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Preface

Autophagy is an intracellular catabolic mechanism mediated by lysosomes, which 
is responsible for most of the degradation and recycling of cytoplasmic compo-
nents and intracellular dysfunctional or damaged organelles. Increasing evidences 
suggest that autophagic deregulation causes accumulation of abnormal proteins or 
damaged organelles, which is a characteristic of chronic neurodegenerative condi-
tions, such as Parkinson’s disease (PD), Alzheimer’s disease (AD), Huntington’s 
disease(HD) o amyotrophic lateral sclerosis. Indeed, promoting the clearance of ag-
gregate prone proteins via pharmacological induction of autophagy has proved to be 
an useful mechanism for protecting cells against the toxic effects of these proteins 
in the context of neurodegenerative diseases and protecting neurons from apoptosis.

This book focused is composed of thirteen excellent reviews addressing dif-
ferent aspects of autophagy and its relation with neurodegenerative disorders. 
 Chapters 1–3 are devoted to explain general aspects of autophagy as macroautoph-
agy, chaperone-mediated autophay or mitophagy. Chapters 4–7 are dedicated to 
detail the role of autophagy in the principal neurodegenerative disorders and finally 
Chaps. 8–13 show the implication of autophagy in the toxicity of several substances 
related to the etiology of neurodegenerative diseases.

The compilation of these reviews included in this book show that there is much 
controversy in this field. Currently there are many research lines that require a lot of 
work to get there someday to be able to clarify a possible route of finding treatments 
against neurodegenerative diseases based on the mechanism of autophagy.
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Chapter 1
Regulation of Autophagy in Health and Disease

Amal Arachiche and Devrim Gozuacik

© Springer International Publishing Switzerland 2015
J. M. Fuentes (ed.), Toxicity and Autophagy in Neurodegenerative Disorders, 
Current Topics in Neurotoxicity 9, DOI 10.1007/978-3-319-13939-5_1

D. Gozuacik () · A. Arachiche
Faculty of Engineering and Natural Sciences, Molecular Biology  
Genetics and Bioengineering Program, SABANCI University, Istanbul 34956, Turkey
e-mail: dgozuacik@sabanciuniv.edu

A. Arachiche
e-mail: arachiche@sabanciuniv.edu

Abstract Macroautophagy (autopagy herein) is a cellular stress mechanism char-
acterized by the engulfment of portions of cytoplasm, proteins and organelles in 
double or multimembrane vesicles. Cargo carried in these autophagic vesicles are 
then delivered and subsequently degraded by lysosomal/vacuolar systems. Autoph-
agy occurs at low basal levels in all cell types (from yeast to mammals) under non-
deprived conditions, performing homeostatic functions. Under conditions leading 
to cellular stress such as nutrient or growth factor deprivation, autophagy is acti-
vated to provide the cell with intracellular building blocks and substrates for energy 
generation. In addition to the ubiquitin-proteasome system, autophagy is a major 
degradation pathway for misfolded, mutant or abnormal proteins. Deregulations 
and abnormalities of autophagy are deleterious for all cell types including neurons. 
Consequently, autophagy abnormalities are observed in various neuronal diseases. 
Here, we summarize the basic autophagy machinery and its regulation, and provide 
a brief summary of the role of autophagy in healthy neurons and in major neurode-
generative diseases.

Keywords Macroautophagy · Microautophagy · Chaperone-mediated autophagy · 
Basal autophagy in neurons · Neurodegenerative diseases · Autophagy in Alzheimer’s 
disease · Autophagy in Parkinson’s disease · Autophagy in Huntington’s disease

Abbreviations

ATG Autophagy related gene
BCL2 B cell lymphoma 2
CBZ Carbamazepine
CMA Chaperone mediated autophagy
DEPTOR: DEP domain containing mTOR-interacting protein
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FAK Focal adhesion kinase
Foxo3 Forkhead box O3
Hsc70 Heat shock cognate protein 70
Hvps34 Human vacuolar protein sorting 34
LAMP2a Lysosomal associated membrane protein 2 a
LC3 Microtubule associated protein 1 light chain 3
Mfns Mitofusins
Mtorc1/2 Mammalian Target of Rapamycin Complex 1 and 2
PEN2 Presenilin enhancer 2
PI3K Phosphoinositide 3 kinase
PINK1 PTEN induced putative kinase1
PS1/2 Presenilin 1 and 2
Rag Ras Related GTP-binding protein
TSC Tuberous sclerosis complex
UPS Ubiquitin proteasome system

Introduction

To maintain homeostasis, cells must continuously synthesize and degrade their in-
tracellular components. Intracellular protein degradation occurs through two differ-
ent systems: The ubiquitin-proteosome system and the autophagy-lysosome system. 
While the ubiquitin-proteosome system degrades soluble short-lived or misfolded 
proteins, the autophagy-lysosome system degrades insoluble long-lived protein 
aggregates and damaged organelles. Deregulation of both systems has been asso-
ciated with several diseases, including neurodegenerative diseases, inflammatory 
diseases, and cancer [1–3]. In this chapter, we will introduce the molecular basis of 
autophagy-lysosomal system and its implication in human health and disease. We 
will provide examples from major pathologies affecting neurons, i.e. Alzheimer’s, 
Parkinson’s and Huntington’s diseases.

The Autophagy Machinery

The word autophagy “eating self” was first suggested in 1963 by Christian de Duve. 
Thomas Ashford’s and Keith Porter’s also made landmark morphological observa-
tions about autophagy in 1962 [4]. Autophagy is a conserved biological phenom-
enon from yeast to mammals. It degrades and recycles intracellular components, 
such as long-lived proteins and damaged organelles. In addition to its function as 
a “housekeeping mechanism” that maintains cellular homeostasis and prevents 
damage during stress, autophagy plays an important role in growth control, cel-
lular differentiation, defense against pathogens, etc. For example, during sexual 
reproduction, autophagy was shown to be important for the elimination of paternal  
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mitochondria and their genomes in fertilized oocytes and prevention of the estab-
lishment of heteroplasmy [5]. Moreover, autophagy was involved in the maturation 
of reticulocytes to eryhthrocytes [6]. Indeed organelles, including aberrant or dam-
aged mitochondria, are eliminated through an autophagy-related process in almost 
all eukaryotic cell types. Autophagy also participates to immune defense. For ex-
ample, recent studies showed that intestinal autophagic activity is essential for the 
host defense against Salmonella typhimurium infection and autophagy was shown 
to play a key role in mediating neutrophil responses to bacterial infections [7, 8]. 
Consequently, autophagic abnormalities were observed in a number of diseases, in-
cluding cancer, neurodegenerative diseases and metabolic diseases. In this chapter, 
we will first introduce the basic of autophagy machinery and its signaling pathways. 
Then we will overview autophagy in neurons and its implication for a number of 
selected neurodegenerative diseases.

Macroautophagy Depending on the pathways involved in cargo delivery, three 
types of autophagy were described in mammalian cells: macroautophagy, microau-
tophagy, and chaperone-mediated autophagy (CMA). Macroautophagy is character-
ized by the formation of cytosolic double membranes sequestering and delivering 
cytosolic materials, such as proteins and organelles, into lysosomes for degrada-
tion. Whereas, microautophagy and chaperone- mediated autophagy involve direct 
engulfment of small portions of cytosol by lysosomal membranes or uptake of 
unfolded proteins through receptor channel complexes, respectively. Here, we will 
mainly focus on macroautophagy.

Macroautophagy (autophagy herein) is a highly regulated process. To date over 
35 autophagy-related ( ATG) genes have been identified through genetic screens 
in yeast, and many of them have orthologs in mammalian cells (Table 1.1). The 
induction of macroautophagy is followed by the formation in the cytosol of au-
tophagosome precursors called isolation membranes or phagophores. Origin of the 
isolation membranes starts to be revealed. Formerly, membranes were suggested 
to be synthesized de novo [9], yet current evidence indicates that they derive from 
pre-existing membranes such as the endoplasmic reticulum (ER) [10], mitochon-
dria [11], ER-mitochondria contact sites [12] or the plasma membrane [13]. Once 
formed, phagophores may engulf portions of cytosol, proteins and organelles, and 
elongate to form double membrane vesicles called autophagosomes. Eventually, 
autophagosomes fuse with lysosomes, leading to the formation of lytic compart-
ments called autolysosomes. The process of mammalian autophagosome forma-
tion involves several ATG proteins and it is highly regulated by several protein 
complexes, including uncoordinated-51-like kinase (ULK1/2) complex, class III 
phosphoinositide 3-kinase (PI3K) complex, ATG9-ATG2-WIPI proteins, and the 
ubiquitin-like conjugation systems (Atg12–Atg5/LC3–PE) (Fig. 1.1).

Uncoordinated-51-like Kinase (ULK) Complex The ULK complex includes 
several proteins: ULK1, ULK2, mammalian ATG13, focal adhesion kinase (FAK) 
family interacting protein of 200 kD (FIP200, which is also called retinoblastoma 
1-inducible coiled coil 1, RB1CC1), and ATG101/C12orf44 [1]. ULK1 and ULK2 
are closely related members of the ULK family, sharing 78 % homology in their 
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N-terminal kinase domain and the C-terminal region [14]. ULK1/2 proteins are 
required for autophagy activation under several stress conditions including nutrient 
starvation [15]. However, mainly ULK1 but not ULK2, was shown to have a cyto-
protective function in neurons [16, 17]. Therefore, ULK2’s ability to compensate 
the loss of ULK1 function might be cell-type specific.

Fig. 1.1  Schematic representation of the autophagy pathway. Under the non-stressed conditions, 
the mammalian TOR complex 1 ( mTORC1) is activated by upstream regulators such as Akt or 
Rag-GTPase in a Rheb-GTPase dependent-manner, and result in the inhibition of autophagy path-
way. Under stressed conditions, activating pathways are suppressed and mTORC1 is inhibited. 
Moreover, energy sensor AMPK ( Adenosine monophosphate–activated protein kinase) might 
inhibit mTORC1 in a TSC1/TSC2 and Rheb-GTPase dependent pathway, resulting in autophagy 
activation. Autophagy can also be induced by direct inhibition of mTORC1 with drugs ( e.g. 
rapamycin). Inhibition of mTORC1 results in the activation of ULK1/2 complex which in turn 
regulates the initiation of autophagy and activation of the class III PI3-kinase ( PI3K) complex on 
the isolation membranes ( phagophores). Phosphatidylinositol 3-phosphate (PI3P) generated from 
phosphatidylinositol ( PI) by PI3K serves as a landing pad, recruiting various autophagy effectors 
to phagophores. ATG9 participates to phagophore expansion by enrichment of the site with lipids 
and proteins in a ULK1 and PI3K complex dependent-manner. The activation of two ubiquitina-
tion-like conjugation systems ATG12-ATG5 and LC3-PE result in the conjugation of LC3-I to an 
phosphatidylethanolamine ( PE) to form LC3-PE ( LC3-II) which participate to the expansion of 
double membrane and the closure of the phagophores. Once formed, autophagosomes fuse with 
lysosomes and form autolysosomes to degrade autophagy cargos. On the other hand, the activa-
tion of Chaperone-mediated autophagy ( CMA) involve the uptake of unfolded proteins through 
the lysosomal- associated membrane protein 2 a ( LAMP2a) with the help of chaperone heat shock 
cognate protein 70 ( Hsc70) in the cytosol and the intra-lysosomal protein Hsc70 (ly-Hsc70) in the 
lysosomal lumen. The clearance of protein aggregates and damaged organelle can be induced by 
a direct engulfment of the cargos by the lysosome, which results in the vesicle scission into the 
lysosomal lumen and degradation of the contents inside the lysosome
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ATG13 was conserved as a single homolog in mammals. ULK1/2 are in complex 
with ATG13, FIP200 and ATG101 even under nutrient- rich conditions [18]. The 
mammalian target of rapamycin complex 1 (mTORC1) protein, a negative regula-
tor of autophagy, was found to be associated to the ULK1/2 complex under nutri-
ent- rich conditions. mTORC1 regulates ULK1/2 and ATG13 through phosphory-
lation. Upon nutrient starvation, mTORC1 is inhibited and dissociated from ULK 
complex, which leads to an increase in ULK1/2 kinase activity [19]. ULK1 and 
ULK2 are then able to phosphorylate ATG13 and FIP200 to activate autophagy. The 
conserved carboxy-terminal domain (CTD) which contains a membrane-binding 
signal of ULK1 and ULK2, controls the regulatory function and localization of both 
proteins, mediating the recruitment of the complex to the site of autophagosome 
initiation [20]. ULK1 was also shown to phosphorylate and inhibit mTORC1. This 
novel negative feed forward loop occurs upon activation of autophagy, and main-
tains mTORC1 inhibition when nutrient supplies are limiting.

Class III Phosphoinositide 3-kinase (PI3K) Complex Phosphatidylinositol 
3-phosphate (PI3P) is an important phospholipid playing a role in the early step of 
autophagosome formation. PI3P serves as a landing pad, recruiting various autoph-
agy effectors to nucleation sites (e.g. outer membrane of the ER) through their phos-
phoinositide-binding domains, such as the FYVE finger domains or PH domains 
[21]. The pool of PI3P necessary for the formation of autophagic membranes is 
generated by a specific enzyme complex, the class III PI3-kinase (PI3K) complex. 
In mammalian cells, there are three functional classes of PI3-kinase: Class I, II, and 
III. The class III PI3K are implicated in intracellular vesicular trafficking includ-
ing retrograde endosome to Golgi transport, transport at nuclear membrane, and 
autophagy [22, 23]. Components of the class III PI3K complex are conserved from 
yeast to mammals. The complex is composed of human vacuolar protein sorting 34 
(hVPS34), p150, Beclin1 and ATG14. A serine/threonine kinase protein 150 kDa 
directly interacts with human VP34 and stimulate its kinase activity leading to 
the generation of PI3P by the phosphorylation of phosphatidylinositol (PI) [24]. 
Activity of hVPS34 is also regulated by the autophagy protein Beclin1. In addi-
tion to ATG14, AMBRA1 (activating molecule in Beclin-1-regulated autophagy), 
UVRAG (UV irradiation resistance associated gene) and Bif-1 (endophilin B1) 
were shown to positively regulate the complex, whereas Rubico and anti-apoptotic 
proteins B-cell lymphoma 2 (BCL2) family [25] were inhibiting PI3K complex. 
As ULK1/2 and PI3-kinase complexes are both required to initiate autophagy, their 
regulation must be coordinated. Indeed, it was shown that recruitment of the PI3K 
complex to autophagic membranes was dependent on ULK1, placing the ULK1/2 
complex upstream to the PI3K complex [26].

ATG9-ATG2-WIPI Proteins Accumulation of PI3P creates a platform to recruit 
cytosolic autophagic proteins such as ATG2 and WIPI (WD-repeat domain phos-
phoinositide-interacting protein). The human WIPI protein family consists of at 
least four members, WIPI-1,-2, − 3, and − 4. Structural analysis shows that WIPIs 
proteins possess seven WD40 repeats that fold into an open vector beta-propeller. 
Detailed analyses showed that both WIPI-1 and WIPI-2 are localized in the mem-
brane of the autophagosome and in the plasma membrane [27]. In addition, WIPI-1 
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was also localized in the membrane of the endoplasmic reticulum whereas WIPI-2 
is present in the Golgi. In autophagy, WIPI-1 and WIPI-2 function upstream to the 
ATG12-ATG5-ATG16L1 complex and LC3, but downstream to the ULK1/2 and 
PI3-kinase complexes [28, 29]. WIPI-1 and WIPI-2 bind to PI3P upon the initiation 
of autophagy and accumulate at the phagophore.

ATG9 is one of the rare transmembrane ATG protein characterized so far [9]. 
Under nutrient-rich conditions, ATG9 localizes to the trans-Golgi network and 
partially to endosomes. Whereas under starvation conditions, ATG9 interacts with 
ATG2 and WIPI, and localizes to autophagosome formation sites in a ULK1 and 
PI3K complex dependent-manner [30, 31]. The loss of ATG2 was shown to inhibit 
autophagosome formation [32]. Molecular mechanisms involving ATG9, ATG2 and 
WIPI are under investigation by several independent groups.

Ubiquitin-like Conjugation Systems (ATG12-ATG5/LC3-PE) Autophagosome 
formation requires the action of two ubiquitination-like conjugation systems in 
which several ATG proteins play essential roles [33].

The ATG12-ATG5 Conjugation System In this system, the mammalian ATG7 
(E1-ubiquitin-activating enzyme-like) activates the ubiquitin-like protein ATG12, 
which is then transferred to ATG10 (E2- ubiquitin-activating enzyme-like), and 
finally covalently conjugated to ATG5 forming the ATG12-ATG5 complex. A car-
boxyl terminal glycine of ATG12 is essential for the formation of thio-ester bonds 
with the active site cysteine 572 of ATG7 and cysteine 165 of ATG10 [1]. ATG5 
is stoichiometrically conjugated with ATG12 to generate E3 ubiquitin ligase-like 
enzyme [1, 34]. ATG12-ATG5 conjugation appears to be irreversible, and so far, 
no enzyme hydrolysing the ATG12-ATG5 conjugate has been identified [35]. It 
has been shown that the ATG12 C-terminal glycine bind to the Lysine 130 of mam-
malian ATG5 through an isopeotide bond [36]. ATG5 seems to be the only tar-
get of ATG12 and the conjugation of ATG12-ATG5 seems to occur constitutively 
soon after the proteins are synthesized [36]. The ATG12-ATG5 conjugate further 
interacts with a small coiled-coil protein, ATG16L1, to form a multimeric complex 
ATG12-ATG5-ATG16L1 through homo-oligomerization of ATG16 [37]. ATG12-
ATG5-ATG16 complex localizes to the isolation membrane and dissociates from 
the membrane upon completion of the autophagosome. Therefore, ATG12, ATG5, 
and ATG16 are frequently used as markers for the early steps of autophagosome 
formation. ATG5 and ATG16, but not ATG12, are required for membrane targeting 
of the complex [38].

The LC3-PE Conjugation System The second system involves the conjugation of 
microtubule-associated protein 1 light chain 3 (LC3, homolog of yeast Atg8). Here, 
LC3 is not conjugated to a protein but to a lipid molecule, namely to a phosphatidyl-
ethanolamine (PE) molecule. To date, at least three different mammalian LC3-like 
proteins have been identified: gamma-aminobutyric acid type A receptor-associated 
protein (GABARAP), Golgi-associated ATPase enhancer of 16 kDa (GATE-16), 
and the LC3 (with at least 3 isoforms LC3A, B, C) [39]. LC3 is the best character-
ized among these LC3-like proteins.

ATG4 proteins are cysteine proteases that cleave proLC3 to generate LC3-I, 
the cytosolic and non-autophagic form of LC3 with an exposed carboxyl terminal 
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Glycine. LC3-I is then activated by ATG7 E1-like protein (common to both ubiq-
uitylation-like reactions), and transferred to the E2-like protein, ATG3. LC3-I is 
finally conjugated to PE to form LC3-PE or autophagosome-associated LC3-II. The 
lipid-conjugated form of LC3 (LC3-PE) participates to expansion and closure of 
phagophores to form complete autophagosomes [40]. Because LC3-I conjugation 
and conversion to LC3-II correlates well with the autophagic activity and autopha-
gosome formation, it is commonly used as an autophagy marker [41].

The LC3-PE conjugation system is also dependent on the ATG12-ATG5 conju-
gation system. Indeed, once recruited to the membrane, the ATG12-ATG5-ATG16 
complex serve as an E3-like complex to mediate the final step of LC3-I conju-
gation to PE. In other words, the ATG12-ATG5-ATG16 complex is required for 
LC3 conjugation. In line with this, the attachment of PE to LC3-I was completely 
impaired in ATG5 knockout cells [42]. Complete autophagosomes, move then rap-
idly in a microtubule and dynein dependent manner to meet with lysosomes, fuse 
with them and form autolysosomes where incorporated materials are degraded [43]. 
In contrast with the ATG12-ATG5-ATG16L1 complex, LC3 stays integrated into 
complete autophagosomes. Yet, LC3 proteins found on the outer membrane of the 
autophagosomes are cleaved from the lipid and recycled by the action of ATG4 
proteins, an event necessary for autophagosome-lysosome fusion. The lysosomes 
are acidic organelles with an internal pH of 4.7–4.8 [44]. They contain hydrolytic 
enzymes that are able to break down macromolecules. The monomers generated by 
lysosomal degradation such as aminoacids, lipids are recycled and are reused by 
the cell.

Selective Versus Non-Selective Macroautophagy

Autophagy can be a non-selective or selective mechanism. Non-selective macro-
autophagy is involved in the degradation of randomly sequestered portions of the 
cytosol, whereas selective macroautophagy is degrades specific targets such as mi-
tochondria (mitophagy), nucleus (nucleophagy), peroxisomes (macropexophagy) 
or pathogens (xenophagy) etc. Adaptator proteins implicated in the regulation of 
selective macroautophagy were identified: The list includes p62/SQSTM1 (seques-
tosome 1), NDP52, NBR1, NIX, and optineurin. Adaptor proteins interact with 
ubiquitylated targets via their UBA (ubiquitin-associated) domain and bind to LC3 
via their LIR (LC3 interaction region) motif, promoting cargo concentration in au-
tophagosomes and selective cargo degradation through autophagy [45].

The most studied selective autophagy type is mitophagy, a selective elimina-
tion of mitochondria by autophagy. Mitophagy implicates an E3 ubiquitin ligase 
called Parkin, which was originally dicovered as a Parkinson’s disease-associated 
protein. Parkin is recruited to damaged mitochondria and mediates ubiquitination of 
outer mitochondrial membrane proteins, including mitofusins (Mfns) and voltage-
dependent anion channel 1 (VDAC1). The recruitment of Parkin to damaged mi-
tochondria requires PINK1 ((PTEN)-induced putative kinase (another Parkinson’s 
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disease-associated protein), which is localized in the outer mitochondria mem-
branes in stressed mitochondria. Ubiquitinated mitochondria proteins then serve as 
signal to recruit adaptator proteins such as p62/SQSTM1 which in turn bind to LC3 
and recruit the autophagy machinery for the elimination of damaged mitochondria, 
providing maintenance of healthy mitochondria [46].

Microautophagy Different from macroautophagy, in the microautophagy path-
way, lysosomes don’t not fuse with autophagic vesicles, but they rather engulf 
directly cytosoplasmic cargos via invaginations of the lysosomal membrane 
(Fig. 1.1). Following vesicle scission into the lysosomal lumen and contents degra-
dation are degraded inside lysosomes [47]. In yeast, microautophagy is constitutive 
but it can also be induced by starvation or treatment with rapamycin (an mTOR 
inhibitor drug) [48]. Similar to macroautophagy, microautophagy functions also as 
a “housekeeping” mechanism for the degradation of cytosolic materials. Micro-
autophagy can occur simultaneously with macroautophagy to regulate lysosomal 
membrane size. As macroautophagy can result in a large flow of membranes to 
lysosomes, microautophagy can regulate this flow and reduce lysosome size by 
consuming lysosomal membranes [3]. Additionally, microautophagy was shown to 
play an important role in early mammalian development. Indeed, microautophagy 
was used to deliver endosomes to lysosomes in the visceral endoderm of mouse 
embryos [49]. This process was found to be important for the proper delivery of 
maternal nutrients as well as signaling molecules to the embryo.

Chaperone-Mediated Autophagy (CMA) Chaperone-mediated autophagy 
(CMA) differs from the macroautophagy pathway by the absence of vesicular traf-
ficking, instead, only single proteins are delivered to lysosomes for degradation 
(Fig. 1.1) [50]. Macroautophagy and CMA pathway were shown to be coordinated 
processes. Indeed, inhibition of macroautophagy induced up-regulation of CMA, 
even under basal conditions [54].

CMA degrades only unfolded protein substrates with a KFERQ or a KFERQ-
like motif which are present in about 30 % of all cytosolic proteins [51, 52]. CMA 
was first described in human fibroblasts cultured under starvation conditions [51]. 
CMA can also be induced in vitro in the presence of isolated lysosomes using a pro-
tein substrate with the specific pentapeptide sequence and a molecular chaperone 
complex [53].

CMA occurs in mammalian cells but not in yeast [55]. In mammalian cells, 
chaperone heat shock cognate protein 70 (Hsc70) and other cooperating chaper-
ones recognize cytosolic proteins with KFERQ motif, unfold these proteins, and 
target them to lysosomal membranes. The interaction between chaperone complex 
and the lysosomal- associated membrane protein 2 a (LAMP2a) channel, present 
at the lysosomal membrane, facilitate the translocation of unfolded proteins to the 
lysosomal lumen, where they are rapidly degrade by lysosomal proteases [50]. The 
translocation of unfolded proteins through LAMP2a requires another chaperon 
protein, Hsc70 (ly-Hsc70), a protein present in the lysosomal lumen [56]. Once 
proteins are captured by the lysosome, the Hsc70-cochaperone complex is released 
from the lysosomal membrane, and is now available to bind other cytosolic proteins 
with a KFERQ motif [50, 57].
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As a variation to the theme, a novel type of autophagy called, RNautophagy 
was descibed recently [58]. RNautophagy is RNA degradation process by the lyso-
some. Unlike CMA, RNautophagy is independent of chaperon complexes and use 
LAMP2-c instead LAMP2-a.

Signaling Pathways Regulating Autophagy Initiation

Regulation of Autophagy by mTOR-Dependent Pathways The mammalian tar-
get of rapamycin (mTOR) is a serine/threonine protein kinase playing critical role 
in autophagy. mTOR pathway involves two distinct functional complexes: mTOR 
complex 1 (mTORC1) controls autophagy (Fig. 1.1), and the mTORC2 complex that 
mainly regulates cytoskeletal reorganization and migration. Both mTOR complexes 
are large with mTORC1 having six known protein components and mTORC2 seven 
protein components. Both complexes share the catalytic mTOR Ser/Thr kinase sub-
unit, mLST8 (mammalian lethal with sec-13 protein 8, also known as GbL) protein, 
DEPTOR (DEP domain containing mTOR-interacting protein), and the Tti1/Tel2 
complex. In contrast, RAPTOR (regulatory-associated protein of mammalian target 
of rapamycin) and PRAS40 (proline-rich Akt substrate 40 kDa) proteins are spe-
cific to mTORC1, whereas RICTOR (rapamycin-insensitive companion of mTOR), 
mSin1 (mammalian stress-activated map kinase-interacting protein 1), and PRO-
TOR1/2 (protein observed with rictor 1 and 2) proteins are only part of mTORC2 
[59].

In mammalian cells, autophagy can be induced following nutrient starvation con-
ditions especially by amino acid depletion. Both mTORC1 and mTORC2 are inhib-
ited by starvation [60]. Rapamycin can specifically inhibit mTORC1 [61], whereas 
mTORC2 is insensitive to this chemical [62]. However, in certain cell types, long 
term treatment with rapamycin, was shown to block mTORC2 through suppression 
of its assembly [63]. In mammalian cells, rapamycin inhibits mTORC1 by forming 
a complex with immunophilin FKBP12 (FK506-binding protein of 12 kDa). In-
deed, the FKBP12–rapamycin complex bind to mTOR and blocks substrate recruit-
ment to mTOR complex [64]. The inhibition of mTORC1 with rapamycin enhances 
autophagy. Under these conditions, a decrease in the phosphorylation and activation 
of at least two mTORC1 downstream effectors, namely P70S6K (ribosomal protein 
S6 kinase-1) and 4E-BP1 (translation initiation factor 4E binding protein-1), was 
observed. These mTORC1 targets play important roles in protein synthesis and cell 
survival [65]. As rapamycin has limited effect on mTOR kinase activity and is a 
relatively poor inducer of autophagy, several selective inhibitors for both mTOR 
complexes (C1 and C2) have been developed. These include Torin 1, Torin 2 and 
PP242 which are highly potent and ATP-competitive inhibitors. These inhibitors 
block the active site of the mTOR kinase, leading to the inhibition of both TORC1 
and mTORC2 [66–68].

The mTOR signaling pathway is controlled by several upstream molecules such 
as small GTPases or Tuberous sclerosis complex 1 and 2 proteins (TSC1/2):



1 Regulation of Autophagy in Health and Disease 11

Control of mTOR with small GTPases The small GTPases Rag (Ras-related GTP-
binding protein) exist as constitutive heterodimers of RagA or RagB, that interact 
with RagC or RagD, respectively. In response to amino acid stimulus, Rag GTPases 
become active with RagA and RagB loading with GTP and RagC and RagD loading 
with GDP. Once activated, Rag GTP bind and activate mTORC1 by inducing its 
translocation to the lysosomal membrane. There mTORC1 can be activated with a 
second small GTPase, Rheb (Ras homologue enriched in brain) (Fig. 1.1). Depletion 
of amino acids in the cytosol results in the inactivation of Rag GTPases favoring 
GDP- (RagA/B) or (RagC/D) GTP-bound forms. The mTORC1 is then inactivated 
and autophagy is stimulated [69]. A recent study challenged these results show-
ing that amino acid depletion inhibited Rag-mTORC1 interaction without changing 
Rag GTPase guanyl nucleotide charging [70]. Nevertheless, all these results indi-
cate that amino acid sensing by Rag-mTORC1 result in alteration of Rag, mTORC1 
and modulate cellular anabolic versus catabolic responses.

Control of mTOR with Tuberous Sclerosis Complex 1 and 2 (TSC1/TSC2) The 
TSC1/TSC2 complex is one of the most important upstream modulators of mTOR 
(Fig. 1.1). TSC1/TSC2 complex is a GTPase activating protein (GAP) for the 
mTORC1 positive regulator Rheb protein. Hence, the TSC1/TSC2 complex is a 
negative regulator of mTORC1. Indeed, once activated, TSC1/TSC2 inhibits the 
activation of Rheb, inactivating mTORC1. In contrast to mTORC1, mTORC2 is 
positively regulated by TSC1/TSC2 [71]. Indeed the TSC1/TSC2 complex activates 
mTORC2 by a mechanism that is independent of its GAP activity toward Rheb, but 
with a mechanism that is dependent on the direct association with the mTORC2 
complex.

TSC1/TSC2 complex activation is regulated by different kinases. Serine/threo-
nine kinase Akt (also known as Protein Kinase B, PKB) which is activated mainly 
by growth factors and hormones (e.g. insulin-like growth factors), can inhibit au-
tophagy activation via a TSC1/TSC2 dependent mechanism [72]. Indeed, the di-
rect phosphorylation of TSC2 by Akt induces the inactivation of the TSC1/TSC2 
complex, consequently relieving Rheb repression and activating of mTORC1. On 
the other hand, AMP-activated protein kinase (AMPK) phosphorylates TSC2 and 
enhances its activity, resulting in the inactivation of mTORC1 and initiation of au-
tophagy [73].

Regulation of Autophagy by mTOR-Independent Pathways Various mTOR-
independent autophagy pathways have been described, including Inositol, FoxO3 
and hypoxia/Beclin1 pathways.

Inositol Signaling Pathway Inositol pathway negatively regulates autophagy. Upon 
a stimulus activating a G-protein coupled receptor (GPCR), phospholipase C is acti-
vated downstream and hydrolyzes phosphatidylinositol 4,5-bisphosphate PIP2 to 
form inositol 1,4,5-triphosphate (IP3) and diacylglycerol (DAG). IP3 acts as a sec-
ond messenger and induces calcium release from the stores by binding IP3 recep-
tors (IP3R) found on endoplasmic reticulum (ER) membranes [74]. The release of 
calcium from the ER to the cytosol activates signaling pathways that play important 
roles in the regulation of autophagy. For example, calpain (a calcium dependent 
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protease) that is activated by cytosolic calcium was shown to cleave Beclin-1 and 
deregulate the autophagy pathway [75]. Reduction of intracellular IP3 levels stimu-
lates autophagy, whereas IP3 accumulation inhibits autophagy induced by starva-
tion condition. Indeed, decrease in the level of IP3 by lithium treatment was shown 
to enhance autophagy through an mTOR-independent manner [76]. In line with 
these observations, knockdown of the IP3R by small interfering RNAs and pharma-
cological IP3R blockage resulted in autophagy induction [77].

FoxO3 Signaling Pathway Activation of FoxO3 (forkhead box O3) transcription 
factors is sufficient for the induction of autophagy in skeletal muscle and result in 
muscle atrophy in vivo [78]. In fact, activated FoxO3 stimulates lysosomal proteoly-
sis in muscle (and other cell types) through autophagy activation. FoxO3 also induces 
the expression of many autophagy-related genes including LC3, BNIP3 (Bcl-2 
adenovirus E1a nineteen kilodalton interacting protein 3) and BNIP3L ((BNIP3 
like protein, also known as NIX) [78, 79]. Therefore, transcriptional upregulation 
of autophagy-related genes through FoxO3 is an important event in the control of 
autophagic activity. The activity of FoxO3 can be regulated by the serine/threonine 
kinase Akt. Indeed, Akt was shown to inactivate FoxO3 by phosphorylation, leading 
to its retention in the cytoplasm in response to insulin or growth factors [80].

Hypoxia/Beclin1pathway In most cases, hypoxia or oxygen deprivation induces 
autophagy to ensure cell survival rather than cell death. Hypoxia-inducible factor 
1α (HIF1α) is a major factor in the cell survival response against hypoxia. HIF1α 
is a transcriptional factor that upregulates the expression of autophagy proteins, 
including BNIP3 and BNIP3L [81]. BNIP3 proteins were able to induce autophagy 
by releasing Beclin 1 from Bcl-2 family proteins, allowing Beclin1 to participate 
in autophagosome formation as a component of the PI3K complex. HIF1α may 
play a significant role during hypoxia-induced responses and cell death [81]. How-
ever in contrast, hypoxia-induced autophagy via BNIP3 and BNIP3L, might be 
a survival mechanism in some contexts [82]. Knockdown of BNIP3 or BNIP3L 
with small interfering RNAs had little effect on autophagy. However the combined 
silencing of both genes was shown to suppress hypoxia-mediated autophagy and 
cell survival [82].

Role of Autophagy in Neurons

Basal Autophagy in Neurons Neurons are highly polarized postmitotic cells, con-
sisting of a cell body or soma with branching dendrites and axons forming contacts, 
i.e. synapses, with other neurons. Soma is the central region of the neuron containing  
the nucleus and other cellular organelles such as the endoplasmic reticulum, Golgi, 
mitochondria and most of the lysosomes. The synapse is responsible for the trans-
fer of information from one neuron to another. Soma communicates with synapse 
via the axon which transfers proteins and organelles over a generally significant 
distance through axoplasmic transport (Fig. 1.2a). Movement toward the soma is 
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called the retrograde transport while movement toward the synapse is called the 
anterograde transport.

Because neurons are post-mitotic cells, they are more sensitive to the toxicity of 
misfolded proteins and/or damaged organelles, than cells that undergo mitosis and 
that have a chance to dilute them. In neurons, constitutive autophagy has an impor-
tant task of removing these harmful components and protects neuronal homeostasis. 
Indeed, it has been shown that suppression of basal autophagy in neural cells caused 
neurodegeneration in mice [83]. Therefore, by preventing accumulation of toxic 
materials, basal autophagic activity is important for the prevention of neural func-
tion disruption, neurite degeneration and consequent neuronal cell death.

In primary neurons, autophagosomes were shown to be constitutively gener-
ated near the synapse [84, 85]. These early autophagosomes were shown to move  
bidirectionally along microtubules driven by bound kinesin and dynein motors. 
Upon exit from the synapse, autophagosomes follow a unidirectional retrograde 
transport and undergo maturation as they move along the axon toward the soma, 

Fig. 1.2  Schematic representation of the autophagy pathway in neurons. a. Autophagosomes are 
constituvely generated near synapses to prevent neuronal proteotoxicity. Upon exit from synapse, 
autophagosomes follow a unidirectional retrograde transport path, undergo maturation and fuse 
with lysosomes as they move along the axon toward the soma. When they arrived to the soma, 
autophagosomes are fully acidified, consistent with the formation of autolysosomes. Degradation 
of engulfed materials occurs in autolysosomes that are generally found near soma. Digested con-
tents are then recycled. b. Dysregulation of autophagy in neuron might lead to the accumulation of 
toxic proteins, protein aggregates and damaged organelles in the synapse and axon and eventually 
contribute to neuronal toxicity and cell death
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carrying engulfed organelles and soluble cargo. Upon arrival to the soma, autopha-
gosomes are fully acidified, consistent with the formation of autolysosomes. The 
degradation of the cargo occurs near the soma, facilitating efficient recycling of 
cytosolic contents in the primary site of protein and organelle synthesis (Fig. 1.2a). 
Constitutive formation of autophagosomes at the synapse, followed by a robust 
transit to axon constitutes a critical surveillance mechanism for routine maintenance 
of neurons and for the prevention of degeneration and cell death (Fig. 1.2b). There-
fore, it is not surprising that autophagy failure is a general and common observation 
in a number of neurodegenerative diseases.

Role of Basal Autophagy in the Synapse Basal autophagy is of particular impor-
tance in the synaptic compartments of neurons where high energy requirements and 
protein turnover are necessary to sustain synaptic growth and activity. Autophagy 
can play a role in synapse plasticity as well. Indeed, a decrease or increase in basal 
autophagy levels resulted in the aberrations of synaptic size and function in Dro-
sophila neuromuscular junctions [86]. Because autophagy is highly conserved, it 
is likely to play an important role in synapse development in more complex ani-
mals as well. Autophagy was shown to play an important role in the degradation of 
cell-surface neurotransmitter receptors at the presynaptic terminals of the neurons 
[87]. Indeed, it has been shown that autophagy can function as a selective degrada-
tion pathway for the neurotransmitter gamma-aminobutyric acid (GABA) receptors 
[87]. In line with these studies, recent study showed that Beclin 2 which also par-
ticipates to autophagy regulation, played an important role in the lysosomal degra-
dation of several G protein-coupled receptors (GPCRs), including the delta opioid 
receptor (DOR), cannabinoid 1 receptor (CB1R) and dopamine D2 receptor [88]. 
Finally, macroautophagy is also contributes to synaptic plasticity by regulating the 
presynaptic structure function in dopaminergic neurons [89]. Mechanism including 
those cited above might be important for the control of the balance between neuro-
nal excitation and inhibition and consequently synaptic transmission.

Role of Basal Autophagy in the Axon Constitutive autophagy is essential for 
axon homeostasis as well. Suppression of basal autophagy by either deleting an 
ATG gene or inhibiting autophagic clearance in neurons disrupted axonal transport 
of autophagosomes, and resulted in axonal swelling and dystrophy [90]. Addition-
ally, mutation of Atg1 and ULK1/2 induced disruptions in the axon ultrastructure 
and axonal extension, in C.elegans and in mice, respectively [91]. Neuron-specific 
deletion of the mammalian FIP200 (FAK family-interacting protein of 200 kDa), 
a subunit of ULK complex, implicated in autophagosome biogenesis, caused an 
increase in neuronal death and axon degeneration [92], Moreover, autophagy was 
shown to regulate early axonal growth in cortical neurons [93]. These data and 
others suggest a possible role of autophagy in axon development and homeostasis.

LC3, a key player in the autophagosome formation, was found in association 
with the microtubule-associated protein 1B (MAP1B), an abundant protein in axons 
[94]. In fact, MAP1B is involved in the regulation of microtubule stability and in 
retrograde axonal transport. MAP1B binds both LC3-I (cytosolic form) and LC3-II 
(lipidated form). Overexpression of MAP1B in non-neuronal cells led to a reduction 
in the number of LC3-associated autophagosomes [94]. Therefore, MAP1B-LC3 
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interaction is important for the regulation of autophagosomes in axons and partici-
pate to the regulation of the retrograde axonal transport of autophagomes towards 
the soma allowing autophagosome maturation.

Autophagy in Diseases Autophagy dysfunction is implicated in a wide spectrum 
of human diseases, including neurodegeneration, infections, cancer and heart dis-
eases and even conditions such as aging. Understanding the molecular pathways 
and the regulatory network of autophagy is of pivotal importance in the determina-
tion of best pharmacological targets for modulating autophagy in each different 
disease context. Here, we will give a brief overview about the role of autophagy in 
selected pathologies leading to neurodegeneration.

Autophagy and Neurodegenerative Diseases Autophagy deregulation might 
result in or contribute to the pathology of neurodegenerative diseases, including 
Alzheimer’s disease (AD), Parkinson’s disease (PD) and Huntington’s disease 
(HD). All of these diseases are characterized by the accumulation of abnormal, mis-
folded proteins that eventually become toxic for neurons. In an attempt to clear 
these toxic proteins, neurons activate autophagy, and failure of clearance and/or 
autophagosome accumulation might in turn have serious consequences for disease 
progression and neuronal survival [95].

Alzheimer’s Disease and Autophagy Patients with Alzheimer’s diseases (AD) gen-
erally present to the clinic with cognitive impairment and memory problems that 
are secondary to the degeneration of neurons in the affected brain regions e.g. basal 
forebrain and hippocampus. AD is characterized by the accumulation of amyloid 
β-peptides and intracellular neurofibrillary tangles comprising hyperphosphory-
lated Tau protein in the brain [96, 97]. Accumulation of these amyloid-β peptides is 
a result of a sequential proteolytic cleavage of the amyloid precursor protein (APP) 
by β-secretase also called (β-site-APP cleaving enzyme, BACE) and γ-secretase 
complex which is composed of PS1 (presenilin-1) and PS2, nicastrin, APH1(anterior 
pharynx-defective 1) and PEN2 (presenilin enhancer 2). APP protein is a member 
of a family of conserved type 1 membrane proteins which play physiological roles 
in trafficking, neurotrophic signaling, cell adhesion and cell signaling. After APP 
is synthesized, the mature glycosylated form is delivered to the plasma membrane, 
where it is rapidly processed. The cleavage of APP by BACE releases a soluble 
N-terminal fragment (sAPP-β) and a C-terminal fragment (βCTF) that remains in 
the membrane. The βCTF fragment is further cleaved by γ-secretase, resulting in a 
release of a 40-mer peptide (Aβ40) (physiological role in synapse formation) and 
smaller amounts of a 42-mer peptide (Aβ42) (pathological aggregate-prone forms). 
The APP in the plasma membrane can also be processed by α-secretase and gener-
ate a soluble N-terminal fragment (sAPP-α), which is released from the cell, and a 
CTF that remains in the membrane which is devoid of the whole Aβ-peptide [98].

Several genetic defects have been identified to cause rare familial forms of 
AD, such as mutations in the amyloid precursor protein or PS1 and PS2 which are 
linked to autosomal dominant forms of FAD (familial AD) [99]. Links between 
Alzheimer’s-susceptibility genes/proteins and autophagy-lysosome system were 
reported. For example, the PS1 subunit of the γ-secretase, was found to be essential 
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for lysosomal acidification and protein degradation. Indeed in the ER, PS1 induces 
the N-glycosylation of the V-ATPase V0a1 lysosomal subunit. This posttransla-
tional modification of V-ATPase V0a1 facilitates its translocation to the lysosome 
where it plays an important role in the acidification of the lysosome [15]. Some PS1 
mutations found in the autosomal dominant forms of FAD were shown to impair 
lysosomal acidification and protein turnover by autophagy, enhancing pathogenic 
protein accumulations and neuronal cell death. Another link between autophagy 
and AD was related to the key autophagy protein Beclin1. It was found that, af-
fected brain regions of patients with Alzheimer’s disease demonstrated low Beclin1 
expression levels, especially in the early stages of the disease. In line with this, 
heterozygous deletion of Beclin 1 in mice attenuated neuronal autophagy and pro-
moted neurodegeneration [100]. Finally, recent study showed that, the treatment of 
AD mice model with carbamazepine (CBZ), an anti-epileptic drug that has a potent 
autophagy enhancement effects, increased autophagic activity and decreased amy-
loid plaque and amyloid β-peptides levels [101]. Another compound, the mTOR 
inhibitor temsirolimus, induced autophagy in cellular and animal models of AD, 
and led to the clearance of amyloid β-peptides through autophagy [102]. Tau might 
also be targeted by autophagosomes for degradation, yet other reports warned that 
autophagosomes might contribute to amyloid-beta generation [103]. Moreover, to-
gether with abnormalities of endocytosis, lysosomal acidification and intracellular 
transport that were observed in AD, defective autophagic vesicles incapable of mat-
uration into active autolysosomes might accumulate in AD neurons and contribute 
to disease progression in many cases.

Parkinson’s Disease and Autophagy Patients with Parkinson’s disease (PD) suffer 
from movement disorders, including muscle rigidity, akinesia and resting tremor 
symptoms caused by the degeneration and loss of dopaminergic neurons in the sub-
stansia nigra of the midbrain [104]. Gain of function mutations in the genes encod-
ing α-synuclein (A53T and A30P) or LRRK2 (leucine-rich repeat kinase 2) were 
found in early-onset autosomal dominant forms of the disease. On the other hand, 
mutations in the genes encoding parkin, PINK1 (PTEN-induced kinase 1) or DJ-1, 
causing protein loss of function are associated with recessive forms of the disease 
[105].

Wild type α-synuclein plays a role in release of vesicles in synaptic junc-
tions [106]. It was shown that both wild type and the pathogenic A53T and A30P 
α-synuclein mutants could be cleared by the autophagy pathway [107]. However, 
only the wild type α-synuclein was cleared by the CMA pathway in the absence of a 
mutant form [108]. Indeed, the α-synuclein mutants were able to bind to lysosomal 
membranes in the CMA pathway, but they appeared to act as blockers, inhibiting both 
their own translocation and degradation by the lysosome and that of other substrates 
[108]. Beclin1 autophagy protein, was shown to play an role in the intracellular  
degradation of α-synuclein through the autophagy pathway [109]. Coexpression of 
beclin 1 with α-synuclein activated autophagy, reduced accumulation of the protein, 
and ameliorated neuron alterations [109].

Several recent studies associated mitophagy abnormality with Parkinson’s dis-
ease [110]. Pathogenic mutations in proteins that are associated with PD including 
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parkin, PINK1, DJ-1 and LRRK2 resulted in defects of mitophagy, consequent ac-
cumulation of mitochondria and increased neuronal toxicity [111]. As already men-
tioned above, in the most studied pathway of mitophagy, mitochondrial damage 
results in the stabilization of otherwise degraded PINK1 on the outer membrane of 
mitochondria, allowing recruitment of the ubiquitin ligase Parkin. Ubiqutylation 
and proteasomal degradation of several mitochondrial membrane proteins, primes 
mitochondria for autophagic sequestration and destruction [112]. LRRK2 protein is 
predominantly expressed in the cytoplasm but also associates with the mitochon-
drial outer membrane, plasma membrane and synaptic vesicles in cultured cells 
including mouse primary neurons [113, 114]. LRRK2 mutants also affected mito-
chondrial homeostasis in neurons by enhancing constitutive mitophagy in neurons, 
resulting in mitochondrial degradation and dendrite shortening [115, 116]. Another 
PD-associated protein, DJ-1 works in parallel to the PINK1/parkin pathway and 
functions in the maintenance of mitochondrial function during oxidative stress 
[117]. Moreover, mutations in the DJ-1 gene lead to mitochondrial depolarization, 
fragmentation and accumulation of autophagosome in human dopaminergic neu-
rons [117]. In fact autophagy dysregulation by oxidative stress was described as a 
major contributor to the PD [118–121]. In this context, problems in the autophagic 
elimination of damaged mitochondria might be among one of the major cellular 
defects associated with the disease.

Huntington’s Disease and Autophagy Patients with Huntington’s disease (HD) pres-
ent with motor dysfunction and cognitive decline symptoms caused by the degen-
eration of neurons in the striatum and other regions of the brain. HD is an autosomal 
dominant disorder caused by expansion of polyglutamine (polyQ) repeats in the 
N-terminus of the Huntington (Htt) protein, altering protein stability. Mutant pro-
teins are resistant to proteolysis, and they are prone to aggregation. Wild-type Htt 
is mostly found in the cytoplasm, but it might show a nuclear localization as well. 
Mutant full-length Htt or its N-terminal fragments might accumulate as ubiquity-
lated inclusions, impairing the UPS system that normally degrades soluble forms 
of the Htt protein, strongly stimulating autophagy [122]. Furthermore, postmortem 
analyses revealed a dramatic increase in the number of autophagosome-like struc-
tures in the brains of HD patients [123].

Several studies defined autophagy as a Htt clearance mechanism, especially 
for the insoluble forms creating aggregates. Perturbance of autophagy under these 
conditions severely compromised cell viability [124, 125]. Consequently, mTOR 
inhibitors that lead to autophagy activation, including rapamycin derivatives, led 
to the degradation of Htt aggregates and could treat HD animal models [123]. Ad-
ditionally, mutant Htt aggregates were shown to sequester mTOR and inactivate it 
in transgenic mice models and in patient samples, resulting in further stimulation 
of autophagy [126].

Both wild-type and mutant form of Htt proteins are highly regulated by post-
translational modifications including proteolysis, palmitoylation and phosphor-
ylation. Alteration in some of this modification was shown to affect the rate of 
autophagosome formation in neuronal cell lines under basal conditions [127]. In 
line with this, autophagic clearance of mutant Htt correlated with its acetylation at 
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K444 [128]. Overall, autophagy might clear pathological Htt aggregates and allevi-
ate disease burden in patients suffering from HD.

Conclusion

Autophagy is an important process used by the cell to adapt its metabolism to stress-
full conditions, such as nutrient starvation, accumulation of abnormal proteins, hy-
poxia, oxidative stress etc. Strikingly, mere autophagy defects were sufficient to 
induce neurodegeneration, underlining the importance of this phenomenon for neu-
ronal health and survival [83, 90]. Mutations affecting transport of autophagosomes 
and those disrupting lysosomal function, caused an increase in autophagosome ac-
cumulation and reduced clearance by autophagy leading to neuronal toxicity [129, 
130]. Hence, pathologies that proceed through accumulation of mutant proteins and 
accompanied by protein degradation defects, such as Alzheimer’s, Parkinson’s and 
Huntington’s diseases also showed autophagy dysregulation. In many cases, au-
tophagy abnormalities are related to neuronal toxicity and cell death. Therefore, 
autophagy plays a crucial role as a quality-control system in neurons and other cell 
types, controlling protein aggregate levels and damaged organelles both under basal 
and stress conditions.

Pharmacological activation of autophagy in neurodegenerative diseases was 
shown to reduce the levels of insoluble mutant proteins aggregates, such as mutant 
Htt protein and mutant forms of α-synuclein, and in some cases reduced protein 
toxicity in animal models of neurodegenerative diseases [130]. On the other hand, 
defective autophagic vesicle accumulation might be toxic itself under different con-
texts. In these cases, e.g. AD, activation of autophagy might even deteriorate the 
situation. Therefore a careful examination of the role of autophagy under specific 
patological conditions is necessary before designing autophagy-related treatment 
protocols. Most importantly, more molecular studies are needed to provide details 
about the connection of autophagy to specific diseases. As our knowledge on the ba-
sic machinery of autophagy as well as on the role of autophagy in health and disease 
expands, more rational and disease-specific approaches will be tailored, sparing 
normal tissue responses while targeting disease causing phenomena.
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Abstract Depending on the mechanism and molecular players involved in the 
targeting of a substrate to the lysosome, autophagy can be divided in three different 
subtypes: Macroautophagy, Microautophagy and Chaperone-Mediated Autophagy 
(CMA).

In contrast to other forms of autophagy, in CMA, soluble cytosolic proteins 
can be targeted selectively for degradation in lysosomes. Selectivity in CMA is 
conferred by the presence of a pentapeptide motif in the amino acid sequence of 
the substrate proteins, biochemically related to KFERQ, that is recognized by the 
cytosolic chaperone Hsc70, which results in the targeting of substrates to the lyso-
some. Once at the lysosomal surface, the substrate–chaperone complex binds to 
the membrane, and, after unfolding the substrate, is translocated into the lumen by 
LAMP2A, that acts as the resident a CMA “receptor”.

CMA has been implicated both in the elimination of parts of the proteome dam-
aged by stressors, as well as, in the selective turnover of substrates directly related 
with several proteinophaties, most notably in neurodegenerative diseases. In this 
chapter we will focus on the role of CMA in age-related neurodegeneration and 
how CMA often becomes the target of the toxic effect of neurodegeneration-related 
aberrant substrates. The mulfactorial nature of the CMA role in neurodegenerative 
disorders makes the careful analyses of the evidences gathered thus far instrumental 
for the understanding of CMA in the context of these diseases.

Keywords Autophagy · Chaperones · Neurodegeneration · LAMP2A · Proteolysis, 
proteostasis, aging · Lysosome
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Abbreviations

CMA Chaperone mediated autophagy
Hsc Heat shock cognate protein
LAMP2 Lysosomal associated protein 2
KDa Kilodalton
HSP Heat shock protein
Bag Bcl 2 associate athanogene
Hop Hsc70 Hsp90 organizing protein
Hip Hsc70 interacting protein
GFAP Glial fibrillary acidic protein
EF1α Elongation factor 1 alpha
Lys Lysosomal
UPS Ubiquitin proteasome system
HD Huntinton’s disease
PD Parkinson’s disease
RNA Ribonucleic Acid
LRRK2 Leucine rich repeat kinase 2
UCH-L1 Ubiquitin C terminal hydrolase L1
IPS Induced pluripotent stem cells
MEF Myocyte enhancer factor
AD Alzheimer’s disease
RCAN1 Regulator of calcineurin 1
HTT Huntingtin

Introduction

The term Autophagy broadly refers to a catabolic process that is canonically in-
volved in the lyosomal degradation of cytoplasmic components, initially including 
organelles and soluble proteins, but now also some membrane proteins [1–4]. How-
ever, depending on the mechanism and molecular players involved in the targeting 
of a substrate to the lysosome, autophagy can be divided in three different subtypes: 
macroautophagy, microautophagy and chaperone-mediated autophagy. Although 
autophagy was initially thought as a degradation pathway, activated in response to 
external stimuli, it is now established that it can also act as a mechanism of quality 
control under basal conditions. 

Autophagy plays a vital role in many physiological processes [5], includ-
ing the response to starvation, cell growth and innate immunity. In contrast to 
the in-bulk sequestration of cytosolic components characteristic of macro and 
microautophagy, soluble cytosolic proteins can be targeted selectively for deg-
radation in lysosomes by a process called Chaperone-Mediated Autophagy 
(CMA). Indeed, what distinguishes CMA from other forms of autophagy is the 
selective recognition of cargo by cytosolic chaperones and the fact that substrates  
are not engulfed, but, instead, translocated across the lysosomal membrane in a  
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receptor-mediated manner [6]. Althought basal CMA activity can be detected 
in most types of mammalian cells, as in the case of macroautophagy, maximal 
activation of this pathway is triggered in response to stressors, such as long-term 
starvation, oxidative stress, or exposure to toxic compounds that induce abnormal 
conformational changes in cytosolic proteins [7].

Selectivity in CMA is conferred by the presence of a pentapeptide motif in the 
amino acid sequence of the substrate proteins, biochemically related to KFERQ, 
that when recognized by a cytosolic chaperone results in the targeting of substrates 
to lysosomes [8]. Similar to most targeting motifs, the KFERQ motif is degenerated 
and allows for a series of amino acid combinations as far as they follow this rule: 
Q should be the flanking amino acid but could be located at the beginning or at the 
end of the sequence; there could be up to two of the allowed hydrophobic residues 
(I, F, L or V) or two of the allowed positive residues (R or K), but only one negative 
charge provided either by E or D [8]. In certain proteins, Q can be replaced with 
N, but this exchange does not work in all proteins, suggesting that the surrounding 
amino acid context might be important in this case [9]. The “pure” KFERQ motif 
is only present in ribonuclease A, the first protein identified as a CMA substrate.

CMA substrates are recognized first in the cytoplasm by the heat shock cognate 
protein of 70 kD (Hsc70), the constitutively expressed member of the 70-kD family 
of chaperones [6]. This is actually the same chaperone responsible for disassembly 
of clathrin from coated vesicles and for assisting in the folding of cytosolic proteins 
upon recognition of exposed hydrophobic regions. It is unknown what determines 
the multiplicity of functions of chaperones, but the particular array of cochaperones 
that bind to Hsc70 in each condition is probably behind the final fate of the sub-
strate protein. A subset of cochaperones, Hsp90, Hsp40, Bcl-2 associate athanogene 
1 (Bag-1), Hsc70-Hsp90 organizing protein (Hop), and Hsc70-interacting protein 
(Hip) have been shown to interact with the CMA substrate–chaperone complex at 
the lysosomal membrane. Some of the cochaperones may not be directly involved in 
substrate targeting, but rather participate in the unfolding step, required just before 
the substrate can translocate across the lysosomal membrane [10].

Once at the lysosomal surface, the substrate–chaperone complex binds to the 
membrane and, after unfolding the substrate, is translocated into its lumen. This 
recognition at the lysosomal membrane is mediated by the lysosome-associated 
membrane protein type 2A (LAMP2A) that acts as the resident a CMA “receptor” 
[11]. LAMP2A is a single-span membrane protein with a very heavily glycosylated  
luminal region and a short (12–amino acid) C-terminus tail exposed on the sur-
face of the lysosomes, where substrate proteins bind. LAMP2A is one of the three 
splice variants of the lamp2 gene, all of which contain identical luminal regions, 
but different transmembrane and cytosolic tails [12]. The mechanisms behind the 
translocation of substrate proteins across the lysosomal membrane are, as yet, poor-
ly understood. Much evidence supports direct translocation across the lysosomal 
membrane, rather than engulfment by invaginations of the membrane. Indeed, 
invaginations have never been observed when this transport is reproduced in vitro. 
On the other hand conjugation or cross-linking of substrate proteins to bigger struc-
tures, such as gold particles, prevents their uptake. Morover, several studies mainly 
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carried out by Cuervo and colleagues demonstrated that substrate proteins need to 
be completely unfolded before reaching the lysosomal lumen [9, 11, 13, 14]. By 
analogy with other protein translocation systems, it has been speculated that the 
translocation through the lysosomal membrane might include a multispan mem-
brane protein to create a discontinuity in the lysosomal membrane. However, to 
date, proteomic analysis of proteins associated with LAMP2A at the lysosomal 
membrane has not rendered such a partner. Nevertheless, evidences point to the ex-
istence of a unique mechanism for translocation of substrate proteins across the lyso-
somal membrane via CMA that requires multimerization of LAMP2A [15]. In fact, 
binding of substrate proteins to the cytosolic tail of monomeric forms of LAMP2A 
drives its multimerization to form a 700-kDa complex at the lysosomal membrane 
[15]. Moreover, the presence of a lysosome-specific form of Hsp90 on the luminal 
side of the lysosomal membrane is essential to preserve the stability of LAMP2A 
while it undergoes these conformational changes at the lysosomal membrane [15]. 
Also, it seems that the CMA translocation complex forms only transiently and that, 
once the substrate crosses the membrane, LAMP2A rapidly disassembles in a pro-
cess mediated by the Hsc70 present on the cytosolic side of the lysosomal mem-
brane [15]. Cytosolic and lysosomal chaperones only associate with lower-order 
complexes of substrate and LAMP2A, but are no longer present in the 700-kD com-
plex required for translocation. The regulation of CMA through changes in lyso-
somal LAMP2A highlights the importance of lateral mobility within the membrane, 
which has been shown to be determined by its dynamic association with lysosomal 
lipid microdomains [16]. In this context, upon conditions of low CMA activity, part 
of LAMP2A is recruited into regions of defined lipid composition, whereas the 
number of LAMP2A molecules in these lipid microdomains is markedly reduced 
when CMA is activated. Accordingly, an increase in microdomain size, by augment-
ing lysosomal cholesterol results in reduced CMA, whereas cholesterol-extracting 
drugs increase membrane levels of LAMP2A, activating CMA [16]. In fact, the 
regulated degradation of LAMP2A described above occurs in these lipid microdo-
mains, as luminal cathepsin A preferentially associates to the lysosomal membrane 
in these regions. By contrast, binding of substrates to LAMP2A and its assembly 
into and disassembly from the multimeric CMA translocation complex only per-
tains to LAMP2A molecules outside these microdomains [16]. Also, CMA activa-
tion includes not only the relocation of LAMP2A outside the lipid microdomains, 
as well as, a luminal pool of intact LAMP2A that can be retrieved to the lysosomal 
membrane upon CMA stimulation [17]. Intrinsic properties of LAMP2A are re-
quired to modulate its membrane dynamics. In addition to the GxxG motif required 
for multimerization [15], a proline residue that is present at the interface between 
its transmembrane and luminal regions is absolutely required for the mobilization 
of LAMP2A into the lipid microdomains [16]. Other components at the lysosomal 
membrane that modulate LAMP2A dynamics are the intermediate filament protein 
glial fibrillary acidic protein (GFAP) and elongation factor 1α (EF1α), a pair of 
interacting proteins that modify the stability of the multimeric LAMP2A complex 
and the association of LAMP2A with the lipid microdomains in a GTP-dependent 
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manner [18]. Concerning GFAP it was shown that a lysosome specific variant of the 
protein associates with LAMP2A multimers, enhancing the stability of the complex 
and counteracting the disassembly-promoting effect of Hsc70. Lysosomal GFAP 
partitions into two subpopulations; unphosphorylated GFAP that binds to multim-
ers of LAMP2A and phosphorylated GFAP (GFAP-P), the latter of which is usually 
bound to the GTP-binding protein EF1α. Moreover, unphosphorylated GFAP has 
higher affinity for GFAP-P than for LAMP2A. However, the formation of GFAP–
GFAP-P dimers is usually prevented by the presence of EF1α bound to GFAP-P. In 
the presence of GTP, EF1α is released from the lysosomal membrane allowing the 
dissociation of GFAP from the translocation complex and its binding to GFAP-P 
[18]. This dissociation favors the rapid disassembly of the LAMP2A multimeric 
complex and its active mobilization to lipid microdomains for degradation. Chang-
es in the levels of GFAP–GFAP-P, EF1α present at the lysosomal membrane, as 
well as of intracellular GTP or intra-lysosomal Ca2+ (facilitating association of ca-
thepsin A to lipid microdomains) can all contribute to modulation of CMA activity.

The final step in substrate translocation into the lysosome appears to involve 
a form of Hsc70 resident in the lysosomal lumen (lys-Hsc70) [19]. Only those 
lysosomes containing Hsc70 in their lumen are competent for uptake of CMA sub-
strates. Interestingly, the percentage of Hsc70-containing lysosomes, which is no 
more than 40 % under resting conditions, escalates to 80 % in liver under condi-
tions in which CMA is up-regulated, such as during prolonged starvation or mild 
oxidative stress [20, 21]. The mechanism by which lys-Hsc70 mediates substrate 
translocation remains unclear. This chaperone can act either actively, by facilitating 
substrate internalization in an energy-dependent manner, or passively, by binding 
the portion of substrate already translocated and preventing its retrograde movement 
to the cytoplasm. Also unknown is the pathway followed by lys-Hsc70 to reach the 
lysosomal lumen. It is possible that Hsc70 reaches the lysosome through fusion with 
late endocytic compartments, where Hsc70 has also been detected. Whether other 
luminal chaperones are required for substrate translocation is currently unknown.

Sequence analysis of the cytosolic proteome has revealed that about 30 % of 
cytosolic proteins might be putative substrates for CMA [8]. However, it is possible 
that this amount is an underestimation, because particular post-translational modi-
fications, such as deamidation, phosphorylation, acetylation, etc., could provide the 
charge missing in a four–amino acid sequence [10]. This possibility of modulat-
ing chaperone recognition of the substrates by post-translational modifications adds  
an additional level of regulation to CMA. Another interesting fact is the existence 
of substrates that can be degraded either by the proteasome or by the lysosome, 
through CMA, suggesting that an interplay between UPS and CMA may exist. 
Indeed, some canonical proteasomal substrates were shown to have KFERQ motifs 
and, consequently, get degraded in the lysosome by CMA [4, 22–25]. However the 
mechanisms and signalling pathways that direct these substrates to either degrada-
tive pathway remain unclear.
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CMA and Pathology

CMA’s Role in Proteostasis

The accumulation of degradation-resistant proteins that become toxic has been con-
sistently associated with various pathological conditions. Moreover, it is consensual 
that intracellular accumulation of aberrant proteins plays a major role in the aging 
process and constitutes a key feature shared by a large number of human age-related 
diseases. The most notorious among these are the neurodegenerative diseases where 
abnormal proteins accumulate in the form of inclusions in the affected neurons.

In this context CMA has been deemed as an efficient pathway for removing 
abnormal or otherwise damaged proteins. The first physiological stressor found 
to activate CMA was prolonged starvation, where the selective breakdown of  
superfluous proteins through CMA would contribute with the necessary amino acids  
required for protein synthesis, thus helping cells to cope with nutrient deprivation. 
Additionally, CMA is activated in circumstances associated with cytosolic protein 
damage, such as oxidative stress. In fact, exposure of cells to oxidative stress induces 
a rapid activation of CMA through transcriptional up-regulation of LAMP2A [20]. 
Moreover, oxidized proteins bearing the CMA-targeting motif are readily identified 
by Hsc70 and delivered to lysosomes for degradation. Interestingly, uptake of these 
oxidized proteins is faster than for their unmodified counterparts, suggesting that 
some oxidative induced unfolding of the substrates promotes its lysosomal targeting 
in the cytosol [20]. Consistently, experimental blockage of CMA has been shown to 
lead to the accumulation of oxidized cytosolic proteins in different cellular models 
[26], thus ascribing a role to CMA in the disposal of a particular subset of pro-
teins that, after their oxidation, have CMA degradation favored over their removal 
through other pathways. In addition, the type and source of the oxidative stress may 
also determine the preference for one proteolytic system or another [27].

In the context of the ageing process, CMA-dependent degradation of oxidized 
proteins has been shown to decrease with age in most organs in rodents, as well 
as, in primary skin fibroblasts and peripheral leucocytes of healthy human subjects 
[28, 29], resulting in the accumulation of aggregation-prone oxidized proteins. 
This decrease was attributed to an age related LAMP2A reduction at the lysosomal 
membrane [30, 31]. Notably, restoration of normal levels of the CMA receptor in 
aged animals through genetic manipulation recuperates oxidized proteins levels 
of aging tissues to pre-ageing levels [32], suggesting a relevant role to CMA in 
the cellular defense against oxidative damage. These and other evidences strongly 
support the hypothesis that age is inversely correlated with CMA activity [28]. 
Indeed it has been suggested that this age-related decline in CMA activity con-
tributes to the accumulation of abnormal and dysfunctional proteins and exacer-
bates disease progression of age-related pathologies. Logically, growing evidences 
also support CMA activation in response to oxidative stress in the central nervous 
system. For example, an increase in CMA markers has been observed in response to  
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6-hydroxydopamine-induced lesions in the nigrostriatal pathway [33]. Likewise, 
levels of LAMP2A have been shown to increase in response to seizures and status 
epilepticus, conditions associated with excessive production of reactive oxygen 
species [34].

CMA is also part of the cellular response to other stressors such as hypoxia, where 
CMA up-regulation enhances cell survival [35]. The fact that HIF-1α (hypoxia- 
inducible factor 1α) has recently been identified as a CMA substrate places this 
autophagic pathway at the centre of the regulation of the cellular response to hypox-
ia [22]. On the other hand, up-regulation of CMA components has been described 
in response to the activation of the pro-apoptotic programme in a common form 
of rod–cone dystrophy, indicating that CMA is part of the pro-survival response in 
retinal cells [36]. In fact, the response to stress in cone photoreceptors seems to rely, 
in a large part, on CMA activity, which explains the increased sensitivity of these 
cells to different stressors when CMA is compromised [37].

Crosstalk between CMA and Other Proteolytic Pathways

Another important aspect of CMA’s role in proteostasis is the fact that its activ-
ity is regulated and tightly coordinated, not only with other forms of autophagy, 
but also with the Ubiquitin Proteasome System (UPS) [38, 39]. Crosstalk between 
CMA and macroautophagy is exemplified by the observed constitutive activation 
of CMA in cells deficient in macroautophagy [40]. Conversely, macroautophagy 
is highly induced in response to CMA blockage [26]. In the case of the CMA and 
macroautophagy interplay, though the roles of CMA and macroautophagy are con-
sidered similar but non-redundant, they can compensate for each other to sustain 
cell survival, though it may not be sufficient to allow efficient adaptation of cells to 
a certain stress.

Similarly, many cells respond to chemical blockage of the proteasome by upreg-
ulating CMA [22, 41]. On the other hand an impairment of CMA activity perturbs 
UPS functioning at least during the early stages of acute CMA blockage [42], most 
likely by affecting the turnover of specific proteasome subunits [43]. In agreement, 
reports show that CMA blockadge may alter proteasome assembly as exemplified 
by the fact that the maintenance of CMA efficiency allows for better preservation 
of UPS activity in old rodents [32]. Strinkingly, as seen in a mouse model of Hun-
tington’s disease (HD), such a constitutive upregulation of CMA compensates for 
the dual failure of macroautophagy [44, 45] and UPS [46]. This activation of CMA 
in HD is achieved through both enhanced transcription and increased stability of  
LAMP2A in the affected cells [47]. However, the ability of CMA to compensate for 
the severe proteolytic deficiency in HD cells is limited by the progressive functional 
decline in CMA with ageing. In the opposite direction crosstalk between macroau-
tophagy and CMA is crucial in Parkinsons disease (PD) and in certain tauopathies, 
where the blockage of CMA is often compensated by activation of macroautophagy 
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[48–51]. In this case, macroautophagy activation is instrumental in promoting the 
removal of the toxic α-synuclein and tau oligomers. In any case, despite the signifi-
cant advances in the last few years concerning the elucidation of the mechanisms 
that govern the crosstalk between CMA and other proteolitic pathways more stud-
ies are still needed to establish the molecular determinants that can switch a given 
substrate from one particular degradative pathway to the other. On this subject we 
have recently demonstrated that the ubiquitin ligase CHIP can reroute HIF-1A from 
the proteasome to CMA [22]. This finding opens the way for an involvement of 
ubiquitination and different ubiquitn chain topologies in diverting the substrates 
between CMA and other degradative pathways. Additionally, in the future, we may 
learn to upregulate these specific mechanisms to prevent overloading and subse-
quent blockage of other components of the proteostasis system.

Ageing and CMA

Reduced or otherwise altered CMA activity is not an exclusive of a pathological 
condition, but is also closely related with physiological ageing. An age-related 
reduction in the activity of CMA has been observed in many cell types and tissues 
[28, 30]. It is known that the transcription, synthesis and lysosomal targeting of the 
LAMP2A protein to the lysosome remains unchanged throughout lifespan. Nono-
theless, the stability of LAMP2A at the lysosomal membrane is severely decreased 
with ageing [30]. This reduction is most probably linked with changes in the lipid 
constituents of the lysosomal membrane, which are important in maintaining the 
dynamics and stability of LAMP2A in the lysosomes. Molecularly, ageing brings 
changes into the lipid membrane composition of lysosomes, which in turn increases 
degradation of LAMP2A in the lysosomal lumen [16, 30, 31]. Consequently, the 
binding and translocation of substrates into the lysosomes by CMA is progressively 
unpaired during ageing [31]. Similar changes in the lipid composition of lysosomal 
membranes can be reproduced through diets with high lipidic content, thus under-
scoring the importance of the diet in the control of this autophagic pathway and the 
possible acceleration of its decline with age.

Up to this date, the main consequence of the age-related failure of CMA is pro-
teostasis impairment, which induces a defective removal of oxidatively damaged 
proteins or the ability to respond to stressors [26]. Consequently, it is today largely 
accepted that age-dependent decline in CMA might constitute a contributing fac-
tor in the pathological changes in many age-related disorders. The most striking 
evidence in support of this theory is that genetic manipulation in old rodents, by 
expressing an exogenous copy of LAMP2A in mouse liver to preserve CMA func-
tion, has proven effective in improving the healthspan of aged animals [32]. Indeed, 
restored CMA functions in the LAMP2A transgenic animals results in improved 
cellular homeostasis, enhanced resistance to different stressors and preservation of 
organ function. Such pronounced beneficial effects in prolonging healthspan makes 
CMA a potential and promising anti-aging target mechanism.
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CMA in Neurodegenerative Diseases

In neurodegeneration CMA is implicated both in the elimination of parts of the 
proteome damaged by stressors as well as in the selective turnover of substrates 
directly related with neurodegenerative diseases. Furthermore, CMA often becomes 
the target of the toxic effect of these aberrant substrates, thus creating a vicious 
cycle that propagates and aggravates the effect of ageing. The mulfactorial nature 
of the CMA role in neurodegenerative disorders makes the careful analyses of the 
evidences gathered thus far instrumental for the understanding of CMA in the con-
text of these diseases.

Parkinson’s Disease

Since LAMP2A suffers an age-related reduction at the lysosomal membrane it is 
conceivable that CMA can play a role in neurodegenerative disorders that have 
ageing as a risk factor. Up until now, the most compelling evidences on the role 
of CMA malfunction in neurodegenerative diseases have arisen from PD related 
research. Indeed, several studies have consistently suggested that the gradual de-
crease in LAMP2A levels with age constitutes a major contributor to PD progres-
sion in older patients [28, 52]. In agreement, very recent data showed that some of 
the microRNAs that are deregulated in PD brains may underlie the down-regulation 
of some CMA components in the affected neurons [53]. Furthermore, a sequence 
variation in the promoter region of LAMP2 has been recently identified in a PD 
patient [54], which might indicate that genetic induced variations in CMA compo-
nents could be a causative factor for some forms of the disease. The association 
between PD and CMA is further suggested in studies in which both chemical [55] 
and genetic [56] upregulation of CMA were demonstrated to be sufficient to alle-
viate cellular toxicity associated with pathogenic forms of α-synuclein in a model 
of dopaminergic neuronal degeneration. Interestingly, CMA seems to be involved 
both in the familial and the sporadic forms of PD. In the familial form of PD [24, 
57–59] sequence analysis reveals the presence of CMA-targeting motifs in the 
majority of PD-related proteins (i.e. α-synuclein, the ubiquitin C-terminal hydrolase 
L1 (UCH-L1) and the leucine-rich repeat kinase 2 (LRRK2)). Consistently, using 
a number of experimental approaches such as isolated lysosomes, primary mouse 
neuronal cultures, mouse models of PD, neuronal-differentiated induced pluripotent 
stem cells as well as brains from familial and sporadic PD patients, it was shown that 
the two most commonly mutated proteins in patients with familial PD, α-synuclein 
and LRRK2, are bona fied CMA substrates. Moreover, several pathogenic mutants  
of such proteins as α-synuclein (A30P and A53T) and of LRRK2 (G2019S and 
R1441C), have a direct toxic effect in CMA through aberrant interactions of these 
mutants with LAMP2A, such that these interactions induce CMA inhibition. In fact, 
these mutants bind to LAMP2A with an abnormally high affinity, which prevents 
their translocation across the lysosomal membrane [60], thus precluding access of 
other substrates to the lysosome to get degraded. Consequently, not only the mutant 
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and toxic forms of α-synuclein and LRRK2 will have decreased degradation but they 
will also impair other CMA substrates degradation [60]. In accordance, it was shown 
that accumulation of α-synuclein can be caused by an aberrant interaction of mutant 
LRRK2 with LAMP2A. In fact, LRRK2 mutants impedes LAMP2A organization 
into complexes and leaves increased levels of monomeric forms of LAMP2A at the 
lysosomal membrane, increasing lysosomal association with α-synuclein that cannot 
be degraded [57]. Even with wild-type α-synuclein, the presence of mutant LRRK2 
is sufficient to promote toxic oligomerization of α-synuclein at the lysosomal 
membrane due to a compromise in lysosomal translocation. The presence of these 
oligomeric forms of α-synuclein stuck at the lysosomal membrane further impairs 
CMA activity and might even contribute to the seeding of protein aggregates charac-
teristic of this disorder [57]. Interestingly, artificial mutations that prevent delivery 
of α-synuclein to the lysosomal membrane improve cell survival, partially because 
it no longer impedes CMA function [59]. These dual pathogenic effects of reduced 
elimination of the pathogenic protein and additional CMA blockage should contrib-
ute significantly to a more severe PD pathology in LRRK2-mediated PD cases.

In addition to LRRK2, also mutated forms of UCH-L1 have been associated 
with CMA impairment. Wild-type UCH-L1 binds to CMA-related chaperones and 
LAMP2A. But similarly to LRRK2, the levels of these interactions are abnormal-
ly increased by the PD-linked I93M mutation in UCH-L1, leading once again to 
blockage of α-synuclein degradation by CMA [61].

Besides the familiar form of the disease, there are also evidences linking CMA 
to sporadic PD [57, 60]. In general, an inhibition of α-synuclein degradation by 
post-translational modifications caused by stressors such as pesticides or oxida-
tive stress, are instrumental in the development of sporadic PD and other synucle-
inopathies [62]. In this context, dopamine-modified α-synuclein shows reduced 
susceptibility to CMA degradation similarly to that of hereditary α-synuclein 
mutants [60], where the tight binding but inefficient translocation by CMA of 
dopamine-modified α-synuclein inhibits its degradation, alongside other CMA sub-
strates. A perpetuation of this scenario will promote the formation of highly toxic 
α-synuclein oligomers or protofibrils at the lysosomal membrane [60]. Also, very 
recently, reports showed that even in the absence of post-translational modifica-
tions, increased levels of either α-synuclein [24] or LRRK2 [57], beyond a certain 
threshold, are sufficient for CMA inhibition in a manner where either one of these 
proteins can potentiate each other toxic effect on CMA [57].

Compelling evidences of the involvement of CMA in PD have also arisen from 
post-mortem brain samples from PD patients. The analysis of theses samples has 
made clear that in the early stages of PD, LAMP2A is increased [57]. Further-
more, studies in iPS (induced pluripotent stem) cells from a PD patient have also 
revealed that the initial up-regulation of CMA is followed by a marked decrease in 
CMA activity as the disease progresses [57]. Late down-regulation of this pathway 
is also supported by the reduced expression of LAMP2A and Hsc70 identified in 
peripheral leucocytes in idiopathic forms of PD [63] and in the substantia nigra pars 
compacta of PD brains [64].

The involvement of CMA in PD has also been associated with the myocyte en-
hancer factor 2D (MEF2D) since it is a substrate for CMA [65]. MEFs transcription 
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factors have been shown to play an important role in the survival of different types 
of neurons. In fact, a genetic polymorphism of the MEF2A gene has been linked to 
the risk of late onset of Alzheimer’s disease (AD) [66–69] and in cellular models, 
inhibition of MEF2s contributes to neuronal death. In contrast, enhancing MEF2 
activity protects neurons from death in vitro and in the substantia nigra pars compac-
ta in a mouse model of PD [69]. Additionally neurotoxic insults cause MEF2 degra-
dation in part by a caspase-dependent mechanism [70]. In this context, MEF2D was 
observed to be continuously shuttle to the cytoplasm, interact with the chaperone 
Hsc70, and undergo degradation. Interestingly, high levels of α-synuclein cause the 
disruption of this process, which leads to accumulation of MEF2D in the cytoplasm 
[65] and may underlie the pathogenic process in PD.

Alzheimer’s Disease

As the list of newly found CMA substrates was growing, so was the list of proteins 
implicating CMA in neurodegeneratice diseases, such as PD. Soon enough tough, 
proteins involved in the pathogenesis of Alzheimer’s Disease (AD) were included 
in this list. Reports showed that CMA blockage also played an important role in the 
levels of neurofibrillary tangles arising from the aggregation of mutant tau proteins 
associated with Alzheimer’s disease and tauopathies [48]. In this case, normal tau 
protein has two KFERQ motifs on its C-terminus and one of them is recognized 
by hsc70 for degradation by CMA [48]. Interinstingly, the mutant tau variants of 
the protein have an aberrant CMA degradation mechanism where, once bound to 
LAMP2A, only a part of tau is internalized. The portion of the protein that gains 
entry into the lysosomal lumen is trimmed, resulting in the formation of smaller 
amyloidogenic tau fragments at the lysosomal membrane [48]. Futhermore, these 
fragments oligomerize directly at the surface of lysosomes, resulting in disruption 
of the lysosomal membrane integrity and blockage of normal CMA function. It 
seems conceivable that the release of these toxic mutant tau oligomers from the 
lysosomes, upon membrane rupture, might contribute even further in seeding tau 
aggregation in the cytosol and increase AD progression.

The involvement of CMA in AD may also occur via the regulator of calcineurin 
1 (RCAN1), that has been established as a CMA substrate. RCAN1 is a protein 
whose high expression in AD brains has been linked to neuronal demise [23]. In 
this context it is likely that, as it happens with the interplay between α-synuclein 
and LRRK2 in PD, mutant tau in AD might contribute to the blockage of CMA and 
therefore increase RCAN1 levels in the affected neurons.

Huntington’s Disease

Huntington’s Disease (HD), is a neurodegenerative disease that is caused by an 
CAG expansion of the huntingtin (HTT) protein, that leads to the accumulation of an 
abnormally long version of HTT, that can be further cleaved into smaller fragments. 
Although full-length huntingtin is not a particular good substrate of CMA, cleavage 
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products of this protein are [71]. In this context, phosphorylation and acetylation 
of the N-terminal fragment encoded by exon 1 of huntingtin drives its degradation 
through CMA. In fact, genetic up-regulation of CMA in brain slices overexpressing 
this HTT fragment has an antitoxic effect [72]. The degradation of HTT fragments 
by CMA has arisen as one of the more compelling evidences of the protective role 
of this proteolytic pathway in neurodegenerative disorders. Thus far, HD is the only 
neurodegenerative disorder where stimulation of mutant HTT degradation by CMA 
has been demonstrated both in neuronal cultures and in mouse models in vivo [47]. 
In agreement, artificial enhancement of CMA targeting of mutant huntingtin with 
adaptor molecules efficiently induces its degradation and improves neuronal pathol-
ogy in HD mouse models [73]. Strikingly, recent data obtained in an HD mouse 
model revealed that CMA is constitutively upregulated [47]. Moreover, it has been 
demonstrated that activation of CMA in these circumstances can compensate for 
the dual failure of macroautophagy and UPS [44, 45]. This example highlights the 
importance of the crosstalk between degradation pathways in development of HD.

In HD, activation of CMA can be achieved through both enhanced transcrip-
tion and increased stability of LAMP2A in the affected cells [47]. Since CMA is 
constitutively up-regulated in HD-affected neurons, artificial enhancement of CMA 
targeting of mutant huntingtin might have some therapeutic potential. However 
the window of therapeutic opportunity could be narrow, since the ability of CMA 
to compensate for the severe proteolytic deficiency in HD cells is limited by the 
progressive functional decline in CMA with age [47].

Concluding Remarks

Understanding the role of CMA in neurodegeneration is a hot topic in the field 
right now. Although there is still an enormous amount of work to be done, it is in-
controvertible that in a few years the scientific community has already found very 
important and compeling evidences on the role of CMA in the brain, that span way 
beyond the sole elimination of damage proteins. As we continue to explore both the 
molecular mechanisms and substrates of CMA and its implications in the brain we 
might just learn how to modulate these pathways and ameliorate neurodegenerative 
disorders.
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Abstract Mitochondria play a critical role in controlling both cellular metabolism 
and the initiation of apoptosis. Therefore for cell survival, the maintenance of a 
healthy pool of mitochondria is essential, particularly for cell types such as neu-
rons that are very reliant on ATP generated by oxidative phosphorylation. Dam-
aged/dysfunctional mitochondria are degraded by macroautophagy. This pathway 
has been termed mitophagy. There is increasing evidence that impaired mitophagy 
contributes to the mitochondrial dysfunction associated with several diseases, and 
in particular neurological disorders such as Parkinson’s disease. Given the cen-
tral involvement of mitochondria in cellular metabolism it is emerging that these 
organelles also appear to play a role in starvation-induced macroautophagy, rang-
ing from providing membrane for synthesis of new phagophores to acting as hubs 
for autophagic proteins to initiate and control macroautophagy. The mechanisms 
by which damaged mitochondria are selectively removed by mitophagy and how 
impairment of this process may contribute to neurodegenerative disorders, in addi-
tion to the putative role of healthy mitochondria integrating cellular metabolism 
with autophagy will be described in this chapter.

Keywords Mitophagy · PINK1 · Parkin · Parkinson’s disease · Neurodegeneration ·  
Mitochondria · Autophagy

Abbreviations

AD Alzheimer’s disease
ALP Autophagy lysosomal pathway
AMPK Adenosine monophosphate activated kinase
AP Autophagosome
CCCP Carbonyl cyanide m:chlorophenyl hydrazine
DLB Dementia with Lewy bodies
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ER Endoplasmic reticulum
ETC Electron transport chain
GCase Glucocerebrosidase
GD Gaucher disease
KD Knock down
KO Knock out
LIR LC3 interacting domain
LSD Lysosomal storage disorder;
Mfn Mitofusin
mtDNA Mitochondrial DNA
NPC1 Niemann pick type C1
OMM Outer mitochondrial membrane
PD Parkinson’s disease
ROS Reactive oxygen species
TOM Translocase of the outer membrane
ψm Mitochondrial membrane potential

Introduction

Healthy mitochondria are necessary for the correct function and survival of neu-
rons. The central nervous system accounts for 20 % of the body’s total oxidative 
metabolism, with neurons in particular highly dependent on ATP generated via 
oxidative phosphorylation [1]. A by-product of oxidative phosphorylation is the 
generation of reactive oxygen species (ROS) which are highly damaging to DNA, 
proteins and lipids. These ROS not only damage mitochondria but also other struc-
tures and organelles in the cell [2]. Damage to mitochondria will exacerbate ROS 
generation producing an increasingly vicious cycle of damage and also promote the 
release of pro-apoptotic proteins such as cytochrome c. Therefore the maintenance 
of a healthy pool of mitochondria is vital for the survival of neurons. The post-
mitotic nature of neurons and their unique morphology provide extra complexity 
when compared to other eukaryotic cells.

Damaged mitochondria can be selectively degraded by macroautophagy, also 
termed mitophagy [3–5]. The function of both mitochondria and the autophagy-
lysosome pathway (ALP) deteriorates with age and both are implicated in aging 
and the pathogenesis of common age-related neurodegenerative disorders such as 
Alzheimer’s disease (AD) and Parkinson’s disease (PD) [2, 6]. It is becoming in-
creasingly evident that functional mitochondria also play a key role in other forms 
of autophagy, and in particular starvation-induced macroautophagy.

In this chapter I will focus on how mitochondrial dynamics are required for mi-
tophagy in neurons and starvation-induced macroautophagy. The mechanisms by 
which damaged mitochondria are selected for mitophagy will be described and how 
failure of various components of this pathway might contribute to the pathogenesis 
of neurodegenerative disorders such as PD, lysosomal storage disorders (LSDs) and 
dementia.
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Mitochondrial Dynamics

Mitochondria are not static but dynamic organelles that can either fuse with each 
other to form a reticular network or undergo fission depending on the physiological 
context (reviewed by [1, 7]). Mitochondria undergo fission prior to degradation by 
mitophagy or the induction of apoptosis. Fission is also required for the movement 
of mitochondria around the cell. Neurons are both long and highly compartmental-
ized so mitochondria have to be dynamic to maintain cellular function. Mitochon-
dria are predominantly made in the soma, whereas the need for mitochondria to 
synthesise ATP and buffer calcium is particularly important at the synaptic termi-
nals [8, 9]. Neurons rely on the microtubule network to transport mitochondria from 
one compartment to the other. ‘Plus’ end microtubules direct traffic towards the 
terminals (anterograde), while ‘minus’ ends direct towards the soma (retrograde). 
Mitochondria in the soma undergo fission and are transported to the synaptic ter-
minals via microtubules and the kinesin motor KIF5 (reviewed in [9]). Two other 
important proteins are required for the anterograde transport of mitochondria: mil-
ton and miro. Milton acts as an adaptor between KIF5 and miro which is associated 
with the outer mitochondrial membrane (OMM) of mitochondria. Miro has been 
proposed to stop mitochondrial movement when it binds calcium, and this is likely 
to be the process by which mitochondria are unloaded from the kinesin motors 
once they reach the synaptic terminal [9]. Mitochondria can move towards the soma 
along axons using predominantly dynein as a motor. Damaged mitochondria in the 
synapse undergo fission prior to their recruitment to autophagosomes (APs) and re-
turn to the soma for mitophagic degradation via microtubules and will be discussed 
further below [10–12].

Fusion of mitochondria is generally thought to improve the efficiency of oxida-
tive phosphorylation and the maintenance of the mitochondrial DNA (mtDNA) pool 
[7, 13]. Thirteen subunits of the mitochondrial electron transport chain (ETC) are 
encoded for by mtDNA, and thus mutations in mtDNA can have a significant effect 
on oxidative phosphorylation. Mutations and deletions of mtDNA are most likely 
a combination of mitochondrial ROS damage and less sophisticated DNA repair 
mechanisms [2]. This is a particular problem for neurons as they are post-mitotic 
and therefore cannot dilute the amount of mitochondria with mutated DNA by cell 
division. Instead mtDNA mutations are thought to accumulate in neurons as they 
age [14, 15]. Neurons unable to fuse their mitochondria have aberrant mitochon-
drial distribution, ultrastructure, and oxidative phosphorylation [13]. The fusion of 
mitochondria has been proposed as a mechanism by which a heteroplasmic mix of 
wild-type and mutant mtDNA can be achieved in neurons, thus prolonging normal 
mitochondrial function [1, 7].

The fission and fusion of mitochondria in eukaryotes is regulated by several pro-
teins (see Fig. 3.1). Fission is mediated via the dynamin related protein Drp1. Drp1 
is primarily localized in the cytosol and is recruited to mitochondria for fission, 
where it forms oligomers that wrap around the mitochondria and constricts the outer 
and inner mitochondrial membranes [7, 16]. The fusion of the OMM is controlled 
by mitofusins 1 and 2 (Mfn1, Mfn 2), while Opa1 is responsible for the fusion of the 
inner mitochondrial membrane [7, 17].
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Mfn1 and Mfn2 are transmembrane proteins that form homotypic or heterotypic 
dimers between two opposing OMM, and mediates their fusion via the hydrolysis 
of GTP [17]. While Mfn1 and Mfn2 are ubiquitously expressed, Mfn2 expression 
is greater in high energy demanding tissue such as skeletal muscle, heart and brain 
[18]. Mfn1 or Mfn2 knockout (KO) mice are embryonic lethal. However, condi-
tional Mfn1 KO mice are viable but conditional KO of Mfn2 affects movement 
and cerebellar development. Mutations in Mfn2 also cause the neurodegenerative 
disorder Charcot-Marie-Tooth 2A disease [7, 17, 18]. These observations suggest 
that Mfn2 is more essential in the brain.

Mitochondrial dynamics play a key role in mitophagy. The fission of damaged 
mitochondria from the network is likely the first step in the mitophagy process, 
while the Mfns are also regulated at a downstream stage and both will be described 
in the following section.

Mitophagy Mechanisms

Loss of Mitochondrial Membrane Potential

The mitochondrial membrane potential (Ψm) is generated by the passing of electrons 
from NADH and FADH2 (generated by the tricarboxylic acid cycle, β-oxidation) 
along the ETC located on the inner mitochondrial membrane. The Ψm is then used 
by ATP synthase (complex V) to drive the phosphorylation of ADP to form ATP. 

Fig. 3.1  Fission and fusion of mitochondria. Mitochondria are dynamic organelles that undergo 
both fusion and fission with each other. Under basal conditions cells tend to form a network of 
connected mitochondria ( left picture; mitochondria ( white) in SH-SY5Y cells detected by immu-
nofluorescence with antibody against cytochrome c oxidase subunit 1). Fission of this network is 
mediated by Drp1 yielding smaller segregated mitochondria ( right picture). If the mitochondrial 
membrane potential ( Ψm) is maintained in these mitochondria they can undergo fusion back in 
to the mitochondrial network via Opa1 and Mfn1/2. If the mitochondria are damaged and have 
significantly reduced Ψm they are degraded via mitophagy
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Damaged mitochondria often exhibit a reduced Ψm and are described as being de-
polarised.

The concept that depolarised mitochondria are susceptible to degradation by au-
tophagy had been proposed for many years [3, 4, 19]. Then an elegant study using 
fluorescently labeled mitochondria showed that when mitochondria underwent fis-
sion in a Drp1-dependent fashion, unequal daughter mitochondria were quite often 
generated, with one having a high Ψm, while the other had a reduced Ψm (see 
Fig. 3.1). The mitochondria with decreased Ψm had a lower probability of fusing 
back with the mitochondrial network and were subject to elimination by macro-
autophagy [5]. This paper suggested that fission of mitochondria followed by se-
lective fusion segregates dysfunctional mitochondria, which are then removed by 
mitophagy.

Mitochondria can be depolarised using proton ionophores such as carbonyl cya-
nide m-chlorophenyl hydrazone (CCCP). When Narendra et al. [20] used CCCP 
to depolarise mitochondria in Hela cells over expressing the E3 ubiquitin ligase 
parkin, they found that mitochondria rapidly fragmented and were almost entirely 
eliminated after 48 h. This removal of mitochondria was prevented in cells lacking 
the key autophagic protein ATG5, or when the autophagy inhibitors 3-methylad-
enine or bafilomycin A1 were used. Parkin is predominantly a cytosolic protein; 
however, following CCCP treatment for 1 h, parkin was clearly recruited to depola-
rised mitochondria. Use of dominant-negative Drp1K38A prevented mitochondrial 
fragmentation following CCCP treatment, yet still exhibited mitochondrial accu-
mulation of parkin. Conversely inducing fragmentation of mitochondria without 
noticeably depolarising mitochondria (by expressing viral mitochondrial associated 
inhibitor of apoptosis), failed to recruit parkin [20]. These experiments indicated 
that the recruitment of parkin to mitochondria is dependent on loss of Ψm, rather 
than fragmentation.

Pink1/Parkin-Mediated Mitophagy

Mutations in the parkin gene are a cause of early onset familial forms of PD and loss 
of parkin function results in mitochondrial dysfunction [21, 22]. Drosophila models 
of parkin deficiency exhibit morphological and functional defects of mitochondria 
and are associated with degeneration of indirect flight muscle and dopaminergic 
neurons [23, 24]. It was observed that the phenotype of this fly model was very 
similar to that of flies that were PINK1-null. Mutations in human PINK1 gene are 
also a cause of early onset familial PD and encodes a mitochondrial serine/threo-
nine kinase [22, 25]. Genetic manipulation of Drosophila indicated that expression 
of human parkin could rescue the PINK1-null phenotype, but expression of human 
PINK1 could not rescue the parkin deficient flies, strongly suggesting that PINK1 
was upstream of parkin in a common pathway [23, 24]. These observations lead to 
the logical hypothesis that PINK1 was responsible for the recruitment of parkin to 
depolarised mitochondria.
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Full length (FL) PINK1 is a 581 amino acid protein that is predominantly local-
ised to mitochondria [25, 26]. Under basal conditions, PINK1 is cleaved by mito-
chondrial proteases such as PARL at the mitochochondrial inner membrane and is 
then rapidly degraded by the proteasome [26–28]. Depolarisation of mitochondria 
by CCCP results in the rapid accumulation of FL-PINK1 (within 30 min) on the 
OMM in Hela cells and the human neuroblastoma SH-SY5Y cell line [29–31]. The 
early accumulation of FL-PINK1 is because the loss of Ψm prevents FL-PINK1 
from being imported to the inner mitochondrial membrane and being cleaved. How-
ever, prolonged depolarisation of mitochondria also leads to increased transcription 
of FL-PINK1 [32].

Knock down of PINK1 by siRNA in Hela and neuroblastoma cells, or studies 
in cortical neurons and mouse embryonic fibroblasts (MEFS) derived from PINK1 
KO mice, were the first to indicate that PINK1 was required for the recruitment of 
parkin to depolarised mitochondria [29–31]. In vitro and cell assays then convinc-
ingly showed that FL-PINK1 can directly phosphorylate parkin following depolar-
ization of mitochondria [33, 34]. It is becoming evident that PINK1 not only needs 
to phosphorylate parkin at serine 65 in the ubiquitin-like domain to fully activate the 
E3 ubiquitin ligase enzyme activity, but also requires PINK1 to phosphorylate ubiq-
uitin at serine 65 as well [35–37]. While it is clear that PINK1 phosphorylates and 
activates parkin, the precise details of how parkin is recruited to the mitochondria 
remains unclear. The translocase of the outer membrane (TOM), which is involved 
in the import of proteins in to mitochondria, has been postulated to stabilise FL-
PINK1 on the OMM of depolarised mitochondria [38, 39].

Several proteins have been reported to facilitate the recruitment of parkin to 
the mitochondria. Fbx07 is a substrate-recruiting subunit of Skp1-cullin1-FBP-type 
E3 ubiquitin ligases and is normally located in the cytosol. Upon depolarisation 
of mitochondria with CCCP, Fbx07 was found to relocate to mitochondria [40]. 
Furthermore, it was found that Fbx07 can directly bind to parkin and facilitates the 
recruitment of parkin to depolarised mitochondria and the ubiquitination of Mfn1 
(see below) in SH-SY5Y cells and human fibroblasts. Over expression of Fbx07 
also rescued the phenotype of mutant parkin flies. However, Fbx07 could not rescue 
the phenotype in PINK1-deficient flies or mammalian cells indicating that PINK1 
is upstream of Fbx07 [40]. The mechanism by which Fbx07 is recruited to the mito-
chondria remains unresolved. Co-immunoprecipitation studies showed that PINK1 
can bind Fbx07 suggesting that PINK1 phosphorylation of Fbx07 might be a pos-
sibility, but has yet to be directly shown.

A genome-wide RNAi screen in Hela cells did not identify Fbx07 as one of the 
top hits required for parkin translocation to depolarised mitochondria. A candidate 
identified in this study to promote parkin translocation was the heat shock protein 
70 family member HSPA1, while BAG4, which can inhibit chaperone activity, was 
a negative regulator of parkin accumulation on depolarised mitochondria [39].

The accumulation and activation of parkin on depolarised mitochondria results 
in the ubiquitination of a large number of mitochondrial proteins in Hela and SH-
SY5Y cells (see Fig. 3.2) [29, 41–45]. The majority of these proteins are resident in 
the OMM [44, 45]. In Hela cells K48-linked ubiquitin chains increased by 9-fold, 
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while K63-linked ubiquitin chains were increased by 20-fold following CCCP treat-
ment [45]. Traditionally K48-linked ubiquitination is associated with degradation of 
proteins by the proteasome, while K63-linked chains are degraded via autophagy. 
Therefore, some of these OMM ubiquitinated proteins are most likely bound by 
the ubiquitin-binding autophagic proteins LC3-II and p62/SQSMT1[31, 41, 43, 45, 
46], thus helping the recruitment of the damaged mitochondria to isolation mem-
branes, which then mature in to APs and then fuse with lysosomes for degradation 
(See Fig. 3.2). In cancer cell lines such as Hela and SH-SY5Y cells, mitochondria 
destined for degradation by mitophagy form perinuclear clusters, and p62/SQSMT1 
and HDAC6 are required for transport to this location [30, 41]. In neurons, depo-
larised or damaged mitochondria also co-localise with LC3 [11, 47]. The majority 
of lysosomes in neurons are resident in the soma, and therefore mitochondria have 
to be transported back to the soma in APs for degradation [6, 11]. The movement 

Fig. 3.2  Mitophagy mechanisms. FL-PINK1 accumulates on the OMM of depolarised mitochon-
dria. Parkin is recruited to depolarised mitochondria in a PINK1-dependent manner. PINK1 then 
phosphorylates ( P) both ubiquitin ( Ubq) and parkin to fully activate the E3 ubiquitin ligase activ-
ity of parkin. Parkin rapidly ubiquitinates Mfn1/2, which are then degraded by the proteasome 
with the aid of VCP. It has been proposed that degradation of the Mfns prevents segregated mito-
chondria destined for mitophagy from undergoing fusion with the healthy mitochondrial network. 
Miro is also ubiquitinated by parkin and degraded by the proteasome. This is thought to disconnect 
mitochondria from the adaptor milton and the kinesin motor KIF5, which transport mitochondria 
along microtubules. Depolarised mitochondria can then be sequestered in to APs for mitophagic 
degradation. The parkin-dependent ubiquitination of other OMM proteins ( dark orange rectan-
gle) allows the binding of autophagic proteins such as LC3 and p62/SQSTM1, which enable the 
sequestration of cargo to the isolation membrane, which then matures to an AP and then fuses with 
lysosomes for degradation. Other mitophagy receptors ( green cross) located on the OMM such as 
FUNDC1, BNIP3, Nix and cardiolipin have also been shown to bind LC3
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of mitochondria in neurons with respect to mitophagy and the role of additional 
mitophagy receptors will be discussed below.

The first OMM substrate of parkin was shown to be VDAC [43], and was then 
rapidly followed by the Mfns, originally in Drosophila models [48, 49], and then 
in SH-SY5Y and Hela cells [42, 45, 50]. The ubiquitination of Mfn1 and Mfn2 in 
mammalian cells was found to occur within 1 h of mitochondrial depolarization and 
then rapidly degraded. The kinetics of Mfn degradation was greater than mitochon-
drial proteins resident in the inner mitochondrial membrane or matrix suggesting 
that these proteins were not being degraded via autophagy [42, 45, 50]. The degra-
dation of the Mfns and VDAC was prevented in these cells in the presence of in-
hibitors of the proteasome (see Fig. 3.2) [45, 50]. Furthermore it was found that the 
extraction of these proteins from the OMM and proteasome-dependent degradation 
required valosin-containing protein (VCP), also known as p97, an AAA + ATPase 
[50, 51]. Although it is widely accepted that the ubiquitination of Mfns results in 
proteasomal degradation, the exact nature of this ubiquitination is far from clear. In 
mammalian cells Mfn1 and Mfn2 were ubiquitinated at 8 and 15 sites, respectively 
[44]. In vitro ubiquitin ligase assays suggested that Mfn1 showed both K48 and 
K63-linkage [52]. Conversely, Mfn1 was reported to show atypical lysine linkage 
independent of K48 or K63 in SH-SY5Y [53]. It should be noted that there are 
a variety of E3 ubiquitin ligases associated with mitochondria such as MARCH5 
and MULAN [40, 54], so it is likely that some of the ubiquitination of OMM pro-
teins following depolarisation is downstream or independent of parkin. In parkin 
deficient flies, Mfn protein levels are increased under basal conditions [48, 49]. 
Expression of human Fbx07 in these flies decreased Mfn protein levels back to 
steady-state, suggesting that Skp1-cullin1-FBP-type E3 ubiquitin ligases can also 
ubiquitinate Mfns during mitophagy [40].

Given the role the Mfns play in the fusion of mitochondria, it has been proposed 
that the rapid degradation of the Mfns on depolarised/damaged mitochondria is a 
mechanism by which the cells ensure that the mitochondria identified for mitopha-
gy remain segregated and are unable to undergo fusion back in to the mitochondrial 
network containing healthy mitochondria [50]. Mitochondria also form many con-
nections with the endoplasmic reticulum (ER) throughout the cell, and one of the 
proteins that is involved at these contact sites is Mfn2 [55, 56]. Therefore the rapid 
degradation of Mfn2 may also be required for disconnecting damaged mitochon-
dria from the ER. Indeed in Hela cells where mitochondrial damage is induced by 
mitochondria generated ROS, parkin-positive mitochondrial tubules became devoid 
of Mfn2 before acquiring LC3, with ubiquitination foci being notable where ER 
and impaired mitochondria overlapped [57]. It should be noted that PINK1 has 
also been reported to directly phosphorylate Mfn2, and that this is required for the 
recruitment of parkin to depolarised mitochondria [58]. If Mfn2 is acting as a mito-
chondrial receptor for parkin, degradation of Mfn2 may also act as an off-switch to 
prevent further recruitment of parkin to damaged mitochondria. It should be noted 
that while Drosophila lacking Mfn partially impaired parkin translocation [48], 
MEFS lacking both Mfn1 and Mfn2 could still recruit parkin to mitochondria and 
have a similar rate of mitophagy as wild-type MEFs [20, 45].
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Proteomic analysis of CCCP-treated mitochondria also identified miro to be 
ubiquitinated in a parkin-dependent manner and then degraded by the proteasome 
[44, 45]. Miro is a Rho-like GTPase that is located at the OMM and is required for 
the association of mitochondria with the adaptor protein milton and the kinesin mo-
tor KIF5 [9, 12]. Kinesin motors mediate anterograde transport (soma to synapse 
transport), while dynein motors drive retrograde mitochondria movement from syn-
apses back to the soma. Over expression of PINK1 or parkin in either Drosophila 
or rat neurons decreased the mitochondrial movement in axons [12, 59]. Upon de-
polarisation of mitochondria, PINK1 was found to phosphorylate miro, and is then 
bound by parkin. Miro was then ubiquitinated and degraded via the proteasome [12, 
59], leading to the release of milton and KIF5 from mitochondria (see Fig. 3.2). It 
has been proposed that the prevention of mitochondrial movement along microtu-
bules is another mechanism by which cells can quarantine damaged mitochondria, 
with immobilisation allowing damaged mitochondria to be recruited to APs, which 
then acidify as they are transported back to the soma for degradation [10, 60]. Depo-
larised mitochondria which have recruited parkin exhibit reduced anterograde and 
increased retrograde transport in neurons, and accumulate in the soma [11]. Down 
regulation of kinesin motors on early APs may account for the retrograde movement 
of APs back towards the soma [60]. Furthermore, inhibition of lysosomal prote-
ases with pepstatin A and E64D increased the co-localisation of mitochondria and 
LAMP1-positive lysosomes in the soma of CCCP-treated neurons [11].

The vast majority of work to dissect PINK1/parkin-mediated mitophagy has 
been performed in proliferating mammalian cells and translation of these findings 
in to neurons has been less clear. The neuronal study described above investigat-
ing mitochondrial movement [11] noted that CCCP-induced parkin translocation 
to mitochondria was detected 12–18 h after treatment, compared to less than 1 h in 
transformed cell lines such as Hela and SH-SY5Y. Robust co-localisation of VCP 
with mitochondria was observed in primary neurons treated with CCCP for 48 h, 
and was parkin dependent [51]. PINK1/parkin-dependent Mfn1 ubiquitination has 
also been detected in another primary culture model, but was quite weak, and the 
authors noted that very particular culture conditions had to be employed [61]. Some 
neuronal models have not detected any involvement of parkin in the clearance of 
damaged mitochondria [62, 63]. The different methods to damage mitochondria and 
model systems employed may well account for the differing contribution of PINK1/
parkin-mediated mitophagy. However there is growing evidence that alternative mi-
tophagy mechanisms could also be employed by neurons and are described next.

The Role of FUNDC1, Bnip3, Nix and Cardiolipin in Mitophagy

FUNDC1 is an integral OMM and has recently been implicated in both CCCP and 
hypoxia induced mitophagy [64–66]. Similar to CCCP, hypoxia induces fragmenta-
tion of the mitochondrial network [65, 66]. FUNDC1 contains the classical LC3-
interacting domain (LIR) similar to that found in other LC3-binding proteins such 
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as p62/SQSMT1 [64]. Notably over expression of FUNDC1 co-localised LC3 to 
mitochondria and led to the sequestration of mitochondria in to characteristic dou-
ble membrane APs and the eventual decrease in cellular mitochondrial content. In-
hibition of autophagy with bafilomycin A1 prevented the decrease in mitochondrial 
content [64]. Two alternative mechanisms by which FUNDC1 activates mitophagy 
have been identified. The first is that ULK1, a serine/threonine kinase involved in 
early AP formation, is recruited to fragmented mitochondria and phosphorylates 
FUNDC1 at Ser17, and thus increasing LC3 binding to FUNDC1 [65]. Alterna-
tively, the serine/threonine phosphatase PGAM5, also an OMM resident, dephos-
phorylates FUNDC1 at Ser13, thus increasing the interaction between LC3 and 
FUNDC1 [66]. FUNDC1 has also been reported to be ubiquitinated in SH-SY5Y 
cells following CCCP treatment, and this post-translational modification might also 
contribute to the regulation of mitophagy [44].

Two other OMM resident proteins thought to act as mitophagy receptors are 
Bnip3 and its homolog Nix, also known as Bnip3L [67]. Nix is required for the 
elimination of mitochondria during erythrocyte maturation, and is also expressed 
with Bnip3 in high energy requiring tissues such as muscle, heart, liver and brain. 
It is highly induced following hypoxia [67]. Over expression of Nix or Bnip3 acti-
vates autophagy and both contain LIR domains enabling them to bind LC3 [68, 69]. 
Phosphorylation of serine residues flanking the Bnip3 LIR increased LC3 binding, 
while phosphorylation-mimicking LIR mutations increased mitochondrial seques-
tration in to APs, and delivery to lysosomes for degradation [68]. Parkin recruitment 
to depolarised mitochondria and the number of LC3 puncta are both significantly 
decreased in Nix deficient MEFS treated with CCCP [46]. Nix and Bnip are also 
capable of depolarising mitochondria by associating with the pro-apoptotic proteins 
Bax and Bak. Therefore it is possible that Nix and Bnip3 are intricately involved 
in deciding cellular fate during stress: either to remove damaged mitochondria via 
mitophagy or allow depolarised mitochondria to initiate an apoptotic cascade. In-
creased binding of Bnip3 to LC3 has been shown to concurrently increase mitopha-
gy and reduce the amount of cytochrome c released by mitochondria [68].

Another mitochondrial component that has been found to directly bind LC3 is 
cardiolipin. Cardiolipin is a phospholipid normally found in the inner mitochondrial 
membrane. Treatment with the mitochondrial toxin rotenone, and to a lesser extent 
CCCP, caused cardiolipin to translocate to the OMM [47]. In vitro studies suggested 
that N-terminal of LC3 could directly bind cardiolipin and that the externalization 
of cardiolpin correlated with increased colocalisation of mitochondria and LC3.

Mitochondria as Autophagy Hubs

In the previous section the mechanisms by which damaged mitochondria might be 
segregated and identified for recruitment to isolation membranes/APs and then de-
graded by mitophagy were highlighted. However, mitochondria appear to play key 
roles in other aspects of the autophagy, that are not only restricted to mitophagy but 
also starvation-induced macroautophagy.
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Macroautophagy is initiated by the formation of isolation membrane, which then 
expands to engulf macromolecules and organelles destined for degradation by lyso-
somes (reviewed in [70]). This biogenesis of APs is mediated by a succession of au-
tophagic proteins. Autophagy is initiated by ULK1/2 and ULK1 has been reported 
to be recruited to mitochondria following CCCP and hypoxia induced mitochon-
drial damage [65, 71]. The autophagy specific phosphatidyl inositol-3-OH kinase 
(PI(3)K) complex is equally important for AP biogenesis. This complex contains 
Beclin1, VPS34, p150 and ATG14. ATG14 has been shown to be recruited to de-
polarised mitochondria [71], while FL-PINK1, which rapidly accumulates on mito-
chondrial following CCCP treatment, has been shown to interact with Beclin1 and 
promote autophagy [72]. Cleaved isoforms of PINK1 did not interact with Beclin1. 
These data imply that the initiation and expansion of the isolation membrane can be 
directed from mitochondria. This is reinforced by the observation that the source of 
the isolation membrane and the site of its expansion might be at ER-mitochondria 
contact sites [55, 56].

The location of AP biogenesis is controversial with the ER, Golgi, endosomes, 
plasma membrane, and mitochondria all proposed to provide material for the isola-
tion membrane [56, 70]. The source of the membrane might be dependent on the 
type of autophagy stimuli and cell type. The transfer of mitochondrial lipids to new-
ly forming APs has been observed in rat kidney cells following starvation-induced 
autophagy [56]. This was coincident with the co-localisation of mitochondria and 
the AP-formation marker ATG5. Notably, this AP formation was impeded in a cell 
line lacking Mfn2, which is localised at ER-mitochondria contact sites [56]. Star-
vation of monkey kidney COS7 cells was then shown to result in the localisation 
of the early-AP biogenesis marker ATG14 at ER-mitochondria contact sites [55]. 
ATG5 also localised to this site until AP formation was complete. While the source 
of the isolation membrane for mitophagy is yet to be determined, the co-localisation 
of ULK and ATG14 to depolarised mitochondria suggests that ER-mitochondria 
contact sites could be involved [71].

Mitochondria, Metabolism and Autophagy

To achieve homeostasis and balance tissue degradation by autophagy with synthesis 
of new macromolecules requires significant energy expenditure. It has been esti-
mated that for a human to rebuild 10 % of the body’s protein content requires 20 % 
of the daily dietary calorie intake [73]. Therefore the supply of ATP by mitochon-
dria is crucial to maintain autophagy. Mitochondria can also utilise the metabolites 
generate by autophagy to generate ATP. A key activator of autophagy is the enzyme 
adenosine monophosphate-activated kinase (AMPK). As the name suggests, the 
enzyme is activated when the AMP:ATP ratio is increased, a signal that the cell is 
becoming energy depleted. AMPK inhibits mTORC1, thus activating autophagy 
[73]. The glucose generated by autophagy can be utilized by glycolysis to produce 
pyruvate, which can then enter the tricarboxylic acid cycle to generate NADH and 
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FADH2 for mitochondrial ATP production. Amino acids and fatty acids generated 
by the turnover of proteins and lipids that are not used to synthesise new macromol-
ecules can also enter the tricarboxylic acid cycle.

Given the crucial nature of mitochondria producing energy from the metabolites 
of macroautophagy, it is not surprising that mitochondria undergo morphological 
changes during starvation-induced macroautophagy that allow them to not only 
maintain cellular ATP levels under stress conditions but also prevents themselves 
from being degraded by macroautophagy. Studies in MEFs have shown that during 
starvation, mitochondria elongate due to unopposed fusion of mitochondria [74, 
75]. Starvation results in a decrease in the mitochondrial localisation of the pro-
fission protein Drp1. This is coupled with a change in the phosphorylation status 
of the Drp1 [74, 75]. As discussed above, formation of mitochondria in to tubular 
networks ensures that the mitochondria cannot be recruited in to APs and degraded 
by macroautophagy. Furthermore, wild-type MEFs that had elongated mitochondria 
were able to maintain mitochondrial Ψm for at least 5 h of starvation, which meant 
that total cellular ATP levels were constant during this time [75]. MEFs lacking the 
pro-fusion proteins Opa1 or both Mfn1 and Mfn2 could not elongate during starva-
tion and were unable to maintain Ψm. This resulted in decreased cellular ATP levels 
and a much greater loss of cell viability [75].

Neurodegeneration and Impaired Mitophagy

Parkinson’s Disease (PD)

The identification of PINK1, parkin and Fbx07 involvement in the clearance of 
depolarised/damaged mitochondria means that autosomal recessive early-onset fa-
milial PD has the strongest association with impaired mitophagy of all the neuro-
degenerative disorders.

Mutations in the parkin ( PARK2) and PINK1 ( PARK6) genes were identified in 
1998 and 2004, respectively [21, 25]. Since then mitochondrial dysfunction such as 
decreased oxidative phosphorylation and perturbed mitochondrial morphology has 
consistently been shown to occur in both cellular and animal models of PINK1 and 
parkin deficiency (reviewed in [22]). In cellular and animal models of PINK1 defi-
ciency both oxidative stress and impairment of oxidative phosphorylation progres-
sively worsened with time [76, 77]. These observations fit well with the idea that the 
loss of PINK1 activity results in inhibition of mitophagy and thus the accumulation 
of damaged mitochondria. Furthermore, the inhibition of oxidative phosphoryla-
tion in SH-SY5Y cells following PINK1 knockdown (KD) can be reversed by over 
expression of parkin [42]. This restoration of mitochondrial function by exogenous 
parkin was coincident with an increase in autophagic flux. Mutations in the Fbx07 
( PARK15) are a cause of very rare early onset PD. The observation that Fbx07 par-
ticipates in the recruitment of parkin to depolarised mitochondria, and subsequent 
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parkin-dependent ubiquitination of Mfn1 in both mammalian cells and Drosophila 
is a further link between mitophagy and PD, especially as PD-associated Fbx07 
mutations interfered with this process [40].

Other forms of familial PD are likely to contribute to impairment of mitophagy 
in a less direct manner. Mutations in the ATP13A2 ( PARK9) gene cause Kufor-
Rakeb syndrome, an autosomal recessive form of parkinsonism with dementia and 
a juvenile onset. ATP13A2 is a lysosomal P-type ATPase whose function is still 
unknown. Given the lysosomal location of ATP13A2 it was not surprising that KD 
of the protein in primary mouse cortical neurons and SH-SY5Y cells resulted in 
an inhibition of macroautophagy flux [78]. Lysosomal degradation of long-lived 
proteins was also inhibited in fibroblasts with ATP13A2 mutations [79]. In KD neu-
rons α-synuclein protein levels were increased. This protein is normally degraded 
by autophagy and aberrant protein quality control of this protein is a hallmark of 
PD. Increased mitochondrial fragmentation, cellular mitochondrial content and 
mitochondrial ROS production, were observed in SH-SY5Y cells with ATP13A2 
KD, suggesting that damaged mitochondria were accumulating, presumably due 
to inhibition of mitophagy [78]. Fragmented mitochondria and abnormal oxidative 
phosphorylation has also been observed in ATP13A2 mutant fibroblasts [80].

Another lysosomal enzyme associated with PD is glucocerebrosidase (GCase), 
an enzyme involved in sphingolipid metabolism. Mutations in the GBA1 gene, 
which encodes GCase, are the greatest known genetic risk factor for developing PD 
[81]. Lewy body pathology and the pattern of neuronal loss is similar to sporadic 
PD, but the age of onset is approximately 5 years earlier than sporadic PD [81, 
82]. Homozygous mutations in GBA1 cause the lysosomal storage disorder Gau-
cher disease. The impairment of macroautophagy and mitochondrial function will 
be discussed in the lysosomal storage disease section below. Post-mortem analysis 
of PD brains with heterozygote GBA1 mutations showed a 60 % decrease of GCase 
activity in the substantia nigra [83], the area where most dopaminergic neuronal 
loss occurs in PD. Notably GCase activity and protein expression was decreased 
by approximately 40 % in the substantia nigra of sporadic PD brains [83]. This 
lysosomal deficiency is likely to contribute to the impairment of the protein and 
organelle quality control mechanisms linked with PD pathogenesis.

The majority of PD cases (~ 90 %) have no apparent genetic cause and are termed 
sporadic or idiopathic [84]. Impairment of the ALP and mitochondrial dysfunction 
are both heavily implicated in the pathogenesis of sporadic PD, and is supported 
by the observation that many of the genes causing familial PD are associated with 
these two processes (reviewed in [6, 22]). However, the lack of animal models that 
replicate the disease in humans and robust mitophagy assays that can be used in 
post-mortem tissue means that at the time of writing, the link between mitophagy 
and sporadic PD remains circumstantial.

The greatest risk factor for developing PD is aging. The function of mitochondria 
and the autophagy-lysosome system declines with age [2, 6] and therefore it is logi-
cal to envisage that the development of mitochondrial dysfunction is due, at least in 
part, to the accumulation of damaged mitochondria that are unable to be degraded 
by mitophagy.
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Analysis of mtDNA deletions in the neurons of aged human substantia nigra 
neurons indicated that a high proportion of neurons contained significant levels of 
deletions [14, 15]. These deletions were different among neurons and were largely 
clonal (e.g. a single mtDNA deletion was clonally expanded within each neuron). 
Furthermore, the level of mtDNA mutations was greater in the substantia nigra of 
PD brains, compared to age-matched controls [14]. Oxidative phosphorylation was 
no longer able to be maintained when the amount of mtDNA mutations reached a 
particular threshold [15]. Therefore, to maintain mitochondrial function it is likely 
that neurons need to eliminate mitochondria with mtDNA mutations by mitophagy.

This is supported by cellular models of mtDNA mutations that cause human 
disease. The first was a study in which long term expression of parkin rescued 
mitochondrial function in a cell line with 75 % mutant mtDNA (G > A m.6930 in 
cytochrome c oxidase subunit I gene). Expression of parkin for 60 days in this cell 
line resulted in the vast majority of mitochondria containing wild-type mtDNA and 
restoration of cytochrome c oxidase activity to normal levels [85]. The mtDNA 
mutation m.3243A > G causes mitochondrial encephalomyopathy, lactic acidosis, 
and stroke-like episodes (MELAS) syndrome and predominantly results in a de-
fect of complex I of the ETC. Inducible pluripotent stem cells were derived from 
fibroblasts containing this mtDNA mutation and then differentiated in to neurons 
[86]. Neurons with high mutant mtDNA load exhibited co-localisation of complex 
I with LC3, parkin and PINK1 at a perinuclear location. Intriguingly, the authors 
stated that while other complexes of the ETC were also co-localised to APs, this 
occurred after depletion of complex I, and suggested that this might be an explana-
tion why complex I defects are commonly associated with mitochondria-associated 
neurodegeneration [86]. Complex I activity is specifically decreased by 40 % in the 
substantia nigra of sporadic PD brains [87].

A Drosophila study has also suggested that increasing parkin expression dur-
ing aging improves mitochondria function. Mfn protein expression was found to 
increase with age in flies, and this could be reversed by over expression of parkin 
[88], consistent with the idea that mitophagy is being increased. Elevation of parkin 
levels in Drosophila also increased lifespan and markers of mitochondrial function 
[88]. However, it should be noted that some of the increase in mitochondrial activ-
ity may have been a result of increased mitochondrial synthesis, as mRNA levels 
of the master regulator of mitochondrial biogenesis, PGC1α, was also increased by 
induction of parkin expression.

Lysosomal Storage Disorders (LSDs)

LSDs are a group of about 50 genetic metabolic disorders that are characterised by 
lysosomal dysfunction. Consequently, these disorders are increasingly associated 
with impaired macroautophagy and mitochondrial dysfunction [89–91]. The most 
common LSD is Gaucher disease (GD), which is caused by autosomal recessive 
mutations in the GBA1 gene. Type II and Type III GD are neuronopathic [82, 92]. 
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GBA encodes for the lysosomal enzyme GCase, and is involved in sphingolipid me-
tabolism. Loss of GCase activity results in the accumulation of glucosylceramide/
glucosylsphingosine and impairment of the ALP, resulting in the accumulation of 
α-synuclein in neuronal models and the mouse brains (reviewed in [82]). Inhibition of 
GCase with the toxin conduritol B-expoxide in SH-SY5Y cells resulted in decreased 
mitochondrial Ψm, impaired ETC and increased oxidative stress [93]. Furthermore, 
neuronopathic mouse models of GD, where macroautophagy was impaired, also ex-
hibited loss of mitochondrial Ψm, decreased oxidative phosphorylation and changes 
in mitochondrial morphology [90, 94]. Experiments suggested that the increase in 
mitochondrial dysfunction was because damaged mitochondria were not being de-
graded by mitophagy and were accumulating in GCase deficient neurons [90].

Niemann Pick type C1 (NPC1) is a progressive neurodegenerative disorder 
where cholesterol and other lipids accumulate in lysosomes. Mitochondrial frag-
mentation was increased in NPC1 patient fibroblasts and human neurons with KD 
of NPC1 [91]. Macroautophagy flux was decreased, while mitochondrial content 
was increased, in both models, suggesting mitophagy was impaired [91]. Depletion 
of cholesterol in these cells rescued autophagic flux and mitochondrial length.

The neuronal ceroid lipofuscinoses (NCLs) are neurodegenerative disorders 
with onset in childhood. Although there are ten genetic loci linked to NCL, they all 
have lysosomal storage of ceroid lipofuscin (proteolipid and dolichols), and typi-
cally, the mitochondrial ATP synthase subunit c protein [95]. Murine cerebellar cells 
lacking CLN3 or CLN6 both accumulate subunit c, and exhibit changes in mito-
chondrial morphology and decreased ATP levels [95]. Previously CLN3 deficient 
cells were shown to have impaired maturation of APs and altered mitochondrial 
morphology [96].

Alzheimer’s Disease (AD), Dementia with Lewy  
Bodies (DLB) and Multisytem Proteinopathy

Similar to the LSDs and some forms of PD, it is likely that the contribution of im-
paired mitophagy to AD and DLB is a consequence of a broad impairment of the 
ALP. Autolysosomes have been identified as the principal component in the neuritic 
swellings observed in the dystrophic neurites of AD brains and an AD mouse model 
[6, 10]. Similar swellings could be mimicked by inhibiting the cathepsins or micro-
tubule transport implying that it was the clearance of APs by lysosomes that is the 
problem, rather than initiation of autophagy [10]. Indeed, the AD-associated protein 
presenilin-1 has been shown to affect the acidification of lysosomes in neurons and 
fibroblasts [97, 98].

PD patients with GBA1 mutations in addition to an earlier age of onset are known 
to have a greater incidence of cognitive decline [82]. A recent multicentre study has 
shown a significant association between GBA1 carriers and PD with dementia or 
DLB. The odds ratio for PD with dementia was 6.5, while it was 8.3 for DLB [99]. 
This is compared to an odds ratio of 5.4 in PD [81, 82]. Given the evidence of ALP 
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impairment in PD cases with GBA1 mutations described above, it is likely that a 
similar scenario applies to DLB.

Mutations in VCP cause dominantly inherited multisystem degenerative disor-
ders that affect muscle, bone and brain. The wide spectrum of VCP-related diseases 
has led to the term multisystem proteinopathy [51]. Neurological disorders include 
frontotemporal dementia, sporadic and familial amyotrophic lateral sclerosis and 
hereditary spastic paraplegia [51]. VCP has a wide range of described functions, 
with two of them having particular emphasis for mitophagy. The first is that VCP is 
required for the proteasomal degradation of mitochondrial proteins that have been 
ubiquitinated by parkin following its recruitment to depolarized mitochondria [50, 
51]. The second is that VCP appears to be necessary for AP maturation following 
inhibition of the proteasome, but not starvation [100]. This suggests that VCP is 
involved with the autophagic degradation of ubiquitin containing substrates. Patho-
genic mutations of VCP have been shown to cause mitochondrial dysfunction and 
impede the removal of damaged mitochondria by mitophagy [51, 101].
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Abstract Amyotrophic lateral sclerosis (ALS) is an adult onset and fatal neurode-
generative disease. A major histophatological hallmark of the disease patient-derived 
tissue and ALS mouse models is the presence of protein aggregates containing mis-
folded specific proteins. Strategies to clear out these abnormal protein species are 
proposed as a possible target for disease intervention. Autophagy, a catabolic route 
that selective degradates abnormally-folded proteins by the lysosomal pathway, has 
emerged as an attractive target to treat neurodegenerative diseases, like ALS. Accu-
mulating evidence indicates that autophagy impairment also occurs in ALS and can 
contribute to the neurodegenerative condition. In this article we discuss the evidence 
involving autophagy alteration associated to ALS phenotype and the evidence that 
place autophagy as a therapeutic opportunity to treat this neurodegenerative disease.

Keywords Rapamycin · MTOR · Autophagy · ALS · Beclin 1 · Aggregation · 
Neurodegenerative disease

Introduction

The most common human neurodegenerative diseases, such as Alzheimer’s disease 
(AD), amyotrophic lateral sclerosis (ALS), Parkinson’s disease (PD) and Hunting-
ton’s disease (HD), share a common neuropathology characterized by the presence 
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of protein inclusions in neuronal subcellular compartments. Protein misfolding and 
its propagation through a seeding mechanism have been associated to neuronal 
dysfunction in most neurodegenerative diseases, triggering cellular stress reactions 
[1–3]. For this reason these pathologies are classified as protein misfolding disor-
ders (PMDs). The abnormal aggregation processes in neurodegenerative context 
comprises also the generation of highly diffusible small oligomers, fibrillar aggre-
gates and large aggregates that are visualized as protein inclusions with amyloid 
properties. Thus, the maintenance of protein homeostasis (referred to as proteos-
tasis) is crucial to sustain neuronal function in stress conditions that are frequent 
in neuronal disorders and also during aging. Thus, strategies to remove the load 
of protein aggregates and oligomers are becoming a relevant target for therapeutic 
intervention in PMDs (reviewed in [4]).

Macroautophagy (here termed as autophagy) is a selective and efficient catabolic 
route that degrades misfolded mutant proteins associated to neurodegeneration and 
damaged organelles. Hence, this cellular pathway is attractive for searching new 
targets in order to enhance degradation of misfolded proteins through pharmaco-
logical and genetic strategies. Regulation of activation of autophagy is commanded 
by complex signaling mechanisms, which have been classified as mTOR-dependent 
and—independent pathways. Rapamycin is an mTOR inhibitor and it is the most 
widely used compound to evaluate the effects of enhancing autophagy in many 
neurodegeneration models [5, 6]. Although rapamycin treatments have proven 
neuroprotective in certain in vivo disease models, in ALS the consequences are 
contradictory and difficult to interpret [7–9]. On the other hand, drugs identified to 
enhance autophagy through mTOR-independent pathway provided neuroprotection 
in several models of PMDs [6]. In the case of ALS, trehalose, an mTOR-indepen-
dent autophagy inducer, generated beneficial effects in SOD1 mutant transgenic 
mouse models [10, 11]. Also, it is very important to mention that recently new 
compounds have been tested in cellular and animal models of ALS with TAR DNA-
binding protein 43 (TDP43) pathology (see below), and very promising results were 
obtained in terms of neuroprotection [12].

Despite the promising results reported indicating positive effects of modulat-
ing autophagy in several neurodegenerative pathologies, accumulating evidence 
also indicates that alteration of different components of autophagy pathway may 
participate in disease progression as part of the etiology off the disease, involving 
the global dysfunction of the degradative functions of the cells [13]. Furthermore, 
the possible effects of intervening key players of the autophagy pathway to enhance 
the process are not easy to predict. In the case of ALS, for example, we described 
that enhancing autophagy through targeting the proteostasis network in vivo trig-
gers neuroprotection [14]. However, direct targeting of the autophagy regulator 
Beclin 1, augmented the life span of an ALS mouse model [15]. In this chapter, we 
discuss the link between ALS pathology with the autophagy process, and the pos-
sible avenues for future therapeutic interventions.
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Amyotrophic Lateral Sclerosis (ALS)

ALS is a progressive, lethal and degenerative disorder that is characterized by the 
selective death of motoneurons present in spinal cord and frontal cortex. Clinically, 
this disease involves the progressive paralysis due an atrophy of the muscles, as 
a lower motor manifestation; and also an increased tone and exaltation of tendon 
reflexes as upper motor manifestations [16, 17]. In the majority of cases, this motor 
disorder has a mortal prognosis because of respiratory failures 2–3 years after the 
onset of symptoms [18]. A small fraction of total documented cases (10 %) are 
associated with genetic mutations and the disease is inherited in a dominant manner, 
providing them a familial category. In familial forms of ALS (fALS) the mutation 
given by an abnormal hexanucleotide repeat expansion in the gene C9ORF72, con-
stitutes the highest incidence factor, representing 40 % of familial cases [19, 20] and 
is follow by point mutations in the gene encoding superoxide dismutase ( SOD1), 
accounting 20 % of fALS cases [21]. The remaining 90 % of the cases are not been 
associated with clear genetic dominant elements and are classified as sporadic cases 
(sALS), because of the lack of familial history of the disease. In most sporadic 
cases it has been described the presence of aggregates and abnormal modification 
of TDP43, a transcriptional regulator that is directing involved in DNA/RNA me-
tabolism [22]. TDP43 is also the main component of inclusions of patients of fron-
totemporal lobar degeneration with ubiquitinated inclusion (FTLD-U), a type of 
frontotemporal dementia (FTD) [22].

The phenomenon of protein misfolding is a hallmark of ALS and other brain dis-
eases. At the celular level it is represented by the accumulation of phosphorylated 
neurofilament, Bunina bodies, Lewy body-like inclusions, and on the other hand by 
inclusions and accumulation of ubiquitinated material at axons motoneurons [23]. It 
is also very common in ALS activation and proliferation of astrocytes and microglia 
in patients and animal models of the disease [24–28]. Unfortunately, currently there 
is no primary therapy for this disorder and Riluzole is the only drug approved for 
the treatment, which improves symptoms only in a slight manner [29]. Therefore, 
the search of new pharmacological strategies and the development of alternative 
therapeutic tools are still of great importance, and the enhancement of autophagy 
may in theory provide beneficial effects to alleviate neurodegeneration.

Autophagy Degradation System and its Key Components

Autophagy is a cellular mechanism comprising the degradation of different compo-
nents of the cytoplasm within lysosomes [30, 31]. This process is involved in many 
important cellular functions, such as metabolism, development, infection, aging, 
immunity, cell survival and cell death [32]. The autophagy pathway are regulated by 
several Autophagy-related (ATG) genes, and it is mediated by different regulatory 
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steps, including autophagy induction, nucleation/autophagosome formation, vesicle 
expansion, cargo recognition, crosstalk between endocytosis and autophagy, and 
autophagosome clearance [33, 34]. The autophagy process initiates, in part, by a 
protein kinase complex that responds to upstream signals (atg1 and atg13 in yeast). 
The serine/threonine protein kinase mTOR (mammalian target of rapamycin) plays 
a role as a regulator of autophagy through the suppression of the pathway under 
nutrient-rich conditions, and it is a component of the mTOR complex 1 (mTORC1). 
The nucleation/autophagosome formation complex is regulated by protein com-
plexes involving in the generation of phosphatidylinositol-3-phosphate (PI3P) as the 
class III phosphatidylinositol-3-kinase (PI3K), which control the localization of oth-
er autophagy proteins in the pre-autophagosomal structure and it is part of the pro-
cess of nucleation of the autophagosome [34]. The nucleation complex is comprised 
by Beclin 1 (BCL-2 interacting protein) and other essential components, including 
VPS34 [35]. The anti-apoptotic proteins BCL-2 and BCL-XL negatively regulate 
Beclin 1 at the endoplasmic reticulum (ER) membrane [36]. Vesicle expansion is 
executed by two ubiquitin-like conjugation systems. One of them is carried out by 
the covalent conjugation of ATG12 to ATG5 that, in turn, forms a protein complex 
associated to ATG16, translocating to the membrane of early autophagosomes. The 
other signaling pathway promote the conjugation of microtubule-associated protein 
light chain 3 (LC3) to phosphatidylethanolamine (PE) [37]. After conjugation, the 
soluble LC3-I translocates to the autophagosome membrane and is called LC3-II. 
Finally, autophagosomes acquire hydrolytic activity fusing with acidic lysosomes 
and forming, in this manner, the autophagolysosome where cargo is degraded [38].

The mTOR-dependent autophagy activation is the most studied pathway and 
it is classically related to conditions of nutrient starvation. However, autophagy is 
also regulated by mTOR-independent mechanisms, which were discovered through 
pharmacological screenings aimed to determine novel molecular targets to enhance 
autophagy [39–41]. Currently, the molecular components of mTOR-independent 
pathways are poorly described, but some of them have been identified involving 
fluctuations in intracellular calcium levels and the turnover of phosphatidyl-inositol 
(inositol phosphates). mTOR-independent pathways are induced by agents that de-
crease inositol-3-phosphate (IP3) levels like lithium, valproate and carbamazepine 
[6]. Also calcium could activate calpain to induce mTOR-independent autophagy 
through a mechanism in which cyclic AMP (cAMP) levels regulate IP3 production 
[41].

Furthermore, autophagy has been engaged to cellular stress conditions [42]. 
Within them, it has been described that the occurence of ER stress by protein fold-
ing impairment induces autophagy through the activation of the unfolded protein 
response (UPR) sensor IRE1 and the downstream activation of c-Jun N-terminal 
kinase (JNK) [43, 44], which would participate in the dissociation of the Beclin 1 
and BCL-2 complex [45]. ER stress has been related to the induction of autophagy 
through several UPR transcription factors and also FOXO1, a critical regulator of 
autophagy in neurons [46]. In this manner, there are multiple mechanisms that regu-
late autophagy levels depending of the cellular context in order to maintain the 
protein and organelle homeostasis.
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Role of Autophagy in ALS

Autophagy is a relevant cellular process in the nervous system. This idea was dem-
onstrated by the genetic inactivation of autophagy in mice deficient for atg5 or atg7 
(essential regulatory genes) in the nervous system that caused spontaneous neuro-
degeneration, and accumulation of protein aggregates, massive neuronal loss, and 
premature death of the animal [47, 48].

In most common proteins linked to PMDs abnormal interactions of disease-re-
lated proteins have been reported with specific components of the autophagy ma-
chinery [13, 49–51]. In ALS Beclin 1 was shown to have an important role in the 
development of the disease. We described that in pathological context of ALS, Be-
clin 1 is upregulated in familial and sporadic patients [14]. This hallmark has also 
been observed in models of brain ischemia [52], HD [53], traumatic brain injury 
[54], PD [55], and lipid storage disorders [56, 57]. On the other hand, when Beclin 
1 levels are reduced in an animal model of ALS (mutant SOD1 transgenic mice), 
significant neuroprotection was generated and the lifespan of the animal prolonged 
[15]. These unexpected results were associated with an accumulation of monomeric 
and high molecular weight species of mutant SOD1 and a reduction of oligomeric 
forms of the protein. This is the first direct evidence linking autophagy with ALS 
in vivo, since previous studies were either correlative or based on the use of drugs 
that do not specifically target the autophagy pathway. According with this obser-
vation, recent reports suggest that the presence of large SOD1 protein inclusions 
actually have neuroprotective effects on ALS, and also in HD, by decreasing spe-
cific concentrations of misolded proteins, because they could trap highly diffusible 
neurotoxic oligomeric species [58, 59]. Also, in this report we show that mutant 
SOD1 associates with the Beclin-1/BCL-XL complex, destabilizing this inhibitory 
interaction and thereby altering Beclin-1 function in the autophagy process due ab-
normal protein-protein interactions [15], as reported in other diseases [4] (Fig. 4.1). 
Thus, the genetic strategy to decrease the expression levels of Beclin 1 using het-
erozygous mice may bypass this specific molecular alteration on the pathway by  
reducing the rate of overactivation of the autophagic processes. In agreement with 
this concept, another report showed that mutant huntingtin inclusions sequester 
Beclin 1, which could impair its function [60]. Thus, Beclin 1 may have a dual par-
ticipation in ALS, a downstream effect given by the promotion of the degradation of 
misfolded proteins and damaged organelles; and an upstream alteration related with 
the modulation of the threshold for autophagy activation due an abnormal interac-
tion with mutant SOD1 [15].

Genetic Alterations to the Autophagy Pathway in ALS

Genetic evidence also suggests that autophagy may be part of the etiology of the 
disease. Several mutations have been identified in different genes related with the 
regulation of autophagy; for example mutations in the genes UBQLN2 (coding for 
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ubiquilin protein) [61–63], SQSTM1 (coding for p62/SQSTM1 protein) [64–66], 
OPTN (coding for optineurin protein, OPTN) [67–70] and VCP (coding Valosin-
containing protein, VCP) [71] that are directly involved in protein degradation, and 
in CHMP2B (coding for charged multivesicular body protein 2B, or chromatin-
modifying 2B, CHMP2B) [72, 73] and FIG4 (coding for FIG4 protein) [74] that are 
required for autophagosome maturation.

UBQLN2 is a protein that transports polyubiquinated proteins to the degrada-
tion processes by proteasome and autophagy; and ALS-linked mutations in this 
gene may impair overall protein degradation [61]. UBQLN2 alterations have been 
reported in sporadic ALS and familial ALS cases [61]. Further, UBQLN2 and 
ubiquitin co-localize in pathological inclusions and they also contain TDP43, FUS/
TLS or OPTN [61, 63], suggesting that altered proteostasis is involved as a patho-
genic mechanism in ALS. On the other hand, p62/SQSTM1 is a well-described 
autophagy substrate that acts as an adaptor protein that bridges aggregates and 
autophagy clearance, through the binding with LC3 [64]. This is consistent with 
the observation that p62/SQSTM1 promotes the autophagy-dependent degrada-
tion of mutant SOD1 [75] and TDP43 [76]. OPTN is a multifunctional protein that 
binds both polyubiquinated proteins and LC3, and has been proposed as a recep-
tor of autophagy [77]. In patients with OPTN mutations there is the presence of 
OPTN-positive inclusions, but also the protein OPTN was found as a component 
of TDP43 inclusions in sporadic patients and being part of SOD1-positive inclu-
sions in patients with SOD1 mutations [69]. VCP is a protein that interacts with 
ubiquitinated proteins to allow degradation or recycling processes, participating 
in several protein clearance pathways including the removing of misfolded pro-
teins from the ER and sorting of endosomal proteins during their trafficking [78]. 
Depletion of VCP generates accumulation of immature autophagosomes, thus 
suggesting that VCP is required for a proper autophagy process [79]. Mutations 
VCP were identified in inclusion body myopathy with Paget’s disease of bone 
and frontotemporal dementia (IBM-FTD) [80] and subsequently in ALS [71]. In-
terestingly, TDP43 has been found mislocalized to the cytosol in the context of 
VCP-mediated autophagic dysfunction.

CHMP2B is a crucial component of endosomal sorting complexes [81]. Many 
reports support the disruption of normal morphology and function of endosomes 
and lysosomes with mutations in CHMP2B [82, 83], realizing the important role of 
CHMP2B in autophagy. Mutations in CHMP2B were primarily identified in FTD 

genetic alterations may also contribute to alterations in the autophagy process in ALS. UBQLN2 
transports polyubiquitinated proteins for autophagy degradation. p62/SQSTM1 binds ubiquiti-
nated aggregates to target them to autophagy-mediated clearance through interaction with LC3. 
Similarly, OPTN acts as an adaptor protein for polyubiquinated proteins and as an autophagy 
receptor. VCP participates in the extraction of misfolded proteins from the ER and in the targeting 
for autophagy degradation. CHMP2B is a key component of endosomal sorting complexes, which 
are crucial for autophagosome maturation. Finally, FIG4 is a phosphatase that is important for the 
regulation of endosome-lysosome trafficking
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[83, 84] and then in ALS [72, 73]. Transgenic mice expressing the intron 5-retention 
mutant of CHMP2B, develop a progressive neurological impairment characterized 
by axonal disorder and early mortality [85]. Instead, loss of CHMP2B function 
in mice after gene disruption does not produce any phenotype [85]. Finally, FIG4 
is a phosphatase that regulates endosomal-lysosomal vesicle trafficking through 
the control of amounts of phosphatidyl-inositol-3,5-biphosphate (PI(3,5)P2) [86]. 
Heterozygote mutations in FIG4, i.e. the combination of a missense allele with a 
null allele, have been described in cases of Charcot-Marie-Tooth disease type 4 
(CMT4J) [87] and ALS [74]. In mice, recessive mutation in FIG4 induces a patho-
logical phenotype characterized by abnormal gait, severe tremor, degeneration of 
motor and sensory neurons and diluted pigmentation [87, 88]. Mice missing for 
FIG4 show altered levels of PI (3, 5)P2 and autophagy pathway is impaired due a 
dysfunction of the late endosome-lysosome axis [87]. Thus, independent reports 
have identified distinct rare mutations in several genes involved in autophagy regu-
lation in ALS cases, suggesting that alterations in this catabolic process are detri-
mental to motoneuron function (Fig. 4.1).

Pharmacological Targeting of Autophagy in ALS

A large group of compounds have been identified enhancing autophagy in high-
throughput screenings with proven efficacy in several preclinical disease models [4, 
89, 90]. The brain poorly responds to global nutrient deprivation in comparison with 
other tissues; however autophagy induction through the mTOR inhibitor rapamycin 
provides protective effects in some experimental models of neurodegeneration. For 
example, rapamycin treatment delays experimental HD [91], it reduces cognitive 
anomalies in an animal model of AD (Majumder et al. 2011; Caccamo et al. 2010, 
2011; Spilman et al. 2010), it delays spinocerebellar ataxia [91], also PD (Dehay 
et al. 2010; Malagelada et al. 2010). In contrast to all this reports, the scenario in 
ALS is much more complex to interpret. In sharp contrast, rapamycin administration 
to mutant SOD1 mice did not generate any obvious beneficial effects [92, 93] or 
even have damaging results in terms of disease progression [9]. In VCP transgenic 
mice, treatment with rapamicyn also induced drastic detrimental effects, exacerbat-
ing histopathological alterations [7]. However, administration of rapamycin in a 

AKT they can turn off autophagy by inhibiting TSC1/2 and inactivating Beclin 1 by phosphoryla-
tion. Rapamicyn and tamoxifen induces autophagy by inhibiting kinase activity of mTOR through 
the stabilization of the complex. Carbamazepine triggers autophagy by inhibiting inositol ( Ins) 
synthesis. Spermidine induces epigenetic changes that lead to an activation of autophagy. Carba-
mazepine and spermidine are examples of mTOR-independent autophagy inducers. Stress signals 
from the endoplasmic reticulum ( ER) can also play a role in modulation of autophagy, through the 
unfolded protein response ( UPR) transcription factor XBP1s that could inhibit FOXO1. The UPR 
stress sensor IRE1 also enhances autophagy through the JNK pathway. Finally, trehalose induces 
mTOR-independent autophagy in part by the expression of a cluster of ATG genes and activation 
of FOXO1, a key transcription factor in autophagy process in neurons
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transgenic murine model that overexpress a WT form of TDP43 in forebrain delayed 
disease progression, improved life span and reduced neuronal loss and neuromuscu-
lar alterations [8].

Trehalose is a non-reducing disaccharide naturally produced by some non-mam-
mals organisms under stress conditions that efficiently triggers mTOR-independent 
autophagy even through oral administration. This disaccharide is widely used in 
the food industry as a preserving agent and it is approved by the FDA. Trehalose 
was initially described as a chemical chaperone that could prevent protein aggrega-
tion through the stabilization of protein conformations. Treatment with trehalose 
induces the degradation of diverse aggregation-prone proteins through autophagy 
enhancement in cell culture models [40]. Also, studies with trehalose in vivo have 
shown remarkable positive effects in experimental models of HD [94], PD [95], AD 
[96], oculopharyngeal muscular dystrophy [97], and tauopathies models [98]. Thus, 
the translational potential of trehalose is remarkable since this compound is able to 
decrease protein aggregation rate, promote neuronal survival and improve patho-
logical phenotypes through oral treatments in animals. However, it is important to 
emphasize that only some few recent reports have actually related the neuroprotec-
tive effects of trehalose with autophagy induction in vivo [98]. In the context of 
ALS, we recently demonstrated the beneficial effects of trehalose administration in 
a transgenic mouse of mutant SOD1, which correlated with the induction of mTOR-
independent autophagy [10]. We also demonstrated the induction of autophagy 
fluxes in vivo similar to rapamycin using a novel tool to monitor autophagy in the 
nervous system [99], which has important implications for future drug testing [100]. 
Trehalose treatment led to the increase of animal survival and reduction of disease 
severity, effects that were accompanied with enhanced mutant SOD1 degradation 
[10]. Importantly, virtually identical results were recently reported in another trans-
genic mouse model of SOD1 mutant, where trehalose administration significantly 
delayed disease onset and decreased neuronal loss [11]. One possible mechanism 
of action of trehalose is the upregulation of a cluster of atg genes [10] and the ac-
tivation of FOXO1, a transcription factor that play key roles during aging and in 
autophagy regulation [46] (Fig. 4.2). In summary so far rapamicyn and trehalose 
are the most studies compounds used to test the possible contribution of autophagy 
to neurodegeneration, and they are widely tested in preclinical models. However, 
in ALS models the impacts of both pharmacological agents are opposite depending 
on the model used. Furthermore, other small molecules have been employed to tar-
get autophagy in ALS, including carbamazepine, spermidine and tamoxifen, which 
rescued motor anomalies of mutant TDP43 transgenic mice [8] (Fig. 4.2). These 
therapeutic effects were correlated with an induction of autophagy markers in vivo.

Recently, an interesting study showed the testing of autophagy-inducing new 
compounds in cellular models of ALS that overexpress TDP43 through a screening 
of an in silico library of over 1 million compounds [12]. This work showed that 
treatment with Fluphenazine (FPZ) and methotrimeprazine (MTM) in transfected 
cultured cortical mouse neurons decrease TDP43 levels and its half-life. FPZ and 
MTM act by inducing autophagy and their action reduced the proportion of neu-
rons with cytoplasmatic mutant TDP43 (Fig. 4.2). Finally, both pharmacological 
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compounds diminished the risk of death of human stem cell–based ALS models, 
which consisted of motoneurons and astrocytes derived from human induced plu-
ripotent stem cells (iPSCs) with a pathogenic TDP43 mutation [12]. These findings 
are quite relevant for the investigation field focused in searching new drugs that 
could be effective in reestablish the homeostasis of the cell in an ALS context. In 
this case, these results indicate that levels and localization of TDP43 determine 
neurotoxicity and the induction of autophagy directly affects on TDP43 clearance 
and also mitigates neurodegeneration.

Autophagy is not an isolated degradation process in the cell. There is a complex 
proteostasis network that comprises a dynamic interconnection between different 
stress pathways besides autophagy like UPR, the heat shock response, proteasome 
system, quality control mechanisms, and other cellular processes [101]. According 
to this, we demonstrated that genetic manipulation of XBP1, a crucial transcription 
factor of the UPR pathway, induces autophagy and generates neuroprotective ef-
fects in mouse models of ALS [14], and also in HD [102]. These observations were 
accompanied with a decrease in the amount of protein aggregates, an improvement 
of neuronal survival and a prolongation of mice lifespan [14, 102]. Thereby, it is 
possible modulate autophagic processes targeting elements of another pathways 
that configure the proteostasis network, and this would be interesting to explore in 
a disease context in the future.

Concluding Remarks

The autophagy process is becoming an interesting topic to develop therapeutic strat-
egies to delay ALS. However, we caution that modulation of this cellular pathway 
could have detrimental effects. Therefore, it is extremely important to understand 
in detail the mechanisms that could trigger autophagy impairment in pathologi-
cal models of neurodegenerative disorders. This is crucial to generate strategies to 
bypass or revert possible autophagy defects. Autophagy enhancement should be 
induced on a physiological level, so the modulations of the pathway have to be 
under a homeostatic limit to avoid over-degradation of cellular components. The 
identification of different chemical agents that target crucial components of au-
tophagy is configuring an emerging field focused in the development of therapeutic 
interventions in ALS. However, we predict that a challenging issue for future clini-
cal trial is the calibration of drug concentrations and regimens for chronic use of 
these compounds in order to avoid secondary effects. The use of novel iPS-derived 
models of ALS will be of great contribution to the search of compounds that are 
effective in the context of sALS [103]. Since there is a large amount of available 
drugs that modulates biological processes beyond autophagy it is necessary to com-
plement this search with more sophisticated high-throughput screenings that identi-
fied compound that selectively engage the pathway. Gene therapy may also emerge 
as an attractive strategy to enhance autophagy only in motoneurons as reported in 
other brain diseases [4]. Uncovering the possible side consequences of targeting 
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autophagy in the long term at systemic levels is an urgent need for the validation of 
possible drugs that may move into trials in the future.
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Abstract Huntington’s disease (HD) is a hereditary neurodegenerative disorder 
characterized by motor, cognitive and behavioural abnormalities. HD is caused by 
a mutation in the huntingtin gene which produces an enlarged chain of CAG trip-
lets in this gene and an expanded chain of poliglutamines in the N terminal portion 
of the protein. HD is characterized by neuronal loss and atrophy of several brain 
nuclei, preferentially in the striatum.

The pathogenic mechanisms responsible for HD are partially unknown. Mutant 
huntingtin aggregates in insoluble filaments, changes its localization from the cyto-
plasm to the nucleus and changes the transcription of genes, inhibits mitochondrial 
function, activates caspases, block microtubules, interacts with Ca2 + channels and 
excitatory receptors and inhibits the production of neurotrophic factors.

There are abnormalities of the ubiquitin proteasomal system (UPS) in HD. In 
samples of human brain from patients with HD, it has been observed that there 
are intranuclear inclusions of huntingtin fragments which stain with antibodies 
against ubiquitine. These inclusions are present even before the presence of clinical 
deficits and their severity correlates with the size of the expansion. Proteasomal 
function, however, is preserved suggesting that the polyglutamine chains block the 
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ubiquitylation pathway. In human fibroblasts from patients with HD, activation of 
autophagy compensates the deficits of the UPS.

Similarly, in experimental models of HD there are intraneuronal inclusions 
which appear before the clinical deficits and stimulation of the autophagy reduces 
the number of inclusions. Autophagy could compensate deficits related with block-
ade of the UPS in HD.

Keywords Huntington’s disease · Huntingtin · Autophagy · Aggregation · 
Polyglutamines

Introduction

Huntington’s disease (HD) is an inherited neurodegenerative disorder, characterized 
by motor, cognitive and behavioral deficits [1–3], produced by the expansion of a 
CAG trinucleotide repeat in the huntingtin gene, which causes an enlarged poliglu-
tamine chain at the N-terminal region of huntingtin [4, 5]. The expanded huntingtin 
mutant protein, which is ubiquitously expressed in the body and the brain, causes 
preferential neurodegeneration in distinct brain regions with a pattern that varies 
according to the size of the expansion. This is done in such a way that subjects with 
relatively small expansions show neuronal loss almost limited to the striatum while 
those with large expansion show widespread degeneration throughout the brain 
(striatum > thalamus > cerebral cortex > diencephalon > brain stem > cerebellum) and 
even with very large expansions into the muscle. In the striatum, the huntingtin 
protein accumulates and causes striatal atrophy [6] and the death of the medium and 
small size projecting spiny neurons [7, 8].

At the cellular levels, the most relevant finding observed in the neurons, which 
remain in different brain nuclei, is the presence of intranuclear inclusions, present 
in most neurons, that stain with antibodies anti-ubiquitin and anti-huntingtin. Since 
normal huntingtin is a cytoplasmic protein, the presence of immunoreactive intra-
nuclear inclusion suggests a translocation of the mutant protein from cytoplasm to 
nucleus and a change of protein function.

Pathogenic Mechanisms The mechanism of the disease is unknown though a 
number of molecular events are related to the abnormal protein (Fig. 5.1).

The most important mechanisms involved in the neurodegeneration of neurons in 
HD are the following:

a. Aggregation of huntingtin in insoluble protofilaments
b. Translocation to the nucleus and changes in transcription
c. Inhibition of mitochondrial function
d. Activation of caspases and interaction with other proteins
e. Blockade of microtubules
f. Interaction with neuronal excitability and regulation of Ca2+
g. Deficits of neurotrophins and excessive inflammation
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Most of these mechanisms are interrelated and linked in multiple circular path-
ways. It is difficult at this time to pinpoint which of these pathogenic mechanisms 
is primary and which are secondary. Without this knowledge it is difficult to design 
neuroprotective studies based on rational backgrounds. In any event, abnormal pro-
cessing of the mutant huntingtin or poliglutamine fragments derived from it could 
play a role in other cellular and molecular abnormalities observed en patients with 
Huntington’s disease. In order to discuss the data already available regarding the 
processing of abnormal proteins or protein segments in HD we shall divide our 
discussion in two parts, (a) data obtained in patients with HD and (b) data obtained 
in experimental models (Fig. 5.2).

Protein Processing in Patients with HD

Shortly after it was discovered that the gene defect responsible for HD was an ex-
pansion of the variable sequence of CAG in the 5′-terminal region of the huntingtin 
gene [4], which translates into an enlarged polyglutamine chain in the N-terminal 

Fig. 5.1  Mechanism of toxicity of mutant huntingtin [9]. Normal huntingtin is localized in the 
cytoplasm and regulates vesicle transport, including that of BDNF. It also regulates gene transcrip-
tion. The mutation produces residues resistant to degradation, which are hyperphosphorylated and 
interfere with BDNF receptor signaling. Insoluble aggregates, activate caspases directly or via 
mitochondrial effects
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region of the huntingtin protein, it was found that in models of four diseases charac-
terized by polyglutamine expansions these polyglutamines form β-sheets strongly 
held together by hydrogen bonds [10]. It was also suggested that “glutamine repeats 
may function as polar zippers, for example, by joining specific transcription fac-
tors bound to separate DNA segments. Their extension may cause disease either by 
increased, nonspecific affinity between such factors or by gradual precipitation of 
the affected proteins in neurons” [10].

Neuropathological studies performed in brains of patients with HD showed 
neuronal intranuclear inclusions and dystrophic neurites containing fragments of 
polyglutamine derived from the N-terminal region of the huntingtin protein [11]. 
The extent of huntingtin accumulation increased with the size of the polyglutamine 
expansions. The neuronal intranuclear inclusions and the dystrophic neurites con-
tained ubiquitin, which suggest that mutant huntingtin was labeled for protesomal 
processing but resistant to digestion [11]. The authors considered that abnormal 
aggregation of huntingtin was one of the pathogenic mechanisms of the disease.

 Fig. 5.2  Polar zippers of 
poliglutamines [10]
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The types, location, numbers, forms, and composition of microscopic huntingtin 
aggregates in human brain have been studied with a fusion protein antibody against 
the first 256 amino acids which preferentially recognizes aggregated huntingtin 
[12]. Neuropil aggregates are much more common than nuclear aggregates and can 
be present in large numbers in presymptomatic mutation carriers before the onset 
of clinical symptoms. There are also many more aggregates in cortex than in stria-
tum, where they are actually uncommon. Although the striatum is the most affected 
region in HD, only 1–4 % of striatal neurons in all grades of HD have nuclear ag-
gregates. Neuropil aggregates, which have been identified by electron microscopy 
to occur in dendrites and dendritic spines, could play a role in the known dendritic 
pathology that occurs in HD. Aggregates increase in size in advanced grades, sug-
gesting that they may persist in neurons that are more likely to survive. Ubiquitina-
tion is apparent in only a subset of aggregates, suggesting that ubiquitin-mediated 
proteolysis of aggregates may be late or variable [12]. The preferential localization 
of the intranuclear inclusions in cortical neurons in spite of a more severe cell loss in 
the striatum could be interpreted in different ways as (a) there are fewer inclusions 
in striatal neurons because there are fewer surviving striatal neurons and (b) there 
are more intranuclear inclusions in surviving cortical neurons because ubiquitina-
tion is, somehow, a way of neutralization of the toxic properties of huntingtin.

Cellular clearing of abnormal proteins could take place through the ubiquitine-
proteasome pathway or through autophagy, a process which could be divided in 
three categories, macro-autophagy, micro-autophagy and chaperone mediated au-
tophagy. In general, both pathways, ubiquitination + proteolysis and autophagy, are 
inter-related and when one of these processes is blocked there is a compensatory 
activation of the other in healthy cells [13]. Therefore, if ubiquitin related prote-
olysis is depressed in patients with HD, one could expect that autophagy is an im-
portant compensatory pathway for protein processing and that stimulation of au-
tophagy could be a possible disease modifying therapeutic approach.

The role of autophagy in HD has been unveiled by recent studies which show 
that the age at onset of the disease could be modified by the V471A polymorphism 
of the ATG7 gene, a key factor in autophagy [14, 15]. We have further investigated 
the possible effects of manipulation of ubiquitination and autophagy in fibroblasts 
from patients with HD. These fibroblasts have increased levels of ubiquitilated 
proteins and higher levels of reactive oxygen species (ROS), huntingtin and the 
autophagy marker LAMP2A. Baseline replication rates were higher in HD than in 
control fibroblasts but that was reverted after 12 passages. Epoxomicin, an inhibi-
tor of the ubiquitin pathway, increases the activated caspase-3, HSP70, huntingtin, 
ubiquitinated proteins and ROS levels in fibroblasts from both HD and controls. 
Treatment with trehalose, an activator of autophagy, counteracts the effects of 
epoxomicin such as an increase in ROS, ubiquitinated proteins, huntingtin and ac-
tivated caspase-3 levels and also increases the autophagy marker LC3 levels more 
in HD fibroblast than controls. These results suggest that activation of autophagy 
by trehalose could revert protein processing abnormalities observed in patients with 
HD (Fig. 5.3).
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Ubiquitination and Autophagy in Models of HD

Shortly after the discovery of the genetic mutation that causes HD several animal 
models of HD have been created in experimental animals from nematodes to mam-
mals, most commonly mice and more recently pigs and sheep. These experimental 
models essentially confirm the same abnormalities of protein processing observed 
in patients with HD, and most importantly, the presence of neuronal intranuclaer 
inclusions in different brain areas, a correlation between the size of the expansion 
and density of inclusions, normal proteasomal function in vitro and alternative 

Fig. 5.3  Epoxomicin increases ROS levels, which are reduced by trehalose in HD firboblasts. a 
29, 79–dichlorofluorescin (DCF) immunocytochemistry ( green) and total nuclei stained with bis-
benzimide ( blue) in control and HD fibroblasts and b percentage of DCF positive cells respect to 
the total number. (Scale bar = 20 mm). Values are expressed as the mean ± SD, n = 4 patients. Con-
trol cell number (mean per field), n = 4. HD cell number (mean per field), n = 4. The data of each 
patient was obtained using 4 replicates. Statistical analysis was performed by one-way ANOVA 
with repeated measures followed by Bonferroni multiple comparison test: *** = p < 0.001 vs sol-
vent; + = p < 0.05, +++ = p Symbol 0.001 HD vs controls; ΔΔΔ=p < 0.001 trehalose + epoxomicin 
vs epoxomicin [16]
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compensatory autophagic function. Both the UPS and autophagy pathway are im-
portant for processing of mutant huntingtin or its polyglutamine fragments since the 
inhibition of the two systems increases the the levels of huntingtin in PC12 cells 
[17].

Autophagic activity can be enhanced in Akt- and m-TOR-independent mecha-
nisms by a number of small molecules including phenoxamine and its derivatives 
[18–20]. Autophagic enhancement in experimental models of HD reduces the num-
ber of inclusions [19].

Very interesting experiments have been published recently regarding the selec-
tive impairment of the striatum and its possible relation with autophagy [21]. These 
authors have shown that the striatal specific protein Rhes binds huntingtin and en-
hances its cytotoxicity, since Rhes deleted mice are protected in HD. In PC12 cells 
deletion of Rhes decreases autophagy and Rhes overexpression increases autopha-
gy. These effects are independent of mTOR and opposite to the direction predicted 
by the known activation of mTOR by Rhes. Rhes robustly binds the autophagy 
regulator Beclin-1, decreasing its inhibitory interaction with Bcl-2, independent of 
JNK-1 signaling. Finally, co-expression of mutant huntingtin blocks Rhes-induced 
autophagy activation. Thus, the preferential striatal pathology and delayed onset of 
HD may reflect the striatal-selective expression and changes in autophagic activity 
of Rhes [21].

In mice and fly models of HD mTOR is bound to huntingtin aggregates [22].
Treatment with rapamycin, which inhibits mTOR related kinase activity and in-
creases autophagy, reduces the number of huntingtin aggregates [22].

Another important factor in the neuropathology is the cell-interactions during 
the disease and in the brain up to 90 % are glial cells supporting the survival and 
function of the neuronal cells. Glial pathology has also been found in HD models 
[23, 24] and in brains of patients with HD, analyzed post-mortem [25–27]. Mutant 
huntingtin is expressed also in glial cells and directly affects neuron pathology in 
HD [28], but comparing the amount of huntingtin inclusions, neurons accumulate 
much more than glial cells in mouse brains [29, 30]. Glial cells may be able to 
clear truncated proteins more efficiently than neurons, and astrocytes also produce 
neurotrophic factors and cytokines to regulate the forms and functions of neurons. 
Recent studies have shown that R6/1 mice implanted with a pump which delivers 
glial conditioned medium in one striatum have fewer intranuclear inclusions than 
littermates infused with artificial cerebro spinal fluid (Fig. 5.4) [31].

This protective effect of glial conditioned medium on huntingtin pathology cor-
relates with enhancement of autophagy [31]. The relative sparing of glia from hun-
tingtin related pathology is, therefore, probably related to the production by glia 
of soluble factors, which diffuse into the glia conditioned medium and enhance 
authophagy and clearance of mutant huntingtin (Fig. 5.5).

In summary, there is evidence of impairment of the UPS by mutant huntingtin. 
It is also clear that cells of patients with HD try to compensate the UPS dysfunction 
by enhancing autophagy. This strategy could be used therapeutically.
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Fig. 5.4  GCM treatment (30 days) diminishes the number of huntingtin inclusions in cortex and 
striatum. a Microphotographs of the right and left cortex with the specific antibody anti-HTT 
inclusions and b quantification of both cortex, left and right. c Microphotographs of the right and 
left striatum with the specific antibody anti-HTT inclusions and d quantification of both striatum, 
left and right. The values are expressed as the mean ± SEM ( n = 6 mice in each experimental 
group). The statistical analysis was performed by student’s t test. * = p < 0.05, ** = p < 0.01 GCM 
vs control CSF groups [31]

 

Fig. 5.5  GCM treatment for 15 days activates autophagy pathways. a Representative bands and 
western blot quantification of LC3 II/LC3 I ratio. The presence of LC3 in autophagosomes and the 
conversion of LC3 to the lower migrating form LC3-II are used as an indicator of autophagy. b 
Representative bands and quantification of Beclin-1 antibody, direct marker of the autophagosome 
formation. c Western blots representative bands and quantification of p-62 specific antibody, as 
a substrate of autophagy and d LAMP-2 quantification, corrected by b-actin. Values are from the 
hemibrains, expressed as mean ± SEM ( n = 6 in each group). Statistical analysis performed by t stu-
dent. *p,0.05 GCM vs control CSF group and + p,0.05 right vs left hemispheres. e Representative 
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Fig. 5.5  (continued) microphotographs of Lysosomal-associated membrane protein, LAMP-2 A 
antibody, present in lysosomes and endosomes, which implies autophagy activation. LAMP-2A 
staining ( green) and nuclei (Hoescht, blue) immunofluorescence in striatum of R6/1 mice, with 
CSF and GCM infusion. (406 magnification, scale bar = 10 mm). f Quantification of number of 
cells with LAMP-2A positive vesicle distribution in the perinuclear region, around the nucleus cell. 
Numbers of cells counted in 6 random fields of the striatum at 206 magnification. Mean ± SEM 
( n = 6 in each group). Statistical analysis performed by student’s t test. *p,0.05, **p,0.01 GCM vs 
control CSF group; +p,0.05, +++p,0.001 right vs left hemispheres [31]
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Abstract Parkinson’s disease (PD) is a neurodegenerative disorder character-
ized by a dysregulation of cellular degradation system. An accumulation of 
misfolded proteins has been founded in the brains of parkinsonian patients, causing 
neuroinflammation and oxidative stress, and leading to a progressive neurodegen-
eration. Autophagy plays an important role in the progression of PD. In this chapter, 
we analyze the relationship of different types of autophagy (microautophagy, chap-
erone-mediated autophagy (CMA) and macroautophagy) with the oxidative stress 
and with several proteins involved in PD, showing deregulation of these degrada-
tive processes when these proteins are mutated. Also, we show a possible therapeu-
tic alternative based on autophagy inducers that might be a potential drug for PD 
treatment.

Keywords Autophagy · Neurotoxicity · Parkinson’s disease · PARK genes · 
Pesticides
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Abbreviations
ARE Antioxidant response element
Atgs Autophagy-related genes
AV Autophagic vacuole
CCCP Carbonyl cyanide m-chlorophenyl hydrazone
Δψm Mitochondrial membrane potential
ΔN-PINK1 Cleaved PINK1
CMA Chaperone mediated autophagy
CNS Central nervous system
COR C-terminal of ROC
DA Dopamine
ER Endoplasmic reticulum
ERK Extracellular signal-regulated kinase
Fbxo7 F-box protein 7
FCCP Carbonyl cyanide p-trifluoromethoxyphenylhydrazone
FL-PINK1 Full-length PINK1
GSH glutathione
Hsc70 Heat-shock cognate 70
Hsp90 Heat shock proteins 90
JDP2 Jun dimerization protein 2
Keap1 Kelch-like ECH-associated protein 1
L-DOPA L-3,4-dihydroxyphenylalanine
LAMP2A Lysosomal associated membrane protein-2A
LB Lewy body
LC3 Microtubule-associated protein 1 light chain 3
LRR Leucine-rich repeat
LRRK2 Leucine rich-repeat-kinase 2
MAO-B monoamine oxidase B
MAPK Mitogen-activated protein kinase
MafK v-maf avian musculoaponeurotic fibrosarcoma oncogene homolog K
Mfn Mitofusin
MPP+ 1-methyl-7-phenylpyridine
MPTP 1-methyl–4-phenyl-1,2,3,6-tetrahidropyridine
mTOR Mammalian target of rapamycin
NF-kB Nuclear factor of kappa light polypeptide gene enhancer in B-cells
NRF-1 Nuclear respiratory factor 1
Nrf2 Nuclear factor (erythroid-derived)-like 2
6-OHDA 6-hidroxydopamine
PARL Presenilin-associated rhomboid-like
PARIS Parkin interacting substrate
PARL Presenelin-associated rhomboid-like
PBR Ring-in-between-ring
PD Parkinson’s disease
PGC-1α Peroxisome proliferator-activated receptor gamma
PI3K Phosphoinositide-3-kinase
PINK1 Phosphatase and tensin homolog (PTEN)-induced kinase 1



6 Control of Autophagy in Parkinson’s Disease 93

PP2A Protein phosphatase type 2A
PQ Paraquat
RING Really interesting new gene domain
ROC Ras of complex proteins
ROS Reactive oxygen species
SMAF Small Maf proteins
SMERs Small molecule enhancers of rapamycin
α-syn α-synuclein
TFAM Mitochondrial transcription factor A
ULK1 Unc-51-like kinase
UPS Ubiquitin proteasome system
UCH-L1 Ubiquitin C-terminal hydrolase L1
VDAC Voltage-dependent anion channel
WT Wild type

Introduction

Parkinson’s Disease

Definition and Epidemiology

Neurodegenerative diseases are chronic and progressive processes characterized 
by loss of neurons in different regions of the nervous system. The most prevalent 
neurodegenerative diseases are Alzheimer’s disease (AD) and Parkinson’s disease 
(PD), although there are other important diseases such as Huntington ’s disease, 
ataxia or amyotrophic lateral sclerosis [1].

Therefore, as just indicated, PD is one of the most common neurodegenerative 
disorders in the world population, affecting 2 % of the population over 65 years with 
the diagnosis 5–24 cases per 100,000 population [2].

The first symptoms of the disease usually appear about 60 years, to a major in the 
course of 5 or 15 years with incapacitation [3]. Its incidence is increased with age, 
although in the past 40 years, the age of onset has been anticipating, being currently 
more common in younger people. The appearance of the disease in less than 20 
years age is very low and is called juvenile PD, while the appearance between 20 
and 40 years affects less than 5 % of all cases and is called early-onset PD.

Origin

The source of this disorder is a loss of, at least, 50 % of the neurons in the 
midbrain area known as substantia nigra. These neurons have a characteristic dark 
pigmentation due to the presence of neuromelanin. Under normal physiological con-
ditions, these neurons are responsible of dopamine (DA) production, a messenger 
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sent by which inhibitory signals to the striatum, responsible for performing smooth, 
purposeful movement. In a PD patient, the death of neurons in the substantia nigra in 
the striatum causes a depletion of DA which produces akinesia [4, 5]. There are also 
other injuries, such as degeneration of dopaminergic ventral tegmental area [6]. This 
nonnigral lesion produces cognitive and psychological disorders, such as dementia, 
which mainly appears in 30 % of cases of the disease, usually in the later case [7].

Symptoms and Treatments

Idiopathic PD is clinically defined by a serie of symptoms usually characterized 
by loss of movement coordination. They can be differentiated between motor and 
non-motor symptoms [8].

Motor symptoms that may present in an individual with PD are:

• Tremor: the most common and easily recognizable feature of PD. They are usu-
ally unilateral, with a frequency of 4.6 Hz (slow) and characteristics of supina-
tion-pronation are tremors.

• Micrograph: slow, small strokes with scripture.
• Bradykinesia: slowness of movement that hinder the performance of everyday 

actions.
• Rigidity: is characterized by an increased resistance and is often accompanied by 

pain.
• Akinesia: muscular paralysis.
• Postural inestability: it is due to the loss of postural reflexes and is usually a 

manifestation of the later stages of PD.
• Hypomimia: reduced facial expression (this is related to bradykinesia).
• Dysarthria: speech problem. Monotony, decreased volume (dysprosody), 

reduced stress and loose coupling.
• Dysphagia: difficulty eating, accompanied by hypersalivation (excessive pro-

duction of saliva).
• Dystonia: loss of muscle tone.
• Difficult march, shuffling.
• Rotary movements in bed.
• Scoliosis deviation of the spine.
• Camptocormia: abnormal pronounced trunk flexion.

However, individuals affected by PD may also have a high number of non-motor 
symptoms such as:

• Cognitive impairment: loss of mental functions (memory, orientation, or 
language), and considered prior to dementia.

• Bradyphrenia: slowed thinking.
• Depression and apathy.
• Anhedonia: inability to experience pleasure.
• Fatigue, back and shoulder pain.
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• Anosmia: loss or reduction of smell.
• Orthostatic hypotension: excessive reduction of blood pressure when standing.
• Constipation, urinary and sexual dysfunction.
• Excessive sweating and seborrhea.
• Weight loss.
• Sleep disorders.

Current treatments are able to reduce the symptoms caused in part by the PD,  
however, the disease has not any effective treatment able to cure it.

Pharmacologically, L-3,4-dihydroxyphenylalanine (L-DOPA), DA agonists and 
inhibitors of monoamino oxidase B (MAO-B) are used. The use of either treatment 
is considered in relation to the individual response of each patient to such treatment 
and the phase in which the patient is located.

Etiology

Over time, various studies have suggested that PD has a multifactorial etiology, in 
which both genetic and environmental factors are included [9]. In the late 19th centu-
ry, Gowers reported on the PD “… in any occasions the influence of the inheritance… 
could be important”. This was the general opinion among researchers until 1980, 
when the discovery of the toxin 1-methyl-4-phenyl-1,2,3,6- tetrahydropyridine 
(MPTP) [10], which produces a selective death of neurons of the substantia nigra in 
human and experimental models [11], and induces symptoms similar to those seen in 
the PD engines. This discovery opened the door to a more thorough investigation of 
possible environmental factors that could be related to the disease. Today a large num-
ber of pesticides, herbicides and industrial chemicals involved in the development of 
PD are known. Among the most studied compounds found rotenone, a substance of 
plant origin used as an insecticide and acts as a potent inhibitor of complex I of the 
mitochondrial respiratory chain, 6-hydroxydopamine (6-OHDA), oxidative stress-
inducing neurotoxin [12], or bipiridinium compounds such as the 1-methyl-4-phenyl-
pyridine ion (MPP+) or the herbicide paraquat (PQ), which involvement in neurode-
generative processes has been extensively studied [12–18]. Thus, the knowledge of 
the genetic factors involved in this disease is paramount when it comes to elucidate 
the possible causes and mechanisms that occur during the development of the disease.

Nowadays, thanks to epidemiological studies, it is known that most cases of indi-
viduals with PD are sporadic and only 5–10 % has a familiar pattern of inheritance, 
highlighting the importance of environmental factors in the origin of this disease. 
Therefore, it has been postulated that the cause of PD may be the interaction be-
tween heredity and environment, where the gene acts as a predisposing factor but 
does not determine the development of the disease. There are studies supporting 
this interaction, an example can be given in studies that show how individuals with 
mutations in PARK9 gene have an increased susceptibility to excess manganese poi-
soning, and subsequently neuronal death, so if these individuals are found in envi-
ronments with high concentrations of the metal, present a predisposition to PD [19].
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Environmental Factors

Some years ago, environmental factors are suspected to be the main cause or at 
least the major in PD. This theory gained strength after the influenza pandemic 
of 1918, as a large number of individuals (around five million people) developed 
postencephalitic parkinsonism attributed to infectious agents in the environment 
[20, 21]. The discovery and identification of the MPTP toxin in early 1980, drug 
used intravenously for young people with symptoms compatible with PD, further 
strengthened environmental theory [10]. More thorough studies revealed that 
MPTP is capable of crossing the blood-brain barrier and is converted by MAO-B 
in a reactive molecule, the MPP + ion, which accumulates in dopaminergic cells 
and produces cell degeneration as a result of mitochondrial complex I inhibi-
tion, increased oxidative stress levels and redistribution of DA from the vesicles 
into the cytosol [22, 23]. Chronic exposure to the toxin in rodents (excluding rats 
showing resistance), primates and humans leads to a parkinsonian syndrome, so 
that MPTP and MPP + are widely used both in vivo and in vitro as tools of nigral 
degeneration [24]. In this regard there are numerous studies that identify a wide 
range of substances: metals (iron, copper, lithium, vanadium) [25–27], industrial 
chemicals (cypermethrin, polychlorinated biphenyls…) [28, 29] and exposure to 
pesticides (rotenone and paraquat) [14–16, 30, 31] that promote neuronal harm 
simulating the typical features of PD.

Genetic Factors

The existence of family history that has had PD is a risk factor for the development 
of PD [32, 33]. Thus, in 1997, an autosomal dominant mutation in the PARK1 gene, 
was identified an inheritable form of PD in Italian and Greek families, which codi-
fies for α-synuclein (α-syn) protein [34]. This fact, together with the discovery that 
the α-syn is the major component of Lewy bodies (LBs) [35], enables a greater in-
terest in research on genetic aspects of PD. In subsequent years other genes involved 
in PD were found (Table 6.1). In 1998, PARK2 gene encoding Parkin protein [36], 
which appears mutated in an inherited variant juvenile of PD was identified. Subse-
quent studies identified new key mutations in PD as in the case of a mutation in the 
DJ-1 protein in Dutch and Italian families [37–39], responsible for a variant autoso-
mal recessive early-onset parkinsonism. Also it has been described a mutation in the 
PARK6 gene encoding the protein phosphatase and tensin homolog (PTEN)-induced 
kinase 1 (PINK1), which could cause metabolic failure and neuronal death in the 
substantia nigra [40].

Also it has been investigating the role that leucine rich-repeat kinase 2 (LRRK2) 
protein may have on the development of PD. LRRK2 is encoded by the PARK8 gene 
and in recent years has been postulated as one of the key proteins in the knowledge 
and understanding of PD.
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Autophagy

Definition

The cell is in a continuous process of replacement of organelles and proteins, as it is 
necessary to discard the material which has been synthesized but is no longer ben-
eficial to the cell. Correct maintenance of the balance between synthesis and degra-
dation of the cellular content is vital for its survival. The cell has two mechanisms 
of degradation, the ubiquitin-proteasome system (UPS) and autophagy [45, 46].

Autophagy is an intracellular catabolic mechanism, highly conserved through the 
evolution, whereby cell recycles or degrades damaged proteins or cytoplasmic organ-
elles [47]. It was described by Christian de Duve in the 60 s, however, it was not until 
the 90 s when the genes involved in this process were identified in yeast. These genes 
were named thereafter as autophagy-related genes (Atg genes, Table 6.2), and its 
discovery was a breakthrough in understanding the autophagic mechanism [48, 49]. 
At present, the number of works related to autophagy grows exponentially, because 
such studies are revealing the importance of this mechanism in the development of 
many diseases, including neurodegenerative disorders.

There has been described a role for autophagy in the neonatal development [50], 
in other sense, there have also been related dysfunctions in autophagy with many 
diseases such as cancer [51], cardiomyopathies [52], problems with skeletal muscle 
[53] or adipose tissue [54]. Many studies have established a relationship between 
autophagy and neurodegeneration [15, 55, 56]. In this sense, an increase in autopha-
gic vacuoles (AVs) was found in the substantia nigra of PD patients [57].

Paradoxically, although initially autophagy is a protecting process for the cell, 
for example, in the recycling of protein aggregates that might be toxic [58] also 
plays a key role in triggering cell death, the execution of a program of irreversible 
self-destruct [59].

There are also studies linking autophagy with aging processes. Thus, it has been 
demonstrated that a diet high in calories accelerates the aging process compared to 
a person with a low calorie diet without reaching malnutrition. Individuals with a 
low calorie diet have less impact on cancer, cardiovascular disease, diabetes and 
late mortality [60].

Autophagy is interrelated with apoptosis [61], this relationship is involved in the 
neurodegenerative process experienced by patients with PD.

Basic Machinery

During autophagy, elimination of certain proteins or cellular organelles takes place 
when they are damaged or are no longer needed for the cell. For this purpose, the 
content is enclosed in membranous structures, which have different structural stages 
and subsequently fuse with lysosomes to degrade their content through the action of 
lysosomal enzymes. The origin of these membranes can be varied, there are tomo-
graphic studies relating to ER (endoplasmic reticulum) with autophagosomes [62], 
although several studies point to the Golgi apparatus, the nucleus or mitochondria 
even as membrane sources.
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To get a better understanding of the autophagic process, we could differentiate 
autophagy in several phases:

1. Initiation: a start signal results in the implementation of autophagy. This initiation 
can occur by nutrient deprivation, lack of amino acids or fatty acids, or energy 
requirement [49, 63].

2. Nucleation: recruitment of Atg proteins necessary to the membrane, leading to 
the phagophore isolation.

3. Elongation: phagophore expansion occurs to engulf internalized material, result-
ing in a structure called autophagosome. The autophagosome is closed in a dou-
ble-membrane structure.

4. Fusion: autophagosomes merge with endosomes and lysosomes to proceed to 
material elimination which has been captured by the autophagosome.

5. Maturation: the degradation and release of the material and gradient occurs.

This process is very complex and is highly regulated by many proteins.

Classification and Types

A classification of the different types of autophagy can be made, depending on the 
mechanism function to degrade the substrate into the lysosomal lumen [64]. We 
could distinguish three types of autophagy (Fig. 6.1):

1. Macroautophagy: often referred to as such term autophagy. In this process, 
the material to be degraded is sequestered into double-membrane vesicles 
called autophagosomes [65, 66]. Depending on the material to degrade within 
autophagosomes, it has been developed a classification of different types of 
macroautophagy:

A. Mitophagy: kidnapping and selective degradation of mitochondria.
B. Xenophagy: selective degradation of microbes (bacteria, fungi, parasites or 

virus).
C. Ribophagy: kidnapping and selective degradation of ribosomes.
D. Agrephagy: selective degradation of protein aggregates.
E. Peroxiphagy: kidnapping and selective degradation of peroxisomes (this 

may also occur microautophagy).
F. Crinophagy: direct fusion of secretory vesicles with lysosomes.
G. Reticulophagy: kidnapping and selective degradation of ER.

2. Microautophagy: in this process, the material to be degraded is sequestered by 
lysosomes through invagination of its membrane. Once the cargo is introduced 
inside the lysosome, it is degraded by the action of lysosomal enzymes.

3. CMA: in this case, damaged material or misfolded proteins are translocated into 
the lumen through the lysosome membrane. This translocation is mediated by 
cytosolic chaperones, such as LAMP-2A (lysosomal associated membrane pro-
tein-2A), and is a very selective degradation.
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Regulation

Autophagy is a mechanism with a very complex regulation, and there are still many 
gaps in the understanding of this process. This is because there is an extensive net-
work of routes with potential regulation of cellular recycling process.

mTOR (mammalian target of rapamycin) is one of the most studied inhibitors 
of autophagy. mTOR is a protein kinase that under favorable cellular conditions 
is active, suppressing autophagy by interacting with protein phosphatase type 2 
(PP2A) [67]. The class I phosphoinositide 3-kinase (PI3K) pathway is also involved 
in the negative regulation of autophagy, by direct interaction with mTOR [68]. 
Nuclear factor of kappa light polypeptide gene enhancer in B-cells (NF- kB), as 
class I PI3K, also exerts its negative regulation of mTOR activation [69]. Another 
molecule that downregulates autophagy is Bcl-2, which has the ability to inhibit the 
activation for Class III PI3K pathway (by interaction with Beclin-1) [70].

On the other hand, there are many other ways to positively regulate autophagy. The 
most known and studied is the path-dependent class III PI3K, Beclin-1, involved in 
the activation of the early stages of autophagosome formation [71]. It is also known 
that there is a stimulation of autophagy by way of extracellular signal-regulated 
kinases (ERK) [72] and others studies have also involved the production of reactive 
oxygen species (ROS) in the autophagy regulation [15, 16, 73, 74].

Fig. 6.1  Classification and types of autophagy
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Dysfunction of Autophagy in Parkinson’s Disease

The Importance of the Oxidative Stress in the Connection 
Between Parkinson’s Disease and Autophagy:  
The Nrf2/keap1 Pathway

Free radicals are molecules with unpaired electrons. For this reason, they are highly 
reactive with others and, sometimes, the cell could be in a compromised situation. 
Among the most common free radicals are included: superoxide anion (-O2

−), hydro-
gen peroxide (H2O2), hydroxyl radical (-OH.) or hydroxyperoxide (-ROOH−). These 
molecules are consistently produced in cell metabolism, but their effect is normally 
neutralized by antioxidants (molecules which are able to receive electrons) [75]. This 
controlled production of ROS is very important, because it plays a critical role in im-
mune reactions, growth factors stimulation, development of inflammatory response 
and even take part in the apoptosis process, regulating the cell population [76, 77]. 
The main problem occurs when the balance between the concentration of free radicals 
and antioxidants is broken and the cell status changes to “oxidative stress”. In bio-
chemical terms, oxidative stress is an increase in the potential cell reduction (becomes 
more negative) or a decrease in the redox pairs, reducing capacity of the cell [78–80]. 
This environment is too harmful to the cell and can cause irreparable damages in 
DNA [81], proteins and lipids [82], but also can disrupt the lysosomal membrane 
permeability, leading to the dysfunction of this organelle and hence of the processes 
in which it participates actively (CMA, microautophagy and macroautophagy) [83]. 
Interestingly, multiple studies suggest that in elderly people (80 years old), at least 
the 50 % of the total protein has been subjected to an oxidation process [84] and the 
main sources of ROS production come from mitochondria and ER [85]. Therefore, 
it has been hypothesized that oxidative stress could generate permanent cell damage, 
which is a characteristic presented in all neurodegenerative diseases. Neurons and 
glial cells are much more sensitive to oxidative stress as compared to other body tis-
sues [86], because these cells contain a larger amount of enzymes that generate free 
radicals, such as MAO-B and tyrosine hydroxylase, and dopaminergic neurons in the 
substantia nigra contain iron as well, which catalyzes the Fenton reaction (hydrogen 
peroxide catalysis in the presence of transition metals, generating superoxide radical) 
[87]. The difference among the neuronal axons metabolism and other cell lines is 
the requirement to adapt its structure to the functionality, but this fact makes it more 
susceptible to stress [88–90] degenerating without causing the soma death, which 
also could explain the chronicity in this pathology [91]. It seems that the principal 
sources of oxidative stress generated in the dopaminergic neurons derive from DA 
metabolism, mitochondrial dysfunction and neuroinflammation, as detailed below.

Dopamine Metabolism

Multiple evidences suggest that DA oxidation and its subsequent modification 
to quinone can be one of the main factors contributing to the vulnerability of 
dopaminergic cells against oxidative stress. Normally, DA is stored in vesicles, but 
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the neurotransmitter excess in the cytosol makes easily the spontaneous enzimatic 
oxidation to DA quinone. DA quinone species are able to modify cellular nucleo-
philes covalently, including low molecular weight groups as sulfhydryles or the cys-
teines residues present in some proteins such as gluthatione (GSH) and Kelch-like 
ECH-associated protein 1 (Keap1), which functions are important for cell survival. 
In particular, it has been shown that the DA quinone has the capacity to modify 
some proteins related to the pathophysiology of PD, among them the α-syn, Parkin, 
DJ-1, and ubiquitin C-terminal hydrolase L1 (ULC-H1), are found. The DA qui-
none modifies covalently the α-syn monomer and promotes their conversion to the 
cytotoxic form [92] which saturates the CMA [93]. Furthermore, an excess of α-syn 
can bind and permeabilize the membrane of the DA vesicles, causing a liberation of 
the neurotransmitter in the cytosol [94] and inducing the generation of further DA 
quinone. Parkin can also be modified by DA quinone, which transforms it into an 
insoluble protein with the consequent loss of E2 ubiquitin ligase activity, these find-
ings have been detected in the substantia nigra of PD brains, but not in other human 
brain regions [95]. Other proteins that are modified by the DA quinone are UCH-
L1 and DJ-1, because both proteins have a functional cysteine residue [96, 97] 
which makes them more sensitive to change in presence of DA quinone [98, 99]. 
DA quinone can inactivate tyrosine hydroxylase [100] and produce mitochondrial 
dysfunction [101, 102] with the consequent alteration of mitochondrial respiration, 
causing further ROS [103].

Mitochondrial Dysfunction

Mitochondrial dysfunction is another important source of ROS associated with the 
pathogenesis of PD. The functionality of neurons depends on the ATP produced 
by aerobic respiration, and some substances such as hydrogen peroxide and su-
peroxide radicals are a waste product of oxidative phosphorylation that occurs in 
mitochondria to satisfy the energy demand, so any pathological situation leading to 
the dysfunction of this organelle can cause a dramatic increase in ROS and a satura-
tion of cell antioxidant mechanisms. Dopaminergic neurons generate free radicals 
and they are inherently more vulnerable than others against ROS, in this sense, it 
was observed that intraperitoneal injection of MPTP and rotenone in mice, exerts 
a selective cytotoxicity in this cell group [104]. These results fit with findings in 
human PD brains, in which there is a large number of neurons with deficient mito-
chondrial complex I [105]. Mutations in genes related in mitochondrial proteins as 
Parkin, DJ-1 and PINK1 are linked to familial forms of PD, and their study could 
be a critical point to understand the pathology. Cells from patients with mutation in 
the Parkin gene show a decrease in mitochondrial complex I activity, and the same 
mice null for this gene show a reduced striatal chain with oxidative damaged [106]. 
PINK1 protein mutations induced mitochondrial dysfunction with excess free radi-
cal formation [107] and in the case of the DJ-1 protein, it has been observed that 
mice null for this gene, accumulate ROS and exhibit a fragmented mitochondrial 
phenotype [108].
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Neuroinflammation

Neuroinflammation is mainly controlled by microglia and by innate immune cells 
in the central nervous system (CNS). Patients with sporadic or familial PD show in 
the substantia nigra a chronic inflammation caused by a microglial reaction [109], 
and these findings appear in animal models treated with MPTP as well [110]. Mi-
croglia activation is a defense mechanism against pathogens or cellular debris, and 
the process requires nitric oxide and superoxide release, which may contribute to 
an oxidative stress microenvironment. Therefore a chronic activation of this mecha-
nism could cause an excessive and uncontrolled neuroinflammatory response, cre-
ating a vicious circle which ultimately ends with neurodegeneration [111].

Although the precise mechanism of the production of ROS in PD is still unknown, 
the presence of oxidative stress in PD is one of the constants of the pathology. For this 
reason, the theory that the neuronal degeneration may result from an excess of free 
radical concentration is becoming more and more important. In this sense, the study 
of antioxidants pathways as nuclear factor (erythroid-derived)-like 2 (Nrf2)/Keap1 
axis as a preventive therapeutic target could be interesting in the coming years [112]. 
The transcription factor Nrf2 is one of the major cellular guards, being inducible its 
expression against oxidative stress, drug metabolism, inflammation and cytoprotec-
tion. Nrf2 has a complex spatio-temporal regulation in which different mechanisms 
are involved (inflammation, hipoxia, oxidative stress, xenobiotics signals, UPS and 
autophagy) [113]. Under normal conditions, Nrf2 cytosolic levels are low, because it 
is associated with its cytoplasmic inhibitor Keap1, which facilitates its degradation 
through the UPS, serving as an adapter complex for this degradative system. Con-
versely, under stress pressure or in the presence of compounds that target Nrf2 activa-
tion, this degradation is suppressed, allowing the translocation of Nrf2 transcription 
factor to the nucleus, where heterodimerizes with v-maf avian musculo-aponeurotic 
fibrosarcoma oncogene homolog K (MafK) protein. The Nrf2/MafK complex, aided 
by June dimerization protein 2 (JDP2) cofactor [114], interacts with antioxidant re-
sponse element (ARE), from a promoter sequence in “cis” configuration [115] and 
begin to transcribe cytoprotective genes. These genes may encode enzymes, antioxi-
dants, molecular chaperones, DNA repair enzymes, and proteins related to anti-in-
flammatory response. Anyway, they increase the cell’s ability to repair damage. Apart 
of this, another thing that should be noted, is that Nrf2/Keap1 is closely related to 
DJ-1, so that the latter is capable to induce the synthesis of cytoprotective genes from 
this axis [116] enhancing the connection between PD and oxidative stress (Fig. 6.2).

Impairment of Mitophagy in Parkinson’s Disease: 
Role of PINk1/Parkin

One of the key factor involved in aging, and especially in PD, is the mitochon-
drial dysfunction [117], and the maintenance of its homeostasis is essential. Muta-
tions and deletions in mitochondrial DNA are common in PD patients [118] and 
induce impaired cellular respiration in aged neurons of the human substantia nigra 
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[119]. Some of PD-related genes encode proteins associated to this organelle, being 
PINK1 and Parkin the most relevant. Mutations of both genes are responsible for 
autosomal recessive forms of familial early-onset parkinsonism.

Briefly, PINK1 is a serine/threonine kinase and contains a N-terminal 
mitochondrial targeting sequence [120, 121]. Parkin is a RING-in-between-RING 
(RBR) E3 ubiquitin ligase [122], has recently been revealed [123, 124]. Several 
studies have shown that PD-related proteins PINK1 and Parkin work in a com-
mon pathway, and suggested that Parkin acts downstream of PINK1. In this sense, 

Fig. 6.2  Oxidative stress and its interaction with the Nrf2/Keap1 axis. Under basal conditions, 
Nrf2 is sequestered in the cytosol by Keap1 homodimer, facilitating its ubiquitination and 
proteasomal degradation. Conversely, when the cell encounters an insult (chemical or oxidative 
stress), a conformational change occurs in Keap1, following its cysteines oxidation. This causes 
the release of Nrf2, which will no longer be ubiquitinated and degraded, and after stabilization, 
translocates to the nucleus. Here heterodimerizes Nrf2 small Maf proteins (SMAF) and joins 
ARE, activating and promoting the expression of a battery of cytoprotective genes. When the cell 
reaches its basal state, this synthesis ceases and the route is restored
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parkin overexpression rescues the phenotype in Drosophila melanogaster pink1−/− 
(characterized by low mitochondrial mass, shortened lifespan, energy depletion, 
motor disturbances, muscle degeneration, reduction in the number of dopaminergic 
neurons) [125–127].

Different reports have shown that PINK1 regulates mitochondrial morphology, 
mitochondrial traffic and mitochondria-selective autophagy (mitophagy) [107, 128, 
129], process [130] which we are going to describe deeply. These insights provide 
clear evidence that PINK1 develops a key role in the mitochondrial quality control, 
mainly through the interaction with Parkin.

In healthy mitochondria, full-length PINK1 (FL-PINK1) is imported to the inner 
mitochondrial membrane (Δψm-dependent step) and processed by the mitochondri-
al protease presenilin-associated rhomboid-like (PARL) [131–133]. The resulting 
cleaved PINK1, also called ΔN-PINK1, is subsequently degraded by the protea-
some [134]. Some authors suggest that this mitochondrial cleavage is necessary for 
the PINK1 protective effect [131, 135]. Upon depolarization of the Δψm, induced 
in vitro by mitochondrial uncouplers, such as carbonyl cyanide m-chlorophenyl hy-
drazone (CCCP) or carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP), 
cleavage of PINK1 is blocked and FL-PINK1 is accumulated on the mitochondrial 
outer membrane, recruiting Parkin to this organelle [128, 136–138]. Autophosphor-
ylation of PINK1 is essential for this event [139]. Moreover, PINK1 phosphorylates 
mitofusin (Mfn) 2, acting as a mitochondrial receptor for Parkin [140] in depo-
larized mitochondria. Although, Parkin recruitment and mitophagy induction also 
occurs in absence of mitochondrial depolarization [128]. The loss of ∆ψm induces 
PINK1 calcium-dependent gene expression [141] and the mitochondrial localiza-
tion of Parkin is PINK1 kinase activity-dependent [142]. Recently, studies have 
discovered that Parkin is phosphorylated at Ser65 [143, 144], being regulated by 
PINK1. Some mutations of PINK1 associated to PD, such as G309D and L347P, 
and the synthetic kinase-dead PINK1 triple mutant (K219A/D362A/D384A) abol-
ish Parkin phosphorylation at serines in SH-SY5Y cells [145]. After translocation, 
Parkin ubiquitinates several mitochondrial substrates, such as voltage-dependent 
anion channel 1 (VDAC1) [146], Mfn1 and Mfn2 [147], as well as outer membrane 
proteins (Tom20, Tom40, Tom70) [148]. This event results in the fragmentation and 
isolation of damaged mitochondria, and is critical for the subsequent clearance by 
mitophagy. Curiously, Ambra1, protein involved in the formation of new phago-
phores, is recruited to mitochondria in a Parkin-dependent manner [149]. A recent 
study has identified that Fbxo7 (codified by PARK15 gene) participates in mito-
chondrial recruitment of Parkin and ubiquitination of Mfn1, promoting mitophagy 
[150]. Once the VDAC1 is polyubiquitinated, it is recognized by the protein adaptor 
p62, allowing the recruitment of autophagosomes for the subsequent engulfment of 
mitochondria into these double-membrane vesicles.

A well-regulated balance between mitophagy and mitochondrial biogenesis is 
vital to achieve mitochondrial homeostasis. The disruption of these coordinated 
processes, marked by an accumulation of impaired mitochondria and a deregulated 
mitochondrial biogenesis, may contribute to PD pathogenesis [151, 152]. In 
this sense, PINK1 and Parkin mutations fail in mitochondrial elimination [128], 
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 meanwhile higher levels of mitophagy produce neuroprotection [72]. However, in 
absence of mitochondrial biogenesis, excessive mitophagy could compromise the 
mitochondrial function, and thereby the cell survival [153–155].

As we described previously, PINK1 and Parkin are involved in mitocondrial 
remodeling. Several reports have shown that PINK1-Parkin pathway controls mi-
tochondrial morphology. Thus, Parkin ubiquinitinates Mfn1 and Mfn2 [147, 156], 
blocking the mitochondrial fusion. Also, this couple of proteins regulates the mito-
chondrial traffic, because PINK1 phosphorylates Miro1 (a component of the mo-
tor complex responsible of the anterograde mitochondrial movement) for further 
Parkin-dependent ubiquitination and degradation by the proteasome [157], allow-
ing the mitochondrial liberation from the microtubules. These events reduce the 
mitochondrial size and limit the mitochondrial motility, respectively, quarantining 
impaired mitochondria before their clearance via mitophagy (Fig. 6.3). Moreover, 
Parkin promotes mitochondrial biogenesis through the interaction with transcrip-
tion factor A mitochondrial (TFAM) [158] and the ubiquitination of Parkin interact-
ing substrate (PARIS), which represses the expression of the peroxisome prolifera-
tor-activated receptor gamma 1-α (PGC-1α) and its target gene, nuclear respiratory 
factor (NRF-1) [159]. Parkin also ubiquitinates Bax, playing a role in the apoptotic 
cell death regulation [160].

Fig. 6.3  Relationship between PINK1-Parkin and mitochondria. PINK1-Parkin are involved 
in different mitochondrial processes, such as mitophagy (through VDAC1 ubiquitination), and 
blockade of mitochondrial fusion (through Mfn1 and Mfn2 ubiquitination) and motility (through 
Miro1 ubiquitination)
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Implication of Macroautophagy in Parkinson’s Disease: 
Importance of LRRK2 and α-synuclein

LRRK2 is a serine/threonine kinase of 285 KDa, which belongs to the ROCO protein 
family [161]. The human ROCO proteins are a family of four proteins  characterized 
by a conserved supradomain: a Ras-like GTPase domain. This  domain consists 
of ROC (Ras of complex proteins) occurring in tandem with a COR (C-terminal 
of ROC) domain [162, 163].

LRRK2 plays several functions poorly understood, and is involved in a number 
of cellular process and signaling pathways [162]. LRRK2 autophosphorylates its 
own ROC and kinase domains on six residues (1 serine and 5 threonines); such au-
tophosphorylation regulates the kinase/GTPase activity of LRRK2 [164, 165]. With 
its LRR domain, LRRK2 can form homodimer and is involved in protein-protein 
interactions [166], so interacts with heat shock proteins 90 (Hsp90), tubulin [167] 
and participates in the cytoskeleton organization [168].

LRRK2 domains are subjected to different mutations that alter the function and 
enzymatic activities of the protein. Mutations in GTPase (R1441G/C) and kinase 
(G2019S, I2020T) domains have been associated with the onset of PD, therefore 
are highly studied [162].

Many studies report that missense mutations in LRRK2 are the most common 
cause of familial PD and have been identified in some sporadic cases [164, 166, 
169]. Patients carrying LRRK2 mutations display identical clinical symptoms to 
those sporadic cases [162, 170].

Nevertheless, all patients harboring LRRK2 mutation do not display the symp-
toms in the same way, age at onset varies between and within family with muta-
tion and may also vary following the mutated domain of the protein, such as the 
G2019S mutation that have been identified to manifest phenotype disease earlier 
than R1441C [170].

The mechanism whereby LRRK2 participates in PD pathogenesis remains un-
clear. Little is known about its regulation, its own substrates and of course which 
mutation throughout this protein really provokes PD [171].

About this, many studies stipulate that maybe it is not LRRK2 mutations but the 
influence of others genetic and/or environment factors on the protein that trigger the 
pathogenesis of PD [170]. LRRK2 G2019S possesses a kinase activity at least 2–3 
fold higher than wild type (WT) LRRK2 [165, 167, 172]. Moreover, it phosphory-
lates number of substrates and is involved in several signaling pathways that are 
connected directly or inderectly, for example vesicle trafficking [173], MAPK1/3 
pathway [43], autophagy [172], etc.

In primary neuronal cells, LRRK2 regulates the distribution and endocytosis 
of synaptic vesicles. Experiments carried out on transfected SH-SY5Y and PC12 
cells, showed an increasing extracellular DA level compared to control or others 
mutations of the protein; this releasing level is reduced by the inhibitor of LRRK2 
GSK2578215A [173].
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The role of LRRK2 in cellular regulation is very elusive, among others, cellular 
degradation mechanism; dysregulation of kinase activity affect the regulation of 
autophagy/lysosomal pathway [168, 174, 175]. LRRK2 phosphorylates ULK1 
(unc-51-like kinase) [165], one of the proteins of autophagy initiation that partici-
pates in autophagosome formation together with the class III PI3K.

Autophagy is a catabolic process to degrade aggregated cytoplasmic proteins 
and damaged organelles, its dysfunction have been implicated in most of neurode-
generative diseases, particularly in PD [176].

Bravo-San Pedro et al. have observed in fibroblasts of parkinsonism patients 
a dysregulation of basal autophagy. Primary fibroblast G2019S have been identi-
fied to possess an increasing number of autophagic vacuoles compared to fibroblast 
control [172]. Consistent with it, G2019S LRRK2 in SH-SY5Y neuroblastoma cells 
displayed a high number of autophagic structures differently to cells transfected 
with vector or dead kinase K1906M-LRRK2 [174]

Hence, mutant G2019S fibroblasts exhibit an exacerbated autophagy respect to 
cells without mutation. The silencing of Atg5 gene reduce the level of autophagy 
and the cellular death. Indeed, in these cellular model, the MAPK pathway have 
been found overactivated; inhibition of this pathway by U0126 decreased basal au-
tophagy level and was rised in cells control [172]. Fascinatingly, LRRK2 knock-
down shows an increased autophagy level death in both fibroblast control and mu-
tant; suggesting the importance of LRRK2 in regulation of autophagy and also the 
playing role of G2019S mutation.

Moreover, Plowey et al. have shown by electron microscopy the number of AVs 
at differents stages of maturation. In G2019S LRRK2-transfected SH-SY5Y cells, 
autophagy induces neuritic pathology. In fact, shortened neuritic process occurs 
with G2019S LRRK2. Therefore, the inhibtion of autophagy by knocking-down 
LC3 or Atg7 genes reduce G2019S LRRK2-induced shortened neuritic [174].

Interestingly, treatment with rapamycin, an autophagy inducer, makes easier the 
neuritic shortening in G2019S neuroblastoma cells by increasing AVs, but not in 
cells control. However, co-treatment with U0126, a specific inhibitor of MAPK 
pathway, reduces autophagy observed and neurites shortening.

These findings suggest that there is a link between LRRK2 and MAPK pathway. 
So, LRRK2 kinase activity is responsible for the autophagy exacerbated in human 
G2019S fibroblast and shortened neuritic progress in G2019S-transfected neuroblas-
toma cells via MAPK route and the latter is also a regulator of autophagy (Fig. 6.4).

However, other studies reported that they did not observe any difference of au-
tophagy basal between G2019S fibroblast and control; they suggest that the ratio 
LC3-II/LC3-I was more feeble in mutant than in control under starvation condi-
tion. Concluding, these mutations in LRRK2, including G2019S, perturb starvation 
induced-autophagy [177], but do not affect autophagy under normal condition.

PD is characterised by progressive degeneration of dopaminergic neurons and 
by the presence of intracellular proteins inclusions called LBs in surviving neu-
rons [178]. α-syn is a major component of LB. α-syn is one of the PARK genes 
named PARK1/4, that is implicated in autosomal dominant form of PD. Triplication, 
 duplication and mutations (A30P, A53T, E46K) of α-syn gene provoke PD progres-
sion due to its accumulation in neuronal cells [179].
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Deletion of Atg7 gene in mice promotes loss of dopaminergic neurons. The dis-
ruption of autophay is related to an accumulation of α-syn in axons terminal and 
presynaptics neurons leading to a dystrophic axons. α-syn inclusion was followed 
by an increasing level of LRRK2 due to its  mRNA expression level. Consistent 
with, the enhanced level of LRRK2 proteins found in LB inclusions of postmortem 
PD brains [178].

It has been shown in transgenic mice expressing human G2019S LRRK2 the for-
mation of autophagic vacuoles including early and late autophagosomes in neuronal 
soma, axons and synapses [180].

The acumulation of LRRK2 in autophagy impairment is observed in certain 
brains region and cell types. Overall, LRRK2 and α-syn has been implicated in 
pathogenesis of PD, as well as, associated with autophagy regulation [178].

As previously described, kinase activity of LRRK2 induces shortened neuritic 
[174, 180] further the biological effect of α-syn inclusions, both conduce to inflam-
mation and neuronal degeneration (Fig. 6.5).

Involvement of Chaperone Mediated Autophagy in Parkinson’s 
Disease: Implication of LRRK2 and α-synuclein

α-syn is a native unfolded protein localized in presinaptyc terminals in neurons and it 
is involved in neurotransmitter release [181]. It can also be found in different aberrant 
conformations such as oligomers, protofibrils amyloid fibrils, and receives different 
post-translational modifications [93]. Accumulation of this protein or defect in this 

Fig. 6.4  Regulation of macroautophagy through MAPK pathway by G2019S LRRK2
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cleareance may contribute to PD [182]. In this sense, this protein is mainly degraded 
by UPS with a regulatory role of deubiquitinase USP9X [183], but, in cases of pro-
tein burden increased the autophagic pathway will be recruited [184].

Although its function remains undefined, as we have mentioned previously, sev-
eral studies have described a regulation role between LRRK2 and the macroau-
tophagic pathway [43, 184, 185].

Both α-syn and LRRK2 genes may have autosomal dominant mutations (A53T 
and A30P in α-syn, and G2019S and R1441G in LRRK2) related to familial PD 
with clinical characteristics similar to sporadic PD. In addition, there is strong evi-
dence of an interplay between these two proteins and a regulatory role of α-syn 
clearance mediated by LRRK2 [186]. In the last years, several studies have focused 
on the role of CMA in PD and α-syn clearance. Here we will point on what is known 
about these two proteins in this particular pathway.

First of all, both proteins have recognitions motifs to be degraded via CMA, 
eight putative motifs in LRRK2 and a single one in α-syn [187]. It has also been 
demonstrated that both proteins are degraded by this pathway realizing in vitro ap-
proaches [188, 189], and in vivo experiments in the case of α-syn [190].

Nevertheless, mutations or post-translational modifications may result in a 
blockade of clearance of both proteins by CMA pathway. In this sense, WT α-syn is 
selectively translocated into lysosomes via CMA [93, 188, 191], meanwhile A53T 
and A30P mutants appear to act as blockers of this pathway by inhibiting both an-
other substrates and their own degradation [188]. Several post-translational modi-
fications of this protein may result in a diminution of this degradation, or almost 
its inhibition in case of phosphorylation or exposure to DA [93]. Besides, G2019S 
LRRK2 mutation is poorly degraded by CMA [189] (Fig. 6.6).

Fig. 6.5  Link between LRRK2 and α-syn in impaired autophagy
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It has been described that only monomers or dimmers of α-syn are degraded 
via CMA, but not oligomers [93]. However, a work realized by the Stefanis group 
showed that CMA inhibition leads to an accumulation of soluble high molecular 
weight and detergent-insoluble species of α-syn [191]. These findings were rein-
forced by another study in which there were lower levels of LAMP-2A and heat-
shock cognate 70 (hsc70) in PD patients’ brains, thus finding a direct correlation 
between CMA diminution and illness [192].

In the case of LRKK2, little is known about its role in CMA in comparison 
of what is known about macroautophagy. Nonetheless, it has already been shown 
that LRRK2 can be specifically degraded via CMA. Additionally, this protein re-
quires other CMA substrates for binding to LAMP-2A, and this union (both WT and 
G2019S) results in an inhibitory effect of this mechanism by blockade of transloca-
tion complex [189].

All these findings highlight one common feature: autosomal dominant mutations 
in both LRRK2 and α-syn proteins results in an increase in the affinity of LAMP-
2A with no formation of translocation complex, thus making an inhibitory effect of 
CMA pathway by blockade of LAMP-2 A receptor [188, 189]. In one hand, inhibi-
tion mediated by LRRK2, which is enhanced in mutants and, on the other hand, 
self-inhibition of α-syn mutants, contribute to decrease degradation of cytosolic 
substrates via CMA. As this feature is related to the formation of α-syn  aberrant 

Fig. 6.6  Degradation of α-syn and LRRK2 in CAM. α-syn and LRRK2 can be degraded via CMA. 
In WT cells, LRRK2 inhibits degradation of other CMA substrates, including α-syn. Modified 
α-syn is poorly degraded by this pathway. In mutant cells, A53P and A30 P α-syn inhibit both 
other CMA substrates and their own degradation. Mutant G2019S LRRK2 is poorly degraded by 
this pathway, and it has stronger inhibitory effects on this pathway than observed in WT LRRK2
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species, CMA blockade may result in LB accumulation and PD establishment, 
although being a lesser via of degradation of this protein. In spite of these findings, 
functional interaction between CMA and PD needs to be further addressed for a 
better understanding of the role of this mechanism in the disease, especially in an 
in vivo approach [193].

Furthermore, it has been reported that CMA dysfunction previously described re-
sults in a macroautophagy buildup which lead to neuronal death when overexpress-
ing WT α-syn, suggesting that this mechanism would be a possible therapeutic target 
[194]. The same group, in 2013, carried out an overexpression of LAMP-2A in her 
cell lines and they found a decrease in α-syn aggregation in their cell lines, highlight-
ing the possibility of modulate this mechanism as a novel therapeutic target [195].

In conclusion, little are known about CMA function in α-syn clearance and the 
role of LRRK2 modulating this via. Nonetheless, first approaches strongly suggest 
a role of this pathway avoiding formation of aberrant species of α-syn that may 
contribute to LB appearance and PD development. In this sense, LRRK2 appears to 
have a regulatory role in the degradation of cytosolic substrates by CMA pathway. 
Mutations in α-syn and LRRK2 inhibit this mechanism, thus avoiding the proper 
degradation of CMA substrates, including both α-syn and LRRK2. A better compre-
hension of this mechanism in PD will reveal the relevance of this mechanism and 
possibilities of enhancing this mechanism as a therapeutical target.

Autophagy as an Adaptative Response in Parkinson’s 
Disease Neuroprotector Role

The three types of autophagy coexist in neurons to maintain intracellular homeosta-
sis and also serve to support the development and neuronal plasticity. Disturbances 
in these pathways could be responsible for the accumulation of misfolded proteins 
in the PD. Some studies have shown that autophagy activation allows the degrada-
tion of α-syn in PD, through CMA [196], whereas the mutant forms of this protein 
block this degradation pathway. Furthermore, it has been observed that in studies on 
post-mortem brains from parkinsonian patients, there is a decrease in the activity of 
the CMA [188] and accumulation of damaged mitochondria and lysosomes [197]. 
Furthermore, it was found that activation of autophagy decreases α-syn deposition 
[198]. Another protein associated with PD, which seems essential in autophagic cell 
response, is DJ-1. It has been shown that silencing of this protein induced autophagy 
decreases upon exposure to the herbicide PQ [199]. Furthermore, LRRK2 is in-
volved in the control of autophagic process and the presence of pathogenic mutations 
in LRRK2 leads to the accumulation of autophagic structures [174] and deregulation 
of this degradative process [43, 172]. Autophagy inhibition promotes upregulation of 
antioxidant response genes, suggesting the activation of the transcription factor Nrf2. 
In addition, these expression changes are due to increased p62 [200, 201].

Therefore, modulation of autophagy is very useful as a therapeutic strategy. In 
fact, in some cases activation of autophagy is an adaptive compensatory response to 
increased protein load that in the instance has a neuroprotective effect.
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Pharmacological activation of autophagy reduces the levels of soluble and ag-
gregated forms of mutant forms of α-syn; in this sense, it has been described that 
curcumin, a natural compound derived from the curry spice turmeric and with low 
toxicity in normal cells, could efficiently reduce the accumulation of A53T α-syn 
through downregulation of the mTOR signaling and recovery of macroautophagy 
which was suppressed. These findings suggested that the regulation of mTOR/
p70S6K signaling may be a participant of the accumulation of A53T α-syn protein-
linked parkinsonism. Meanwhile curcumin could be a candidate neuroprotective 
agent by inducing macroautophagy [202].

The role of autophagy in protection against neurodegenerative diseases is es-
tablished in animal models but not yet in patients. Nonetheless, preclinical animal 
data provide a strong rationale for proceeding with clinical trials with autophagy 
stimulatory agents; this is especially true as agents shown to be beneficial in reduc-
ing neurotoxicity of mutant aggregate prone proteins are already in clinical use to 
treat other diseases.

Rapamycin analogs, which are approved for the use of preventing organ trans-
plant rejection and postangioplasty coronary artery restenosis and are in phase II 
oncology trials, protect against neurodegeneration [203]. However, because mTOR 
also affects protein synthesis, cell proliferation, cell growth, cell death, and immune 
function, its inhibition has some adverse effects; perhaps intermittent rather than 
continuous stimulation of autophagy with rapamycin may reduce such side effects 
while maintaining therapeutic efficacy.

Another group of new agents, small molecule enhancers of rapamycin (SMERs), 
enhance the clearance α-syn and protect against neurodegeneration [198]. Of long-
term interest, both for the treatment of neurodegenerative diseases and, potentially, 
the prevention of aging, would be drugs that can reverse age-dependent declines 
that occur in central nervous system autophagy protein expression and lysosomal 
clearance of autophagosomes.
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Abstract Autophagy is a major route for the degradation of protein aggregates and 
damaged organelles. Alzheimer’s disease (AD) is mainly characterized by two dis-
tinctive neuropathological lesions, the accumulation of amyloid-β (Aβ) deposits 
and the presence of neurofibrillary tangles composed of hyperphosphorylated tau 
protein, which clearly indicates that the mechanisms of neuronal housekeeping and 
protein quality control are compromised in AD pathology. Indeed, the AD brain is 
marked by defects in the retrograde transport of autophagosomes and their matura-
tion to lysosomes, which trigger a massive accumulation of autophagic vacuoles 
within large swellings along dystrophic and degenerating neurites. The combination 
of altered induction of the autophagic process and hampered lysosomal clearance of 
autophagic substrates creates conditions favorable for Aβ and tau accumulation in 
AD. Understanding the step(s) affected during the autophagic process in the differ-
ent stages of AD is essential for the development of novel therapeutic approaches. 
In this chapter, the current knowledge pertaining to the cellular and molecular 
mechanisms involved in autophagy and its important role in the progression of AD 
pathology will be highlighted. The ongoing drug discovery strategies for therapeu-
tic modulation of autophagy in the context of AD will also be discussed.

Keywords Alzheimer’s disease · AβPP · Autophagic vacuoles · Autophagy · Aβ · 
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Introduction

Alzheimer’s disease (AD), the most prevalent age-related neurodegenerative dis-
order, affects approximately 35 million people worldwide [1]. The prevalence of 
AD increases exponentially with age, rising from 3 % in people aged 65–74 to al-
most 50 % in people aged 85 or older [2]. Additionally, it has been predicted that in 
2050 more than 140 million people worldwide will suffer from AD [2]. The clinical 
symptoms of AD comprise the progressive deterioration of cognitive functions, to-
gether with impairments in behavior, language, and visuospatial skills, culminating 
in the premature death of the individual typically 3–9 years after diagnosis [1]. 
However, the definitive diagnosis requires post-mortem detection of two distinc-
tive pathological lesions: the presence of extracellular deposits of amyloid-β (Aβ) 
in brain parenchyma and cerebral blood vessels and intracellular accumulation of 
neurofibrillary tangles composed of hyperphosphorylated tau protein [3]. AD is 
also marked by severe neuronal atrophy, which initially occurs in the entorhinal 
region and the temporal lobe progressing to the limbic system and, subsequently, 
extending to major areas of the neocortex [4]. Notably, AD-related changes in brain 
structure and function precede the clinical manifestations of the disease by 20–30 
years [4]. Thus, there is a critical need to unveil the pathological events that trigger 
the “beginning” of AD pathology, as well as the emergence of cognitive symptoms.

The two major degradation and recycling pathways in eukaryotic cells are the 
ubiquitin-proteasome system (UPS) and the autophagic-lysosomal pathway. The 
ubiquitin–proteasome system is responsible for the degradation of short-lived pro-
teins, whereas autophagy regulates the levels of long-lived proteins and organelles 
[5]. An emerging consensus is that autophagy is a neuroprotective response and 
defective or inadequate autophagy promotes neuronal cell death in several neuro-
degenerative diseases, including AD [6]. In light of this evidence, the first part of 
this chapter is aimed to provide a brief overview on the molecular machinery that 
controls the autophagic process and highlight the physiological role of autophagy 
on neuronal homeostasis. Based on clinical and experimental findings, the second 
part of this chapter discusses the involvement of autophagy in AD pathology, put-
ting a special focus in the close connection between defective autophagy and Aβ 
and tau pathologies and the selective degradation of dysfunctional mitochondria 
by autophagy—mitophagy. Lastly, this chapter outlines the pharmacological ap-
proaches to target autophagy and their beneficial effects against the symptomatic 
and neuropathological features of AD.

Autophagy: the Core Molecular Machinery

Autophagy is a catabolic process involving the degradation of cellular components, 
damaged organelles and misfolded proteins through the lysosomal machinery 
[7, 8]. Depending on the route of delivery to the lysosome, three distinct forms of 
autophagy have been identified: microautophagy, chaperone-mediated autophagy 
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(CMA) and macroautophagy [9]. In microautophagy, substrates and the surround-
ing cytosol are directly engulfed by invagination or protrusion of arm-like struc-
tures of the lysosomal membrane [10]. CMA involves the selective degradation 
of cytosolic proteins containing a KFERQ-like peptide motif that is recognized by 
the heat shock cognate protein 70 (Hsc70). Hsc70 traffics the cargo to the lyso-
some surface, and the subsequent interaction with lysosome-associated membrane 
protein 2A (LAMP2A) imports the substrate into the lumen, being degraded by 
proteases [11]. The last but most predominant type of autophagy is macroautophagy 
(hereafter autophagy), in which cytoplasmic components destined for degradation 
are encapsulated within a double-membrane bounded sequestering compartment 
termed the phagophore. During this process, the phagophore expands to generate an 
autophagosome. Then autophagossome fuses with a lysosome to form a autopha-
golysosome, where the cargos are degraded by lysosomal hydrolases [12].

The process of autophagy encompasses several key steps including initiation and 
nucleation of the autophagic vesicle, elongation and closure of the autophagosome 
membrane to envelop cytoplasmic constituents, docking of the autophagosome with 
the lysosome, and degradation of the cytoplasmic material inside the autolysosome 
(Fig. 7.1). All these steps are controlled by a set of products of autophagy-related 
genes (Atg) [13, 14]. So far, more than 30 Atg genes have been identified in yeast, 
and many of them have homologues in mammalian cells [15].

Fig. 7.1  Schematic illustration of the autophagic pathway. Under conditions of nutrient starvation 
or stress, the autophagic process is activated. The initial steps of the autophagic process leads to 
vesicle nucleation and involves the formation of the phagophore or isolation membrane. In turn, 
the concerted action of the autophagy core machinery proteins at the phagophore assembly site 
( PAS) induces the expansion of the phagophore into an autophagosome—elongation step. The 
autophagosome engulfs cytosolic protein aggregates and damaged organelles. Thereafter, the outer 
membrane of the autophagosome fuses with a lysosome to form an autophagolysosome, and the 
sequesteres cytosolic components are degraded by the action of lysosomal hydrolases
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Initiation of Autophagosome Formation

Although typically low under basal conditions, autophagy can be markedly stimu-
lated by a variety of physiological stimuli such as nutrient starvation, hypoxia, en-
doplasmic reticulum (ER) stress, damaged mitochondria and protein aggregates. 
Once activated, autophagy requires the synthesis of a phagophore, the precursor of 
the autophagosomes, from the ER, Golgi complex, mitochondria, or plasma mem-
brane via clathrin-mediated endocytosis [16–19].

The core machinery of the initiation stage is the Unc-51-like kinase (ULK) com-
plex consisting of ULK1 (the mammalian homolog to yeast Atg1), Atg13, FIP200 
(a putative counterpart of yeast Atg17) and Atg101, an Atg13-binding protein [20, 
21]. The mammalian target of rapamycin (mTOR) is one of the key negative regu-
lators of autophagy induction. Indeed, activation of mTOR complex 1 (mTORC1) 
acts as an upstream negative regulator of ULK 1 and Atg 13 complex [22, 23]. Un-
der nutrient-rich conditions, the active TORC1 associates with the ULK complex, 
phosphorylates ULK1, and hyperphosphorylates Atg13, which inhibits the kinase 
activity of ULK1, and thus blocks autophagy induction. Activated ULK complex 
could further activate the other important complex involved in the initiation of the 
autophagic process, beclin1-Vps34-Atg14L-p150 complex, by phosphorylating 
beclin-1 [24, 25]. The activity of Vps34, a class III phosphatidylinositol-3-kinase 
(PI3K), is essential for the formation of new autophagosomes, since Vps34 gener-
ates phosphatidylinositol-3-phosphate (PI3-P) at the phagophore-assembly-site(s) 
(PAS), allowing the recruitment of other Atg proteins [26]. The activity of Vps34 
is enhanced by its binding to beclin-1. AMBRA1, UVRAG and Bif-1 are positive 
regulators of beclin-1 function and autophagy, whereas the anti-apoptotic proteins 
Bcl-2 and Bcl-XL negatively regulate beclin-1 [27]. Inhibitors of Vps34 such as 
3-methyladenine (3-MA) or wortmannin can be used to inhibit macroautophagy 
since they prevent autophagosome nucleation [28].

Elongation

The elongation and expansion of the autophagosomal membrane is dependent on two 
ubiquitin-like conjugation systems: microtubule-associated protein 1 light chain 3 
(LC3) and Atg12 systems [29]. In the first conjugation event, Atg12 is conjugated to 
Atg5 in a reaction that requires Atg7 and Atg10 [30]. Thereafter, Atg12-Atg5 forms 
a complex with Atg16L that modulates the next process, the ubiquitin-like conjuga-
tion of LC3-I (mammalian orthologue of Atg8). The protein LC3 is proteolytically 
activated by Atg4, which cleaves the C-terminus of LC3, thereby generating a cyto-
solic LC3-I, which subsequently conjugates with phosphatidylethanolamine (PE). 
This process requires Atg7 and Atg3, and the Atg16L complex modulates the LC3-I 
lipidation by acting like an E3-like enzyme [31]. PE-conjugated LC3 becomes in 
nonsoluble form (LC3-II) that is stably inserted into the autophagosomal membrane 
[32]. Cargo selection is partly achieved by the recognition of ubiquitin-interacting 
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domains in the autophagic cargo receptor proteins such as p62/SQSTM1. Then the 
cargo is targeted to the autophagosome via LC3-interacting regions of p62 [33].

Maturation and Fusion

After completion of autophagosome formation, autophagosomes can be fused with 
lysosomes resulting in the formation of the autolysosome [34]. Fusion firstly re-
quires the movement of autophagosomes into lysosomes along microtubules by 
using the dynein-dynactin complex [35]. The fusion of autophagosomes with lyso-
somes, is regulated by N-ethylmaleimide-sensitive factor attachment protein recep-
tors (SNAREs), Rab proteins, and ATPase [36, 37]. In this final stage, the cargoes 
are degraded by lysosomal hydrolases in the autolysosomes. Importantly, the acidi-
fication by proton pump or vacuolar ATPase (v-ATP-ase) is essential for the fusion 
of autophagosomes with lysosomes and degradation of cargoes in autolysosomes 
[38].

Role of Autophagy in Neuronal Homeostasis

Autophagy plays a vital role in maintaining cellular metabolic balance, influencing 
cellular death and survival and guarding the genome [39]. Importantly, autophagy 
represents one major quality control pathway involved in neuronal surveillance. 
Because neurons are post-mitotic cells, the effective degradation of protein aggre-
gates and damaged organelles by autophagy acts as a local housekeeping process 
[40]. Autophagic vacuoles (AVs) are scarce in neurons of the healthy brain [41–43]. 
Using mice expressing green fluorescent protein-tagged LC3 (GFP-LC3) as an au-
tophagosome marker, it was demonstrated that GFP-LC3-labeled autophagosomes 
do not occur in the brain, even after 48 h of food withdrawal [42]. An electron mi-
croscopic study of brain biopsy specimens also confirmed the scarcity of autopha-
gosomes in healthy neurons [43]. Furthermore, AVs may be rarely detected, even 
though autophagic flux—the net rate of AVs formation and clearance - could be also 
very rapid [44, 45]. The relation between the autophagic flux and the magnitude of 
the autophagy induction is illustrated by the autophagosome clearance blockage 
through inhibition of lysosomal proteolysis, which causes a rapid accumulation of 
AVs without altering autophagy induction in cultured primary neurons [44]. Fur-
thermore, rapamycin and starvation accelerates the generation of autophagosomes 
and the autophagic flux [46]. In this way, autophagy has been proposed to be con-
stituently active, inducible and highly efficient in healthy neurons [46].

The importance of constitutive autophagy for neuronal protection has been high-
lighted by two landmark studies demonstrating that Atg5- and Atg7-deficient mice 
exhibit progressive neuronal degeneration and massive neuronal loss within the first 
few months of life [47, 48]. Additionally, in Atg5- and Atg7-deficient neurons, it 
was initially observed to be a diffuse abnormal accumulation of intracellular pro-
teins, and then a massive number of aggregates and inclusions developed [47, 48]. 
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Accordingly, the expression of several autophagic genes in neuronal tissue is de-
creased in aged Drosophila, a phenomenon positively correlated with the increase 
in the accumulation of insoluble ubiquitinated protein aggregates [49]. Autophagy 
is also required for the maintenance of axonal homeostasis and the prevention of 
axonal degeneration. Specific ablation of an essential autophagy gene, Atg7, in Pur-
kinje cells initially causes cell-autonomous, progressive dystrophy (manifested by 
axonal swellings) and degeneration of the axon terminals [50]. Consistent with sup-
pression of autophagy, no autophagosomes were observed in these dystrophic swell-
ings, contrasting with the accumulation of autophagosomes in the axonal dystrophic 
swellings under pathological conditions [50]. Axonal dystrophy of mutant Purkinje 
cells proceeds with little sign of dendritic or spine atrophy, indicating that axon 
terminals are much more vulnerable to autophagy impairment than dendrites. This 
early pathological event in the axons is followed by cell-autonomous Purkinje cell 
death and mouse behavioral deficits [50]. Overall, these findings suggest that Atg7 
is required for membrane trafficking and turnover in the axons. Additionally, Hol-
lenbeck and collaborators [51] reported that the basal level of autophagy is crucial 
for the remodeling of neurite and growth-cone structure during neurite extension. 
Neural-specific deletion of FIP200, which is involved in autophagosome biogen-
esis also causes neuronal cell death and axon degeneration leading to cerebellar 
degeneration [52]. Finally, autophagy participates in synapse development. In fact, 
experimental evidence reveals that autophagy promotes synapse growth in the Dro-
sophila neuromuscular junction by downregulating Highwire [53]. Furthermore, 
the overexpression of Atg1 stimulates autophagy and the subsequent enhancement 
of synaptic growth, while suppressing autophagy by genetic manipulation culmi-
nates in the reduction of synapse size [53]. So, the modulation of autophagy results 
in corresponding effects on synaptic size.

Defective Autophagy in Alzheimer’s disease: What is Known So Far?

The abnormal accumulation of AVs in hippocampal and prefrontal cortical pyra-
midal neurons represents the first clue of defective autophagy in AD pathology 
[54, 55]. More recently, ultrastructural analysis of the AD brain confirmed that dys-
trophic neurites display a “traffic jam” of autophagosomes and other AVs, including 
cathepsin-containing autophagolysosomes [43]. The accumulation of AVs in dys-
trophic neurites occurs even before the appearance of extracellular Aβ deposition, 
indicating that AV accumulation is an early event in AD [56]. Early autophagic 
markers, such as Atg5, Atg12, and LC3 co-localize with tau-positive dystrophic 
neurites and neurofibrillary tangles and are increased in the capillary endothelial 
cells in close proximity to Aβ plaques; however, the pattern of autophagy activation 
changes with the progression of the disease [57]. In this sense, the major challenge 
is to uncover what are the precise defective steps along the autophagic pathway and 
their pathological relevance in the development of AD pathology. Recent break-
throughs states that the combination of impaired autophagy initiation, retrograde 
transport of AVs and their maturation to lysosomes, with the concomitant reduction 
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in lysosomal clearance of autophagic substrates are underlying the massive accu-
mulation of immature AVs in AD [44, 46, 58].

In this scenario, it is tempting to speculate that up-regulation of autophagy initia-
tion is a primary cause of this massive accumulation of AVs in AD, however, there 
are some conflicting findings. In 2008, Pickford and collaborators [59] observed 
that the expression levels of beclin-1, a critical component in the class III PI3K 
complex that initiates the formation of autophagosomes, were reduced in early stag-
es of AD in brain areas affected by the disease, including entorhinal cortex and hip-
pocampus. Furthermore, this reduction in beclin-1 levels is further potentiated with 
the progression of the disease from mild cognitive impairment to severe AD [59]. 
The loss of function of beclin-1 in the brains of AD subjects has been attributed to 
its proteolytic cleavage by caspase-3 [60]. Conversely, it was demonstrated that au-
tophagy is upregulated in AD, due both reactive oxygen species (ROS)-dependent 
activation of the type III PI3K, which is critical for the initiation of autophagy, and 
the transcriptional activation of positive regulators of autophagy [61].

Defective maturation and retrograde transport of AVs towards the soma is an 
important aspect involved in the accumulation of AVs within large swelling along 
dystrophic and degenerating neuritis [62]. Experimental findings noted a selective 
transport deficit of autophagy-related compartments in in vitro and in vivo models 
of AD [46, 63]. The involvement of defective axonal transport of AVs in AD is 
further corroborated by data demonstrating that the blockage of autophagosome 
delivery to the lysosome with vinblastine induces a rapid accumulation of AVs in 
neurites with morphology similar to that seen in the AD brain [44].

Progressing in the autophagic process, the components of the lysosomal machin-
ery are upregulated in the early stages of AD [64, 65]. However, immature AVs ac-
cumulate in dystrophic neurites even though acid-hydrolase-containing dense lyso-
somes are abundant, which suggests that autophagosomes have access to hydrolase-
containing compartments but may not fuse efficiently. A relatively high proportion 
of double-membrane-limited ‘immature’ AVs contain cathepsin immunoreactivity 
but also abundant partially digested substrates, suggesting impaired maturation of 
AVs to lysosomes [43]. On the other hand, presenilin 1 (PS1), a component of the 
γ- secretase complex and whose mutations result in early-onset forms of autoso-
mal dominant AD [56], has also been associated with impaired AVs clearance by 
interfering with lysosome acidification. Indeed, PS1 acts as a chaperone essential 
for the N-glycosylation and delivery of v-ATPase to lysosomes, which is essential 
for lysosome acidification and protease activation. PS1 mutations in familial AD 
compromise macroautophagic turnover of proteins [62]. Lee and collaborators [66] 
reported that fibroblasts from PS1 mutant AD subjects exhibit defective autophagy, 
resulting in Aβ accumulation caused by impairment in the maturation of V0a1 sub-
unit of the bimodular v-type H+-ATPase proton pump that achieves autolysosomal 
acidification. Moreover, PS1-null cells exhibit an excessive accumulation of im-
mature unglycosylated v-ATPase and abnormal accumulation of late-stage autopha-
gosomes with undigested contents, resembling the ultrastructures present the AD 
brain [43].
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Overall, these observations suggest that the defective transport and maturation 
of AVs might be an even more crucial factor than defective autophagy induction in 
the development of AD pathology.

Autophagy and Aβ Metabolism

The local accumulation of autophagosomes and other AVs in dystrophic neurites 
constitutes a major intracellular reservoir of the Aβ peptide [43]. Aβ is proteoliti-
cally derived from a larger integral membrane protein, the amyloid-β protein pre-
cursor protein (AβPP) [67]. Briefly, AβPP is sequentially matured in the ER and 
Golgi apparatus and then delivered to the plasma membrane through the trans-Gol-
gi networks. Within minutes of arrival at the cell surface, AβPP is internalized in 
clathrin-coated vesicles through endocytosis. The internalized AβPP is delivered 
to endosomes, where the β-secretase activity initiates Aβ generation by shedding a 
large part of the ectodomain of AβPP (AβPPsβ) and generating an AβPP carboxy-
terminal fragment (AβPP -CTF), which is then cleaved by γ-secretase [68]. The 
endosomal-lysosome pathway is a critical regulator of Aβ generation and clearance, 
its dysfunction being considered a major pathological “trigger” underlying Aβ pep-
tide overproduction and neuronal loss in AD pathology [69, 70].

Using human posmortem brain tissue and experimental in vitro and in vivo mod-
els of AD, it was demonstrated the AVs contain Aβ peptides (both Aβ40 and Aβ42), 
AβPP, and β- and γ-secretases [56, 71]. A clear correlation between autophagic ac-
tivity and Aβ generation has been established. Notably, upregulation of autophagy 
by starvation or mTOR inhibition accelerates Aβ generation, whereas autophagy 
inhibition by 3-MA or an excess of amino acids suppresses Aβ generation [56]. 
Indeed, autophagy failure is a crucial Aβ-generating mechanism, in part by increas-
ing the levels of mature AβPP and its paralogue amyloid beta precursor-like protein 
1 (APLP1), whereas autophagy blockage inhibits the expression of both AβPP and 
APLP1 [72]. Under stress conditions, such as proteasome inhibition, it was reported 
there is an autophagy-dependent accumulation of Aβ in lysosomes, and increased 
levels of intracellular and secreted Aβ in a neuronal cell line overexpressing mutant 
AβPP [73]. This increase in Aβ burden results from the inefficient degradation of 
AβPP -CTF by the proteasome, that is then cleaved by the γ-secretase and Aβ pro-
duced [73]. Furthermore, inhibition of autophagy further increases the AβPP -CTF 
to AβPP ratio, supporting the involvement of the autophagosome in Aβ generation 
[73]. Mechanistically, beclin-1, a protein involved in the initiation and execution 
of autophagy, regulates AβPP processing and turnover. Jaegger and collaborators 
[74] found that the knockdown of beclin-1 increases the levels of AβPP and AβPP 
-CTF, which are accompanied by impaired autophagosomal clearance. In contrast, 
beclin-1 overexpression reduces cellular AβPP levels, indicating that beclin-1 defi-
ciency disrupts cellular autophagy and autophagosomal-lysosomal degradation and 
alters AβPP metabolism [74]. Similarly, another study demonstrated that the genetic 
ablation of beclin-1 in AβPP transgenic mice model for AD increased intraneuronal 
Aβ accumulation, extracellular Aβ deposition, and neurodegeneration and caused 
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profound neuronal ultrastructural abnormalities. Administration of a lentiviral vec-
tor expressing beclin-1 reduced Aβ pathology in AβPP transgenic mice [59].

Another important link between autophagy and Aβ metabolism is the stimulation 
of γ- secretase. When autophagy is induced in mouse fibroblasts by inhibition of 
mTOR by rapamycin or starvation, the γ-secretase complex translocates from a pre-
dominantly endosomal/ER pool to AVs, which accumulate transiently and become 
the largest cellular pool of γ-secretase activity. Under these conditions, Aβ produc-
tion rises two-fold over that in autophagy-suppressed cells and Aβ immunoreactiv-
ity appears within AVs [56]. Additionally, γ-secretase activity is enhanced in basal 
autophagy-disturbed cells through the alpha subunit of eukaryotic translation initia-
tion factor 2 (eIF2alpha) kinase, general control nonderepressible 2 (GCN2) [75]. 
PS1 expression was increased even in the presence of nutrients in autophagy-related 
5 knockdown (Atg5KD) human embryonic kidney (HE K293) cells expressing a 
short hairpin RNA as well as in chloroquine-treated HE K293 cells. However, PS1 
expression induction was prevented in GCN2KD and ATF4KD cells. Furthermore, 
Atg5KD cells showed an increase in Aβ production and Notch1 cleavage—these 
effects being abrogated by resveratrol, an autophagy inducer [75]. Overall, these 
findings suggest that the autophagy-lysosomal system regulates γ-secretase activity 
through GCN2.

Aβ is also an autophagic substrate, being a target of autophagy-mediated clear-
ance as noticed by the co-localization of AβPP and Aβ peptide with LC3-positive 
autophagosomes in an AβPP-overexpressing cell line and AD mouse models [76]. 
Recently, the complex adaptor protein 2/phosphatidylinositol clathrin assembly 
lymphoid-myeloid leukemia (AP2/PICALM) was also identified as a mechanistic 
bridge between the AβPP endocytic and autophagic pathways [77]. The adaptor 
complex AP2/PICALM functions as an autophagic cargo receptor that interacts 
with AβPP-CTF and LC3. This interaction, in turn, directly recruits AβPP-CTF 
from endosomes to autophagosomes [77]. The autophagic proteins Atg5, Beclin-1, 
and Ulk1 were shown to be involved in the housekeeping clearance of Aβ and AβPP 
-CTF [78]. Taking advantage of the small-molecule enhancers of rapamycin 28 
(SMER28), an enhancer of autophagy, these authors observed a drastic reduction in 
levels of Aβ and AβPP-CTF in an Atg5-dependent fashion [78]. The physiological 
importance of the autophagic-lysosomal pathway in Aβ clearance is further high-
lighted in a study developed in the TgCRND8 mouse model of AD, which exhib-
its defective proteolytic clearance of autophagy substrates, robust intralysosome 
Aβ accumulation, extracellular Aβ deposition, and cognitive deficits [79]. Genetic 
deletion of the endogenous cathepsin D inhibitor, cystatin B, rescues autophagic-
lysosomal dysfunction and reduces Aβ levels [79].

However, a crucial question remains: could Aβ interfere with the autophagic pro-
cess? Compelling evidences demonstrate that Aβ peptide induces autophagy [80, 
81]. Particularly, confocal microscopy reveals that the exogenous application of 
Aβ42 in medium causes the co-localization of Aβ42 with the autophagic marker LC3, 
in neuronal cells [81]. Aβ was also shown to activate autophagy by inducing autoph-
agic vesicle formation and Atg5, and up-regulate the lysosomal machinery for the 
degradation of autophagosomes, events that occur prior to Aβ-induced apoptosis. 
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Notably, under Aβ toxicity, inhibition of autophagy by 3-MA promotes neuronal 
apoptosis, suggesting that autophagy can protect against Aβ-mediated neurotoxicity 
[82]. Consistently, the overexpression of Aβ42 in Drosophila neurons causes an ex-
tensive accumulation of autophagic vesicles that become increasingly dysfunctional 
with age [83]. Aβ42-induces impairment of the degradative function, as well as the 
structural integrity, of post-lysosomal AVs triggers a neurodegenerative cascade that 
can be enhanced by autophagy activation or partially rescued by autophagy inhibi-
tion [83]. Compromise and leakage from post-lysosomal vesicles result in cytosolic 
acidification, additional damage to membranes and organelles, and erosive destruc-
tion of cytoplasm leading to eventual neuronal loss [83]. Prompted by these find-
ings, it was suggested that autophagy initially plays a pro-survival role that changes 
in an age-dependent way to a pro-death role in the context of Aβ42 expression [83]. 
Similarly, Aβ40 was found to impair the autophagic protein degradation pathway 
due to failure in the autophagic flux in brain endothelial cells, which is a causal 
factor underlying cell demise [84]. But, how does Aβ impair autophagy? Silva and 
collaborators [85] proposed that Aβ disrupts the mitochondrial metabolism, which 
in turn compromises mitochondrial network dynamics and consequent Aβ clearance 
by the autophagic-lysosomal pathway. Importantly, the microtubule stabilizer taxol 
is able to restore the microtubule network and to prevent Aβ toxicity [85].

Collectively, this evidences pinpoint the pivotal role autophagy plays not only 
in Aβ generation by regulating AβPP turnover and stimulating γ- secretase, but also 
in Aβ clearance [56, 71, 86]. Furthermore, reduced autophagic flux promotes an 
escalating cycle of AβPP/AβPP-CTF/Aβ accumulation, which could further hamper 
the autophagic process.

Autophagy and Tau

Tau is a microtubule-binding protein that plays a primary role in microtubule as-
sembly and stabilization; however, new functions in the modulation of signaling 
pathways through scaffolding, adult neurogenesis and cytoskeletal organization 
have recently emerged [87]. Under pathological conditions, tau is hyperphosphory-
lated and aggregates to form insoluble inclusions that lead to the development of 
neurofibrillary tangles [88]. A flurry of recent findings reveals that abnormal pro-
cessing and altered clearance by autophagic-lysosomal machinery of tau protein 
is implicated in the formation of neurofibrillary tangles in the AD brain [89]. As 
a long-lived protein, tau is expected to be degraded in lysosomes. Indeed, post-
mortem studies demonstrated that Alz-50 immunoreactivity, an early indicator of 
tau misfolding, co-localizes with lysosomes [90, 91]. Furthermore, the treatment of 
rat organotypic entorhino-hippocampal slices with chloroquine, which raises the pH 
of lysosomes to impair their enzymatic function, induces meganeurites and tangle-
like structures [92], fostering the role of the lysosomal pathway in tau degradation. 
Using inducible neuronal cell models of tauopathy, it was further observed that 
autophagy contributes to both tau fragmentation into pro-aggregating forms and 
clearance of tau aggregates, whereas its inhibition enhances tau protein aggregation 
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and neurotoxicity[93, 94]. Conversely, CMA was shown to allow the delivery of tau 
fragments to lysosomes, contributing to the generation of more aggregation-prone 
fragments, and subsequent tau aggregation [93]. Thus, this finding suggests the role 
of (macro)autophagy and CMA in tau aggregation is antagonistic. Also, the cathep-
sin D stimulator ZPAD increases the proteolysis of full-length tau resulting in the 
production of smaller fragments, including a phosphorylated 29 kDa fragment [95, 
96]. In this scenario, a study performed in a Drosophila tauopathy model highlight-
ed the critical role of cathepsin D in the degradation of tau protein. For instance, au-
thors found elevated levels of cathepsin D in neurons expressing mutant human tau, 
with the genetic ablation of cathepsin D being responsible for enhanced neurotoxic-
ity and a shorter lifespan [89]. Directly targeting directly autophagy through genetic 
and pharmacological approaches, Caccamo and collaborators found that mTOR, 
a negative regulator of autophagy, regulates tau phosphorylation [97]. Particular-
ly, the stimulation of TOR activity provoked an increase in both total and AT8-
positive phosphorylated tau in a mouse model overexpressing mutant human tau 
[97]. Mechanistically, impaired autophagic function is underlying this association 
between mTOR and tau. Consistently, an age-dependent neurodegeneration with 
accumulation of phosphorylated tau within intracellular inclusions was observed in 
the forebrain neurons of the Atg7 conditional knockout mice [98]. These inclusions 
specifically contained tau phosphorylated at AT8, AT100, and TG3 epitopes, but 
not PHF1 [98]. Interestingly, the treatment of primary neurons with the proteasomal 
inhibitor MG-132 reduces total tau levels, in part due to a compensatory upregula-
tion of autophagy, as noticed by increased LC3-II protein levels and number of 
autophagosomes [99]. In line with this, an elegant study designed to decipher the 
contributions of the UPS and autophagy to tau degradation revealed that in pri-
mary cortical neurons, phosphomutants E18tau and E27tau, when compared with 
wild type tau, are targets for autophagy, while endogenous tau is not [100]. In the 
absence of autophagy, degradation of tau by the UPS in neurons is minimal [100], 
which reinforces the idea that autophagy is the preferential primary route for clear-
ing phosphorylated tau in neurons.

At this point, it is clear that autophagy is intimately involved in tau processing 
and degradation. However, it is important to be aware that tau hyperphosphoryla-
tion per se could also affect the autophagic process by hampering the trafficking 
of autophagosomes, generating a vicious cycle [101]. Autophagosomes carrying 
the cellular cargoes are transported along the microtubule tracks toward the soma 
(which contains the highest concentration of lysosomes), where they fuse with ly-
sosomes to form the autophagolysosome [102, 103]. It was demonstrated that tau 
hyperphosphorylation is one of the key elements underlying the disruption of mi-
crotubule network in AD pathology [103].

Mitophagy in Alzheimer’s disease

Autophagy was initially considered to be a nonselective process; however car-
go-specific autophagy is a major player. Mitophagy is one type of cargo-specific 
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autophagy, which selectively removes damaged mitochondria [104]. Neurons are, 
owing to their limited glycolytic capacity, highly reliant on mitochondrial function 
for energy production [105]. High levels of ATP are required to sustain axonal trans-
port of macromolecules and organelles, including mitochondria, to maintain ionic 
gradients and a resting membrane potential, and to load neurotransmitters into the 
synaptic cleft, a site distant from the soma [106]. Mitochondria are generated from 
the division of pre-existing organelles in the soma—a process called mitochon-
drial biogenesis—and have a particularly long half-life, increasing the probability 
of accumulating damage [107]. Therefore, the efficient removal of dysfunctional 
mitochondria by mitophagy is a vital quality control mechanism to ensure normal 
neuronal functioning and integrity.

But, how can autophagy selectively target damaged mitochondria for degrada-
tion? The specific labeling of damaged mitochondria and their subsequent degrada-
tion seem to be mediated by a PTEN-induced putative kinase protein 1 (PINK1)/
parkin-dependent pathway [108]. Briefly, reduction in mitochondrial potential 
(∆Ψm), which indicates a loss-of-function of the mitochondrial respiratory chain 
or the permeabilization of the inner membrane, function as a “eat me” signal that 
stimulates the Lys63-linked ubiquitylation of proteins anchored in the outer mi-
tochondrial membrane, including voltage-dependent anion-selective channel 1 
(VDAC1), mitofusin 1 (MFN1) and MFN2, which tags the organelle for mitophagy 
[109]. Then, PINK 1 recruits the E3 ubiquitin ligase parkin from the cytosol to the 
damaged mitochondria, whereas it induces p62 recruitment to the mitochondria via 
ubiquitination, thus co-recruiting LC3 [108].

Mitochondrial dysfunctional has been posited as a central piece in the AD puz-
zle. Indeed, converging evidence shows that defective mitochondrial metabolism 
and dynamics sets up a cascade of pathological events that underlies neuronal de-
generation in AD pathology [105]. The most consistent mitochondrial abnormalities 
reported in AD are the robust decline in cytochrome c oxidase (COX) activity, loss 
of ∆Ψm and exacerbated production of mitochondrial-derived ROS [105]. Incited 
by these exciting findings, the next question to come to mind: Is mitophagy in-
volved in AD? The first sign for an involvement of mitophagy in AD came from 
a study reporting that in AD brains much of the mtDNA and COX were located in 
the neuronal cytoplasm and in the case of mtDNA, it was found in vacuoles as-
sociated with lipofuscin [110]. Similarly, subsequent studies demonstrated that AD 
brains presented an increased concentration of mitochondrial components, namely 
COX and lipoic acid, within autophagosomes, suggesting an increase in the rate 
of mitochondrial degradation by autophagy [111, 112]. Mitophagy markers were 
shown to reach maximum level and return to basal level as apoptotic markers start 
to increase in the hippocampus of Aβ-injected rats [113]. Additionally, an elegant 
study performed in a mouse model of AD revealed that the overexpression of parkin 
stimulates a beclin-1-dependent molecular cascade of autophagy that facilitates the 
clearance AVs containing debris and defective mitochondria [114]. Furthermore, 
parkin overexpression decreases intracellular Aβ levels and extracellular plaque 
deposition, prevents mitochondrial dysfunction and oxidative stress and restores 
neurotransmitter synthesis [114]. Postmortem studies also revealed an increased 
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immunostaining of parkin in AD brains [115], which indicates that the increase in 
parkin levels might be an intrinsic protective mechanism to limit/counteract the ef-
fects of AD-related beclin-1 reduction to avoid the accumulation of damaged mito-
chondria. More recently, AD-linked, toxic NH2 human tau was shown to adversely 
affect the interplay between mitochondria dynamics and their selective autophagic 
clearance [116]. Particularly, NH2 human tau induces fragmentation and perinuclear 
mislocalization of mitochondria, these effects being accompanied by (1) net reduc-
tion in mitochondrial mass correlated with a general parkin-mediated remodeling of 
the membrane proteome; (2) mitochondrial co-localization with LC3 and LAMP1 
autophagic markers; (3) bioenergetic deficits and (4) synaptic pathology [116].

Targeting Autophagy in Alzheimer’s disease

The signs of defective autophagic process in AD pathology are undeniable. Never-
theless, a deeper knowledge on the precise steps underlying autophagy malfunction 
in AD is required. However, modulation of autophagy by genetic and pharmaco-
logical approaches has promising effects in AD pathology, by rescuing both Aβ and 
tau pathologies and AD-realted symptomatic features [39].

As aforementioned, mTOR is a critical negative regulator of autophagy. The most 
familiar drug used to treat AD in alter the mTOR-dependent pathway is rapamycin. 
Using the triple transgenic mouse model of AD (3xTg-AD), that pharmacologically 
restoring mTOR signaling with rapamycin was shown to rescue cognitive deficits 
and ameliorate Aβ and tau pathology by increasing autophagy [117, 118]. Notably, 
Liu and collaborators [119] found that rapamycin decreases tau phosphorylation 
at Ser214 residue through regulation of cAMP-dependent kinase (PKA). Because 
tau phosphorylation at Ser214 residue may prime tau for further phosphorylation 
by other kinases, this could represent a possible mechanism by which rapamycin 
reduces or prevents tau hyperphosphorylation [119]. Additionally, genetic ablation 
of mTOR ameliorates AD-related phenotype by increasing autophagy induction and 
restoring hippocampal gene expression [120]. In opposition, the treatment of Dro-
sophila overexpressing Aβ42 with rapamycin culminated in a significantly short-
ened lifespan, indicating that enhancement of autophagy may potentiate Aβ42 neu-
rotoxicity [83]. Furthermore, only the induction of autophagy by rapamycin before, 
but not after, the formation of plaques and tangles ameliorates cognitive deficits in 
the 3xTg-AD mouse [118]. In this sense, the timing of intervention in AD progres-
sion should be considered when implementing autophagy inducers as therapeutic 
approaches. Temsirolimus, an analog of rapamycin was also shown to promote the 
autophagic clearance of Aβ and attenuate tau hyperphosphorylation in both in vi-
tro and in vivo models of AD pathology [121, 122]. Lithium, another pharmaco-
logical inducer of autophagy, possesses disease-modifying effects in AD. A clini-
cal trial performed in amnestic mild cognitive impairment (MCI) subjects showed 
that long-term lithium treatment slows the progression of cognitive and functional 
deficits, and also attenuate tau hyperphosphorylation in the MCI-AD continuum 
[123]. Induction of autophagy in a mTOR-independent manner by overexpressing 
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beclin-1 also reduces both intracellular and extracellular deposits of Aβ in an APP-
transgenic mouse model of AD [59]. The anti-epileptic drug carbamazepine also 
alleviates memory deficits and cerebral Aβ pathology in the same AD mouse model 
by enhancing the autophagic flux [124].

Besides targeting the initiation of the autophagic process, the improvement of 
the lysosomal proteolysis is another important therapeutic strategy to “fight” AD 
pathology. In the TgCRND8 mouse model of AD, which exhibits defective pro-
teolytic clearance of autophagy substrates, enhancement of lysosomal activity by 
genetic ablation of cystatin B (an endogenous inhibitor of lysosomal cysteine pro-
teases) enhances the clearance of the autophagic substrates, and ameliorates Aβ 
pathology and memory deficits [79].

Despite these beneficial effects, the therapeutic use of autophagy modulation 
requires some important considerations. First and foremost, the clearance of au-
tophagosome is impaired in AD, in part due to a defective lysosomal proteolysis. 
Thus, when using autophagy inducers, such as rapamycin, the autophagic efficiency 
should be firstly restored to avoid abnormal accumulation of AVs. Secondly, there is 
a temporal window to use autophagy inducers in AD pathology. As mentioned, the 
increase in the induction of autophagy could be a valid therapeutic strategy during 
the early stages of AD pathology. However, increasing autophagy induction alone 
may be ineffective when AD-related neuropathology is well-established.

Final Remarks

Substantial progress has been made in the past few years in understanding the 
mechanisms underlying defective autophagy in AD pathology. Autophagic vacu-
oles accumulated in dystrophic neurites are major sites of Aβ generation, where 
autophagy regulates AβPP turnover and stimulates γ-secreatase activity and Aβ 
clearance. Abnormal processing and altered clearance by autophagic-lysosomal 
machinery of tau protein is also implicated AD pathology. Recent breakthroughs 
also revealed that dysfunctional mitochondria are tagged for degradation by au-
tophagy (mitophagy) in an attempt to maintain an healthy mitochondrial pool. In 
line with this, therapeutic modulation of autophagy has been shown to mitigate Aβ 
and tau pathologies and cognitive deficits in experimental models of AD. However, 
during the implementation of this therapeutics, the nature of the autophagic defect, 
the timing of intervention, and the optimal level and duration of autophagy stimula-
tion should be considered. Although up-regulation of autophagy might be beneficial 
during the early stages of AD, increasing autophagic input may backfire if applied 
to later stages of AD, in which the lysosomal blockage is preeminent.

A better understanding of the precise role of autophagy in the different stages 
of AD progression will show promise as an avenue for future therapy against this 
incurable disease.
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Abstract The natural environmental toxin 3-Nitropropionic acid (3-NP) is used to 
induce situations somehow similar to those that take place in human patients suffer-
ing the progressive neurodegenerative illness known as Huntington’s disease (HD). 
Biochemical studies have shown reduced activities of complex II-III in the striatum 
of human HD brain tissues. 3-NP, structurally similar to succinate, is an inhibitor of 
succinate dehydrogenases or respiratory complex II. As a consequence, 3-NP stimu-
lates Ca2 + release from mitochondria, decreases mitochondrial membrane potential, 
induces mitochondrial swelling, stimulates cytochrome c release from mitochondria 
and leads to a rapid decline of ATP levels. Autophagy, defined as the lysosomal 
digestion of a cell’s own cytoplasmic material, exerts its functions under condi-
tions that require energy and use of intracellular nutrients. Under these conditions, 
autophagy shows a rapid increase, permitting the release of substrates used for the 
maintenance of ATP levels and the new synthesis of proteins that plays a fundamen-
tal role in stress adaptation. Autophagy is activated as an adaptive catabolic process 
in response to different forms of metabolic stress, including ATP depletion, calcium 
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oxidative stress and mitochondrial disruption. Autophagy participates in the turnover 
of mitochondria, a strictly regulated process called mitophagy. So, autophagy main-
taining cell metabolic balance plays an important role in cell fate. Indeed, autophagy 
is essential for the survival of neurons, since they cannot dilute the level of altered 
proteins and damaged organelles by means of cell division. We herein summarize 
and discuss the relevance of intracellular autophagic pathways activated by 3-NP, 
thus trying to shed light on the potential mechanism underlying the involvement of 
autophagy in HD model. Finally, we summarize the role of pharmacological modu-
lators in changing 3-NP-induced autophagy and their effects on cell survival.

Keywords Mitophagy · Mitochondrial dynamic · Huntington disease 
· Neurodegeneration · Apoptosis · Necrosis · Mitochondria · Reactive oxygen species

Abbreviations

[Ca2+]i Intracellular Ca2 + concentration
3-MA 3-methyladenine
3-NP 3-nitropropionic acid
AMPK AMP-activated protein kinase
ATG Autophagic related gene
CMA Chaperone-mediated autophagy
ETC Electron transport chain
HD Huntington disease
HDAC6 histone deacetylase 6 protein
htt huntingtin protein
JNK Jun N-terminal kinase
LKB1 kinase Liver kinase BQ
MPT Membrane permeability transition
MPTP Mitochondrial permeability transition pores
mTOR Mammalian Target of Rapamycin
ROS Reactive oxygen species
TCA Tricarboxylic acid cycle

Introduction

Experimental models provide the pharmacologist with the opportunity to explore 
key features underlying neurodegenerative diseases. So, neuroscientists use drugs 
that, either in animal model or in vitro conditions, induce situations somehow simi-
lar to those that take place in human patients with neurodegenerative diseases. We 
have to say that these tools are far from real clinical scenarios, and under some con-
ditions, the investigators use them in ideal settings that do not resemble pathological 
conditions. Even so, they further investigation into questions that cannot otherwise 
be easily addressed, either because they are too expensive, unethical or logistically 
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too complex. Also, they are the best way to learn and reach conclusions on what 
could be happening in the brain or in a neuron.

Huntington’s disease (HD) is an autosomal dominant, progressive 
neurodegenerative disease in which a single mutation in the gene responsible for the 
huntingtin protein (htt) leads to a primarily striatal and cortical neuronal loss. The 
clinical symptoms of HD include progressive motor, cognitive, emotional deficits 
and psychiatric disability and ultimately death. Several studies suggest involve-
ment of mitochondrial dysfunction in HD [1–3]. Biochemical studies have shown 
reduced activities of complex II-III in the striatum of human HD brain tissues [4]. 
Administration of 3-nitropropionic acid (3-NP) in rodents and non-human primates 
has provided useful experimental models for Huntington disease[5–7].

Autophagy has an important role in cell fate as well as in maintaining cell meta-
bolic balance. The absence of growth factors, or amino acids, particularly leucine, 
represents promoting conditions for autophagy. Amino acids do not need hormones 
to regulate such a dynamic process and the type of amino acid involved depends 
on the cell and tissues [8]. Autophagy exerts functions in conditions that require 
energy and use of intracellular nutrients, as shown by its induction under conditions 
of hypoxia and metabolic or oxidative stress [9]. Under these conditions, autophagy 
shows a rapid increase, permitting the release of substrates used for maintenance of 
ATP levels and the new synthesis of proteins that plays a fundamental role in stress 
adaptation [9].

Herein we provide an overview of the role of autophagy in Huntington disease, 
focusing particularly on 3-NP model.

The 3-Nitropropionic Acid

3-nitropropionic acid (C3H5NO4) is also known as 3-Nitropropanoic acid, Bovino-
cidin, Hiptagenic acid, beta-Nitropropionic acid, Propanoic acid, and 3-nitro-, 3-Ni-
tropropionate. 3-NP is a natural environmental toxin produced by various plants 
(i.e. Fabaceae family) and fungal (i.e. Aspergillus and Pennicillium) species.

3-NP is structurally similar to succinate (Fig. 1), having succinate dehydrogenase 
(also known as succinate-coenzyme Q reductase or respiratory Complex II) as phar-
macological target. Succinate dehydrogenase, located in the inner mitochondrial 
membrane, is a member of the Krebs tricarboxylic acid cycle (TCA) oxidizing suc-
cinate to fumarate and an entry point for electrons into the respiratory chain at the 
level of ubiquinol. It consists of a large flavoprotein subunit containing covalently 
bound FAD, an iron-sulfur protein [10]. The normal reaction pathway involves a 

Fig. 1  3-Nitropropionic acid. 
Chemical structure
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temporary adduct with the N-5 nitrogen of flavin, which in the case of 3-NP col-
lapses to a stable adduct resulting in permanent inactivation [10]. As a consequence, 
3-NP induces the generation of reactive oxygen species (ROS), mitochondrial DNA 
damage, loss of mitochondrial function [11] and leads also to a rapid decline of ATP 
levels [12] (Fig. 2). Other mitochondrial inhibitors such as rotenone, paraquat and 
malonate share these effects. 3-NP significantly induces disruption of mitochondrial 
energy metabolism, and the subsequent decrease in cellular ATP levels can induce 
p53 protein expression in striatum probably preceding the DNA damage [13].

In rats treatment with 3-NP result in a dose-dependent decrease in the number 
of viable neurons but 3-NP did not affect the viability of non-neuronal cells. In 
primary cultures of rat hippocampal neurons, 3-NP induces rapid necrosis and a 
delayed apoptosis. The balance between the two depends on extracellular glutamate 
levels [14]. Other studies, with synaptic vesicle preparations from brain of adult rats 
indicate that low concentrations of 3-NP are able to selectively prevent vesicular 
glutamate storage, and this may represent at least one of the mechanisms respon-
sible for the neurotoxic effects of 3-NP [15].

Huntington-Induced Autophagic-Pathway

Autophagy, a term coined by Christian De Duve in the 1960s, is taken from the 
Greek words auto “self” phagy “eating” to describe a intracellular degradation 
process [16]. Since its very early description, autophagy has been defined as the 

Fig. 2  Intracellular autophagic pathways activated by 3-Nitropropionic acid
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lysosomal digestion of a cell´s own cytoplasmic material. Based on how substrates 
are delivered from the lysosomal compartment, autophagy is classified into three 
general subtypes: micro-autophagy, chaperone-mediated autophagy (CMA) and 
macro-autophagy [17, 18]. It is reported that micro- and macro-autophagy can occur 
in the same organism and at the same time, just like mitochondrial degradation [19].

Macroautophagy is referred to as autophagy. Autophagy is characterized by 
the sequestration of cytoplasmic material in a double-membrane structure to form 
a unique vesicle called the autophagosome for bulk degradation by lysosomes 
(Fig. 2). Under basal conditions, lysosomal degradation clears the autophagosome 
and other contents from the cell, thus maintaining a “balance” between autophago-
some formation and degradation. An accumulation of autophagosomes could repre-
sent either an increase in formation or a decrease in fusion events.

Autophagy is essential for the survival of neurons. Indeed, in neurons, as in any 
other post-mitotic cell, the role of autophagy in maintaining neuronal homeostasis is 
crucial, since they cannot dilute the level of altered proteins and damaged organelles 
by means of cell division. Wide arrays of human diseases and conditions have been 
shown to be intimately linked to alterations in autophagy such as cancer, heart dis-
ease, aging and neurodegenerative diseases. In this line, autophagic dysfunctions are 
referred as a secondary pathological mechanisms for various neurodegenerative dis-
eases such as Alzheimer’s disease, Parkinson disease, and Huntington disease [20].

Autophagy is activated as an adaptive catabolic process in response to different 
forms of metabolic stress, including ATP depletion, calcium oxidative stress and 
mitochondrial disruption.

• ATP depletion. Partial reduction of intracellular ATP causes a decrease in pro-
teolytic flux, and in the uptake of cytosolic components into the autophagic-ly-
sosomal compartment [21]. This bulk form of degradation generates free amino 
and fatty acids that can be recycled in a cell-autonomous fashion or delivered 
systemically to distant sites within the organism. The amino acids released from 
autophagic degradation can be further processed and, together with the fatty ac-
ids, used by the TCA to maintain cellular ATP production. Reduction in cellular 
ATP levels dramatically changes the ATP:ADP:AMP ratio, thus increasing AMP 
and ADP levels. These changes are detected by AMPK. As a matter of fact, ADP 
and AMP can directly activate AMPK, leading to an increase of AMPK which 
inhibits mammalian target of rapamycin (mTOR). ULK1 is no longer repressed 
and activates the different autophagy-complexes (Beclin1, VPS34…) initiating 
the phagofore formation.

A number of studies have shown that HD patients are in negative energy bal-
ance [22, 23]. In addition, well-recognized metabolic deficits occur in the brain 
and muscle of HD patients. There is glucose hypometabolism on positron emis-
sion tomography imaging, even in pre-symptomatic gene carriers [24, 25]. NMR 
spectroscopy reveals increased lactate in the cerebral cortex and basal ganglia, and 
impaired phosphocreatine and ATP production in muscle, in both HD patients and 
pre-symptomatic gene carriers [26–28].

• Calcium (Ca2+) acts as a critical second messenger for extracellular and intra-
cellular signaling and is fundamental in cell life and death decisions [29, 30]. 
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Høyer-Hansen et al. showed that after increasing cytoplasmic Ca2 + by using 
different Ca2 + mobilizing agents (vitamin D3 compounds, ionomycin, ATP, and 
thapsigargin), autophagy flux dramatically increased [31]. Ca2 + seems to regu-
late autophagy by activating the CaMKK-β/AMPK pathway, which finally in-
hibits mTOR-inducing autophagy. Moreover, Ca2+-induced autophagy appears 
to be beclin1/PI3K class III and Atg5 dependent [32] like most classic autophagy 
machinery proteins [33]. In addition, calmodulin enables production of Ca2+/
calmodulin-PI3 kinase hVPS34 cascade, which is essential for phagosome for-
mation [34]. 3NP induces elevation of intracellular Ca2+ ([Ca2+]i) [35, 36].

• Oxidative stress. Many stimuli that induce reactive oxygen species generation 
also trigger autophagy, including nutrient starvation, mitochondrial toxins and 
oxidative stress [37]. Oxidative stress has deep effect on the lysosomal mem-
brane damage by oxidizing proteins. Specific forms of ROS and reactive nitro-
gen species include hydrogen peroxide (H2O2), superoxide (O2

−) and nitric oxide 
(NO) among others. Superoxide anions are mainly produced from electron trans-
port chain (ETC) complexes I and III, and seems to be a major ROS regulator 
of autophagy. In fact, O2

− production (by starvation, exogenous H2O2 addition, 
SOD inhibition or mETC blockade) leads to an increase of autophagy by activa-
tion of the beclin1/PI3K class III pathway [38] or through activating AMPK, 
then inhibiting mTOR negative regulatory pathway [38]. Besides, H2O2 activates 
autophagy by inhibiting Atg4 and therefore preventing the LC3-II to LC3-I con-
version, hence increasing the number of autophagosomes [39]. So, H2O2 could 
bind to the Cys 81 site of Atg4 and help generate thiol, a reduced form of Atg4 
that promotes autophagosome maturation and its fusion with lysosome [40]. On 
the contrary, NO inhibits autophagy by decreasing JNK activity and Bcl2 phos-
phosrylation and activating mTORC1 [41]. We and others have shown 3-NP 
increases intracellular ROS, which could be blocked by the presence of the mi-
tochondrial permeability transition pores (MPTP) inhibitor cyclosporine A [42]. 
These data together with those published by Liot et al., place the ROS production 
downstream of mitochondrial fragmentation [12].

• Mitophagy. Autophagy also participates in the turnover of mitochondria, whose 
dysfunction represents an important pathogenic mechanism of cell death in HD. 
Mitochondria degradation is a strictly regulated process called mitophagy [43]. 
Other organelle-specific autophagy has been described as ribophagy, pexophagic 
[19, 44, 45]. Depolarized mitochondria produced by fission process are an easy 
target to mitophagy [43]. The specificity of mitophagy pathway was first demon-
strated by using the proton ionophore CCCP to uncouple the respiratory chain or 
photo-irradiation and depolarize individual mitochondria [46, 47]. Modulation 
of mitochondrial shape is one of the many important steps in mitophagy and has 
been proven by manipulation of pro-fission proteins Fis1 and Drp1 and appear-
ance of fragmented mitochondria prior to mitophagy [48]. Mitophagy controls 
the mitochondrial quality by removing of unhealthy or damaged mitochondria. 
Indeed, altered mitochondria release apoptotic factors to the cytosol, thereby 
inducing apoptosis [49]. Somehow, mitophagy has a cytoprotective effect, which 
is not simply a function of autophagy liberating fuels for cells, but appears to be 
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related to a decrease in the amount of mitochondria. Mitophagy, in its turn, re-
sults in a weaker release of toxic molecules like cytochrome c from mitochondria 
in response to pro-apoptotic insults.

3-NP induces a membrane permeability transition (MPT), which plays an impor-
tant role in the mechanism of cell death [42]. 3-NP stimulates Ca2 + release from 
mitochondria, decreases membrane potential, induces mitochondrial swelling and 
stimulates cytochrome c release from mitochondria [50–54].

• Misfolded and aggregate proteins. Studies have found that autophagy is in-
volved in degradation of disease-causing misfolded proteins in certain neurode-
generative diseases and thus may exert beneficial influence on neuronal survival 
[55, 56]. A classic hallmark of HD and other poliQ diseases is the accumulation 
of mutant htt proteins aggregated in a perinuclear structure called aggresome. 
Briefly, mutant ubiquitinated htt proteins that cannot be degraded by the UPS 
system are recognized by the histone deacetylase 6 protein (HDAC6) and travel 
through microtubules to the microtubule-organizing center in the vicinity of the 
nucleus. Then, LC3-II in the autophagosome membrane recognizes p62 protein 
attached to ubiquitinated-htt proteins, in order to degrade those aggresomes, af-
ter fusion with the lysosome. Another crucial cell mechanism involved in HD 
related aggrephagy is acetylation of the lysine residue 444 of the mutant htt. In-
deed, mutant htt resistant to acetylation accumulates as aggresomes and increas-
es neurodegeneration in different HD models. Interestingly, HDAC inhibition 
decreases the number of aggresomes and ameliorates HD-related phenotypes in 
mouse models of HD.

At basal levels autophagy plays a vital role in keeping cell homeostasis [57] Au-
tophagy may promote cell survival as it removes potentially toxic substances from 
cells [55, 58].

Autophagic Machinery in Huntington Disease

Through genetic analysis, autophagy is found as a multidirectional pathway. Au-
tophagy is evolutionarily well preserved from early eukaryotes to mammals with as 
many as 30 autophagic related genes (ATGs) identified in yeasts, and their human 
orthologs. In conditions of cellular energy deprivation, autophagy is triggered by 
the AMP-activated protein kinase (AMPK), whose activation is, in turn, induced 
by the liver kinase BQ (LKB1 kinase). AMPK activation induces ULK1 form-
ing AMPK/ULK1. This interaction plays a critical role in the autophagic process 
through the phosphorylation of rapto by AMPK that blocks the inhibitory effects 
exerted by mTOR on the ULK complex [59].

An exhaustive albeit clear explanation of the mechanisms involved in autophagy 
under 3-NP challenge would be too intricate, all the more so if we take into account 
that autophagy is a multifaceted process. Therefore, it is crucial to understand the 
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potential mechanism underlying the involvement of autophagy in Huntington dis-
ease model.

• The ATG genes are organized into five functional groups, consisting of Atg1/
ULK initiation complex, Vps34/PI3-kinase nucleation complex, phohpatidylino-
sitol 3-phphospate (PI3P)-binding Atg18/Atg2 complex, the Atg5-Atg12 con-
jugation system, and the Atg8/LC3-PE (Atg8/LC3-phospohatidylethanolamine) 
conjugation system, respectively [60]. The mitochondrial outer membrane re-
cruits the autophagy proteins ATG5 and LC3. They are recruited not for the au-
tophagic removal of mitochondria, but to provide the anchorage and share lipid 
moieties required for the elongation of the initial phagophore [61]. Loss of ATG5 
and ATG7 also significantly increases accumulation of damaged mitochondria 
[62, 63]. Additionally, the lack of the ATG3-ATG12 conjugation leads to mito-
chondrial fragmentation and loss of mitophagy [64].

• LC3 is a mammalian homologue of Apg8p yeast. In its cytosolic form it is 
known as LC3-I, however when proteolitically processed and covalently con-
juged to phosphatidylethanolamine on the autophagosomal membrane it is 
known as LC3-II [65]. LC3-II is required for the formation of autophagosomes 
and has been defined as a marker of autophagosomes in mammalian cells [66]. 
In SH-SY5Y cell cultures, 3-NP addition increased the number of LC3 dots [42]. 
Moreover, increased LC3-II protein expression is noted at 9 weeks and sustained 
throughout the disease course in HdhQ150 knock-in mice [67].

• P62 is a multifunctional protein that has been shown to bind ubiquitin and LC3, 
possibly providing a molecular shuttle for misfolded aggregated proteins to pro-
mote their clearance by autophagy. Rue et al studied protein levels and intracel-
lular distribution of p62 in R6/1 mice, showing that protein levels decreased in 
all brain regions analyzed early in the disease, whereas at late stages they accu-
mulated in the striatum and hippocampus, but not in the cortex [68]. In addition, 
3-NP induced depletion in p62 protein levels in SH-SY5Y cell cultures [42].

• Beclin1, a component of the PI3 kinase complex [69], is the orthologous of yeast 
Apg6/Vps30 gene, and postulated to be the major inducer of the autophagy [70]. 
Beclin-1 is bound to the anti-apoptotic protein Bcl-2 in nutrient-rich condition. 
But, when nutrients are scarce, Bcl-2 is phosphorylated by Jun N-terminal kinase 
1 (JNK1), thereby achieving the dissociation of Bcl-2 from beclin1 [71]. Mean-
while, down-regulation of Bcl-2 amplifies autophagy activation and apoptotic 
signaling. Bcl-2 thus plays important roles in mitochondria dysfunction-induced 
apoptotic death of striatal neurons by modulating both autophagic and apoptotic 
processes [72]. 3-NP up-regulates the expression of beclin1 and down-regulates 
Bcl-2 expression. 3-NP-induced striatal death is controlled at least in part by a 
genetic program involving the activation of the JNK pathway. Garcia and co-
workers using a dominant negative c-Jun blocked model showed how chronic 
infusion of 3-NP activates the JNK pathway specifically in the striatum [73]. 
Furthermore, 3-NP also induced Beclin-1 levels in rat primary cortical astrocyte 
cultures [74].
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• The mammalian target of rapamycin threonine is cytoplasmic signaling in nega-
tive manner for autophagy by kinase. The positive regulator of mTOR is Akt, 
which is involved in the formation of autophagosomes and also the in autophagy 
inhibition [75]. Intracellular signals including nutrient starvation, low energy 
levels, hypoxia, and DNA damage inhibit mTOR activity. Inhibition of mTOR 
complex 1 (mTORC1), which leads to dephosphorylation and activation of the 
ULK1-ATG13-FIP200 complex is a crucial initiating step in autophagy [76].

Sequestration of mTOR, in polyglutamine aggregates, impairs its kinase activity 
and induces autophagy. In fact, the specific mTOR inhibitor rapamycin attenuates 
huntingtin accumulation and cell death. Furthermore, rapamycin protects against 
neurodegeneration in a fly model of Huntington disease, and the rapamycin analog 
CCI-779 improved performance on four different behavioral tasks and decreased 
aggregate formation in a mouse model of Huntington disease [77].

• The evolutionarily preserved lysosomal protein DNA Damage Regulated Au-
tophagy Modulator1 (DRAM1) has been reported to play an essential role in 
TP53-dependent autophagy activation [78]. In addition, 3NP significantly in-
duced p53 protein expression in striatum probably preceding the DNA damage 
[13]. The TP53 specific inhibitor pifithrin-α (PFT-α) blocked induction of au-
tophagic proteins including LC3-II and beclin1, and apoptotic proteins including 
TP53-upregulated modulator of apoptosis (PUMA) and BAX.

Some other pathways regulating autophagy are standardized by cyclic AMP, inosi-
tol triphosphate (IP3) receptor and calpains [79].

Pharmacological Modulation of 3-np-Induced Autophagy

Taking all the above described information together, it shows the potential to be-
come a remarkable therapeutic approach via the pharmacologic manipulation of au-
tophagy. Several studies revealed that induction of autophagy leads to a decrease in 
both aggregated and soluble monomeric htt as well as mutant huntingtin fragments, 
and mitigates their toxicity in various HD models [77].

Although Htt does not directly contain “KFERQ” Hsc70-binding motif in its 
sequence, phosphorylation of Htt serine 16 where the phosphorylated serine re-
sembles a glutamic acid can provide a similar motif. The ability of phosphomimetic 
Htt to interact with Hsc70 in vitro was tested and it has been found that mimicking 
the phosphorylation of Htt serines 13 and 16 on the unexpanded polyQ htt increases 
the in vitro binding of Htt to Hsc70 by a specific ADP-dependent mechanism [80]. 
In addition, acetylation at K444 or K9 of Htt can directly influence mHtt in HD by 
facilitating the autophagic clearance [80, 81].

Next, we briefly try to summarize the role of pharmacological modulators on 
changed 3-NP-induced autophagy and their effects on cell survival, so:
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• Rapamycin, an antifungal macrolide, stimulates autophagy by inhibiting mTOR. 
By doing so, rapamycin enhances the clearance of aggregate-prone proteins and 
reduces the appearance of aggregates and cell death [82]. In this line, rapamy-
cin reduces Htt aggregate formation in x57 cell s [77]. Still, rapamycin pro-
tects against neurodegeneration in a HD fly model, and the rapamycin analog 
CCI-779 improved performance on four different behavioral tasks and decreased 
aggregate formation in a mouse model of Huntington disease [77]. Floto et al. 
identified compounds that enhance the growth-inhibitory effects of rapamycin in 
the budding yeast Saccharomyces cerevisiae, which we termed small molecule 
enhancers of rapamycin (SMERs). Of them, three SMERs induced autophagy 
independently, or downstream of mTOR, in mammalian cells, and furthermore 
enhanced the clearance of a mutant huntingtin fragment in Huntington’s disease 
cell models. These SMERs also protected against mutant huntingtin fragment 
toxicity in Drosophila [83].

• Bafilomycin A1, known inhibitor of the late phase of autophagy. Bafilomycin 
A1, inhibiting vacuolar H + ATPase, prevents maturation of autophagic vacuoles 
by inhibiting fusion between autophagosomes and lysosomes [84]. Bafilomycin 
A1 reduces the size of 3-NP-induced striatal damage in rats [13].

• 3-Methyladenine (3-MA) is a nucleotide derivative that blocks class III PI3K 
activity and has been widely used for identifying autophagy functions. [85, 86]. 
3-MA significantly inhibited the 3-NP-induced alterations in beclin 1 and Bcl-2 
protein levels and attenuated the 3-NP-induced release of cytochrome c [72]. 
The addition of 3-MA increased Htt aggregate formation in x57 cells [77].

• Trehalose, a disaccharide present in many non-mammalian species, is an mTOR-
independent autophagy activator. Trehalose-induced autophagy enhanced the 
clearance of autophagy substrates like mutant Htt. Furthermore, trehalose to-
gether with rapamycin exerted an additive effect on the clearance of aggregate-
prone proteins. By inducing autophagy, trehalose also protects cells against sub-
sequent pro-apoptotic insults via the mitochondrial pathway [87].

• Minocycline, a tetracycline member family, has been shown to induce autophagy 
[88], perhaps by inhibition of the mTOR complex [89]. Minocycline effects on 
neurological disorders remain controversial (for review see [90]). Minocycline is 
being tested in HD patients and preliminary observations are encouraging [91].

• Nutraceuticals, such as the flavonoid polyphenol EGCG, curcumin and resve-
ratrol, may modulate autophagy in other neurodegenerative diseases including 
Parkinson and function as neuroprotective agents [92, 93].
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Abstract Paraquat (1,1´-dimethyl-4,4´-bipyridilium dichloride; PQ) is an effec-
tive and widely used herbicide in Asiatic and American countries with a claimed 
safety record when appropriately applied to eliminate weeds. However, over the 
last decades a growing body of epidemiologic evidence has been linking long-
term/low-dose PQ exposure to the development of Parkinson’s disease (PD). PQ 
is well known for its ability to induce oxidative stress, mitochondrial dysfunction, 
α-synuclein fibrillation and neuronal cell loss. More recently, more attention has 
been given to the role of autophagy in several major neurodegenerative diseases 
and the influence of environmental toxins in this pathway. This chapter provides an 
overview of the main mechanisms of neurotoxicity of PQ with an emphasis in the 
autophagic process and its possible relationship to PD.

Keywords Paraquat · Oxidative stress · Autophagy · Neurotoxicity · Neurodegenerative 
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Abbreviations

AP-1 Activator protein 1
ASK1 Apoptosis signal regulating kinase
JNK c-Jun N-terminal kinase
DA Dopamine
MPP+ 1-methyl-4-phenylpyridine
NF-κB Nuclear factor kappa B
PD Parkinson’s disease
PQ Paraquat
ROS Reactive oxygen species
SN Substantia nigra

Introduction

Paraquat (1,1′-dimethyl-4,4′-bipyridylium dichloride; PQ) [CAS number 1910-42-
5] was one of the most commonly used herbicides of the bipyridylium quaternary 
ammonium family. PQ was introduced in the market in 1962 by the Imperial Chem-
ical Industries, and since its introduction it has been used all over the world in more 
than 130 countries, although nowadays it is only registered and sold in about two 
thirds of those countries. In the past decade, the use of PQ has been controversial, 
as it appears to be, in one hand, a cheap option for farmers to control weeds and, in 
another hand, extremely toxic to humans, animals and aquatic organisms. For this 
reason, PQ was banned from the European Union in 2007, and recently other coun-
tries have been restricting its use or applying a phase-out procedure. The fatalities 
due to PQ poisoning continue to be a heavy burden worldwide with a rate of fatali-
ties between 30–80 % [1, 2]. PQ poisoning is usually characterized by multi-organ 
failure, but the toxicity is particularly severe in the lung [3] due to selective and 
energy-dependent accumulation in this organ through a polyamine uptake system 
[4]. It is generally accepted that the primary mechanism of PQ toxicity is associated 
with its capacity to undergo redox-cycling, through activation by diaphorases, and 
subsequent generation of superoxide radical and related reactive oxygen species 
(ROS), and activation of important inflammatory signaling pathways involving the 
nuclear factor kappa B (NF-κB) and activator protein 1 (AP-1) [5, 6].

Besides the toxicity of PQ on peripheral organs, other observations have led to 
the hypothesis that long-term exposure to pesticides, and to PQ in particular, may 
be an etiological factor of Parkinson’s disease (PD) and other neurodegenerative 
diseases [4, 7]. Recently, case-control studies, cohort studies and cross-sectional 
studies were combined in two meta-analyses [8, 9]. Their systematic review indi-
cates that PD is associated to pesticide exposure, namely to herbicides and insecti-
cides [8, 9]. Despite previous epidemiological studies showing a strong association 
between PQ exposure and development of PD, the causal relationship remains to be 
fully accepted [10–16]. The main reasons for the skeptical opinions regarding PQ 
neurotoxicity is the lack of fully unbiased epidemiological studies and the inherent 
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properties of PQ as an herbicide. Firstly, PQ is a hydrophilic compound, poorly ab-
sorbed through the skin and the respiratory tract when properly applied. Secondly, 
even if PQ is systemically absorbed, the concentrations that might reach the brain 
(and the specific nigrostriatal system) are likely to be much lower than the doses 
used in experimental studies [7]. Corroborating this, the few occupational studies 
performed have shown that even after a dermal exposure of PQ during application, 
urine levels were either undetectable or very low [17, 18]. Additionally, other oc-
cupational studies do not report the quantification of PQ in biological samples and 
therefore the extension of the PQ absorbed through skin and by the respiratory tract 
is unknown [19, 20]. In addition, the follow up of survivors of PQ poisoning have 
reported that ingestion of high doses of PQ does not lead to long-term deleterious 
effects on brain [21].

In spite of the scientific disputes concerning the linking of long-term/low-dose 
PQ exposure to the development PD, it is an unsurmountable fact that experimental 
data confirms the neurotoxic potential of PD. This chapter provides an overview of 
the main mechanisms of neurotoxicity of PQ with an emphasis in the autophagic 
process and its possible relationship to PD.

Mechanisms of PQ Neurotoxicity

Experimental data have shown that PQ is able to reproduce some of the features 
of PD such as specific cell loss, accumulation and increased aggregation of a-
synuclein  in dopaminergic neurons of substantia nigra (SN), but does not induce 
clear motor deficits [22]. Several pathways have been proposed to be involved in 
the neurotoxicity of PQ: (i) induction of oxidative stress, (ii) microglia activation, 
(iii) mitochondrial dysfunction, (iv) apoptosis, (v) induction of synucleinopathy and 
tauopathy, and (v) autophagy and inhibition of the ubiquitin-proteasome system.

Oxidative Stress

PQ neurotoxicity is related to its ability to undergo redox cycling, accepting an electron 
from several cellular diaphorases (enzymes that transfer one electron from NAD(P)
H), mainlycytoplasmic NADPH oxidases of Nox family and NADPH-cytochrome 
P450 reductase, to form the monocation radical (PQ.+)with subsequent reduction of 
O2 to superoxide (O2

−) [23]. The O2•
− produced can react with nitric oxide (NO) to 

form peroxynitrite (ONOO−)or be dismutated by superoxide dismutase (SOD) to hy-
drogen peroxide (H2O2). In the presence of iron (II), H2O2 is reduced to hydroxyl 
radical (HO.), a far more damaging ROS that rapidly oxidizes DNA, proteins and 
lipids [4, 7, 24]. Accordingly, in vitro experiments show that PQ increases the levels 
of malondialdehyde and protein carbonyls, as well as DNA fragmentation in neuro-
blastoma SH-SY5Y cells [25]. PQ exposure was also shown to cause depletion of 
glutathione and an increase in the biomarkers of lipid peroxidation and nitrosylation 
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(4-hydroxinonenal and nitrotyrosine, respectively), accompanied by a dose-depen-
dent loss of nigrostriatal dopaminergic neurons in the SN of C57BL/6 mice [26, 27].

In recent years, the involvement of mitochondria in the mechanism of ROS pro-
duction by PQ has emerged. Animal models overexpressing mitochondrial antioxi-
dant enzymes (catalase and peroxiredoxin 5) or deficient in mitochondrial manga-
nese superoxide dismutase and glutathione peroxidase have shown the important 
role of mitochondria in PQ-induced toxicity [28–30]. Also at the neuronal level 
PQ has been shown to cause mitochondrial damage [31, 32] by inhibiting the com-
plexes I and III, although this concept is not consensual between authors [33, 34]. In 
addition, PQ was shown to induce mitochondrial-aconitase-dependent increase in 
H2O2, Fe2 + and death of the rat dopaminergic cell line, N27, as seen by the attenua-
tion of H2O2 production when mitochondrial-aconitase expression was reduced by 
RNA interference [35].

The other major source of ROS and inflammatory signaling molecules derive 
from activated microglia, the resident macrophages in the brain [36]. Within mi-
croglia PQ increases NADPH oxidase expression possibly due to the ROS produced 
by the PQ redox cycle, mitochondria or after activation of NF-κB [36, 37]. Activat-
ed microglia releases inflammatory cytokines and O2

− radicals, which damage the 
adjacent neurons. This mechanism might explain the intriguing feature that when 
microglial activation is induced by pre-treatment with lipopolysaccharide, a single 
PQ exposure is sufficient trigger loss of dopaminergic neurons [38].

Apoptosis

PQ induces selective neurodegeneration in dopaminergic neurons in the substan-
tia nigra pars compacta, triggering different mechanisms of cell death. Apoptosis 
induced by PQ has been shown to involve mainly the intrinsic mitochondrial path-
way, and, more recently, some evidences suggest the contribution of endoplasmatic 
reticulum stress and an autophagic process in neuronal cell death [reviewed in [7]]. 
Release of cytochrome c and activation of caspase-9 was shown to be associated 
to the induction of Bcl-2 family members such as Bak, Bid, BNip3, and NOXA 
in neuroblastoma cells suggesting that PQ neurotoxicity is mediated by a Bak-de-
pendent mechanism [39, 40]. Endoplasmatic reticulum calcium homeostasis and 
endoplasmatic reticulum functions are believed to be impaired in various degenera-
tive diseases of the brain including Alzheimer’s disease, PD, Huntington’s disease, 
and amyotrophic lateral sclerosis. Activation of inositol-requiring enzyme 1, apop-
tosis signal regulating kinase (ASK1), C/EBP homologous protein, and stressed-
activated kinases lead to the activation/induction of pro-apoptotic Bcl-2 family 
members, which promotes the crosstalk between endoplasmatic reticulum and the 
mitochondria-triggered apoptotic pathway, including release of cytochrome c from 
mitochondria and activation of caspase-3 [41]. c-Jun N-terminal kinase (JNKs) are 
mitogen-activated protein (MAP) kinases that are preferentially activated by cel-
lular stress including environmental stress and toxic chemical insults. It has been 
suggested that JNK and p38 kinase, play a critical role in the PQ-induced neuro-
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degeneration process [42, 43]. It seems that ASK1 acts upstream of JNK and p38 
kinases throughout the phosphorylation of MKK3/6 and MKK4/7 [44]. Sequential 
phosphorylation of JNK leads to the activation of caspase-3, and p53 transcrip-
tion factors [45, 46] culminating in apoptosis. More recently, it was suggested that 
PQ-induced apoptosis is mediated through the Nrf-2-regulated mitochondrial dys-
function and endoplasmic reticulum stress [47]. Moreover, Niso-Santano et al. in-
vestigated the role of the transcription factor Nrf2, a master regulator of cytoprotec-
tive genes, and its target thioredoxin, which binds and inhibits ASK1. PQ induced 
a dose-dependent decrease in thioredoxin levels correlated with a major increase 
in phosphorylated ASK1 inhuman dopaminergic neuroblastoma SH-SY5Y cells, 
suggesting that Nrf2/thioredoxin is crucial in PQ-induced apoptosis [48, 49].

Autophagy

Progressive loss of dopaminergic neurons in the nigrostriatal system and deposi-
tion of filamentous a-synuclein aggregates are the main characteristics of PD [50]. 
a-Synuclein is a natively unfolded protein that plays a central role in the control 
of synaptic membrane processes and biogenesis, but when it becomes misfolded, 
aggregates, and accumulates in neuronal inclusion bodies, the Lewy bodies [51]. 
PQ markedly induces the in vitro conformational changes in a-synuclein, and ac-
celerates the rate of aggregation of a-synuclein [52, 53]. a-synuclein overexpression 
induces the formation of membrane pore-like structures that increase membrane con-
ductance [54]. Co-exposure with PQ and dopamine enhances a-synuclein -induced 
leak channel conductivity, leading to a disruption of ionic imbalance, and eventually 
dopaminergic cell death [55]. In vivo experiments have corroborated these results, 
showing that PQ treatment induces the accumulation of a-synuclein and hyperphos-
phorylation of Tau within the specific sites of phosphorylation found in PD post 
mortem striata [56, 57]. PQ, 1-methyl-4-phenylpyridine (MPP+), and rotenone, but 
not maneb are known to induce synucleinopathy and tauopathy in striata of mice 
[57–61]. In addition to abnormal expression of -synuclein, alterations in protein 
degradation pathways have been implicated in PD by both genetic and pathological 
studies in PD patients as well as experimental studies in disease models [50, 51, 62].

The ubiquitin-proteasome system and autophagy are the major degradation path-
ways that neurons depend on to maintain protein homeostasis, responsible for the 
degradation of misfolded, oxidized, and aggregated proteins. While the ubiquitin-
proteasome system degrades most short-lived, soluble proteins, autophagy is the 
bulk degradation process by which longer-lived macromolecules, damaged and 
aged organelles are directed for lysossomal-mediated degradation by acid hydro-
lases [63]. Relevant to PD, knockout mouse models with either genetic depletion 
of 26S proteasomes or macroautophagy function exhibit profound neurodegenera-
tion and formation of inclusion bodies [64, 65, 66]. In PD, ubiquitin-proteasome 
system is impaired possibly due to depletion of ATP levels caused by mitochondrial 
dysfunction, oxidative stress or in cases of familial PD, mutations in parkin and 
UCHL1 genes  [67].
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In 2003, Bonifati and colleagues found a large deletion and missense mutation 
in the DJ-1 gene in Italian and Dutch PD patients, leading to identification of the 
DJ-1 gene as a causative gene for familial autosomal-recessive early-onset PD [68]. 
DJ-1 is a multifunctional protein that participates in transcriptional regulation, an-
tioxidative stress reaction, and chaperone, protease, and mitochondrial regulation. 
Importantly, DJ-1 acts as a scavenger of ROS by self-oxidation of its cysteine resi-
dues, leading to the formation of oxidized DJ-1. In the case of sporadic PD, DJ-1 
expression is induced in cells upon oxidative stress to prevent cell death. During the 
course of continuous oxidative stress, DJ-1 is oxidized giving rise to inactive DJ-1 
that ultimately causes PD [see review [69]]. Interestingly, highly oxidized DJ-1 has 
been observed in patients with PD and Alzheimer’s disease [70]. The role of DJ-1 in 
autophagy is still in debate, and almost all of the studies are focused on mitochon-
dria-specific autophagy, mitophagy or dedicated to investigate the role of other pro-
teins involved in the etiology of autosomal-recessive PD such as PINK1 and Parkin. 
Loss of DJ-1 leads to impaired autophagy and accumulation of dysfunctional mito-
chondria that under physiological conditions would be compensated via lysosomal 
clearance [71]. Further investigations suggested that DJ-1 works in parallel with 
PINK1/parkin pathway to maintain mitochondrial function in the presence of an 
oxidative environment [72]. In this context, Gonzalez-Polo and colleagues attempt-
ed to investigate the possible link between genetic and environmental factors in 
the pathogenesis of PD by exposing DJ-1 siRNA human neuroblastoma SH-SY5Y 
cells to PQ. Both insults acted synergistically with an enhanced apoptosis process, 
mitochondrial dysfunction and increase in mTOR phosphorylation [73]. The down-
regulation of DJ-1 inhibited the autophagic events induced by the herbicide and 
exacerbated cell death in the presence of the autophagy inhibitor 3-methyladenine. 
Interestingly, PQ significantly decreased the DJ-1 protein levels in non-transfected 
SH-SY5Y cells. This reduction was accompanied by mitochondrial cytochrome 
c release and typical apoptotic chromatin condensation [73]. DJ-1deficient mice 
exposed to PQ showed impaired proteasome activity and increased ubiquitinated 
protein levels. Nevertheless, the authors claimed that PQ exposure or deficient in 
DJ-1 gene alone did not stimulate a decrease in proteasome activity showing a re-
lationship between an environmental toxin and genes. The same study also showed 
that 19S ATPase Rpt6 and 20S 5 subunits and a transcription factor Nrf2 were de-
creased in DJ-1-deficient mice treated with PQ [74]. On opposition, more recent 
studies have shown that administrationof PQ (10 mg/kg i.p), twice per week for 6 
weeks, significantly reduce the 26S proteolytic activity without loss of either 19S 
or 20S components or changes in the assembly of the 26S proteasome leading to the 
reduction of the proteasomal activity [57]. In view of the fact that PQ induces over-
expression of a-synuclein and p-tau, it is expected that proteasomal activity would 
be reduced, due in part to the direct inhibitory effects of a-synuclein and p-Tau [57]. 
In addition it seems that PQ-induced increases in a-synuclein aggregate levels and 
disruption of ubiquitin-proteasome system are likely to interfere with autophagy.

Wills and colleagues have also shown that the inhibition of ubiquitin-proteasome 
system was accompanied by dysregulation of autophagy. PQ treatment (10 mg/kg 
i.p, twice per week for 6 weeks),increased levels of the autophagy inhibitor, the 
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mammalian target of rapamycin, mTOR, suggesting impaired axonal autophagy, 
despite increases in the autophagic proteins beclin 1 and Agt12. The ratios of LC3 II 
to LC3 Iwere reduced in treated animals, suggesting an impairment of the autopha-
gic flux while the heat shock protein levels were either increased or unchanged upon 
PQ-treatment, implying that chaperone-mediated autophagy is not hampered by PQ 
[57]. On the other hand,in vitro results have shown different results. Exposure to 
low concentrations of PQ produces a ROS burst, followed by the characteristic 
autophagic events in human neuroblastoma SH-SY5Y cells, such as the accumula-
tion of autophagic vacuoles in the cytoplasm and the recruitment of the LC3-GFP 
fusion protein to autophagic vacuoles, protein degradation, and a marked decrease 
in the phosphorylation (Ser2448) status of mTOR [75]. In this study, it seems that 
PQ triggers autophagy as a defense mechanism against the deleterious effects of 
oxidative stress since when autophagy is inhibited, the apoptotic cell death pro-
cess is accelerated. Therefore, contradictory results have been reported, and both 
autophagy-dependent cell death and survival mechanisms have been suggested to 
regulate dopaminergic cell death induced by MPP+ [76], whereas both stimulation 
and inhibition of autophagy have been reported to be induced by PQ [57, 75]. Au-
tophagy acts as a protective mechanism promoting cell survival in response to a 
variety of toxic stimuli, whereas, only in very few cases, autophagy participates as 
a programmed cell death mechanism. In order to clarify the role of autophagy in 
dopaminergic cell death induced by environmental toxins, Garcia-Garcia and col-
leagues focused in the autophagic flux and the role of autophagy protein 5 (Atg5)- 
dependent autophagy in dopaminergic cell death induced by parkinsonian toxins 
[77]. Accumulation of autophagosomes might be associated with either an increase 
in or an impairment of autophagic flux. Inhibition of Atg5-dependent autophagy 
potentiates PQ and MPP+-induced cell death and thus autophagy seems to exert a 
protective effect against the toxicity of these neurotoxins. The authors have shown 
that these results demonstrate that PQ and the complex I inhibitors, MPP + and rote-
none, induce an accumulation of autophagosomes by impairment of autophagy flux, 
whereas6-hydroxydopamine does it by increasing autophagy rate [77].

Concluding Remarks

Several pathways have been proposed to be involved in the neurotoxicity of PQ, 
including the induction of oxidative stress, microglia activation, mitochondrial dys-
function, apoptosis, induction of synucleinopathy and tauopathy, and autophagy 
and inhibition of the ubiquitin-proteasome system. In this chapter, the main mecha-
nisms of neurotoxicity of PQ were discussed, with an emphasis in the autophagic 
process and its possible relationship to PD.

Autophagy is a lysosomal degradative process used to recycle old cellular con-
stituents and eliminate damaged organelles and protein aggregates [78]. Due to the 
large axons expansions, neurons accumulate dysfunctional organelles and cellular 
waste in the extremities and therefore the autophagic vacuoles produced need to 
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efficientlyreach lysosomes in the cell body. Any disturbance in this balance makes 
neurons extremely vulnerable and not surprisingly, mutations of genes regulating 
autophagy cause neurodegenerative diseases across the age spectrum with excep-
tional frequency. Autophagy can be disturbed at three major different stages—se-
lection, sequestration and lysosomal digestion of substrates. Although is not clear 
yet where PQ disturbs the autophagic process it seems that it affects the first stages, 
substrate sequestration and autophagosome formation and substrate recognition. In 
addition it remains inconclusive the role of autophagy in PQ-induced neurotoxicity, 
whether is a compensatory mechanism of cell death in response to the oxidative 
insult, or if in circumstances of a continuous insult culminates in the impairment of 
the autophagic process.
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Abstract Parkinson’s disease (PD) is the second most common progressive neu-
rodegenerative disorder that is characterized by the progressive loss of substan-
tia nigral dopaminergic neurons resulting in the pronounced depletion of striatal 
DA levels which subsequently leads to the expression of cardinal features of PD 
including tremor, bradykinesia, rigidity and postural instability. The mechanisms 
underlying the selective loss of dopaminergic neurons remain poorly understood; 
however, studies conducted in post mortem PD brains and experimental PD mod-
els have implicated oxidative stress and mitochondrial dysfunction in the mecha-
nism of dopaminergic neurodegeneration. In recent years, the etiology of several 
neurodegenerative diseases including PD has been linked to low dose and chronic 
exposure to a variety of agrochemicals including paraquat, rotenone and dieldrin. 
Here we discuss how several of these pesticides share common mechanistic events, 
including oxidative stress, mitochondrial impairment/complex I inhibition, abnor-
mal protein aggregation and post translational modifications (PTMs) of proteins 
including α-synuclein, as well as dopaminergic cell death. Furthermore, intersecting 
and parallel effects of environmental neurotoxicants on protein clearance mecha-
nisms and mitochondrial function are addressed and hence provide novel insights 
that might be beneficial in the development of targeted therapies for PD.
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LUHMES Lund human mesencephalic
3-MA 3-methyladenine
MA methamphetamine
MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
mTOR mammalian target of rapamycin
NDI1 NADH dehydrogenase
Ndufs4 NADH dehydrogenase (ubiquinone) Fe-S protein 4
NOX NADPH oxidase
OR odds ratio
PD Parkinson’s disease
PINK-1 PTEN-induced putative kinase 1
PKCδ protein kinase C delta
PQ paraquat
PTM posttranslational modification
UCH-L1 ubiquitin carboxyl terminal hydrolase isoenzyme L1
PTEN phosphatase and tensin homolog
POLG polymerase gamma
RNS reactive nitrogen species
ROS reactive oxygen species
SCF SKP1-Cullin1-F-box
SKP1 s-phase kinase-associated protein 1
SN substantia nigra
TFAM mitochondrial transcription factor A
UPS ubiquitin proteasomal system
VMAT2 vesicular monoamine transporter 2
WT wild-type

Introduction

Parkinson’s disease is a devastating and progressing disorder that affects at least 1 % 
of individuals over the age of 60 [1]. Monogenic mutations contribute to less than 
10 % of all PD cases while the majority of the cases are sporadic [2]. Aging has been 
identified as a major factor in PD, with a peak age of onset of 65 years; however, 
both young onset PD (defined when the disease onset is < 40 years) and rare juve-
nile form have also been shown to occur [3]. The cardinal clinical features of PD 
including rigidity, resting tremor, bradykinesia and postural instability have been 
shown to occur when approximately 70 % of nigrostriatal dopaminergic neurons 
are lost. The neuropathological hallmark of the disease includes the accumulation 
of intraneuronal inclusions known as Lewy bodies (LBs), which are predominantly 
composed of α-synuclein protein [4] in addition to ubiquitin, ubiquitin carboxyl 
terminal hydrolase isoenzyme L1 (UCH-L1), synphilin and parkin protein, among 
others [5], in the surviving substantia nigra (SN) dopaminergic neurons. At this 
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time whether Lewy bodies are toxic or neuroprotective remains elusive. In addi-
tion to the nigrostriatal neurons, the neuropathological correlates of PD are also 
observed in the cortex, amygdala, locus coeruleus and peripheral autonomic system 
[6]. Similarly, in addition to motor disturbance, a wide variety of non-motor symp-
toms including autonomic, sleep, olfactory dysfunctions and cognitive dysfunction 
have been shown to precede the onset of motor symptoms [7].

Although the role of approximately 18 genes in familial PD has been elucidat-
ed and numerous risk factors have been identified using genome-wide association 
studies, they still constitute only a small percentage of PD cases [8]. The identifica-
tion of PD-causing gene mutations, namely, α-synuclein (SNCA), Parkin, PTEN-in-
duced putative kinase 1 (PINK1), leucine-rich repeat kinase 2 (LRRK2) and UCH-
L1, has created a paradigm shift in the manner research questions are addressed 
in PD pathogenesis [8–10]. The continued research into the cellular role of these 
PD-related genes indicate that mitochondrial dysfunction, impairment in protein 
degradation machinery and protein misfolding may play a key role in the cascade of 
deleterious events implicated in PD pathogenesis. However, the remaining majority 
of PD cases are most likely to stem from genetic susceptibility variants, environ-
mental factors and complex gene-environment interactions [11].

Several environmental factors that are associated with the risk of development of 
PD have been identified, namely herbicides and pesticides (e.g., paraquat, rotenone, 
dieldrin and maneb), metals (e.g., manganese and lead), head trauma, well water 
consumption, and rural living [2, 12–17]. In this context, epidemiological studies 
have supported the hypothesis that occupational exposure to pesticides increases the 
risk of developing PD [18–24]; although, several other studies have disputed such 
an association [25, 26]. Despite the contradictory nature of the data, a meta-analysis 
of 19 studies showed a significant association between exposure to pesticides and 
PD with a combined odds ratio (OR) of 1.9 [27]. Thus, it is highly unlikely that ex-
posure to a single agent might explain for a large number of cases, instead chronic 
exposure to multiple agents in association with the background of genetic suscepti-
bility might account for majority of the cases [28].

The link between environmental factor and PD pathogenesis was triggered by 
the discovery in the early 1980s, when it was reported that a group of designer drug 
users exhibited clinical features reminiscent of Parkinsonism following intravenous 
administration of MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine), a byprod-
uct of synthetic opioid biosynthesis, which has been shown to cause dopaminergic 
neurodegeneration via inhibitory effects on complex I of the mitochondrial respira-
tory chain in animals [29–32]. Furthermore, the critical role of mitochondria in PD 
also comes from studies involving pesticides such as rotenone and paraquat (PQ) 
that bears close structural and toxicological similarity to MPTP [33, 34]. These 
studies illustrate that exogenous agrochemicals can target mitochondria; however, 
the functional interplay between mitochondrial dysfunction and oxidative stress in 
nigrostriatal dopaminergic neuronal loss and associated neurobehavioral deficits re-
main poorly understood [17, 35–39].

Despite studies demonstrating that pesticide exposure is epidemiologically 
linked with an increased risk for PD, interpretations of human exposure studies 
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have been challenging due to exposure to a combination of chemicals and interindi-
vidual differences in the variability of exposure levels [28]. Further investigations 
in experimental models of PD have provided novel insights into the mechanisms 
underlying the pathogenesis of PD. For example, in vivo models utilizing rodents 
or primates offer the system necessary to evaluate the neurodegenerative effects of 
individual environmental neurotoxic agent exposures. In contrast in vitro studies 
offer specific mechanistic insight into the cellular and molecular basis of neurotox-
icant-induced cytotoxicity, although these studies fail to recapitulate several com-
plex integrated functions of the human brain. In this context, the environmental risk 
factors, namely the putative contribution of select agrochemicals to dopaminergic 
neurodegeneration and its relevance to PD, are discussed using in vitro and in vivo 
models of pesticide exposures. In particular, the commonly shared toxicity mecha-
nisms, including mitochondria dysfunction, oxidative stress, protein aggregation 
and impaired clearance mechanisms that may account for the disruption of dopami-
nergic neuronal function, are reviewed here.

Mitochondria and PD

Mitochondria serve as the primary energy source in neurons that heavily rely on 
aerobic respiration and oxidative phosphorylation for ATP generation. During 
oxidative phosphorylation (OXPHOS), the flow of electrons across the electron 
transport chain (complexes I–IV) is coupled to the pumping of protons in order to 
generate a mitochondrial membrane potential that drives the synthesis of ATP. Mi-
tochondrial reactive oxygen species (ROS) and excessive generation of ROS appear 
to be critically linked to aging because they lead to organelle dysfunction, mutations 
in the nuclear genome and cell dysfunction [32, 40–43]. In addition to their role in 
the chronic process of aging, they also contribute to apoptotic cell death [44].

The pivotal role of mitochondrial dysfunction in the etiology of PD was recog-
nized following the discovery of MPTP-induced Parkinsonism that was responsive 
to L-DOPA [45, 46]. This model has been further improved in lab animals whereby 
chronic infusion of rotenone, complex I inhibitor or MPTP was found to cause Par-
kinson phenotype and pathological changes associated with degeneration of nigral 
dopaminergic neurons that was accompanied by cytoplasmic inclusions that were 
immunoreactive for ubiquitin and synuclein [47]. Oxidative stress has been impli-
cated as a pivotal factor in the mechanism of mitochondrial dysfunction associated 
neuronal injury. Decreased complex I activity or altered protein levels in the substan-
tia nigra in postmortem PD brains [40, 48] has been well established. Mild reduc-
tions in complex I activity were also identified in the striatum [49], fibroblast [50], 
skeletal muscle [51], and blood platelets [52]. Interestingly, oxidized proteins were 
found in the catalytic subunits of complex I in PD patients, suggesting that oxidative 
damage to complex I subunit(s) may underlie complex I impairment. The deficits 
in the complex I activity have also been demonstrated in cybrid cell lines [53]. This 
generation of ROS subsequent to mitochondrial dysfunction may in turn further  
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impair the respiratory chain, thereby resulting in the production of exaggerated 
levels of ROS and pronounced neuronal injury [54]. Mitochondria-mediated bio-
energetic deficits may interrupt the vesicular storage of DA leading to increased 
accumulation of the oxidation-prone DA. In fact, SN dopaminergic neurons have 
been shown to be highly sensitive to complex I dysfunction as compared to other 
neuronal phenotypes [55, 56].

Increased levels of mitochondrial DNA (mtDNA) deletions have been found in 
dopaminergic neurons in the substantia nigra of postmortem PD brains [57–59]. 
For example, the inactivation of the genes involved in the maintenance of mtD-
NA, namely mitochondrial transcription factor A (TFAM) and polymerase gamma 
(POLG), caused the disruption of complex I activity [55, 60], and thereby mitochon-
drial dysfunction in the mechanism of PD pathogenesis. The genetic deficiency of 
Ndufs4, one among the 49 subunits of complex I, demonstrated a decrease in com-
plex I oxygen consumption, although the complex I levels were intact, suggesting 
that Ndufs4 may be pivotal in the assembly and stabilization of the complex. Inter-
estingly, the oxygen consumption and ATP levels remained unchanged as compared 
to wild-type (WT) animals [61, 62]. Together, complex I inhibition and subsequent 
generation of ROS and RNS may contribute to PD pathogenesis.

Oxidative Stress and PD

Oxidative stress is defined as a mechanism, whereby the dysfunction of the cellular 
antioxidant system leads to the excessive buildup of ROS above a toxic threshold 
[54, 63]. The production of ROS is inexorably linked to mitochondrial respiration 
[64]. During aerobic respiration, electrons leak from the electron transfer chain 
(ETC) (in particular complex I) leading to the partial reduction of molecular oxy-
gen to superoxide anion (O2

•), and subsequently to hydrogen peroxide (H2O2), and 
hydroxyl radical (•OH) production [63]. The superoxide (O2

•) is converted via an 
iron catalyzed reaction known as Fenton reaction to the highly reactive hydroxyl 
radical (•OH), which can further react with nitric oxide (NO) to form peroxynitrite. 
Both hydroxyl radical and peroxynitrite have been shown to cause extensive cel-
lular damage by interacting with protein [65], lipids [66] and nucleic acids [66]. The 
oxidative damaged macromolecules, via a vicious feed forward cycle, might further 
accentuate the process of oxidative stress and neuronal injury.

Interestingly, SN dopaminergic neurons are highly susceptible to oxidative 
stress because of the increased energy demand necessary for the maintenance of 
long axonal projections. The presence of high levels of dopamine whose oxida-
tive products are highly toxic, relative abundance of redox active iron (Fe) levels 
favoring hydroxyl radical formation, weaker antioxidant defense, and higher mi-
croglial population make post mitotic dopaminergic neurons prime target of aging/
environmental toxicant-induced degeneration [67–70]. Markers of oxidative stress, 
namely products of lipid peroxidation, protein oxidation, oxidation of DNA and 
cytoplasmic RNA, are increased in the SN of postmortem PD brains [71]. These 
events are accompanied by altered iron metabolism and reduced glutathione levels 
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[72, 73]. In fact, mitochondria-targeted neurotoxins, which reproduce several fea-
tures of PD in humans, cell and animal models of PD, frequently target complex I 
and leads to the formation of highly reactive free radicals that promote nigrostriatal 
dopaminergic neuronal injury [61]. A growing body of evidence supports a pivotal 
role for oxidative stress and alteration of synuclein conformation in the mechanism 
of dopaminergic neuronal loss evidenced in PD [74, 75]. In fact, oxidative stress 
has been shown to be a trigger in the posttranslational modifications (PTMs) of 
α-synuclein-associated neurodegeneration. PTMs of α-synuclein, such as modifica-
tion by 4-HNE (HNE-α-Syn), nitration (n-α-Syn) and oxidation (o-α-Syn), have 
been shown to promote α-synuclein aggregation [76]. Interestingly, nitration, phos-
phorylation, and truncation have been observed in postmortem PD brains or in ani-
mal models of PD [77, 78]. In a recent report, exposure of differentiated LUHMES 
cells to HNE-α-Syn was found to trigger dopaminergic neurotoxicity via an ROS-
dependent mechanism [78, 79].

Besides the ROS generated from intrinsic sources within the neuron, the com-
ponents of the extracellular milieu that may be generated following neuronal injury 
can activate neighboring glial cells [80–84]. Importantly, glia-derived ROS has also 
been documented to exert deleterious effects in the brain regions that are highly 
susceptible to PD [85]. In fact, it has been proposed that glia-derived ROS may ag-
gravate or promote a self-perpetuating vicious cycle of delayed and progressive loss 
of dopaminergic neurons.

Oxidative Stress and Agrochemicals

Rotenone

Rotenone has been used as an insecticide or fish poison during the past 50–150 
years and has been identified as a potential risk factor for PD. Due to rotenone’s 
relatively short environmental half-life and limited bioavailability, its role in PD is 
strongly debated [86, 87]. The half-life of rotenone is 3–5 days based on the levels 
of exposure to sunlight, also it is rapidly degraded in soil and water [reviewed in 
[88]]. As a result, rotenone is less likely to pollute the ground water. The rotenone 
model has garnered significant attention in the field of experimental PD and has 
provided novel insights into mitochondria-mediated mechanisms in dopaminer-
gic neurodegeneration in PD. Rotenone has been shown to exhibit lipophilicity, 
BBB permeability, distribution throughout the body, and mitochondrial localization 
where it evokes inhibitory effects on the mitochondrial complex I activity [89]. In 
fact, chronic inhibition of mitochondrial complex I can cause selective loss of dopa-
minergic neurons despite its wide distribution throughout the brain [47]. It is widely 
accepted that rotenone elicits ROS generation via inhibition of the mitochondrial 
ETC complex. Rotenone has been shown to inhibit the transfer of electrons from 
iron-sulfur centers in complex I to ubiquinone, which interrupts the conversion of 
NADH into ATP [34]. In this context, rotenone-induced neuronal death is believed to 
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be a consequence of mitochondrial complex I inhibition, which leads to the marked 
reduction in ATP levels and subsequent loss of mitochondrial membrane potential 
[90, 91]. Consistent with its role in oxidative stress, antioxidants have been shown 
to confer protection against rotenone-induced cell death. Intriguingly, Arnold et 
al., 2011 demonstrated that chronic exposure to rotenone led to an increase in the 
mitochondrial fission and fusion initially, although it was reversed at later time 
points [92]. Also, inhibition of fission was found to attenuate neuritic loss, suggest-
ing that aberrant mitochondrial dynamics may underlie rotenone-induced PD-like 
symptoms. In another study, Choi et al. [93] suggested that inhibition of mitochon-
drial complex I alone may not be sufficient to explain the mechanism of dopami-
nergic degeneration, but that depolarization of the microtubules and accumulation 
of dopamine-derived ROS might also be involved. However these studies are not 
compatible with studies from Greenamyre and colleagues [94], whereby exposure 
of SK-N-MC human neuroblastoma cells to rotenone (10 nM to 1 µM) was found to 
produce dose-dependent ATP depletion, oxidative damage and death. Interestingly, 
transfection with a single-subunit NADH dehydrogenase of Saccharomyces cere-
visiae (NDI1) (which integrates into the mammalian ETC and serves as a “replace-
ment” for endogenous complex), was found to ameliorate mitochondria-mediated 
oxidative stress events, suggesting that these effects were mediated by selective 
binding at complex I [94, 95]. Similar results were generated in in vivo systems, 
further establishing that rotenone effects may be related to inhibition of complex I 
[96, 97]. Intriguingly, other studies have demonstrated that rotenone-induced inhi-
bition of mitochondrial complex I activity may lead to α-synuclein aggregation, LB 
deposition, motor deficits, and ultimately nigrostriatal dopaminergic neuronal loss. 
Also, it has been suggested that stimulation of microglial cells by rotenone leads 
to the generation of superoxide that is selectively toxic to dopaminergic neurons 
[89]. Interestingly, genetic depletion of NOX2 afforded neuroprotection against ro-
tenone-associated dopaminergic neurodegenerative effects, indicating that aberrant 
NOX2-mediated microglial activation contributed to rotenone-induced dopaminer-
gic neurotoxicity [98]. Therefore, it is most likely that rotenone-mediated complex 
I inhibition can cause excessive buildup of oxygen-free radicals, thereby leading to 
chronic oxidative stress and ultimately loss of dopaminergic neurons. Alternatively, 
it is also possible that chronic oxidative stress in this model may influence complex 
downstream signaling events that result in dopaminergic neuronal death.

Paraquat

Paraquat (N, N’-dimethyl-4-4-4’-bypiridinium) has been used as an herbicide for 
decades to control the growth of weeds and exposure to it has been suggested to in-
crease the risk of developing PD [99, 100]. Also, as compared to separate exposure, 
those people who were exposed to PQ in combination with either ziram or maneb, 
demonstrated the greatest risk for developing PD [100]. PQ shares close structural 
similarity to MPP+, a metabolite of MPTP. Due to this similarity, it was assumed 
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that PQ and MPP + might share similar common neurotoxicity mechanisms, e.g., 
complex I inhibitory effects [101], although it is becoming increasingly clear that 
they might elicit dopaminergic neurotoxicity via disparate mechanisms [102]. 
PQ demonstrated a long half-life following systemic administration and has been 
shown to cause lipid peroxidation in rodent brain [103]. In addition, PQ administra-
tion also caused selective and dose-dependent loss of nigral dopaminergic neurons 
and mild reduction in striatal dopaminergic nerve terminals that were accompanied 
by modest motor deficits [74, 104].

PQ has been found to cross the blood-brain barrier (BBB) via the neutral amino 
acid transporter and to accumulate in select regions of the mouse brain, thereby 
inducing PD-like neuropathology [105]. In contrast to MPP+, PQ has been shown 
to exert weak inhibitory effects on the mitochondrial respiratory complex I and 
it appears that PQ-induced dopaminergic neurotoxicity may occur independent of 
complex I inhibition and dopamine transporter (DAT)-mediated mechanism [106]. 
Alternatively, in another study, Castello et al. [107] demonstrated that inhibitory ef-
fects of PQ on mitochondrial respiratory complexes both I and III may be involved 
in ROS generation. Notably, autooxidative products of DA and monoamine oxidase 
(MAO)-mediated production of oxidative metabolites have been identified as im-
portant sources of ROS.

Despite numerous studies demonstrating the critical contribution of mitochondria 
mediated ROS generation in PQ-induced dopaminergic neurotoxicity, the underly-
ing cellular mechanisms are still elusive. Interestingly, it appears that PQ is com-
partmentalized within the mitochondria [101] and functions as a potent redox cycler 
that converts molecular oxygen to superoxide and subsequently other free radicals 
[108, 109]. Numerous studies have highlighted the role of microglial NADPH 
oxidase (particularly NADPH-cytochrome P450 reductase) in catalyzing NADPH-
dependent one electron reduction of PQ [107, 110, 111]. The PQ radical generated 
in turn donates one electron/reduces molecular oxygen in its vicinity, thereby gen-
erating superoxide and itself converts into parental compound, which depending 
on the electron supply, undergoes further redox cycling, thereby generating more 
superoxide oxide in subsequent cycles [112, 113]. The redox cycling of paraquat 
is further supported by studies showing that mice deficient in two mitochondrial 
antioxidant enzymes, namely manganese superoxide dismutase (MnSOD) and glu-
tathione peroxidase (GPx), demonstrated increased vulnerability to PQ-associated 
neurotoxicity as compared to WT mice [114]. Conversely, mitochondria-targeted 
overexpression of antioxidant enzymes, including catalase and peroxiredoxin 5, 
conferred better protection against PD-like neuropathology as compared to its cyto-
plasmic expression [115, 116]. Moreover, PQ-induced increase in H2O2, Fe2+, and 
cell death were attenuated by siRNA-mediated silencing of aconitase expression, 
thus highlighting a critical role for the mitochondria-mediated ROS generation in 
the mechanism of PQ-induced dopaminergic neurotoxicity [117]. More recently, 
PQ has been shown to mediate oxidative stress via xanthine oxidase [118]. Finally, 
NF-E2-related factor-2 (Nrf2)-dependent regulation of antioxidant responsive ele-
ment (ARE)-mediated gene expression has been shown to elicit neuroprotective 
effects against paraquat-induced neurotoxicity by induction of heme-oxygenase, 

10 Agrochemicals-Induced Dopaminergic Neurotoxicity



180 N. Singh et al.

which prevents the buildup of heme-catalyzed production of hydroxyl radicals from 
H2O2 [119]. Although PQ-mediated ROS generation might originate from several 
sources, it is becoming increasingly clear that oxidative stress is a pivotal step in 
the mechanism of PQ-induced neuronal cell death. Collectively, these studies sug-
gest that PQ can induce oxidative stress by a multitude of mechanisms involving 
mitochondrial complex I inhibition, redox cycling, DA turnover, and modulation of 
antioxidant status, among others.

Dieldrin

Dieldrin is an organochlorine pesticide that ranks one among the most environ-
mentally persistent insecticide. Despite its ban in the 1970s, its low volatility and 
lipophilicity has led to its persistence in the environment and therefore demon-
strates extensive bioaccumulation and biomagnification in the soil and food sup-
ply (for a review see [11, 86, 120]). Significantly increased levels of dieldrin were 
found in the caudate nucleus of PD patients as compared to age matched controls 
[121–123]. In another study, dieldrin was found in 6 out of 20 PD brains and in none 
of the control patients, suggesting a positive association between dieldrin exposure 
and risk of PD [124]. Previously, oxidative stress has been implicated in dieldrin-
induced apoptosis. Treatment with dieldrin induced ROS production in a number 
of cell culture models, including neuronal cell lines, mouse lung fibroblasts, and 
in mouse liver [125–127]. Moreover, Chun et al. [126] reported that dieldrin expo-
sure induced ROS production in SN4741, a mouse nigral dopaminergic cell line, 
and studies from our lab showed that dieldrin-induced ROS generation in two cell 
lines, namely PC12 cells [128] and N27 dopaminergic cells [126, 129]. Addition-
ally, we demonstrated that pretreatment with SOD, an enzyme that scavenges su-
peroxide anions attenuated dieldrin-induced ROS generation. Similarly, scavenging 
of superoxide anions using an SOD mimetic, Manganese (III) tetrakis (4-benzoic 
acid) porphyrin (MnTBAP), in PC12 cells blocked dieldrin-induced ROS genera-
tion [128]. In a recent study using N27 cells, we demonstrated that dieldrin acti-
vates the non-receptor tyrosine kinase Fyn to promote PKC delta (a redox sensitive 
kinase)-mediated dopaminergic cell death [130]. In order to evaluate the influence 
of dieldrin on dopamine turnover and associated generation of ROS, PC12 cells 
were exposed to 100–500 µM -methyl para tyrosine (-MPT), a TH inhibitor, prior 
to dieldrin treatment. -MPT effectively inhibited dieldrin-induced ROS generation, 
suggesting a role for dopamine turnover in the mechanism of dieldrin-induced el-
evated ROS production. In another study, heptachlor, an organochlorine pesticide 
related to dieldrin, inhibited vesicular monoamine transporter 2 (VMAT2) func-
tion, suggesting the failure of the vesicular sequestration mechanism may be con-
ducive for the generation of ROS and ultimately dopaminergic neuronal demise 
[131]. Some more studies show that exposure of mice to low levels of dieldrin for 
30 days caused changes in the levels of DAT and VMAT2, decreased levels of DA 
metabolites, and elevation of cysteinyl-catechol adducts in the striatum, suggesting 



181

a role for oxidative stress mechanism in the increased vulnerability of nigrostriatal 
dopaminergic neurons to dieldrin-induced neurotoxicity [132, 133]. In order to bet-
ter understand the association between dieldrin and increased risk of developing 
PD, detailed mechanistic studies aimed at understanding the cell signaling events 
underlying dieldrin-induced dopaminergic neuronal loss are needed.

Dysregulation of Protein Clearance Mechanisms  
by Agrochemicals

Agrochemicals and UPS

Protein clearance mechanism is critical for numerous cellular functions because it 
facilitates the elimination of toxic protein species and damaged organelles in order 
to prevent toxicity in post mitotic neurons. Eukaryotic system is endowed with two 
major mechanisms to prevent the buildup of toxic proteins, namely the ubiquitin 
proteasomal system (UPS) and autophagolysosomal pathway (ALP) [134]. The 
UPS is present in the cytoplasm, nucleus, and other subcellular regions, whereas 
autophagy is primarily localized to the cytoplasm [135, 136]. The UPS function 
remains elevated, while autophagy activity is relatively low in quiescent cells for 
the maintenance of cellular homeostasis. The UPS system breaks down proteins 
in a highly regulated manner [137, 138]. The molecular mechanisms regulating 
the UPS complex is a tightly regulated event which involves sequential ubiqui-
tination of protein and its subsequent degradation by 26 S proteasome. In brief, 
the initial step of ubiquitin activation is governed by ubiquitin activating enzymes 
(E1s). These enzymes bind with ubiquitin C-terminus by forming a thiol ester bond. 
During the second step, the activated ubiquitin is transferred from E1s to E2s (ubiq-
uitin conjugating enzymes) where ubiquitin conjugates with C-terminus of E2s. 
In the last step, E2s then coordinates with E3s (ubiquitin protein ligase), transfer-
ring the ubiquitin to a lysine residue of substrate protein. The substrate protein is 
further poly-ubiquitinated with four or more ubiquitin molecules (K48-linked poly 
ubiquitinating chains). These ubiquitinated proteins are then subjected to 26 S pro-
teasomal degradation [139–143]. Moreover, ubiquitination is a reversible process 
that is often regulated by deubiquitinating enzymes, which participates in recycling 
ubiquitin.

In a healthy cell, UPS regulates physiological processes including neurotrans-
mission, protein trafficking, cell cycle progression and DNA repair, by maintaining 
the dynamic equilibrium between the generation and degradation of short lived or 
abnormal proteins [144–146]. Biochemical and genetic studies using PD models 
have implicated the central role of dysfunction of ubiquitin-proteasome system in 
the pathogenesis of PD [147]. In particular, mutations in several genetically in-
herited genes associated with early onset PD, such as those regulating mitochon-
drial function, namely PINK1, DJ-1, Parkin and LRRK2, as well as those directly 
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regulating UPS functioning, namely UCH-L1, Parkin and α-synuclein, have been 
reported to be linked to PD [143, 148–151]. In fact, numerous studies have re-
ported decreased UPS activity in postmortem PD brains [152]. Accumulation of 
protein aggregates evidenced in PD pathogenesis is attributed to the failure of cel-
lular clearance machinery to remove the damaged and misfolded proteins [153]. 
The formation of protein aggregates known as LBs has been critically linked to 
the selective dopaminergic neuronal death associated with PD [148]. α-Synuclein 
(α-syn) is a major component of LBs [154, 155], and has been shown to misfold 
and attain an abnormal β-sheet rich structure ultimately leading to its aggregation 
[156]. This misfolding has been shown to be triggered by several factors, including 
oxidative stress, gene mutations and environmental factors [157]. The accumulation 
and aggregation of misfolded proteins, including α-synuclein, can promote further 
inhibition of UPS [143]. Interestingly, recent studies show that neurons can release 
the α-synuclein-positive aggregates into the synaptic space, which are then taken up 
by neighboring glial cells [158]. Due to the immunogenic nature of the misfolded 
proteins, it is probable that a vicious and progressive feed forward cycle via glial 
activation may promote rotenone-induced dopaminergic neurodegeneration. Thus, 
these protein aggregates not only induce cytotoxicity but also influence other pro-
cesses, including proteasomal function and neuroinflammation. In summary, it ap-
pears that impaired protein clearance mechanisms and mitochondria-derived oxida-
tive stress response might act cooperatively to promote the accumulation of protein 
aggregates in PD brains.

While pesticide exposure has been shown to be associated with increased risk of 
PD, epidemiological studies fail to investigate individual pesticides based on their 
biological mechanism of action. In recent years, a few studies have investigated the 
link between pesticide exposure and risk of developing PD based on their mecha-
nism of action. For example, Tanner et al. [99] demonstrated that exposure to para-
quat and rotenone in rural farming communities showed a 2.5-fold increased risk of 
developing PD. These studies suggested agrochemicals with different mechanisms 
of action, namely those that impair mitochondrial function and those that induce 
oxidative stress response, might represent a potential risk factor for PD, thereby 
implicating these mechanisms in the pathophysiology of PD. In another study link-
ing gene-environment interaction in PD, Rhodes et al. [159] screened 28 pesticides 
for inhibition of 26 S proteasomal activity at 10 µM. Benomyl, cyanizine, dieldrin, 
endosulfan and ziram were found to be associated with increased risk of PD. An OR 
of 2.14 (95 % CI: 1.42, 3.22) was estimated for subjects (453 controls, 287 cases) 
who had been exposed to any UPS-inhibiting pesticide at both residential and occu-
pational areas. Notably, this association was found to be modified by genetic variant 
of s-phase kinase-associated protein 1 (SKP1) gene. SKP1 protein is a component 
of the SKP1-cullin 1-fbox (SCF) protein complexes involved in target identifica-
tion for ubiquitination and cell cycle regulation [160]. The study suggests a role 
for UPS-inhibiting pesticides in the etiology of PD and raises the possibility that 
gene variants in the candidate genes involved in the UPS pathway might exacerbate 
the toxic effects of pesticide exposures. Taken together, these studies suggest that 
interaction between agrochemicals and genetic susceptibility may modulate the risk 
of developing PD.
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Rotenone

Accumulating evidence suggests that rotenone induces the selective loss of ni-
grostriatal neurons leading to the accumulation of α-synuclein-positive aggregates, 
presumably via inhibition of complex I of the respiratory chain and associated 
elevation of oxidative stress response [for a review see [94]]. The BBB permeabil-
ity and hydrophobicity of rotenone may account at least in part for the increased 
susceptibility of dopaminergic neurons to complex I inhibitory effects [29]. It is 
well accepted that chronic exposure to low doses of rotenone leads to an inhibition 
of mitochondrial electron transport chain in the rodent brain [47]. Moreover, in lab 
animals rotenone has been administered via different routes. For example, Betar-
bet et al. [47] demonstrated that in Lewis rats, chronic systemic administration of 
rotenone (3 mg/kg) via osmotic mini pump caused highly selective nigrostriatal 
dopaminergic neurodegeneration and concomitant accumulation of α-synuclein-
positive cytoplasmic inclusions similar to LBs, in surviving dopaminergic neu-
rons. Intraperitoneal administration of rotenone has been shown to cause extensive 
aggregation of α-synuclein and accumulation of poly-ubiquitin positive aggregates 
in nigral dopaminergic neurons [161]. In a similar fashion, IV administration of 
rotenone has been shown to cause nigrostriatal dopaminergic damage that was 
accompanied by α-synuclein aggregation, Lewy-like body formation, oxidative 
stress and GI dysfunction [47]. In another study, rotenone-induced nigrostriatal 
damage was found to be accompanied by the accumulation of α-synuclein positive 
aggregates in different parts of the brain [162]. Remarkably, intragastric adminis-
tration of rotenone (5 mg/kg per day for a period of 10 weeks) in rodents induced 
the accumulation of α-synuclein-positive in the ENS, the dorsal motor nucleus of 
the vagus, intermediolateral nucleus of the spinal cord and the substantia nigra, 
regions that are also affected in human PD [163]. This study suggested that local 
effects in the ENS may be sufficient to induce PD-like progression and to repro-
duce neuroanatomical and neurochemical features of PD staging. Furthermore, it 
provided novel insight into how environmental factors could trigger PD and sug-
gested a trans-synaptic mechanism by which PD might elicit wide spread distribu-
tion throughout the CNS. Interestingly, the intraperitoneal (IP) administration of 
rotenone in rats also induced the formation of α-synuclein inclusions in the enteric 
nervous system [164]. Taken together, these studies highlight the critical role of 
oxidative stress response in rotenone-induced α-synuclein aggregation and its im-
pact on the susceptibility of nigrostriatal dopaminergic neurons.

Paraquat

A growing body of evidence suggests that the selective vulnerability of dopaminer-
gic neurons to PQ-induced neurotoxicity is attributed to elevated oxidative stress 
that is mediated at least in part via increased uptake of dopamine into the dopami-
nergic neurons [24, 165]. In this context, oxidative stress has been established as a 
key factor influencing aggregation of α-syn [165]. In fact, PQ-mediated oxidative 

10 Agrochemicals-Induced Dopaminergic Neurotoxicity



184 N. Singh et al.

stress has been shown to increase the levels of α-syn expression and aggregation in 
the SN of mice [166]. Additionally, other factors, including nitration, hyperphos-
phorylation at serine 129, and the presence of DA adducts, have also been shown 
to promote PQ-induced α-syn aggregation [167, 168]. Also, paraquat at micromolar 
concentrations has been shown to accelerate fibril formation [168] and this phe-
nomena has also been demonstrated in vivo in mice (10 mg/kg i.p. once per week 
for 3 weeks) whereby a reversible increase in the level of intraneuronal aggregates 
and α-syn levels in the ventral midbrain and frontal cortex were evidenced [166]. 
Furthermore, PQ administration in transgenic mice overexpressing α-syn produced 
an increase in the number of insoluble α-synuclein (proteinase K-resistant) inclu-
sions in the substantia nigra that bore close resemblance to the neuropathology of 
PD [169]. Conversely, attenuating the expression levels of α-syn in a mouse model 
of PD was found to exert beneficial effects by limiting the progression of neuro-
degeneration [170]. More recently, Cristovao et al. [171] demonstrated that using 
PQ-based in vitro and in vivo PD models, NADPH oxidase 1 (NOX1)-mediated 
α-syn expression and aggregation in dopaminergic neurons positively correlated 
with its neurodegenerative process, suggesting a role for NOX1-dervied ROS in the 
mechanism of excessive accumulation of α-synuclein aggregates. Similarly, stud-
ies conducted in A53T transgenic mice showed that combined exposure to maneb 
(manganese ethylene(bis)dithiocarbamate) and PQ exacerbated the aberrant accu-
mulation of α-synuclein-positive aggregates, thus increasing the vulnerability of ni-
gral dopaminergic neurons to their neurotoxic effects [172–174]. In summary, these 
studies suggest that oxidative stress may serve as a critical trigger for paraquat-
induced increased expression and aggregation of α-synculein at least in the nigral 
dopaminergic neurons.

Impairment of UPS has been shown to cause α-syn aggregation, which in turn 
promotes further impairment of mitochondrial function [11, 175]. In fact, PQ treat-
ment leads to an impairment in proteasomal function in human neuroblastoma SH-
SY5Y cells, whereby a reduction in the protein levels of 19 S subunit of protea-
some was found to parallel drug-induced cytotoxicity [176]. In another study, DJ-1 
deficient mice exposed to PQ demonstrated proteasomal dysfunction, increased 
ubiquitinated protein levels, and a decline in ATP and subunit protein levels of 19 S 
ATPase Rpt6 and 20 Sβ5. These studies implicated that both environmental in-
sults and genetic factors might act cooperatively to induce proteasomal dysfunction 
in PD pathogenesis [176]. On the contrary, a recent study demonstrated that PQ 
(10 mg/kg, twice per week for 6 weeks) treatment led to a significant decrease in 
26 S proteosomal activity, although the levels of 19 S or 20 S components and as-
sembly of the 26 S proteasome remained unchanged [177]. The authors postulated 
that PQ might exert its effects via direct interaction with the 20 S component of the 
proteasome. Taken together, these studies suggest that proteasomal dysfunction ren-
ders dopaminergic neurons more vulnerable to paraquat-induced neurodegenerative 
processes. Thus understanding the mechanism by which PQ induces the expression 
and aggregation of α-syn may not only lead to the identification of novel targets that 
halt the progression of this insidious disorder but may also shed light on the signifi-
cant contribution of environmental insults in the etiopathogenesis of PD.
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Dieldrin

It is becoming increasingly clear that pesticides are involved in the PTMs of sev-
eral proteins, including α-synuclein, in oxidative stressed neurons [for a review 
see [178]]. Previously, Uversky et al. [168] demonstrated that pesticides, including 
dieldrin, can induce a conformational change in α-synuclein, thereby accelerating 
the formation of α-synuclein fibrils in vitro [168]. Moreover, studies conducted in 
our lab showed that dieldrin can inhibit proteasomal activity in N27 immortalized 
dopaminergic cells, therefore leading to the accumulation of ubiquitin-positive ag-
gregates. Interestingly, the magnitude of inhibition of the proteasomal system and 
apoptotic cell death were exacerbated in α-synuclein overexpressing cells, suggest-
ing that dieldrin acts synergistically with α-synuclein to enhance the vulnerability of 
dopaminergic neurons to apoptotic cell death [179]. In another study performed in 
SK-N-MC cells overexpressing a GFP-conjugated proteasome degradation signal, 
several pesticides, including dieldrin, were screened for their ability to alter UPS. 
Dieldrin was found to inhibit proteasomal activity and the cytotoxic effects were 
found to closely correlate with proteasomal inhibition [159]. Taken together, these 
studies suggest that a potential interaction between α-synuclein and exposure to 
dieldrin is most likely to accelerate the susceptibility of dopaminergic neurons to 
oxidative stress-induced neuronal injury.

Agrochemicals and Autophagy

Autophagy is a dynamic clearance mechanism that is involved in the degrada-
tion of proteins, protein complexes, and damaged organelles via association with 
lysosomal degradative machinery [180]. In fact, post mitotic neurons are highly 
reliant on basal autophagy because they maintain the balance between synthesis, 
degradation, recycling of intracellular components as compared to non-neuronal 
cells; however, impairment in autophagy leads to the accumulation of damaged 
organelles and misfolded and aggregated proteins, which in turn exerts deleterious 
effects on normal cellular homeostasis [181]. Aberrant proteolytic degradation ma-
chinery has been identified as a key component contributing to neurodegeneration. 
In fact, dysfunctional autophagic activity is frequently observed in distinct neuronal 
populations that are selectively targeted in neurodegenerative diseases, including 
Alzheimer’s disease (AD), PD, Huntington’s disease (HD), and amyotrophic lat-
eral schlerosis (ALS) [182, 183]. The exact role of autophagy is unclear; however, 
emerging evidence favors a neuroprotective role for autophagy, whereby insuffi-
cient or dysfunctional autophagy rather than excessive autophagy leads to neuro-
nal cell death in neurodegenerative conditions. Autophagy is particularly important 
when UPS function is impaired because of the formation of large protein aggregates 
or oxidative stress [184–186]. Macroautophagy is an essential component of the 
autophagy-lysosomal pathway (ALP). During autophagy, soluble and aggregated 
proteins are sequestered within double membrane vesicles termed autophagosomes, 
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which then fuse with lysosomes to promote degradation via the lysosomal hydro-
lases. Accumulating evidence demonstrates that autophagy related genes (ATGs) 
and their proteins regulate the formation of autophagic vacuoles (AV) in eukaryotic 
cells [187, 188]. In fact, covalently bound complex of Atg12-Atg5 has been shown 
to regulate the elongation of AV isolation membrane, also known as phagophore 
[189, 190]. Additionally, Atg12-Atg5 exhibits ubiquitin E3-like enzyme activity 
that facilitates the lipidation of LC3 family members. The lipidated form of LC3, 
namely LC3-II, is subsequently incorporated into the autophagosomal membrane. 
The serine/threonine kinase mTOR (mammalian target of rapamycin) is a key regu-
lator of autophagy during starvation conditions. It has other functions, including 
regulation of cell cycle progression, protein synthesis and cell growth. Activation 
of mTOR promotes protein synthesis and inhibits macroautophagy via an Atg13 
phosphorylation-dependent mechanism that modulates Atg1 activity. Under condi-
tions of physiological stress, namely starvation, mTOR is inactivated leading to the 
formation of Atg1-Atg13 complexes required for the activation of autophagy [191]. 
Microautophagy, on the other hand, is a relatively simpler process and involves the 
engulfment of cytoplasm by lysosomes via a membrane involution [192]. Finally, 
chaperone-mediated autophagy (CMA) as compared to macroautophagy and mi-
croautophagy differs in regards to its selectivity and mechanism of degradation. 
CMA is involved in the selective degradation of 30 % of all cytosolic proteins that 
contain a consensus sequence, Lys-Phe-Glu-Arg-Gln (KFERQ). This amino acid 
sequence is recognized by a cytosolic chaperone, heat-shock cognate 70 (HSC70) 
and its co-chaperones, which targets these proteins to the lysosomal membrane, 
where the complex is recognized by the CMA receptor lysosome-associated mem-
brane protein type-2A (LAMP2A), internalized, and then subsequently unfolded 
and degraded in the lysosomal lumen [181, 193].

Rotenone

Rotenone model has been shown to reproduce delayed and specific loss of dopami-
nergic neurons and aggregation of α-synuclein, which effectively captures several 
aspects of sporadic PD [89, 161, 194–196]. In fact, rotenone-based in vitro and in 
vivo models of PD have been routinely used to explore the role of autophagy in PD 
[197]. Additionally, rotenone has been shown to exert suppressive effects on cyto-
protective proteins namely Parkin and DJ-1 that are critically linked to organelle 
quality control program-mitophagy, antioxidant response and mitochondrial func-
tion [198]. Moreover, rotenone has also been shown to exhibit inhibitory effects on 
autophagy, whereby treatment with rapamycin, an inducer of autophagy, afforded 
protection against rotenone-induced neurotoxicity [199, 200]. Consistently, treat-
ment of SH-SY5Y cells with rotenone (high dose) has been shown to induce the 
mitochondrial release of cytochrome C, reduced COX IV activity, accumulation 
of ubiquitinated aggregates and ROS production. Importantly, siRNA-mediated 
knockdown of ATG5 partially blocked the neuroprotective effects of rapamycin 
in rotenone-treated cells, suggesting a neuroprotective role for autophagy in the 
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clearance of oxidatively damaged molecules [199]. In a similar fashion, enhance-
ment of autophagy via rapamycin attenuated rotenone-induced ROS production, re-
stored mitochondrial membrane potential and decreased HIF expression in mutant 
α-synuclein expressing neuronal cells as compared to the cells overexpressing WT 
α-synuclein. These studies suggest that mutant α-synuclein aggravates rotenone-
induced cytotoxicity and that autophagy induction affords significant protection 
against cytotoxicity in α-synuclein overexpressing cells [201]. In another study, 
Giordano et al., [202] reported that autophagy can elicit a protective response in 
primary neurons exposed to rotenone and that the surviving neurons exhibit bioen-
ergetic adaptations to this metabolic stressor. In contrast, an increase in autophagic 
flux has been observed in primary cortical neurons treated with sublethal concen-
tration of rotenone as demonstrated by a decrease in p62 levels and a rapid loss of 
mitochondria that can be reversed by co-treatment with bafilomycin A2, a vacuolar 
ATPase inhibitor, or by siRNA-mediated gene silencing of ATG7 and ATG8. Mech-
anistically, rotenone-induced mitophagy involved the translocation of mitochon-
drial inner membrane-bound phospholipid, cardiolipin, to the outer mitochondrial 
membrane. This externalized cardiolipin was found to contain cargo recognition 
signals necessary for the engulfment of damaged mitochondria by autophagy [203]. 
The authors proposed that externalization of cardiolipin serves as a degradation 
signal for the clearance of damage mitochondria. Thus, it appears that rotenone 
exerts both stimulatory and inhibitory effects on on autophagic flux; the differential 
effects might be attributed to the dose, duration of exposure and cell type, whereby 
the magnitude of oxidative damage to the mitochondria and subsequent effects on 
cellular bioenergetics might impact autophagic flux.

Paraquat

Despite numerous studies demonstrating the role of oxidative stress in paraquat-
induced dopaminergic toxicity, the exact contribution of autophagy in dopaminer-
gic neurotoxicity remains poorly understood. Paraquat induced oxidative stress re-
sponse presumably via mitochondrial respiratory chain disruption has been shown 
to be a critical trigger for the induction of autophagy and apoptotic cell death [204]. 
In fact, a close parallelism between autophagy and apoptotic cell dell death in PQ-
induced cytotoxicity has been consistently demonstrated in SH-SY5Y cells. For 
example, exposure of human neuroblastoma SH-SY5Y cells to PQ displayed hall-
marks of autophagy, including accumulation of AVs in the cytoplasm and the re-
cruitment of LC3-GFP fusion proteins to AVs [205]. While inhibition of caspase 
attenuated cell death, inhibition of autophagy via 3-methyladenine (3-MA) accel-
erated apoptotic cell death induced by PQ, suggesting a neuroprotective role for 
autophagy in the mechanism of PQ-induced dopaminergic neurotoxicity [205]. In 
another study, impairment of ATG5-dependent autophagic flux via overexpression 
of a dominant negative form of Atg5 has been shown to promote PQ-induced do-
paminergic toxicity, suggesting a protective role for ATG5-dependent autophagic 
pathways during PQ-induced dopaminergic apoptotic cell death [206]. Intriguingly, 
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induction of apoptosis following exposure of SH-SY5Y cells to paraquat has been 
shown to be mediated via an endoplasmic reticular (ER) stress-dependent mecha-
nism [207–209]. Notably, in PQ-treated SH-SY5Y cells autophagy and apoptotic 
cell death were found to be mediated via an ER stress dependent apoptosis sig-
nal kinase 1 (ASK1) activation process. Niso-Santano et al., [210] reported that 
paraquat exposure induced an early ER stress response that was correlated with 
the induction of an adaptive response, autophagy, as evidenced by accumulation 
of LC3II, p62 degradation, and mTOR dephosphorylation. In fact, the autophagic 
response was enhanced in cells that overexpressed WT ASK1. In this cell culture 
model, the inhibition of autophagy was found to exaggerate apoptosis induced by 
ASK1 WT overexpression in the presence or absence of PQ, suggesting that ASK1 
is a critical intermediate in PQ-induced neurodegeneration and that autophagy may 
play a crucial role in the cell survival/cell death mechanisms [210]. In a recent re-
port, chronic exposure of mice to PQ has been shown to cause an increase in p-Tau 
levels, accumulation of α-synuclein, and elevated p-GSK-3β levels in the striata. 
Furthermore, mTOR levels were also increased following paraquat treatment, sug-
gestive of impaired autophagy. Interestingly, following PQ exposure chaperone me-
diated autophagy was not disrupted; however, proteasomal and macroautophagy 
mechanisms were inhibited, thereby leading to accumulation of α-synuclein and p-
Tau [177]. These studies suggest that induction of macroautophagy may elicit neu-
roprotective effects during PQ-induced disruption of protein clearance machinery.

PD is likely to be a multifactorial neurodegenerative disorder, whereby both 
genes and environment might contribute to increased disease risk [211]. In a recent 
study, Goldman et al. [212] suggested that PD risk following PQ exposure might 
be particularly high in individuals lacking glutathione S transferase T1 (GSTT1) 
and that homozygous deletion of GSTT1 may be an important genetic marker in 
identifying subpopulation at high risk of developing PD following exposure to 
PQ. Consistent with this, Gonzalez-Polo et al. [213] using SH-SY5Y cells, demon-
strated that transfection with DJ-1 specific siRNA and subsequent exposure to PQ 
caused an inhibition of the autophagic response, as well as additive sensitization 
of SH-SY5Y neuronal cells to PQ-induced apoptotic cell death and exacerbation 
of cell death in the presence of 3-MA, an autophagy inhibitor. These results sup-
port an active role for DJ-1 in the autophagic response elicited by paraquat. Other 
proposed mechanism by which PQ induces autophagy has been shown to involve 
Parkin, an ubiquitin ligase [214]. Interestingly, USP30, a deubiquitinase localized to 
mitochondria antagonized Parkin- and PINK-1-induced mitophagy. Notably, knock 
down of USP30 in dopaminergic neurons protected flies against PQ-induced do-
paminergic toxicity in vivo, as evidenced by amelioration of deficits in DA levels, 
motor dysfunction and organismal survival. Thus, this study suggests that inhibition 
of USP30 may promote clearance of damaged mitochondria via mitophagy, ulti-
mately improving quality control mechanisms within the cell. Collectively, these 
studies suggests a possible link between pesticide exposure and genetic factors in 
PD pathogenesis and raises the possibility that autophagy may exert neuroprotec-
tive effects following PQ exposure.
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Dieldrin

Based on previous studies from our lab demonstrating that overexpression of hu-
man α-synuclein in N27 dopaminergic cells accelerated dieldrin-induced accumu-
lation of intracellular inclusion bodies and dopaminergic neurotoxicity [179], we 
hypothesized that cell degradation machinery, especially autophagy, may have gone 
awry following treatment of N27 cells with dieldrin. Therefore in the present study 
we sought to investigate the role of autophagy in dieldrin-induced neurotoxicity. 
Treatment of N27 dopaminergic cells a low dose of dieldrin (10 µM) (Fig. 10.1a) 
for upto 18 h resulted in a time-dependent induction of autophagy. Conversely, ex-
posure of N27 cells to higher concentrations (50–300 µM) of dieldrin for 2–4 h 
produced a marked reduction in autophagic markers (Fig. 10.1b). In order to further 
confirm dieldrin-induced autophagy, we performed double immunolabeling studies 

Fig. 10.1  Dose and time-dependent regulation of autophagy by dieldrin. a N27 cells were treated 
with either 10 µM dieldrin or DMSO for upto 18 h. A time-dependent increase in the induction of 
autophagic markers, namely Beclin-1 and LC3-II, were evidenced via WB analyses. Cells were 
harvested at the indicated time points and lysates were prepared using RIPA buffer and then sub-
jected to immunoblotting analysis with antibodies against Beclin 1 and LC3-II. b A time-dependent 
reduction in autophagy was evidenced in cells treated with either DMSO or higher concentrations 
(50–300 µM) of dieldrin. Cells were treated with increasing concentrations (50–300 µM) of diel-
drin for 2 and 4 h respectively. Subsequently, cells were harvested at the indicated time periods fol-
lowing drug treatment and the extent of LC3 and Beclin 1 levels were determined by WB analysis 
as mentioned previously. Equal protein loading was confirmed by using β-actin as loading control
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for LC3-II and ubiquitin. Our studies (Fig. 10.2) showed a gradual concentration-
dependent increase in LC3-II staining that exhibited marked co-localization with 
ubiquitin, suggesting an impairment of protein clearance machinery. Consistent 
with this observation, we recently demonstrated that in N27 cells, methamphet-
amine (MA)-induced dopaminergic neurotoxicity was associated with the impair-
ment of protein clearance mechanisms and that induction of autophagy may in fact 
represent a cytoprotective response that confers resistance against neurotoxic ef-
fects of MA [215, 216]. Taken together, to the best of our knowledge, this is the first 
study demonstrating that in addition to UPS dysfunction, impairment in autophagy 
might also contribute to dieldrin-induced apoptotic cell death in dopaminergic neu-
ronal cells. Further studies are currently underway to evaluate the cell signaling 
mechanisms underlying dieldrin-induced alteration of autophagy and their impact 
on cell death in dopaminergic neuronal cells.

Fig. 10.2  Alteration of UPS and ALP by dieldrin in N27 cells. N27 cells were treated with increas-
ing concentrations of dieldrin (5, 10 or 30 µM) or DMSO for 9 h and then the formation of ubiquitin 
positive aggregates and LC3-II positive structures in dieldrin-treated N27 cells were determined 
via immunofluorescence analysis. Representative microscopic images of LC3-II ( green), UB ( red) 
proteins, or colocalization of LC3-II/UB proteins ( merge) in N27 dopaminergic cells exposed to 
either DMSO or dieldrin are shown. DMSO-treated cells show a diffused and faint staining pattern 
for LC3-II and ubiquitin (a–d), whereas dieldrin-treated cells display co-localization of both pro-
teins within punctate-like structures at 5 (e–h), 10 (i–l), and 30 µM (m–p), respectively. Hoechst 
staining was used to counter stain nuclei ( blue)
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Concluding Remarks

PD is a progressive neurodegenerative disorder that affects ~ 2.0 million Americans. 
As the median age of the population increases, PD incidence will increase, and 
therefore, it is critical to obtain a better understanding of the causative factors to 
develop disease modifying strategies for the treatment of PD. Collectively, conver-
gence of chronic low dose exposure to agrochemicals, genetic susceptibility and ag-
ing can increase the risk of developing PD [217–219]. The pathophysiological basis 
of the proposed agrochemicals include potential interaction between mitochondrial 
impairment, dysregulation of protein clearance mechanisms and elevated ROS lev-
els, although the cellular mechanisms underlying ROS generation may be diverse 
(mitochondria dependent and independent sources) [34, 220–222]. Studies showing 
mitochondrial damage and accumulation of oxidatively damaged macromolecules 
in PD brains further confirm the essential role of mitochondrial dysfunction in the 
increased vulnerability of substantia nigral dopaminergic neurons to PD pathogen-
esis [61, 223]. Moreover, the existence of α-synuclein aggregates in the vicinity of 
oxidatively damaged macromolecules in PD brains further highlights the essential 
role of oxidative stress in the deregulation of protein clearance machinery [94, 224]. 
Given that PD is a multifactorial disease and that deregulation of mitochondria 
function and protein clearance machinery may mediate, at least in part, agrochem-
ical-induced dopaminergic neurotoxicity, mechanistic studies aimed at dissecting 
the overlapping signaling cascades involving mitochondria dysfunction and protein 
clearance machinery may lead to the elucidation of novel intermediates that are 
critical for the cross talk between mitochondria and protein clearance mechanisms 
and ultimately neurotoxicity.

Several of the environmental neurotoxicants discussed here, namely dieldrin, 
paraquat, and rotenone, fail to recapitulate several cardinal features of human PD 
[28]. Also, there is a growing problem, whereby several studies utilized high dose 
and acute exposure to a single environmental neurotoxicant, usually over a short 
period of time (days-weeks), and the behavioral studies were also performed over 
a short period. However, human exposure cases involve low dose, chronic expo-
sure over a protracted period (several years) to a combination of environmental 
neurotoxicants [11]. Therefore, it is essential to develop more relevant animal mod-
els that better recapitulate human exposure levels and enable the evaluation of the 
neurobehavioral deficits, which will be pivotal for the identification of novel thera-
peutic interventions for PD treatment. Although these toxicants target nigrostriatal 
dopaminergic system, it would be beneficial to study the potential damaging effects 
of agrochemicals in other brain regions, namely olfactory bulb, cortex, and brain 
stem, among others, which has been critically linked to the expression of non-motor 
symptoms in PD patients.
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Abstract Four decades after L-dopa was introduced as a therapy for Parkinson’s 
disease, it is still the gold standard for Parkinson’s pharmacological treatment 
because no new drug has been discovered. This is due to the ambiguity regarding the 
molecular mechanisms responsible for the degeneration of dopaminergic neurons 
containing neuromelanin in the substantia nigra, which induces the motor symptoms 
of Parkinson’s disease. The question is to identify the mechanisms underlying the 
neurodegenerative process of Parkinson’s disease initiated years before the motor 
symptoms are evident, through pre-motor symptoms. The possible role of an exog-
enous environmental neurotoxin has been proposed. However, MPTP generates 
severe Parkinsonism in just 3 days, in contrast with idiopathic Parkinson’s disease, 
which occurs after years of slow degeneration. The discovery of proteins (such as 
alpha synuclein and parkin) associated with the familial form of the disease opened 
new lines of basic research, resulting in a general agreement that five mechanisms 
are involved in the degeneration of dopaminergic neurons containing neuromelanin: 
protein degradation dysfunction, mitochondrial dysfunction, alpha synuclein aggre-
gation, oxidative stress and neuroinflammation. Dopamine oxidation sequentially 
generates dopamine o-quinone, aminochrome, 5,6-indolequinone and finally, neu-
romelanin. These o-quinones have been reported to be directly involved in four of 
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the five above-mentioned mechanisms: protein degradation dysfunction, mitochon-
dria dysfunction, alpha synuclein aggregation and oxidative stress. This suggests 
that dopamine oxidation to o-quinone may play a role in the degeneration of the 
dopaminergic neurons of the nigrostriatal system in Parkinson’s disease.

Keywords Dopamine oxidation · Parkinson’s disease · Neuromelanin · 
Aminochrome · Neurodegeneration · Neuroprotection

Abbreviations

AADC Aromatic amino acid decarboxylase
TH Tyrosine hydroxylase
MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
VMAT-2 Vesicular monoaminergic transporter-2
DAT Dopamine transporter
MAO Monoamine oxidase
COMT Catechol ortho-methyltransferase
UCHL-1 Ubiquitin carboxyl-terminal hydrolase isozyme
GSTM2 Glutathione S-transferase M2-2
ATP13A2 ATPase type 13 A
PINK1 PTEN-induced kinase 1
LRRK-2 Leucine-rich repeat kinase 2
DJ-1 Parkinson protein 7

Dopamine Synthesis

Dopamine is the neurotransmitter in dopaminergic neurons, and striatal dopamine 
contributes to the regulation of motor activity. In the dopaminergic neurons, dopa-
mine synthesis occurs in the cytosol and there is the re-uptake of dopamine released 
during neurotransmission. Tyrosine is the amino acid precursor of dopamine, and 
two enzymes participate in the synthesis de novo of dopamine. The enzyme tyrosine 
hydroxylase (TH) catalyzes the hydroxylation of tyrosine to L-dopa using tyrosine, 
oxygen and tetrahydrobiopterin as substrates to mediate tyrosine hydroxylation [1, 
2]. The enzyme aromatic amino acid decarboxylase (AADC) catalyzes the decar-
boxylation of L-dopa to a molecule of dopamine and CO2. The enzymes TH and 
AADC form a type of complex with the vesicular monoaminergic transporter-2 
(VMAT-2) that is localized in the membrane of monoaminergic synaptic vesicles 
[3]. Both reactions are localized in the cytosol; thus, it is expected that dopamine 
accumulates in the cytosol. However, the formation of a complex consisting of TH, 
AADC and VAMT-2 prevents dopamine accumulation in the cytosol. Tyrosine en-
ters into this complex, TH catalyzes the formation of L-dopa, and AADC immedi-
ately catalyzes the formation of dopamine, which is transported into the monoami-
nergic synaptic vesicles by VMAT-2. The TH-AADC-VMAT-2 complex prevents 
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dopamine oxidation to o-quinones, which can otherwise occur in the cytosol at a pH 
of 7.4 [4]. Protons are bound to the oxygen in the dopamine hydroxyl groups inside 
the monoaminergic synaptic vesicles; VMAT-2 accumulates monoamines inside the 
vesicles utilizing the electrochemical gradient across the membrane, established by 
vacuolar ATPase generating an approximate pH of 5.0 [5]. Therefore, VMAT-2 is 
important in preventing dopamine oxidation because a high concentration of dopa-
mine can be stored in monoaminergic synaptic vesicles with low pH for neurotrans-
mission, where it is stable and resistant to autoxidation in the presence of oxygen. 
Inhibition of VMAT-2 by reserpine increases dopamine oxidation and neuromelanin 
formation [6], and the over expression of VMAT-2 prevents neuromelanin forma-
tion [7]. Interestingly, midbrain dopaminergic neurons produce greater amounts of 
dopamine and have a higher vesicular storage capacity, compared with the ventral 
substantia nigra neurons, which produce the most neuromelanin, partly because 
they have the least VMAT2 protein [8].

Free dopamine can occur following the reuptake of dopamine released into the 
intersynaptic space that binds to dopamine receptors in the postsynaptic neurons. 
The reuptake of dopamine from the intersynaptic space is mediated by dopamine 
transporter (DAT) localized in the plasma membrane. Studies with animals defi-
cient in DAT revealed that the animals presented a low level of dopamine and de-
creased vesicular storage of dopamine [9–11] (Fig. 11.1).

Dopamine Degradation

There are enzymes that can degrade dopamine to prevent the existence of free do-
pamine. One of them is the enzyme monoamine oxidase (MAO, E.C. 1.4.3.4) that 
plays a role in dopamine degradation by catalyzing the oxidative deamination of 
the dopamine amino group, using dopamine as the substrate, a molecule of water 
and oxygen to form 3,4-dihydroxyphenylacetaldehyde, hydrogen peroxide and am-
monia. MAO isozymes (A and B) are flavoenzymes [12] possessing a 70 % primary 
structure identity and are localized in the mitochondrial outer membrane in neurons 
and glia cells [13, 14]. However, MAO-A is found in catecholaminergic neurons, 
whereas MAO-B is found in astrocytes and histaminergic and serotonergic neu-
rons [15, 16]. MAO-B has a higher affinity for phenylethylamine and benzylamine, 
whereas MAO-A has a higher affinity for the substrates serotonin, norepinephrine 
and dopamine. However, dopamine is oxidized by MAO-B in humans and MAO-
A in rodents [17]. The Km for serotonin is 295 ± 46 µM for human MAO-A and 
2270 ± 310 µM for human MAO-B [18].

MPTP, which induces Parkinsonism in humans, is taken up into astrocytes where 
MAO-B catalyzes the activation of MPTP to MPP + . MPP + is neurotoxic in dopa-
minergic neurons because it has a high affinity for dopamine transporter and accu-
mulates in dopaminergic neurons (Fig. 11.1) [19].

The product of the dopamine deamination catalyzed by MAO-A, 3,4-dihydroxy-
phenylacetaldehyde (Fig. 11.2, reaction 1), is the substrate for aldehyde dehydroge-
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nase, which uses a molecule of NAD + and water to oxidize 3,4-dihydroxyphenylac-
etaldehyde to 3,4-dihydroxyphenylacetic acid, one molecule of NADH and a proton 
(Fig. 11.2, reaction 2).

Dopamine can also be degraded by an ortho methylation reaction catalyzed by 
catechol ortho-methyltransferase (COMT; EC 2.1.1.6), which uses S-adenosylme-
thionine (SAM) as the cofactor to form 3-methoxytyramine and S-adenosylhomo-
cysteine (SAH) Fig. 11.2, reaction 3). Two isoforms of COMT have been reported, 
the membrane-bound COMT and the soluble COMT isoforms, both in astroglia 
and microglia. COMT is also expressed in pyramidal neurons, granular cells, cer-
ebellum Purkinje cells, and striatum spiny neurons. Membrane bound COMT has 
been reported to be found in the cell body, dendrites and axons of rat cortical neu-
rons [20].

Additionally, MAO catalyzes the oxidative deamination of 3-methoxytyramine 
to 4-hydroxy-3-methoxyphenylacetaldehyde, with concomitant formation of am-
monia and hydrogen peroxide under aerobic conditions (Fig. 11.2, reaction 4).

Fig. 11.1  Synthesis of dopamine from the amino acid tyrosine and storage in monoaminergic 
vesicles
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Finally, to complete the degradation of dopamine initiated by COMT followed 
by the enzyme MAO, the enzyme aldehyde dehydrogenase catalyzes the oxidation 
of 4-hydroxy-3-methoxyphenylacetaldehyde to homovanillic acid (Fig. 11.2, reac-
tion 5).

The degradation of dopamine initiated by MAO followed by aldehyde dehydro-
genase to form 3,4-dihydroxyphenylacetic acid is completed by the enzyme COMT, 
which catalyzes the formation of homovanillic acid (Fig. 11.2, reaction 6).

Fig. 11.2  MAO and COMT reactions with dopamine and metabolites
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Dopamine Oxidation to Ortho-Quinones

Dopamine oxidation to o-quinones and their polymerization to neuromelanin seems 
to be a natural process because normal individuals have this pigment that increases 
with age in the substantia nigra [21]. The dopamine oxidation is catalyzed by met-
als such as manganese(III) that catalyzes this reaction both under anaerobic and 
aerobic conditions [22]. Interestingly, high exposure to manganese has been related 
to a Parkinsonism syndrome observed in workers in the manganese mining industry 
and in workers exposed to welding [23]. Manganese neurotoxicity has been associ-
ated with the impairment of dopaminergic neurons as a consequence of manganese 
accumulation in the dopaminergic neurons of the basal ganglia, particularly in the 
globus pallidus, causing extrapyramidal motor dysfunction [24]. Studies performed 
with manganese-resistant cells revealed that the calcium-binding proteins S100A9 
and S100A10 are linked with manganese resistance in these cell lines [25]. Copper 
sulfate has been reported to catalyze dopamine oxidation, and high exposure to this 
metal in the mining industry has been associated with a Parkinsonism syndrome 
[26]. Copper(II) forms a complex with dopamine that is taken up specifically by 
dopamine transporters into dopaminergic neurons, where dopamine is oxidized to 
an aminochrome that induces mitochondrial autophagy preceding caspase-inde-
pendent apoptotic cell death [27, 28]. Interestingly, a study on Wilson’s syndrome 
where 282 patients were evaluated for 3 decades revealed that Parkinsonism is the 
most common clinical symptom in this disease [29]. The high prevalence of Parkin-
sonism in Wilson’s disease, where the patients are exposed to high concentrations 
of copper due to a mutation in ATP7A transporter responsible for copper excretion 
to the bile [30], can be explained by the formation of a copper-dopamine com-
plex that specifically induces neurotoxicity in dopaminergic neurons. Additionally, 
dopamine can be oxidized by both free iron ions (trivalent or bivalent) and iron 
complexed with cyanide ions, such as K4Fe(CN)6 and K3Fe(CN)6, although iron 
complexes with cyanide ions have been reported only in in vitro experiments [31]. 
Dopamine can also form a complex with iron(III) that can be taken up by cells via 
dopamine transporter and induce specific neurotoxicity [32, 33]. Sodium periodate 
has also been used to oxidize dopamine [34].

In addition, enzymes catalyze dopamine oxidation to o-quinones, including ty-
rosinase, prostaglandin H synthase, xanthine oxidase, cytochrome P450, dopamine 
β-monooxygenase, and lactoperoxidase and may play a role in the neurodegenera-
tion of dopaminergic neurons [35–41].

Interestingly, dioxygen (O2) is also able to oxidize dopamine to o-quinones in the 
absence of metal-ion at pH 7.4 [4]. Dioxygen catalyzes the one-electron oxidation 
of dopamine to the dopamine o-semiquinone radical (Fig. 11.3, reaction 1), which 
can reduce O2 to superoxide and form a molecule of dopamine o-quinone (Fig. 11.3, 
reaction 2). Alternatively, two dopamine o-semiquinone radicals can react with each 
other in a disproportionation reaction generating one molecule of dopamine o-qui-
none and one molecule of dopamine (Fig. 11.3, reaction 3). Dopamine can also oxi-
dize to dopamine o-quinone without the formation of the dopamine o-semiquinone 
radical (Fig. 11.3 reaction 4) [36, 42]. Dopamine o-quinone is extremely unstable at 
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pH 7.4, undergoing intramolecular cyclization to form leukoaminochrome that later 
oxidizes to aminochrome (Fig. 11.3 reactions 5 and 6) [22, 43]. The rate constant 
for the intramolecular cyclization of dopamine o-quinone to aminochrome is only 
0.15 s−1, whereas the rate for aminochrome rearrangement to 5,6-dihydroxyindole is 
much slower (0.06 min−1), resulting in aminochrome accumulation [43, 44].

The aminochrome rearrangement to 5,6-indolequinone involves the rearrange-
ment of aminochrome to 5,6-dihydroxyindole (Fig. 11.3 reaction 7), followed by 
the oxidation of 5,6-dihydroxyindole to 5,6-indolequinone (Fig. 11.3, reaction 8) 
[46]. The NMR spectra of dopamine oxidation showed dopamine, aminochrome 

Fig. 11.3  Dopamine oxidation to the o-quinones dopaminer o-quinone, aminochrome and 
5,6-indolequinone
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and 5,6-dihydroxyindole; however, dopamine o-quinone and 5,6-indolequinone 
were not detected because both intramolecular cyclization of dopamine o-quinone 
to aminochrome and neuromelanin formation from 5,6-indolequinone are too rap-
id [34].

Dopamine oxidation resulting in the formation of neuromelanin involves the for-
mation of three ortho-quinone species, namely dopamine o-quinone, aminochrome 
and 5,6-indolequinone. These studies have been performed under different condi-
tions where dopamine has been oxidized by tyrosinase [45] or metals, or pure ami-
nochrome has been used. The o-quinone species responsible for these results are 
unknown. Dopamine o-quinone and 5,6-indolequinone have shorter lives than ami-
nochrome; aminochrome rearrangement has a rate constant of 0.06 min−1. However, 
the rate for the nucleophilic addition of GSH to dopamine o-quinone is faster than 
the rate of intramolecular cyclization [43], suggesting that dopamine o-quinone 
plays an important role in nucleophilic additions with proteins. However, NMR 
studies with dopamine o-quinone and alpha synuclein revealed that only amino-
chrome adducts with alpha synuclein are observed, after 40 min [47]. Therefore, we 
cannot be sure that during the tyrosinase-catalyzed dopamine oxidation, the mea-
sured effect represents dopamine o-quinone alone, excluding other o-quinones such 
as aminochrome and 5,6-indolequinone.

Several proteins have been reported to form adducts with dopamine o-quinone, 
such as mitochondrial glutathione peroxidase 4 [48], mitochondrial complex I, III 
and V, JC-1, UCHL-1 [49, 50], tyrosine hydroxylase [51], dopamine transporter [52] 
and parkin [53]. In other experiments, the treatment was the addition of dopamine 
that autoxidizes in the presence of oxygen [6, 54]. Enzymatic GSH conjugation of 
dopamine o-quinone to 5-S-glutathionyl dopamine was catalyzed by GSTM2, al-
though a non-enzymatic reaction has also been reported [43, 55]. In contrast, other 
studies have involved aminochrome formation prior to the experiment [56] or the 
use of purified aminochrome [57–62]; thus, it is possible that 5,6-indolequinone had 
been formed in these experiments. However, the aminochrome conjugation with 
glutathione catalyzed by glutathione S-transferase M2 (GSTM2) generated only 
4-S-glutathionyl-5,6-dihydroxyindoline and not 4-S-glutathionyl-5,6-dihydroxy-
indole, which should be the product of 5,6-indolequinone glutathione conjuga-
tion [63].

Dopamine Ortho-Quinones Metabolism

Melanin Formation

Neuromelanin is a dark pigment found in the substantia nigra and in the locus coe-
ruleus of healthy individuals, which increases with age [21, 64], suggesting that the 
formation of neuromelanin is not a neurotoxic reaction. Neuromelanin biosynthesis 
may begin with the autoxidation of catecholamines to o-quinones, followed by the 
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addition of a thiol group, as observed in the brain [65, 66]. The synthesis of neu-
romelanin depends on the level of free dopamine in the cytosol that can be oxidized 
and polymerized to form neuromelanin [7]. Dopamine undergoes a sequential oxi-
dation to (i) dopamine o-quinone that undergoes intramolecular cyclization to gen-
erate aminochrome and (ii) aminochrome rearrangement to 5,6-dihydroxyindole 
that oxidizes to 5,6-indolequinone, which is the molecule generating neuromelanin 
[44]. This pigment is composed of a mixture of both eumelanin and pheomela-
nin [65, 66] bound to both lipids and peptides. The participation of enzymes in 
neuromelamin formation is unclear; however, several enzymes catalyze dopamine 
oxidation, such as liver microsomal vitamin D 25-hydroxylase, cytochrome P450 
1 A2, Dopamine β-monooxygenase, lactoperoxidase and xanthine oxidase [35–41, 
45, 67]. Tyrosinase is an enzyme that catalyzes the hydroxylation of tyrosine to 
L-dopa and the oxidation of L-dopa or dopamine to o-quinone, in the formation of 
other melanins. However, immunohistochemical studies have not found tyrosinase 
in the substantia nigra, although its mRNA has been detected [68]. The presence 
of neuromelanin in albinos, who do not express an active tyrosinase, support the 
theory that tyrosinase does not play a role in neuromelanin formation [69]. It has 
been suggested that neuromelanin can promote toxic reactions as well because the 
injection of neuromelanin into rat substantia nigra induces microglial activation and 
degeneration of dopaminergic neurons [70]. Free neuromelanin has been associated 
with microglial activation because its phagocytosis and degradation is mediated by 
activated microglia [71–74]. Neuromelanin chelates iron ions at high affinity sites 
in a stable form, preventing its reactivity [75]. However, when iron is in excess and 
the high affinity sites are saturated, neuromelanin can bind iron ions with low affin-
ity in a reactive form, generating redox cycling reactions [76–77].

Formation of Adducts with Proteins

Dopamine oxidation  generates three o-quinones that form adducts with proteins, 
including mitochondrial complexes (I, III and V) and isocitrate dehydrogenase, sug-
gesting mitochondrial dysfunction [49, 50]. Parkinson protein 7 (DJ-1) [78] and 
ubiquitin carboxyl-terminal hydrolase isozyme L1(UCHL-1) also form adducts 
with dopamine o-quinone [49].

Aminochrome forms adducts with the 125YEMPS129 motif of alpha synucle-
in, generating and stabilizing the neurotoxic protofibrils/oligomers of alpha synu-
clein [79]. Additionally, it forms adducts with α- and β-tubulin, disrupting the cy-
toskeleton architecture and generating aggregates that completely change the cell 
shape and disrupt the cytoskeleton architecture further [58]. 5,6-Indolequinone also 
forms adducts with alpha synuclein [34]. Parkin, a ubiquitin ligase 3 of the protea-
some system, forms adducts with one of the o-quinones formed during dopamine 
oxidation, resulting in parkin inactivation [53]. It is unknown what happens in vivo 
when dopamine oxidizes to dopamine o-quinone, aminochrome and 5,6-indolequi-
none.
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One-Electron Reduction

In general, quinones can undergo one-electron reduction by flavoenzymes that can 
use NADH or NADPH as the electron donator. However, no study reports the one-
electron reduction of dopamine o-quinone or 5,6-indolequinone. Aminochrome can 
undergo one-electron reduction through flavoenzymes to the leukoaminochrome-o-
semiquinone radical, which is highly reactive with oxygen and immediately au-
toxidizes to aminochrome with the concomitant formation of superoxide radicals, 
generating a redox cycling between aminochrome and leukoaminochrome-o-semi-
quinone radical [22, 80]. This redox cycling depletes both NADH/NADPH and 
oxygen levels, inducing (i) an energy collapse because NADH and oxygen are not 
available for ATP synthesis in the mitochondria; (ii) the formation of superoxide 
radicals, causing oxidative stress. The depletion of NADPH results in a decrease 
in reduced glutathione because NADPH is required for the enzymatic reduction of 
glutathione. Several reports demonstrate that the one-electron reduction of amino-
chrome is a neurotoxic reaction both in cell cultures and in vivo [27, 28, 32, 33, 54, 
56–62, 81–86].

Two-Electron Reduction

Aminochrome has been reported to undergo two-electron reduction by DT-diapho-
rase (E.C.1.6.99.2; NQO1) to leukoaminochrome, which in the presence superox-
ide radicals autoxidizes to the leukoaminochrome o-semiquinone radical; however, 
superoxide dismutase prevents its autoxidation [22, 80]. There is no information 
about the role of dopamine o-quinone and 5,6-indolequinone in this process. DT-
diaphorase is unique flavoenzyme that catalyzes the two-electron reduction of qui-
nones, using NADH or NADPH as the electron donator. This enzyme is expressed 
in several regions of the brain, such as the substantia nigra, striatum, cerebellum, 
hypothalamus, hippocampus, and frontal cortex of the rat brain. This enzyme is ex-
pressed in astrocytes and dopaminergic neurons, and it is responsible for 97 % of the 
total quinone reductase activity in substantia nigra [83]. The two-electron reduction 
of aminochrome prevents aminochrome neurotoxic pathways because its inhibition 
or silencing with siRNA induces neurotoxicity both in cell cultures [56–58] or in 
vivo [81, 82].

Glutathione Conjugation

The short-lived dopamine o-quinone has been reported to be conjugated with GSH 
because the pseudo first order rate constant was found to be 208 s−1; thus it is faster 
than the intramolecular cyclization of dopamine o-quinone [44]. Dopamine oxida-
tion mediated by lipoperoxidase in the presence of H2O2 and N-acetyl-l-cysteine 
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resulted in the formation of 5-S-N-acetyl-l-cysteinyl–dopamine as the predominant 
conjugate [87]. However, 2-S-N-acetyl-l-cysteinyl–dopamine and 2-S-5-S-di-N-
acetyl-l-cysteinyl–dopamine were detected as well [88]. The conjugation of do-
pamine o-quinone with GSH results in the formation of 5-glutathionyl dopamine, 
which is degraded to 5-S-cysteinyldopamine [89]. The oxidation of 5-S-cysteinyl-
dopamine has been proposed as a possible neurotoxic mechanism, depending on the 
redox conditions [90]. Glutathione S-transferase (GST) M2-2 (GSTM2) catalyzes 
the GSH conjugation of dopamine o-quinone to 5-glutathionyl-dopamine [55].

Aminochrome is spontaneously conjugated with GSH to form 4-S-glutathi-
onyl-5,6-dihydroxyindoline, but the rate of enzymatic conjugation catalyzed by 
GSTM2 was significantly higher than that for the non-enzymatic reaction. This 
conjugate was found to be stable under oxidative conditions in the presence of hy-
drogen peroxide, superoxide radicals and oxygen [63]. The GSH conjugation of 
aminochrome has been proposed to be a protective reaction because it prevents 
aminochrome-induced cell death in an astrocyte model cell line [59].

Role of Dopamine Ortho-Quinones in Parkinson’s Disease

Parkinson’s disease is diagnosed using the motors symptoms; however, these symp-
toms are preceded by earlier symptoms such as depression, sleep fragmentation 
and olfactory disturbances [91]. Majority of the people with Parkinsonian signs 
present the idiopathic form of Parkinson’s disease (70 %), in which the cause for 
this disease is unknown. Thirty percent of the individuals with Parkinsonian signs 
present Parkinsonism, in which the disease is a consequence of exposure to met-
als [23], copper [26], contaminant in drugs (MPTP) [73], neuroleptics [101] and 
pesticides [102] or mutations in genes associated with the disease [92–100]. Parkin-
sonism induced by manganese has a long list of atypical symptoms, including neu-
robehavioral manifestations, psychosis and others [102]. The appearance of motor 
symptoms are related to the loss of dopaminergic neurons containing neuromelanin. 
Studies on the association of several genes with familial Parkinson’s disease have 
a huge impact on basic research by aiming to understand the role of these genes 
in the sporadic form of the disease. These genes include alpha synuclein, parkin, 
ATP13A2, PINK1, LRRK-2 and DJ-1 [92–100]. However, to date, the molecular 
mechanism responsible for the loss of dopaminergic neurons containing neuromela-
nin is an open question, although the scientific community in this field generally 
agree that the molecular mechanism for the degeneration of dopaminergic neurons 
involve mitochondria dysfunction, protein degradation dysfunction, aggregation of 
alpha synuclein to neurotoxic oligomers, oxidative stress and neuroinflamamtion 
[103–107].

Interestingly, the o-quinones, dopamine o-quinone, aminochrome, and 5,6-in-
dolequinone formed during dopamine oxidation are directly connected to four of 
these five mechanisms associated with the degenerative process of dopaminergic 
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neurons in Parkinson’s disease: (i) The formation of neurotoxic oligomers in which 
aminochrome forms adducts with alpha synuclein generating neurotoxic oligomers, 
and 5,6-Indolequinone form adduct with alpha synuclein as well, although after 
40 min [47]. (ii) Mitochondrial dysfunction in which dopamine o-quinone inacti-
vates mitochondrial complex I, III and V and isocitrate dehydrogenase [49], and 
aminochrome inactivates complex I of mitochondria [60]. (iii) Protein degradation 
dysfunction in which dopamine oxidation inactivates the proteasome system, al-
though it is not clear which of the o-quinones is responsible for this inactivation 
[53]. However, aminochrome has been reported to inactivate the proteasome [108, 
109]. Aminochrome forms adducts with α- and β-tubulin preventing the formation 
of microtubules required for autophagosome fusion with lysosomes and induces 
lysosome dysfunction by increasing its internal pH [58, 59, 110]. (iv) Aminochrome 
induces oxidative stress via hydroxyl radical formation (Fig. 11.4) [54]. Therefore, 
dopamine oxidation to o-quinones seems to play a key role in the degeneration of 
dopaminergic neurons containing neuromelanin.

Fig. 11.4  The reactions of dopamine o-quinone, aminochrome and 5,6-indolequinone directly 
involved in mitochondria dysfunction, alpha synuclein aggregation, protein degradation dysfunc-
tion and oxidative stress
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Conclusions

For several years, the possible role of environmental factors in the development 
of Parkinson’s disease has been discussed; environmental factors were believed to 
result in the loss of dopaminergic neurons containing neuromelanin in Parkinson’s 
disease. The entire experimental model for Parkinson’s disease used exogenous 
neurotoxins such as 6-hydroxydopamine [111], MPTP [112], paraquat [113], ro-
tenone [114] and dithiocarbamates [115]. Most likely, the degeneration of dopami-
nergic neurons containing neuromelanin is primarily dependent on an endogenous 
neurotoxin(s), such as (i) the o-quinones (dopamine o-quinone, aminochrome and 
5,6-indolequinone) generated during dopamine oxidation; (ii) 3,4-dihydroxyphen-
ylacetaldehyde generated by the oxidative deamination of dopamine catalyzed by 
MAO [116]; (iii) salsolinol, 1-methyl-6,7-dihydroxy-1,2,3,4-tetrahydroisoquino-
line, the condensation product of dopamine with aldehyde [86]. It is plausible that 
certain genetic polymorphisms will potentiate the effect of endogenous neurotox-
ins. The specific loss of dopaminergic neurons in substantia nigra in Parkinson’s 
disease seems to be related to the oxidation of dopamine to o-quinones, suggesting 
that the latter is an essential step because the neurons lost in Parkinson’s disease 
contains neuromelanin. Dopamine o-quinone, aminochrome and 5,6-indole qui-
none are directly involved in four of five of the molecular mechanisms associated 
with Parkinson’s disease, such as mitochondria dysfunction, aggregation of alpha 
synuclein to neurotoxic oligomers, protein degradation dysfunction and oxidative 
stress, strongly supporting the idea that dopamine oxidation to o-quinones is essen-
tial in the degeneration of dopaminergic neurons containing neuromelanin.
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Abstract This chapter is intended to provide an organic revision of evidence for 
the involvement of autophagy in the pathogenesis of rotenone-induced toxicity. The 
mechanisms underlying rotenone neurotoxicity are elucidated through a description 
of findings obtained in both in vivo and in vitro experimental models. Furthermore, 
this chapter describes the etiological role of rotenone and other pesticide exposure 
in the pathogenesis of Parkinson’s disease, as demonstrated by epidemiological 
studies performed in the last decades starting from results obtained in animal and 
cellular experimental models. The specific focus of the present chapter is to explore 
the effect of rotenone on autophagic pathway, whose dysfunctions are already rec-
ognized to play an important pathogenetic role in Parkinson’s disease. Specifically, 
a comprehensive revision of the current available literature on the rotenone-induced 
dysfunctions of the two main types of autophagy, macroautophagy and chaperone-
mediated autophagy, is provided in order to clarify the protective rather than det-
rimental contribute exerted by autophagy alterations in the cell death induced by 
rotenone.

Keywords Rotenone · Parkinson’s disease · Neurotoxicity · Macroautophagy 
· Chaperone-mediated autophagy · In vitro models · Animal models
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Abbreviations

3-MA  3-methyladenine
Atg Autophagy-related genes
ATP13A2 ATPase type 13 A2
cdk5 Cyclin-dependent kinase 5
CMA Chaperone-mediated autophagy
GBA Glucocerebrosidase
hsc70 Heat shock cognate protein 70
lamp2A Lysosomal-associated membrane protein 2 A
LRRK2 Leucine-rich repeat kinase 2
MEF2D Myocyte enhancer factor 2D
MPP+ 1-methyl-4-phenylpyridinium
MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
mTOR Mammalian target of rapamycin
PD Parkinson’s disease
PINK1 PTEN-induced putative kinase 1
ROS Reactive oxygen species
SOD2 Mitochondrial superoxide dismutase
UCHL1 Ubiquitin carboxyl-terminal esterase L1
UPS Ubiquitin-proteasome system

Rotenone

Rotenone (molecular formula C23H22O6) is an odorless, colorless and lipophilic 
compound that occurs naturally in the seeds and stems of several plants (Fig. 12.1). 
Rotenone was firstly isolated in 1895 from Robinia nicou by a French botanist 
which called it nicouline. In 1902, a Japanese chemist isolated the same compound 
from Derris elliptica and, based on the Japanese name of the plant, called it rote-
none.

Rotenone is an insecticide, pesticide, and non-selective piscicide, widely used in 
both agricultural and home settings until 2007, when it was withdrawn from use in 
the European Union [1].

Toxicity of Rotenone

Based on the fact that rotenone has a limited half-life in the environment (about 6 
days) and in natural water (less than 4 days) and that it decomposes when exposed 
to sunlight, the hazard of rotenone for humans is moderate.

As rotenone is a highly lipophilic compound, it can cross the blood–brain barrier 
and diffuse in all cell types without the need for specific carriers.



12 Exploring the Role of Autophagy in the Pathogenesis … 227

Rotenone is classified as an inhibitor of the mitochondrial electron transport, 
specifically inhibiting the transfer of electrons from iron-sulfur centers in complex 
I to ubiquinone. Exposure of cells to complex I inhibitor rotenone results in cascade 
of detrimental intracellular events that include impaired basal and maximal oxygen 
consumption, reduced mitochondrial transmembrane potential, depleted mitochon-
drial-ATP levels, thus creating an environment of oxidative stress in the cell.

Evidence for Rotenone Toxicity in Animal Models

A first important study demonstrated that chronic systemic exposure—through jug-
ular vein cannulation—to rotenone reproduced Parkinson’s disease (PD) pathology 
in rats, as indicated by the degeneration of nigrostriatal dopaminergic neurons and 
the formation in nigral neurons of α-synuclein-positive cytoplasmic inclusions [2]. 
Three years later, another study reported that the same PD-related features were 
reproduced in a less labor-intensive in vivo model obtained by a chronic systemic 
subcutaneous exposure to rotenone [3]. Interestingly, considering the knowledge 
that rotenone, differently from another PD-related complex I inhibitor 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), is able to enter dopaminergic neurons 
without a specific carrier, the demonstration that a chronic exposure to rotenone 
causes a selective death of dopaminergic neurons represents the most convincing 
evidence supporting the view that these neuronal cell types are particularly vulner-
able to a loss of mitochondrial respiration function.

Fig. 12.1  Structure of rotenone (from the database and ontology of Chemical Entities of Biologi-
cal Interest, ChEBI)
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A reevaluation of long-term daily oral rotenone administration in C57BL/6 mice 
allowed to establish that the protocol at 30 mg/kg rotenone for 56 days more faith-
fully reproduces the nigrostriatal dopamine neurodegeneration [4]. Furthermore, 
chronic exposure of rats to rotenone was demonstrated to induce behavioral impair-
ments, to decrease the expression of the cytoprotective proteins parkin and heat 
shock proteins and to increase caspases [5].

Evidence for Rotenone Toxicity in Cellular Models

Rotenone-induced degeneration of cultured dopaminergic neurons was assessed 
in primary neuron-enriched and neuron/glia cultures from the rat mesencephalon. 
While exposure up to 20 nM rotenone for 8 days caused a mild cytotoxicity in neu-
ron-enriched cultures, a significant and selective dopaminergic degeneration was 
observed in neuron/glia cultures after 20 mM rotenone for 2 days or 1 nM rotenone 
for 8 days, demonstrating that microglia play a pivotal role in rotenone-induced 
dopaminergic neuronal death [6]. Further studies from the same Authors evidenced 
a critical role for superoxide derived from microglial NADPH oxidase in mediating 
microglia-enhanced rotenone neurotoxicity [7].

Moreover, treating cortical neurons with 500 nM rotenone resulted in an early 
release of cytochrome c and emergence of mitochondrial permeability transition 
responsible for a caspase-mediated apoptotic neuronal degeneration [8].

Interestingly, a more recent study demonstrated that mitochondrial complex I 
inhibition is not required for mediating the neurotoxic effects of PD-related tox-
ins rotenone, 1-methyl-4-phenylpyridinium (MPP+) and paraquat, suggesting that 
the neurotoxicity of these compounds involves an increase of oxidative stress in 
vitro [9].

Etiologic Role of Pesticide Exposure in PD

Many epidemiological studies have suggested that rotenone, as well as other pesti-
cides, exposure is connected to the development of sporadic PD [10, 11], although 
till now the precise relationship remains to be clarified.

PD is a neurodegenerative disorder whose pathological hallmark is progressive 
loss of dopaminergic neurons of the substantia nigra, associated with formation of 
cytoplasmic inclusions, known as Lewy bodies, within the same neurons. The pro-
tein α-synuclein represents the major component of Lewy bodies.

PD represents the second most common neurodegenerative disorder, affecting 
over 1 % of people older than 60. Patients are usually diagnosed after the appear-
ance of typical motor manifestations, notoriously representing expression of ad-
vanced stages of the degenerative process. A late diagnosis partially explains the 
fact that the disease cannot actually benefit from any neuroprotective treatment.
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PD is considered a multifactorial pathology, with genetic and environmental fac-
tors synergistically contributing to neurodegenerative changes [12–14]. The lack or 
a relevant genetic substrate in most of PD cases has provided great support to epi-
demiologic studies aimed at the identification of environmental etiologies. Among 
exogenous risk factors, pesticides have been extensively studied, because of the 
selective dopaminergic neurototoxicity demonstrated by some of them in animal 
studies. Paraquat has been the pesticide most frequently implicated as a selective 
dopaminergic neurotoxicant [15, 16]. Besides paraquat, studies on animal models 
highlighted that pesticides with similar properties, such as maneb and rotenone, can 
induce α-synuclein accumulation and dopaminergic cell degeneration [2, 15, 17, 
18]. Multiple mechanisms have been demonstrated to underlie the role of pesticides 
in PD. These include mitochondrial dysfunction, oxidative stress, inflammation, 
triggering of α-synuclein aggregation, alteration of dopamine transporters [19, 20].

The metabolism of exogenous substances is dependent on age and decreases 
in elderly, thus favoring toxic effects of xenobiotics among older people [21, 22]. 
Genetic polymorphism in enzymes involved in metabolism of toxics, such as glu-
tathione transferase, may modify the risk of PD by modulating susceptibility to 
deleterious effects of neurotoxins, such as pesticides [23, 24].

Aberrant DNA methylation and histone acetylation have been described in PD 
[25]. Since in utero exposure to environmental factors can deregulate gene expres-
sion through early epigenetic changes, some authors have proposed that PD may 
originate from the disruption of epigenetic mechanisms by neurotoxic agents during 
early development [26–28].

Despite decades of laboratory study, only recently pesticides has been definitely 
associated with PD in humans. Great interest was aroused by reports of chronic 
parkinsonism and dopaminergic neurodegeneration in subjects exposed to MPTP, 
a substance structurally analogue to the commonly used herbicide paraquat [29]. 
Anyway, definite support of the role of pesticides in etiology of PD comes from a 
great number of epidemiologic studies, systematic reviews of literature and meta-
analysis. Some studies demonstrated a role of life conditions potentially related to 
pesticide exposure, such as farming, rural living and well-water drinking, as puta-
tive risk factors for PD [30–34]. Other studies directly reported a correlation be-
tween exposure to single pesticides and an increased risk of PD [19, 20, 35]. Most 
of the studies are case-control studies, although even ecological and prospective de-
signs have been used. A higher prevalence of PD in rural than in urban areas was ob-
served in different countries [36–39]. In California regions reporting high pesticide 
use an increased mortality due to PD was reported [40]. A number of case-control 
studies highlighted a direct association between the duration of pesticide exposure 
and PD risk [41–45]. Data from a cohort of over 22,000 pesticide applicators sug-
gested an increased risk of PD after exposure to pesticides [46]. A meta-analysis of 
19 epidemiologic studies on PD and pesticide exposure reported a combined odds 
ratio of 1.94 [32].

Recently, an etiologic interaction between exposure to pesticides and a polymor-
phism in the α-synuclein gene has been demonstrated in early-onset PD [47]. Fur-
thermore, six case–control studies showed a stronger association between pesticide 
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exposure and the risk of PD among genetically susceptible individuals [24, 48–52]. 
These data highlight the relevance of gene-environment interactions in PD etiology.

Over the past few years, a great number of studies have been designed to identify 
specific pesticides or classes of pesticides with a causative role in the development 
of PD. A recent review of the results of 19 studies [53] showed that insecticides 
may have a stronger association with PD development than herbicides and fungi-
cides [54–57]. Among herbicides, a role for paraquat has been demonstrated [54, 
58], while there is little evidence for an association of PD with fungicides, with the 
exception of maneb. The insecticide rotenone is instead recognized as a plausible 
cause of PD because of its mechanism of action. Like MPTP, a toxicant known to 
cause PD, rotenone directly inhibits mitochondrial complex I [29, 59], thus leading 
to selective injury of dopaminergic neurons in the substantia nigra, a key patho-
logical feature of PD [60, 61]. Because rotenone is believed to have a relatively 
short environmental half-life and limited bioavailability, a relationship to human 
disease has been questioned [34, 62]. Anyway, two epidemiologic studies found 
it to be associated with significant 10-fold and 2.5-fold increases in PD risk [54, 
63]. In particular, the Farming and Movement Evaluation (FAME) study by Tanner 
et al., a case–control study nested in the Agricultural Health Study (AHS), a pro-
spective study including 84,740 pesticide applicators and their spouses, recruited in 
1993–1997 in the USA [64], provided strong evidence for an association between 
rotenone and PD in humans. An association was observed even when exposure was 
stopped up to 15 years before diagnosis of PD. Although most participants were 
exposed to multiple pesticides, the associations observed also remained after adjust-
ment for overall pesticide use.

Whereas parkinsonism due to high-dose exposure to carbon monoxide or man-
ganese has distinctive clinical features, such as symmetric distribution of symp-
toms, lack of tremor, early postural instability and poor response to dopaminergic 
therapy [65], PD cases related to rotenone or other pesticides were generally similar 
to idiopathic PD cases, supporting a role for pesticide exposure in the etiology of 
typical PD.

Autophagy Dysfunctions in the Pathogenesis of PD

Several mechanisms are implicated in the degeneration of dopaminergic neurons 
in PD [66]. Among them, a significant role is assigned to the intraneuronal accu-
mulation and aggregation of misfolded α-synuclein, the main component of Lewy 
bodies, in the substantia nigra of PD patients [67]. Rare hereditary variants of PD, 
linked to mutations or amplification of α-synuclein gene [68, 69], have provided 
crucial evidence of the pathogenetic role of accumulation and aggregation of this 
protein. Experiments with transgenic cellular and animal models reinforced the con-
cept that α-synuclein accumulation can be central in the physiopathologic cascade 
leading to dopaminenergic degeneration [70–72]. In idiopathic PD the tendency of 
α-synuclein to aggregate may depend on post-translational modifications related to 
oxidative stress [73, 74].
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Since the accumulation of a potentially neurotoxic protein seems to be a key 
pathogenetic mechanism in PD, the efficiency of cell machinery responsible for 
protein catabolism represents an essential component of neuroprotection against cy-
totoxicity and degeneration. As a consequence, neuronal systems implied in protein 
degradation have become target of intensive research in the field of PD and other 
neurodegenerative diseases. Among these systems, autophagy is a finely regulated 
intracellular process that mediates lysosomal degradation of aberrant proteins and 
organelles. This catabolic process exerts a cytoprotective role dependent on the 
clearance of toxic intracellular products and the catabolism of substrates in order to 
obtain energy during starvation [75]. Therefore, autophagy impairment might be a 
primum movens of the neurodegenerative processes and, at the same time, a limiting 
factor that is necessary for preventing early onset of neuronal loss.

In mammalian cells autophagy encompasses three main processes: microautoph-
agy, macroautophagy and chaperone-mediated autophagy (CMA). Microautophagy 
is a constitutive, non-selective process consisting on endocytosis of small amounts 
of cytoplasm into lysosomes through invagination of lysosomal membrane. Mac-
roautophagy and CMA are inducible processes. The first one allows lysosomal 
degradation of organelles and proteins after their sequestration within a double-
membrane-limited vacuole called autophagosome [76]. Macroautophagy proceeds 
through four main steps, each requiring the presence of specific autophagy related 
genes (Atg) [77]: nucleation of the autophagosome; sequestration of a region of 
cytoplasm containing substrates to be degraded; maturation of the autophagosome; 
fusion with lysosome and degradation of substrates. CMA is a selective device 
for degradation of aberrant proteins, containing the consensus peptide sequence 
KFERQ, which are directly transported into the lysosomal lumen by a translo-
cation system constituted by specific carrier proteins. CMA process requires the 
presence of two main proteins: cytosolic and lysosomal heat shock cognate protein 
70 (hsc70) and lysosomal-associated membrane protein 2 A (lamp2A). Cytosolic 
hsc70 binds the KFERQ sequence of substrate proteins and carries them to the 
lysosomal membrane, where lamp2A, after interaction with cytosolic hsc70, mul-
timerizes and forms a translocation complex with lysosomal hsc70, thus mediating 
the transport of the substrate protein into the lysosomal lumen. The binding of the 
substrate protein to lamp2A represents the limiting step of CMA. Oxidative stress, 
accumulation of substrates and the lack of nutrients and growth factors are all con-
ditions determining a compensatory and cytoprotective activation of CMA through 
an increase of lamp2A levels on lysosomal membrane.

Recently, a growing body of neurobiological data has provided evidence of an 
impairment of autophagy pathways contributing to neuropathologic changes in PD 
and other neurodegenerative diseases [78–81]. A decrease in the activity of both 
autophagic-lysosomal pathway and the ubiquitin-proteasome system has been re-
ported during normal aging in every tissue, included neurons [82]. Accumulation 
of aberrant proteins and mitochondria within senescent neurons contributes to neu-
rodegeneration [73, 83, 84]. The early loss of function of degradative pathways 
might produce a deleterious effect through induction of the pathogenetic processes 
directly responsible for death of dopaminergic neurons, such as the accumulation 
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and oligomerization of -synuclein, the persistence of damaged mitochondria and 
the consequent production of reactive oxygen species. In turn, these key mediators 
of dopaminergic neurodegeneration [85, 86] can further worsen the impairment of 
clearance machinery and, in particular, of autophagic pathways.

In PD brain, autoptic studies have demonstrated an accumulation of autopha-
gosomes within degenerating dopaminergic neurons [87]. Different alterations in 
autophagosome dynamics are responsible for this abnormality. In fact, both induc-
tion of autophagosome formation [88, 89], and reduction of lysosomal pool [90], 
can determine autophagosome accumulation.

Several experimental data obtained in animal models clearly demonstrate that 
the loss of autophagy machinery is a sufficient cause of neuronal death: the deletion 
of genes encoding for key components of macroautophagy, such as Atg5 or Atg7, 
leads to diffuse neurodegeneration in mice [91, 92]. The molecular mechanisms 
linking autophagy impairment to neuronal death are still unclear. Intracellular pro-
tein aggregates accumulate following macroautophagy inhibition but they do not 
seem to be directly toxic for neurons [93]. A key factor may be the reduced turnover 
of damaged organelles and monomeric or oligomeric misfolded proteins, which are 
likely to exert a direct neurotoxic effect.

The concept that a down-regulation of CMA may be involved in PD pathogen-
esis emerged when this pathway was identified as the major degradative system for 
-synuclein [89], which contains the aminoacidic sequence KFERQ, necessary for 
CMA-mediated degradation. The blockage of CMA activity by siRNA-mediated 
inhibition of lamp2A expression leads to -synuclein accumulation [94].

Post mortem studies on brain from PD patients provided evidence for a defect 
in CMA in sporadic PD. In fact, the levels of the two main components of CMA 
machinery, lamp2A and hsc70, were found to be reduced in the brain of patients 
with respect to controls [94].

Studies on transgenic cell and animal models of PD have demonstrated that the 
products of several genes linked to hereditary PD have functional correlations with 
autophagic-lysosomal pathways. In particular, blockage of CMA is a pathogenetic 
mechanism involved in hereditary variants of PD [89, 95, 96].

A53T and A30P mutant -synuclein variants, responsible for autosomic domi-
nant hereditary PD, bind hsc70 and lamp2A with a higher affinity than the wild type 
protein, thus preventing CMA mediators from the chance to bind other substrates. 
As a consequence, mutated -synuclein blocks CMA [89] causing the accumulation 
of -synuclein and other potentially neurotoxic proteins. Even the over-expression 
of wild type -synuclein suppresses lysosomal degradation of proteins through an-
tagonism for the binding to CMA components [96]. Therefore, -synuclein intra-
neuronal status is critical for the modulation of the autophagic-lysosomal pathway. 
These data are consistent with the existence of a strong link between CMA effi-
ciency, α-synuclein toxicity and dopaminergic neurodegeneration.

I93M mutation of PARK5, the gene encoding for the ubiquitin carboxyl-ter-
minal esterase L1 (UCHL1), causes autosomic dominant PD [97]. An interaction 
of UCHL1 with lamp2A and hsc70 has been demonstrated [95]. The I93M muta-
tion enhances the affinity between UCHL1 and the CMA components, leading to 
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the suppression of CMA activity and the consequent intracellular accumulation of 
-synuclein. This may be a key mechanism underlying the dopaminergic neurode-
generation related to I93M UCHL1 mutation.

Based on the negative modulation that mutations responsible for hereditary PD 
exert on CMA, the dysfunction of this system is likely to be a central mechanism in 
the degeneration of dopaminergic neurons [98]. The accumulation of -synuclein 
is probably the key mediator of this toxic outcome [99]. Anyway, -synuclein is 
not the only CMA substrate that may contribute to dopaminergic neurodegenera-
tion. Myocyte enhancer factor 2D (MEF2D) is a neuronal transcriptional factor 
with a cytoprotective function [100]. This protein is phosphorylated and inactivated 
by the apoptotic factor cyclin-dependent kinase 5 (cdk5) [101, 102], which has 
been found to favor dopaminergic neurodegeneration in MPTP-induced models of 
PD [103, 104]. The cdk5-mediated inactivation of MEF2D is essential for cdk5-
induced cell death [105]. Recently, MEF2D has been identified as a substrate of 
CMA. CMA efficiency modulates not only the intracellular levels of MEF2D, but 
also its transcriptional activity. The inhibition of lysosomal degradative function 
leads to accumulation of cytoplasmatic fraction of MEF2D and reduction of its 
nuclear levels and DNA-binding capacity. Mutated or over-expressed -synuclein 
impairs the CMA-mediated degradation of MEF2D, thus suppressing its function 
[106]. Sporadic PD patients and -synuclein transgenic mice show higher cytosolic 
[106] and decreased nuclear [107] levels of MEF2D in their brain, both alterations 
consistent with CMA impairment. Based on these data, MEF2D appears as a puta-
tive key link between the CMA impairment and dopaminergic neurodegeneration.

The hypothesis that macroautophagy dysfunction might be involved in PD patho-
genesis has raised from the identification of the key pathologic role of misfolded 
proteins [83] and aberrant mitochondria [73], both substrates of macroautophagy. 
Autoptic studies reported accumulation of autophagic vacuoles in the substantia 
nigra of PD patients compared to controls [87]. This feature may be due to a se-
lective impairment in autophagosome maturation and fusion with lysosomes [78, 
90]. Preclinical studies on PD models have demonstrated neuroprotective effects of 
drugs activating macroautophagy. The first tested molecule, rapamycin, is known to 
activate macroautophagy through mTOR (mammalian target of rapamycin) inhibi-
tion; this drug has been shown to rescue dopaminergic neurons in various transgenic 
and sporadic models of disease, both in vitro and in vivo [108–110]. Trehalose has 
shown a protective effect in animal models of PD trough mTOR-independent mac-
roautophagy enhancement [111].

The existence of a correlation between genes linked to hereditary PD and mac-
roautophagy has provided elements useful to clarify the role of this system in PD.

Mutated -synuclein causes inhibition of macroautophagy in transgenic cell 
and animal models through inhibition of Ras-related protein Rab1A, a cytoprotec-
tive factor involved in the regulation of intracellular vesicular trafficking [112]. 
There is evidence that upregulation of macroautophagy can diminish cytotoxicity 
of -synuclein [109, 113, 114]. The degradation of -synuclein probably becomes 
more dependent on macroautophagy when its aggregation tendency increases. In 
fact, macroautophagy shows ability to specifically remove mutated rather than wild 
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type -synuclein [114]. Since post-translational modifications produced by oxida-
tive stress favor the tendency of -synuclein to aggregate [115, 116], the role of 
macroautophagy in the clearance of -synuclein may be particularly relevant in 
oxidative conditions found in the substantia nigra of sporadic PD patients [86].

Leucine-rich repeat kinase 2 (LRRK2) is a mitochondrial kinase linked to au-
tosomal dominant inherited PD [117]. Recent studies highlighted a functional link 
between LRRK2 and macroautophagy. Indeed, LRRK2 can interfere with the matu-
ration of autophagosomes, thus acting as a negative regulator of macroautophagy. 
The pathogenetic R1441C mutation of LRRK2 seems to result in an enhancement 
of this effect [118].

A major feature linking the loss of autophagy function to neurodegeneration may 
be the accumulation of aberrant mitochondria. Mitochondrial dysfunction is con-
sidered a relevant pathogenetic mechanism in PD [119]. Defective mitochondria 
cause cell damage through oxidative stress and release of pro-apoptotic factors, so 
that their rapid turnover is necessary for cell viability [120]. The catabolism of mi-
tochondria is mediated by a subtype of macroautophagy named mitophagy. Impair-
ment of mitophagy determines the accumulation of aberrant mitochondria within 
neurons and may favour neurodegeneration [121]. The hypothesis that mitophagy 
defect may be a pathogenetic mechanism of PD is supported by the demonstration 
of a role within mitophagy machinery of PTEN-induced putative kinase 1 (PINK1) 
and parkin, two proteins linked to recessive hereditary PD [122, 123]. PINK1 is a 
kinase set in the outer mitochondrial membrane [124], whereas parkin is an E3-
ligase involved in protein degradation through the proteasome [125]. In intact mi-
tochondria, PINK1 is rapidly cleaved; mitochondrial damage causes suppression of 
PINK1 degradation and its accumulation on mitochondrial membrane [126], where 
it recruits parkin from the cytosol. Parkin determines the ubiquitination of proteins 
set in outer mitochondrial membrane; this allows targeting of damaged mitochon-
dria to the phagophore [127]. Pathogenetic mutations of PINK1 and parkin cause 
the loss of the capacity to induce mitophagy after mitochondrial damage. Based on 
these data, the dysregulation of mitochondrial turnover is likely to be a key mecha-
nism responsible for the dopaminergic neurodegeneration linked to mutations of 
PINK1 and parkin. Furthermore, PINK1 has been demonstrated to induce macroau-
tophagy through direct interaction with beclin1; pathogenetic mutations of PINK1 
impair this function [128].

DJ-1 is an antioxidant protein [129] linked to autosomic recessive PD [130]. 
Recent data highlight the ability of DJ-1 to induce macroautophagy and mitophagy 
[131], so that impairment of these processes may be a relevant mechanism even in 
PD variants caused by DJ-1 mutations.

Since both CMA and macroautophagy are likely to be defective in PD [81] and 
an accumulation of autophagosomes has been found in PD brains [87], lysosomal 
dysfunction may be the major mechanism leading to the failure of autophagic path-
ways in PD. Toxins that inhibit lysosomal proteolysis, such as ammonium chloride 
and tunicamycin, can reproduce a PD-like neuropathology in animals, thus demon-
strating the important role of lysosomal function in dopaminergic neurons [132]. A 
reduction in lysosomal pool has been found in post-mortem samples of substantia 
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nigra from PD patients [90]. The induction of lysosomal biogenesis has been dem-
onstrated to restore the intracellular lysosomal pool and to rescue from neuronal 
death in PD cell and animal models [90].

Once again, further data supporting the role of lysosomal function in PD comes 
from genetics. Indeed, mutations of ATPase type 13 A2 (ATP13A2) and glucocer-
ebrosidase (GBA), two proteins involved in lysosomal degradative activity, have 
been demonstrated to modify the risk of developing PD. Mutations inactivating 
ATP13A2 are responsible for autosomic recessive parkinsonism [133]; experimen-
tal data provide evidence that ATP13A2 counteracts -synuclein accumulation by 
favoring its lysosomal degradation [134]. GBA is a lysosomal enzyme whose ho-
mozygous mutations are responsible for Gaucher syndrome, a multisystem disease 
characterized by neurodegeneration; carriers of these mutations have higher risk 
of developing PD [135–137], linked to a reduction in -synuclein clearance [138].

Effects of Rotenone on Autophagy

Dysfunctions of Macroautophagy Induced by Rotenone

The first evidence for an involvement of autophagy in rotenone-induced toxicity 
has been reported in 2007 by Chen et al. This study demonstrated that rotenone may 
induce the formation of autophagic vacuoles (autophagosomes and autolysosomes) 
and LC3-labeled vacuoles in transformed HEK 293 cells and U87 cancer cells and 
that these effects are reverted by the autophagy inhibitor 3-methyladenine (3-MA). 
Moreover rotenone was reported to be able to increase the levels of LC3-II and 
beclin-1, two commonly used markers of autophagy. Interestingly, transfection of 
beclin-1 and Atg5 siRNAs in rotenone-treated cells reduced the formation of au-
tophagic vacuoles and LC3-labeled vacuoles as well as cell death, suggesting that 
rotenone toxicity is also mediated by autophagy induction [139]. This effect seems 
to be mediated by an increased production of reactive oxygen species (ROS) due to 
the rotenone-induced mitochondrial electron chain inhibition. This mechanism rep-
resents an upstream event of rotenone-mediated autophagy induction as evidenced 
by the observations that treatment with 3-MA or siRNAs against beclin-1 or Atg5 
does not lower ROS production while exposure to ROS scavengers, such as mito-
chondrial superoxide dismutase (SOD2), is able to reduce both rotenone-induced 
ROS generation and autophagy induction.

However, another study performed in human neuroblastoma SH-SY5Y cells sug-
gested that rapamycin, a well-known autophagy inducer, exerts a protective function 
against toxicity induced by a 24 h treatment with 10 µM rotenone [140]. Supporting 
this evidence, autophagy activation by rapamycin was demonstrated to counter-
act cell death and ROS formation induced by 500 nM rotenone in overexpress-
ing wild-type or mutant -synuclein SH-SY5Y cells, while autophagy inhibition 
obtained using 3-MA and bafilomycin was reported to accelerate cell death [141]. 
These results seem to be in contrast with the abovementioned findings  observed in 
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transformed and cancer cells, where the autophagy induction triggered by rotenone 
appears to be rather a cell death mechanism. Collectively, experimental data indi-
cate that rotenone-mediated autophagy induction acts as a toxicity mediator in non-
neuronal cell lines and as a protective mechanism in neuronal cells.

Microarray analyses in murine cortical neurons treated with low concentration 
of rotenone (10 nM) revealed a dysregulated expression of many mitochondrial 
genes as well as apoptotic signalling, calcium signalling, ubiquin-proteasome sys-
tem (UPS) and autophagy-lysosomal pathways genes [142]. In more detail, lyso-
somal proteins were up-regulated, while autophagy machinery components were 
down-regulated after 15 h treatment, suggesting that rotenone-induced autophagy 
dysregulation may be a later phenomenon.

Another study showed that a higher rotenone concentration (10 µM) causes an 
accumulation of autophagic vacuoles (reported as LC3-II increase) after 6 and 24 h 
treatment in differentiated SH-SY5Y cells. It is likely that the effect on autophagy 
already evidenced in this study at 6 h can be due to the higher rotenone concentra-
tion used. Moreover, monitoring the autophagic flux revealed that the increase of 
autophagic vacuoles is due to a block of the lysosomal degradation rather than an 
autophagy induction [143]. This finding is in line with the knowledge that rotenone 
exposure causes an accumulation of PD-related proteins, such as -synuclein.

The exact molecular mechanisms underlying rotenone-induced dysregulation 
of autophagy are still not fully elucidated. Sublethal rotenone concentrations were 
demonstrated to elicit increased LC3 levels and to reduce p62 levels in rat cortical 
neurons (25–250 nM for 2 h) and in SH-SY5Y neuroblastoma cells (1 µM for 4 h) 
[144]. In the same study, rotenone was shown to increase the colocalization of LC3 
with mitochondria and this phenomenon was reversed by siRNA knockdown of 
Atg7 or LC3, suggesting an upregulation of mitophagy. The externalization of car-
diolipin, an inner mitochondrial membrane phospholipid, to the outer mitochondrial 
membrane allows the interaction with LC3 and may represent the signal by which 
cells recognize mitochondria damaged by rotenone.

Effect of Rotenone on CMA

While the consequences of rotenone exposure on macroautophagy have been at 
least partially clarified and resumed in the previous section, till now there is only 
limited information on how this environmental pesticide may affect CMA.

Considering the importance of this selective type of autophagy in the degrada-
tion of -synuclein as well as other potential neurotoxic proteins and considering 
that CMA assumes a major role during long-term/prolonged stressful conditions, 
such as chronic exposure to environmental toxins, it is clean-cut the importance of 
elucidating the role of possible pesticide-induced alterations of this pathway in PD 
pathogenesis.

A single study performed in SH-SY5Y cells indicated that 48 h treatment with 
rotenone does not significantly affect lamp2A and hsc70 protein or mRNA  levels 
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[145]. In the same cells, another recent study from our group has explored the 
effect of rotenone on CMA substrates, -synuclein and MEF2D, and effectors, 
lamp2A and hsc70 [146]. This study has evidenced that 24 h exposure to 100 and 
200 nM  rotenone upregulates -synuclein and MEF2D mRNA and protein levels, 
and increases lamp2A mRNA with no change in its protein levels. No effect was 
 evidenced on hsc70 mRNA and protein levels at these rotenone doses and time ex-
posure. Extending the exposure time till 48 h, preliminary and unpublished results 
from our lab indicate that rotenone causes a reduction of hsc70 mRNA and protein 
levels, and similar results have been obtained using a higher rotenone concentration 
(400 nM) for 24 h.

In conclusion, the current deficiency of studies exploring the effect of rotenone, 
as well as other environmental pesticides associated to an increased risk for PD, on 
CMA does not allow to have conclusive results on the possible role of specific CMA 
dysfunctions in mediating rotenone toxicity. Further studies are needed to explore 
the possible contribution of CMA dysfunctions in rotenone toxicity.

Concluding Remarks

Collectively, literature data indicate that rotenone alters neuronal homeostasis 
through its ability to increase oxidative stress and damage mitochondria; further-
more, low doses of rotenone increase the number of autophagic vacuoles and cause 
a mild accumulation of -synuclein-positive protein aggregates, while high  rotenone 
concentrations impair basal autophagy and compromise lysosomal integrity.

In summary, despite it is now widely accepted that the toxicity of rotenone is at 
least partially mediated by an autophagy dysregulation, to date the exact molecu-
lar mechanisms involved in this phenomenon remain to be clarified. In particular, 
while a substantial number of studies explored the effect of rotenone exposure on 
macroautophagy, only two studies have till now assessed the impact of rotenone 
on CMA, a more selective—with respect to macroautophagy—catabolic pathway 
whose dysfunction is recognized to play a pathogenic role in PD.

Furthermore, the available literature indicates that rotenone elicits a different 
modulation of autophagic pathways depending on the specific cell type (neuronal 
vs. non-neuronal) or toxin concentration/time exposure. This plurality of results 
obtained after rotenone exposure on autophagy parameters leads to a different and 
sometimes contrasting interpretation of the role of autophagy in the pathogenesis of 
rotenone-induced toxicity. As a matter of fact, till now it is not yet well established 
whether autophagy represents an upstream or downstream effect of rotenone-in-
duced toxicity. Addressing this issue is crucial in order to develop novel PD diag-
nostics and therapies. Till now several studies have already been performed with 
the aim of exploring the potential efficacy of different compounds in counteracting 
rotenone-induced toxicity. In neuronal cells the neuroprotective mechanism of com-
pounds such as iron chelators, flavonoids and terpenoids seems to be mediated by an 
autophagy induction [147–151]. Supporting this hypothesis, autophagy enhancers,  
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such as rapamycin and lithium chloride, and potential autophagy enhancer, such as 
valproic acid and carbamazepine, have been demonstrated to significantly reduce 
rotenone-induced toxicity in vitro [152].
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Abstract Over the last decades, substantial efforts have been made towards under-
standing the key players underlying neurodegeneration. However, despite extensive 
research efforts, the exact molecular mechanism(s) remain unclear, and much 
less is certain about possible common target(s) amongst distinct age-dependent 
neurodegenerative disorders. Whilst the precise mechanism(s) underlying neuro-
degeneration amongst the different diseases remain to be determined, a number 
of cellular processes have been suggested to be involved in all of them, including 
protein accumulation and aggregation, oxidative stress, mitochondrial deficits, Ca2 + 
dyshomeostasis and impairments in lysosomal degradation pathways including 
macroautophagy. The various possible pathogenic factors are not mutually exclu-
sive, and the aim of much current research is to elucidate the correlation between 
them to establish successful strategies in limiting the disease process. Here, we 
summarize recent data that pinpoint Ca2 + dyshomeostasis as a key player under-
lying neurodegeneration in the context of macroautophagy deregulation. We will 
provide a brief overview of recent work towards addressing how macroautophagy 
and Ca2 + deregulation may cause cellular dysfunction linked to the pathogenesis of 
several neurodegenerative disorders, with emphasis on Parkinson’s disease (PD).

Keywords Calcium · Autophagy · Endoplasmic reticulum · Mitochondria · Acidic 
calcium stores · NAADP · Parkinson’s disease · LRRK2
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Introduction

Neurodegenerative diseases including Alzheimer’s disease (AD), Parkinson’s dis-
ease (PD), amyotrophic lateral sclerosis (ALS) and Huntington’s disease (HD), 
which are characterized by progressive nervous system dysfunction, affect millions 
of people worldwide. There is still no cure for any of them, and treatment is directed 
towards alleviating some of the symptoms. Slowing the rate of neuronal loss may 
improve the quality of life for patients; however, this requires considerable knowl-
edge about disease mechanism(s) and approaches able to modify disease course. 
In this respect, although the majority of neurodegenerative diseases are sporadic, 
the discovery of mutations that cause the pathological processes has significantly 
advanced our understanding of the molecular mechanisms involved, as it allows for 
the generation of cellular and animal models carrying the mutant gene. Hence, even 
though the brain areas that degenerate and the proteins implicated in each disorder 
are generally different, the above-mentioned diseases may converge on common 
cellular processes. The presence of intra-cytoplasmic aggregates within neurons as 
a hallmark of most neurodegenerative diseases suggests that protein misfolding and 
aggregation are central features of the pathophysiology [1]. Indeed, most of these 
pathologies are referred to as protein misfolding diseases [2]. In support of the im-
portance of protein misfolding and aggregation in neurodegeneration, accumulation 
of tau in AD and tauopathies, α-synuclein in PD, mutant huntingtin in HD and TDP-
43 and FUS in ALS seem to mediate neuronal toxicity [1].

Autophagy is a metabolically homeostatic process by which old and/or dam-
aged organelles and protein aggregates are removed from the cell. Thus, the above-
mentioned processes which may underlie neurodegeneration, including increased 
oxidative stress, mitochondrial dysfunction and protein aggregation may all result 
from impaired autophagic degradation. Indeed, apart from neurodegeneration, au-
tophagic failure has been related to a wide range of additional pathological condi-
tions including cancer and pathogen infection [3]. Alterations in autophagy seem 
a key event underlying neurodegeneration, and accumulation of autophagic struc-
tures is evident in diseased brains as well as in various animal and cellular models 
[4]. While environmental factors may further impair autophagic clearance, disease-
linked mutations reveal possible pathways susceptible for therapeutic interventions. 
Indeed, studies from animal and cellular models of neurodegenerative diseases in-
dicate a connection between proteins genetically linked to disease and autophagy 
impairment [5–16]. Therefore, many attempts aimed at treating these diseases are 
focused on the development of novel therapies towards promoting autophagic clear-
ance. In this respect, pharmacological activation of autophagy has been shown to al-
leviate the toxicity associated with accumulation of aggregate-prone proteins [17].

Recently, Ca2 + handling mechanisms have been recognized to be crucial for 
proper cellular degradation, suggesting that the role of intracellular Ca2 + in regulat-
ing autophagy, and alterations in Ca2 + signaling in general, have to be considered 
towards gaining an understanding of the process(es) underlying neurodegenera-
tion. Ca2 + homeostasis is essential for neuronal activity and viability. Ca2 + is in a 
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dynamic cellular equilibrium in the cell, and generally kept at low cytosolic con-
centrations, being either pumped out of the cell, buffered by cytosolic Ca2 + buffer-
ing proteins, or quickly taken up into a variety of intracellular organelles which act 
as intracellular Ca2 + stores. Highly controlled regulatory mechanisms ensure such 
normal Ca2 + handling, and perturbations lead to a vast array of pathologies. Hence, 
Ca2 + overload, manifested as an increase of cytosolic Ca2+, has pleiotropic effects 
on a variety of intracellular events and eventually activates both necrotic and apop-
totic cell death pathways [18]. There is now compelling evidence for dysfunctional 
Ca2 + regulation in several neurodegenerative disorders including PD [19], AD, HD 
[21] and ALS [22]. Therefore, Ca2 + channels may comprise promising neurodegen-
erative drug targets, and therapies based on channel blockers are being developed 
[23–25].

A possible crosstalk between dysfunctional Ca2 + handling, autophagy impair-
ment and neurodegeneration may highlight additional therapeutic targets. However, 
more work is needed to dissect the links between Ca2 + and autophagic clearance 
mechanisms. In this chapter, we will first briefly review the current knowledge of 
the molecular events of autophagy. Next, we will give an overview of the regulatory 
role of Ca2 + in autophagy, summarizing the mechanisms involved in the dynamic 
equilibrium of Ca2 + uptake and release pathways with a focus on the different Ca2 + 
stores and fluxes as determinants of proper autophagic functioning. Finally, we will 
focus on the link between autophagic alterations and Ca2 + deregulation using PD as 
an example, and discuss the Ca2+-dependent mechanisms believed to be implicated 
in the selective degeneration of dopaminergic (DA) neurons [19].

Autophagy

Autophagy likewise targets proteins, protein aggregates or entire organelles for 
lysosome-mediated degradation. It is important for balancing sources of energy 
at critical times in development and in response to nutrient stress, and it plays a 
key role in the homeostatic clearance of defunct or damaged organelles, proteins 
and protein aggregates [3, 26]. Autophagy normally proceeds at a low basal rate, 
but basal autophagy is especially high in neurons, and disrupting basal autophagic 
degradation causes neurodegeneration in mice [27, 28]. Depletion of different au-
tophagic proteins in mice causes an accumulation of cytoplasmic protein inclusions 
accompanied by progressive deficits in motor function [27, 28].

There are at least three types of autophagy, depending on the delivery route of 
the material for degradation to the lysosomal lumen: chaperone-mediated autoph-
agy (CMA), microautophagy, and macroautophagy [29, 30]. CMA is a selective 
mechanism responsible for the lysosomal degradation of soluble cytosolic proteins 
targeted with a consensus motif biochemically related to KFERQ [5]. In CMA, pro-
teins complexed to chaperone proteins are targeted to the lysosomal membrane by 
binding to the CMA-receptor lysosome-associated membrane protein (LAMP) 2 A 
(LAMP2A), resulting in their translocation to the lysosomal lumen and subsequent 
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degradation. Defective CMA has been attributed to underlie different pathologies 
including lysosomal storage diseases and familial forms of PD [5]. Microautophagy 
is a mechanism by which a portion of cytoplasm is directly taken up by the lyso-
some itself through invagination of the lysosomal membrane, but its mechanisms 
and physiological functions are poorly understood [31]. Finally, a third form of au-
tophagy is macroautophagy (hereafter referred to as autophagy), a process by which 
cytosolic constituents, including damaged organelles and aggregated proteins, are 
engulfed within newly formed specialized double-membrane vesicles called au-
tophagosomes. Autophagosomes fuse either with late endosomes (LE) or directly 
with lysosomes, followed by the hydrolytic degradation of products in lysosomes 
and reformation of these organelles to maintain cellular degradative capacity. Dis-
rupting any part of this process impairs autophagic flux, accompanied by the accu-
mulation of autophagic substrates.

Autophagy Signaling Pathways

The signaling mechanisms leading to the activation of autophagy under nutrient 
starvation conditions have been extensively investigated [32]. However, these cir-
cumstances are rare under physiological conditions. Nevertheless, autophagy plays 
an essential role in the maintenance of normal homeostasis at both a cellular and 
organismal level, and can also be induced by several cellular stresses under normal 
nutritional conditions. Under normal non-starved conditions, autophagy is regulat-
ed by a broad range of extracellular factors including growth factors, cytokines and 
chemokines, suggesting that there is a mutual exclusive regulation of cell growth 
and autophagy [33]. These factors are especially important in neurons, because 
these cells depend almost exclusively on glucose to provide both energy and carbon 
chains for protein synthesis in an insulin-independent manner. Thus, autophagic re-
sponses in neurons may be more related to organelle damage or neuritic remodeling 
than to the generation of amino acids and energy.

The best known canonical autophagy regulator is the mammalian TOR kinase 
(mTOR), specifically complex1 (mTORC1, comprised of by mTOR, RAPTOR, 
GβL/mLst8, PRAS40 and DEPTOR). Given the existence of some mTOR-indepen-
dent autophagy pathways, autophagy signaling has been divided accordingly into 
mTOR-dependent and mTOR-independent pathways. mTOR is a serine/threonine 
protein kinase that belongs to the phosphatidylinositol kinase-related kinase (PIKK) 
family. mTOR regulates the balance between anabolic (cell growth) and catabol-
ic (autophagic degradation) processes and has recently come to light as a prime 
modulator of neurodegenerative diseases [34]. The mTORC1 complex is positively 
regulated by the small GTPase Rheb, which can be inactivated by the GTPase ac-
tivating protein (GAP) formed by the heterodimer regulator tuberous sclerosis 1 
and 2 (TSC1/TSC2). In response to amino acids, mTORC1 has been reported to be 
recruited to the lysosomal surface by Rag GTPases [35]. Such lysosomal localiza-
tion seems to be required for activation of the complex by Rheb [36]. The active 
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mTORC1 complex promotes cell growth and inhibits autophagy by inhibitory 
phosphorylation of the mammalian Atg1 orthologues ULK1 and ULK2 (ULK1/2) 
and Atg13 subunits [37] (Fig. 13.1). mTORC1 activity can be inhibited indirectly 
by another autophagy-related kinase, adenosine monophosphate-activated protein 
kinase (AMPK). As mentioned before, autophagy can also be controlled by sev-
eral additional mTORC1-independent pathways. Direct induction of autophagy can 
be mediated, downstream of mTORC1, by the activation of AMPK in response 
to energy loss (an increase in AMP levels), involving various upstream regulators 
including LKB1 or an increase in cytosolic Ca2 + levels and concomitant activa-
tion of Ca2+-calmodulin-dependent kinase kinase β (CaMKKβ) [38, 39]. Activated 
AMPK phosphorylates the ULK1/2 complex and directly induces autophagosome 
formation [40, 41]. Hence, both mTORC1-dependent and mTORC1-independent 
signaling pathways converge onto ULK1/2; mTORC1 and AMPK oppositely regu-
late ULK1/2 kinase activity by direct phosphorylation of the ULK1/2 complex on 
distinct sites [37, 42, 43] (Fig. 13.1). In both cases, ULK1/2 activation leads to auto-
phosphorylation and stimulatory phosphorylation of both FIP200 and Atg13, which 
causes translocation of the entire complex to the pre-autophagosomal membrane 
and autophagy induction (Fig. 13.1).

Fig. 13.1  Schematic overview of the regulation of autophagy induction by mTORC1 and AMPK 
signaling. Left: Under nutrient-rich conditions, activated TORC1 inhibits autophagy induction 
by inhibitory phosphorylation of ULK1/2 and Atg13, thereby inhibiting this complex. Right: 
Under starvation conditions, the mTORC1-dependent phosphorylation sites in ULK1/2 are rap-
idly dephosphorylated, and ULK1/2 can autophosphorylate itself and phosphorylate Atg13 and 
FIP200. Alternatively, activation of AMPK under distinct situations can induce autophagy by 
inhibiting mTORC1 through phosphorylation of a component within this complex. AMPK can 
phosphorylate and activate ULK1/2, with activation and translocation of the complex to the pre-
autophagosomal membrane for autophagy induction. For further details see text
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Autophagic Steps

The autophagic pathway is comprised of distinct steps, including nucleation to gen-
erate a phagophore, elongation and formation of the autophagosome, autophago-
some fusion with late endosomes or lysosomes, and finally degradation and recy-
cling of macromolecules [44]. The source of the autophagosomal membranes is still 
controversial, although it is generally accepted that the ER membrane provides the 
major source of autophagosome membrane [45]. More recently, mitochondria [46, 
47], plasma membrane [48], recycling endosomes [49] and the trans-Golgi network 
(TGN) [50, 51] have all been shown to be cellular sources for autophagophore for-
mation, even though it remains unclear how much of the autophagosome membrane 
comes from such distinct sources, and under which conditions.

A crucial element for the initiation of the isolation membrane is the transient 
association of a large core complex including Vps34-Beclin1 [29, 52]. The protein 
AMBRA1 has been proposed as the link between ULK1/2 and the Vps34-Beclin1 
complex [53]. ULK-dependent phosphorylation of AMBRA1 might lead to the re-
lease of the Vps34-Beclin1 complex from the dynein motor complex tethered to 
the cytoskeleton to allow translocation of the core complex to the autophagosome 
formation-related region [53]. Alternatively, ULK may directly phosphorylate Be-
clin1 to enhance Vps34 lipid kinase activity [54]. Vps34 is a class III phosphati-
dylinositol-3-kinase, and the lipid phosphatidylinositol-3-phosphate (PI3P) seems 
important for the initiation of the autophagosome membrane, with PI3P-enriched 
membranes recruiting and activating effector proteins containing FYVE or PX 
PI3P-binding domains [55]. The isolation membrane subsequently elongates, se-
questering the cargo for degradation, and finally closes off to form a double-mem-
braned vesicle called the autophagosome. The elongation process is regulated by 
two ubiquitination-like reactions, the Atg12/Atg5 conjugation and the conjugation 
of microtubule-associated protein 1 light chain 3 (LC3) to the lipid anchor phospha-
tidylethanolamine (the autophagosome-associated LC3-II form) [44]. The action of 
those two ubiquitin-like conjugation systems is modulated by Atg7. The Atg5/12 
complex is further associated with Atg16L and LC3, but dissociates from the vesi-
cle once it is fully formed [56]. In contrast, LC3, which is diffuse in the cytoplasm 
under normal conditions (LC3I), is bound to autophagic membranes (LC3II) upon 
the above-mentioned conjugation reaction and is classically used as a marker for 
autophagy (Fig. 13.2). Autophagosomes are then transported on microtubules from 
the cell periphery to the perinuclear region towards the microtubule-organizing 
center in a dynein/dynactin-dependent manner [57]. During maturation, the outer 
membrane of the autophagosome fuses with late endosomes, generating a hybrid 
organelle called the amphisome, or directly fuses with lysosomes to form an au-
tolysosome (Fig. 13.2). Fusion events during autophagic maturation are similar to 
endosome-lysosome fusion events, where kiss-and-run, complete fusions or fusion 
mediated through tubules have been described [58]. Several protein complexes and 
signaling pathways are involved in the maturation of autophagosomes and their 
delivery to, and fusion with, lysosomes. Finally, lysosomal hydrolases degrade the 
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content and the inner membrane of the autophagosome/amphisome. After this pro-
cess, lysosomal function is restored again by formation of proto-lysosomes budding 
off from tubules emanating from the autolysosomes. These proto-lysosomes have 
been reported to be non-acidic and LAMP1 positive [59].

Ca2+ as an Autophagy Regulator

The spatiotemporal pattern of Ca2 + signaling is crucial for the specificity of cellular 
responses such as autophagy. Ca2 + has an important regulatory function in key steps 
of the autophagic pathway including during homotypic and heterotypic fusions of 
late endosomes and lysosomes and during lysosomal reformation [60], analogous 
to the well-described role of Ca2 + in regulated secretion. Moreover, autophago-
some formation and maturation may be regulated by Ca2 + from different membrane 
sources [61, 62]. However, Ca2 + has been better recognized as an important player 
for autophagic signaling (see above). Intracellular Ca2 + has been proposed to be a 
regulator of autophagy, even though it is unclear whether there is positive [63, 64] 

Fig. 13.2  Autophagic steps. Activation of the ULK1/2 complex leads to activation of Vps34-
Beclin1 complex, followed by transient association with the isolation membrane and phagophore 
formation. The Atg5/12/16L complex and LC3II promote elongation and enwrap cytosolic car-
goes including defunct organelles such as mitochondria and protein aggregates, finally resulting 
in the formation of the autophagosome. Autophagosomes then either fuse with endosomes to form 
amphisomes, or with lysosomes to form autolysosomes, and hydrolases in the interior begin to 
degrade internal membrane and luminal cargoes. For further information see text
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or negative [65–68] regulation. Dual effects have been reported and may depend on 
several circumstances such as the spatial and temporal parameters of Ca2 + signal-
ing, the source of the Ca2 + and the overall cellular state [69].

Changes in intracellular Ca2 + caused by the action of Ca2+-mobilizing agents 
have been reported to lead to autophagic alterations. The first evidence for a posi-
tive Ca2+-mediated regulation of autophagy was reported by Jäätteläʼs group, as 
Ca2+-mobilizing agents were found to activate the CaMKKβ/AMPK pathway, caus-
ing an induction of autophagosome formation [63]. These data suggested that Ca2 + 
may act as a trigger for autophagy, further supported by findings that the ionophore 
ionomycin, which raises cytosolic Ca2 + levels, induced autophagy, whilst a mem-
brane-permeable Ca2 + chelator blocked the effects on autophagy. However, Ca2 + 
may also negatively regulate autophagy through acting as a bioenergetic sensor and 
inhibiting the catabolic mechanism of autophagy under normal cellular growth con-
ditions. Therefore, a coherent understanding of the dual role of Ca2 + in regulating 
autophagy requires an understanding of the precise intraorganellar location of Ca2+, 
the role which Ca2 + plays at these organelles, and the precise cellular status [69].

Neuronal Ca2 + entry from the extracellular space can be either mediated by volt-
age-dependent Ca2 + channels or ligand-activated Ca2 + influx [20]. Pumping Ca2 + 
out of the cytosol is an energetically costly process, as the removal is carried out 
by Ca2+-ATPases localized on the plasma membrane (PMCAs) or on intracellular 
Ca2 + stores, such as the endoplasmic reticulum Ca2 + pumps named SERCA (sarco/
endoplasmic-reticulum Ca2+-ATPase) [70]. Several cellular compartments that have 
functional Ca2+-release channels and pump mechanisms are essentially capable of 
acting as Ca2 + stores. The ER is the main and best-characterized Ca2 + store within 
the cell, whilst mitochondria can act as additional stores to buffer intracellular Ca2+. 
At the same time, Ca2 + is also important in the normal ER and mitochondrial func-
tion, affecting protein folding and mitochondrial metabolism, therefore modulating 
autophagy. In addition to the ER and mitochondria, a range of acidic organelles, 
which include endosomes, lysosomes and lysosome-related organelles such as se-
cretory granules also serve as significant Ca2 + stores in mammals [71]. Intraluminal 
Ca2 + in acidic stores is crucial for the functioning of the degradative pathway, as 
chelation of luminal Ca2 + blocks membrane fusion [72–74]. Therefore, the overall 
intraluminal Ca2 + concentrations and dynamics between the different Ca2 + stores 
are crucial for autophagy modulation.

ER and Mitochondrial Ca2+ and Regulation of Autophagy

The ER produces, delivers and folds newly synthesized proteins in a continuous 
intracellular network, but also it acts as the major intracellular Ca2+ store, setting 
up cytosolic Ca2 + signals. Whilst SERCA transports Ca2 + from the cytosol to the 
ER lumen in an energy-dependent manner [75], the main Ca2+-release channels 
in the ER are the inositol 1,4,5-trisphosphate (IP3)-receptor (IP3R) [76] and the 
ryanodine-receptor (RyR). Ca2+-binding proteins in the lumen of the ER, such as 
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Ca2+-dependent chaperones like calnexin and 78-kDa glucose-regulated protein/
immunoglobulin heavy chain binding protein (GRP78/BiP) further contribute to 
Ca2 + handling in the ER [77]. IP3R are expressed in all cell types, while RyRs are 
mainly expressed in neurons and muscle. IP3 and cyclic adenosine diphosphate-
ribose (cADPR) mobilize Ca2 + from the ER through activation of these receptors 
[78, 79], generating local Ca2 + signals. The subcellular localization of these recep-
tors, together with their regulation by cytosolic Ca2 + and regulatory proteins further 
contribute to the establishment of highly specific and localized Ca2 + signals.

A role for Ca2 + as a negative regulator of basal autophagy has been proposed by 
several reports and implicates the IP3R. Rubinsztein’s group reported that inhibi-
tors of inositol monophosphatases, leading to depletion of IP3 levels, act as novel 
chemical inducers of autophagy [65]. These data would suggest that IP3R-mediated 
release of Ca2 + from the ER, presumably coupled to an increase in cytosolic Ca2 + 
levels, negatively regulates autophagy. In accordance with this concept, they further 
found that L-type Ca2 + channel antagonists induce autophagy through a complex 
mTORC1-independent signaling pathway impacting upon calpain [66] (Fig. 13.3). 
Calpains are cytosolic Ca2+-dependent cysteine proteases that have been shown to 
participate in apoptotic cell death mechanisms [80], but also in the degradation of 
Ca2 + extrusion channels, thereby contributing to increased Ca2 + overload [81] and 
providing a positive feedback loop for autophagy inhibition.

The apparently contradictory data regarding cytosolic Ca2 + in stimulating or in-
hibiting autophagy may be reconciled if considering the combination of alterations 
in cytosolic Ca2 + levels, alterations in intraluminal Ca2 + stores and the bioenergetic 
status of cells. For example, intraluminal Ca2 + is crucial for ER function, as ER 
Ca2 + depletion induces ER stress and ER Ca2 + overload compromises proteostasis 
as well. Conversely, normal ER function is necessary for proper ER Ca2 + handling, 
as ER stress disrupts luminal Ca2 + homeostasis, causes the accumulation of mis-
folded proteins and initiates the unfolded protein response (UPR) [82]. The UPR 
response is activated to restore normal cellular conditions through activation of sig-
naling pathways that reduce protein synthesis and increase protein folding capacity. 
Autophagy is activated in parallel to the UPS as another pro-survival mechanism, 
as autophagy has been shown to inhibit tunicamycin- or thapsigargin-mediated cell 
death [83]. However, the crosstalk between ER stress-induced autophagy and ER 
stress-induced Ca2 + release remains largely unanswered. It has been proposed that 
ER-mediated Ca2 + release induced by ER stress may cause CaMKKβ-dependent ac-
tivation of AMPK to promote Ca2+-mediated autophagy [63]. Other Ca2+-dependent 
kinases may be involved in the positive regulation of autophagy as well, includ-
ing the Ca2+-regulated death-associated protein kinase (DAPK), whose role in ER-
stress has been widely reported [84], or PKCθ [85].

The interplay between mitochondria and ER in zones of close contact termed 
MAMs (mitochondria-associated ER membranes) is crucial for cellular Ca2 + han-
dling as well as for mitochondrial dynamics (86). Mitochondria are important Ca2 + 
stores and contain several Ca2 + channels, such as the voltage-dependent anion chan-
nel (VDAC) and Ca2 + uniporters which drive Ca2 + entry at high cytosolic Ca2 + 
concentrations reached in these areas. Ca2 + signaling regulates mitochondrial traf-
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ficking and dynamics through the regulation of mitochondrial fusion and fission 
reactions [87]. Furthermore, release of Ca2 + from ER IP3R is important for mito-
chondrial activity and bioenergetics, as several mitochondrial dehydrogenases of 
the Krebs cycle are regulated by Ca2+. Hence, under normal nutritional conditions, 
constitutive IP3R Ca2 + transfer from ER to mitochondria inhibits autophagy for 
maintenance of cellular metabolic homeostasis (Fig. 13.3). In the absence of such 
Ca2 + transfer, AMPK is activated due to a decrease in mitochondrial ATP production 
and concomitant increase in AMP levels, causing AMPK-dependent but mTORC1-
independent autophagy induction (67). Conversely, abnormal mitochondrial Ca2 + 
overload leads to the depolarization of the mitochondrial membrane potential with 
a concomitant decrease in ATP synthesis, autophagy induction and eventually the 
opening of the permeability transition pore and cell death. Therefore, a tight con-
trol and crosstalk of Ca2 + dynamics in distinct intracellular organelles, combined 

Fig. 13.3  Possible roles for Ca2+ in regulating autophagy. Ca2+ entry into cells is quickly con-
trolled, either by extrusion or by uptake into the ER. IP3R mediate a constitutive transfer of Ca2+ 
from the ER to mitochondria, which promotes ATP production, inhibiting AMPK and keeping 
autophagy to a minimum. Blocking such Ca2 + transfer, with the resultant increase in AMP, will 
stimulate autophagy. On the other hand, increasing cytosolic Ca2+ levels, e.g. by Ca2+-mobilizing 
agents which may target a variety of intracellular Ca2+ stores, increases the cytosolic Ca2+ con-
centration. This causes autophagy induction through various pathways, including CaMKKβ and 
AMPK. For further details see text
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with cellular energy status, may explain the opposing effects of Ca2 + on autophagy. 
Under normal conditions, Ca2 + may play a role as a negative regulator of autophagy, 
but under conditions of ER or mitchondrial stress conditions, Ca2 + may activate 
autophagy to help the cell to cope with a variety of potentially damaging events 
related to those intracellular organelles. Future experiments aimed at detecting Ca2 + 
changes in the cytosol, the ER and mitochondria will be necessary to dissect the 
precise events underlying the dual regulation of autophagy by Ca2 + signaling.

Acidic Ca2+ Stores and Regulation of Autophagy

Endosomes pinching off from the plasma membrane are thought to contain high 
levels of Ca2 + due to the elevated concentrations of this ion in the extracellular fluid, 
whilst only having a slightly acidic pH (pH 5.9–6.3) [88]. It has been proposed that 
the uptake of H + into endosomes mediated by the proton-pumping ATPase must be 
balanced to maintain electroneutrality, and that this may happen by Ca2 + efflux via 
endosomal Ca2 + channels [89]. Even though direct measurements of luminal lyso-
somal Ca2 + concentrations are technically difficult, the average free Ca2 + concentra-
tion in lysosomes has been reported to be in a similar range as that of the ER [90], 
with an average free Ca2 + concentration in the range of 500 µM [73]. Whilst less 
acidic (pH ~ 6.6), the Golgi apparatus also deserves attention as significant intracel-
lular Ca2 + store. It contains substantial levels of Ca2+, Ca2 + release channels such as 
the IP3R as well as Ca2+-binding proteins [91].

Several Ca2+-permeable channels are present on acidic organelles. IP3R and RyR 
have been found to be located on acidic Ca2 + stores [92]. However, nicotinic acid 
adenine dinucleotide phosphate (NAADP) has been postulated to be the most pow-
erful endogenous Ca2+-mobilizing messenger known to date and the major regula-
tor of Ca2 + release from endolysosomes [93–95]. Two different families of chan-
nels have been proposed to be intracellular NAADP targets, including members 
of the transient receptor potential (TRP) superfamily, particularly the mucolipins 
(TRPMLs), which are found on acidic stores such as lysosomes and endosomes 
[96]. Mutations in the TRPMLs channels are responsible for several lysosomal-stor-
age disorders [96]. There are three TRPMLs, displaying differential albeit partially 
overlapping localization within the endo-lysosomal compartment [71]. TRPML1 
has been proposed as the Ca2 + channel responsible for the local release of Ca2 + 
crucial for vesicular fusion reactions within the endo-lysosomal system [97]. There 
is evidence that TPRML1 may be an NAADP target, whilst other studies indicate 
that PI(3,5)P2, rather than NAADP, may regulate the channel [98, 99]. Interestingly, 
TRPML1 has been reported to co-immunoprecipitate with the other family of Ca2 + 
channels, the two pore channels (TPCs) [100].

Two TPC isoforms are present in humans. TPC1 localizes to both endosomes and 
lysosomes, whereas TPC2 is predominantly lysosomal [101]. There have been sev-
eral independent studies indicating that the TPCs comprise primary NAADP targets 
[71]. NAADP may not directly bind to TPCs, but rather indirectly through binding 
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to currently unidentified low-molecular weight proteins which interact with TPCs. 
Inhibition of the NAADP-mediated Ca2 + response occurs upon downregulation of 
the TPCs or when overexpressing TPCs with a mutation in the pore-forming region 
[102]. Even though controversy has recently been raised as to the ionic specificity 
of the TPCs, which have been suggested to behave as a sodium-selective channels 
activated by PI(3,5)P2, rather than by NAADP [103, 104], the vast majority of stud-
ies indicate that the TPCs can conduct Ca2+.

In analogy to ER-mitochondrial contact sites, membrane contact sites between 
ER and the endo-lysosomal system have been suggested to correspond to NAADP 
trigger zones [101]. This interaction has been proposed to be similar or maybe 
shared with that which mediates cholesterol exchange between the ER and late en-
dosomes [105], and is mediated by the interaction of Rab7 and RILP on the late en-
dosome and the VAMP-associated ER protein (VAP) through ORP1L. In this man-
ner, release of Ca2 + from the endo-lysosomal compartment, triggered by NAADP, 
may evoke local cytosolic Ca2 + signals which can by amplified into global Ca2 + 
waves through Ca2+-induced Ca2 + release (CICR) from the ER [106].

Several cellular processes are regulated by Ca2 + release from acidic stores. 
NAADP-mediated Ca2 + release has been related to cell differentiation and induc-
tion of neurite outgrowth [107], and NAADP has also been shown to increase the 
levels of autophagic markers in cultured astrocytes [104], HEK293 and PC12 cells 
[13]. Indeed, the rise in free cytosolic Ca2+, likely caused by amplification through 
CICR from the ER has been shown to induce autophagy by activation of CaMKKβ-
dependent activation of AMPK in a mTORC1-independent manner [13], and 
therefore seems to positively regulate autophagy induction (Fig. 13.3). However, 
NAADP has also been reported to transiently alkalinize lysosomal pH [13, 94], 
thereby affecting the recruitment of Rab7 to autophagosomes and disrupting au-
tophagic flux [108]. These data indicate complex effects of NAADP on autophagy 
regulation, subject to further studies.

Autophagic Pathology and Calcium Deregulation in PD

Whilst the role of Ca2 + homeostasis for proper autophagic degradation is increas-
ingly recognized, the precise alterations in Ca2 + handling and their effects on au-
tophagic degradation in the context of various neurodegenerative disorders remain 
to be deciphered. Possibly the links are best understood in PD, where both autoph-
agic failure and Ca2 + dysregulation have been extensively shown to play crucial 
role(s) in the pathomechanism(s) underlying the disease.

PD is characterized by the progressive degeneration of dopaminergic (DA) neu-
rons in the pars compacta of the substantia nigra (SNpc), together with the presence 
of intraneuronal inclusions called Lewy bodies and abnormal dystrophic neuronal 
processes called Lewy neurites in surviving neurons [109]. While the exact patho-
logical mechanisms underlying PD remain largely unclear, with most cases being 
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sporadic or idiopathic, having no apparent familial heritage nor relation to a defined 
environmental cause, several familial mutations in a variety of genes, with either 
autosomal-recessive (parkin, PINK1, DJ-1) or autosomal-dominant (α-synuclein, 
LRRK2) inheritance have been reported for approximately 10 % of PD cases.

Autophagic Failure in PD

Compelling evidence suggests a deficit in autophagic clearance in PD. Increased 
number of autophagic structures have been found in PD patients, animal and cel-
lular models of PD [110]. Another piece of evidence linking autophagy to PD comes 
from the reported effects of α-synuclein overexpression in blocking autophagy 
[12]. In addition, α-synuclein and UCHL-1 mutants have been reported to block 
CMA [5]. Conversely, pharmacological activation of autophagy has been shown to 
alleviate the toxicity associated with mutant α-synuclein in vitro and in vivo [34]. 
Other PD-related proteins have been related to altered autophagic flux as well. For 
example, the absence of DJ-1, PINK1 or Parkin has been shown to impair basal 
autophagic flux and cause accumulation of autophagic markers, mitochondrial frag-
mentation and depolarization in human DA cells [111, 112]. LRRK2, related to both 
familiar and sporadic PD has been closely related with autophagy as well.

Neuronal Ca2+ Signaling and PD

Currently one of the best working models to explain the selective degeneration of 
DA neurons in PD relates to perturbations in Ca2 + homeostasis [19, 113]. Adult 
SNpc DA neurons are autonomously active, generating action potentials in the ab-
sence of synaptic input, as do many others neurons. However, whilst most neurons 
use exclusively monovalent cation channels to drive this pacemaking activity, SNpc 
DA neurons also employ L-type Ca2 + channels that allow Ca2 + to enter the cyto-
plasm [114]. Since the spatiotemporal pattern of Ca2 + signaling is crucial for the 
specificity of cellular responses, Ca2 + must be under a tight homeostatic control that 
requires energy. Therefore, Ca2 + must be extruded by ATP-dependent processes, 
either pumped out or rapidly sequestered by intracellular organelles. As previously 
explained, both processes are mediated by ATP-dependent pumps and exchangers 
[115, 116]. This additional energy requirement and resultant energy production via 
mitochondria can generate oxidative stress and production of reactive oxygen spe-
cies. In addition, the increase in Ca2 + uptake by mitochondria from the ER through 
IP3R may lead to an increase in the basal generation of oxidant stress in the mito-
chondria of SNc DA neurons, increasing SNc DA neuron vulnerability [114, 117]. 
Interestingly, Ca2 + channel blockers which have demonstrated good blood-brain 
barrier permeability and a long record of safe use in humans have been reported to 
have positive results in rodent PD models [114, 118].
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LRRk2: A Possible Link between Altered Ca2+ Homeostasis 
and Autophagy

Autosomal-dominant mutations in LRRK2 are the most common genetic cause of 
late-onset PD [119]. Approximately 5–8 % of European individuals with a first-de-
gree relative with PD carry mutations in LRRK2. Importantly, variations in LRRK2 
increase PD risk, indicating that LRRK2 is an important player for both genetic and 
sporadic forms of the disease [120].

There are indications that LRRK2 plays an important role in autophagy [110]. 
PD-linked mutations in LRRK2 seem to cause an impairment in autophagic deg-
radation with a concomitant accumulation of undegraded material, lysosomal-like 
structures and lipid droplets in cell as well as animal model systems [8, 13, 15, 121–
124], even though positive regulatory effects on autophagy have been described as 
well [125] which warrant further investigations. Deficiencies in Ca2 + handling in 
the presence of autosomal-dominant mutations in LRRK2 have also been reported, 
leading to mitochondrial depolarization and altered mitophagy [126, 127].

Our recent studies indicate that mutant LRRK2 causes release of Ca2 + from acidic 
stores which activates the CaMKKβ/AMPK pathway and causes autophagy induc-
tion, whilst simultaneously partially alkalinizing endolysosomal stores, provoking 
a possible defect in endolysosomal homeostasis and a defect in autophagic clear-
ance [13]. These events seemed to be mediated by NAADP, as they can be mim-
icked by lysosomal Ca2 + mobilization through NAADP and reverted by an NAADP 
antagonist or by overexpression of dominant-negative TPC2 receptor constructs. 
NAADP-mediated release of Ca2 + from the endolysosomal compartment can cause 
a partial alkalinization of acidic stores and induce lipid accumulation, which may 
occur secondarily to Ca2 + release [94]. The deregulation of intraluminal Ca2 + levels 
may then be responsible for the observed changes in lysosomal morphology, distri-
bution and degradative capacity, as described for mutant LRRK2-expressing cells 
[13, 15, 121, 124]. Indeed, deregulation of endolysosomal Ca2 + homeostasis has 
been proposed as a primary cause of the lysosomal-storage disorder Niemann Pick 
C1, where the reduced lysosomal Ca2 + results in a block in endocytic trafficking to 
lysosomes [73]. Our recent work further indicates that pathogenic LRRK2 regu-
lates the activity of Rab7, a master regulator of late endocytic membrane traffick-
ing involved in endolysosomal and autophagosome-endolysosomal fusion events 
[128]. Given the recently reported links between Rab7 and TPC2 [108, 129], further 
epistasis-type studies are warranted to determine whether LRRK2 regulates Rab7 
to modulate NAADP-mediated Ca2 + release from endolysosomal stores, or whether 
LRRK2 regulates NAADP-mediated Ca2 + release which then may modulate Rab7 
activity for downstream endolysosomal fusion events (Fig. 13.4).

In either case, there is convincing evidence to support the hypothesis that 
deficiencies in Ca2 + homeostasis and protein degradation are crucial elements in 
the neurodegenerative process underlying several age-dependent neurodegenera-
tive diseases. Whilst Ca2 + has been consistently showed to regulate autophagy, 
the positive or negative link between these two mechanisms in the context of 
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neurodegeneration and cellular status remains to be further elucidated, which may 
help to define novel therapeutic targets.
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