduced Aβ in AD mouse 
model

Well tolerated and 
biomarker change

44–49

 Atg upregulation  Aβ40 ↑  
AICAR AMPK activator Reduced inflammatory response to Aβ Not tested 50,51
  Decreased tau phosphorylation   
  Restored mitochondrial function   
  Improved cognitive function   
Arctigenin AMPK activator   52
Statins AMPK/mTORC1 

pathway
Reduced Aβ plaque and toxicity Beneficial effects for MCI 

patients
53–57

  Decreased tau phosphorylation Improves cognitive 
function in AD

 

IMPase, IP3 inhibitor     
Lithium Iinositol and IP3 

reducer, GSK3β 
inhibitor

Induces autophagy and inhibits 
GSK3β mediated tau 
phosphorylation

Beneficial on cognition in 
MCI and AD.

39,58–63

   Currently AD phase 
II clinical trials, 
NCT02129348

 

Carbamazepine Phosphoinositide cycle 
inhibitor

 Ambiguous results on 
behavioral symptoms 
related to AD

64,65

Category

Other actions Experimental effects Clinical trial References

Subcategory

Autophagy target drugs

ctgov:NCT02129348


Imidazoline receptor agonists 
(cAMP reduction)

    

Clonidine, rilmenidine  Accelerated clearance kinetics of 
A152T-tau

 11

TFEB activation     
Flubendazole Bromhexine TFEB activator Reduced accumulation of 

phosphorylated tau in N2a cells
Not tested 66

Flavonol TEFB activator    
Fisetin  Autophagic degradation of 

phosphorylated tau in 293T cells 
expressing tau and GSK3

Currently in AD 
phase II clinical 
trial, NCT02380573

67,68

Curcumin analog (C1) TFEB activator Reduced accumulation of 
phosphorylated tau

Multiple trial completed 
or currently in AD 
phase II clinical trials

69

Enhancing lysosome/
autolysosome acidification, 
reducing autophagosome 
accumulation

    

Nicotinamide   Currently Early 
Phase 1 clinical trial 
NCT04430517

70–73

Activating JNK1/Bcl-2/PI3K 
class III pathway

    

l-NAME  Improves cognitive function Not tested 39
Reduction of intracellular 

Calcium levels
    

Calcium channel blockers  Enhances Aβ degradation
Decreases tau, ameliorates 

neuroinflammation
Improves cognitive function

Ambiguous results for 
cognitive functions in 
AD patients

39,74

Continued
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Nitrendipine    39
Nilvadipine    39

VPS34 activation     
Memantine mTORC dependent  Already in clinical use for 

AD patients
75–77

   Beneficial for AD with 
good tolerance

 

Atg dependent pathway     
SMER28 Increasing 

autophagosome 
synthesis and 
enhancing the 
clearance of 
autophagy substrates

Reduced Aβ peptide in gamma 
secretase independent manner

 78

Spermidine Preventing Beclin1 
cleavage: 
Upregulation of Atgs 
expression, EP300 
inhibition

Reduced Aβ secretion Beneficial for memory 
performance

79–81

  Improves cognitive function   
Tetrahydrohyperforin ATG5 dependent 

pathway
Prevents memory impairment and 

physiological dysfunction including 
tau hyperphosphorylation or 
disturbed turnover of Aβ plaque

not tested 82,83

Elevating ATP60V01     

Category

Other actions Experimental effects Clinical trial References

Subcategory

Autophagy target drugs



Rifampicin  Suppressed deposition of tau 
oligomers, highly phosphorylated 
tau, synaptic loss, and microglial 
activity in animal model of AD

 84,85

Tau acetylation inhibition     
P300/CBP inhibitor
SMDC37892

Atg5,7,8,12 inhibitor Reduces tau acetylation, dampens tau 
secretion

 86

Cilostazol Beclin1, Atg5, LC3, 
cathepsin ↑ mTORC, 
P300 ↓

Reduces tau acetylation and 
phosphorylation

Clinically approved 
for vascular disease. 
Currently phase 
II clinical trial 
(NCT02491268)

87,88

  Reduces Aβ in N2a cells with Swedish 
mutation

  

Multiple mechanisms     
Vitamin D Ca2 + ↑ ATG16L1, 

LC3B induction
Reduces Aβ generation Ambiguous results on 

cognitive function in 
AD

89,90

  Enhances Aβ degradation   
  Ameliorates neuro-inflammation   
ABL1 inhibitor     
Nilotinib, bosutinib Tyrosine kinase 

inhibitor
Degraded phosphorylated tau Currently in AD phase II 

clinical trial
91

   NCT02947893  
Unknown     
GTM-1 (derivative of 

quinolone)
non-mTORC Rescued cognitive dysfunction and Aβ 

pathology in mouse model of AD
 65,92

Continued
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Other actions Experimental effects Clinical trial References
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Autophagy target drugs

Bexarotene  Restores defective mitochondrial 
respiration in P301L-tau mutation

 93

Lonafenib Falnesyl transferase 
inhibitor

Prevent Rhes mediated tau 
accumulation

Already in clinical use for 
cancer patients

94

Rho-ROCK inhibitor 
(H1152, Y-27632, and 
fasudil)

 Reduction of phosphorylated and 
oligomeric tau in cell line (M17D), 
and P301L tau mice

Already in clinical use 
for subarachnoidal 
hemorrhage patients

95

Gene therapy     
MicroRNA 

(miRNA-132/212)
 Increased clearance of tau in AD mice  96,97

siRNA (calpain knockdown) Inhibitor of calpain Ameliorated tau induced toxicity in 
drosophila

 98

Optogenetic TFEB inducer TFEB inducer Reduced accumulation of 
phosphorylated tau in N2a cells and 
iPSC from AD patient

Not tested 99

AAV-TFEB TFEB inducer   100
Flag TFEB transgenic mouse  Reduced PHF-tau, restored learning 

ability
 101
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In rapamycin clinical trials, a correlation between some aging mark-
ers and physical performance was noted, but frailty was not improved 
(NCT01649960). Furthermore, the reduction in expression of β galacto-
sidase, a cellular aging marker by rapamycin, was not significant.14 In sum-
mary, drugs acting on the mTORC pathway are expected to be effective for 
autophagy-related AD treatment.

2.1.2 Rapamycin analogs
Other drugs inhibiting mTORC in a similar manner to rapamycin also 
demonstrated protective effects against AD. Everolimus ameliorated the im-
pairment of cognition and mood in AD mice.18 Temsirolimus (CCI-779) 
induced Aβ clearance via autophagy and reversed memory loss in mouse 
models of AD.15 Temsirolimus also reduced tau accumulation16 and im-
proved motor dysfunction in tau mutant mice.17 ATP competing mTORC 
inhibitors OI-027 and AZD2014 significantly reduced phosphorylated tau 
and aggregated tau in iPSC-derived neuron models, which was more effec-
tive than rapamycin.19 As a result, the vulnerability of tau-mediated neuro-
toxic stress was reduced. The authors found that mTORC inhibition and 
autophagy upregulation led directly to tau clearance.19 ATP competitive 
mTORC1/2 blocker PP242 also reduced tau.20

2.2 Other mTORC-dependent autophagy inducers
2.2.1 Methylene blue
Methylene blue induced autophagy and attenuated sarkosyl insoluble tau 
accumulation via mTORC1 suppression in cultured brain slices from a 
mouse model of frontotemporal dementia (FTD) and in cell culture mod-
els.21 Gauther et  al. reported a clinical trial of methylene blue, Leuco-
methylthioninium Bis (LMTM). Eight hundred and ninety-one patients 
were assigned as follows: 357 to control, 268 to 75 mg of LMTM two times 
per day, and 266 to 125 mg of LMTM two times per day. The primary anal-
yses revealed no effects of either dose on primary outcomes (ADAS-Cog 
score decline) compared with control. Gastrointestinal and urinary adverse 
events were observed with LMTM treatment. The primary analysis was not 
positive and did not support the use of LMTM as an add-on therapy for 
participants with mild to moderate AD.22 As a subanalysis, mild AD partici-
pants (n = 800) were randomly assigned to 100 mg of LMTM two times per 
day or 4 mg two times per day. Patients treated with LMTM as monother-
apy at either dose tested consistently performed better than those receiving 
the same dose as an add-on to several acetylcholinesterase  inhibitors or 

ctgov:NCT01649960
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memantine. Furthermore, the participants administered 100 mg of LMTM 
two times per day as monotherapy performed better than those adminis-
tered 4 mg twice a day.23

2.2.2 Curcumin
Curcumin was reported to reduce the dimeric tau in the soluble fraction 
in human tau (hTau) mice through autophagy activation.24 The authors 
assumed that this was due to an increase in membrane-bound Hsc70 by 
curcumin, which is required for the degradation of tau in CMA.24 Wang 
et al. reported that curcumin inhibits the PI3K/Akt/mTOR pathway.25

2.2.3 Latrepirdine
Latrepirdine stimulates autophagy in an mTOR- and Atg5-dependent 
manner and reduces the amount of intracellular amyloid precursor protein 
(APP) metabolites containing Aβ in the mouse brain.26 Meta-analysis re-
vealed that although latrepirdine did not increase adverse events compared 
with placebo, it did not affect cognitive function, or the activity of daily 
living (ADL) score in mild‐to‐moderate AD patients, although there was a 
modest improvement in behavior.27

2.2.4 β-asarone
β-asarone is an ether found Acori graminei.28 β-asarone treatment reduces Aβ42 
levels in the hippocampus, possibly through mTORC-dependent autophagy, 
and reverses memory in APP/PS1 transgenic mouse models of AD.29

2.2.5 Oleuropein aglycone (polyphenol)
Oleuropein aglycone is a polyphenol in olives and induces autophagy 
through the mTORC pathway.30,31 Autophagy regulation is reported to be 
one of the mechanisms by which oleuropein aglycone prevent the aggrega-
tion and toxicity of Aβ.32

2.2.6 Omega-3 fatty acids
Omega-3 fatty acids inhibit Akt/mTORC1 signaling and induce autoph-
agy by blocking the binding of Beclin1 and Bcl-2.89 Omega-3 fatty acids 
were also reported to be effective in several preclinical models of AD, but 
the results are inconsistent.33,34 Long-term fish oil (FO) supplementation 
can ameliorate AD pathology. Even a short period of FO intake restored the 
phospholipid composition, and it significantly reduced SPs in 5xFAD brains 
if administered in the early phase of AD pathology.35
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2.3 AMPK activator
2.3.1 Metformin
Metformin, an adenosine 5′-monophosphate-activated protein kinase 
(AMPK) activator, reduced tau accumulation.36 Metformin is also a protein 
phosphatase 2A agonist, which reduces phosphorylation levels of tau. Clinical 
trials suggested that protein phosphatase 2A agonists, including metformin, 
can inhibit excessive phosphorylation of tau.37 Mice studies also provided 
similar results.38 On the other hand, in db/db mice, metformin did not affect 
spatial learning, memory disturbances, or long-term hyperglycemia.38

2.3.2 Trehalose
Two-sugar trehalose upregulates autophagy via the AMPK/mTORC1 
pathway. It was also reported that trehalose activates autophagy by increas-
ing the expression of Beclin139 (Fig. 1). Trehalose reduced endogenous tau 
in primary neurons.40 It should be noted that phosphorylation of tau in 
the AD brain had little effect on its degradation via autophagy. In addition, 
autophagy upregulation suppressed tau aggregation and reduced its cyto-
toxicity.40 Trehalose also reduced insoluble tau in P301S mice.41 Trehalose 
inhibited both Aβ40 and tau aggregation and reduced cytotoxicity in vi-
tro.40,42 Trehalose also induced tau degradation in neurons and inhibited 
their aggregation. Furthermore, disturbed cognitive and learning functions 
recovered in APP/PS1 transgenic mice.43

2.3.3 Resveratrol
Resveratrol, a polyphenol derived from grapes, and its derivatives are used 
as dietary supplements to reduce blood pressure. Resveratrol reduced the 
accumulation of extracellular Aβ peptides by inducing autophagy via the 
AMPK/mTORC1 pathway (Fig. 1).44 Resveratrol is known to reduce Aβ 
toxicity and ameliorate memory dysfunction, mainly in animal models of 
AD.45 Of note, resveratrol was also reported to activate autophagy epige-
netically by promoting Atgs expression. This may be related to the extended 
life span in drosophila, Caenorhabditis elegans (C. elegans), and yeast.46 A re-
cently published phase II clinical trial exploring the effects of resveratrol on 
AD revealed that it was well tolerated, but AD biomarkers, including plasma 
Aβ40 levels were higher in the treatment group than in controls.47 On the 
other hand, long-term resveratrol therapy ameliorated cognitive dysfunc-
tion and reduced Aβ levels in AD mouse models.48 Antiinflammatory effects 
were also demonstrated in patients with AD.49 However, further studies are 
needed to interpret these effects.
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2.3.4 5-Aminoimidazole-4-carboxamide-1-beta-4-ribofuranoside (AICAR)
Activating AMPK directly with 5-aminoimidazole-4-carboxamide-1-beta-4- 
ribofuranoside (AICAR) induced autophagy through mTORC1 inhibition. 
AICAR was reported to reduce inflammatory responses by Aβ in astrocytes, 
reduce tau phosphorylation, repair mitochondrial function, and rescue spa-
tial learning in animal models of AD.50,51 In contrast, other studies revealed 
that AICAR promoted tau phosphorylation in neurons, especially in the 
cytosol, because AMPK is a tau kinase.111

2.3.5 Arctigenin
Arctigenin, a polyphenols extracted from Arctium lappa, is another auto-
phagy regulator that inhibited Aβ production and memory dysfunction in 
mouse models of AD.52 These effects were considered to be via mTORC- 
and AMPK-dependent autophagy activation.52

2.3.6 Statins
Autophagy induction through the AMPK/mTORC1 pathway is induced 
by statins.53 Statin promote autophagy by inhibiting Beclin1-Bcl-2 binding. 
Stain prevented oxidative stress and cognitive dysfunction in AD mouse 
models54 and were reported to reduce the Aβ load,55 phosphorylated tau 
levels,56 and neurotoxicity in vitro and in vivo models. Regarding the re-
lationship between statins and dementia, meta-analysis demonstrated am-
biguous effects in patients with dementia, but it is expected to prevent the 
progression from mild cognitive impairment (MCI) to dementia.57

2.4 IMPase, IP3 inhibitors
2.4.1 Lithium
Lithium, the most extensively investigated autophagy modulator in patients 
with AD, was reported to activate autophagy and reduce tau accumulation in an 
mTORC1-independent manner, i.e., via inositol monophosphatase (IMPase) 
inhibition.58 Clinical studies revealed that lithium improves AD and that 
this effect may be related to its mTOR-independent autophagy- promoting 
 ability.59,60 Lithium reduces inositol and inositol-1, 4,5-triphosphate (IP3) lev-
els by affecting the phosphoinositide cycle and induces autophagy. Lithium 
has been investigated in multiple AD-related studies and was demonstrated 
to promote Aβ degradation, reduce SPs formation, and tau phosphorylation, 
and mitigate neurodegenerating processes, mainly in mouse and rat models of 
AD.39,60,61 Lithium is effective for cognitive function in MCI and AD patients 
and is used in a current Phase IV clinical trial.62 In a meta-analysis of clinical 
studies on AD, lithium significantly reduced cognitive decline compared with 
placebo, with no significant adverse events.63
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2.5 Carbamazepine
Carbamazepine was originally developed as a drug to treat epilepsy.112 
Two studies reported that autophagy induction by carbamazepine also pro-
tects against cognitive decline and reduces Aβ in the mouse model of AD 
brain.64,65 Carbamazepine and other anticonvulsant valproic acid activate 
autophagy by reducing inositol and IP3 levels through the phosphoinositide 
cycle, similar to lithium.

2.6 Imidazoline receptor agonists (reducing cAMP)
2.6.1 Clonidine and rilmenidine
As autophagy inducers, the imidazoline receptor agonists, clonidine, and 
rilmenidine, were effective in zebrafish models harboring A152T tau.11

2.7 Drugs targeting TFEB
2.7.1 About TFEB
Transcription factor EB (TFEB) is a master activator of several lysosomal 
genes (ATP6V1H, ATP6V0E1, ATP6V1E1, and LAMP1), genes associated 
with lysosomal biosynthesis and function (CSTB, M6PR, IGF2R2009, and 
CTSD), and autophagy genes (SQSTM1, LC3-II (microtubule associated 
protein light chain3-II), UVRAG, and ATG9B)113,114 (Fig. 1). TFEB is ex-
pressed in neuron, microglia, and astrocyte.

Several studies revealed that TFEB induction can reduce the tau bur-
den and ameliorate both behavioral and synaptic functions in in vitro and 
in vivo models. Injections of adeno-associated virus (AAV)-TFEB into the 
lateral ventricles of both hemispheres on day 0 (P0) of the rTg4510 mouse 
brain reduced the NFTs and improved behavioral and synaptic deficien-
cies compared with wild-type controls after 1 month.100 TFEB specifically 
degraded soluble and aggregated tau by up-regulating autophagy proteins 
(LC3-II and p62) and lysosomal proteins (LAMP1 and CTSD). Especially, 
phosphatase and tensin homologs (PTEN) is a direct target of TFEB that is 
required for TFEB-dependent aberrant tau clearance.100 The overexpression 
TFEB in P301S tauopathy mice upregulated autophagy, mitigated neuronal 
loss, reduced PHF tau, ameliorated age-related accumulation of lipofuscin 
granules, and recovered spatial, working, and reference memory.101

2.7.2 Flubendazole and bromhexine
Two FDA-approved drugs, flubendazole and bromhexine, function as auto-
phagy inducers by promoting the nuclear transition of TFEB by disrupting 
dynamic microtubules, thereby inactivating mTORC and dissociating from 
lysosomes.66 The effects of bromhexine can be attributed to ambroxol, a 
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metabolite associated with TFEB. Of note, both drugs removed the highly 
phosphorylated tau (S202 and S396/S404) in N2a cells transfected with 
3R0N-T231D/S235D phosphorylation. When Beclin1 was knocked down, 
extensively phosphorylated tau was accumulated. Thus, the removal of phos-
phorylated tau by these two drugs was hypothesized to depend on autophagy.

2.7.3 Fisetin
Fisetin, an organic flavonoid found in fruits and vegetables, can reduce 
pathological tau, and ameliorated learning and memory impairment in 
APPswe/PS1dE9 transgenic AD mice. Fisetin treatment reduced S262 and 
S396/S404 extensively phosphorylated tau in mouse and rat primary cor-
tical neurons.67 Kim et al. reported that fisetin upregulated TFEB.68 It also 
activated autophagy by increasing the levels of AMPK phosphorylation and 
sirtuin 1 (SIRT1) expression.

2.7.4 Curcumin analog
A new small molecule curcumin analog C1 (C1) was identified as a TFEB 
activator.69 C1 directly binds TFEB and activates it thereby promoting au-
tophagy and lysosomal activity. It reduced APP, APP C-terminal fragments 
(CTF-β/α), Aβ peptides, and tau aggregates in 5xFAD, P301S, and 3xTg-AD 
mice, respectively, and ameliorated synaptic and memory dysfunction.69

2.7.5 Optogenetic TFEB inducer
Binder et al. optimized a light induction system to promote TFEB expression 
in various cell-culture models of tauopathy. Blue light (465 nm) irradiation 
was suggested to promote TFEB expression, its migration to the nucleus, and 
subsequent activation.99 This further induces autophagy and lysosomal gene 
expression, which ultimately removes pathological tau from neuronal cells 
and AD patient-derived human iPSC-neurons.

2.8 Increased lysosome/autolysosome acidification  
and reduce autophagosome accumulation
2.8.1 Nicotinamide
Long-term therapy with nicotinamide (vitamin B3/PP) ameliorated cog-
nitive dysfunction and Aβ and tau pathologies in mouse models of AD. The 
effects of nicotinamide are likely mediated by increased acidification of ly-
sosomes or autophagosomes, which reduced autophagosome adhesion.70,71 
Nicotinamide increased NAD+, increased mitochondrial resistance to oxi-
dative stress, and promoted autophagy-lysosomal processes.70 Nicotinamide 
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activity also depends on its ability to induce the degradation of β-site APP 
cleaving enzyme 1 (BACE1). Clinical trials revealed that nicotinamide is 
safe, but not effective against cognitive dysfunction in patients with AD.72 
However, the anti-AD activity of nicotinamide is still being explored, and 
further studies are currently underway.73

2.9 JNK1/Bcl-2/PI3K activator
2.9.1 l-NAME
l-NAME is a nonselective inhibitor of nitric oxide synthase (NOS) that 
promotes autophagosome formation by inducing the JNK1/Bcl-2/PI3K 
Class III pathway. Memory impairment by Aβ in rats was improved,39 
but other studies suggest that it exacerbates AD pathology in APP/PS1 
mice.115

2.10 Calcium channel antagonist
2.10.1 Nitrendipine, and nilvadipine
Calcium channel antagonists are known as autophagy inducers that disable 
the autophagy inhibitory effects of intracellular calcium signaling. Several 
calcium channel blockers (nitrendipine, nilvadipine, and isradipine) were 
tried as potential anti-AD drugs and confirmed to reduce Aβ levels and tau 
aggregates in vitro and in animal AD models and to improve cognitive dys-
function in AD mouse models.39 Isradipine treatment in a triple transgenic 
animal model of AD was well tolerated. Isradipine reduced tau accumula-
tion and upregulated autophagy function in the brain.74

2.11 VPS34 activator
2.11.1 Memantine
The NMDA (N-methyl-d-aspartic acid) receptor antagonist memantine is 
commonly applied to treat moderate to severe AD. Metaanalysis revealed 
that memantine is well tolerated and effective for AD.75 This effects of 
memantine may be mediated, at least in part, by autophagy in either an 
mTORC-dependent or -independent manner.76 The possibility of autoph-
agy activation via VPS34 activation by memantine has been noted.77

2.12 Atg-dependent pathway
2.12.1 SMER28
SMER28, increases autophagy through the Atg5-dependent pathway and 
reduces the level of Aβ peptides independently of γ-secretase.78
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2.12.2 Spermidine
Spermidine is another poorly examined inducer of autophagy, which de-
creases with age, suggesting a possible association between decreased en-
dogenous spermidine levels and deterioration associated with aging.79 
Spermidine has been demonstrated to induce autophagy with neuropro-
tective action in multiple neurodegenerative diseases, including AD, by 
preventing Beclin1 cleavage by caspase-3, increasing Atg expression, and 
inhibiting the endogenous autophagy repressor EP300.79–81 Spermidine 
also inhibited Aβ aggregation in vitro and ameliorated age-related memory 
impairment in vivo. Of note, like resveratrol, spermidine was suggested to 
extend life span in vivo and possibly in humans.79,80

2.12.3 Tetrahydrohyperforin
Tetrahydrohyperforin is a derivative of hyperforin, the active ingredient of 
Hypericum perforatum. Tetrahydrohyperforin ameliorated memory dysfunc-
tion and physiological impairments such as excessive phosphorylation of 
tau or disturbed metabolic turnover of SPs in animal models of AD.82,116 
One of its beneficial effects is associated with autophagy-related activity, 
mainly APP clearance via the Atg5-dependent pathway.83

2.13 ATP6V0A1 enhancer
2.13.1 Rifampicin
Tau mice administered rifampicin exhibited dose-dependently decreased 
tau oligomers, highly phosphorylated tau and synaptic loss. Rifampicin in-
activated microglia, and restored cognition almost completely. In addition, 
rifampicin reduces p62 in the brain, does not affect LC3 conversion, and 
may restore lysosomal function.84 Rifampicin was also reported to increase 
ATP6V0A1, which promotes lysosomal function.85

2.14 P300 inhibitors (tau acetylation inhibitors)
2.14.1 SMDC37892
Lysine acetyltransferase p300/CBP acetylates tau and regulates its degra-
dation and toxicity. A new p300 inhibitor, SMDC37892, increased auto-
phagic flux and reduced tau secretion and propagation in a mouse model of 
tauopathy and in human and rodent neocortex culture. In contrast, highly 
activated p300/CBP blocked the autophagic flux and promoted tau secre-
tion in neurons.86
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2.14.2 Cilostazole
Cilostazole is a clinically used to prevent the recurrence of cerebral infarction 
and as a treatment for arteriosclerosis obliterans. In a study using N2a cells, 
cilostazole upregulated Beclin1, Atg5, and LC3-II through the upregulation 
of SIRT1. This led to a decrease in Aβ and APP-C-terminal fragments.87 The 
authors also found that cilostazol inhibited P300 and the major tau kinase 
GSK3β. The decreased expression of SIRT1 was reversed by cilostazol.88

2.15 Multiple mechanisms
2.15.1 Vitamin D
Vitamin D is an extensively examined endogenous compound confirmed to 
induce autophagy in several cell models via multiple pathways, some acting 
at the protein level and others at the gene transcription level.89 Mammals 
such as humans can endogenously produce cholecalciferol, which is vitamin 
D3, from 7-dehydrocholesterol by ultraviolet irradiation (295–300 nm) in the 
skin. Vitamin D3 can also be absorbed from food. Vitamin D3 is hydrolyzed 
in the liver to 25-hydroxyvitamin D (25(OH)D),  which is further converted 
to 1,25-dihydroxyvitamin D 3 (1,25(OH)2D3) in the kidney. The molecular 
mechanism of autophagy induction by 1,25(OH)2D3 is VDR (vitamin D 
receptor) activation. 1,25(OH)2D3 increases the Ca2 + concentration in the 
cytoplasm through nongenomic action via VDR. In addition, genomic action 
induces autophagy by inducing the expression of Atg proteins such as catheli-
cidin, mammalian autophagy- related 16 like-1 (Atg16L1), and LC3II.

In AD, vitamin D deficit is associated with AD risk, and in vitro and 
in vivo studies revealed that vitamin D therapy not only ameliorates neu-
roinflammation but also reduces Aβ load by increasing its breakdown and 
inhibiting its production.90 Phase II clinical trials and previous trials that 
examined vitamin D supplements for the treatment or prevention of AD 
had variety results. This inconsistency may probably be attributable to dif-
ferences in the types of vitamin D, variable follow-up periods, different 
endpoint measurements, and fluctuating target populations.90

2.16 ABL1 inhibitor
2.16.1 Nilotinib and bosutinib
Tyrosine kinase inhibitors nilotinib and bosutinib inhibit ABL1 (ABL proto- 
oncogene 1, nonreceptor tyrosine kinase), and degraded phosphorylated tau 
via autophagy and restored neurotransmitter imbalance in P301L mice.91



282 Autophagy dysfunction in Alzheimer’s disease and dementia

2.17 Others
2.17.1 GTM-1
GTM-1, a derivative of quinolone, was demonstrated to improve mem-
ory disturbances and Aβ pathology in mouse models of AD by promoting 
autophagy in an mTORC-independent manner.65,92 In particular, spatial 
memory of 3 × Tg AD mice was improved by GTM-1.65

2.17.2 Bexarotene
The FDA-approved drug for cutaneous T cell lymphoma bexarotene al-
ters autophagy markers and reduces autophagy flux in neurons express-
ing P301L-tau. Bexarotene also improved mitochondrial dysfunction in 
P301L-Tau neurons.93

2.17.3 Lonafarnib
Lonafarnib, a farnesyl transferase inhibitor, reduced tau inclusion, behavioral 
abnormalities, brain atrophy, and microgliosis in rTg4510 tauopathy mice.94 
This phenomenon accompanied the reduction of the small G protein Rhes. 
Lysosomal activation was also noted.

2.17.4 ROCK inhibitor
Our previous study suggested that rho-ROCK (Rho-associated coiled-coil 
protein kinase) inhibitors, H1152, Y-27632, and fasudil significantly reduce 
oligomer tau and activate autophagy based on tauopathy cell culture models 
(M1C cells) and tauopathy mouse models (rTg4510), although the autoph-
agy activation pathways remain unknown.95

2.18 Gene therapies
In drosophila models, calpain inhibition by siRNA-activated autophagy 
and improved tau- induced toxicity.98 The microRNA miR-132/212 re-
duced tau in mice. Depletion of microRNA (miR)-132/212 increased Aβ 
and promoted tau deposition by suppressing autophagy.96,97 Conversely, the 
miR-132 mimics reduced tau in mice.96

3. Caspase activation and autophagy

Autophagy is upregulated in the central nervous system117 to maintain 
homeostasis by removing abnormal proteins and organelles, inhibiting 
the accumulation of aggregated proteins, supporting energy demand, 
and maintaining neuroplasticity. There is evidence that autophagy has 
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 neuroprotective effects and is particularly important in neurons, which are 
post mitotic cells.

Autophagy has a strong relationship with programmed cell death (apop-
tosis), initiated primarily by mitochondrial membrane permeabilization 
(MMP). If only a few mitochondria exhibited MMP, the de-polarized mi-
tochondria are selectively removed by autophagy, leading to mitophagy. 
However, if the mitophagy threshold is exceeded, MMP can be fatal. When 
the apoptosis regulatory protein Bcl-2 is released from the activated auto-
phagy protein complex, these molecules are thought to block the apoptosis 
pathway. Conversely, induction of apoptosis is thought to be associated with 
autophagy inactivation. For example, caspase-3 inhibits autophagy activity 
by cleaving Beclin1, and the C-terminal fragment of Beclin1 leads to the 
amplification of apoptosis through mitochondria.

Autophagy is widely believed to a survival-promoting mechanism, but 
autophagy and apoptosis are interdependent. Of note, apoptosis and au-
tophagy share common regulators, such as Beclin1, Bcl-2, p53, and Atg5 
which can interact and promote neuronal death. Inhibition of autophagy 
promotes neuronal apoptosis.118 Autophagy has been linked to cell death 
promotion as a consequence of excessive activation and also during cell 
removal and excitotoxicity of neuron. Therefore, several studies reported 
that autophagy inhibition leads to increased neuronal survival in the case 
of hypoxic/ischemic brain injury in mice. The function of autophagy in 
cell death and its detailed mechanism remains unknown, and it is not clear 
whether autophagy-induced cell death is associated with apoptosis or a 
separate process.119

4. Conclusion

As mentioned earlier, autophagy dysfunction that perturbs the effective 
clearance of misfolded proteins and cytosolic oligomers has been found 
in AD and many other neurodegenerative disorders, including Parkinson’s 
disease, amyotrophic lateral sclerosis, and Huntington’s disease. Therefore, 
the regulation of autophagy may be effective for the prevention and therapy 
of AD by preventing the aggregation of Aβ and tau. However, crosstalk be-
tween autophagy and caspase has been reported.118 Caspases are capable of 
increasing autophagy under certain conditions.120 Autophagy is reported to 
be a “double-edged sword”. It protects cells from apoptosis and necrosis by 
breaking down toxic substances, but abnormal activation of autophagy can 
lead to autophagic stress, a relatively persistent imbalance in which the rate 



284 Autophagy dysfunction in Alzheimer’s disease and dementia

of autophagosome vacuole formation exceeds the rate of autophagosome 
vacuole degradation.121 Previous studies demonstrated that autophagy has 
a dual function in neurodegenerative diseases. In the early stages of AD, 
autophagy is active, promoting the clearance of abnormally folded proteins 
and inhibiting further progression of AD.121 On the other hand, in the pro-
gressed stages of AD, autophagy is in a state of autophagic stress, where the 
clearance of autophagosomes cannot keep up with the formation of auto-
phagosomes. Therefore, proper activation of autophagy is essential for the 
treatment of AD.119
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CHAPTER 15

Drug discovery in Alzheimer’s 
disease using metal chelators: 
Warning toward their usage
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Department of Neurology and Neuroscience, Fujita Health University Hospital, Toyoake-City, Aichi, Japan
Department of Internal Medicine Fujita Health University Chubu International Airport Clinic, 
Tokoname-City, Aichi, Japan

1. Introduction

Alzheimer’s disease (AD) is a neurodegenerative disorder affecting aged 
populations leading to cognitive impairments and dementia. Although AD 
is postulated as a multifactorial disorder such as genetic, environmental, and 
life styles, its real cause remains to be fully identified.1 Neuropathologically, 
senile plaque and neurofibrillary tangles (NFTs) have been known as hall-
marks for this disorder. The production of senile plaque is now known 
to be derived from abnormal amyloid peptides, amyloid β (Aβ), which is 
produced by the action of β-secretase and γ-secretase, whereas α-secretase 
is responsible for the formation of normal proteolytic fragment of amyloid 
precursor protein (APP) in normal subjects.2 On the other hand, NFTs are 
produced by the aggregation of hyperphosphorylated tau protein due to 
abnormal regulation of protein kinase activities such as glycogen synthase 
kinase-3β (GSK-3β), cyclin-dependent kinase 5 (CDK5), and extracellu-
lar signal-regulated kinase 1/2 (ERK1/2) in AD brains.3,4 The hyperphos-
phorylation of the tau protein can elicit destabilization of microtubule and 
its breakdown, therefore perturb axonal transport, and make tau far more 
prone to the aggregation into NFTs.5–7

Neuroinflammation has been recently highlighted as another strong 
risk factor for AD. The genetic (e.g., trem2, cd33, apoe), and systemic fac-
tors (e.g., diabetes mellitus, obesity, and traumatic brain injuries) can cause 
neuroinflammation in the brain of AD patients.8 Accumulated Aβ triggers 
a proinflammatory response from the brain’s resident immune cells such 
as microglia and astrocytes, leading to the phagocytosis of plaques as well 
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as their proteolytic degradation. It also stimulates proinflammatory cyto-
kine productions from these immune cells in the brain. Receptors on mi-
croglia, such as triggering receptor expressed on myeloid cells 2 (TREM2) 
and toll-like receptors (TLRs), can recognize Aβ and therefore trigger a 
phagocytic pathway activation, leading to the degradation of extracellular 
Aβ with cooperation of the actions of neprilysin and insulin degrading 
enzyme, although these Aβ degrading enzyme activities are downregulated 
in AD brains.9–12

Another important aspect of the pathogenesis of AD is an abnormal 
heavy metal homeostasis in patients with neurodegenerative disorders in-
cluding AD and Parkinson’s disease (PD).

2. Abnormal metals in AD patients

Previous studies have highlighted the significance of abnormal metal ho-
meostasis in the brain of AD patients,13 although its pathogenesis remains 
to be fully elucidated. A dysfunction of metal trafficking in the brain, 
where metals are redistributed into inappropriate compartments.14 This 
hypothesis, originating from early clioquinol-related findings, is based 
upon a triad of transition metals: Fe, Cu, and Zn.15–17 Moreover, not only 
clioquinol (5-chloro-7-iodo-8-quinolinol) but also its derivative PBT2 
(5,7- dichloro-2-((dimethylamino)methyl) 8-quinolinol) has been known 
to exhibit potential as a therapeutic medicine for AD due to their metal 
protein-attenuating functions (Fig. 1). Actually, another derivative, PBT434, 
an orally bioavailable 8-hydroxyquinazolin-4(3H)-one, binds iron suffi-
ciently to abolish pathological reaction with α-synuclein, but with an affin-
ity that is designed not to disrupt physiological iron homeostasis is expected 
to become an orphan drug for the treatment of PD.18 Researchers also 
found a significant decrease in serum manganese level in AD subjects vs. 
healthy individuals but concluded that neither lead nor manganese levels 

Fig. 1 Chemical structure of clioquinol and PBT2. (A) Clioquinol. (B) PBT2.
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represented biomarkers in the studied cohort,19 although manganese has 
been linked with the important regulators of brain immunity, and it can 
have profound effects on microglial and astrocytic functions, regulating the 
proinflammatory responses yielding neurotoxic effects on neurons.20,21 In 
addition, Zn is an essential trace mineral and second in abundance in mam-
malian tissues. It plays a critical role for immunity, growth, and development. 
It is also a cofactor for more than 300 enzymes and is essential for the cor-
rect functioning of over 2000 transcription factors.22 In pathological aging 
and neurodegenerative disorders such as AD wherein the abnormal depo-
sition of misfolded Aβ peptide into plaques, which bind Zn, it results in a 
significant decrease in intracellular Zn.22 Moreover, Zn dyshomeostasis has 
been linked to a range of neurological abnormalities including (but not lim-
ited to) depression and schizophrenia, amyotrophic lateral sclerosis (ALS), 
Down’s syndrome, and multiple sclerosis.22 Concerning Cu, it has been also 
suggested that individuals suffering from AD have higher serum levels of 
copper ions than healthy subjects, with higher levels of labile copper in the 
serum correlating with poor cognitive performance and increased rates of 
conversion from mild cognitive impairment to AD.23–25 Although total cop-
per content is lower than control brains, AD brains exhibit a higher propor-
tion of redox-active exchangeable copper ions correlating with increased 
oxidative stress and AD pathology.26 Moreover, exposure of  copper-Aβ 
complex inhibits phagocytic activities of microglia and increases the release 
of proinflammatory cytokines such as TNF-α and IL-1β. These sequences 
caused the impairment of phagocytosis of accumulated Aβ and exacerbated 
neuroinflammation.27

In addition to these, iron also can induce severe brain damage through 
the production of reactive oxygen species (ROS). Change in iron levels in 
AD patients is known to be detected as early as the mild cognitive impair-
ment stage of the disease.28 Intriguingly, APP is able to act as a modulator 
of iron functions. It can oxidize Fe2 + and load Fe3 + into transferrin and 
interacts with the iron transporter ferroportin.29 In normal conditions, iron 
and its regulatory proteins such as ferritin and transferrin are mainly pres-
ent in oligodendrocytes. On the contrary, substantial amounts of iron and 
ferritin are detected within senile plaques, NFTs, and blood vessels in AD 
patients,30,31 intriguingly in AD patients many microglial cells contain iron 
and ferritin.32 Furthermore, it should be noted that the affinity for Aβ to 
iron is about eight orders of magnitude stronger than that of transferrin. 
Therefore, its accumulation in Aβ may provoke significant impairment of 
iron homeostasis in AD patients.33
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Physiologically, range of these metal ions between deficiency and tox-
icity is relatively small and therefore needs to be tightly controlled. It has 
been suggested that dysregulation in the homeostasis of essential metals and 
exposure to nonessential metals have significant impact on the pathological 
process of AD.

3. Clioquinol and SMON (subacute 
myelo-optico-neuropathy)
3.1 SMON (subacute myelo-optico-neuropathy)
Clioquinol was originally developed in 1899 as an antiseptic and subse-
quently used to treat diarrhea as well as certain fungal and protozoal infec-
tions of gastrointestinal tract (GI tract). Intriguingly, clioquinol was getting 
recognized in some patients showing myelopathy, optic neuritis, and neurop-
athy between 1958 and 1970 in Japan. Therefore, Japanese physicians called 
these special conditions as subacute myelo-optico-neuropathy (SMON). At 
first, multiple hypotheses on the etiology of SMON were considered: in-
toxication by industrial waste or pesticides; a metabolic disorder or vitamin 
deficiency such as vitamin B12; and involvement of viral or bacterial infec-
tions,34 none of which were confirmed by subsequent studies. Subsequently, 
many researchers and physicians noticed that good correlation of the inci-
dence of the disorder and the amount of prescribed clioquinol medication 
because many patients with SMON exhibited green-colored tongue and 
green-pigmented urine and feces indicating iron (Fe(III)) chelate of clio-
quinol. Over 10,000 patients in Japan were affected by SMON before ther-
apeutic use of clioquinol discontinued in clinical practices in Japan. After 
the ban of the sale of clioquinol in September 1970, there was a drastic dis-
appearance of new cases of SMON though nearly 3000 patients still suffer 
from its sequelae in 2002.35 In 1975, Sobue et al. reported the clinical details 
of near one thousand SMON cases.36 According to them, approximately 
80% of the patients exhibited some sort of improvements 7–12 months 
after the onset of the disease. The abdominal symptoms observed at the 
time of the onset of the disease decreased markedly in the course of the 
disease. Among neurological impairments, the prognosis of motor symp-
toms is more favorable than sensory disturbances. Approximately, 60% of 
the cases showed more or less favorable during the course of the disorder. 
Forty percent of the cases with visual disturbances completely recovered 
or improved, whereas 9% cases got worse. Furthermore, the patients who 
had been administered clioquinol over long period showed a higher rate 
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of severe or moderated motor, sensory, and visual disturbances, compared 
with the group with its short-term administration. It was also observed that 
a high rate of relapse in the group of long-term administration of clioqui-
nol. About 10% of the total cases were unable to walk or need assistance in 
walking, whereas overall 65% of them returned to their jobs in 1 year or 
more after the onset.

On the other hand, neuropathologic studies on SMON patients and ex-
perimental reproduction of the disease in animals produced by the admin-
istration of clioquinol have been offered the profound implication of the 
etiology of this disease. Common pathologic features seen both in SMON 
patients and in dogs and cats chronically intoxicated with clioquinol were 
distal dominant axonopathy with secondary demyelination, mainly in the 
long spinal tracts (posterior and lateral column of the spinal cord) and optic 
tracts. Moreover, typical abdominal symptoms present in patients after clio-
quinol ingestion could also be reproduced experimentally in dogs.37 Other 
researchers have reported the neuropathological findings of 11 previously 
reported cases of SMON. All cases showed sensory impairment of the lower 
extremities, although exaggerated deep tendon reflex was observed in 64% 
of the cases (7/11). Furthermore, 82% of the patients exhibited dorsal fu-
niculi degeneration of the spinal cord, whereas lateral funiculi alteration was 
only observed 2 cases out of 11 patients.38

3.2 In vivo concentration of clioquinol is extremely important
SMON patients were typically administered clioquinol at approximately 
1.5 g/day.39 In human subjects, the single oral intake of 1.5 g of clioquinol 
resulted in peak plasma concentrations of approximately 20 μg/mL (65 μM) 
after 4 h, whereas multiple doses (3 × 0.5 g/day, 3 days) led to a plasma con-
centration of about 30 μg/mL (98 μM).40 Less than 1% of clioquinol is 
detectable in urine and about 95% is present glucuronate as well as 3% as sul-
fate conjugates. An experimental study has revealed that bile salts increased 
bioavailability of clioquinol by acting as supporting agents and increasing 
intestinal reabsorption.41 We should keep in mind these high plasma con-
centrations of clioquinol in human who are taking this medicine, although 
it currently remains unclear whether affected neurons were directly ex-
posed to this concentration of clioquinol. At this point, it is extremely im-
portant and potentially essential to note that clioquinol has become utilized 
for the potential treatment of neurodegenerative disorders including AD 
and Hunthington’s disease (HD)42 as mentioned earlier. Intriguingly, the 
pilot phase 2 trial employing clioquinol for AD revealed blood  steady-state 
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level of clioquinol was from 4.03 ± 2.10 (13 μM), 6.74 ± 3.7 (22 μM), and 
7.6 ± 2.12 μg/mL (25 μM) against total dosage of clioquinol of 250, 500, and 
750 mg, respectively.43 These values were quite lower than those found in 
patients with SMON. Lower concentration of clioquinol (less than 10 μM) 
has been reported to induce autophagy in a zinc-dependent manner in a 
culture system and, therefore, contributes to the clearance of aggregated 
proteins without inducing cell death.44 Therefore, you can appreciate that 
patients with SMON were exposed to such high concentration of clio-
quinol in periphery and possibly in the brain, because it is lipophilic com-
pound and therefore it is postulated to cross the BBB. Unfortunately, so far, 
no report of in vivo concentration of clioquinol in the brains of patients 
with SMON has been available.

Here it should be pointed out that our recent study has revealed that 
20 μM clioquinol-induced astrocytic cell death through the impairment of 
autophagic degradation, resulting in the decreased intracellular ATP levels, 
increased ROS levels, and finally cell death (Fig. 2). This cell death seemed 
to be independent of apoptosis because there was no change in Annexin V 
staining, TUNEL staining, or active caspase-3 levels in the cells.45 Intriguingly, 
20 μM clioquinol but not less than 20 μM significantly caused incomplete 

m
m

m m m
m

m

Fig.  2 Clioquinol-induced KT-5 astrocytic cell death. (A) Various concentrations of 
 clioquinol-induced cell death of KT-5 cells were monitored with MTT assay. (B) Clioquinol 
caused a significant downregulation of intracellular ATP levels in KT-5 cells. Intracellular 
ATP levels were monitored with ATP assay kit (a Luminescent ATP Detection Assay Kit 
(Abcam, Cambridge, MA, USA)). *P<0.05, **P<0.01.
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autophagy execution by impairing the lysosomal functions resulting in the 
significant inhibition of lysosomal acid hydrolase activities (β-galactosidase, 
β-hexosaminidase, α-galactosidase, β-glucosidase, and cathepsin D). In fact, 
autophagosomal accumulation was observed in 20 μM clinoquinol-treated 
KT-5 cells.45 Therefore, we postulated that clioquinol-induced cell death 
in astrocytes appears to be closely related to a failure of full execution of 
autophagy. Actually, LC3-II, p62, and Beclin 1 expressions were upregu-
lated in 20 μM clinoquinol-treated KT-5 cells without a marked reduction 
of p62 protein even in the later stage of autophagy. Moreover, rapamycin, 
a stimulator for autophagy, prevented clinoquinol-induced astrocytic cell 
death, whereas chloroquine, an inhibitor of autophagy, accelerated clioqui-
nol toxicity in the cells45 (Fig. 3). Recent investigations supported the above 
findings because cell death closely related to autophagy might be present.46

Fig. 3 The effects of rapamycin and chloroquine on clioquinol-induced changes in the 
expression levels of autophagy-related proteins. (A) An activator of autophagy, rapa-
mycin, inhibited clioquinol-induced increase in LC3-II and p62 expression, and pro-
tected clioquinol-induced cell damage. This finding strongly suggests that autophagic 
process in KT-5 cells is a cell-protective response. (B) An inhibitor of autophagy, chlo-
roquine, augmented clioquinol-induced increase in LC3-II and p62 expression, and aug-
mented clioquinol-induced cell death. This finding also indicates that autophagy is a 
 cell-protective response.
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3.3 Molecular action of clioquinol
3.3.1 Metal chelating activity
One of the first identified mechanism of action is related to interact with 
metals. Under this notion, several researchers reported the results to identify 
efficient metal chelators among existing antibiotics and antiinflammatory 
drugs.47,48 Clioquinol was found to be a strong candidate and to dissolve Aβ 
deposits in postmortem human tissues.49 Although clioquinol is a copper/
zinc ionophore, it increased the intracellular level of zinc, but not copper.50 
Nonetheless, the question what is the molecular basis of clioquinol’s action 
that is originally thought to be related to Cu/Zn or other metal chelating 
activity is still debated and considered important questions to be addressed 
fully. In addition to clioquinol, carnosine is another example of metal che-
lator, especially Zn-chelating activity, which is endogenous dipeptide abun-
dantly present in the skeletal muscles and in the brain, and has numerous 
beneficial effects such as antioxidant, anticrosslinking, and antiglycation ac-
tivities. Therefore, carnosine can be used as an endogenous metal chelator 
for the treatment of neurodegenerative disorders such as AD, PD, and HD.51

3.3.2 Its effects on autophagy
Autophagy is an important cellular response to clear aggregated proteins 
and accumulated lipids in the cells. Deprivation of growth promoting stim-
uli such as growth factors, amino acids, and cellular ATP activates autoph-
agy via mTORC1 and AMPK signaling pathways, and these stimuli regulate 
biogenesis of autophagosomes, although there is another pathway indepen-
dent of mTORC1. Conjugation systems promote formation of lipidated 
 membrane-bound LC3-II on nascent autophagosomal membranes, which en-
gulf autophagic cargoes, leading to the formation of autophagosomes. Fusion 
events between autophagosomes and endosomes result in the formation of 
amphisomes, which lead mature into autolysosomes following fusion with 
lysosomes. Autolysosomes that can also form by direct fusion of autophago-
somes with lysosomes are digestive organelles where acid hydrolases degrade 
autophagosomal substrates followed by the efflux of degraded material into 
cytoplasm.52 Because the accumulation of aggregated proteins in neurode-
generative disorders such as AD could be attributed to defective clearance of 
misfolded, aggregated proteins; therefore, some researchers postulated that clio-
quinol might have effects on autophagy responses. In fact, it was found that 
clioquinol induces autophagy or that it can reverse the arrested autophagy.44,45 
Clioquinol has been reported to upregulate phosphatidylethanolamine con-
jugation of protein LC3-I (called as LC3-II) in the cells.53 This effect seems 
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to be derived from the ionophore properties of clioquinol rather than its zinc 
chelating actions because another zinc chelator was shown to reduce LC3-II 
accumulation. Intriguingly, the addition of zinc increased LC3-II accumula-
tion, suggesting the role of zinc in the induction of autophagy.44

3.3.3 Its effect on Trk-neurotrophin signaling
Neurons are nondividing cells in vivo, and nerve growth factor (NGF) is 
one of the cardinal growth factors to support neuronal survival and differ-
entiation.54 Trk is a high-affinity NGF receptor that exhibits tyrosine kinase 
activity, and its activation represents the initial step in the intracellular signal 
transduction pathway of neuronal differentiation and survival.55 Following 
ligand binding, the Trk receptor is activated by homodimerization. The de-
gree of tyrosine autophosphorylation correlates well with the biological 
effects in responsive cells. Our previous studies of the possible neurotox-
icity by clioquinol on pheochromocytoma cells; PC12 cells have revealed 
that clioquinol inhibited NGF-induced Trk autophosphorylation in a dose- 
dependent manner. In fact, NGF treatment of PC12 cells causes a neuronal 
differentiation into cholinergic neurons. The above inhibitory activity was 
further confirmed by the data of the inhibition of NGF-induced mitogen- 
activated protein kinase (MAPK) phosphorylation, which is located in the 
downstream of NGF-Trk intracellular signaling pathway. Clioquinol also 
caused neurite retraction induced by NGF and cell death. Importantly, 
differentiated cells with NGF were more vulnerable than naïve cells to 
clioquinol. These results strongly suggest that clioquinol may cause the per-
turbation of the intracellular survival pathway by inhibiting Trk-initiated 
signaling pathway. Intriguingly, presence of ZnCl in the culture medium 
exerted more potent neurotoxic effects on these cells.56 Our subsequent 
study has revealed that clioquinol reduced the level of histone acetylation, 
and the histone deacetylase (HDAC) inhibitor, Trichostatin A, upregulated 
acetylated histones and prevented the neutrotoxicity caused by clioquinol in 
PC12 cells.57 In addition, treatment with HDAC inhibitor decreased neu-
rite retraction and restored the inhibition of NGF-induced Trk autophos-
phorylation by clioquinol. Thus, it seemed that clioquinol induces neuronal 
cell death via deacetylation of histones following the impairment of Trk-
dependent neuroprotective pathway. It is important to mention that these 
observed effects can be seen under no supplemented metal ions in the cul-
ture system,56 indicating new pathway of clioquinol-induced cytotoxicity.
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4. Conclusion

We have been discussing a possible utilization of metal chelators for the 
treatment of neurodegenerative disorders such as AD. This rationale is de-
rived from abnormal affinities of aggregated proteins such as Aβ in AD 
with metal ions. Chelating these metals can minimize the accumulation of 
 aggregated proteins in patients’ brains. On the other hand, we also should 
pay more attention on the concentration of these chelators in vivo because 
historically we now know that one of the chelators, clioquinol, caused se-
vere neurological disorder, SMON. They might produce unexpected neu-
rotoxic effects on brain cells.
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1. Features of Parkinson’s disease

Parkinson’s disease (PD), the second most common progressive neurode-
generative disorder after Alzheimer’s disease, depletes dopamine in the cen-
tral nervous system. PD affects a large number of motor and nonmotor 
features and occurs in approximately 0.5%–1% of individuals between 65 
and 69 years of age, rising to 1%–3% among persons 80 years of age and 
older.1–3 Motor symptoms of PD are characterized by a clinical syndrome 
universally known as parkinsonism, which includes three cardinal features: 
rigidity, slowness, and tremor. In addition to motor symptoms, most PD 
patients develop nonmotor symptoms including mood disorders, apathy, an-
hedonia, depression, cognitive dysfunction, and hallucinosis.4

2. Current PD therapy

The most common therapies for PD involve supplementing dopamine 
to enhance dopamine levels, mimicking the role of dopamine, or inhib-
iting dopamine degradation. The amino acid tyrosine is converted into 
dopamine by the actions of two enzymes. First, tyrosine hydroxylase 
(TH) converts tyrosine to l-dihydroxyphenylalanine (l-DOPA/levodpa), 
which is subsequently converted into dopamine by the enzyme DOPA 
decarboxylase, also called aromatic amino acid decarboxylase (AADC). 
Subsequently, dopamine is metabolized to 3-metoxytyramine by the en-
zyme catechol-O- methyltransferase (COMT), which is in turn converted 
to 3- methoxy-4-hydroxyacetaldehyde by monoamine oxidase-B (MAO-B) 
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and then converted to biologically inactive metabolite homovanillic acid 
(HVA) by aldehyde dehydrogenase (ALDH). Alternatively, dopamine is 
metabolized to 3,4-dihydroxyphenylacetaldehyde (DOPAL) by MAO-B, 
and then to 3,4-dihydroxyphenylethanol (DOPET) by alcohol dehydro-
genase (ADH) or to 3,4-dihydroxyphenylacetic acid (DOPAC) by ALDH. 
DOPAC is then degraded to HVA by COMT. COMT also mediates 
l-DOPA degradation into 3-O-methyldopa.

Metabolic pathway of dopamine and the targets of therapeutic drugs 
clinically used for PD patients are described in Fig. 1. Because dopamine 
itself fails to pass through the blood-brain barrier, administration of the 
dopamine precursor levodopa is the gold-standard treatment. Because ex-
ogenously administered levodopa is extensively converted into dopamine 
by AADC in the periphery, levodopa is always prescribed as a mixture with 
a peripheral decarboxylase inhibitor to reduce its peripheral conversion into 
dopamine. COMT inhibitors and MAO-B inhibitors contribute to pro-
longing the benefits of levodopa, while dopamine agonists are useful ad-
juncts to levodopa. Levodopa exerts a revolutionary effect; however, chronic 
use can result in adverse effects such as levodopa-induced dyskinesia (invol-
untary movement). Moreover, as current therapies cannot suppress the loss 
of dopaminergic neurons, novel therapeutics are needed to overcome PD.

3. α-Synuclein accumulation in PD

The primary pathologic feature of PD is the presence of Lewy bodies, 
a neuronal inclusion consisting of mainly α-synuclein protein. Increasing 
evidence suggests that misfolded α-synuclein protein spreads from cell-to-
cell in a prion-like fashion5; however, it remains to be fully elucidated from 
where the initial α-synuclein inclusions break out. Recently, it has been 
hypothesized that α-synuclein inclusions initially appear in nerve terminals 
of the enteric nervous system before spreading through autonomic connec-
tions to the dorsal motor nucleus of the vagus and intermediolateral cell 
columns of the sympathetic system.6,7 However, autopsies have revealed 
that a minority of cases with Lewy pathology do not have inclusions in the 
dorsal motor nucleus of the vagus,8 suggesting that PD probably does not 
start in the enteric nervous system in all cases. The identification of familial 
cases with α-synuclein gene (SNCA) multiplications revealed a strong cor-
relation between α-synuclein levels and disease severity9,10; thus, impaired 
clearance of α-synuclein is suggested to result in its accumulation in both 
sporadic and familial cases of PD.



Fig. 1 Dopamine metabolism and the target of current PD therapy. Dopamine is synthesized from tyrosine through sequential reactions 
catalyzed by TH and AADC, and it is degraded into the main inactive metabolites DOPAC and HVA by the enzymes MAO, COMT, and ALDH. 
The current therapeutic drugs for PD are for enhancement dopamine level by supplementation of dopamine precursor or inhibition of the 
enzymes involved in dopamine degradation.
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4. Autophagy impairment in PD

α-Synuclein levels are maintained by multiple degradative pathways, in-
cluding ubiquitin-proteasome system (UPS) and autophagy. In this review, 
we focus on autophagy degradation pathway. Autophagy is an evolution-
arily conserved system for lysosomal degradation of cytoplasmic compo-
nents including organelles. The significance of autophagy for maintenance 
of the nervous system was demonstrated by studies showing that mice 
specifically lacking Atg5 or Atg7 (two genes essential for autophagy) in the 
central nervous system showed behavioral defects similar to those observed 
in neurodegenerative diseases, such as progressive motor impairment and 
cytoplasmic inclusion bodies.11,12 In mammalian cells, there are three types 
of autophagy: microautophagy, macroautophagy, and chaperone-mediated 
autophagy (CMA). In general, macroautophagy is referred to as just “auto-
phagy”. Various genetic or pharmacological approaches in vivo and in vitro 
have shown that wild-type α-synuclein are degraded by macroautoph-
agy and CMA.13,14 On the other hand, pathogenic mutant of α-synuclein 
(A53T and A30P) is defective in the degradation by CMA.14 In addition, 
oligomeric form of α-synuclein was also resistant to CMA-dependent 
degradation in isolated lysosomes, in contrast to wild type or dimeric 
α-synuclein.15

Recent studies have identified genes related to the autophagy-lysosomal 
pathway as causative for familial PD and risk factors for sporadic PD. PD-
associated genes can be classified roughly into two types: one involved in 
protein/vesicle trafficking or protein degradation, which contributes to 
protein quality management, the other involved in the maintenance of mi-
tochondrial function (Table 1). Of these, the genes related to autophagy- 
lysosomal pathway are detailed later. Autosomal mutations in the LRRK2/
PARK8 gene, which encodes a multidomain protein kinase with multiple 
functions, are the most common genetic determinants underlying famil-
ial forms of PD.16 In addition, LRRK2/PARK8 has been identified as a 
risk factor for sporadic PD.17 Growing evidence suggests that LRRK2 is 
involved in endosomal-lysosome trafficking.18 In addition, mutations in 
PARK17, the gene encoding vacuolar protein sorting protein-associated 
protein 35 (involved in endosome-to-Golgi trafficking system, and associ-
ated with autophagy by controlling Atg9a vesicle trafficking19), were iden-
tified to cause a rare form of autosomal dominant PD.20,21 Mutations in 
the gene ATP13A2/PARK9, which encodes a transmembrane lysosomal 
P-type ATPase, cause familial Kufor-Rakeb syndrome (a parkinsonism with 
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dementia) and early-onset PD.22 Mutations in ATP13A2 impair lysosomal 
function, which causes autophagy dysfunction and impaired degradation 
of lysosomal substrates.23 A recent study showed that ATP13A2 functions 
as lysosomal polyamine exporter whose dysfunction results in lysosome- 
dependent cell death, which may be implicated in neurodegeneration.24 
Ubiquitin-specific peptidase 24 (USP24), which is located in the PARK10 
gene, is associated with PD predisposition and age of onset25; however, 
mechanisms underlying its involvement or a specific gene mutation respon-
sible for its association with PD have not been identified. However, a recent 
study showed that USP24 acts as a novel negative regulator of autophagy 
by affecting ubiquitination and stability of the unc51-like kinase 1 (ULK1) 
protein, a serine-threonine kinase that initiates autophagy.26 Findings from 
this study also indicated that USP24 mRNA and protein levels are elevated 
in the substantia nigra pars compacta (SNpc) of patients with idiopathic PD 
compared with age-matched unaffected controls, suggesting that suppres-
sion of autophagy by USP24 also occurs in at least some cases of nonfamilial 
PD.26 A recent meta-analysis of genome-wide association studies identi-
fied PD risk loci that may play roles in autophagy and lysosomal function, 

 PARK Gene Inheritance Possible function

 PARK1/
PARK4

SNCA AD Synapse vescle 
trafficking

Associated 
to protein 
quality 
control

PARK5 UCHL1 AD Ubiquitin-protein 
hydrolase

PARK8 LRRK2 AD Protein kinase
PARK9 ATP13A2 AR Lysosomal ATPase
PARK17 VPS35 AD Endosomal transport
PARK19 DNAJC6 AR Endocytosis

Associated to 
mitochondrial 
function

PARK2 PRKN AR Mitophagy
PARK6 PINK1 AR Mitophagy
PARK7 DJ-1 AR Antioxidant protein
PARK13 HTRA2 AR Mitochondrial 

serine protease
PARK22 CHCHD2 AD Mitochondrial 

maintenance
PARK23 VPS13C AR Mitochondrial 

maintenance

Table 1 PD-causative genes associated to protein quality control and mitochondrial 
function.

AD, autosomal dominant; AR, autosomal recessive.
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including GBA (glucocerebrosidase), TMEM175 (transmembrane protein 
175), CTSB (cathepsin B), ATP6V0A1 (ATPase H + transporting V0 sub-
unit a1), and GALC (galactosylceramidase).27

Because defects in autophagy/lysosomal pathways are closely related 
to PD pathology, chemical agents that modulate autophagy and facilitate  
α-synuclein clearance are expected to yield novel types of disease- modifying 
therapeutic drugs for PD.

5. Targeting macroautophagy for potential PD therapy

Various small compounds have demonstrated therapeutic effects in PD 
models by modulating autophagy pathways. Herein, we review represen-
tative therapeutic targets in autophagic pathways for PD, as well as small 
compounds capable of regulating these pathways (Fig. 2).

5.1 Targeting mTOR
Mammalian target of rapamycin (mTOR), an evolutionarily-conserved 
serine/threonine kinase, plays a central role in autophagy. Activation of 
mTORC1 by nutrients and growth factors results in inhibition of autoph-
agy through phosphorylation of multiple autophagy-related proteins, as well 
as downregulation of ULK1 and human vacuolar protein sorting 34 (VPS 
34) complexes, which are both important for the initiation and formation 
of autophagosomes. mTORC1 also phosphorylates and inhibits nuclear lo-
calization of transcription factor EB (TFEB/TFE3), a master regulator of 
genes related to lysosomal biogenesis and autophagy. In postmortem brains 
of patients with PD and Lewy body disease, both upregulation of mTOR 
protein levels and α-synuclein accumulation were observed.28 Additionally, 
maneb and paraquat, agrichemicals that selectively target dopaminergic 
neurons, significantly increased mTOR levels and induced synucleinopathy 
in mice.29

Rapamycin, the most widely applied small-molecule mTORC1 inhib-
itor, binds to immunophilin and FK-binding protein (FKBP12) to form a 
complex that interacts with mTOR to prevent its binding of RAPTOR, 
which blocks the signal transduction of mTORC1.3031 Rapamycin increased 
the formation of autophagosomes and promoted α-synuclein clearance in 
a 1-methyl-4-phenylpyridinium ion (MPP+)-treated PD cellular model, 
MPTP-intoxicated PD model mice,32 and α-synuclein transgenic PD model 
mice.28 Moreover, rapamycin improved the motor function of mice trans-
genic for A53T α-synuclein, a common mutation in PD.33 In addition, some 



Fig. 2 See figure legend on next page.
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analogs of rapamycin, such as temsirolimus (CCI-779) and deforolimus 
(AP23573), exert similar neuroprotective effects. Although there are benefi-
cial effects of rapamycin, this compound may cause a wide range of unwanted 
side effects including peripheral edema, hypertriglyceridemia, hypertension, 
hypercholesterolemia, increased creatinine, constipation, abdominal pain, di-
arrhea, headache, urinary tract infection, anemia, nausea, arthralgia, pain, and 
thrombocytopenia.34 Thus, rapamycin and its analogs appear to be unsuitable 
for long-term and high-dose therapy due to their side effects.

5.2 Targeting AMP-activated protein kinase (AMPK)
5′-AMP-activated protein kinase (AMPK) is a key regulator of metabo-
lism and autophagy. In contrast to mTOR, AMPK activation positively 
regulates autophagic activity through several mechanisms. AMPK phos-
phorylates and directly activates ULK1, which triggers initiation of the au-
tophagic cascade.35 In addition, AMPK negatively regulates mTORC1 and 
blocks its inhibitory effect on ULK1.35 AMPK also stimulates autophagy 
initiation through differential regulation of VPS34 complexes.36 Therefore, 
AMPK activation has been widely studied as a neuroprotective strategy 
for PD treatment. Metformin, 5-aminoimidazole-4-carboxamide ribonu-
cleotide (AICAR), and resveratrol are agonists of AMPK. Administration 
of metformin, a drug widely used to treat type 2 diabetes, elicited neuro-
protective effects in both a drosophila model of PD and MPTP-induced 
PD model mice.37,38 AICAR, an AMP analog, showed a similar neuropro-
tective effect.39 Resveratrol activates AMPK by interacting with its direct 
target SIRT1 to exert neuroprotective effects in both in vitro and in vivo 

Fig.  2 Chemical structures of autophagy modulator. The first step of macroautoph-
agy is the nucleation of specific membrane structures known as the phagophores 
that subsequently elongate and close on itself to form double-membrane vesicles, 
called autophagosomes. The next stage involves the fusion of autophagosomes with 
lysosomes and subsequent formation of autolysosomes, and the contents inside the 
autophagosomes and their inner membrane are degraded by lysosomal hydrolases. 
In  chaperone-mediated autophagy, substrate proteins containing KFERQ motif are 
recognized by cytoplasmic chaperone hsc70 and are then uptaken by the LAMP2 and 
degraded. TFEB is a master regulator of lysosomal function and autophagy. In normal 
condition, TFEB is phosphorylated by mTORC1 or ERK2 and binds to 14-3-3 protein that 
retain the transcription factor in the cytoplasm. The inhibition of the TFEB phosphory-
lation induces TFEB translocation from the cytoplasm to the nucleus and regulates the 
expression of genes involved in sequential steps of autophagy. The structures of chem-
ical modulators for autophagy-lysosomal pathway that exhibit neuroprotective effects 
for PD models are shown in this figure.
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models.40,41 Treatment of PC12 cells overexpressing wild-type or mutant 
α-synuclein, as well as rotenone-exposed SH-SY5Y cells, with resveratrol 
resulted in phosphorylation of AMPK at Thr172, which activated SIRT1 
deacetylation enzymatic activity and enhanced α-synuclein degradation 
by activating autophagy through the AMPK/SIRT1 signaling pathway.42 
Furthermore, metformin decreased Ser129-phosphorylated α-synuclein 
levels in α-synuclein-overexpressing SH-SY5Y cells.43

5.3 Targeting ULK1 and VPS34
ULK1, the yeast Atg1 ortholog, is the initiating enzyme of autophagic pro-
cesses. Specifically, the ULK complex formed by ULK1, mAtg13, FIP200, 
and Atg101 is required to initiate autophagy. This complex subsequently 
phosphorylates Beclin-1, which triggers the lipid kinase activity of VPS34, 
leading to the upregulation of phosphatidylinositol 3-phosphate and re-
cruitment of autophagy proteins for autophagosome formation.44,45 The 
small molecule 33i (BL-918), which was identified as a potent activator of 
ULK1 by structure-based drug design, could activate ULK1 and the rest 
of the ULK complex.46 Specifically, 33i induced autophagy by enhancing 
ULK complex formation in SH-SY5Y cells and displayed a cytoprotective 
effect in an MPP+-treated PD cellular model. Importantly, 33i protected 
against MPTP-induced motor dysfunction and loss of dopaminergic neu-
rons by targeting ULK1-modulated autophagy in mouse models of PD.46

Memantine, which is approved for moderate-to-severe Alzheimer’s dis-
ease, antagonizes N-methyl-d-aspartic acid receptor 1 (NMDAR1) to in-
hibit excessive calcium influx induced by chronic overstimulation of the 
NMDA receptor. The novel function of memantine as an autophagy en-
hancer was identified by a screen for autophagy modulators among 796 clin-
ically approved drugs. Memantine upregulated autophagy flux via the VPS34 
complex. Importantly, this compound enhanced elimination of degraded 
mitochondria in iPSC-derived neurons of patients with PARK2 or PARK6 
mutations who exhibited defective PINK1/parkin-mediated mitophagy.47

6. Targeting lysosome for potential PD therapy
6.1 Targeting TFEB
TFEB plays an important role in lysosomal biogenesis and autophagy. 
Phosphorylation by mTOR or ERK2 causes TFEB to be retained in the 
cytoplasm, whereas dephosphorylation permits translocation of TFEB to 
the nucleus to induce transcription of target genes bearing the coordinated 



314 Autophagy dysfunction in Alzheimer’s disease and dementia

 lysosomal expression and regulation (CLEAR) motif. The importance of 
TFEB in α-synuclein clearance was revealed by a study that showed that ge-
netic or pharmacological activation of TFEB-enhanced autophagy and pro-
tected nigral neurons from α-synuclein toxicity.48 The representative TFEB 
activator is curcumin, a natural pigment derived from the root of the tur-
meric herb.49 Recently, the curcumin derivative E4 was identified as a potent 
TFEB activator. Compound E4 inhibited mTORC1 activity and promoted 
TFEB dephosphorylation.49 Importantly, E4 also promoted the degradation 
of α-synuclein and protected against MPP+ cytotoxicity in PC12 cells.49

2-Hydroxypropyl-β-cyclodextrin (HPβCD) is a US Food and Drug 
Administration-approved excipient used to improve drug stability and 
bioavailability.50 Kilpatrick et al. showed that HPβCD-activated TFEB to 
promote autophagic clearance of aggregated α-synuclein.51 In addition, a 
recently identified autophagy inducer, SMK17, enhanced autophagy via the 
PRKC/PKC-TFEB pathway. SMK17 suppressed the formation of protein 
aggresomes observed in an MPP+-induced PD cellular model.52

6.2 Targeting glucocerebrosidase (GCase)
Mutations in the gene encoding GCase (GBA), a lysosomal enzyme involved 
in sphingolipid metabolism, are the most common risk factor for develop-
ing PD. Several reports indicate modest but significant increases in intracel-
lular α-synuclein levels evaluated by western blotting in human midbrain 
neurons differentiated from iPSCs of patients with PD and heterozygous 
GBA mutations.53–55 Decreased activity of GCase causes neuronal aggre-
gation of α-synuclein in SH-SY5Y cells.56 Therefore, GCase is considered 
an attractive target for PD therapy. NCGC00188758 and NCGC00241607, 
two GCase activators identified by high-throughput screening,57,58 reduced 
α-synuclein inclusions in dopaminergic neurons.59,60 Recently, the small 
molecule S-181 was identified as a wild-type GCase activator. Treatment 
of PD iPSC-derived dopaminergic neurons with S-181 partially restored 
lysosomal function and reduced accumulation of oxidized dopamine, glu-
cosylceramide, and α-synuclein. Moreover, treatment of mice heterozygous 
for the D409V GBA1 mutation with S-181 resulted in the activation of 
wild-type GCase and a consequent reduction of GCase lipid substrates and 
α-synuclein in brain tissue.61

6.3 Targeting CMA
In contrast to macroautophagy, CMA involves the selective degrada-
tion of KFERQ-like motif-bearing proteins delivered to lysosomes 
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via the  chaperone heat shock cognate 71-kDa protein (HSC70) and 
 cochaperones, including carboxyl terminus of HSC70-interacting 
protein, heat shock protein (HSP) 40, and HSP70-HSP90 organiz-
ing protein. After the chaperone-substrate complex binds to the ly-
sosomal membrane receptor LAMP2A,62 CMA substrate proteins are 
translocated into the lysosomal lumen and degraded by hydrolases.63,64 
Notably, because α-synuclein sequence contains a pentapeptide sequence 
(95VKKDQ99) that is consistent with a CMA-recognition motif,65 wild-
type α-synuclein was selectively translocated into lysosomes for degra-
dation by CMA.14 The association between PD pathogenesis and CMA 
dysfunction was demonstrated in several studies. Deficiency of DJ-1/
PARK7, whose mutation causes early-onset familial PD, increased accu-
mulation of α-synuclein by accelerating LAMP2A degradation in lyso-
somes.66 Furthermore, expression levels of the CMA protein LAMP2A 
and HSC70 were significantly reduced in the SNpc and amygdala of 
patients with PD.67,68

Because signaling through retinoic acid receptor a (RARa) was found to 
inhibit CMA, synthetic derivatives of all-trans-retinoic acid (ATRA) were 
developed by structure-based chemical design to specifically neutralize 
this inhibitory effect. AR7, an ATRA derivative, enhanced CMA and sup-
pressed paraquat-induced oligomeric species of α-synuclein.69 Humanin, 
a mitochondria-associated 24-amino-acid peptide that exerts cytoprotec-
tive, cardioprotective, and neuroprotective effects in vivo and in vitro,70 was 
found to be an endogenous activator of CMA.71 Humanin directly activates 
CMA by interacting with HSP90 to increase substrate binding and translo-
cation into lysosomes.71

Further work is needed to demonstrate efficacy of these CMA activators 
for PD therapy. However, in contrast to wild-type α-synuclein, pathogenic 
A53T and A30P α-synuclein are poorly degraded by CMA, despite a high 
affinity for the CMA receptor LAMP2A.14 Thus, CMA activators may only 
exert neuroprotective effects in patients who do not have a mutation in 
α-synuclein.

6.4 Clinical trials of nilotinib for PD therapy
The tyrosine kinase Abl1 is activated in human postmortem PD brains.72,73 
Moreover, expression of α-synuclein in the mouse SN activates Abl1 via 
phosphorylation, and increased Abl expression further increases α-synuclein 
levels. These results suggest that the activity of Abl is closely related to PD 
pathology, making Abl an attractive target for PD therapy.
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Nilotinib is a brain-penetrant tyrosine kinase inhibitor approved for 
treatment of Philadelphia chromosome-positive chronic myeloid leuke-
mia. Administration of nilotinib decreased Abl activity and enhanced auto-
phagic α-synuclein clearance in α-synuclein transgenic PD model mice.74 
These results support the use of nilotinib as a therapeutic strategy to de-
grade α- synuclein in PD and other α-synucleinopathies. Thus, clinical trials 
were performed. A phase I study of 12 patients with PD at Georgetown 
University in the US suggested that nilotinib may increase dopamine me-
tabolism and potentially alleviate motor and nonmotor symptoms of PD 
(ClinicalTrials.gov Identifier: NCT02281474).75 In a subsequent phase II 
study of 75 patients with PD at Georgetown University (ClinicalTrials.gov 
Identifier: NCT02954978), the 150-mg nilotinib group exhibited increased 
cerebrospinal fluid (CSF) levels of the dopamine metabolites homovanillic 
acid and 3,4-dihydroxyphenylacetic acid, while the 300-mg nilotinib group 
only exhibited an increase in 3,4-dihydroxyphenylacetic acid. Importantly, 
the 150-mg nilotinib group but not the 300-mg nilotinib group demon-
strated a reduction of α-synuclein oligomers in the CSF.76 However, another 
phase II study of 76 patients with PD recruited from 25 US Parkinson study 
group sites showed that while nilotinib demonstrated acceptable safety and 
tolerability (ClinicalTrials.gov Identifier: NCT03205488), it had low CSF 
exposure and failed to affect certain biomarkers. Unfortunately, nilotinib 
was concluded to be unsuitable for further testing in PD.77

7. Conclusions and future perspectives

PD has been recognized as not only a brain disease but also a whole-body 
disease because α-synuclein inclusions initially appear in nerve terminals of 
the enteric nervous system before spreading through autonomic connec-
tions to the dorsal motor nucleus of the vagus and intermediolateral cell 
columns of the sympathetic system. Therefore, enhancement of autophagy 
to clear α-synuclein is thought to be a promising strategy for PD therapy. 
In fact, use of macroautophagy-enhancing agents in preclinical models has 
provided important knowledge about the role of autophagy in PD, as re-
viewed in this chapter.

Many autophagy enhancers exert neuroprotective effects in various 
in vivo and in vitro models. However, the therapeutic effect of macroau-
tophagy enhancers may be limited due to their lack of selectivity because 
the proteins regulating macroautophagy (e.g., mTOR and AMPK) are also 
involved in other signaling pathways.

http://ClinicalTrials.gov
ctgov:NCT02281474
http://ClinicalTrials.gov
ctgov:NCT02954978
http://ClinicalTrials.gov
ctgov:NCT03205488
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Recently developed compounds selectively targeting CMA or down-
stream elements of the autophagic pathway, such as TFEB and GCase, may 
have fewer side effects and exert remarkable therapeutic effects. During 
the past decade, various selective forms of autophagy and their underlying 
molecular mechanisms were identified, including mitophagy, ERphagy, nu-
cleophagy, lysophagy, and aggrephagy. Aggrephagy is a type of autophagy 
selective for ubiquitinated aggregated protein. Compounds that can en-
hance aggrephagy or selectively degrade α-synuclein would have a dramatic 
therapeutic effect.
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