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Abstract
Parkinson’s disease (PD) is characterized by the presence of insoluble protein clusters containing α-synuclein. Impairment 
of mitochondria, endoplasmic reticulum, autophagy and intracellular trafficking proper function has been suggested to be 
caused by α-synuclein toxicity, which is also associated with the higher levels of ROS found in the aged brain and in PD. 
Oxidative stress leads to protein oligomerization and aggregation that impair autophagy and mitochondrial dynamics leading 
to a vicious cycle of organelles damage and neurodegeneration. In this review we focused on the role of α-synuclein dysfunc-
tion as a cellular stressor that impairs mitochondria, endoplasmic reticulum, autophagy and cellular dynamics culminating 
with dopaminergic depletion and the pathogenesis of PD.
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Introduction

Parkinson’s disease (PD) was initially described by James 
Parkinson in 1817 [1], it is the second most common age-
related neurodegenerative disease, after Alzheimer’s disease, 
and the most common motor disease [2]. There are, in 2018, 
approximately 10 million diagnoses of PD worldwide affect-
ing 2% of the population over 60 years of age, with men 
being 1.5 times more prone to PD than women do [3].

Clinical symptoms of PD include motor dysfunctions 
such as muscle rigidity, bradykinesia, balance disturbances, 
and resting tremor, besides non-motor symptoms such as 
cognitive decline, depression, gastrointestinal symptoms, 
and olfactory and gustatory deficits in the early stages of 
the disease, while mood alteration, sleep disturbances, and 
dementia typically occur in advanced stages of PD [4].

Studies of post-mortem brains from PD patients revealed 
the presence of cellular inclusions called Lewy bodies, 

which contain α-synuclein among other proteins. Indeed, 
since the identification of α-synuclein as the main protein 
associated with Parkinson’s disease, in late nineties, it has 
been the major therapeutic target of synucleinopathies 
[5], although no major conclusive advances were reached. 
Quantification of α-synuclein levels is also important for PD 
diagnosis, however precise clinical diagnosis and evaluation 
progression of PD is still challenging, since the access to 
α-synuclein levels in cerebrospinal fluid (CSF) and biopsies 
are not trivial, due to the invasiveness, which stimulated the 
investigation of blood and saliva, as alternative source of 
α-synuclein as a biomarker of PD [6].

Accumulation of α-synuclein in both neurons and glia 
precedes degeneration of dopaminergic (DA) neurons 
located in the substantia nigra (SN). Therefore, α-synuclein 
aggregation is considered a hallmark of both sporadic and 
familial PD being extensively investigated. Alpha-synuclein 
evokes a global toxicity to cells that is time-dependent and 
impairs proper function of mitochondria, lysosome and other 
organelles and compartments. However, molecular mecha-
nisms involved in α-synuclein toxicity upon cells are still a 
matter of investigation.

The current review presents an overview of the mecha-
nisms of PD pathogenesis related to α-synuclein toxicity, 
focusing on intracellular impairment and oxidative stress.
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Characteristics of α‑Synuclein

Alpha-synuclein is a small acidic protein composed of 140 
amino acids divided in three domains: the N-terminus, the 
non-amyloid component (NAC) and the C-terminus. The 
lipid-binding α-helixes are formed by seven repeats of 11 
amino acids containing the conserved KTKEGV hexameric 
motif. The NAC is the core of α-synuclein and is reported 
to form fibrils and aggregation. The C-terminus is an acidic 
unstructured tail that is important to prevent α-synuclein 
aggregation. Neutralization of the acidic residues or phos-
phorylation of serine 129 leads to the annulation of the 
inhibitory effect of C-terminus over NAC that ending up 
in α-synuclein aggregation [7, 8] (Fig. 1). A recent study 
reported that the C-terminus also interacts with the mem-
brane of synaptic vesicles depending on calcium concentra-
tions favouring neurotransmitter release [9].

Alpha-synuclein is a neuronal presynaptic protein criti-
cally involved in recycling vesicles at synapses, including 
their trafficking, docking, and endocytosis at the presynap-
tic membrane. It is also found in the soma, nucleus, den-
drites and axons. In DA neurons specifically, α-synuclein is 
important for the synthesis, regulation, storage, and release 
of dopamine; it is a crucial protein for synaptic plasticity 
[10]. Moreover, α-synuclein interacts with membrane lipids, 
such as those from mitochondria and endoplasmic reticulum 
(ER), impacting on dopamine release and calcium homeo-
stasis. It interacts also with structural proteins, like tubulin, 
playing a role on microtubule dynamics [11, 12].

Excess of α-synuclein interacts with tyrosine hydroxy-
lase (TH) to inhibit dopamine biosynthesis, and with the 
dopamine transporter (DAT) impairing dopamine uptake and 
storage [13]. Overexpression of wild type (WT) α-synuclein 
or expression of the mutant A53T form reduces dopamine 
release via covalent binding to dopamine and/or modulation 

of TH; this disrupted dopamine metabolism leads to cell 
toxicity in part because the increase dopamine accumula-
tion generates intracellular oxidative stress [14]. The A30P 
mutation of α-synuclein disrupts the N-terminal α-helix and 
reduces the ability of α-synuclein to interact with lipid mem-
branes. Its toxicity may be related to the increased mobility 
from cytoplasm to nucleus and its inhibitory effect on chro-
matin acetylation. On the other hand, the mutation A53T 
does not affect the affinity of α-synuclein to membranes, 
but is associated with an increased propensity to aggrega-
tion, which may be due to the increased spreading, leading 
to early-onset PD [7] (Fig. 1).

Spreading of α‑Synuclein

Experiments with both A53T, A30P or other mutant forms 
of α-synuclein reveal that the oligomeric β-sheet-rich sec-
ondary structure of α-synuclein is highly toxic and is also 
crucial to PD pathology [15]. During PD pathogenesis, solu-
ble oligomers with high membrane-binding affinities may 
spread among neurons and glia [16] through pores formed in 
the involved cells. Studies on post-mortem brains of patients 
with PD who received fetal tissue grafts 10–15 years earlier, 
have found Lewy body-like structures in the graft tissue, 
suggesting that α-synuclein entered the graft cells from the 
surrounding host cells, similarly to the mechanisms of prion 
spreading [17].

Experiments using animal models to study the prion-
like properties of α-synuclein indicate that exposure to 
α-synuclein fibrils stimulated α-synuclein aggregates and 
synucleinopathy, including concomitant impairment in syn-
aptic function. Holmqvist and collaborators [18] revealed 
that monomeric, oligomeric, or fibrillar α-synuclein may be 
transported from the enteric nervous system to the brain via 
the vagus nerve, via the slow and fast intracellular microtu-
bule transport systems. These findings suggest an intimate 
relationship between α-synuclein translocation and aggre-
gate formation.

Oligomerization, Aggregation 
and Degradation of α‑Synuclein

Proteins normally fold to form three-dimensional structures 
in cells. However, incorrect folding may occur, causing mis-
folding or incomplete folding. These aberrant proteins may 
be prone to aggregate and spread [19].

Overexpression or anomalous conformation due to point 
mutations lead to oligomerization of α-synuclein and forma-
tion of amyloidogenic filaments [20]. These events subse-
quently generate aggregates and Lewy bodies. Furthermore, 
α-synuclein may form multimers by self-assemblage, which 

Fig. 1   Amino acid sequence of human α-synuclein evidencing the 
location of point mutations associated with early-onset PD (A30P, 
E46K, H50Q, G51D and A53T). The α-synuclein sequence is divided 
in N-terminus that adopts an α-helix secondary structure; non-amy-
loid beta component (NAC), that is prone to forming β-sheet aggre-
gates; and the C-terminus that is unstructured, negatively charged and 
inhibits α-synuclein aggregation. Seven imperfect repeats of 11aa 
(shaded) are predicted to interact with lipid membranes
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irreversibly produces insoluble aggregates. Mutant A53T 
α-synuclein appears to be more prone to aggregation (includ-
ing in dopaminergic neurons) than A30P or WT α-synuclein 
[21, 22]. The role of protein aggregation is unclear; however, 
neurotoxic effects of α-synuclein have been demonstrated 
to result from its propensity to form multiple oligomers and 
spread since α-synuclein aggregates extracted from patients 
with synucleinopathy showed high seeding activity when 
inoculated in mice brains [23]. In contrast, other studies 
indicate that oligomers (pre-aggregates) of α-synuclein or 
other proteins involved with neurodegeneration are more 
toxic than aggregates [24, 25], and aggregate formation has 
been suggested as a neuroprotective mechanism [26].

The real conformation of functional α-synuclein present 
inside the cells is a matter of controversy. Dettmer et al. 
[27] demonstrated the presence of α-synuclein monomers 
of 14 kDa, tetramers (60 kDa) and other multimers (80 and 
100 kDa) in normal human brain, suggesting a physiological 
role of these forms. It is speculated that the lack of balance 
between native tetramers and monomers causes the initia-
tion of neurodegeneration [28] due to the accumulation of 
insoluble α-synuclein forms.

The presence of insoluble α-synuclein in the cells may 
result from genetic mutations, which would disrupt the bal-
ance between α-synuclein forms, deficits in degradation, 
and exposure to oxidative conditions [29]. Stimulation of 
degradation pathways prevents the formation of insoluble 
α-synuclein inclusions [30, 31].

The monomeric form of the protein is predominantly 
degraded by chaperone-mediated autophagy (CMA); nev-
ertheless, when ser-129 is phosphorylated α-synuclein can 
be degraded by proteasome [32]. However, mechanisms that 
favor oligomeric and insoluble α-synuclein formation as a 
component of PD-associated neurodegeneration are not well 
understood. The general mechanisms of α-synuclein deg-
radation have been studied and the findings indicate that 
small inclusions of the protein and puncta aggregates are 
ubiquitylated and driven to the ubiquitin–proteasome sys-
tem. As proteasomes do not degrade large cargos, such as 
aggregates, degradation of aggregated α-synuclein occurs 
through autophagy [33, 34].

Both mutant and overexpressed wild-type α-synuclein 
disrupts the ubiquitin–proteasome system and autophagy; 
interestingly, dysfunction of degradation pathways also leads 
to accumulation and aggregation of α-synuclein. During 
aging and in the presence of large amounts of α-synuclein 
or mutant A53T α-synuclein, CMA and macroautophagy 
are inhibited [35].

Mitochondrial dysfunction may result from lysosome 
dysfunction combined with the presence of mutant A53T 
α-synuclein. Especially in DA neurons, impairment in 
non-functional mitochondria degradation causes a rapid 
increase reactive oxygen species (ROS) levels and induces 

neurodegeneration [36]. Figure 2 summarizes the effects of 
α-synuclein accumulation on cell degradation pathways, mito-
chondria function, DA release and ROS levels.

Mitochondria as a Source and Target 
of Reactive Oxygen Species

During PD, the activities of mitochondrial complexes I 
and IV are preferentially affected in DA neurons of the SN, 
thereby increasing ROS production. ROS can be generated 
by α-synuclein accumulation or the presence of mutant pro-
teins in cellular compartments such as the mitochondria and 
ER during cellular stress. Notwithstanding, ROS are pro-
duced primarily via the electron transport chain, at the inner 
mitochondrial membrane [37].

Mitochondria are crucial for the maintenance of healthy 
neurons, since these organelles are the source of ATP. Its 
DNA encodes 13 essential proteins involved in the res-
piratory chain and three short peptides (humanin, gau and 
MOTS-c) [38]. Interestingly, two independent studies using 
aged post-mortem brain showed that the mitochondrial DNA 
of DA neurons present more mutations than other neurons 
[39, 40].

Mitochondria are also involved in regulating apoptosis, 
calcium and ROS homeostasis. In healthy mitochondria, the 
electron transport chain induces a gradient of protons over 
the mitochondrial inner membrane, which is used for ATP 
synthesis. Electrons are extracted from reduced substrates 
and are transferred to molecular oxygen (O2), through a 
chain of enzymatic complexes (I to IV). In the last step of 
the electron transport chain, cytochrome c oxidase (complex 
IV) completely reduces O2 in water, with minimum forma-
tion of oxygen radicals. However, during mitochondrial 
dysfunction, partial reduction of O2 occurs more frequently 
than normal reduction, thereby generating increased radical 
superoxide anions; approximately 0.1–2% of O2 are partially 
reduced by mitochondria, although the actual rates in vivo 
may be less. The radical superoxide anion can be dismutated 
in H2O2 and O2 by the Cu/Zn-Superoxide dismutase (SOD) 1 
enzyme in the intermembrane space or in the mitochondrial 
matrix by MnSOD2 [41].

Mitochondrial dysfunction occurs during normal 
aging, leading to higher ROS production that accelerates 
α-synuclein aggregation and dopamine depletion, thereby 
initiating neurodegeneration.

Mitochondrial Dysfunction in Parkinson’s 
Disease

Human DA neurons are considered the greatest consumer 
of ATP since they form 2.4 million synapses and they are 
thought to be the neurons with more synapses connections 
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Fig. 2   Effects of soluble 
monomeric, oligomeric and 
aggregates of α-synuclein in 
normal aged neuron (a) and PD 
neurons (b). During the normal 
aging (a) α-synuclein mono-
mers are found in the cytosol 
and associated with membranes, 
especially of synaptic vesicles, 
it is degraded by the proteasome 
(1) via autophagy (2) such as 
organelles (3). During PD (b), 
the presence of α-synuclein 
oligomers causes cellular toxic-
ity involving the impairment of 
degradation pathways via pro-
teasome (1) or lysosome (2), the 
presence of α-synuclein oligom-
ers is associated with accumula-
tion of synaptic vesicles and 
decrease of dopamine release 
(3), and increased free radicals 
levels worsening the conse-
quences of protein accumulation 
and aggregation. Aggregation of 
α-synuclein alleviates the cel-
lular stress caused by oligomers, 
which partially recovers proteo-
stasis and neurotransmission. 
However, many PD neurons 
do not recover from the initial 
impairment caused by the pres-
ence of α-synuclein oligomers 
and end up dying. Factors such 
as aging, genetic susceptibil-
ity and environment influence 
neuronal fate
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[42]. Thus, mitochondria dysfunction inevitably contributes 
to neuronal death. Moreover, as stated earlier, given that a 
percentage of total oxygen consumed in normal conditions is 
converted to free radicals in the mitochondria, this organelle 
is a major source of ROS [43].

The presence of unpaired electrons during ATP produc-
tion facilitates ROS elevation, which can accelerate aging 
and activate antioxidant enzymes, including SOD and GPx, 
and antioxidant components such as DAT and vesicular 
monoamine transporter 2 (VMAT2), which drives dopamine 
precursor relocation from the intracellular medium to synap-
tic vesicles. Several studies propose that complex I disrup-
tion increases ROS levels in the mitochondrial matrix and 
the cytosol, leading to glutathione (GSH) depletion and cell 
death. In addition, ROS levels rapidly increase throughout 
tissues, including the PD brain and platelets of PD patients 
in cybrid models [44].

The mitochondrial electron transport chain produces 90% 
of ROS in cells and is localized close to mtDNA, thereby 
facilitating mtDNA mutations. Furthermore, mtDNA is not 
protected by histones and its replication is independent of 
cell cycle. Recently, mitochondrial DNA damage was linked 
to complex I deficiency and increased ROS in PD [45].

Compared to other tissues, the brain is more susceptible 
to mtDNA mutations, especially the SN. A study of healthy 
60-year-old participants found that > 40% of all mtDNA 
deletions occur in the SN [40]. Mutations in mtDNA and/or 
electron transport chain impairments lead to mitochondrial 
dysfunction and energy depletion. Damaged or depolarized 
mitochondria cause electron leakage, generating excessive 
ROS, and releasing pro-apoptotic factors such as cytochrome 
C, which initiate cell death [46]. Moreover, overexpression 
of α-synuclein, or the presence of its mutant forms inhibit 
mitochondrial complex I activity, increasing ROS produc-
tion. Curiously, basal expression of α-synuclein has been 
shown to protect against excessive ROS generation [47].

Mitochondria form a highly interconnected network 
throughout the neuron and its dynamics involves continu-
ous autophagic destruction via mitophagy. Maintenance of 
healthy mitochondrial functioning involves fusion and fis-
sion processes that alter mitochondrial morphology. Deficits 
in the fusion or fission machinery cause aggregation and loss 
of directed movement, thereby impairing correct mitochon-
drial migration to neurites. Furthermore, investigations of 
impaired fusion and fission have demonstrated spontaneous 
generation of mtDNA mutations in neurodegenerative dis-
orders such as PD [48].

Mitochondrial membrane damage and changes in mito-
chondria fission and morphology can result from interac-
tions with α-synuclein. In order to understand α-synuclein 
toxicity and analyze the consequences for mitochondrial 
dynamics, several models have been created to overexpress 
α-synuclein or transfect mutant forms of the protein. It was 

revealed that overexpression of α-synuclein inhibits mito-
chondrial membrane fusion and disturbs the mitochondria 
cycle, which leads to fragmented or swollen mitochondria 
that contain laminated bodies. Moreover, α-synuclein over-
expression increases colocalization of autophagosomes and 
mitochondria, whereas α-synuclein knockdown results in 
elongated mitochondria [49].

Mutant α-synuclein may also amplify mitochondrial 
dysfunction. A53T α-synuclein colocalizes to the mito-
chondrial membrane disrupting complex I and interfering 
with the fission process and autophagy machinery [50]. 
However, mitophagy is blocked, leading to the appearance 
of fragmented mitochondria. In addition, damaged mtDNA 
and dysmorphic mitochondria occur in A53T α-synuclein 
transgenic mice, and may have resulted from altered affinity 
of mutant α-synuclein to the mitochondrial membrane, given 
that α-synuclein primarily interacts with the outer mitochon-
drial membrane. However, during adequate ATP supply and 
pH changes, α-synuclein can migrate to the inner mitochon-
drial membrane quickly changing mitochondrial membrane 
potential, inhibiting complex I, and leading to aggregation 
of α-synuclein and fragmentation of mitochondria [51, 52].

Interaction Between Mitochondria and ER 
During α‑Synuclein Toxicity

A proper mitochondrial membrane potential is important 
for maintaining a normal ER morphology. Altered mito-
chondrial membrane potential is associated with ER frag-
mentation that allows calcium leakage and produces high 
intracellular levels of free calcium driving increased ROS 
and apoptosis [53]. These findings suggest that both ER 
stress and mitochondrial dysfunction contribute to DA neu-
rons degeneration. Interestingly, mitochondria morphologic 
changes, caused by interaction of α-synuclein with the mito-
chondrial membrane, are exacerbated by A53T α-synuclein. 
In contrast, A30P α-synuclein does not interferes directly 
with mitochondria morphology, since this mutation makes 
α-synuclein less interactive with monolayer lipid mem-
branes, as discussed earlier in this review [54].

It is suggested that mitochondria and ER are affected by 
α-synuclein toxicity; however, further research is needed to 
understand the details of crosstalk between these organelles 
in order to elucidate their dysfunction in PD.

Mitochondria and ER possess mutual membrane con-
tact sites, allowing direct contact for metabolite exchange, 
signaling involved in organelle dynamics, ATP metabolism, 
protein folding, and autophagy. Moreover, both organelles 
form contacts at synapses, where they promote calcium 
flow and synaptic activity [55, 56]. Together, these find-
ings strongly suggest that contacts between mitochondria 
and ER are essential to neuron survival. Furthermore, 
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mitochondrial fission processes occur near the ER contact 
sites even in the absence of mitochondrial fission factors. 
Besides that, the mitofusins, MFN1 and MFN2, which are 
proteins involved in mitochondrial fusion, depend on Miro1, 
a crucial protein associated with mitochondrial trafficking 
and dynamics. Miro1 is localized at contact sites between 
ER and mitochondria, and participates in mitochondrial and 
ER fission through interactions with the membrane contact 
sites between organelles [57].

Mitophagy also appears to be dependent on mitochon-
drial and ER membrane contact sites. Several ATG proteins, 
including the Atg8, are found at mitochondrial and ER con-
tact sites. Thus, mitochondrial and ER contact sites form a 
platform for mitochondrial biogenesis and degradation [58].

Investigations of mitochondria and ER contacts in PD 
indicate that α-synuclein co-localize to mitochondria and 
ER contact sites. Furthermore, α-synuclein overexpression 
decreases mitochondria and ER contacts (Fig. 3) and affects 
calcium transfer between these organelles. However, in the 
presence of the A30P or A53T α-synuclein oligomers con-
tacts between both organelles are further inhibited [59, 60]. 
This diminished organelle contact induces defective mito-
chondrial fission, blockage of autophagy and accumulation 
of impaired mitochondria [61].

There is a reciprocal relationship between mitochon-
drial dysfunction and ER stress. Post-mortem brains 

from patients with PD and animal models of PD both 
showed indications of ER stress. Overexpressed or 
mutant α-synuclein accumulates in the ER impairing pro-
tein folding and evoking ER stress. Furthermore, A53T 
α-synuclein increases ROS levels by impairing mitochon-
dria and ER function, thereby causing neuron death [62, 
63]. Stressed ER also generates ROS by decreasing GSH 
levels and transferring excessive calcium to mitochondria, 
which then also generate more ROS. GSH is the main 
molecule responsible for maintaining redox states in ER 
and mitochondria. Moreover, GSH oxidizes and activates 
the unfold protein response (UPR). In order to restore ER 
homeostasis, inositol-requiring enzyme 1 alpha protein 
(Ire1α) activates the UPR, which subsequently requires 
chaperones such as protein disulfide isomerase (PDI); 
this increases the folding and secretion of proteins to be 
degraded hence reestablishing the ER redox state. Secre-
tion of α-synuclein also promotes its own accumulation 
and contributes to Lewy body formation. Furthermore, 
α-synuclein, disrupt both the ubiquitin–proteasome system 
and autophagy, leading to ER stress and UPR activation 
[64] (Fig. 3).

In addition, accumulated protein in the ER favors calcium 
leakage to cytosol. Aggregation of α-synuclein is accelerated 
by increased levels of cytosolic calcium, which occur, prob-
ably by destabilization of c-terminus region of α-synuclein, 

Fig. 3   Effects of prolonged UPR activation by α-synuclein. Illustra-
tion of how α-synuclein affects the interaction, mediated by Miro, 
between the endoplasmic reticulum (ER) and mitochondria in nor-
mal healthy or Parkinson’s disease (PD) neurons. During PD, there is 
accumulation of oligomers and aggregates of α-synuclein, making the 
levels of chaperone PDI increase while, the levels of BiP decreased, 

both changes contributes to increase the consumption of reduced glu-
tathione (GSH), leading to increased levels of oxidized glutathione 
(GSSG), free radicals and release of calcium to cytoplasm, which col-
laborates to de decrease of mitochondrial membrane potential, culmi-
nating with death of DA neurons
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after calcium binding, and dislocation of the protein from 
lipid membranes [9, 65].

Mitochondria also play a role in calcium buffering. As 
the uptake of cytosolic calcium by mitochondria become 
excessive after the calcium release from the ER, mitochon-
drial metabolism is increased and elevates ROS production.

Furthermore, protein folding, which occurs in the ER, 
requires high levels of ATP. Therefore, prolonged UPR acti-
vation promotes high levels of ROS as illustrated in Fig. 3.

In DA neurons, UPR activates XBP1, which plays a role 
in activating gene expression to promote neuron survival. 
However, in the long-term presence of excessive or mis-
folded proteins, Hac1 mRNA activates apoptotic genes such 
as transcriptional factor CHOP that drives neurons to death. 
Therefore, UPR plays a paradoxical role in neurons; it ini-
tially activates mechanisms to ameliorate ER stress, how-
ever, long-term UPR activation induces cell death.

Recent studies of the first steps in neurodegeneration indi-
cate that alterations in intracellular trafficking are essential to 
neuron survival. Experiments in cells using different concen-
trations of α-synuclein expression, in the absence of aggre-
gates, revealed that high levels of this protein are associated 
with hyperphosphorylation of tau protein, which results in 
destabilization of microtubules and impaired intracellular 
trafficking of vesicles and organelles [66–68]. These find-
ings suggest that alterations in intracellular trafficking are 
in fact initial steps in neurodegeneration and may promote 
aggregate formation.

Alpha‑Synuclein Impairs Mitochondria 
Trafficking in PD

Mitochondrial quality control is essential to neuronal sur-
vival and involves trafficking mitochondria to neuronal 
regions that require more energy and returning mitochondria 
to the soma for recycling and repair, since there is where 
fusion and fission preferentially occur. The axons of DA 
neurons in the SN account for 95% of the cellular volume 
and recruit a significant portion of its energy. Disrupted 
mitochondrial trafficking impairs the ATP-supply at specific 
sites, such as synaptic terminals, and impairs new healthy 
mitochondria generation by fusion and fission processes 
in the soma [69]. Anterograde mitochondrial trafficking is 
the axonal transportation of mitochondria from the soma to 
the synaptic terminals. Retrograde transport to the soma is 
required during recycling, or in cases of mitochondrial dam-
age and dysfunction.

At the soma, mitophagy involves lysosomes and ubiqui-
tin–proteasome processes to degrade damaged mitochondria 
[70, 71]. Motor proteins from the kinesin family (KIFs), and 
other proteins such as dynein and dynactin, are responsible 

for maintenance of intracellular trafficking along the micro-
tubules [72].

Injuries to the cytoskeleton are responsible for rear-
rangement and movement of organelles in neurodegenera-
tive diseases, including PD [73]. Microtubules participate in 
diverse cellular functions including motility, cell division, 
and transportation of organelles, vesicles, and proteins, and 
maintenance of cellular morphology and general organiza-
tion of the cytoplasm. Microtubule dynamics is regulated 
by the concentration of free tubulin. Intriguingly, in PD, 
α-synuclein and Lewy bodies are colocalized with free 
tubulin and with the tubulin polymerization promoting pro-
tein (TPPP), suggesting that α-synuclein may disrupt intra-
cellular trafficking by impairing microtubule stabilization 
[74]. Whilst α-synuclein, in physiological environment, is 
hypothesized as a microtubule associates protein, as stated 
earlier in this review.

Accumulating evidence suggests that disrupted axonal 
transport is critical to PD development. It has been sug-
gested that α-synuclein may impair mitochondrial axonal 
transport by disturbing motor protein expression such as for 
dynein. In addition, α-synuclein appears to disrupt interac-
tions of these proteins with microtubules [12, 75]. During 
neurodegeneration, alterations in motor proteins may have 
consequences for mitochondrial trafficking. Expression of 
the anterograde motor proteins KIF1Bα and KIF5 and the 
retrograde motor proteins dynein, dynactin, and syntaphi-
lin, is altered prior to protein aggregation in cell cultures 
and in animal models of PD [67, 68]. Together, these stud-
ies strongly suggest that altered intracellular trafficking is 
modulated by α-synuclein being an important component 
of PD pathogenesis.

To transport cargos such as mitochondria, motor pro-
teins associate with the adaptor proteins TRAK (dros-
ophila ortholog Milton) and Miro (also called RHOT), 
which are attached to the outer mitochondrial membrane 
[76]. Increased Miro expression leads to upregulation of 
mitochondrial trafficking. In addition, loss of Miro results 
in defective trafficking in both directions, suggesting that 
Miro is an adaptor for both anterograde transport (via inter-
action with KIF5) and retrograde transport (via interaction 
with dynein). Furthermore, studies on mitochondrial frag-
mentation and interconnectivity showed that disruption in 
mitochondrial trafficking leads to organelle fragmentation, 
whereas overexpression of Miro increased mitochondrial 
trafficking and interconnectivity, thereby increasing mito-
chondria length in neurons [77].

Miro is a Ca2+ sensor containing 2 calcium-binding EF-
hands. Increased calcium dissociates motor proteins from 
Miro and TRAK, blocking mitochondria trafficking. This 
process is crucial for the anchoring mitochondria at specific 
sites where abundant ATP is required, such as at synapses. 
When ADP decreases, stationary mitochondria move to 
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another site with low ATP levels. However, impaired mito-
chondrial trafficking can lead to mitochondrial dysfunction 
at the current anchor site and result in increased ROS gen-
eration (Fig. 4) [78–80].

Miro also interacts with mitofusin (MFN) proteins, which 
participate in mitochondrial fusion. Intriguingly, mitochon-
drial trafficking is decreased in neurons in which MFN2 was 
knocked-out, suggesting that Miro and MFN work together 
in the regulation of mitochondria trafficking [79]. Miro is 
associated with the mitochondrial outer membrane; it coor-
dinates the transport of mitochondria moving together with 
ER and it takes care that mitochondria stay close enough 
for the initiation of fusion or fission processes [81]. Once in 
contact, MFN1 and MFN2 interact with Miro and both are 
required for proper axonal transport, suggesting that associa-
tion of these proteins and balanced trafficking are essential 
for the fusion process [82]. Absence of Miro exacerbates 
mitophagy, and transgenic MFN2 knockdown mice demon-
strated blocked mitophagy.

The ER provides lipids to form membrane vesicles during 
autophagy [83] these lipids are transferred and accumulate 
at the outer mitochondrial membrane before they are trans-
ported to the sites of vesicle formation and mitophagy ini-
tiation [84]. However, alterations in Miro or MFN proteins 
can disturb these processes, revealing that both proteins are 
required for normal fusion and mitophagy processes.

Damaged mitochondria are targeted for mitophagy via 
PINK1 signaling. Parkin forms a complex with PINK1 
during mitophagy and ubiquitylates substrates at the outer 
mitochondrial membrane, including Miro, which triggers 
mitophagy. Miro may function as a receptor for both pro-
teins, since Miro interacts with PINK1 and parkin, thereby 
allowing their association with the outer mitochondrial 
membrane. Moreover, damaged mitochondria require rapid 
Miro ubiquitylation, which is mediated by parkin. In addi-
tion, the fibroblasts of patients carrying parkin mutations 
showed altered Miro turnover, suggesting that Miro is criti-
cally involved in regulating fusion, fission, and mitophagy 
events [85, 86].

Rab‑mediated Trafficking and α‑Synuclein 
Toxicity

The specificity of intracellular organelle trafficking among 
cellular compartments is strictly regulated by small GTPases 
(Rabs) from the Ras super family of proteins. Furthermore, 
Rabs are responsible for the correct attachment of motor pro-
teins and cargos and for cargo motility and their delivery to 
the correct destination. Furthermore, Rabs may be involved 
in α-synuclein toxicity, such as through formation of Lewy 
bodies, as discussed above. Cultured cells internalize 

Fig. 4   Illustration of mitochondria trafficking and anchoring in 
healthy neurons (normal) and during Parkinson’s disease (PD). In the 
presence of α-synuclein the mitochondrial anterograde and retrograde 

trafficking are impaired, mitochondrial membrane potential decreases 
and the levels of free radicals and calcium increased, culminating 
with decreased ATP production and impaired axonal trafficking
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α-synuclein added to the culture media, which is associated 
with aggregate formation. Alpha-synuclein may be secreted 
from cells via exocytosis, and subsequently internalized by 
other neurons in culture via Rab5-dependent endocytosis, 
thus initiating a spreading cycle of seeding α-synuclein and 
aggregate formation [87]. The mechanisms of α-synuclein 
propagation are unclear; however, α-synuclein seeding 
and propagation is considered a crucial process in PD 
development [88]. Interestingly, a recent study show that 
α-synuclein can be propagated by the traveling of lysosome 
vesicles along tunneling inter-cellular nanotubules from cell 
to another cell [89].

Rab5 is a multifunctional protein that regulates the first 
steps in endocytic pathways and contributing to anchoring, 
trafficking, fusion of endosomal membranes, and autophagy-
mediated recycling [90]. In addition, mutant Rab5 leads 
to an accumulation of enlarged early and late endosomes/
phagosomes and defects in the regulation of endosome/
phagosome trafficking to lysosomes, which involves Rab7.

After vesicle maturation, Rab7 coordinates the fusion of 
late endosomes with autophagosomes and LC3 requirement. 
Together, these findings indicate that Rab5 is involved in 
the formation and transportation of immature endosomes/
phagosomes and LC3 signaling, thereby contributing to the 
first steps of autophagy. Rab5, LC3, and Miro have unique 
roles in endocytosis and trafficking of early endosomes and 
in autophagy and in the dynamics of mitochondria and ER 
[91]. However, α-synuclein toxicity related to trafficking and 
Rabs, Miro, or LC3 have not been elucidated.

Investigations of intracellular trafficking and autophagy 
dysfunction in neurological disorders have revealed that deg-
radation via lysosomes is crucial to balanced axonal vesicles 
and lysosome trafficking. Furthermore, intracellular traffick-
ing impairments lead to the accumulation of lysosome vesi-
cles causing axonal swelling and neurite dystrophy. Other 
studies have shown that endocytic pathway alterations result 
in accumulation of endolysosomes (endosomes fused to 
lysosomes), thereby impeding autophagy and resulting in 
α-synuclein accumulation.

A recent review has highlighted the link between Rabs 
and PD, including the role of α-synuclein toxicity upon 
intracellular trafficking during PD and the recently identified 
PD-associated mutations on Rabs [92], providing significant 
insight about PD etiology and therapy.

Future Directions

Death of DA neurons during PD is a complex and multi-
factorial process. Aggregates and oligomers are associ-
ated with cell death, but the mechanisms of α-synuclein 
toxicity remain unclear. Investigations concerning the 
toxicity of α-synuclein indicate that disturbances of the 

ubiquitin–proteasome system and the function of lysosomes 
also are involved. Moreover, concomitant impairment of 
mitochondrial function generates oxidative stress, which 
produces excessive ROS and subsequent neurotoxic effects. 
Interactions between mitochondria and the ER are impor-
tant for maintaining homeostasis in these organelles and, 
impaired interactions can also trigger cell death. Moreover, 
α-synuclein accumulation and mitochondrial dysfunctions 
are major contributors to trafficking impairments, which 
further contribute to DA cell death. Overall, the current lit-
erature describes several contributors to the pathology of 
PD, but a comprehensive model of pathogenesis and order 
of effects has not been established yet.
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