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Abstract

Protein misfolding and aggregation are key pathological features of many neurodegenerative
diseases including Parkinson’s disease (PD) and other forms of human Parkinsonism. PD is a
complex and multifaceted disorder whose etiology is not fully understood. However, several lines
of evidence support the multiple hit hypothesis that genetic vulnerability and environmental
toxicants converge to trigger PD pathology. Alpha-synuclein (a-Syn) aggregation in the brain is an
important pathophysiological characteristic of synucleinopathies including PD. Epidemiological
and experimental studies have shown that metals and pesticides play a crucial role in a-Syn
aggregation leading to the onset of various neurodegenerative diseases including PD. In this
review, we will emphasize key findings of several epidemiological as well as experimental studies
of metal- and pesticide-induced a-Syn aggregation and neurodegeneration. We will also discuss
other factors such as traumatic brain injury and oxidative insult in the context of a-Syn-related
neurodegenerative processes.

Graphical abstract

H
Meeuratardaty ;
adyn ]
Mty — — P — n i
[—— wibyn misdolding & 3
sligamarization
Chredative itre: ed

Ri

otochondeis dyshuntion

Keywords

Alpha-synuclein; pesticides; metals; protein aggregation; traumatic brain injury; oxidative stress;
parkinson disease; neurodegenerative disease

"To whom correspondence should be addressed: Parkinson Disorders Research Laboratory, Department of Biomedical Sciences, 1222
Veterinary Medicine Building, lowa State University, Ames, 1A, 50011. Tel.: (515) 294-2516, Fax: (515) 294-2315,
$kanthas@iastate.edu.

Current affiliation: The Perelman School of Medicine, University of Pennsylvania, Philadelphia, PA, 19104
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Competing interests:
The authors declare they have no competing financial interests.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rokad et al. Page 2

Introduction

Neurological diseases account for roughly 4% of all deaths worldwide. However, a more
concerning aspect is that unlike respiratory and cardiovascular diseases, neurological
diseases often pass unrecognized, misdiagnosed or ignored as a minor concern in their early
stages. As a result, the number of disease-adjusted life-years for neurological disorders is 1.5
times greater than cardiovascular and respiratory diseases. Genetic and environmental
factors have been implicated in many neurological diseases [12, 14, 23]. For instance, the
SNCA gene, which encodes for the protein a-synuclein (a-Syn), has a propensity to interact
with several known neurotoxicants prior to a-Syn’s misfolding into toxic moieties. Thus,
this gene is one among many implicated in familial and sporadic PD. Pesticides, metals,
solvents and other chemicals have been shown to elevate the levels of a-Syn expression in
neurons and promote a-Syn aggregation /n vitroand in vivo [34, 136], In fact,
environmental chemicals such as manganese, copper, rotenone, and paraquat can interact
with a-Syn, thereby accelerating the fibrillation and aggregation /n vitro [135]. Given that
aggregated a-Syn mediates neurotoxicity in neurons and glial cells, the role of
environmental neurotoxicants in the development of a-Syn aggregation has recently gained
much attention. In this review, following a brief introduction to synuclein family proteins,
we provide a concise overview of the current neurotoxicological literature linking a-Syn and
known environmental neurotoxicants, with particular focus on how they might interact in the
central nervous system (CNS) to potentially contribute to progressive neurodegenerative
disorders like PD. Along with this we will also shed light on the role of traumatic brain
injury as a well as oxidative stress in neurodegeneration and PD.

The synuclein family proteins

Synucleins are a family of small, soluble proteins expressed primarily in neural tissue and in
certain tumors. The synuclein family consists of four members: a-, p-, and y-synuclein and
synoretin. Members of the synuclein family have high sequence identity, characterized by
the acidic carboxyl terminus and imperfect repeat motifs (KTKEGV) distributed throughout
the N-terminal region (Fig. 1). The first synuclein was discovered by Maroteaux et a/. [94] in
the Pacific electric ray ( 7orpedo californica) in 1988 and was later isolated from the rat
brain. The protein was named synuclein because of its apparent localization in the
presynaptic nerve terminals and portions of the nuclear envelop. Subsequent studies failed to
confirm its nuclear localization, yet the original name was retained for historical reasons
[122]. Synuclein was also named the nonamyloid component (NAC) of plaque precursor
protein after the NAC peptide was isolated from amyloid-rich senile plaques sampled from
Alzheimer patients [132]. Later studies speculated that the original finding might have been
antibody cross-reactivity with the p-amyloid protein antibody [4, 29]. The second member
of the synuclein family was discovered by Tobe and colleagues in 1992 and originally
termed phosphoneuroprotein-14 [128]. A family of human brain synucleins was recognized
for the first time when studies identified two abundant proteins of 140 and 134 amino acids
with sequence homology to NAC protein and phosphoneuroprotein-14, thereby unraveling a
previously unrecognized homology between these two proteins [67]. Both synucleins are
expressed predominantly in the brain, where they are concentrated in presynaptic nerve
terminals. Therefore, Jakes and colleagues referred to the 140 and 134 amino acid proteins
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as a-synuclein and B-synuclein, respectively [67]. The human a-Syn gene maps to
chromosome 4921, whereas the B-synuclein gene maps to chromosome 5935 [121]. Human
a- and B-synucleins are 61% identical in amino acid sequence and share a similar domain
organization [122]. The amino-terminal half of each protein is taken up by imperfect amino
acid repeats, with the consensus sequence being KTKEGV. An inter-repeat region of 5-8
amino acids separates individual repeats. Depending on the alignment, a-synuclein has 5-7
repeats, whereas p-synuclein has just five repeats [122]. The third member of the synuclein
family was isolated from breast cancer tissue and initially termed breast cancer specific gene
product 1 (BCSG1) [70]. Because of significant sequence homology to a-synuclein and
abundant expression in the peripheral nerves, brain and spinal cord, it was later renamed -y-
synuclein. The newest member of synuclein family is synoretin, first identified in retinal
cells and the brain by Surguchov and colleagues [125]. Synoretin is an activator of signal
transduction through activation of the EIk1 pathway and may play a role in vesicular
trafficking [125]. However, with its 87% sequence identity to y-synuclein and 100%
similarity to y-synuclein’s 5" untranslated region, synoretin is often ascribed to y-synuclein
rather than a bona fide synuclein. Besides having similarities to y-synuclein, its complete
sequence is not well understood so sequence homology is not presented in Fig. 1.

Alpha-Synuclein (a-Syn) is a small, 14.5-kDa acidic protein comprising 140 amino acids. It
is highly conserved in vertebrates and predominantly expressed presynaptically in neurons
throughout the mammalian brain as well as in the cerebrospinal fluid (CSF). Physiological
functions of a-Syn are poorly understood, but evidence has suggested a role for it in
synaptic plasticity, dopamine regulation, and membrane trafficking. Structurally, a-Syn is a
natively unfolded protein that lacks a defined secondary structure and therefore belongs to
the intrinsically unstructured protein family.

As shown in Figure 2, a-Syn protein has three distinct fundamental domains. The
amphipathic N-terminal region (residues 1 to 60) contains 11 amino acid repeats including
the consensus sequence KTKEGV, which is important to the a-helix formation. Point
mutations in the N-terminal region are identified as A30P, A53T, E46K, G51D and H50Q,
which are associated with familial PD [83]. In a study done by Lazaro et a/. [83] these
mutants demonstrated similar inclinations to form oligomeric intermediates but
distinguishable capabilities to form inclusions. Mutations in this region, especially those that
result in the loss of positively charged lysine (K) residues, result in weaker binding of a-Syn
to phospholipids [148]. Indeed some animal models of PD, as well as patients suffering from
familial PD with an A30P point mutation in the N-terminal region, exhibit significantly
reduced vesicular binding activity [69]. Another well-characterized mutation is the A53T
point mutation. This mutation generates more B-sheet structures and aggregated protein
species enriched with pB-sheet structure [110]. Conversion of a-helical structure into p-sheet
structure is one of the hallmarks of fibrillation and aggregation processes [87]. This
missense mutation at position 53 causes substitution of Thr for Ala, whereas in the A30P
mutation, Ala is replaced by Pro [21, 110]. Substitutions that occur in these mutations
reduce hydrophobicity, which heightens aggregation propensity [87]. Another important
point mutation, E46K, is in the fourth KTKEGV repeat where it causes Glu to be substituted
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by Lys [149]. Since Glu residues are known to prevent p-sheets formation, this replacement
should result in higher rates of fibrillization. H50Q and G51D are newly discovered familial
a-Syn mutations, which have been linked to the early onset of PD pathogenesis, dementia
(for H50Q) [75] and multiple-system atrophy (for G51D) [51]. H50Q, an a-Syn missense
mutation, significantly stimulates a-Syn aggregation as well as amyloid formation and
fibrillization /n vitro [51]. H50Q can increase a.-Syn secretion into the culture media of an
SHSY5Y neuroblastoma cell line and it stimulates further mitochondrial fragmentation and
toxicity in hippocampal neurons [75]. The G51D familial mutation attenuates a-Syn
aggregation /n vitro [43]. Fares et al, [43] also show that mutant G51D acts like the A30P
mutant, forming few inclusions, which are non-toxic and exhibit a weakened membrane
association. All these mutations, except A30P and G51D, result in higher incidences of
intermediate a-Syn oligomers, fibril formation and aggregation, possibly because these
amino acid substitutions prevent assembly of the protein into regular helical structures.
Interestingly, Lazaro et al. [83] demonstrated that different mutations were associated with
varying degrees of a-Syn oligomerization as well as inclusion generation.

The central hydrophobic region (residues 61 to 91) contains the NAC domain, which is
important in protein aggregation. Phosphorylation of Ser 87 in this region results in the
conformational change from helix to fibrils [103]. The hydrophobic GAV motif (residues
66-74), mainly consisting of glycine, alanine and valine residues, has been identified as the
critical core for the fibrillization and cytotoxicity of a-Syn [37].

Finally, the C-terminal region (residues 91 to 140), which is highly acidic and proline-rich,
is responsible for the intrinsically disordered nature of a-Syn [57]. Its acidic residues impart
a strong negative charge [50]. During protein folding, residues aa109-140 in this region are
hypothesized to form intra-disulfide bonds favoring helix formation over B-sheets. Various
C-terminal truncation studies show that loss of this region increases a-Syn aggregation [64,
89]. C-terminal truncation and the presence of truncated a-Syn protein inclusions in Lewy
bodies and Lewy neurites have been reported [28, 89]. Multiple sites on this terminal can be
phosphorylated, although the precise outcomes of these phosphorylations are not known
[101]. Perhaps the best-known site of C-terminal phosphorylation is at S129. Its
phosphorylation by G-protein coupled receptor protein kinases increases fibrillization [48].
Synuclein gene (SNCA) multiplication has also been implicated in familial PD. SNCA
duplication, or two copies of SNCA on one allele, increases the amount of synuclein being
produced by 50%, whereas SNCA triplication, or 3 copies of SNCA on the same allele,
increases synuclein by 100% [65]. These increased doses of a-Syn lead to proteasomal
dysfunction and clinical manifestations of PD and DLB.

The link between a-Syn and PD pathogenesis is based on case studies of familial PD and
the observation that misfolded a.-Syn is a major constituent of Lewy bodies and Lewy
neurites in both familial and sporadic PD. The idea that a-Syn can pathologically propagate
throughout the CNS recently gained much attention with the finding of a-Syn species
circulating in human plasma and CSF [40, 77] and host-to-graft propagation of a-Syn-
positive Lewy bodies in fetal ventral mesencephalic and embryonic nigral neurons
transplanted in human PD patients [77, 88]. Even though several models have postulated the
cell-to-cell transmission of pathological a-Syn species [33, 38, 86] as a potential mechanism
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in PD pathogenesis and related synucleinopathies, the precise cellular and molecular
signaling pathways remain unknown. Growing /n vitro evidence indicates that extracellular
a-Syn induces pathogenic actions by activating neuroinflammatory and neurodegenerative
responses [41, 123].

Although genetic mutations are an important risk factor, at least in many familial cases, a
link has been established between environmental neurotoxicant exposure and PD and PD-
related disorders [14, 34, 57], stemming from overexposure to metals, pesticides and other
neurotoxicants. Importantly, a-Syn protein has three metal-binding sites: one at its N-
terminus, one at its central region and one at its C-terminus. The metal-binding sites near
49-52 and 110-140 are known to interact with divalent metals, including copper and
manganese [135], leading to a.-Syn aggregation. Several other mechanisms have been
identified in a-Syn neurotoxicity, including mitochondrial impairment, oxidative and
nitrative damage, astroglia- and microglia-mediated inflammation, and dopamine
metabolism impairment which are reviewed elsewhere [23, 99].

Synucleinopathies and Parkinson’s disease

Synucleinopathies are a subset of neurodegenerative disorders characterized by pathological
lesions composed primarily of fibrillary aggregates of insoluble a-Syn in selective
populations of neurons and glia. The most common synucleinopathy is PD, but other
neurodegenerative diseases, including dementia with Lewy bodies (DLB), glial cytoplasmic
inclusions in multiple system atrophy (MSA) and neurodegeneration with brain iron
accumulation type | (NBIIA) formerly known as Hallervorden-Spatz disease, also manifest
abnormal a-Syn deposition as a major pathologic feature. Although these synucleinopathies
share some clinical symptoms and the presence of Lewy bodies, they also have many
clinical and pathological differences. As an example, the predominant clinical symptoms of
PD are indistinguishable from those of DLB and MSA patients with a-Syn accumulation in
neurons and glia. However, hallucinations and psychosis manifest much earlier in DLB
patients compared to PD cases where it is seen only in the late stages of the disease.
Similarly, while MSA patients also show bradykinesia and decreased striatal dopamine
levels as seen in PD, they respond poorly to levodopa and have pronounced autonomic
dysfunction. In the case of Mn-induced Parkinsonism, which does not display abnormal
accumulations of a-Syn in the brain, neurons in the globus pallidus seem to be preferentially
affected and patients seem to be resistant to levodopa treatment despite sharing many
common clinical characteristics seen in PD, including chronic and progressive declines in
motor, cognitive, behavioral, and non-motor symptoms. However, given the number of
epidemiological studies indicating that exposure to some metals, including manganese [53,
54, 112], is associated with a higher risk of PD, case-controlled characterization of a-Syn
aggregation in brain tissues from human manganism cases is urgently needed. Because of
these clinical and pathological overlaps, differential diagnosis of synucleinopathies is very
difficult. In addition, several rare neuroaxonal dystrophies, such as striatonigral
degeneration, olivopontocerebellar atrophy, Shy-Drager syndrome and Pick’s disease, also
show a-Syn immunoreactive inclusions.
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PD is the second most common neurodegenerative disorder after Alzheimer’s disease and is
the most common movement disorder in people over age 65, causing progressive disability
characterized by severe motor symptoms including uncontrollable tremor, postural
imbalance, slowness of movement and rigidity. PD is also recognized as one of the most
common neurologic disorders, affecting approximately 1% of individuals older than 60
years [92], and thus aging appears to be the single most important risk factor for developing
PD. Pathologically, this disease is characterized by a progressive degeneration of
dopaminergic neurons projecting from the substantia nigra pars compacta (SNpc) to the
striatum, resulting in pronounced loss of the neurotransmitter dopamine, thereby leading to
the above-mentioned extrapyramidal deficits. The disease is often associated with abnormal
accumulations of misfolded proteins in cytoplasmic inclusions called Lewy bodies (LB) and
Lewy neurites. However, the association between Lewy pathology and pathogenesis of the
disease is poorly understood. Recent evidence has implicated several genes associated with
early-onset of PD, such as a-Syn (PARK1), Parkin (PARK-2), PINK1 (PARK®6), DJ-1
(PARKY), ATP13A2 (PARKY), SLC30A10 as well as those genes linked with late onset of
the disorder, LRRK2 (PARKS) and VPS35 (PARK-17) [31, 111]. For clarification, loss-of-
function mutations in SLC30A10 lead to Mn accumulation in the basal ganglia, loss of
neurons in the globus pallidus and disease pathology consistent with Mn-induced
Parkinsonism, but not with classical PD [84]. While major emphasis has been given to
familial PD caused by gene mutations, more than 90% of PD occurrences represent the
sporadic form of PD, which is likely caused by a complex interplay of genetic and
environmental factors. Although PD is classically defined as a movement disorder associated
with degeneration of neurons in the nigrostriatal system, non-motor symptoms have been
recognized in recent years. During the initial presymptomatic phase of this movement
disorder, patients develop non-motor deficits including cognitive changes, behavioral/
neuropsychiatric changes, autonomic nervous system failure, olfactory impairment and sleep
disturbances. Non-motor symptoms represent some of the greatest challenges to quality of
life and appropriate management in PD since they are usually less responsive than motor
symptoms to dopamine therapy.

Epidemiological and clinical studies have identified potential environmental risk factors for
PD, including repeated head injury, heavy metal exposure, excess body weight, pesticide
exposure and some surrogate measures such as rural living, drinking well water and farming
[35, 107]. Although neurotoxicants have diverse chemical properties, they share some
common mechanisms by which they cause either destruction or disruption of important
constituents of the CNS. Based on their mechanism of action, neurotoxicants can be
classified into various channel inhibitors, receptor inhibitors, receptor agonists, synaptic
vesicle inhibitors and many more. In the next section, we will focus on the extensive PD-
related research into how metals and pesticides interact with a.-Syn.

Environmental neurotoxicants and neurodegeneration

Research has demonstrated strong links between long-term exposure to environmental
neurotoxicants, such as pesticides, heavy metals, and endocrine disrupters, and a range of
dopamine-associated neurological diseases. MPTP (1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine), a major impurity in the synthesis of certain opioid drugs, can cause
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neurodegeneration ultimately producing features pathologically similar to PD. MPTP passes
through the blood brain barrier and gets metabolized into its active toxic form MPP* by the
MAO-B enzyme of glial cells. Once it is released into the synaptic cleft, it enters neurons
through the dopamine transporter and accumulates in the mitochondria where it inhibits
complex | function leading to ATP depletion and oxidative stress [68, 82].

Metals are essential for very basic cellular processes, such as cell structure maintenance,
gene expression, antioxidant response and neurotransmission. However, overexposure
leading to the excessive accumulation of metals can damage the nervous system through
induction of oxidative stress, mitochondrial dysfunction and disrupting the usual activities of
certain enzymes [18]. Epidemiological and clinical studies have linked excessive metal
exposure to neurological diseases such as Alzheimer disease (AD), PD, spinocerebellar
ataxia, Huntington disease, and amyotrophic lateral sclerosis. A well-characterized example
involves chronic lead exposure increasing the risk of developing AD. Used in the production
of gasoline, paints and toys until 1971, lead was shown to induce AD like pathology in
animal models including primates and rodents [8, 39]. In the 19t century, it was discovered
that manganese ore miners exposed to manganese (Mn) dust developed speech and
movement deficits. This poisoning was irreversible and lead to psychosis and ultimately
death. In recent years, overexposure to metals such as Iron (Fe), Copper (Cu), Aluminum
(Al), has been found to affect CNS functioning [142]. Numerous epidemiological and
clinical studies have also linked pesticide exposure to the etiology of neurodegenerative
diseases, primarily PD [12, 20]. We will return to metals and pesticides in the following
sections.

Manganese (Mn) is an essential trace metal that is important in various processes such as
bone, fat and carbohydrate metabolism and blood sugar regulation [63]. It is essential both in
the normal functioning of various enzymes such as hydrolases, glutamine synthetase and
lyases [17, 63] and as a cofactor for arginase, MnSOD and other metalloproteins. Its primary
route of entrance is through food consumption [17, 97], and secondarily through inhalation,
which poses an occupational hazard for people who work in mining and welding industries.
Chronic overexposure to Mn can cause devastating neurological effects. Mn not only leads
to manganism, which is a form of Parkinsonism, but it is also proposed to play a crucial role
in PD etiology [80]. Multiple mechanisms are involved in Mn-induced neurotoxicity,
including autophagy [55], oxidative stress[44], altered CAMP signaling [91], reactive oxygen
species (ROS) generation [95], mitochondrial dysfunction [44], altered iron homeostasis
[81] and altered acetylcholinesterase (AChE) activity [146]. Mn exposure induces a-Syn
aggregation in non-human primates, and may also play a role in a-Syn protein fibrillation
and oligomerization [138]. When Bates et a/, [3] examined how Mn exposure alters a-Syn
expression and transport at the blood-CSF (cerebrospinal fluid) barrier, they found that Mn
induces the uptake of a-Syn by rat primary choroid epithelial cells from the extracellular
medium. Another interesting result was that Mn exposure significantly increased
intracellular a-Syn without changing a-Syn mRNA expression. They also observed Mn-
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induced a-Syn aggregation in a cell-free system. Their study indicates that Mn exposure can
escalate a-Syn accumulation at the blood-CSF barrier by accelerating its uptake and
aggregation. Other studies show that Mn exposure induces a-Syn expression /7 vitro [13,
90], and stimulates a.-Syn oligomerization, oxidative stress and ROS generation in
organotypic brain slice cultures [145].

In our recent study of a-Syn’s capacity for Mn storage, we demonstrated a-Syn’s role as a
neuroprotective mechanism against Mn-induced neurotoxicity in a dopaminergic neuronal
cell line stably expressing human wild-type a-Syn at physiological levels [57], which agrees
with our previous findings that a-Syn plays a neuroprotective role by repressing the
transcription of the oxidative stress-sensitive kinase PKC8 [71]. Specifically, a-Syn
expression attenuates the Mn-induced mitochondria-dependent apoptotic-signaling pathway
by inhibiting caspase-9 and -3 activation and subsequent proteolytic activation of PKCS.
However, during prolonged Mn exposures, the protein becomes increasingly susceptible to
aggregation and the accumulation of oligomeric a-Syn protein [57]. Our study uncovered a
novel, neuroprotective role for human wild-type a-Syn in attenuating acute Mn toxicity,
which may be a direct effect of its metal-binding capability, thereby providing much needed
insight into the physiological role of wild-type a.-Syn protein.

Iron (Fe) is a major trace element in the human body, and its importance stems from its
ability to bind oxygen for transport throughout the body and for redox reactions [118]. It
also serves as a cofactor for many proteins like hemoglobin and various enzymes [7].
However, disrupting Fe metabolism and homeostasis can lead to excessive Fe accumulation
in the brain [16, 118] where it can stimulate a-Syn aggregation typically associated with P
[46, 108]. Tyrosine fluorescence quenching shows only moderate binding of Fe (I1) to a-Syn
[52]. Another study demonstrated that binding sites for Fe (I1) are Asp-121, Asn-122 and
Glu-123 at the C-terminus on a-Syn [10]. In a study done by Kostka [78], the addition of Fe
(111) induced larger oligomer formation following DMSO-stimulated oligomer formation /n
vitroin unilamellar vesicles. These larger oligomers become toxic by binding to the lipid
bilayer where they form pores. Some researchers hypothesize that Fe cytotoxicity arises
through synergistic interaction with a-Syn [15]. He et a/. [62] reported that Fe (1) stimulates
a-Syn aggregation by inhibiting Nrf2/heme oxygenase-1 (HO-1), which generates a
neurotoxic cycle of Fe accumulation and more a.-Syn aggregation [62].

The trace element copper (Cu) serves as a cofactor for many enzymes such as cytochrome ¢
oxidase, SODs (super oxide dismutase) and certain proteins, thereby playing a crucial role in
the transportation of oxygen and electrons, neurotransmitter synthesis and protein
modification [18]. Elevated Cu stimulates ROS generation, mitochondrial dysfunction and
DNA damage [15]. Occupational exposure to Cu increases the risk of developing PD, most
probably because it can induce a-Syn aggregation [49, 53, 54, 112]. Cu binds with strong
affinity to a-Syn, which has multiple metal-binding sites for Cu [9, 66, 150]. This strong
affinity for Cu could contribute to the etiology of PD by inducing Lewy body formation [32,
135]. With the help of NMR studies conducted at physiological pH, researchers have
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identified two different Cu binding sites on the a-Syn sequence: His-50 [109] and Met-1
[11]. NMRs conducted at a lower pH of 5.0 revealed additional a-Syn binding sites for Cu
(1), including Asp-119, Asp-121, and Glu-123 [36]. Importantly, a-Syn can bind to both
oxidation states, Cu (I1) and Cu (I) [137]. It was also reported that Cu exposure becomes
increasingly cytotoxic as a-Syn expression increases [141]. Zhang et a/, [150] showed that
incubating a-Syn with Cu (1) for 60 h produced protofibrillar, annular and fibrillar species;
protofibrils are especially cytotoxic. Interestingly, more a-Syn aggregation was seen in
dopaminergic neurons following Cu exposure, suggesting that Cu and dopamine work
synergistically on the misfolding and aggregation of a-Syn [56, 127].

Other metals such as Zinc (Zn), Al, and Cadmium (Cd) were also found to induce a-Syn
fibril formation. One recent study [114] demonstrated a neurotoxic role for a-Syn in Al-
mediated oxidative stress and cell death. Tsunemi et al. [131] demonstrated that silencing
PARKY (putative cation transporter) leads to intracellular dyshomeostasis of Zn2*, causing
lysosomal dysfunction and ultimately a.-Syn accumulation. Uversky et al. [135] showed that
metals such as Al, Zn, Fe, Co can efficiently induce fibril formation and they suggest that
metal ion-induced ligand bridging plays a crucial role in stimulating conformational
modifications in a-Syn structure, which could lead to its aggregation and/or fibrillation.

Pesticides are used worldwide in commercial farming and home gardening. In 1962, Rachel
Carson’s book Silent Spring raised public awareness about pesticides and their toxic effects
in our environment. The role of pesticides in neurodegenerative diseases has long been
suspected, and now published studies are linking exposure to pesticides such as paraquat,
maneb, rotenone, dieldrin, etc., to the etiopathogenesis of major neurodegenerative diseases
such as AD and PD. In general, these pesticides exert their neurotoxic effects by inducing
oxidative stress, a-Syn fibrillization, mitochondrial dysfunction and neuronal death.

Paraquat is one of the most widely used herbicides. Due to its ability to induce
neurodegeneration, it is used experimentally in /n vitroand /n vivo mechanistic studies. It is
an extremely toxic herbicide that has been linked to PD based on epidemiological studies
and clinical work done in rodents. Experimental studies have shown that paraquat exposure
causes lesions in the SNpc in certain mouse strains as well as rats. In /n vitro studies,
paraquat induces conformational changes in a-Syn and also stimulates a-Syn aggregation
[134]. Manning-Bog et a/, [93] reported that not only did a-Syn expression increase in the
brains of mice exposed to paraquat, but also that it was aggregated. Paraquat induces a-Syn
overexpression by reducing proteasomal degradation activity, leading to the accumulation of
a-Syn aggregates [143]. Feng et al. [47] demonstrated that dopaminergic cell death occurs
when paraquat treatment, combined with dopamine (DA), triggers a-Syn-induced increases
in membrane conductivity through leak channels.

Rotenone is a widely used colorless, odorless insecticide found to induce a Parkinsonian
phenotype such as Lewy body formation and nigrostriatal neurodegeneration [6]. Lee and
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Lee [85] reported that rotenone induces a.-Syn aggregation and causes nigrostriatal
degeneration in clinical models of PD. The mechanism by which rotenone stimulates a-Syn
aggregation remains unclear, but Yuan et al. [147] demonstrated that rotenone increases
intracellular calcium and stimulates phosphorylation and aggregation of a-Syn. They not
only showed that phosphorylation and aggregation of a-Syn were calcium-dependent, but
that rotenone also impaired autophagy, which would normally help degrade aggregated a.-
Syn. Betarbet et al. [5] showed that rotenone modifies DJ-1 and induces a-Syn
accumulation as well as dysfunction of the proteasomal system, leading to oxidative stress
and mitochondrial dysfunction, thus showing a pathology similar to that of familial PD.
Another study demonstrated that subcutaneous exposure to rotenone stimulated cytoplasmic
aggregates, which were positive for a-Syn in nigral neurons [119]. In addition to their other
findings, Yuan et al. [147] found that the GSK3/calcium signaling pathway mediates a-Syn
aggregation following rotenone exposure.

Dieldrin is an organochlorine insecticide that was banned in the 1970s in many developed
countries. However, its lipophilic properties and less volatile nature makes dieldrin
environmentally persistent, allowing it to bio-accumulate and bio-magnify in the soil as well
as in non-target organisms. Humans still get exposed to dieldrin through contaminated
ground water, food and residuals in the environment [72]. Post-mortem reports indicate
higher dieldrin levels in the caudate nucleus of PD patients than in age-matched control
brains [24-26]. Dieldrin is selectively neurotoxic to dopaminergic neurons in /n vitro
studies, showing comparatively lower toxicity to GABAergic neurons [115]. When tested in
mouse and rat dopaminergic cell lines, dieldrin causes dopamine depletion [61], ROS
generation [19], altered mitochondrial membrane potential and apoptosis [73, 76]. More
importantly, dieldrin stimulates conformational change as well as fibrillization in a-Syn.
Sun and colleagues [73, 124] have shown that exposing dopaminergic neurons to dieldrin
increases a-Syn levels and disrupts the ubiquitin proteasomal system, making dopaminergic
neuronal cells more susceptible to apoptotic cell death. Interestingly, even though dieldrin
can induce ROS generation, mitochondrial dysfunction, oxidative stress, a-Syn aggregation
and DA depletion, it still fails to stimulate motor deficits commonly seen in PD patients.

Traumatic brain injury and a-synuclein aggregation

Traumatic brain injury (TBI) encompasses injuries ranging from a penetrating injury to the
cranium to a succession of mild, subconcussive blows to the head. With the increased
incidence of armed conflict as well as vehicular and contact sports-related accidents, the
cases of TBI have steadily increased over the years. According to a report by Faul ef a/, [45],
the leading cause of TBI in the US is falls (35%), followed by a similar combined incidence
of vehicular (17%) and sports-related injuries (17%). Almost all deployed military personnel
experience mild to severe forms of TBI due to exposure to IEDs (improvised explosive
devices).

Because TBI describes a broad spectrum of injuries that range from mild and diffuse to
severe and focal, it can also involve multiple pathophysiological mechanisms that can alter
behavior and/or motor skills. The Glasgow Comma Scale (GCS) is widely used by
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physicians to determine the severity of the injury with a score between 13-15 being
considered a mild head injury, 9-12 is a moderate injury, while a score <8 is considered
severe. Researchers classify TBI based on the mechanism of injury (penetrative head trauma
vs. superficial non-invasive head injury), pathology (whether the injury is focal or diffuse) or
clinical diagnosis (axonal damage, hematomas, contusion or subdural hemorrhage) [106]. It
is necessary to classify the type of brain injury since computed tomography (CT) scans
reveal that, despite similarities in severity, the way in which the insult occurred leads to
symptoms and pathophysiology that vary between subjects [113]. Thus, to develop targeted
treatments for TBI, it is necessary to understand the mode of injury, its regional extent as
well as the mechanism behind the developing neuroinflammation and neurodegeneration.

In recent years, much effort has been focused on understanding the pathophysiology and
longterm effects of mild to severe TBI due to reports that have attributed the rapid
development of mood disorders, movement disorders and cognitive decline to TBI [42, 96].
Following primary mechanical insult, there is a delayed cellular and physiological change
that results in the early development and accelerated progression of various
neuropsychiatric, movement and cognitive disorders. One of the early and prolonged
responses is neuroinflammation at the site of injury. Following a blow to the head, the
neurons and glia at the primary site of impact undergo shear and strain stress owing to the
stretching of cells caused by accelerating, decelerating or rotational forces. There is local or
diffuse ischemia and hypoxia resulting in increased permeability of the blood brain barrier
(BBB). In a normal brain, the BBB restricts the influx of large proteins, peripheral immune
cells such as leukocytes as well as many toxins into the CNS. However following TBI, there
is breakdown of junctional proteins such as claudin-1 and zona occludin [27]. An increased
presence of leukocyte adhesion receptors and a concomitant decrease in integrin expression
leads to increased permeability, leukocyte extravasation and subsequent development of
edema and inflammation [105]. Also, traumatized neurons experience a rapid release of
ATP. This results in the recruitment and activation of both microglia and astrocytes to the
site of damage often within hours of neurons sending stress signals [30]. Recruitment of
activated microglia results in the production of pro-inflammatory factors such as IL-1p,
TNFa as well as inducible nitric oxide species (iNOS) [74]. Microglia activation and
cytokine production is an expected and indeed beneficial response. Microglia that infiltrate
the site of injury help remove dead and dying neurons as well as promote healing by the
production of neurotrophic factors such as brain-derived neurotrophin (BDNF), glia-derived
neurotrophin (GDNF) and anti-inflammatory cytokines such as 1L-10 and TGFp. However,
it has been observed in various /n vivo models of TBI as well as in post-mortem analyses of
patients who had previously suffered head injury that the microglia are in a state of constant
activation resulting in chronic neuroinflammation. Persistent activation of microglia results
in the production of neurotoxic factors such superoxide, nitric oxide and the continued
presence of pro-inflammatory cytokines and chemokines. Together, this secondary insult is
chronic and largely perseveres resulting in neurodegeneration and subsequent neuronal
dysfunction [58, 79].

The protein a-Syn is mainly associated with neurons although it is found to some extent in
epicardial fat tissue, muscles, platelets and hematopoietic cells [2, 60, 100, 120]. In
individuals that have experienced moderate to severe TBI, aggregated a-Syn has been shown
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to accumulate in swollen axons and in the cerebrospinal fluid (CSF) [98, 102, 133].
Histopathological analysis of post-mortem brains from boxers with a known history of
dementia showed neurofibrillary tangles, amyloid B deposits and dystrophic neurons [130].
Despite these clinical observations, the pathophysiological mechanism behind brain trauma
and the aggregation of a-Syn has not yet been well studied. In 2014, Acosta et al. [1]
reported the behavioral and pathological changes in rats that were subjected to TBI via a
controlled cortical impactor. Following TBI, microglia became chronically activated. Even
after 60 days post-TBI, the site of impact showed increased a-Syn with a concomitant loss
of dopaminergic neurons [1]. The study also found that increased a.-Syn levels correlated
with MHCII-positive microglia and were negatively associated with a healthy dopaminergic
neuron population.

Repeated mild TBI or a single severe impact to the brain leads to axonal damage, BBB
permeability, glutamate excitotoxicity and calcium influx. Axonal injury leads to caspase
and calpain enzyme activation, which in turn cleaves cytoskeletal proteins such as a-spectrin
I1, neurofilaments, a-Syn and microtubule-associated proteins [117, 126]. Breakdown of
these proteins and the presence of activated microglia result in the continued presence of
neuroinflammation. This leads to the development of ROS and reactive nitrogen species
(RNS), which would possibly oligomerize a-Syn, present mainly in the neuronal terminals,
via oxidation or nitration [144]. Oligomerized a-Syn can subsequently form fibrillar
structures - the highly pathogenic form of a-Syn. Recent evidence from a number of /n vitro
studies indicates a prionlike propagation of this protein, resulting in its increased and
unchecked transcellular spread to various parts of the brain following oxidative insult [140].

Thus, even mild brain injury can lead to chronic neuroinflammation and diffusion of
pathogenic a-Syn from the focal area of impact to other regions of the brain. Elevated levels
of misfolded a-Syn maintain microglia in a chronic state of activation, thus accelerating
neuronal dysfunction with more inflammation and neurodegeneration. More research needs
to be conducted to understand the exact cellular mechanism by which a-Syn
phosphorylation/nitration can be avoided to prevent the development of various
synucleinopathies following TBI.

Oxidative stress and its role in a-Syn aggregation

Various synucleinopathies such as PD, DLB and MSA show not only the presence of
aggregated a-Syn, but also chronically activated microglia. Under normal cellular
conditions, a small pool of ROS and RNS is present in every cell without causing cellular
toxicity and might even play important physiological roles in the cell [116]. Post-
translational modification of a-Syn in the presence of ROS and RNS can result in the
formation of HNE-a.-Syn, 0-a-Syn or n-a-Syn. These modified forms can now oligomerize,
promoting the formation of protofibrils and p-sheet structures [144]. Misfolded a.-Syn
causes microglial activation, leading to the release of pro-inflammatory cytokines and
inflammation. When microglia attempt to clear up the misfolded protein, they activate
NADPH oxidase that in turn results in the production of more ROS. If the concentration of
ROS is persistently greater than the cell’s ability to counteract it by producing antioxidants,
this results in mitochondrial dysfunction and subsequently cellular apoptosis [151].
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Misfolded a-Syn and Ap can translocate to the mitochondrial membrane, causing release of
cytochrome C and activation of the apoptosis cascade [59]. The cell requires mitochondria to
pump a continuous supply of ATP for its survival, but this process continuously produces
ROS contributing to more oxidative stress. The ubiquitin-proteasome system (UPS) is a
complex process wherein the proteins to be degraded are tagged with ubiquitin. This
highlights proteins for the 26S proteasome that then degrades the tagged protein via its
proteolytic activity [22]. The rate limiting aspect of this process is the degradation of
ubiquitin-tagged proteins. It is thought that in disorders such as PD, DLB and MS, protein
degradation is much slower than the development of misfolded proteins. Indeed, post-
mortem histopathological analysis shows that aggregated proteins are also ubiquitinated
[129].

Environmental stressors such as exposure to toxins, pesticides, herbicides and industrial
effluents also promote oxidative stress. In a study conducted by Pan-Montojo and colleagues
[104], mice given rotenone via intragastric gavage showed the release of a-Syn by enteric
neurons through exosomes. These exosomes propagated from one neuron to another thus
transporting a.-Syn across large distances. However, resection of autonomic neurons
prevented the PD-like pathology progression in these mice. In another study, mice given
dextran sodium sulfate (DSS) in drinking water experienced not only intestinal inflammation
but also greater BBB permeability. The increased BBB permeability and/or colitis induced
pro-inflammatory transcripts of IL-1p and TNFa in the substantia nigra of these animals
[139]. Taken together, these results indicate that environmental neurotoxins can promote
neuroinflammation in both the enteric and central nervous systems. Chronic
neuroinflammation can lead to mitochondrial and UPS dysfunction thus leading to the
development and persistent presence of aggregated proteins including a-Syn.

Conclusion

As experimental and epidemiological data suggest, many neurodegenerative disorders,
including PD, are the result of the complex interaction between an individual’s underlying
genetic composition, lifestyle and cumulative, life-long exposure to environmental stressors.
In light of recent discoveries about synucleinopathies, aggregated a.-Syn-mediated oxidative
stress and mitochondrial dysfunction have been identified as key pathological processes that
contribute to neuronal death, leading to functional impairments. Nevertheless, the key
environmental toxicants described in this review have also been shown to induce protein
aggregation and oxidative stress and to exacerbate neuronal vulnerability caused by gene
mutations. However, despite extensive efforts to define the molecular mechanisms
underlying protein misfolding, protein aggregation, and neurodegeneration, many aspects
about the role of environmental neurotoxicants in these pathologies remain elusive.
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Highlights

Principle features of various Synuclein protein family members are
highlighted.

New findings on metal-induced a.-Syn misfolding & consequences are
emphasized.

Important effects of pesticides on a-Syn and neurodegeneration are
illustrated.

Role of TBI and oxidative stress on a-Syn and neurodegeneration is
highlighted.
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Sequence homology between a-, B-, and y-synuclein, which consist of 140, 134 and 127
amino acids, respectively. N-terminal region in all three synucleins is conserved. This region
consists of a similar number of repeats of the KTKEGV consensus sequence.
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Fig. 2.
Structure of a-Syn and the binding sites for various divalent metals such as Manganese

(Mn), Copper (Cu), Iron (Fe), Cobalt (Co). The three regions are N-terminus (amphipathic
region), NAC domain and C-terminus (Acidic tail). N-terminus region consists of 11 amino
acid repeats that includes the consensus sequence KTKEGV. The mutations A30P, E46K,
H50Q, G51D and A53T are present in amphipathic region as shown. Phosphorylation sites
on a-Syn are S87 on the NAC domain, and Y125 and S129 on the acidic tail. Glycine,
alanine and valine residuals containing the consensus sequence also known as GAV motif
are present on the NAC domain.
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Triuma to the head can result in direct mechanical injury to the neurons as well as glia.
Injured neurons send stress signals such as caspase-3 that activate microglia and astrocytes
that in turn produce pro-inflammatory factors such as iNOS, TNFa and IL-1p. These factors
help to recruit microglia to the site of damage for clearance of cellular debris and to produce
neurotrophic factors. However, chronic upregulation of pro-inflammatory factors ultimately
leads to continued generation of ROS and RNS leading to mitochondrial stress and
aggregation of proteins, such as a-Syn in neurons. The presence of aggregated a-Syn further
increases the number of activated microglia and astrocytes. This cycle of neuroinflammation
continues ultimately leading to neuronal death.
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