
ORIGINAL PAPER

  Gunnar F. Kwakye
Gunnar.Kwakye@oberlin.edu

  Michael Aschner
Michael.Aschner@einstein.yu.edu

1 Department of Neuroscience, Oberlin College, 119 Woodland 
St., Room K232, Oberlin, OH 44074, USA

2 Departments of Molecular Pharmacology and Pediatrics, 
Albert Einstein College of Medicine, Forchheimer 209,  
1300 Morris Park Avenue, Bronx, NY, USA

Received: 29 July 2016 / Revised: 25 August 2016 / Accepted: 29 August 2016
© Springer Science+Business Media New York 2016

Disease-Toxicant Interactions in Parkinson’s Disease 
Neuropathology

Gunnar F. Kwakye1 · Rachael A. McMinimy1 · Michael Aschner2

pathogenesis of PD will facilitate the development of more 
effective treatments for the disease. Additionally, we dis-
cuss the neuroprotection exerted by estrogen and other 
compounds that may prevent PD and provide an overview 
of current treatment strategies and therapies.
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Parkinson’s Disease Overview

Parkinson’s disease (PD) is the second most frequently 
diagnosed neurodegenerative disease, afflicting more than 
4 million globally [1]. Its symptoms include motoric abnor-
malities due to dopamine deficits in the striatum resulting 
in resting tremor, stiffness and slow movements, in addi-
tion to non-dopaminergic related symptoms of dementia 
and depression, anxiety and autonomic dysfunction [2, 3]. 
Approximately 85–90 % of PD cases are sporadic, i.e. only 
about 10–15 % of patients report a positive family history 
or familial form of the disease, suggesting that exposure to 
specific environmental agents may play a strong role in PD 
pathogenesis [4–7]. This conclusion is supported by stud-
ies that show a low concordance rate in monozygotic and 
dizygotic twins [8–10]. Other studies have shown that early-
onset PD cases have a higher concordance rate in monozy-
gotic compared to dizygotic twins, indicating that genetic 
factors may also be at play [11]. Five to fifteen percent of 
PD patients have monogentically-inherited forms of the dis-
ease that are associated with one of the six identified genes. 
Of these genes, mutations in SNCA (PARK1-4) and LRRK2 
(PARK8) are responsible for autosomal-dominant PD forms, 

Abstract Human disease commonly manifests as a result 
of complex genetic and environmental interactions. In the 
case of neurodegenerative diseases, such as Parkinson’s 
disease (PD), understanding how environmental exposures 
collude with genetic polymorphisms in the central nervous 
system to cause dysfunction is critical in order to develop 
better treatment strategies, therapies, and a more cohesive 
paradigm for future research. The intersection of genet-
ics and the environment in disease etiology is particularly 
relevant in the context of their shared pathophysiologi-
cal mechanisms. This review offers an integrated view of 
disease-toxicant interactions in PD. Particular attention is 
dedicated to how mutations in the genes SNCA, parkin, 
leucine-rich repeat kinase 2 (LRRK2) and DJ-1, as well 
as dysfunction of the ubiquitin proteasome system, may 
contribute to PD and how exposure to heavy metals, pes-
ticides and illicit drugs may further the consequences of 
these mutations to exacerbate PD and PD-like disorders. 
Although the toxic effects induced by exposure to these 
environmental factors may not be the primary causes of 
PD, their mechanisms of action are critical for our current 
understanding of the neuropathologies driving PD. Elu-
cidating how environment and genetics collude to cause 
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genes of interest in PD and the environment are imperative 
in order to develop more effective therapies for the disease.

This review discusses the contribution of genes and the 
intersection between genes and toxicants, such as heavy 
metals, illicit drugs and pesticides that may be necessary for 
our understanding of the cellular mechanisms that under-
lie the neuropathology of PD. Additionally, we discuss the 
neuroprotective effects of estrogen and other environmental 
neuroprotective agents, such as tobacco and caffeine in PD 
neuropathology (Fig. 1; Table 1).

Genetic Factors

Alpha-Synuclein (SNCA)

Degeneration of nigrostriatal dopaminergic neurons is a 
hallmark of PD, with clinical symptoms of the disease man-
ifesting when 50–60 % of these neurons are lost [1]. SNCA 

while Parkin (PARK2), DJ-1 (PARK7), ATP13A2 (PARK9), 
PTEN-induced putative kinase 1 (PINK1), and leucine-rich 
repeat kinase 2, LRRK2 (PARK8) account for autosomal 
recessive modes of PD inheritance [3, 12, 13]. These muta-
tions exacerbate neurodegenerative mechanisms, such as 
protein aggregation, oxidative stress and impaired protein 
degradation that contribute to PD pathogenesis. Exposures 
to toxins such as heavy metals, MPTP and pesticides also 
result in the aforementioned pathophysiological mecha-
nisms, causing PD-like symptoms. Although exposure to 
these compounds may not be the primary causes of PD, 
their mechanisms of action are critical for our current under-
standing of the neuropathologies driving PD. Thus, many 
cases of PD may not be the result of disparate mutations or 
exposures to environmental factors, but rather a product of 
how genetics and environment interact with one another to 
cause damage in the nigrostriatal pathway. This hypothesis 
for PD pathogenesis is referred to as disease-toxicant inter-
actions within this article. Exploring interactions between 

Fig. 1 Proposed mechanisms of action for some of the major toxicants 
associated with PD pathogenesis. Several cellular pathways have been 
implicated in the neuropathology of PD, including oxidative stress, 
mitochondrial dysfunction, protein aggregation, ubiquitin proteasome 
system (UPS) dysfunction and neuroinflammation. Exposure to toxi-
cants result in similar neurotoxicity as the aforementioned. Heavy met-
als, such as Mn (II) and Fe (III) induce oxidative stress by causing 
increase in the production of reactive oxygen species (ROS) via the 
Fenton-Haber Weiss reaction and alter the antioxidant system (levels 
and activity of important enzymes, including glutathione, superoxide 
dismutase, catalase, arginase, etc.) in the cell. By provoking this imbal-
ance between free radicals and antioxidants, these toxicants exacer-
bate oxidative stress processes in the cell to cause cell death. Neuroin-
flammation exacerbates oxidative stress mechanisms that can lead to 

protein aggregation via alteration in the UPS function. The impaired 
protein degradation machinery can lead to the accumulation of protein 
aggregates capable of disrupting cellular processes and causing cell 
death. The toxicants rotenone, dieldrin and MPTP inhibit complexes 
in the electron transport chain of the mitochondria, leading not only to 
impaired metabolic processes but also to the increased production of 
ROS and oxidative stress. Methamphetamine use can cause increased 
dopamine levels at the synapse, leading to dopamine auto-oxidation, 
increased production of free radicals and subsequently oxidative 
stress. Estrogen is hypothesized to protect against PD via enhanced 
secretion of nerve growth factor (NGF) and brain derived neurotrophic 
factor (BDNF) or by preventing apoptosis via estrogen receptor medi-
ated pathways
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aggregates are thought to contribute to PD symptomology 
by disrupting cellular homeostasis and causing neuron death 
through their toxic effects on neighboring cells and syn-
apses [24]. Additionally, impaired clearance of misfolded 
alpha-synuclein may result in proteolytic stress as well as 
increased aggregate formation [25].

The Lewy pathology in PD has been suggested to spread 
throughout the brain as the disease progresses. Evidence 
from neurons grafted into the brains of PD patients has fur-
ther supported the occurrence of Lewy pathology in PD and 
suggested the propagation of pathology from the host tissues 
to the grafts, similar to the one observed in prion diseases 
[26, 27]. For example, Lee et al. [28] reported that a small 
percentage but significant proportion of newly synthesized 
alpha-synuclein and its aggregates are rapidly secreted from 
neuronal cells via unconventional, endoplasmic reticulum/
Golgi-independent exocytosis. Previously, alpha-synuclein 
was considered an intracellular protein, present mostly in 
the cytosol with some partitioning to vesicle fractions that 
mediate its toxic effects intracellularly [29, 30], thus merit-
ing the assumption that alpha-synuclein harbors only cell-
autonomous functions. This assumption was challenged by 
findings from studies reporting the presence of nanomolar 
concentrations of alpha-synuclein in human CSF and blood 
plasma samples in both PD and neurotypical subjects [31, 
32]. Moreover, there was a twofold increase in the levels of 
alpha-synuclein present in the blood of familial PD patients 
with alpha-synuclein gene locus triplication [33]. Another 
study demonstrated that a portion of alpha-synuclein pres-
ent in the lumen of vesicles can be secreted through an 

is a gene that encodes for alpha-synuclein. Intracellular 
accumulation of Lewy bodies, inclusions composed primar-
ily of alpha-synuclein, within the substantia nigra and other 
brain regions are a defining characteristic of PD [14, 15]. 
Alpha-synuclein is a 140 amino acid protein expressed in 
both the central and peripheral nervous system and though 
its function in the brain is not well characterized, it is pres-
ent in neuronal presynaptic terminals and associated with 
neurotransmitter release, and suggested to mediate neu-
rotoxicity via its oligomerization [16–20]. Collectively, 
alpha-synuclein plays a physiological role in regulating 
dopamine biosynthesis and in its aggregated form, is delete-
rious. In its native state, alpha-synuclein is highly soluble 
and cytosolic, and under physiological conditions assumes 
a helically folded tetramer formation [21]. Some literature 
indicates that wild-type alpha-synuclein may serve as an 
anti-apoptotic molecule after exposure to some neurotoxins, 
serving to protect dopaminergic neurons in the substantia 
nigra pars compacta [22]. Specifically, Jensen et al. reported 
that wild-type alpha-synuclein, but not those with A53T or 
A30P mutant forms, protected non-differentiated dopami-
nergic neurons from the neurotoxic effects of the complex 
I inhibitors, MPP+ and rotenone [23]. This appears to indi-
cate that alpha-synuclein is a neuroprotective protein, and 
may even help to ameliorate neurodegenerative mechanisms 
in the brain. However, other studies have suggested other-
wise. For example, it has been revealed that alpha-synuclein 
self-assembles into proto-fibrils and fibrils and aggregates 
to form insoluble amyloid fibrils composing Lewy bodies 
and neurites in the brain that may by cytotoxic [1, 3]. These 

Table 1 Some of the toxicants implicated in PD pathogenesis, their targets in the brain, mechanisms of action and the resulting symptoms upon 
over exposure

Toxicant Type Target Mechanisms of toxicity Genes that may 
interact with 
toxicant

Symptoms

Manganese Heavy metal Nigrostriatal system 
(chronic exposure), 
globus pallidus (acute 
exposure)

Oxidative stress, mitochondrial 
dysfunction, UPS dysfunction, 
protein aggregation

DJ-1, LLRK2, 
SNCA

Tremors, bradyki-
nesia, hallucina-
tions, rigidity

Iron Heavy metal Substantia nigra pars 
compacta

Oxidative stress DJ-1, LLRK2, 
SNCA

Vomiting, seizures, 
liver failure

MPTP Illicit drug Substantia nigra; blocks 
complex I of the ETC

Mitochondrial dysfunction, 
excitotoxicity, oxidative stress, 
neuroinflammation

PINK1, Parkin, 
LLRK2, SNCA

Difficulty moving, 
rigidity, resting 
tremor

Methamphetamine Illicit drug Nigrostriatal and meso-
limbic dopaminergic 
pathways

Altered dopamine homeostasis, 
oxidative stress, UPS dysfunction

Parkin, LLRK2, 
SNCA

Psychosis, mem-
ory loss, mood 
disturbances

Rotenone Rotenoid 
pesticide, 
insecticide

Nigrostriatal dopami-
nergic neurons; blocks 
complex I of the ETC

Mitochondrial dysfunction, oxida-
tive stress, neuroinflammation

PINK1, Parkin, 
LLRK2, SNCA

Headache, tremor, 
unconsciousness, 
vomiting

Dieldrin Organo-
chloride 
pesticide

Complex III of the ETC Mitochondrial dysfunction, UPS 
dysfunction, oxidative stress

Pink1, LLRK2, 
SNCA

Headache, vomit-
ing, seizures

ETC electron transport chain
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promoter regions of SNCA have been identified as suscepti-
bility factors to PD and two different loci in the gene have 
been established as risk factors for PD pathogenesis [47].

Enteric nervous system (ENS) dysfunction is charac-
teristic of early PD progression, accounting for symptoms 
including gastrointestinal distress and difficulty swallowing 
[48]. Exposure to various environmental factors modulates 
alpha-synuclein transport within the neuron. For example, 
intragastric rotenone administration in mice promotes 
the release of alpha-synuclein by enteric neurons and the 
released enteric alpha-synuclein is up-taken by presynap-
tic sympathetic neurites and retrogradely transported to the 
soma, where it accumulates in the ENS and central nervous 
system (CNS) following the same pattern of progression 
as hypothesized by Braak [49]. These findings suggest that 
pesticides can activate pathophysiological mechanisms 
in PD through transneuronal and retrograde axonal trans-
port of alpha-synuclein. Exposure to pesticides may alter 
the homeostasis of alpha-synuclein and contribute to its 
aggregation. This prospect is particularly exciting in light 
of emerging evidence that genetic variability in SNCA may 
render populations more susceptible to PD [50]. However, 
as of yet there is insufficient evidence to definitively say 
whether certain polymorphisms of alpha-synuclein are 
more vulnerable to such insults than others. Genome-wide 
association studies have sought to find links between single 
nucleotide polymorphisms (SNPs) of SNCA, vulnerability 
to certain environmental exposures and risk for PD. Such 
studies have failed to establish significant interactions 
between genetic susceptibility loci and exposures to pesti-
cides, coffee and alcohol consumption [51]. Thus, in order 
to evaluate the possibility that different polymorphisms of 
SNCA leave individuals more vulnerable to alpha-synuclein 
aggregation subsequent to environmental exposures, further 
studies are needed from both epidemiological and molecu-
lar perspectives.

LRRK2

Aggregation of alpha-synuclein is observed in aged mice 
with a germ-line deletion of the gene, Leucine-rich repeat 
kinase 2 (LRRK2) [52]. This indicates that wild-type LRRK2 
may play an essential role in alpha-synuclein homeosta-
sis, likely through regulation of protein degradation [1]. 
LRRK2 is a protein composed of 2327 amino acids and is 
primarily cytoplasmic; however, it is also found on the outer 
membrane of the mitochondrial [53]. Wild-type LRRK2 is 
neuroprotective, serving to counter cell death induced by 
oxidative stress [54]. Mutations in LRRK2 are the most com-
monly identified cases of inherited PD and have an average 
frequency of 4 % in these populations, with frequencies up 
to 25 % in specific ethnic populations [55, 56]. Genetic vari-
ation in the LRRK2 gene has been found in 1 % of sporadic 

unconventional exocytic pathway in a constitutive man-
ner. In addition, vesicular alpha-synuclein was found to 
be highly prone to aggregation and the aggregated forms 
were also secreted from the cells [28]. Alpha-synuclein can 
be directly transmitted from neuronal cells overexpressing 
alpha-synuclein to transplanted embryonic stem cells both in 
tissue culture and in transgenic animals [34]. Cell produced 
alpha-synuclein oligomers can be secreted and taken up by 
neighboring cells where they cause toxicity [35]. A first hint 
of how intracellular alpha-synuclein may be secreted into 
the extracellular space via externalized vesicles that have 
hallmarks of exosomes was uncovered through studies that 
examined the role of secreted alpha-synuclein in neuronal 
homeostasis in cultured SH-SY5Y dopaminergic cells [36, 
37]. A recent study used a novel protein fragment comple-
mentation assay to demonstrate that alpha-synuclein oligo-
mers are present on both the outside and inside of exosomes. 
Importantly, the mode of secretion of alpha-synuclein oligo-
mers was shown to be strongly influenced by autophagic 
activity [35]. Collectively, these and other studies suggest 
that the pathogenicity of alpha-synuclein oligomers are not 
restricted to the donor cells but can propagate into the extra-
cellular space and alter the physiology of neighboring cells.

Wild-type alpha-synuclein inhibits tyrosine hydroxy-
lase (TH) activity [38]. Nevertheless, aggregated forms are 
unable to inhibit TH activity with higher TH phosphoryla-
tion present [39]. This suggests a physiological role of wild-
type alpha-synuclein in regulating dopamine biosynthesis. 
Mitochondrial dysfunction and oxidative stress are reported 
to contribute to the misfolding of alpha-synuclein protein, 
activating a deleterious cycle of protein accumulation and 
cellular damage, leading to dopaminergic neurodegenera-
tion [40].

The presence of aggregated or pathological forms of 
alpha-synuclein in both idiopathic and familial PD cases 
suggests a mechanistic link between genetically inherited 
and environmentally derived forms of the disease. As of 
yet, three missense mutations in the gene coding for alpha-
synuclein (SNCA) have been associated with familial PD. 
These mutations include Ala30Pro, Ala53Thr, and Glu-
46Lys, all of which alter the structure of the protein, and 
increase the probability of fibril formation and oligomeriza-
tion in vitro as well as neurodegeneration in vivo [41, 42]. 
PD patients with point mutations in SNCA display alpha-
synuclein aggregation and Lewy body formation that results 
in severe PD symptoms [43, 44]. Duplications or triplica-
tions of wild-type SNCA may lead to similar PD pathology 
[45, 46]. This indicates that excess amounts of wild-type 
alpha-synuclein may contribute to neurodegeneration and 
that environmental toxins that directly or indirectly contrib-
ute to alpha-synuclein accumulation may render individuals 
more vulnerable to the disease. Apart from duplication of 
SNCA or relatively rare mutations in the gene, variability in 
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nigrostriatal degeneration via the aforementioned patho-
physiological mechanisms. It is possible that mutations in 
parkin may render individuals more susceptible to the del-
eterious effects of certain neurotoxins. For example, an indi-
vidual heterozygous for the parkin mutation may be more 
vulnerable to toxins that inhibit the UPS or increase alpha-
synuclein aggregation due to lower production of functional 
parkin within the CNS. This might lead to accumulation of 
cytotoxic proteins and contribute to PD pathogenesis.

Similar neurodegenerative mechanisms are exacerbated 
by mutant forms of DJ-1, a protein that regulates antioxi-
dant gene expression and known to protect mitochondria 
against oxidative stress [56]. Furthermore, the interactions 
of Parkin, DJ-1 and PINK1 with mitochondria suggest 
the possibility of shared genetic pathways and gene–gene 
interactions in both familial and sporadic cases of PD [1]. 
Chronic treatment of rats with rotenone is sufficient to 
induce oxidative modification of DJ-1 to a more acidic form 
and redistribute the protein to the mitochondria, resulting in 
alpha-synuclein accumulation and dysfunction of the UPS 
[60]. UPS dysfunction may damage other essential cellular 
mechanisms including axonal transport and energy homeo-
stasis, contributing to neurodegeneration of nigrostriatal 
dopaminergic neurons. Oxidative stress and mitochondrial 
dysfunction induced by environmental factors may be suffi-
cient to influence genetic factors, contributing to PD patho-
genesis. Exposure to heavy metals or other compounds that 
exacerbate oxidative stress pathways may impact those with 
mutations in DJ-1 to a greater extent than in wild-type DJ-1 
due to decreased antioxidant capacity. Further studies are 
necessary to discern whether these deficits modulate PD 
pathogenesis.

Environmental Modulators in PD

Heavy Metal Exposure

Overexposure to specific heavy metals has been implicated 
to exacerbate or cause neurodegeneration. Epidemiological 
studies have demonstrated a positive association between 
heavy metal exposed populations and incidence of PD [67]. 
For example, exposure to manganese (Mn) and iron (Fe) 
are known to cause a parkinsonism-like disorder, a condi-
tion that features some of the PD symptoms such as tremor, 
bradykinesia and rigidity, resulting from dopaminergic cell 
death [68, 69].

Mn is an essential metal for normal development and 
growth [70, 71]. However, chronic exposure via inhalation 
of Mn particulates in occupational and industrial settings 
such as mining and welding results in its accumulation in 
selected brain regions causing CNS dysfunctions and an 
extrapyramidal motor disorder similar to PD, referred to 

PD cases [57], suggesting that interactions between LRRK2 
polymorphisms and environmental exposures may contrib-
ute to PD progression in some populations.

In combination with the incomplete penetrance that char-
acterizes most point mutations in LRRK2, it is likely that 
individuals heterozygous for mutations in this gene may be 
at a greater risk for developing PD in combination with expo-
sure to certain toxins or other genetic factors. Animal mod-
els including Drosophila melanogaster and Caenorhabditis 
elegans (C. elegans) over-expressing mutant LRRK2 show 
increased susceptibility to the toxic effects of pesticides, 
such as rotenone and paraquat, and experienced increased 
dopaminergic neurodegeneration [58, 59]. Future studies 
are necessary in order to assess whether LRRK2 directly 
or indirectly interacts with environmental factors in order 
to modulate pathways associated with the protein aggrega-
tion and neurodegeneration characteristic of PD. This is a 
particuarly intriging avenue of study given that mutations 
in LRRK2 typically have incomplete penetrance and thus, 
toxin exposure may modulate PD risk in these populations.

Parkin and DJ-1

While mutations in SNCA and LRRK2 are dominantly inher-
ited, a number of loss-of-function mutations have also been 
associated with PD, including Parkin, PINK1, and PARK7, 
commonly referred to as DJ-1. These types of mutations are 
particularly interesting in the context of the hypothesis that 
disease-toxicant interactions drive many cases of idiopathic 
PD, as they may constitute genetic risk factors leaving indi-
viduals more vulnerable to disease pathogenesis.

Parkin is an E2-dependent E3 protein-ubiquitin ligase 
that serves to link polyubiquitin chains to misfolded pro-
teins via the ubiquitin proteasome system (UPS) [60]. Par-
kin is selectively recruited to altered mitochondria with 
reduced membrane potential in mammalian cells where it 
mediates autophagy [61]. Thus, the UPS facilitates intra-
cellular protein degradation with the help of parkin. Prior 
to degradation, dysfunctional proteins or organelles are 
tagged with ubiquitin through the actions of ubiquitin acti-
vating (E1), conjugating (E2) and ligating enzymes (E3, or 
parkin) before they are broken down into their amino acid 
components by proteolytic enzymes in the proteosome [62]. 
Parkin’s essential role in UPS function suggests that mech-
anistic failures in this protein degradation pathway may 
lead to accumulation of alpha-synuclein in the PD patient, 
promoting Lewy Body formation and cellular dysfunction. 
Parkin knock-out mice show decreased proteins associ-
ated with protection from mitochondrial dysfunction and 
oxidative stress, while D. melanogaster with mutant par-
kin exhibit swollen and disordered mitochondria, disrupted 
spermatogenesis and loss of dopaminergic neurons [63–66]. 
Loss-of -function mutations in parkin are associated with 
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serve to up-regulate parkin, an ER-stress factor that in turn 
up regulates PINK1, which has been associated with mito-
chondrial dysfunction in PD patients [77]. Over-expression 
of alpha-synuclein is sufficient to increase vulnerability to 
Mn neurotoxicity in a mesencephalic cell line, while Mn 
induces the over-expression of alpha-synuclein in PC12 
cells, suggesting a cyclical effect between the genetic and 
environmental factors [92, 93].

Recent studies suggest that alpha-synuclein may protect 
against Mn toxicity in the context of certain mutations linked 
to PD pathogenesis. For example, wild-type alpha-synuclein 
exhibit protective effects against Mn-induced neurotoxicity 
during the early stages of exposure in a N27 dopaminer-
gic neuronal model of PD [94]. The invertebrate C. elegans 
model system has revealed the neurotoxic or neuroprotec-
tive role of alpha-synuclein upon acute Mn exposure in the 
background of mutated pdr1, pink1 or djr1.1. Specifically, 
the pdr1 and djr1.1 mutants exhibit increased Mn accumu-
lation and oxidative stress that was rescued by alpha-synu-
clein. The loss-of-function mutations in these genes may 
exacerbate Mn neurotoxicity through impairing clearance 
of damaged mitochondria, leading to increased free radical 
production. Additionally, while dopaminergic neurodegen-
eration was unchanged with Mn exposure, it returned to 
wild-type levels for pdr1, but not djr1.1 mutants express-
ing α-synuclein [95]. This study indicates a neuroprotective 
role for wild-type human alpha-synuclein in mitigating Mn-
induced cytotoxicity in the background of PD-associated 
genes, and further supports the role of extracellular dopa-
mine in potentiating Mn neurotoxicity in vivo. Mn interacts 
with alpha-synuclein to promote aggregation of the protein 
[96]. Alpha-synuclein may help protect against Mn toxicity 
through its ability to segregate this metal, thus altering Mn 
homeostasis in dopaminergic neurons in the worm.

Other heavy metals have also been associated with PD. 
For example, analyses of postmortem PD brain tissues have 
reported cases of increased iron deposition in the substan-
tia nigra pars compacta compared to neurotypical control 
tissues [97, 98]. Additional studies have found decreased 
levels of ferritin in this region of the brain [99]. Ferritin 
is a protein that binds to iron and renders it non-reactive, 
which may suggest that the decreased binding ability and 
increased iron accumulation may cause neurotoxicity in PD 
patients. Iron can mediate the Fenton-Haber-Weiss reaction 
to produce hydroxyl radicals that cause lipid, protein, and 
DNA oxidation, potentially resulting in dopamine neuron 
cell death [100]. Future studies are necessary to further 
understand the influence of Mn, Fe, and other heavy metal-
mediated toxicity in other neurotransmitter systems, cellu-
lar and circuitry mechanisms that underlie dopamine neuron 
survival and function. Epidemiological studies have indi-
cated that countries in the United States with heavy metal 
emissions, including copper (Cu) and Mn have a greater 

as Mn-induced parkinsonism or manganism [69, 72–75]. 
Thus, chronic occupational exposure to Mn represents a 
risk factor for PD [76]. PD and Mn-induced parkinsonism 
share some similar cellular mechanisms including energy 
deficits, altered mitochondria function, protein aggregation, 
UPS dysfunction, and neurotoxic effects on dopamine neu-
rons [69, 77]. Patients receiving total parenteral nutrition 
[78, 79] as well as those with chronic liver failure who are 
unable to efficiently excrete Mn in bile [80] are more likely 
to exhibit symptoms of Mn-induced parkinsonism. Despite 
the similarities in some of the shared pathophysiological 
mechanisms between PD and Mn-induced Parkinsonism, 
there are distinguishable features between the two disorders. 
Acute exposure to Mn is characterized by early symptoms 
including hallucinations and psychoses while the later gives 
rise to motor deficits including progressive dystonia [81]. 
Notably, dopamine neuron loss occurs despite the absence 
of the Lewy bodies, which are characteristic of PD. How-
ever, the main target of neurotoxicity in these cases appears 
to be the globus pallidus rather than the nigrostriatal system, 
which is affected in idiopathic and familiar PD cases [82]. 
While PD results in altered dopaminergic neuron morphol-
ogy, Mn-induced parkinsonism alters dopaminergic neuro-
transmission without causing such morphological changes 
[83]. Mn-induced parkinsonism cause decrease levels of 
monoaminergic neurotransmitters, including norepineph-
rine and dopamine, something not characteristic of PD [84]. 
Individuals with Mn-induced parkinsonism do not generally 
respond to levodopa (a drug used to treat early stages of PD) 
treatment, exhibit more frequent dystonia, and less resting 
tremor compared to PD patients [82].

Chronic exposure to Mn may also be sufficient to exacer-
bate or influence PD pathology. Specifically, Mn is capable 
of causing increased fibril formation of alpha-synuclein, 
leading to Lewy body formation that is characteristic of idio-
pathic PD and other synucleinopathies [77] that may result 
in neuronal cell death. Gitler and colleagues have reported 
that PARK9 encodes a metal cation transporter and inter-
acts with alpha-synuclein in yeast to cause neuroprotection 
against Mn-induced toxicity [85] thus, illustrating gene-tox-
icant (PARK9 and Mn) and gene–gene (alpha-synuclein and 
PARK9) interactions in PD etiology. Over-expression of 
alpha-synuclein may be capable of activating transcription 
factors, kinases, and apoptotic signaling cascades associated 
with toxicity.

A link between Mn overexposure and PD has been estab-
lished [86], suggesting that Mn may exert neurotoxic effects 
on the nigrostriatal system. Overexposure to Mn causes 
oxidative stress and mitochondrial dysfunction, which also 
characterizes PD [87, 88]. It is worth noting that intracellu-
lar Mn is taken up by the Ca2+ uniporter, facilitating its stor-
age in mitochondria, where Mn activates heme oxygenase-1 
that triggers oxidative damage [89–91]. Mn exposure may 
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striatum [108], while Miller and colleagues show that treat-
ment with heptachlor inhibits VMAT2 in vitro [109]. A syn-
ergistic epiphenomenon may be possible wherein a toxic 
insult may increase DAT or reduce VMAT2 rendering the 
neuron more vulnerable to a second insult. Future studies 
are necessary to elucidate how exposure to heavy metals 
and pesticides may modulate MPP+-induced toxicity.

Additional mechanisms including oxidative stress have 
been implicated in causing nigrostriatal damage and MPTP-
induced energy deficits. The substrata nigra is the most vul-
nerable region of the brain in PD due to its high metabolic 
rate combined with its high content of oxidizable species, 
including dopamine. In addition to disrupting electron flow 
at complex I, MPP+ is thought to increase superoxide pro-
duction. Oxidative stress may arise as a result of MPP+ 
disrupting dopamine homeostasis and triggering the release 
of dopamine from vesicular storage, causing the formation 
of oxidizing metabolites including dopamine quinones and 
hydrogen peroxide [110]. In conjunction with generating 
destructive oxidizing agents, MPTP may employ mecha-
nisms, such as excitotoxicity, the formation of nitric oxide, 
and apoptosis to cause nigrostriatal degeneration. Nitric 
oxide is a free radical that gives rise to peroxynitrite when it 
interacts with superoxide anion. Peroxynitrite causes dam-
age to cellular macromolecules and eventually death in neu-
rons. Peroxynitrate can lead to mitochondria dysfunction, 
as can nitric oxide, thus exacerbating the toxic effects of 
MPTP [100]. Though the source of the nitric oxide in MPTP 
neurotoxicity is unclear, mice lacking the inducible nitric 
oxide synthase (iNOS) gene show greater resistance to the 
effects of MPTP than wild-type littermates, implying that 
iNOS may play a crucial role in generating nitric oxide in 
this process [111].

iNOS is typically generated by microglia, implicating 
the inflammatory cascade in MPTP-induced toxicity. This 
is particularly intriguing given the evidence of the role 
neuroinflammation plays in idiopathic PD where chronic 
exposure to environmental triggers may activate microglia 
causing them to overproduce a neurotoxic inflammatory 
mediator. There is an especially high density of microglia 
in the midbrain that may make the substantia nigra particu-
larly vulnerable [112]. Epidemiological studies show sup-
port for a potential role of neuroinflammation in causing cell 
death in dopaminergic neurons. For example, the incidence 
of idiopathic PD in individuals who use non-steroidal anti-
inflammatory (NSAID) drugs chronically was 46 % lower 
than age-matched controls [113]. Presumably, this may be 
due to NSAIDs’ ability to scavenge free oxygen radicals 
and inhibit cyclo-oxygenase activity triggered, reducing 
neuroinflammation.

As MPTP is not readily available to the general popula-
tion, it is not a major factor in inducing non-familial PD 
pathology. However, understanding the mechanisms by 

incidence of PD [101], further highlighting the necessity for 
future research to evaluate the potential role of other metals 
in PD pathogenesis.

Illicit Drugs

MPTP

Evidence for the influence of neurotoxins in illicit drug 
use as causal agents in PD began with the discovery of 
the neurotoxin 1-methyl-4-pheyl-1,2,3,6-tetrahydropyrine 
(MPTP), which was sufficient to reproduce PD-like symp-
toms that can be attenuated with levodopa treatment [102, 
103]. Moreover, a post-mortem study of three patient brains 
who had been afflicted with MPTP-induced parkinsonism 
revealed an inordinate reduction of pigmented dopaminer-
gic neurons within the substantia nigra, a characteristic of 
idiopathic PD, indicating the possibility of a shared pathol-
ogy between MPTP exposure and PD [104].

MPTP is lipophilic and readily crosses the blood-brain-
barrier where it is metabolized in glial cells into its unsta-
ble and toxic metabolite, 1-methyl-4-phenylpyridinium 
(MPP+). MPP+ is released into the extracellular space 
where it is taken up by dopamine transporter (DAT) on 
dopaminergic neurons and inhibits complex I of the mito-
chondrial electron transport chain, blocking electron flow 
and thus impairing ATP production and generating reactive 
oxygen species (ROS) [100]. Thus, it is possible that genetic 
variability in genes controlling the antioxidant buffering 
capacity may increase vulnerability to MPTP toxicity due 
to decreased ability to neutralize free radicals. Upon MPP+ 
entry into dopaminergic neurons, it is sequestered into 
synaptic vesicles by the vesicular monoamine transporter 
(VMAT2), effectively decreasing the amount of MPP+ that 
accumulates in the mitochondria [105]. The ratio between 
DAT and VMAT2 may present a means to explain why 
dopaminergic neurons are especially vulnerable to MPTP-
induced toxicity. Transgenic mice bereft of DAT showed 
complete resistance to MPTP toxicity, implying that the 
accumulation of MPP+ in dopaminergic neurons facilitated 
by DAT is an essential step in MPTP toxicity and nigros-
triatal neurodegeneration [106]. Therefore, higher levels of 
DAT may predispose neurons to MPTP-induced toxicity. 
Conversely, VMAT2 heterozygote knockout mice experi-
ence twice as much nigral dopaminergic neuron loss sub-
sequent to MPTP exposure than wild-type mice [107]. This 
suggests that higher levels of DAT may serve to exacerbate 
MPTP toxicity and VMAT2 exerts a neuroprotective effect. 
It is also possible that chemical interactions may alter the 
ratio between DAT and VMAT2, thus affecting dopaminer-
gic neurons’ vulnerability to MPTP and similar toxicants. A 
study by Vaccari and Saba found that heptachlor, an organo-
chlorine insecticide increase DAT levels in the mouse 
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radicals and reactive quinones [122]. These reactive species 
can cause lipid, protein and DNA peroxidation, leading to 
increased cellular damage and dopaminergic cell death.

Excessive production of free radicals may alter UPS sub-
unit and protein expression leading to its dysfunction and the 
subsequent accumulation of misfolded proteins, potentially 
aiding alpha-synuclein aggregation and Lewy body for-
mation. Fornai and colleagues showed that amphetamines 
could cause the formation of neuronal inclusions within the 
nigrostriatal system of mice, likely by negatively affecting 
essential proteins in the UPS. These inclusions share com-
mon components of Lewy bodies such as alpha-synuclein 
and ubiquitin [123].

The neurodegenerative effects of methamphetamine on 
dopaminergic neurons parallels that of PD pathogenesis, 
suggesting that abusing this drug may contribute to PD-
like phenotypes. This link is especially troubling given 
that as many as half a million people in the United States 
may use methamphetamine every week [124]. Studies have 
demonstrated that UPS dysfunction can contribute to meth-
amphetamine toxicity in dopaminergic neurons and that 
methamphetamine can cause oxidative damage of parkin 
in vivo [125]. Conversely, over-expression of Parkin pro-
tects rat dopaminergic neurons from the toxic effects of 
acute methamphetamine, in vivo [126]. Future studies are 
necessary in order to examine whether genetic variability in 
Parkin and other UPS proteins renders the individual more 
susceptible to dopaminergic cell damage resulting from 
methamphetamine use.

Pesticides

Rotenone

Rotenone is a natural botanical pesticide used in organic 
farming and to control fish populations [127]. Due to its 
hydrophobic structure, rotenone can easily cross the blood–
brain-barrier without the assistance of a transporter where 
it accumulates in the mitochondria and exerts its toxic 
effects by inhibiting mitochondrial complex I [128]. Inhibi-
tion of the mitochondria leads to insufficient ATP synthe-
sis, increased production and accumulation of ROS in the 
cell, and subsequent cell death. Based on the studies that 
have reported 15–30 % reduction in mitochondrial complex 
I activity in nonfamilial PD patients, it has been hypoth-
esized that rotenone exposure may be an environmental 
factor that leads to PD-related pathogenesis [2]. Additional 
studies have found that rotenone infusion generates many of 
the motor symptoms of non-familial PD, including rigidity, 
hypokinesia, resting tremor, and as a result dopaminergic 
neurodegeneration [129]. Similar to MPP+, rotenone inter-
acts with complex I and reduces electron flow at upstream 
sites thus causing electrons to remain at complex I for an 

which MPTP acts to cause PD symptoms may lead to a 
better understanding of the mechanisms that cause PD neu-
ropathology. Additionally, there exist many heterocyclic 
molecules that structurally resemble MPTP and identified 
as potential parkinsonogenic agents. Among them are tet-
rahydroisoquinoline (TIQ) and β-carboline (β-C) that are 
alkaloids found in a number of foods [114], cause nigros-
triatal damage in rat brains [115]. Future research is needed 
to determine whether TIQs and β-Cs are capable of exerting 
the same neurotoxic effects as MPTP. It may be possible 
that chronic exposure to TIQs and β-Cs may damage the 
nigrostriatal system and result in PD neuropathology.

There is a relationship between alpha-synuclein and 
exposure to MPTP. For example, squirrel monkeys expe-
rience up-regulation of alpha-synuclein in response to 
injection with MPTP [116]. RT-PCR analysis of genes in 
the dopaminergic system of murine cells revealed MPTP-
induced changes in the expression levels of genes impli-
cated in PD, including the rate limiting enzyme TH as well 
as DAT, VMAT, and alpha-synuclein [117]. Thus, MPTP 
induced Parkinsonism presents a good model to further 
explore disease-toxicant interactions, and genes and pro-
teins altered in PD pathogenesis.

Methamphetamine

Other drugs of abuse are implicated in PD pathogenesis. 
A 2015 epidemiological study examined medical records 
between 1996 and 2011 within the state of Utah and 
reported that abusers of methamphetamine and its metab-
olite, amphetamine have a near threefold chance of being 
diagnosed with PD in comparison to nonusers. The same 
study also found that female methamphetamine users were 
five times more likely to develop PD in comparison to their 
male counterparts [118].

Methamphetamine is a notoriously addictive synthetic 
stimulant that readily crosses the blood–brain barrier (BBB). 
Within the brain, it triggers signaling cascades leading to the 
release of inordinate amounts of dopamine and other mono-
amines such as serotonin and inhibits dopamine uptake into 
the presynaptic terminal via DATs [119]. Both these mecha-
nisms lead to increased dopamine at the synapse, stimulat-
ing the nigrostriatal and mesolimbic reward dopaminergic 
pathways, which results in feelings of euphoria and makes 
users prone to addiction [120].

Methamphetamine is a potent neurotoxin that cause neu-
ronal loss of dopaminergic neurons, leading to decreased 
overall dopamine concentrations and TH levels subsequent 
to abuse of the drug [121]. The dopamine depletion may be 
due to the activation of oxidative stress pathways by meth-
amphetamine. Specifically, methamphetamine-induced 
dopamine accumulation at the synapse results in dopa-
mine auto-oxidation, causing increased production of free 
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mitochondrial respiratory chain may also play a role in PD 
pathogenesis. Dieldrin and Maneb inhibit complex III of the 
respiratory chain and implicated in epidemiological and in 
vivo studies to cause PD-related disorders [132, 133].

Dieldrin is an organochlorine insecticide that was used 
between 1950 and the mid-1970s in the United States before 
it was restricted and finally banned based on its potential 
carcinogenic capacity and bioaccumulation [134]. However, 
due to the compounds long half-life and lipophilicity, sig-
nificant levels of the pesticide remain in the ecosystem after 
use. Post-mortem studies have revealed that PD patients are 
more likely to have perceivable amounts of dieldrin in their 
brains in comparison to those afflicted with other illnesses. 
For example, other studies show elevated amounts of the 
dieldrin in the caudate nucleus of PD patients when com-
pared to healthy age-matched controls [135, 136].

Dieldrin readily crosses the BBB due to its lipophilicity 
where it exerts neurotoxicity via similar mechanisms that 
are prominent in PD: production of ROS, ubiquitin-protea-
some-system dysfunction, up-regulation of alpha-synuclein 
aggregation, reduction and release of intracellular dopa-
mine, and mitochondrial dysfunction [128]. Dopaminergic 
neurons are more vulnerable to the neurotoxic effects of 
dieldrin than other neuronal populations [137]. Kanthasamy 
and colleagues utilized flow cytometry, biochemical and 
immunochemical techniques to demonstrate that acute 
exposure of N27 and PC12 dopaminergic cell models of 
PD and rat brain slices to dieldrin results in a significant 
increase in ROS production, DNA fragmentation, and cyto-
chrome c release into the cytosol, which activates a cas-
pase-dependent apoptotic pathway via proteolytic cleavage 
of protein kinase C delta (PKC.1 into 41 kDa catalytic and 
38 kDa regulatory subunits) [138, 139]. Single high doses 
of dieldrin administered to mice failed to induce any notice-
able changes in striatal dopamine levels; however, chronic 
doses reduced dopamine levels in several animal models, 
while also altering DAT and VMAT levels [140–142]. 
For example, chronic low doses of dieldrin administered 
to mice for 30 days altered dopamine-handling by signifi-
cantly decreasing DAT expression and the dopamine metab-
olites, DOPAC (3,4-Dihydroxyphenylacetic acid) and HVA 
(homovanillic acid), and increasing cysteinyl-catechol and 
alpha-synuclein levels in the striatum. In addition, expo-
sure to dieldrin significantly reduced total glutathione and 
increased protein carbonyls levels in the striatum indicat-
ing oxidative stress. Despite these impairments in dopamine 
metabolism and induction of oxidative stress pathways, 
there were no dopamine neuron loss in the substantia nigra 
pars compacta. These effects indicate that low doses of diel-
drin enhances the susceptibility of dopamine neurons in the 
substantia nigra by activating oxidative stress pathways that 
may eventually lead to PD neuropathology [142]. Exposure 
to dieldrin further cause impairment in UPS function and 

inordinate amount of time. This fosters the creation of super-
oxide radicals, which is released within the mitochondria. 
Notably, rotenone is selectively toxic to nigrostriatal dopa-
mine neurons and causes the formation of Lewy-body-like 
inclusions containing alpha-synuclein [129]. The selective 
vulnerability of rotenone-induced inhibition of mitochon-
drial complex I in dopaminergic neurons remain unclear and 
may be a result of dopamine metabolism, which results in 
the generation of hydrogen peroxide that induces oxidative 
damage in dopaminergic neurons [130].

In addition to ROS generation, rotenone also triggers 
glial cell activation and a neuroinflammatory response 
[130]. Knock-out studies in mice have indicated that rote-
none releases superoxide from microglia. Inhibition of 
NADPH oxidase in these microglia dramatically reduces 
rotenone’s neurotoxic effects, indicating that the microglial 
NADPH oxidase generated ROS are the primary contribu-
tor to rotenone-induced neurotoxicity [131]. Rotenone may 
modify alpha-synuclein structure and function, making it 
more likely to aggregate and contribute to oxidative damage 
[130]. This prompts the question of whether genetic poly-
morphisms leading to impaired function of the UPS may 
leave individuals more likely to develop PD after rotenone 
exposure.

While a number of factors render rotenone a flawed 
model of PD (including its toxic effects on peripheral 
organs) [129], epidemiological studies have indicated that 
the incidence of PD-related disorders is more common in 
individuals exposed to rotenone than control groups with 
similar demographic backgrounds [127]. Chronic treatment 
with rotenone is sufficient to cause oxidative modification 
of DJ-1, alpha-synuclein accumulation, and proteasome 
inhibition [60]. The genetic forms of PD target similar cel-
lular pathways to cause PD. Recessive loss-of-function 
mutations in DJ-1 are associated with early-onset Parkin-
sonism, while mutations in SNCA cause alpha-synuclein 
modification and accumulation. Likewise, loss-of-function 
mutations in Parkin eliminate its ability to regulate protein 
degradation via the UPS processes. The fact that rotenone 
and genetic forms of PD share some similar pathophysi-
ological mechanisms, including oxidative stress, mito-
chondrial complex I inhibition, proteasomal dysfunction, 
protein aggregation, and many others suggests an impor-
tant link between genetic and idiopathic cases of PD. In 
the future, epidemiological studies should be conducted to 
identify whether these shared mechanisms may leave cer-
tain genetic populations more vulnerable to rotenone neu-
rotoxicity and PD.

Dieldrin

In addition to mitochondria complex I deficiency revealed 
by MPP+ and rotenone, deficits in other parts of the 
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studies, one of which found that repeated nicotine exposure 
was sufficient to impede nigrostriatal cell loss as a result of a 
hemitransection of the medial forebrain of rats [152]. How-
ever, the ability of nicotine to improve the motor symptoms 
of PD is less disputed, with some clinical studies finding 
positive results [153], and others no significant correlation 
[154, 155]. Additional studies report an association between 
high caffeine consumption with lower PD incidence [100]. 
Caffeine is an adenosine receptor antagonist, and may be 
able to encourage dopamine release through repressing ade-
nosine inhibition [156]. Alternatively, caffeine may exert an 
anti-apoptotic function via activation of the phosphatidyl-
linositol-3-kinase/Akt pathway as reported in the human 
dopaminergic neuroblastoma SH-SY5Y cell model of PD 
[157]. It still remains somewhat controversial whether caf-
feine is truly able to exert neuroprotective effects in PD neu-
ropathology. Most notably, it is unclear whether caffeine is 
neuroprotective in women, with some studies finding a sig-
nificantly reduced risk of PD in women who consume cof-
fee [158], while others finding no correlation between the 
two, presumably due to modifications caused by estrogen 
[159], and/or other genetic and environmental factors that 
were not controlled for in the studies. Future studies should 
assess the possibility that genetic polymorphisms may alter 
the neuroprotective effects of estrogen, thus leaving some 
women more vulnerable to environmental factors associated 
with PD pathogenesis.

Treatment Strategies and Therapies Used in PD

Though the mechanisms underlying PD and Parkinsonism 
have been better characterized in recent years, no cure has yet 
been found. Rather, many current treatments focus on allay-
ing symptoms of dopaminergic neuron loss by replenishing 
dopamine within the brain. One such treatment, levodopa 
is one of the most effective drugs for treating PD due to its 
ability to ameliorate the low levels of dopamine character-
istic of the disease. Administered orally in conjunction with 
carboxylate-inhibitors such as carbidopa to prevent its con-
version to dopamine in the periphery, levodopa crosses the 
blood brain barrier and is converted to dopamine by l-amino 
acid decarboxylase or dopa decarboxylase in the presence 
of the cofactor pyridoxal phosphate (vitamin B6) [160]. 
Increased dopamine in the PD brain through this treatment 
helps to improve symptoms such as tremors, rigidity, and 
hypokinesia. However, long-term use of levodopa results 
in disabling motor and sensory fluctuations, neuropsychi-
atric and circadian complications, and dyskinesias negating 
its beneficial effects [161, 162]. The surgical method deep 
brain stimulation (DBS) is used to alleviate some of the 
motor complications such as tremor, stiffness, bradykinesia, 
and dystonia that cannot be controlled my medications in 
PD individuals [163].

increase apoptosis [143]. Thus, dieldrin exposure may fur-
ther exacerbate the aggregation of alpha synuclein in the 
context of genetic variation leading to either increase alpha 
synuclein production, or its impaired degredation. These 
results should be translated in epidemiological studies 
assessing whether individuals with genetic polymorphisms 
in SNCA exhibit UPS dysfunction and how prior exposure 
to dieldrin coupled with SNCA polymorphism may contrib-
ute to PD pathogenesis.

Estrogen and Other Neuroprotective Compounds

Epidemiological studies revealed the incidence of PD to 
be 1.5–2 times greater in men than women. Furthermore, 
women who develop PD having a later age of onset by an 
average of 2.2 years, and greater motor skills than men 
afflicted with the disease [144]. Thus, women appear to be 
more protected against PD pathogenesis than men. This pro-
tection may be a result of higher estrogen levels. In support 
of this hypothesis, dopaminergic neurons in the substantial 
nigra of animal models of PD experience greater vulnerabil-
ity to lesions at low levels of estrogen than those treated with 
higher levels of estrogen [145]. Women who have under-
gone ovariectomy or hysterectomy have a greater chance of 
developing PD [145]. However, this seemingly clear neu-
roprotective function of estrogen is complicated by studies 
that found that estrogen supplementation in postmenopausal 
women after PD symptom onset did not alter the course or 
severity of the disease [145]. Therefore, estrogen may have 
neuroprotective potential in preventing or mitigating PD 
prior to symptoms onset.

The exact mechanism by which estrogen exerts its neu-
roprotective effects is unclear. It is possible that estrogen 
acts to prevent apoptosis via estrogen receptor mediated 
pathways [145] and that the absence of estrogen in MPTP-
induced neurotoxic dopaminergic cells may induce apopto-
sis [146]. Alternatively, estrogen may protect dopaminergic 
neurons through more indirect means, such as its capacity to 
up-regulate the secretion of nerve growth factor (NGF) and 
brain-derived neurotrophic factor (BDNF). Estradiol and 
estrogen-like phytoestrogens rescue PC12 neural cells from 
MPP+-induced cell death [147, 148]. These findings bolster 
epidemiological studies suggesting that estrogen may pro-
tect against PD likely by protecting dopaminergic neurons, 
thus slowing the progression of PD [149].

Environmental neuroprotective agents, such as tobacco 
and caffeine have been identified and linked with PD. Epi-
demiological studies show that smokers have decreased PD 
incidence independent of selective mortality due to the health 
complications of tobacco exposure [150, 151]. This protec-
tive effect could be due to the nicotine found in tobacco. 
This neuroprotective mechanism is supported by several 
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Summary

The etiology of PD has long been controversial. Genome-
wide association studies have revealed gene polymorphisms 
related to the incidence of the disease, dispelling the pre-
vious belief that genetics did not play a role in its patho-
genesis. While these discoveries are significant, majority 
of PD cases are sporadic, indicating environmental factors 
are essential to consider in order to uncover the triggers, 
understand the disease and find a cure for PD. Epidemio-
logical studies have linked exposures to pesticides and 
heavy metals to higher incidence of PD, yet the exact role 
these factors play in disease progression remain elusive in 
most cases. An emerging perspective towards PD etiology 
seeks to integrate interest in these environmental agents and 
genetic predispositions or susceptibility factors (disease-
toxicant interactions), to elucidate how the two may interact 
or up-regulate PD-associated pathways such as impaired 
protein degradation and aggregation in neurons, mitochon-
drial dysfunction, and subsequent oxidative stress resulting 
in dopaminergic neuron loss. In combining a whole genome 
approach to understand genetic susceptibility to PD and 
epidemiological and toxicology studies, a better compre-
hension of PD pathogenesis can be reached and new, more 
effective therapies developed and utilized in conjunction 
with current treatments, such as levodopa and DBS.
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