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Targeting the Autophagy/Lysosomal Degradation Pathway in Parkinson’s

Disease

Pilar Rivero-Rios, Jesus Madero-Pérez, Belén Fernandez and Sabine Hilfiker’

Institute of Parasitology and Biomedicine “Lopez-Neyra’

Abstract: Autophagy is a cellular quality control mechanism crucial for neuronal homeostasis.
Defects in autophagy are critically associated with mechanisms underlying Parkinson’s disease (PD),
a common and debilitating neurodegenerative disorder. Autophagic dysfunction in PD can occur at
several stages of the autophagy/lysosomal degradative machinery, contributing to the formation of
intracellular protein aggregates and eventual neuronal cell death. Therefore, autophagy inducers may
comprise a promising new therapeutic approach to combat neurodegeneration in PD. Several
currently available FDA-approved drugs have been shown to enhance autophagy, which may allow
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for their repurposing for use in novel clinical conditions including PD. This review summarizes our
current knowledge of deficits in the autophagy/lysosomal degradation pathways associated with PD, and highlight current
approaches which target this pathway as possible means towards novel therapeutic strategies.
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INTRODUCTION

Parkinson’s disease (PD) is a debilitating neuro-
degenerative disorder without a cure. It is characterized by
the relatively selective loss of dopaminergic neurons in the
substantia nigra pars compacta and the presence of Lewy
bodies (LBs) in surviving neurons. Neuronal loss is found in
predilection sites for LBs, suggesting that they may be
markers for neurodegeneration. Whilst LBs consist of a
heterogeneous mixture of proteins, they are particularly rich
in fibrillar forms of a-synuclein [1]. The presence of such o-
synuclein-containing intracytoplasmic aggregates in affected
areas suggests that protein misfolding and aggregation are
intimately involved in the mechanisms underlying PD. If
causal to disease pathogenesis, then enhancing the cellular
pathways able to degrade such protein aggregates may prove
a feasible therapeutic strategy.

Cellular homeostasis consists of a proper balance
between protein synthesis and recycling/degradation. The
two major eukaryotic degradative systems include the
ubiquitin-proteasome system (UPS) and autophagy. The UPS
is responsible for the degradation of most short-lived and
misfolded proteins. Proteins are ubiquitinated, which allows
for their subsequent recognition, unfolding, deubiquitination
and translocation into the core of the proteasome, where they
are degraded [2]. Some data indicate that downregulation of
the UPS may contribute to the pathogenesis of PD [3].

Autophagy is a cellular catabolic process in which
cytosolic components including long-lived proteins, protein
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aggregates and defunct organelles are transported to the
lysosome for degradation. Once in the lysosome, these
components are degraded by a set of hydrolases whose
activity is optimal at the acidic intralysosomal pH, and
building blocks are subsequently recycled to the cytosol for
their reuse. Dependent on the mechanisms by which the
distinct components are delivered to the lysosome, autophagy
has been subdivided into three subtypes (Fig. 1) [4]. Macro-
autophagy (often just called autophagy) is the most common
form of autophagy, and involves the initiation and elongation
of a double-membraned structure called the phagophore or
pre-autophagosomal structure (PAS). As elongation continues,
this structure then sequesters cytoplasmic components, and
elongation terminates with the formation of a double-membraned
vesicle called the autophagosome. Autophagosomes subsequently
fuse with either endosomes (to form amphisomes) or directly
with lysosomes (to form autolysosomes), and cytoplasmic
contents are degraded.

Chaperone-mediated autophagy (CMA) is the most
selective type of autophagy, and involves the translocation of
cytosolic proteins containing a specific degradation signal
(the KFERQ sequence motif) to the lysosomal lumen (Fig. 1).
This motif, found in around 30 % of cytosolic proteins, is
usually buried in the fully folded protein, but can be exposed
upon partial unfolding. It is recognized by Hsc70 chaperone,
which together with other co-chaperones targets the protein
to the CMA adaptor (LAMP2A) localized on the lysosomal
membrane. This causes unfolding and translocation of the
protein into the lysosomal lumen, followed by degradation [5].
Finally, microautophagy is the least understood phenomenon,
and is characterized by the direct invagination of the
lysosomal membrane to sequester cytoplasmic components
(Fig. 1) [6]. Autophagy can occur at basal levels, but is also
known to be induced upon a whole variety of cellular
stresses. In addition, the UPS and the different autophagy
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Fig. (1). The three types of autophagy and their pathways. Macroautophagy (often referred to as just autophagy) is the most common
pathway. Autophagy induction can be triggered by either mTORC1-dependent or -independent means, causing activation of the ULK protein
complex, comprised of Atgl3, ULK1/2 and FIP200, which assembles at the isolation membrane and causes activation of the Vps34-Beclin 1
complex at the PAS. Upon nucleation, phagophore formation and elongation is mediated by Atg9. This requires the Atg5-Atgl2-Atglo6L1
complex, which mediates the conjugation of phosphatidylethanolamine to LC3-I, generating LC3-1I which becomes anchored on the surface
of the nascent autophagosome. Upon completion, autophagosomes undergo microtubule-dependent transport to fuse with either late endosomes
(to form amphisomes), or with lysosomes (to form autolysosomes), and contents are degraded in the acid environment with the help of acid
hydrolases. During chaperone-mediated autophagy (CMA), substrates bearing a KFERQ-like motif are recognized by a chaperone/co-
chaperone complex in the cytosol. This complex transfers the protein to the surface of the lysosomal membrane, where the binding to the
cytosolic tail of the LAMP2A receptor takes place. Binding causes LAMP2A multimerization and substrate unfolding, followed by the
translocation of the protein across the lysosomal membrane and its subsequent degradation by lysosomal hydrolases. Microautophagy is the
least understood process, consisting of the direct invagination of the lysosomal membrane to form intraluminal vesicles loaded with cytosolic
contents or organelles. Once inside the lysosome, these vesicles and their contents are then degraded. For further details see text.

systems display significant crosstalk, where deficiency in
one can be compensated by upregulation of the other one,
thus further complicating the interpretations of causal
relationships between deficits in specific proteostasis
pathways and neurodegeneration in PD [7, §8].

DEFECTIVE AUTOPHAGY AND PD

The presence of LBs in sporadic PD patients suggests
that defects in autophagic clearance of protein aggregates
may contribute to disease pathomechanisms. In addition,
accumulation of autophagosomes and/or lysosomal depletion
have been observed in the substantia nigra pars compacta
from postmortem brains of PD patients, as well as in animal
models [9, 10], further hinting towards a deficit in proper
autophagic-lysosomal clearance mechanisms.

The most compelling evidence for a link between
aberrant autophagy and PD has come from genetic findings.
Whilst PD is largely a sporadic disease with unknown
etiology, around 10 % of cases are inherited. Mutations in
several genes have been shown to cause familial forms of PD
with either autosomal-dominant or recessive modes of
inheritance. Strikingly, the dysfunction of all of those gene
products is intimately linked to alterations in autophagic/
lysosomal pathways, as further outlined below.

Autosomal Dominant PD Genes and their Links to
Autophagy

o-synuclein is a naturally unfolded and aggregation-
prone protein, and a major constituent of LBs in both
sporadic and familial PD. The normal function of o-
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synuclein seems related to the regulation of vesicle fusion
through modulation of SNARE proteins [11,12].
Interestingly, those proteins are also involved in autophagic
vesicular fusion events [13]. Some studies indicate though
that its normal physiological role may be divergent from its
pathogenic role in disease [14].

o-synuclein plays a role in familial PD, as both point
mutations as well as triplications of the a-synuclein locus
have been found to cause autosomal-dominant PD [15]. The
latter indicates that elevated wildtype o-synuclein protein
levels can cause cytotoxicity, and thus that enhanced
clearance of this protein may confer neuroprotection. o-
synuclein can be degraded by both the UPS as well as by
autophagic-lysosomal pathways [16-18]. The relative
efficacy by which it is degraded by one versus the other
pathway seems to be dependent on its precise oligomeric state,
and may be further modulated by various posttranslational
modifications [19, 20]. /n vivo studies using a-synuclein
transgenic mice indicate that under normal conditions,
degradation seems mainly mediated by the UPS, whilst
under conditions of increased a-synuclein burden, autophagic-
lysosomal degradation events may become more prominent
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[21]. Apart from being degraded by the main cellular
proteolytic systems, it is also able to interfere with their
normal functioning, and in this manner may contribute to
neurodegeneration [20]. Whilst the precise mechanisms by
which wildtype o-synuclein impairs autophagy remain
unclear, it seems to depend on overall protein levels and/or
aggregation state. On the one hand, overexpression of the
protein compromises autophagy via inhibition of Rabla and
subsequent alterations of the very initial steps of
autophagosome formation dependent on Atg9 (Fig. 2) [22].
On the other hand, aggregates of o-synuclein have been
shown to be resistant to degradation and may impair
autophagy via reduced autophagosome clearance (Fig. 2)
[23]. Together, these data indicate that excess protein levels
and/or distinct o-synuclein aggregates may interfere with
autophagy at both early (induction) and late (clearance)
steps, and this may further depend on additional factors such
as metabolic activity [24].

o-synuclein has also been reported to interfere with
CMA [17,25]. Whilst wildtype o-synuclein is degraded by
this pathway, mutant forms seem to tightly bind to the CMA
receptor on the lysosomal membrane, without being able to
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Fig. (2). Effects of o-synuclein and other gene products linked to familial PD at various points along the autophagic pathway. Wildtype o-
synuclein seems to interfere with autophagy induction by mislocalizing Atg9. In addition, o-synuclein aggregates can also impair autophagy
at a later stage, and mutant a-synuclein can impair CMA. Mutant LRRK?2 seems to interfere with autophagic clearance of autophagosomes,
and also with CMA. Vps35 seems to interfere with the proper delivery of lysosomal hydrolases, thus causing reduced lysosomal functioning.
Mutations in Parkin and PINK1 interfere with proper autophagic clearance of defunct mitochondria, causing a buildup of these organelles
and failure to properly meet metabolic demands. Both mutant GBA and ATP13A2 decrease lysosomal degradative capacity. In all cases, this
may lead to the toxic buildup of alpha-synuclein, causing further o-synuclein-mediated autophagic impairment and eventual cellular demise.
See text for more details.
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be properly transported across into the lysosomal lumen.
This not only interferes with the degradation of o-synuclein
per se, but also with the degradation of other CMA
substrates (Fig. 2) [17]. Posttranslational modifications or
the aggregation state of o-synuclein also seem to interfere
with their degradation by CMA, thereby causing an increase
in o-synuclein levels followed by cytotoxicity [25].
Together, these data suggest a destructive feed-forward
mechanism whereby o-synuclein triggers inappropriate
autophagic degradation, leading to increased protein levels
and/or aggregation, which further compromise autophagy
and cause eventual cell death.

In contrast to mutations in o-synuclein, which are a
relatively rare cause for familial PD, autosomal-dominant
mutations in LRRK?2 are the most common genetic cause of
PD, and variations in the LRRK?2 gene increase risk for PD,
indicating that this protein is central to our understanding of
mechanisms underlying PD pathogenesis. A large variety of
reports support the notion that LRRK2 plays a role in
autophagy [26]. Whilst knockdown or kinase inhibition seem
to cause increased autophagic flux [27, 28], pathogenic
mutant LRRK?2 elicits phenotypes consistent with a block in
autophagy, leading to accumulation of undegraded material,
lysosome-like structures and lipid droplets in cell as well as
animal model systems [29-38]. Whilst the precise mechanisms
for the LRRK2-mediated alterations in autophagy remain
unclear, they likely involve alterations in endolysosomal
functioning (Fig. 2) [26]. In addition, LRRK2 can be
degraded by CMA, and pathogenic mutants interfere with
the CMA pathway, causing a buildup of o-synuclein [39],
consistent with the observation that LRRK2-dependent
neurodegeneration is o-synuclein-dependent (Fig. 2) [40].
Interestingly, brain-specific deletion of an essential
autophagy gene causes accumulation of both endogenous o-
synuclein and LRRK2 and delayed neurodegeneration,
suggesting that the turnover of both proteins depends on
proper autophagic clearance mechanisms [41]. Whilst the
increased o-synuclein levels may in part be responsible for
the heightened cellular toxicity, an increase in LRRK2
levels, possibly accompanied by an increase in overall
cellular LRRK?2 kinase activity interfering with proper
autophagic flux, may contribute as well [41, 42].

Mutations in vacuolar protein sorting 35 (Vps35) cause
a late-onset dominantly-inherited parkinsonian syndrome
[43, 44]. Vps35 is part of the retromer complex which
mediates retrograde transport from late endosomes to the
trans-Golgi network. This may result in abnormal delivery of
endolysosomal proteases and thus reduced degradation of
proteins including o-synuclein (Fig. 2) [45]. Recent studies
indicate a link between Vps35, eukaryotic translation
initiation factor 4G (EIF4G1) and o-synuclein [46]. Whilst
the precise mechanisms remain to be elucidated, EIF4G1
plays a crucial role in translation initiation, suggesting an
involvement of proteotoxic stress, leading to the accumulation
and misfolding of proteins, including a-synuclein, instigated
by upregulation of EIF4G1 expression. This is reminiscent
of findings that pathogenic LRRK2 may cause an overall
increase in protein synthesis, which may lead to proteotoxic
stress [47]. In addition, even though the precise mechanism(s)
remain to be determined, recent studies suggest a link
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between pathogenic LRRK2, Vps35 and Rab7L1, a candidate
gene for the PARK16 locus [48]. Altogether, autosomal
dominant PD-related genes all seem to converge on altering
late endosomal membrane trafficking, causing autophagic
deficiencies associated with enhanced o-synuclein toxicity.

Autosomal Recessive PD Genes and their Links to
Autophagy

Mutations in parkin and PINK1 (PTEN-induced kinase 1)
cause autosomal-recessive familial PD [49]. Both seem to
work together in mitochondrial quality control by mediating
mitophagy, the autophagic degradation of mitochondria.
PINK1 seems to accumulate on the outer membrane of
damaged mitochondria and recruit parkin to those dysfunctional
organelles in a manner requiring phosphorylation and
ubiquitylation [50-56]. Once recruited to mitochondria,
parkin then seems to ubiquitinate various outer mitochondrial
membrane proteins to trigger selective mitophagy, even
though additional receptor-mediated mitophagy mechanisms
exist which are able to recruit LC3, promoting the
sequestration of mitochondria into the autophagosomal
isolation membrane, followed by autophagic mitochondrial
clearance [57, 58].

Apart from the genetic links between mitochondrial
clearance deficits and PD, studies of environmental toxins
are consistent with the idea that mitochondrial stress is a
central component of PD pathogenesis [59]. In addition,
mitochondrial DNA deletions accumulate in substantia nigra
neurons with age, and are more prominent in PD patients as
compared to age-matched controls [60, 61]. The failure to
clear damaged mitochondria by mitophagy may then lead to
a buildup of those organelles, interefere with mitochondrial
fission and/or biogenesis, associated with a failure to
regulate changes in steady-state mitochondrial number to
meet metabolic demands and causing cellular demise.

PD-Related Genes and Lysosomal Impairments

As autophagic cargo eventually needs to be degraded in
the acidic environment of lysosomes, any deficiency in
lysosomal clearance mechanisms will impact upon
autophagic flux. For example, fusion of autophagosomes
with endolysosomes requires a number of proteins including
Rab7 and SNARE proteins [13, 62, 63]. Consistent with
inducing a late autophagic deficit (Fig. 2), pathogenic mutant
LRRK2 has recently been shown to decrease Rab7 activity
[64]. Similarly, deficits in endolysosomal acidification,
decreased lysosomal content or alterations in the activity of
lysosomal hydrolases would negatively affect autophagic
clearance.

Consistent with a link between lysosomal deficits and
PD, at least two genes which encode for lysosomal proteins
have been linked to parkinsonism [49]. Homozygous
mutations in the lysosomal enzyme glucocerebrosidase
(GBA) cause Gaucher’s disease, a lysosomal storage
disorder. A subset of those patients have been shown to
display parkinsonism, and heterozygous mutation carriers
display an increased risk of developing PD [65]. As
intralysosomal GBA  catalyzes the conversion of
glucosylceramide to glucose and ceramide, increased risk
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may be due to decreased lysosomal degradative capacity due
to accumulation of glucosylceramide. Interestingly, this
seems to promote o-synuclein oligomer formation (Fig. 2),
further impairing trafficking of GBA from the ER and Golgi
to lysosomes, thus comprising a positive feedback loop
leading to neuronal cell death [66].

Mutations in ATP13A2 are responsible for a type of
autosomal-recessive  parkinsonism called Kufor-Rakeb
syndrome [67]. ATP13A2 is a lysosomal P-type ATPase
responsible for cation transport. ATP13A2 mutant cells
display lysosomal impairments including lysosomal membrane
instability, deficits in lysosomal acidification, defects in
the clearance of autophagosomes and accumulation of
o-synuclein (Fig. 2) [68-70]. Finally, a recent report
indicates that mutations in DNAJC13 may cause PD [71]. As
DNAIJCI13 is known to regulate the dynamics of endosomal
clathrin coats, these findings again indicate that deficits in
endo-lysosomal trafficking, recycling and degradation may
underlie pathomechanisms in PD [72-74].

MECHANISTIC CONSIDERATIONS OF AUTOPHAGY

In most non-neuronal cells, autophagy takes place at a
low basal level, and is activated upon various stresses such
as nutrient starvation. Furthermore, autophagy is regulated
under non-starved conditions by a variety of extracellular
factors including growth factors, cytokines and chemokines.
In contrast, as neurons depend almost exclusively on glucose
to provide both energy and carbon chains for protein
synthesis, autophagic responses in those cells are likely more
related to the clearance of protein aggregates, damaged
organelles or neuritic remodeling, rather than the generation
of amino acids and energy. Indeed, neurons display high
constitutive autophagic activity to maintain homeostasis, and
genetic suppression of basal neuronal autophagy causes
neurodegeneration in rodents [75, 76]. By analogy, the
particular need of neurons for such high basal autophagy
may explain why mutations in some PD genes which are not
expressed in a neuron-specific manner do not cause wider
systemic health problems. Furthermore, it is likely that
different neuronal subtypes will display distinct susceptibilities
to protein aggregation and other types of cellular stresses.
Thus, they may display distinct autophagic needs and
respond differently to autophagy modulators. It also needs to
be considered that neuronal autophagy will be highly
sensitive to deficits in vesicular trafficking events. This is
because o-synuclein displays a largely presynaptic localization
[77], and autophagosomes generated in response to abnormal
o-synuclein burden or mutations in o-synuclein will require
retrograde transport from the synapse back to the soma
where they can fuse with the perinuclearly localized
endolysosomes [78]. The high basal autophagic activity and
the unique morphology of neurons needs to be taken into
account when attempting to design strategies to modulate
autophagic deficits associated with PD.

Autophagy can be subdivided into distinct steps including
induction, vesicle nucleation, expansion/elongation, cargo
recognition, and vesicle closure, followed by fusion of the
autophagosome with endosomes or lysosomes, which results
in autophagosome clearance (Fig. 1). All these steps are
controlled by a series of genes called autophagy-related
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genes (ATGs) [4]. Autophagy induction can occur in a
mammalian target of rapamycin (mTOR)-sensitive or
insensitive manner, respectively. Starvation-induced autophagy
is mainly regulated by mTOR, a phosphoinositide-3-kinase
(PI3K)-related serine/threonine protein kinase. mTOR can
form two distinct complexes (mTORC1 and mTORC2)
involved in distinct signalling cascades [79]. The mTORCI1
complex suppresses the autophagy pathway under nutrient-
rich conditions, and is inactivated by several cellular signals
including alterations in amino acid concentrations, ATP
levels or growth factors. Its inactivation leads to changes in
the phosphorylation state of a variety of proteins including
ULKI1. This causes activation of ULKI, resulting in the
translocation of the Vps34 complex to the PAS (Fig. 1) [80].
The Vps34 complex is comprised of distinct proteins
including Vps34, Vpsl5, Atgl4L, AMBRA and beclin 1.
Vps34 is a type III PI3K, allowing for generation of
phosphatidylinositol-3-phosphate (PI;P) and formation of the
PAS. This site may be formed at distinct intracellular
locations including the ER, mitochondria and the plasma
membrane. Generation of PI;P allows binding of additional
proteins to the membrane including WIPI-1, WIPI-2 and
DFCPI in a process termed autophagy nucleation. Vesicle
expansion/elongation and closure are mediated by two
ubiquitin-like cascades, the Atg5-Atgl2-Atgl6L and LC3
cascades, with conjugation of phosphatidylethanolamine to
LC3 being a crucial reaction (Fig. 1). On conjugation, the
soluble LC3-I translocates to the autophagosome membrane
where it is referred to as LC3-II. Autophagosomes then
undergo microtubule-mediated transport to a perinuclear site
where they fuse with endolysosomal structures. Efficient
degradation of sequestered material in the lysosome requires
proper functioning of endolysosomal hydrolases, whose
activity is dependent on intralysosomal acidity. Upon
lysosomal degradation, free amino acids, nucleotides, fatty
acids and other components are released back into the
cytosol and reused for biogenesis [4].

Autophagy is also controlled through mTOR-independent
pathways. These pathways have been discovered by
pharmacological screens to identify new molecular targets
which enhance autophagy [81, 82]. They involve various
signalling cascades implicating alterations in cAMP, calcium
and inositol phosphate levels (Fig. 3). Inositol signalling
seems to negatively regulate autophagy. G-protein-coupled,
receptor-mediated activation of phospholipase C (PLC)
causes the generation of IP; and diacylglycerol. IP; binds to
IP; receptors on the ER to release calcium into the cytosol.
IP; is degraded by a 5-phosphatase and inositol polyphosphate
1-phosphatase (IPPase) to form inositol phosphate, which is
further hydrolyzed by inositol monophosphatase (IMPase)
into free inositol. Increasing intracellular free inositol or IP;
levels inhibits autophagosome formation, whilst inositol-
lowering agents induce autophagy. Importantly, most of the
observed effects of altered inositol signalling on autophagic
turnover may be due to altered intracellular calcium signalling,
supported by findings that genetic or pharmacological
inhibition of IP; receptors stimulates autophagy. Indeed,
intracellular calcium levels seem to play complex inhibitory
effects on autophagy, which may depend on the precise
locale of the calcium source. Calcium released from
intracellular stores seems to block autophagic flux by
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Fig. (3). Regulation of autophagy by mTOR-dependent and -independent pathways. Rapamycin or its analog CCI-779 inhibit mTORCI,
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overexpression of beclin 1, or of a peptide derived from it, respectively. A variety of mTOR-independent means to induce autophagy have
been described, which seem to work along a cyclical pathway involving changes in cAMP, inositol signalling and intracellular calcium levels.
Increased cAMP levels seem to inhibit autophagy, and blocking adenylate cyclase induces autophagy. cAMP activates PLC, generating IP;,
which seems to inhibit autophagy. IP; causes calcium release from ER stores, and increased intracellular calcium inhibits autophagy.
Therefore, decreasing cytosolic calcium levels by blocking calcium release from the ER, or by blocking calcium entry through calcium
channels, enhances autophagy. Similarly, decreasing intracellular free inositol or IP; levels induces autophagy. Calcium also activates calpain,
which in turn activates adenylate cyclase through Gsalpha, thereby creating a negative feedback loop resulting in the generation of more IP;,
more calcium release from internal stores, and more autophagy inhibition. The precise mechanism(s) by which calcium inhibits autophagy
remain unclear, but involve both early steps by inhibiting autophagosome synthesis, as well as late steps by interfering with autophagosome-
lysosome fusion. Apart from these pathways, autophagy can also be upregulated by expression of TFEB, causing a coordinated increase in the
expression of autophagy-related and lysosomal genes, by spermidine and resveratrol, which cause varied epigenetic changes to enhance
autophagic flux, and by LAMP2A, which causes an increase in CMA. For further details see text.
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Table 1. Autophagy enhancers, mode of action and evidence for beneficial effects in cellular and in vivo models of PD.
Compound Mode of Action In vitro In vivo Refs.
rapamycin, CCI-779 mTORCI inhibitor yes yes [10, 85-87]
latrepirdine neuroactive reagent mTORCI inhibitor (?) yes yes [96]
lithium IMPase inhibitor, reduction in inositol and IP; levels yes unclear [82]
valproic acid MIPS inhibitor, reduction in inositol and IP; levels yes n.d. [82]
carbamazepine anti-epileptic agent reduction in inositol and IP; levels yes n.d. [82]
verapamil loperamide nitrendipine nimodipine calcium channel antagonist reduction in cytosolic calcium yes n.d. [82]
nicardipine pimozide
2°5'ddA adenylate cylase inhibitor reduction in cAMP levels yes n.d. [82]
calpastatin inhibition of calpain yes n.d. [82]
spermidine histone acetyltransferase inhibitor yes yes [82]
resveratrol sirtuin-1 activator yes yes [82]
trehalose unknown yes yes [88-90]

increasing autophagosome numbers whilst decreasing
autophagic clearance by blocking autophagosome-lysosome
fusion, whereas influx of extracellular calcium seems to
inhibit autophagy at the level of autophagosome synthesis.
Calcium channel antagonists have been found to increase
autophagosome synthesis and autophagic substrate clearance
by decreasing cytosolic calcium levels, again supporting the
notion that mTOR-independent autophagy is intimately
linked to altered intracellular calcium concentrations (Fig. 3).
Increased cytosolic calcium is also known to activate
calpains, which are calcium-dependent cysteine proteases.
Calpains seem to inhibit autophagy by cleaving the alpha-
subunit of heterotrimeric G proteins (Gsalpha), which
increases the activity of adenlyate cyclase and thus generates
cAMP. Generation of cAMP is known to inhibit autophagy
via activation of PLCepsilon, which generates IP; and then
inhibits autophagy, as described above (Fig. 3). Thus, a
cAMP pathway seems to converge on an inositol signalling
pathway to increase intracellular calcium levels, which
negatively regulates autophagy, creating a negative
inhibitory loop between the different pathways [82].

Apart from non-selective autophagy, various selective
types have been described which are dependent on specific
cargo recognition. This is achieved by adaptor proteins
which recognize both the substrate (through ubiquitin-
binding domains) and the autophagy machinery (through an
LC3-interacting region). Those receptors include p62, as
well as a set of other proteins implicated in different types of
selective substrate degradation [4]. In summary, autophagy
is comprised of a coordinated and complex set of reactions,
with deficiencies in early steps able to cause autophagosome
accumulation, and deficiencies in late steps able to cause
accumulation of autolysosomes containing incompletely
digested material and/or other endolysosomal alterations.

AUTOPHAGY: A PROCESS AMENABLE TO DRUG
TARGETING STRATEGIES AGAINST PD

As discussed above, deficits in the autophagy pathway
may be associated with both sporadic and familial forms of
PD, resulting in the accumulation of protein aggregates and
damaged organelles, eventually causing cellular demise.
Thus, targeting autophagy by chemical or genetic means
may prove beneficial to neuronal survival [82-84]. However,
towards successfully applying such strategy, it is important
to know which step(s) along the autophagy pathway are
being compromised. Deficits in early steps may be
compensated by autophagy inducers, but if late steps are
affected, such as proper endolysosomal functioning,
autophagy inducers may actually have deleterious effects,
causing a further overload of the cellular degradation system.

A variety of studies have evaluated the effects of
autophagy inducers in different PD model systems (Fig. 3,
Table 1). This can be pharmacologically achieved in mTOR-
dependent as well as -independent ways. Rapamycin and its
analog CCI-779 are highly specific mTOR inhibitors, and
have been shown to have beneficial effects in various in vitro
and in vivo models of PD, leading to reduced accumulation
of o-synuclein aggregates and attenuation of neuronal cell
death [10, 85-87]. However, mTOR is also known to regulate
other cellular processes, such that the reported beneficial
effects may be triggered, at least in part, by autophagy-
independent mechanisms. In addition, rapamycin is known
to suppress some, but not all actions of mTOR. Indeed,
torinl, a full catalytic mTOR inhibitor, seems not to be
protective, but rather induces neuron death [85].

A whole range of FDA-approved compounds able to
induce mTOR-independent autophagy have been described,
even though they have not been extensively studied for their
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beneficial effects in PD models (Fig. 3, Table 1). These
include inhibitors of inositol monophosphate phosphatase
(IMPase) (lithium, L-690,330), inositol-lowering agents
(carbamezipine, valproic acid), calcium channel blockers
(verapamil, loperamide,  nitrendipine, nimodipine,
nicardipine, pimozide), calpain inhibitors (calpastatin,
calpeptin), Gsalpha inhibitor (NF449), adenylate cyclase
inhibitor (2°5°ddA), or IP;R antagonists (xestospongin B)
[82]. Other molecules shown to induce autophagy include
trehalose, a non-reducing disaccharide and an FDA-approved
compound. Interestingly, trehalose seems to induce
autophagic degradation of aggregate-prone proteins in
cultured cells [88] and displays neuroprotective effects in
various PD animal models (Fig. 3, Table 1) [89,90]. This
may occur because of a trehalose-mediated transcriptional
upregulation of a series of autophagy-related genes [91]. A
major issue which will need to be addressed is the relative
ability of these compounds to cross the blood-brain barrier.
Whilst some compounds such as CCI-779, lithium,
carbamazepine, dihydropyridines such as nimodipine and
nitrendipine or phenylalkylamines such as verapamil easily
cross the blood brain barrier, limited data are available for
some of the other compounds including trehalose. When
ingested, trehalase enzyme, which hydrolyzes trehalose to
glucose, is present in significant amounts in the small
intestine, such that little trehalose will enter the bloodstream.
There is currently no convincing evidence that trehalose can
cross the blood brain barrier, and cells are essentially
impermeant to trehalose in the absence of its specific
transporter [92], which has not been described in neurons,
even though trehalose derivatives may comprise more
suitable alternative compounds for future applications.

Additional molecules currently under investigation seem
to work through indirect means, such as spermidine and
resveratrol, which enhance autophagy by inducing epigenetic
changes [93]. In addition, induction of mild endoplasmic
reticulum (ER) stress by tunicamycin has been found to
provide neuroprotection in a PD model due to upregulation
of autophagy [94]. Thus, there may be significant crosstalk
between the different proteostasis systems including
autophagy, the UPS, the unfolded protein response in the
ER, the heat-shock response and other quality control
mechanisms [95]. Finally, some autophagy inducing
molecules work through largely unknown mechanisms. For
example, latrepirdine (dimebon), a neuroactive compound
associated with neuroprotection and neurogenesis in mice,
seems to cause a reduction of o-synuclein levels in vitro as
well as in mice, possibly by inhibiting mTORCI functioning
(Fig. 3, Table 1) [96].

Apart from pharmacological approaches, gene therapy
and modified peptide approaches are being pursued as well,
and display the added benefit that they can be employed in
an organ-specific manner. For example, overexpression of
beclin 1, part of the Vps34 complex described above, via
gene transfer into the brains of o-synuclein transgenic mice
significantly ameliorates the synaptic pathology and reduces
the accumulation of o-synuclein (Fig. 3) [97]. Inducing
autophagy by a peptide derived from beclin 1 similarly has
been reported to be beneficial in clearing various protein
aggregates [98]. In addition, apart from enhancing autophagy
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induction, enhancing lysosomal capacity may be another
promising strategy to decrease toxic accumulation of
proteins and protein aggregates. The currently most
promising approach involves expression of transcription
factor EB (TFEB), which translocates to the nucleus and
coordinately upregulates the expression of genes involved in
lysosome biogenesis as well as in autophagosome formation
[99]. Overexpression of TFEB in an in vivo model of a-
synuclein toxicity seems to cause neuroprotection by
clearing o-synuclein oligomers in midbrain dopaminergic
neurons (Fig. 3) [100]. As CMA comprises a pathway to
eliminate o-synuclein, modulation of CMA may be a good
therapeutic approach as well. Indeed, overexpression of
LAMP2A, the CMA receptor on the lysosomal membrane,
has been found to promote the clearance of o-synuclein in
dopaminergic neurons and to reduce cell loss [101].
Unfortunately, there are no synthetic inducers or activators
of beclin 1, TFEB or the CMA pathway known to date.
Finally, if molecular pathways underlying neurodegeneration
are shared between sporadic and familial PD, targetting
GBA ceither by pharmacological chaperones or enzyme
replacement therapies [102-104], or modulating the
enzymatic activities of LRRK2 [105] may revert autophagic
deficits common to the entire disease spectrum.

CONCLUSIONS

Pharmacological manipulations of autophagy may delay
neurodegeneration associated with PD. However, as outlined
above, the specific mechanisms for the autophagy defects
may be distinct dependent on the underlying cause for the
disease (e.g. mutations in one versus another specific gene
causing familial PD, or causes underlying sporadic PD).
Cellular responses associated with those autophagic
alterations may further vary across the specific stages of the
disease, such that autophagy enhancers may be detrimental
in certain contexts and/or treatment windows. In addition, it
will be important to define the dynamic range of autophagy
enhancement within which it can be optimally exploited
without adverse side effects due to over-degradation of
cellular components.

Several small molecule autophagy modulators targeting
both mTOR-dependent and -independent pathways have
been investigated for their beneficial therapeutic effects.
Some are already FDA-approved drugs, and several clinical
trials are currently underway. However, it will remain a
challenge to define chronic treatment regimens with
adequate drug concentrations to avoid detrimental effects of
overactivating autophagic pathways. In addition, it needs to
be kept in mind that most available drugs also target other
biological processes apart from autophagy, highlighting the
need for novel pharmacological agents displaying higher
specificity and improved pharmacokinetic and safety
properties. Alternative approaches such as gene therapy,
whilst more specific and able to be targeted to affected
tissues, are associated with other safety issues. Importantly,
there will be a need to develop sensitive biomarkers to
evaluate the in vivo efficacy of autophagy modulators.
Finally, since autophagy plays important roles for various
cellular processes in non-neuronal tissues [106], secondary
effects may be hard to control, and it may be necessary to
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engineer autophagy inducers to be targeted to specific cell
types or tissues. Whilst much work is needed to assure
successful implementation of autophagy modulators as a
valid drug strategy against PD, current data indicate their
potential as future therapeutic compounds.
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CMA = chaperone-mediated autophagy
ER = endoplasmic reticulum

GBA = glucocerebrosidase
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