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Abstract

Background: Parkinson’s disease (PD) is characterized by dopaminergic neuronal loss in the substantia nigra pars
compacta and intracellular inclusions called Lewy bodies (LB). During the course of disease, misfolded α-synuclein,
the major constituent of LB, spreads to different regions of the brain in a prion-like fashion, giving rise to successive
non-motor and motor symptoms. Etiology is likely multifactorial, and involves interplay among aging, genetic
susceptibility and environmental factors.

Main body: The prevalence of PD rises exponentially with age, and aging is associated with impairment of cellular
pathways which increases susceptibility of dopaminergic neurons to cell death. However, the majority of those over
the age of 80 do not have PD, thus other factors in addition to aging are needed to cause disease. Discovery of
neurotoxins which can result in parkinsonism led to efforts in identifying environmental factors which may
influence PD risk. Nevertheless, the causality of most environmental factors is not conclusively established, and
alternative explanations such as reverse causality and recall bias cannot be excluded. The lack of geographic
clusters and conjugal cases also go against environmental toxins as a major cause of PD. Rare mutations as well as
common variants in genes such as SNCA, LRRK2 and GBA are associated with risk of PD, but Mendelian causes
collectively only account for 5% of PD and common polymorphisms are associated with small increase in PD risk.
Heritability of PD has been estimated to be around 30%. Thus, aging, genetics and environmental factors each
alone is rarely sufficient to cause PD for most patients.

Conclusion: PD is a multifactorial disorder involving interplay of aging, genetics and environmental factors. This has
implications on the development of appropriate animal models of PD which take all these factors into account.
Common converging pathways likely include mitochondrial dysfunction, impaired autophagy, oxidative stress and
neuroinflammation, which are associated with the accumulation and spread of misfolded α-synuclein and
neurodegeneration. Understanding the mechanisms involved in the initiation and progression of PD may lead to
potential therapeutic targets to prevent PD or modify its course.
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Background
Parkinson’s disease (PD) is a neurodegenerative condi-
tion characterized clinically by the cardinal motor symp-
toms of bradykinesia, rest tremor, rigidity and postural
instability, and non-motor symptoms such as olfactory
dysfunction, constipation, depression and REM sleep
behavior disorder (RBD). Pathologically, it is defined by
dopaminergic neuronal loss in the substantia nigra pars
compacta (SN), and intracellular inclusions called Lewy
bodies (LB) in the neurons of affected brain regions. LB
are largely composed of misfolded α-synuclein and also
include ubiquitin and small amounts of several other
proteins. PD is the second most common neurodegener-
ative disorder after Alzheimer’s disease, and the most
common movement disorder, affecting 1% of those over
the age of 60 [1]. Aging is the most important risk factor
for PD, with incidence rising sharply at the age of 60’s
and then exponentially in subsequent decades of life.
About 5–10% of patients have familial PD due to
Mendelian inheritance of genetic mutations. In addition,
genome-wide association studies (GWAS) have identi-
fied common genetic variants which contribute to in-
creased PD susceptibility [2]. Nevertheless, the majority
of patients have sporadic, or idiopathic, PD. Various en-
vironmental factors have been shown to affect the risk of
PD. Risk factors include pesticide exposure and
traumatic brain injury, and protective factors include
tobacco smoking and physical activity [3]. Individually,
aging, genetics and environmental factors only explains
a small fraction of PD. Therefore, the etiology of most
cases of PD is likely to be complex and involve an inter-
play among aging, genetic susceptibility and environ-
mental factors.

Main text
Aging: a pre-parkinsonian state
The association of aging with PD is well described, and
aging is recognized to be a primary risk factor for the
development of PD [4, 5]. A meta-analysis including 47
epidemiological studies of PD showed a rising preva-
lence with age, from 41 per 100,000 in those 40–49 years
of age, to 1903 per 100,000 in those older than age 80
[6]. The incidence of PD peaks at 70–79 for both men
and women, with a decline noted in those 80+, which
could be due to mortality competing with PD incidence
[7]. Despite epidemiological evidence that aging is a
primary risk factor of PD, the biological correlates of this
connection are unclear. The importance of aging in the
pathogenesis of PD also has implications for the design
of animal and cell models of PD and interpretation of
findings from these models.
As aging is strongly associated with the development

of PD, as suggested by epidemiological studies, there
must be shared biological pathways between the two

such that age-related changes lay the path to the dopa-
minergic neurodegeneration seen in PD [8]. Aging is an
evolutionarily conserved natural process that involves
dysregulation of several pathways, such as oxidative
stress, mitochondrial dysfunction, autophagy and neuro-
inflammation, many of which are also involved in neuro-
degenerative conditions [9]. In humans, brain weight is
greatest in the early teens and remains relatively stable
until the fifth decade [10]. From 50 to 90 years of age,
the loss of brain weight is approximately 2–3% per
decade. Accordingly, a reduction in SN volume with
aging has also been reported in humans and monkeys
[11, 12]. It has been estimated that the number of SN
neurons declines by 7 to 9.8% per decade in healthy
individuals without neurological disorders [13, 14].
Neurodegeneration in PD is characterized by more

profound loss of neurons in the ventral SN compared
with dorsal SN and relative sparing of adjacent ventral
tegmental area.
Evidence from rhesus monkeys showed that in ventral

SN there is an age-related decline in staining for tyrosine
hydroxylase (TH), a histological marker for DA neuron.
These appear to be the neurons most vulnerable to
degeneration in PD [15]. Furthermore, there is evidence
of impaired intracellular clearance mechanisms in aged
nonhuman primate brains such as increased ubiquitin-
positive inclusions in neurons and accumulation of
cytoplasmic lipofuscin, a byproduct of lysosome activity
associated with the removal of defective organelles. The
former was nearly exclusively found in the most vulner-
able ventral SN neurons, whereas the latter was most
prominent in ventral SN, which may suggest more effi-
cient removal of damaged organelles in the relatively de-
generation-resistant ventral DA neurons [15]. These
results are consistent with the view that aging is associ-
ated with a region-specific impairment of intracellular
clearance mechanisms most predominantly in ventral SN,
resulting in a pre-parkinsonian state with increased vul-
nerability to degeneration of this population of neurons.
In accordance with this, a robust age-related increase in
intracellular α-synuclein has been demonstrated specific-
ally in the nigral neurons but not the ventral tegmental
area of both rhesus monkeys and normal healthy humans
[16]. The increase in intracellular α-synuclein was strongly
associated with an age-related decrease in nigral TH, again
suggesting that aging represents a subthreshold pre-par-
kinsonian state [16]. The effect of aging on PD pathogen-
esis is further supported by results from an experiment
which showed that delaying aging in the worm Caenor-
habditis elegans (C. elegans) by introducing a mutation in
the gene encoding insulin-like growth factor 1 (daf-2) re-
sulted in a doubling of lifespan together with increased
survival of DA neurons and amelioration of DA-
dependent behavior deficits [17].
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Different hypotheses have been put forward to explain
the selective vulnerability of nigral neurons to age-re-
lated degeneration, including oxidative stress from auto-
oxidation of intracellular dopamine that is not effectively
sequestered into synaptic vesicles [18], iron accumula-
tion in the SN which induces neuronal damage [19, 20],
and increased microglia activation, a marker of neuroin-
flammation, in the ventral SN compared to other brain
regions in response to the neurotoxin 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) [21, 22].
Although aging is an important factor in the pathogen-

esis of PD, very few experimental models incorporate
aging as a variable. This may be due to difficulty in
obtaining and the costs associated with maintaining aged
animals. Using human induced pluripotent stem cells
(iPSC) also carries the problem of modelling a late-onset
disease with rejuvenated cells, thus removing aging as a
factor. To this end, a study has shown that induction of
in vitro aging in iPSCs, by increasing the expression of
proteins related to cell aging, resulted in the phenotypes
of DA neurodegeneration such as dendrite shortening
and progressive loss of TH [23]. More recently, the
annual killifish Nothobranchius furzeri, which (i) has a
naturally short lifespan of 3 to 6 months, (ii) exhibits
age-dependent degeneration of dopaminergic and norad-
renergic neurons, and (iii) develops brain accumulation of
inclusion bodies containing α-synuclein, has been pro-
posed as a possible animal model to study mechanisms
underlying PD which takes aging into account [24].
Although aging is important in the pathogenesis of

PD, aging alone is not sufficient to cause PD. The preva-
lence of PD in those above 80 years of age is around 2%
[6], meaning that the majority of people do not develop
PD even in old age. Although dopaminergic neuronal
degeneration occurs with advancing age, and this may
be accompanied with mild parkinsonian signs, the rate
of degeneration that occurs in normal aging cannot
account for the putaminal dopaminergic loss that is seen
in PD. It is thus likely that additional genetic and envir-
onmental factors are necessary to tip the balance from
subclinical SN neuronal decline in normal aging to
accelerated DA neurodegeneration seen in PD (Fig. 1).

Environmental factors: etiological and disease-modifying
effects on PD
From 1817 when Dr. James Parkinson first described 6
patients with the condition that would later bear his
name [25], much progress was made in the following
150 years. It became known that the SN was the site
affected by PD pathology together with the presence of
cytoplasmic inclusions, and levodopa became available
as the first effective symptomatic drug treatment of PD
in 1960’s [2]. However, the etiology of PD remained
elusive.

An important breakthrough took place in 1983 when
Langston and colleagues described a group of drug users
who developed parkinsonism that was indistinguishable
to PD after exposure to MPTP, a contaminant found in
synthetic heroin [26]. Although MPTP does not occur in
nature, there are other compounds that are chemically
similar to MPTP such as paraquat which is found in her-
bicides. The discovery led to the hypothesis that envir-
onmental toxins can cause PD, and efforts were made to
identify these factors. Progress in this field has largely
been attributed to case-control and prospective longitu-
dinal studies. Indeed, occupational exposure to paraquat
has been shown to increase the risk of parkinsonism by
almost 3-fold [27]. Similarly, farmers who reported the
use of rotenone, an organic pesticide which occurs nat-
urally in seeds and stems of several plants such as
Pachyrhizus erosus (jicama vine), were 2.5 times more
likely to develop PD than non-users [28]. Rotenone is a
lipophilic mitochondrial toxin, which acts by inhibiting
mitochondrial Complex 1, increasing reactive oxygen
species and reducing ATP production. It is used in ex-
perimental models of PD [28]. A review which examined
66 meta-analyses involving 691 studies on environmental
risk factors for PD reported six environmental factors
with highly suggestive association: head injury, anxiety,
depression, and beta-blocker usage increase risk of PD,
whereas decreased risk is seen with smoking, physical
activity and uric acid levels [29]. Another review re-
ported dairy products, pesticides, and traumatic brain
injury as risk factors, and smoking, caffeine, urate,
physical activity, ibuprofen and calcium channel blockers
as protective factors [3] (Table 1).
The most robust beneficial environmental factor

associated with PD is cigarette smoking which has been
seen in early case-control studies and then confirmed in
more recent large prospective cohorts. Active smokers
have 50% lower risk of PD compared to never smokers
[41]. There is a strong dose-response relationship in-
cluding duration, intensity, pack-years and years since
last smoking: PD risk decreases with increasing duration
of smoking and increases again with time since quitting
[42]. Preliminary reports also support an inverse rela-
tionship between passive smoking, smokeless tobacco
use and PD [43–45].
Despite the overwhelming epidemiological evidence,

the causality between smoking and PD remains contro-
versial. Different alternative hypotheses have been put
forward to explain this association. One possibility is
that individuals predisposed to PD tend to be risk-aver-
sive with low sensation-seeking score, and thus are less
likely to start smoking. However, adjustment for sensa-
tion-seeking score only slightly attenuated the inverse
relationship between smoking and PD [46]. Reduced re-
sponsiveness to nicotine during prodromal phase of PD
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may make it easier to quit smoking, i.e., reverse caus-
ation [47], but this cannot explain why ever-smokers
have a lower risk of PD than never-smokers [41]. Mor-
tality due to causes unrelated to PD may also result in
an apparent under-representation of smokers in the PD
population. Overall, smoking has been found to have a
strong and consistent inverse relationship with PD, al-
though confounding factors and reverse causation can-
not be totally excluded. The biologic correlate of this
protective effect is under investigation. Nicotine has
been found to have neuroprotective effects against
nigrostriatal damage in animal models of PD possibly by
interacting with nicotinic acetylcholine receptors which
trigger downstream events to halt neuronal damage [30].
Similar to the difficulty in discerning causality between

smoking and PD, the interpretation of how other envir-
onmental factors affect the risk of PD remains difficult

despite an apparent link between the environment and
PD. One major challenge is that PD has a long
prodromal period of years if not decades. During this
prolonged prodromal stage, many etiological factors may
have come into play to affect the risk and progression of
PD. There are likely to be recall bias and confounding
factors. Furthermore, some environmental factors may
change over time as a result of PD development leading
to reverse causation: reduced physical capacity, fatigue
and pain in prodromal PD may reduce the level of phys-
ical activity, resulting in an apparent inverse association
between physical activity and PD risk [48]. While mild
head injury has not been found to be associated with PD
[38], head trauma severe enough to cause loss of con-
sciousness or concussion has been shown to increase the
risk of PD in a meta-analysis [49]. Furthermore, higher
risk of PD is seen with earlier age of first head injury

Table 1 Examples of environmental factors and their biologic correlates

Protective factors Biologic correlates

Smoking • Nicotine acts at nicotinic acetylcholine receptors to trigger downstream effects that reduce neuronal damage [30]

Physical activity • Increases serum urate [31]
• Increases neurotrophic factors [32]

Urate • Anti-oxidant by activating of Nrf2/antioxidant response pathway [33]

Ibuprofen • Anti-inflammatory effect by activation of peroxisome proliferator-activated receptor gamma (PPARγ) [34]

Calcium channel blockers • Plausible blockage of calcium-channel induced metabolic stress of mitochondria of DA neurons [35]

Caffeine • Adenosine A2A receptor blockade [36]

Risk factors

Pesticides • Mitochondrial toxins, oxidative stress [27, 28]

Dairy • Urate-lowering effects of dairy products [37]

Traumatic brain injury • Breakdown of blood-brain barrier, brain inflammation, impaired mitochondrial function, increase in glutamate release,
α-synuclein accumulation [38]

Anxiety or depression • May be prodromal symptom rather than risk factor due to loss of serotonergic neuronal cells in dorsal raphe nucleus in
early PD [39]

Beta-blockers • Aggravate the loss of norepinephrine neurons in locus coeruleus and deficits in norepinephrine in PD [40]

Fig. 1 Normal aging is characterized by subclinical SN neuronal decline due to dysregulation in pathways resulting in increased oxidative stress,
accumulation of brain iron and neuromelanin, impaired autophagy, accumulation of intracellular α-synuclein and activation of microglia and
neuroinflammation. Additional genetic and environmental factors contribute to tip the balance from normal aging to accelerated DA
neurodegeneration seen in PD
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resulting in loss of consciousness, in accordance to ani-
mal models showing that early life brain inflammation is
associated with persistent disturbances of the nigrostria-
tal pathway [50]. However, other studies have shown
that the risk of PD is highest soon after traumatic brain
injury and then decreases gradually over time, suggesting
the possibility of reverse causation: the diagnosis of PD
is made during evaluation of head injury which may be
due to subtle imbalance in early disease [51, 52]. MPTP
is well described to cause parkinsonism which is indis-
tinguishable from PD, and toxins such as paraquat and
rotenone clearly cause neuronal damage by disrupting
mitochondrial function and increasing oxidative stress.
Although these toxins are useful in animal and cell
models of PD, most human PD patients have no history
of exposure to these compounds and PD had been de-
scribed well before the height of the industrial revolution
when these pesticides were manufactured and used at
scale. Thus, they are unlikely to be major etiological
factors. In summary, most environmental factors have
inconsistent or weak association with PD, with alterna-
tive explanations such as reverse causality and recall bias
not excluded. The lack of geographic clusters and conju-
gal cases also go against environmental toxins as a major
cause of PD. It is likely that environmental factors alone
will not account for the majority of PD.

Genetics: insights into etiology
Improvement in genetic analysis techniques in the
1990’s led to the discovery of the first genetic cause of
PD: mutations in the SNCA gene encoding α-synuclein
[53]. At around the same time, α-synuclein was found to
be the major constituent of LB, the pathological hall-
mark of PD [54, 55]. Subsequently, multiplications of the
SNCA gene have been found to cause PD with pene-
trance increasing with gene dosage [56, 57]. These dis-
coveries brought α-synuclein to center stage in the study
of the pathogenesis of PD and led to the hypothesis that
during different stages of the disease, α-synuclein
spreads in a stereotypical way within the nervous system
in a prion-like fashion [58, 59].
Soon after the discovery of SNCA mutations as a cause

of autosomal dominant PD, genetic studies of familial
PD identified additional monogenic causative genes:
LRRK2, VSP35, and CHCHD2 causing autosomal domin-
ant PD, and Parkin, PINK1, DJ-1, ATP13A2, FBXO7 and
PLA2G6 causing autosomal recessive PD [60]. To
explore genetic contribution to sporadic disease, a twin
study showed that concordance was higher in monozy-
gotic than dizygotic twins in those with disease onset be-
fore age 50 but not in those with later onset, suggesting
there is a genetic basis at least for young-onset disease
[61]. An update of this twin study recently showed herit-
ability of PD to be 27% [62]. In addition, GWAS and

genome-wide complex trait analysis (GCTA) uncov-
ered susceptibility loci which predispose to sporadic
PD [63, 64]. Of note, variants of some causative
genes, e.g. SNCA and LRRK2, have been found to
contribute to risk of PD in sporadic disease, suggest-
ing a role of these genes that is common to both fa-
milial and sporadic forms. Furthermore, variants with
incomplete penetrance in GBA have been shown to
be strong risk factors for PD [65]. These findings
helped advance the understanding of PD pathogenesis
and facilitated development of various genetic animal
models to study the role of α-synuclein aggregation
and transmission and to identify potential therapeutic
strategies to modulate the disease. Of particular inter-
ests are the genes SNCA, LRRK2 and GBA (Table 2).
Missense mutations and triplications of SNCA cause

autosomal PD with high penetrance, whereas duplication
mutations have a penetrance of 40% [59]. The discovery
that multiplication mutations can cause PD is particu-
larly important as it suggests that over-expression of
wild-type α-synuclein is sufficient to cause disease.
GWAS consistently identified common genetic vari-
ants of SNCA to be associated with increased risk of
PD [64, 66]. Missense mutations are located in the
N-terminal region of the protein which normally folds
into a helical conformation to bind to neuronal syn-
aptic membrane. These mutations result in a variety
of structural effects that may promote oligomer for-
mation and loss of membrane binding [67]. A large
body of evidence supports the concept that formation
of α-synuclein oligomers and fibrils that are ineffect-
ively cleared by the lysosomal system plays a key role
in PD pathogenesis. This has led to exploration of
potential therapeutic approaches by strategies includ-
ing reduction of α-synuclein production, inhibition of
α-synuclein aggregation, enhancement of autophagy,
reduction of extracellular α-synuclein and inhibition
of cellular uptake of α-synuclein [68].
Mutations in leucine-rich repeat kinase 2 (LRRK2)

were first identified in a Japanese family [69] and subse-
quently independently in several families in different
countries; these mutations represent one of the most
common genetic causes of PD [82]. LRRK2 mutations
are relatively common and has been estimated to be
present in 40% of familial cases and 10% of sporadic
cases worldwide [65]. The most common LRRK2 muta-
tion, p.G2019S, has incomplete penetrance and is found
in 4% of familial and 1% of sporadic PD cases [83]. This
same mutation, along with other variants in LRRK2, has
also been identified as a susceptibility locus in sporadic
PD [84]. The LRRK2 protein contains domains that in-
clude a GTPase and kinase function, along with many
other protein/protein interaction motifs [85]. It appears
to be important in several cellular pathways, such as
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vesicle trafficking, endosomal maturation, membrane
dynamics, autophagy and mitochondrial function [85].
Animal models with mutant LRRK2 exhibit synaptic
deficits such as reduced vesicle endocytosis [86], and
altered dopamine release, uptake and signaling [87, 88].
LRRK2 is also a binding partner of the late endosomal
marker Rab7 and the lysosomal marker LAMP2A, sug-
gesting a role of LRRK2 in the endo-lysosomal pathway
[85]. A mutant LRRK2 cell model showed reduced lyso-
somal function and reduced clearance of chaperone-me-
diated autophagy substrates, including α-synuclein [89].
LRRK2 is involved in mitochondrial membrane mainten-
ance by increasing expression and phosphorylation/acti-
vation of Drp1 which promotes mitochondrial
fragmentation and fission [90, 91]. The pathogenicity of
LRRK2 mutations is likely mediated by an increase in
kinase function, as it has been shown that these variants
lead to increased kinase activity [70–72]. Furthermore,
there is evidence of increased LRRK2 kinase activity in
the brains of idiopathic PD patients [92], suggesting that
LRRK2 kinase inhibitor may be a viable therapeutic
option in the treatment of PD. To this end, progress has
been made in the development of assays to measure in
vivo LRRK2 kinase activity and to evaluate the thera-
peutic potential of LRRK2 inhibitors in PD [73, 74].
The discovery of glucocerebrosidase (GBA) mutations

in PD originates from the observation of increased inci-
dence of parkinsonism in patients and obligate mutation
carriers in families of Gaucher disease (GD), an
autosomal recessive lysosomal storage disease caused by
homozygous and compound heterozygous GBA muta-
tions which lead to reduced glucocerebrosidase (GCase)
enzymatic activity [75, 76]. A large multicenter study
subsequently confirmed the association between GBA
mutations and PD and found that GBA mutations are

significantly more prevalent in PD compared with
controls, with an odds ratio of 5.43 [93]. Approximately
5–10% of PD patients have GBA mutations, making this
gene the most important genetic predisposing risk factor
for PD. The prevalence of GBA mutations vary widely
among different ethnicities, with the highest frequency
of 10–31% found in Ashkenazi Jewish PD patients [77].
In Asian populations, the frequency of GBA mutations
is 3.72% in Taiwanese Chinese patients [78], 8.7% in
mainland Chinese patients [79], and 9.4% in Japanese
PD patients [80]. Furthermore, there is heterogeneity in
the variants identified in GBA among different popula-
tions. For example, the N370S mutation, which is the
most commonly found one in Ashkenazi Jews, is rare in
Asians, whereas the L444P variant is the most common
in Chinese PD patients. Lewy bodies identical to those
observed in idiopathic sporadic forms of PD have been
found in patients with neuronopathic GD, suggesting
that α-synuclein aggregation is involved in the neurotox-
icity of GD [94]. Furthermore, studies of idiopathic
sporadic PD brain have shown that GCase expression
and activity are decreased in brain regions that accumu-
late α-synuclein, supporting the relevance of reduced
GCase activity in the development of α-synucleinopathy
even in patients expressing wild-type GCase [95, 96].
The mechanisms by which GBA mutations result in PD
are not well understood, and both loss-of-function and
toxic gain-of-function hypotheses have been proposed,
although neither models are perfect. The current leading
hypothesis posits that reduced GCase activity leads to
accumulation of its substrates, resulting in toxic build-
up of insoluble α-synculein and compromise of
lysosomal function. α-Synuclein then impairs trafficking
of GCase from Golgi and endoplasmic reticulum (ER) to
the lysosomes, exacerbating the build-up of substrates,

Table 2 Examples of genes associated with PD risk

Gene Prevalence in PD Proposed pathogenic mechanisms Therapeutic strategies

SNCA (PARK1) [53] • Missense and multiplication
mutations are rare and cause
monogenic familial PD [59]

• Common polymorphisms are risk
factors for sporadic PD [64, 66]

• Missense mutations are located in
N-terminal region of α-synuclein
and cause a variety of structural
effects: formation of oligomeric
aggregates, loss of membrane
binding [67]

• Duplications, triplications and
common polymorphisms increase
α-synuclein expression [56, 57]

• Decrease α-synuclein production
and aggregation [68]

• Increase α-synuclein degradation
by activating autophagy [68]

• Decrease extracellular α-synuclein
e.g. using α-synuclein antibodies
[68]

• Inhibit uptake of extracellular
α-synuclein [68]

LRRK2 (PARK8) [69] • Present in 40% of familial cases and
10% of sporadic cases [65]

• Monogenic pathogenic mutations
either reduce GTPase activity or
increases kinase activity [70–72]

• Risk variants likely increase LRRK2
activity [70–72]

• LRRK2 kinase inhibitors [73, 74]

GBA [75, 76] • Prevalence varies with ethnicity but
is as high as 30% in Ashkenazi Jews
and 10% in Chinese and Japanese
[77–80]

• Reduction in GCase activity results
in accumulation of substrates
(e.g. glucosylceramide) and of
α-synuclein [81]

• Small molecule chaperones to
increase GCase activity [68]

• Substrate reduction e.g.
glucosylceramide synthase
inhibitors [68]
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forming a self-propagating bi-directional loop [81]. The
fact that build-up of α-synuclein has been found to
result in GCase deficiency, in the absence of mutant
enzyme, holds significance for the wider PD population.
Efforts have been underway to explore modulation of
GCase activity as a therapeutic strategy for GBA-PD
and conceivably for sporadic PD as well. Strategies in-
clude brain-penetrating small molecule chaperones to
increase lysosomal GCase activity and reduction of
GCase substrate buildup by glucosylceramide synthase
inhibitors [68].
Another gene of interest in PD is MAPT, which en-

codes for microtubule-associated protein tau. Mutations
in MAPT were first associated with frontotemporal de-
mentia and parkinsonism linked to chromosome 17 [97].
Subsequently, GWASs and their meta-analyses have also
identified MAPT as a risk factor for sporadic PD [84].
MAPT lies in a long region of linkage disequilibrium
with two variants: the directly oriented haplotype H1,
and the H2 haplotype containing an inverted 900-kb
chromosomal sequence which is present in 20% of
Caucasians but is almost never found in Asians [98, 99].
The haplotype H1 is associated with increased risk for
PD and homozygous H1/H1 genotype is a biomarker of
dementia in PD [100]. Of note, neurofibrillary tangles
consisting of phosphorylated tau can be found besides
Lewy bodies in PD patients with more pronounced cog-
nitive decline [100]. It has been shown that α-synuclein
influences tau phosphorylation and fibrillization [101],
suggesting an interplay between these two genes which
can influence risk of PD. Indeed, carriers of combined
MAPT H1/H1 and SNCA rs356219 G/G genotype have
been shown to have double the risk of PD [102]. These
discoveries of causal and risk genes associated with PD
mean that it is now possible to study larger cellular net-
works in which these genes may interact to influence
phenotype. For example, pathway analysis of the nomi-
nated candidate genes identified in GWASs has led to
the discovery of several major biological pathways impli-
cated in PD: autophagy, endocytosis, mitochondrial biol-
ogy, immune response and lysosomal function [83].
Identification of these pathways will in turn inform
future strategies in targeting these pathways in the treat-
ment of PD.
Undoubtedly, the advent of massive parallel sequen-

cing and new genetic analysis techniques has uncovered
a much higher genetic contribution to the etiology of
PD than previously thought since the first discovery of
SNCA 20 years ago. However, genetics alone is unlikely
to be a cause in the majority of PD patients. SNCA
missense and multiplication mutations are rare [59], and
more commonly seen mutations in LRRK2 and GBA
have incomplete, age-dependent, penetrance with some
carriers living to old age without symptoms of PD [83].

Thus, the relative contribution of pathogenic Mendelian
genes to PD is limited. Common polymorphisms
identified in GWAS individually confer only modest risk.
Collectively, the heritability of PD has been estimated
to be about 30% [103]. Clearly, additional factors such
as aging and the environment are involved in PD
pathogenesis.

Interplay of aging, genetics and environment: what
animal models show
Aging is recognized to be the primary risk factor for PD
with incidence rising exponentially with advancing age.
Nevertheless, most elderly over 85 years do not have PD.
Familial PD due to monogenic causes account for about
5% of all PD but the majority of known mutations have
incomplete and variable penetrance. It is hypothesized
that genetic risk factors may render the individual more
sensitive to the pathologic influence of other factors. For
example, the cumulative risk of PD in carriers of LRRK2
p.G2019S, the most common LRRK2 mutation in PD,
rises exponentially from the age of 50 onwards [104],
suggesting that aging interacts with LRRK2 mutations to
initiate disease. This observation is corroborated in a
LRRK2 G2019S knock-in (KI) mouse model which
showed dysfunctions in plasma membrane and vesicular
DA transporters, and accumulation of serine129-phos-
phorylated α-synuclein, the predominant form of α-sy-
nuclein in Lewy bodies, in 12-month-old KI mice
compared to age-matched wild-type (WT) mice. These
changes were not present in young 3-month-old KI
mice, suggesting a progressive response relying on the
interaction of the mutation and aging [105]. Similarly,
another LRRK2 KI mouse model, LRRK2 R1441G,
showed a progressive, age-dependent accumulation of
oligomeric α-synuclein in the striatum and cortex com-
pared with age-matched WT mice; this higher rate of
oligomeric α-synuclein accumulation in KI than WT
mice was first apparent at 15 months and became signifi-
cant at 18 months of age [89].
Environmental toxins as a cause of parkinsonism have

been recognized since the discovery of MPTP-induced
PD. However, most PD patients do not have significant
history of acute exposure to these toxins. Furthermore,
it has been observed that a single heterozygous mutation
in the recessive PINK1 and Parkin genes could lead to
PD in some patients [106], raising the possibility that
these heterozygous mutations increase susceptibility to
environmental toxins that collectively become sufficient
to cause PD. The gene-environment interaction has been
documented in a number of experimental models. For
example, primary neuronal cultures of Parkin knockout
mice were much more sensitive to the toxicity of
rotenone, a potent mitochondrial complex I inhibitor
found in pesticides, compared with wild-type mice [107].

Pang et al. Translational Neurodegeneration            (2019) 8:23 Page 7 of 11



In young LRRK2 R1441G KI mice under normal condi-
tions, there are no differences in striatal synaptosomal
DA uptake, locomotor activity, and amount and morph-
ology of nigrostriatal DA neurons and neurites com-
pared with controls. However, after exposure to a single
intraperitoneal dose of reserpine, a reversible inhibitor
of vesicular monoamine transporter-2 (VMAT2), these
young mutant mice exhibited lower DA uptake with im-
paired locomotor activity, as well as a slower recovery
from the effects of reserpine, compared with age-matched
young WT mice [88]. Similarly, primary cortical neurons,
mesencephalic DA neurons and striatal synaptosomes
from young KI mice were found to be more susceptible to
rotenone toxicity, resulting in increased cell death, ATP
depletion and reduced synaptosomal DA uptake [108].
Because many genetic models of PD exhibit impaired
mitochondrial function, and environmental toxins have
also been shown to affect mitochondria, mitochondrial
dysfunction has been proposed as the common patho-
genic pathway of both PD-linked genetic mutations and
environmental toxins, along with other non-mutually
exclusive mechanisms which include oxidative stress, neu-
roinflammation and impaired autophagy [60].
A study examined the combined effects of genetic

mutation, aging and chronic sub-lethal environmental
toxin exposure. Thirty-month-old LRRK2 R1441G KI
mice treated with repeated low doses of oral rotenone
twice a week for 50 weeks had greater reduction in loco-
motor activity compared with similarly treated wild-type
mice. In addition, these rotenone-treated KI mice exhib-
ited a significant reduction in striatal mitochondrial
complex I levels, which was not observed in similarly
treated wild-type mice [108]. This unique model

captures the interplay among aging, genetic susceptibil-
ity, and chronic environmental toxin exposure which are
important in the pathogenesis of PD, a typically late-on-
set, slowly progressive neurodegenerative disorder.

Conclusions and future directions
After Dr. James Parkinson’s first description of PD in
1817, the clinical features and anatomopathological
correlates became well recognized in late nineteenth
century and the first symptomatic oral treatment, levo-
dopa, became available in 1960’s. However, the etiology
of PD baffled physicians and scientists until 2 break-
through discoveries: MPTP-induced parkinsonism in
1983 and the discovery in 1997 of the first genetic muta-
tion in PD: SNCA. The recognition of α-synuclein being
the major constituent of LB led to the hypothesis that α-
synuclein spreads through different regions of the brain
through six pathological stages of the disease [58]. The
rapid advancement in the field of PD genetics has not
only shed light on cellular pathways that are involved in
PD and provided potential targets for intervention, but
also facilitated the generation of multiple genetic animal
and cell models of PD. However, limitations remain as
there are currently no animal models that replicate
completely the α-synucleinopathy seen in human PD.
Transgenic α-synuclein models that overexpress the
mutant or WT protein develop α-synuclein aggregates
but commonly do not have the nigral neurodegeneration
seen in human PD. Toxin-based animal models are
based on acute exposure to high doses of neurotoxins
which do not reflect the typically late-onset, slowly
progressive degenerative process in human PD. Aging is
necessary to induce expression of the DA

Fig. 2 Schematic diagram of the interplay among aging, genetic susceptibility and environmental toxins in the pathogenesis of PD. The red line
represents the threshold of DA neuronal stress over which PD will manifest. With increasing age, impairment in cellular pathways such as
oxidative stress, mitochondrial dysfunction increases the susceptibility of DA neurons to degenerate and thus lower the threshold for developing
PD. During younger age, genetic susceptibility likely plays a more major role in causing PD, whereas cumulative exposure to environmental toxins
likely has more significant contribution to PD development in old age
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neurodegenerative phenotype in human iPSCs and is
clearly important in PD pathogenesis, but is difficult to
be incorporated into animal models. Notwithstanding
these limitations, multiple genetic-based animal models
have shown that genetic mutations alone are rarely suffi-
cient to replicate the pathologies seen in PD and that
additional challenges with aging and/or environmental
toxins are necessary. It is thus clear that PD is a multi-
factorial, heterogeneous group of disorders, with genet-
ics, aging and environmental exposure interacting in
different ways in different patients. The risk of PD in an
individual will depend on genetic susceptibility in terms
of the presence and burden of pathogenic variants and
common risk variants, which will influence the suscepti-
bility to environmental factors and the effects of natural
aging [Fig. 2].
Despite the understanding of the necessary compo-

nents of PD etiology, much remains unclear. Some com-
mon and converging pathways that are affected by genes
strongly associated with PD, aging and environmental
toxins include mitochondrial dysfunction, oxidative
stress, neuroinflammation and impaired autophagy with
accumulation of misfolded proteins. It remains to be
seen whether these pathways can be effectively targeted
to treat PD. Dopaminergic neuronal loss starts 20–30
years before the first motor symptoms appear, by which
time there is already 50% striatal dopamine reduction
[109]. Therefore, there is a long prodromal or pre-motor
period during which non-motor symptoms such as
hyposmia and REM sleep behavior disorder already start
to emerge [48]. This long prodromal period is compat-
ible with the view that the progression of PD is likely to
require multiple hits and may present a window of op-
portunity when the pathogenic processes may be slowed
or stopped. Understanding of the events and pathways
that drive the initiation and progression of PD will shed
light on possible targets for disease modification.

Abbreviations
ER: Endoplasmic reticulum; GBA: glucocerebrosidase; GCase: Glucerebrosidase;
GCTA: Genome-wide complex trait analysis; GD: Gaucher disease;
GWAS: Genome-wide association study; iPSC: induced pluripotent stem cells;
KI: Knock-in; LB: Lewy bodies; LRRK2: leucine-rich repeat kinase 2; MPTP: 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine; PD: Parkinson’s disease; RBD: REM
sleep behavior disorder; SN: Substantia nigra; TH: Tyrosine hydroxylase;
VMAT2: Vesicular monoamione transporter-2; WT: Wild-type

Acknowledgements
We thank the Tai Hung Fai Charitable Foundation - Edwin S H Leong
Research Programme for Parkinson’s Disease, Henry G. Leong Endowed
Professorship in Neurology (SLH), the Donation Fund for Neurology Research,
the Health and Medical Research Fund (HMRF), Food and Health Bureau,
Hong Kong S.A.R., China, for their support.

Authors’ contributions
SP: Reviewing the literature, drafting and revising the manuscript; All other
authors: critically revising the manuscript. All authors read and approved the
final manuscript.

Funding
Tai Hung Fai Charitable Foundation - Edwin S H Leong Research Programme
for Parkinson’s Disease; The Henry G. Leong Endowed Professorship in
Neurology; The Donation Fund for Neurology Research; Health and Medical
Research Fund (HMRF), Food and Health Bureau, Hong Kong S.A.R.

Availability of data and materials
Not applicable.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1Division of Neurology, Department of Medicine, Queen Mary Hospital,
University of Hong Kong, Hong Kong, People’s Republic of China. 2Institute
of Metabolism and Systems Research, University of Birmingham, Birmingham,
UK.

Received: 14 May 2019 Accepted: 31 July 2019

References
1. Nussbaum RL, Ellis CE. Alzheimer’s disease and Parkinson’s disease. N Engl J

Med. 2003;348:1356–64.
2. Del Rey NL, Quiroga-Varela A, Garbayo E, Carballo-Carbajal I, Fernández-

Santiago R, Monje MHG, et al. Advances in Parkinson’s disease: 200 years
later. Front Neuroanat. 2018; Dec 14;12:113. https://doi.org/10.3389/fnana.2
018.00113.

3. Ascherio A, Schwarzschild MA. The epidemiology of Parkinson’s disease: risk
factors and prevention. Lancet Neurol. 2016;15:1257–72.

4. Tanner CM, Goldman SM. Epidemiology of Parkinson’s disease. Neurol Clin.
1996;14:317–35.

5. Bennett DA, Beckett LA, Murray AM, Shannon KM, Goetz CG, Pilgrim DM, et
al. Prevalence of parkinsonian signs and associated mortality in a
community population of older people. N Engl J Med. 1996;334:71–6.

6. Pringsheim T, Jette N, Frolkis A, Steeves TD. The prevalence of Parkinson’s
disease: a systemic review and meta-analysis. Mov Disord. 2014;29:1583–90.

7. Hirsch L, Jette N, Frolkis A, Steeves T, Pringsheim T. The incidence of
Parkinson’s disease: a systematic review and meta-analysis.
Neuroepidemiology. 2016;46:292–300.

8. Collier TJ, Kanaan NM, Kordower JH. Aging and Parkinson’s disease: different
sides of the same coin? Mov Disord. 2017;32:983–90.

9. Vanni S, Haldeschi AC, Zattoni M, Legname G. Brain aging: a lanus-faced
player between health and neurodegeneration. J Neuro Res. 2019; Jan 11.
https://doi.org/10.1002/jnr.24379.

10. Stark AK, Pakkenberg B. Histological changes of the dopaminergic
nigrostriatal system in aging. Cell Tissue Res. 2004;318:81–92.

11. Chu Y, Kompoliti K, Cochran EJ, Mufson EJ, Kordower JH. Age-related
decreases in Nurr1 immunoreactivity in the human substantia nigra.
J Comp Neurol. 2002;450:203–14.

12. Chen EY, Kallwitz E, Leff SE, Cochran EJ, Mufson EJ, Kordower JH, Mandel RJ.
Age-related decreases in GTP-cyclohydrolase-1 immunoreactive neurons in
the monkey and human substantia nigra. J Comp Neurol. 2000;426:534–8.

13. McGeer PL, McGeer EG, Suzuki JS. Aging and extrapyramidal function.
Arch Neurol. 1977;34:33–5.

14. Ma SY, Roytt M, Collan Y, Rinne JO. Unbiased morphometrical
measurements show loss of pigmented nigral neurones with ageing.
Neuropathol Appl Neurobiol. 1999;25:394–9.

15. Kanaan NM, Kordower JH, Collier TJ. Age-related accumulation of Marinesco
bodies and lipofuscin in rhesus monkey midbrain dopamine neurons:
relevance to selective neuronal vulnerability. J Comp Neurol.
2007;502:683–700.

16. Chu Y, Kordower JH. Age-related increases of α-synuclein in monkeys and
humans are associated with nigrostriatal dopamine depletion: is this the
target for Parkinson’s disease? Neurobiol Dis. 2007;25:134–49.

Pang et al. Translational Neurodegeneration            (2019) 8:23 Page 9 of 11

https://doi.org/10.3389/fnana.2018.00113
https://doi.org/10.3389/fnana.2018.00113
https://doi.org/10.1002/jnr.24379


17. Copper JF, Dues DJ, Spielbauer KK, Machiela E, Senchuk MM, Van
Raamsdonk JM. Delaying aging is neuroprotective in Parkinson’s disease: a
genetic analysis in C elegans models. NJL Parkinson’s Dis. 2015;1:15022.

18. Kanaan NM, Kordower JH, Collier TJ. Age-related changes in dopamine
transporters and accumulation of 3-nitrotyroxine in rhesus monkey
midbrain dopamine neurons: relevance in selective neuronal vulnerability to
degeneration. Eur J Neurosci. 2008;27:3205–15.

19. Zecca L, Gallorini M, Schunemann V, Trautwein AX, Gerlach M, Riederer P, et
al. Iron, neuromelanin and ferritin content in the substantia nigra of normal
subjects at different ages: consequences for iron storage and
neurodegenerative processes. J Neurochem. 2001;76:1766–73.

20. Zecca L, Stroppolo A, Gatti A, Tampellini D, Toscani M, Gallorini M, et al. The
role of iron and copper molecules in the neuronal vulnerability of locus
coeruleus and substantia nigra during aging. Proc Natl Acad Sci U S A.
2004;101:9843–8.

21. Kanaan NM, Kordower JH, Collier TJ. Age and region-specific responses of
microglia, but not astrocytes, suggest a role in selective vulnerability of
dopamine neurons after 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
exposure in monkeys. Glia. 2008;56:1199–214.

22. Sugama S, Yang L, Cho BP, DeGiorgio LA, Lorenzl S, Albers DS, et al. Age-
related microglial activation in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP)-induced dopaminergic neurodegeneration in C57BL/6 mice. Brain
Res. 2003;964:288–94.

23. Miller JD, Ganat YM, Kishinevsky S, Bowman RL, Liu B, Tu EY, et al. Human
iPSC-based modelling of late-onset disease via progerin-induced aging.
Cell Stem Cell. 2013;13:691–705.

24. Matsui H, Kenmochi N, Namikawa K. Age- and α-synuclein-dependent
degeneration of dopamine and noradrenaline neurons in the annual killifish
Nothobranchius furzeri. Cell Rep. 2019;26:1727–33.

25. Parkinson J. An essay on the shaking palsy. J Neuropsychiatry Clin Neurosci.
1817;14:223–36.

26. Langston JW, Ballard P, Tetrud JW, Irwin I. Chronic parkinsonism in humans
due to a product of meperidine-analog synthesis. Science. 1983;219:979–80.

27. Tanner CM, Ross GW, Jewell SA, Hauser RA, Jankovic J, Factor SA, et al.
Occupation and risk of parkinsonism: a multicenter case-control study.
Arch Neurol. 2009;66:1106–13.

28. Tanner CM, Kamel F, Ross GW, Hoppin JA, Goldman SM, Korell M, et al.
Rotenone, paraquat and Parkinson’s disease. Environ Health Perspect.
2011;119:866–72.

29. Bellou V, Belbasis L, Tzoulaki I, Evangelou E, Ioannidis JP. Environmental risk
factors and Parkinson’s disease: an umbrella review of meta-analyses.
Parkinsonism Relat Disord. 2016;23:1–9. https://doi.org/10.1016/j.parkreldis.2
015.12.008.

30. Quik M, Perez XA, Bordia T. Nicotine as a potential neuroprotective agent
for Parkinson’s disease. Mov Disord. 2012;27:947–57.

31. Green HJ, Fraser IG. Differential effects of exercise intensity on serum uric
acid concentration. Med Sci Sports Exerc. 1988;20:55–9.

32. Zigmond MJ, Smeyne RJ. Exercise: is it a neuroprotective and if so, how
does it work? Parkinsonism Relat Disord. 2014;20:S123–7.

33. Bakshi R, Zhang H, Logan R, Joshi I, Xu Y, Chen X, Schwarzschild MA.
Neuroprotective effects of urate are mediated by augmenting astrocytic
glutathione synthesis and release. Neurobiol Dis. 2015;82:574–9.

34. Tsuji T, Asanuma M, Miyazaki I, Miyoshi K, Ogawa N. Reduction of nuclear
peroxisome proliferator-activated receptor gamma expression in
methamphetamine-induced neurotoxicity and neuroprotective effects of
ibuprofen. Neurochem Res. 2009;34:764–74.

35. Surmeier DJ. Calcium, ageing, and neuronal vulnerability in Parkinson’s
disease. Lancet Neurol. 2007;6:933–8.

36. Kachroo A, Irizarry MC, Schwarzschild MA. Caffeine protects against
combined paraquat and maneb-induced dopaminergic neuron
degeneration. Exp Neurol. 2010;223:657–61.

37. Choi HK, Liu S, Curhan G. Purine-rich foods, protein, and dairy products and
relationship to serum levels of uric acid: the third National Health and
nutrition examination survey. Arthritis Rheum. 2005;52:283–9.

38. Marras C, Hincapie CA, Kristman VL, Cancelliere C, Soklaridis S, Li A, et al.
Systematic review of the risk of Parkinson’s disease after mild traumatic
brain injury: results of the international collaboration on mild traumatic
brain injury prognosis. Arch Phys Med Rehabil. 2014;95:S238–44.

39. Aarsland D, Pahlhagen S, Ballard CG, Ehrt U, Svenningsson P. Depression in
Parkinson disease – epidemiology, mechanisms and management.
Nat Rev Neurol. 2012;8:35–47.

40. Brichta L, Greengard P, Flajolet M. Advances in the pharmacological
treatment of Parkinson’s disease: targeting neurotransmitter systems.
Trends Neurosci. 2013;36:543–54.

41. Breckenridge CB, Berry C, Chang ET, Sielken RL Jr, Mandel JS. Association
between Parkinson’s disease and cigarette smoking, rural living, well-water
consumption, farming and pesticide use: systematic review and
meta-analysis. PLoS One. 2016;11:e0151841.

42. Thacker EL, O'Reilly EJ, Weisskopf MG, Chen H, Schwarzschild MA,
McCullough ML, et al. Temporal relationship between cigarette smoking
and risk of Parkinson disease. Neurology. 2007;68:764–8.

43. Mellick GD, Gartner CE, Silburn PA, Battistutta D. Passive smoking and
Parkinson disease. Neurology. 2006;67:179–80.

44. Searles Nielsen S, Gallagher LG, Lundin JI, Longstreth WT Jr, Smith-Weller T,
Franklin GM, et al. Environmental tobacco smoke and Parkinson’s disease.
Mov Disord. 2012;27:293–6.

45. O’Reilly EJ, McCullough ML, Chao A, Henley SJ, Calle EE, Thun MJ, Ascherio
A. Smokeless tobacco use and the risk of Parkinson’s disease mortality.
Mov Disord. 2005;20:1383–4.

46. Evans AH, Lawrence AD, Potts J, MacGregor L, Katzenschlager R, Shaw K, et
al. Relationship between impulsive sensation seeking traits, smoking,
alcohol and caffeine intake, and Parkinson’s disease. J Neurol Neurosurg
Psychiatry. 2006;77:317–21.

47. Ritz B, Lee PC, Lassen CF, Arah OA. Parkinson disease and smoking revisited:
ease of quitting is an early sign of the disease. Neurology. 2014;83:1396–402.

48. Chen H. The changing landscape of Parkinson epidemiologic research.
J Park Dis. 2018;8:1–12. https://doi.org/10.3233/JPD-171238.

49. Jafari S, Etminan M, Aminzadeh F, Samii A. Head injury and risk of Parkinson
disease: a systematic review and meta-analysis. Mov Disord. 2013;28:1222–9.

50. Taylor KM, Saint-Hilaire MH, Sudarsky L, Simon DK, Hersh B, Sparrow D, et al.
Head injury at early ages is associated with risk of Parkinson’s disease.
Parkinsonism Relat Disord. 2016;23:57–61.

51. Rugbjerg K, Ritz B, Korbo L, Martinussen N, Olsen JH. Risk of Parkinson’s
disease after hospital contact for head injury: population based case-control
study. BMJ. 2008;337:a2494.

52. Fang F, Chen H, Feldman AL, Kamel F, Ye W, Wirdefeldt K. Head injury and
Parkinson’s disease: a population-based study. Mov Disord. 2012;27:1632–5.

53. Polymeropoulos MH, Lavedan C, Leroy E, Ide SE, Dehajia A, Dutra A, et al.
Mutation in the alpha-synuclein gene identified in families with Parkinson’s
disease. Science. 1997;276:2045–7.

54. Spillantini MG, Schmidt ML, Lee VM, Trojanowski JQ, Jakes R, Goedert M.
Alpha-synuclein in Lewy bodies. Nature. 1997;388:839–40.

55. Spillantini MG, Crowther RA, Jakes R, Hasegawa M, Goedert M. Alpha-
synuclein in filamentous inclusions of lewy bodies from parkinson’s disease
and dementia with lewy bodies. Proc Natl Acad Sci U S A. 1998;95:6469–73.

56. Chartier-Harlin MC, Kachergus J, Roumier C, Mouroux V, Douay X, Lincoln S,
et al. α-Synuclein locus duplication as a cause of familial Parkinson’s disease.
Lancet. 2004;364:1167–9.

57. Singleton AB, Farrer M, Johnson J, Singleton A, Hague S, Kachergus J, et al.
alpha-synuclein locus triplication causes Parkinson’s disease. Science.
2003;302:841. doi:https://doi.org/10.1126/science.1090278.

58. Braak H, Del Tredici K, Rub U, de Vos RAI, Jansen Steur ENG, Braak E. Staging
of brain pathology related to sporadic Parkinson’s disease. Neurobiol Aging.
2003;24:197–211.

59. Goedert M. Alzheimer’s and Parkinson’s diseases: the prion concept in
relation to assembled Aβ, tau, and α-synuclein. Science. 2015;349(6248):
1255555. https://doi.org/10.1126/science.1255555.

60. Helley MP, Pinnell J, Sportelli C, Tieu K. Mitochondria: a common target for
genetic mutations and environmental toxicants in Parkinson’s disease. Front
Genet. 2017;8:177. https://doi.org/10.3389/fgene.2017.00177.

61. Tanner CM, Ottman R, Goldman SM, Ellenberg J, Chan P, Mayeux R, Langston
JW. Parkinson disease in twins: an etiologic study. JAMA. 1999;281:341–6.

62. Goldman SM, Marek K, Ottman R, Meng C, Comyns K, Chan P, et al.
Concordance for Parkinson’s disease in twins: a 20-year update. Ann Neurol.
2019;85:600–5.

63. Lill CM, Roehr JT, McQueen MB, Kavvoura FK, Bagade S, Schjeide BM, et al.
Comprehensive research synopsis and systematic meta-analyses in
Parkinson’s disease genetics: the PDGene database. PLoS Genet. 2012;8:
e1002548. https://doi.org/10.1371/journal.pgen.1002548.

64. Nalls MA, Pankratz N, Lill CM, Do CB, Hernandez DG, Saad M, et al. Large-
scale meta-analysis of genome-wide association data identifies six new risk
loci for Parkinson’s disease. Nat Genet. 2014;46:989–93.

Pang et al. Translational Neurodegeneration            (2019) 8:23 Page 10 of 11

https://doi.org/10.1016/j.parkreldis.2015.12.008
https://doi.org/10.1016/j.parkreldis.2015.12.008
https://doi.org/10.3233/JPD-171238
https://doi.org/10.1126/science.1090278
https://doi.org/10.1126/science.1255555
https://doi.org/10.3389/fgene.2017.00177
https://doi.org/10.1371/journal.pgen.1002548


65. Hernandez DG, Reed X, Singleton AB. Genetics in Parkinson disease:
Mendelian versus non-Mendelian inheritance. J Neurochem. 2016;139:59–74.

66. Chang D, Nalls MA, Hallgrimsdottir IB, Hunkapiller J, van der Brug M, Cai F,
et al. A meta-analysis of genome-wide association studies identifies 17 new
Parkinson’s disease risk loci. Nat Genet. 2017;49:1511–6.

67. Reed X, Bandres-Ciga S, Blauwendraat C, Cookson MR. The role of
monogenic genes in idiopathic Parkinson’s disease. Neurobiol Dis.
2019;124:230–9.

68. Sardi SP, Cadarbaum JM, Brundin P. Targeted therapies for Parkinson’s
disease: from genetics to the clinic. Mov Disord. 2018;33:684–96.

69. Funayama M, Hasegawa K, Kowa H, Saito M, Tsuji S, Obata F. A new locus
for Parkinson’s disease (PARK8) maps to chromosome 12p11.2-q13.1.
Ann Neurol. 2002;51:296–301.

70. Greggio E, Jain S, Kingsbury A, Bandopadhyay R, Lewis P, Kaganovich A, et
al. Kinase activity is required for the toxic effects of mutant LRRK2/dardarin.
Neurobiol Dis. 2006;23:329–41.

71. West AB, Moore DJ, Biskup S, Bugayenko A, Smith WW, Ross CA, et al.
Parkinson’s disease-associated mutations in leucine-rich repeat kinase 2
augment kinase activity. Proc Natl Acad Sci U S A. 2005;102:16842–7.

72. Steger M, Tonelli F, Ito G, Davies P, Trost M, Vetter M, et al.
Phosphoproteomics reveals that Parkinson’s disease kinase LRRK2 regulates a
subset of Rab GTPases. eLife. 2016:e12813. https://doi.org/10.7554/eLife.12813.

73. Ito G, Katsemonova K, Tonelli F, Lis P, MAS B, Shpiro N, et al. Phos-tag
analysis of Rab10 phosphorylation by LRRK2: a powerful assay for assessing
kinase function and inhibitors. Biochem J. 2016;473:2671–85.

74. Lis P, Burel S, Steger M, Mann M, Brown F, Diez F, et al. Development of
phosphor-specific Rab protein antibodies to monitor in vivo activity of the
LRRK2 Parkinson’s disease kinase. Biochem J. 2018;475:1–22.

75. Neudorder O, Giladi N, Elstein P, Abrahamov A, Turezkite T, Aghai E, et al.
Occurrence of Parkinson’s syndrome in type I Gaucher disease. QJM.
1996;89:691–4.

76. Halperin A, Elstein D, Zimran A. Increased incidence of Parkinson disease
among relatives of patients with Gaucher disease. Blood Cells Mol Dis.
2006;36:426–8.

77. Neumann J, Bras J, Deas E, O'Sullivan SS, Parkkinen L, Lachmann RH, et al.
Glucocerebrosidase mutations in clinical and pathologically proven
Parkinson’s disease. Brain. 2009;132:1783–94.

78. Huang CL, Wu-Chou YH, Lai SC, Chang HC, Yeh TH, Weng YH, et al.
Contribution of glucocerebrosidase mutation in a large cohort of sporadic
Parkinson’s disease in Taiwan. Eur J Neurol. 2011;18:1227–32.

79. Yu Z, Wang T, Xu J, Wang W, Wang G, Chen C, et al. Mutations in the
glucocerebrosidase gene are responsible for Chinese patients with
Parkinson’s disease. J Hum Genet. 2015;60:85–90.

80. Mitsui J, Mizuta I, Toyoda A, Ashida R, Takahashi Y, Goto J, et al. Mutations
for Gaucher disease confer high susceptibility to Parkinson disease.
Arch Neurol. 2009;66:571–6.

81. Beavan M, Schapira AHV. Glucocerebrosidase mutations and the
pathogenesis of Parkinson disease. Ann Med. 2013;45:511–21.

82. Perrett RM, Alexopoulou Z, Tofaris GK. The endosomal pathway in
Parkinson’s disease. Mol Cell Neurosci. 2015;66:21–8.

83. Billingsley KJ, Bandres-Ciga S, Saez-Atienzar S, Singleton AB. Genetic risk
factors in Parkinson’s disease. Cell Tissue Res. 2018;373:9–20.

84. Redensek S, Trost M, Dolzan V. Genetic determinants of Parkinson’s disease:
can they help to stratify the patients based on the underlying molecular
defect? Front Aging Neurosci. 2017;9:20. https://doi.org/10.3389/fnagi.2017.
00020.

85. Cookson MR. Mechanisms of mutant LRRK2 neurodegeneration. Adv
Neurobiol. 2017;14:227–39.

86. Arranz AM, Delbroek L, Van Kolen K, Guimarães MR, Mandemakers W,
Daneels G, et al. LRRK2 functions in synaptic vesicle endocytosis through a
kinase-dependent mechanism. J Cell Sci. 2015;128:541–52.

87. Li Y, Liu W, Oo TF, Wang L, Tang Y, Jackson-Lewis V, et al. Mutant
LRRK2(R1441G) BAC transgenic mice recapitulate cardinal features of
Parkinson’s disease. Nat Neurosci. 2009;12:826–8.

88. Liu HF, Lu S, Ho PW, Tse HM, Pang SY, Kung MHW, et al. LRRK2 R1441G
mice are more liable to dopamine depletion and locomotor inactivity.
Ann Clin Transl Neurol. 2014;1:199–208.

89. Ho PW, Leung CT, Liu HF, Pang SY, Lam CS, Xian J, et al. Age-dependent
accumulation of oligomeric SNCA/α-synuclein from impaired degradation in
mutant LRRK2 knockin mouse model of Parkinson disease: role for

therapeutic activation of chaperone-mediated autophagy (CMA).
Autophagy. 2019;14:1–24. https://doi.org/10.1080/15548627.2019.1603545.

90. Wang X, Yan MH, Fujioka H, Liu J, Wilson-Delfosse A, Chen SG, et al. LRRK2
regulates mitochondrial dynamics and function through direct interaction
with DLP1. Hum Mol Genet. 2012;21:1931–44.

91. Stafa K, Tsika E, Mose R, Musso A, Glauser L, Jones A, et al. Functional
interaction of Parkinson’s disease-associated LRRK2 with members of the
dynamin GTPase superfamily. Hum Mol Genet. 2014;23:2955–77.

92. Di Maio R, Hoffman EK, Rocha EM, Keeney MT, Sanders LH, De Miranda BR,
et al. LRRK2 activation in idiopathic Parkinson’s disease. Sci Transl Med.
2018;10(451):eaar5429. https://doi.org/10.1126/scitranslmed.aar5429.

93. Sidransky E, Nalls MA, Aasly JO, Aharon-Peretz J, Annesi G, Barbosa ER, et al.
Multicenter analysis of glucocerebrosidase mutations in Parkinson’s disease.
N Engl J Med. 2009;361:1651–61.

94. Wong K, Sidransky E, Verma A, Mixon T, Sandberg GD, Wakefield LK, et al.
Neuropathology provides clues to the pathophysiology of Gaucher disease.
Mol Genet Metab. 2004;82:192–207.

95. Murphy KE, Gysbers AM, Abbott SK, Tayebi N, Kim WS, Sidransky E, et al.
Reduced glucocerebrosidase is associated with increased α-synuclein in
sporadic Parkinson’s disease. Brain. 2014;137:834–48.

96. Gegg ME, Burke D, Heales SJR, Cooper JM, Hardy J, Wood NW, et al.
Glucocerebrosidase deficiency in substantia nigra of Parkinson disease
brains. Ann Neurol. 2012;72:455–63.

97. Hutton M, Lendon CL, Rizzu P, Baker M, Froelich S, Houlden H, et al.
Association of missense and 5′-splice-site mutations in tau with the
inherited dementia FTDP-17. Nature. 1998;393:702–5.

98. Baker M, Litvan I, Houlden H, Adamson J, Dickson D, Perez-Tur J, et al.
Association of an extended haplotype in the tau gene with progressive
supranuclear palsy. Hum Mol Genet. 1999;8:711–5.

99. Evans W, Fung HC, Steele J, Eerola J, Tienari P, Pittman A, et al. The tau H2
haplotype is almost exclusively Caucasian in origin. Neurosci Lett.
2004;369:183–5.

100. Lin CH, Wu RM. Biomarkers of cognitive decline in Parkinson’s disease.
Parkinsonism Relat Disord. 2015;21:431–43.

101. Giasson BI, Forman MS, Higuchi M, Golbe LI, Graves GL, Kotzbauer PT, et al.
Initiation and synergistic fibrillization of tau and α-synuclein. Science.
2003;300:636–40.

102. Goris A, Williams-Gray CH, Clark GR, Foltynie T, Lewis SJ, Brown J, et al. Tau
and α-synuclein in susceptibility to, and dementia in. Parkinson’s disease
Ann Neurol. 2007;62:145–53.

103. Singleton A, Hardy J. The evolution of genetics: Alzheimer’s and Parkinson’s
diseases. Neuron. 2016;90:1154–63.

104. Marder K, Wang Y, Alcalay RN, Mejia-Santana H, Tang MX, Lee A, et al. Age-
specific penetrance of LRRK2 G2019S in the Michael J. fox Ashkenazi Jewish
LRRK2 consortium. Neurology. 2015;85:89–95.

105. Longo F, Mercatelli D, Novello S, Arcuri L, Brugnoli A, Vincenzi F, et al. Age-
dependent dopamine transporter dysfunction and Serine129 phospho-α-
synuclein overload in G2019S LRRK2 mice. Acta Neuropathol Commun.
2017;5:22. https://doi.org/10.1186/s40478-017-0426-8.

106. Klein C, Lohmann-Hedrich K, Rogaeva E, Schlossmacher MG, Lang AE.
Deciphering the role of heterozygous mutations in genes associated with
parkinsonism. Lancet Neurol. 2007;6:652–62.

107. Casarejos M, Menendez J, Solano RM, Rodriguez-Navarro JA, Garcia de
Yebenes J. Mena MA Susceptibility to rotenone is increased in neurons
from Parkin null mice and is reduced by minocycline. J Neurochem.
2006;97:934–46.

108. Liu HF, Ho PW, Leung GC, Lam CS, Pang SY, Li L, et al. Combined LRRK2
mutation, aging and chronic low dose oral rotenone as a model of
Parkinson’s disease. Sci Rep. 2017;7:40887. https://doi.org/10.1038/srep40887.

109. Scherman D, Desnos C, Darchen F, Pollak P, Javoy-Agid F, Agid Y. Striatal
dopamine deficiency in Parkinson’s disease: role of aging. Ann Neurol.
1989;26:551–7.

Pang et al. Translational Neurodegeneration            (2019) 8:23 Page 11 of 11

https://doi.org/10.7554/eLife.12813
https://doi.org/10.3389/fnagi.2017.00020
https://doi.org/10.3389/fnagi.2017.00020
https://doi.org/10.1080/15548627.2019.1603545
https://doi.org/10.1126/scitranslmed.aar5429
https://doi.org/10.1186/s40478-017-0426-8
https://doi.org/10.1038/srep40887

	Abstract
	Background
	Main body
	Conclusion

	Background
	Main text
	Aging: a pre-parkinsonian state
	Environmental factors: etiological and disease-modifying effects on PD
	Genetics: insights into etiology
	Interplay of aging, genetics and environment: what animal models show
	Conclusions and future directions
	Abbreviations

	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References

