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Abstract
Purpose of Review The purpose of the study was to discuss
the main mechanisms associated with environmental and ge-
netic factors that contribute to the development of Parkinson’s
disease (PD).
Recent Findings Novel genetic contributors to PD are being
identified at a rapid pace in addition to novel environmental
factors. The discovery of mutations in alpha-synuclein and
leucine-rich repeat kinase 2 causing inherited forms of PD
along with epidemiological, in vitro, and in vivo studies iden-
tifying herbicides, pesticides, and metals as risk factors have
dramatically improved our understanding of mechanisms in-
volved in the development of PD. However, at the same time,
these discoveries have also added layers of complexity to the
disease.
Summary Within the last several years, the genetics associated
with PD has dominated the field in many ways; however, the
majority of PD cases are likely due to different combinations of
environmental exposures and genetic susceptibility. The most
common toxicants used to model PD including rotenone, para-
quat, and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine have
been shown to interact with many of the genes linked with PD
such as alpha-synuclein. Therefore, an understanding of mecha-
nisms common between genetic and environmental factors is
essential for early detection and successful translation of potential
therapies, which is the ultimate goal.
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Introduction

Parkinson’s disease (PD) is the most common neurodegener-
ative movement disorder with an overall reported prevalence
of 1.8 (per 100 population) in people 65 years of age and older
[1]. PD is characterized by the loss of dopaminergic (DA)
neurons in the substantia nigra and the development of
Lewy bodies and Lewy neurites in the brain and periphery.
At the time of diagnosis of PD, patients experience DA-related
sensorimotor impairments, including bradykinesia, tremor,
and rigidity that worsen over time. In addition to motor im-
pairments, non-motor symptoms including gastrointestinal,
cardiovascular autonomic, sleep, olfactory, cognitive, and
neuropsychiatric dysfunctions can also develop, many of
which may precede the onset of the motor symptoms and
likely involve neuropathology outside of the substantia nigra
[2]. This indicates that PD is a systemic disorder affecting
multiple brain regions and peripheral systems.

While the cause of the majority of cases is unknown, there
are recognized factors that increase the risk of developing PD.
These include aging, genetics, and environmental exposures
such as metals, pesticides, and solvents [3–5]. It is generally
considered that gene-environment interactions underlie idio-
pathic or “sporadic” PD. Although inherited forms of PD ac-
count for only 10–15% of all cases, their discovery has had a
substantial impact on our knowledge and understanding of the
mechanisms involved in gene-environment interactions in PD
including mitochondrial function, oxidative stress, protein
degradation, and inflammation. In addition, epidemiology
studies that emphasize the mechanism of environmental fac-
tors have found positive associations between specific

This article is part of the Topical Collection on Mechanisms of Toxicity

* Sheila M. Fleming
sfleming1@neomed.edu

1 Department of Pharmaceutical Sciences, Northeast Ohio Medical
University, 4209 State Route 44, RGE, Rootstown, OH 44272, USA

Curr Envir Health Rpt (2017) 4:192–199
DOI 10.1007/s40572-017-0143-2

http://crossmark.crossref.org/dialog/?doi=10.1007/s40572-017-0143-2&domain=pdf


pesticides and the development of PD [5]. Currently, there are
over 20 PD-related genetic loci (PARK) that have been linked
to PD and a growing list of genes that increase risk [6, 7].
These genetic factors, combined with the numerous environ-
mental exposures identified, underscores the complexity, in-
dividual variability, and challenge of developing treatments to
slow or stop the progression of PD. There are currently no
therapeutic interventions that modify disease progression.
Thus, identifying common mechanisms between gene-
environment interactions is an essential step for improved
therapeutics.

Environmental Factors Associated with PD

Environmental factors have long been implicated in PD since
James Parkison’s initial description of the disease in 1817
during the industrial revolution [8]. Heavy metals including
manganese and iron were linked to Parkinsonian conditions
for decades [9, 10]. In the 1980s, the “environmental hypoth-
esis” was revived with the discovery of 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) and its selective toxicity
on the nigrostriatal dopamine system in humans [11]. In addi-
tion to MPTP, twin studies also suggested a lack of genetic
contribution to sporadic PD further supporting an important
role for the environment in PD [12]. Since then, pesticides,
herbicides, fungicides, and heavy metals have all been linked
to the development of PD and PD-like syndromes [4, 5, 9, 10]
(Table 1).

Heavy Metals

Environmental exposures to heavy metals are established risk
factors for many neurodegenerative conditions including PD.

The most studied metals related to PD are manganese and
iron. Manganese is an essential metal involved in multiple
cellular functions including energy metabolism, develop-
ment, the immune response, and antioxidant responses
[13] It is ubiquitous in the environment, and excessive ex-
posure, especially in occupations such as mining and
welding, is a significant health risk and can cause
manganism, an age-related neurodegenerative condition
partially resembling PD. Manganism is characterized by
PD-like motor symptoms and cognitive impairments but is
distinct from classical PD as the motor deficits are typically
not responsive to levodopa and additional impairments such
as dystonia and “cock-walk” develop. Manganese preferen-
tially accumulates in the basal ganglia affecting primarily
the globus pallidus. Intracellular manganese toxicity in-
volves multiple mechanisms known to also be involved in
PD and other neurodegenerative conditions including mito-
chondrial dysfunction, oxidative stress, and impaired pro-
tein degradation [14].

A link between iron and PD has been known for decades,
but its role in PD remains unclear. Epidemiological studies
looking at associations between occupational or dietary iron
and PD are limited and overall inconclusive. However, the
case for iron and PD primarily comes from postmortem and
imaging studies. Several postmortem studies show an increase
in iron in the substantia nigra in PD cases [10, 15]. Magnetic
resonance imaging also reveals iron deposition in the brain in
PD [16]. In addition, iron has been found in Lewy bodies in
the substantia nigra in postmortem PD cases [17].
Neuromelanin in nigral dopamine neurons is considered a
contributing factor to toxicity as it can bind to iron causing
oxidative stress that leads to cell death [18]. It still remains
unclear though whether iron accumulation is a cause or con-
sequence of PD.

Table 1 Environmental toxicant
associated with gene-
environment interactions in
Parkinson’s disease

Toxicant Exposure Mechanism

Pesticides Paraquat Agriculture Oxidative stress; oxidizes thioredoxin,
activating JNK and caspase-3

Rotenone Household Mitochondrial dysfunction; complex 1
inhibitor

Organochlorines Agriculture and mosquito
control (banned in the USA)

Mitochondrial dysfunction and
oxidative
stress; increase in lipid peroxidation
and reactive oxygen species

Organophosphates Agriculture Oxidative stress; increase in reactive
oxygen species

Pyrethroids Household and agricultural Sodium channel hyperexcitability

Heavy
Metals

Manganese Occupational, ground water,
dietary

Oxidative stress; increased expression
of heme-oxygenase-1, mitochondrial
dysfunction

Iron Occupational, ground water,
dietary

Oxidative stress; increase in
lipid peroxidation
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Pesticides

Numerous epidemiology studies over the last two decades link
pesticide exposure to an increased risk of developing PD [5,
19, 20]. While it is challenging to single out specific com-
pounds, two pesticides in particular have been identified;
these include the herbicide paraquat and pesticide rotenone
[5]. Paraquat (1,1′-dimethyl-4,4′-bipyridinium). Several stud-
ies show a relationship between long-term paraquat exposure
and increased risk of PD [19, 20]. Although structurally sim-
ilar to MPTP, paraquat’s mechanism of toxicity is distinct
from MPTP [21, 22]. MPTP is converted to MPP+ where it
is transported by the dopamine transporter into the cell [23,
24]. There, it inhibits complex I of the mitochondrial electron
transport chain leading to cell death. In contrast, paraquat
induces cytosolic oxidative stress followed by caspase-3-
mediated cell death [22]. Studies show that paraquat is toxic
to dopaminergic neurons and systemic administration kills a
subset of nigrostriatal dopaminergic neurons in mice [25, 26].

Rotenone. Similar to MPTP, rotenone causes mitochondrial
dysfunction. Rotenone freely crosses cell membranes and acts
as a specific inhibitor of complex I of the mitochondrial elec-
tron transport chain [27]. As oxidative stress and mitochon-
drial dysfunction are key mechanisms underlying PD patho-
genesis, both paraquat and rotenone continue to be used in
basic science to model PD in in vitro and in vivo systems to
study gene-environment interactions [28•, 29–31].

Additional Pesticides More recently, additional groups of
pesticides have been associated with PD that will likely be
the focus of future gene-environment studies. These include
organochlorines, organophosphates, and pyrethroids [32–35].
Organochlorines are chlorinated hydrocarbons used in agri-
culture and mosquito control and include dieldrin, DDT, and
Β-hexachlorocyclohexane (Β-HCH) [32, 36–38]. Although
these pesticides have been banned in the USA for some time,
they still pose a threat due to their long half-life and lipophilic
nature. Organophosphates are the main ingredient in com-
monly used household pesticides. Increased ambient organo-
phosphate exposure is associated with a higher risk of PD,
while variants in PON1, a gene important in the metabolism
of organophosphates, combined with organophosphate expo-
sure may modify PD risk [39, 40]. Pyrethroids are a newer
class of pesticides widely used in household and agricultural
environments and although there is less known about the py-
rethroids, they have been shown to affect the dopaminergic
system in vivo [35, 41•]. Currently, these pesticides are in the
early stages of determining their contribution to gene-
environment interactions in PD.

Genetic Factors Associated with PD

Despite their rarity, genes associated with inherited forms of
PD have significantly advanced our understanding of the
mechanisms involved in cellular dysfunction and cell death
in PD. Here, genes associated with inherited forms of PD are
grouped according to their broad mechanisms of toxicity-
mitochondrial dysfunction, oxidative stress, and impaired pro-
tein degradation (Table 2). Notably, these mechanisms are not
mutually exclusive and often there is a reciprocal relationship
between mechanisms with disruption of one setting into play
another. Indeed, several of the genes are involved in multiple
mechanisms, highlighting their potential importance in gene-
environment interactions .

Mitochondrial Dysfunction α-Synuclein (aSyn; PARK1)
was the first gene to be linked with PD when a missense
mutation (A53T) was identified in familial PD [42]. This dis-
covery led to the identification of aSyn as a major component
of Lewy bodies and glial cytoplasmic inclusions in sporadic
PD, dementia with Lewy bodies, and multiple system atrophy

Table 2 Mechanisms of confirmed genetic loci associated with familial
Parkinson’s disease

Mechanism of toxicity PARK Locus Gene

Mitochondrial dysfunction

PARK1 4q21–22 SNCA

PARK2 6q25–27 Parkin

PARK6 1p25–36 PINK1

PARK8 12p11.2q13.1 LRRK2

PARK9 1p36 ATP13A2

PARK13 2p12 HTRA2

PARK14 22q13.1 PLA2G6

PARK22 7p11.2 CHCHD2

PARK23 15q22.2 VPS13C

Oxidative stress

PARK1 4q21–22 SNCA

PARK7 1p36 DJ1

PARK8 12p11.2q13.1 LRRK2

PARK9 1p36 ATP13A2

Impaired protein
degradation

PARK1 4q21–22 SNCA

PARK2 6q25–27 Parkin

PARK8 12p11.2q13.1 LRRK2

PARK9 1p36 ATP13A2

PARK14 22q13.1 PLA2G6

PARK15 22q12q13 FBXO7

PARK17 16q11.2 VPS35

PARK19 1p31.3 DNAJC6

PARK20 21q22.11 SYNJ1

PARK indicates chromosomal loci with putative links to PD. They are
numbered according to order of identification

194 Curr Envir Health Rpt (2017) 4:192–199



(synucleinopathies). Since then, aSyn dysfunction has domi-
nated the field. Functionally, aSyn is a 140 amino acid pre-
synaptic protein involved in vesicle handling and neurotrans-
mitter release [43, 44]. Pathologically, aSyn is prone to
misfolding and aberrant forms of the protein are associated
with mitochondrial dysfunction, oxidative stress, impaired au-
tophagy, and cell death [45–47]. Inherited forms of PD where
there is duplication and triplication of the wildtype aSyn locus
suggest that the level of aSyn is an important contributing
factor to disease severity and onset indicating a “gene-dosage”
toxic effect of aSyn [48, 49]. This also suggests that environ-
mental factors that promote aSyn accumulation could contrib-
ute to PD-like pathology. Indeed, MPTP, paraquat, rotenone,
and manganese exposure have all been shown to increase
aSyn [50–52]. Several in vivo studies also show that in com-
bination with aSyn overexpression, MPTP and PQ can poten-
tiate aSyn-induced pathology [53–56]. More recently, it has
been shown that knockdown of aSyn is neuroprotective in a
rotenone model of PD indicating that aSyn reduction is an
important therapeutic target [30].

Mutations in leucine-rich repeated kinase 2 (LRRK2;
PARK8), in particular G2019S, are the most common genetic
cause of PD [57, 58]. The G2019S mutation in LRRK2 ac-
counts for approximately 5% of dominantly inherited familial
and 1–2% of sporadic PD, and LRRK2-associated PD is in-
distinguishable from sporadic PD [57–60]. The function of
LRRK2 has been reported to include synaptic vesicle storage,
microglial response, and MAPK kinase signaling [61, 62].
LRRK2 is associated with the mitochondrial membrane, and
human fibroblasts from LRRK2 G2019S carriers have im-
paired mitochondria function and morphology [63].

Mutations in the PTEN-induced putative kinase 1 gene
(PINK1) are the second most common cause of autosomal
recessive PD and are also implicated in sporadic cases [64,
65]. The function of PINK1 remains unclear, but studies im-
plicate PINK1 in mitochondrial function and mitophagy [66].
In humans, PINK1 genetic variants cause progressive func-
tional deficits and nigrostriatal DA cell loss [67, 68]. It has
been reported that PINK1 knockout rats develop metabolic
and mitochondrial pathogenesis as well as sensorimotor defi-
cits and nigrostriatal DA cell loss [69, 70].

The recently characterized PARK9 gene, also known as
ATP13A2, represents a more novel candidate for gene-
environment interactions related to neurodegenerative dis-
ease. Full loss of function mutations of ATP13A2 in humans
are associated with the neurodegenerative conditions Kufor-
Rakeb syndrome and neuronal ceroid lipofuscinosis, the for-
mer classified as an inherited form of PD. In addition,
ATP13A2 polymorphisms have been shown to modify the
neurotoxic effect of manganese in an elderly population.
In vitro, loss of ATP13A2 is associated with increased man-
ganese and aSyn toxicity and mitochondrial fragmentation. P-
type ATPases are a large family of proteins involved in the

transport of cations and other substrates across cell mem-
branes through the utilization of energy from ATP hydrolysis
[71, 72]. Functionally, they are involved in essential cellular
processes including vesicular transport and excitability. P5-
type ATPases are only expressed in eukaryotes and are the
least characterized of the P-type ATPases. In the human brain,
ATP13A2 is highly expressed in neurons in the ventral mid-
brain but also found in the basal ganglia (globus pallidus and
putamen), hippocampus, cortex, and to a lesser extent cerebel-
lum [73]. Given the location in the ventral midbrain, it sug-
gests that reduction of ATP12A2 could create a vulnerability
within that region making it susceptible to modest insults.
ATP13A2 protein levels were found to be significantly de-
creased in pure PD and dementia with Lewy bodies, both
synucleinopathies [74]. Loss of ATP13A2 expression is asso-
ciated with mitochondrial fragmentation and dysfunction [75,
76]. The newly identified PD-related genes HTRA2,
PLA2G6, CHCHD2, and VPS13C are also associated with
mitochondrial function and it will be important to determine
the effect of pesticides and metals in models as they are de-
veloped [77–80].

Oxidative Stress In addition to mitochondrial dysfunction,
mutations in aSyn, LRRK2, and ATP13A2 also increase oxi-
dative stress [81–83]. Further, deletion or point mutations in
DJ-1 have been linked to autosomal recessive early onset par-
kinsonism [84]. DJ-1 (PARK7) is a 189 amino acid multifunc-
tional protein, initially identified as an oncogene and then
implicated in the cellular response to oxidative stress [85,
86]. Downregulation or knockout of DJ-1 in vitro increases
the sensitivity to oxidative stress and proteasome inhibition
[87]. DJ-1 also has a redox-dependent chaperone function
and inhibits the aggregation of aSyn [88]. However, DJ-1
mutations are not that frequent and DJ-1 is only rarely detect-
ed in Lewy bodies [89].

Impaired Protein Degradation Mutations in aSyn involved
in inherited forms of PD have been shown to interfere with the
autophagy lysosomal degradation pathway in vivo [90]. Since
then, many of the PD loci identified are shown to alter aSyn
accumulation and implicate mishandling of aSyn as an impor-
tant contributor to PD in general. LRRK2 has been shown to
impair chaperone-mediated autophagy and interfere with
aSyn degradation [91]. In addition, aSyn also interacts with
metals as it has multiple divalent binding sites [92]. Recent
in vitro studies suggest that aSyn may be involved in the
regulation of neuronal manganese and actually be neuropro-
tective against acute manganese exposure [93, 94]. However,
chronic manganese exposure has been shown to promote
aSyn aggregation and toxicity in dopaminergic cells [94].

Parkin (PARK 2) is a 465 amino acid protein that acts
functionally as an E3 ligase and is involved in the
ubiquitination of proteins for degredation by the proteasome
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[95]. It is thought that mutations causing a loss of parkin
function can lead to the abnormal accumulation of parkin
substrates including glycosolated α-synuclein, synphilin-1,
Pael-R, and CDCrel-1 [95]. Knocking out parkin function in
mice has been accomplished by deletion of exon 3, exon 7, or
exon 2 in the parkin gene.

ATP13A2 also appears to interact with the presynaptic pro-
tein aSyn. The role of ATP13A2 in aSyn maintenance is un-
clear but ATP13A2 is located on lysosomes and lack of func-
tion in fibroblasts and dopamine neurons leads to multiple
lysosomal defects [96–98]. It is also suggested to be involved
in the exosomal externalization of aSyn [99] In vivo, loss of
ATP13A2 results in age-related sensorimotor deficits, en-
hanced accumulation of lipofuscin, gliosis, and abnormal ac-
cumulation of aSyn [100, 101]. Several of the newly identified
PD-associated genes are also linked to protein handling and
degradation including PLA2G6, FBXO7, VPS35, DNAJC6,
and SYNJ1. It will be interesting to determine the effect of
different environmental exposures on these more recent PD-
associated mutations. It is also important to note that there are
multiple gene-gene interactions that have been discovered
such as PINK1/Parkin pathway, suggesting when combined
with an environmental toxicant could further contribute to PD
risk. An even more recent example is a LRRK2-ATP13A2
interaction adding yet another layer of complexity to gene-
environment interactions in PD [102].

Conclusions

Environmental contributions to PD have been recognized for
decades; however, not everyone exposed to environmental
stressors develops PD. This indicates that gene-environment
interactions are likely the most significant contributor to the
majority of PD cases. Since the discovery in 1997 of the first
inherited form of PD, genetics has had a dominant presence in
the PD field. The identification of over 20 genetic loci asso-
ciated with PD has led to a greater understanding of the mech-
anisms driving neurodegeneration and substantial prolifera-
tion of novel models of PD. Given these genetic advance-
ments, it is essential that environmental factors continue to
be included in preclinical and translational studies in order
to be successful in developing therapeutics that can modify
disease progression.
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