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Abstract

Idiopathic Parkinson’s disease (PD) may take decades to develop, during which many risk or
protective factors may come into play to initiate the pathogenesis or modify its progression to
clinical PD. The lack of understanding of this prodromal phase of PD and the factors involved
has been a major hurdle in the study of PD etiology and preventive strategies. Although still
controversial, the Braak and dual-hit hypotheses that PD may start peripherally in the olfactory
structures and/or the gut provides a theoretical platform to identify the triggers and modifiers

of PD prodromal development and progression. This is particularly true for the search of
environmental causes of PD as the olfactory structures and gut are the major human mucosal
interfaces with the environment. In this review, we lay out our personal views about how the Braak
and dual-hit hypotheses may help us search for the environmental triggers and modifiers for PD,
summarize available experimental and epidemiological evidence, and discuss research gaps and
strategies.
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Introduction

Idiopathic Parkinson’s disease (PD) is the second most prevalent neurodegenerative disease,
affecting 1-2% of the older adults. Multiple recent reports show that PD emerges as the
fastest growing neurological disease in terms of both prevalence and death (Darweesh et
al., 2018; GBD Parkinson’s Disease Collaborators, 2018), which cannot be solely explained
by population aging. There is preliminary albeit inconsistent evidence that the incidence

of PD might have been increasing over the past decades (Savica et al., 2017). Despite

this increasing burden of PD, research on the environmental triggers and modifiers for

PD development has been stagnant. While a portion of the PD cases have a clear genetic
component, most late-onset PD are likely the results of environmental contributions and
their interactions with genetic susceptibility. The search for environmental causes of PD

has been hampered by the current lack of understanding of the disease’s natural history.

In particular, by the time of PD diagnosis with bothering cardinal motor signs, the disease
might have undergone decades of “insidious” prodromal development, during which many
factors may come into play to initiate pathology or modify its progression. While some
experimental models (e.g., Thyl-aSyn mouse) recapitulates key pathogeneses (e.g., alpha-
synuclein accumulation and progressive changes in dopamine release and striatal content)
and phenotypical features of prodromal PD (Chesselet et al., 2012), animal models and
human studies are yet to fully unveil these complex, decades-long processes. To some
extent, the lack of understanding of this “black box™ of PD prodromal development has led
to the “blind men and an elephant” dilemma in the research of PD etiology. Consequently,
even the most robust epidemiological findings on non-genetic risk factors for PD (e.g.,
smoking or coffee drinking) are subject to alternative explanations such as reverse causation
or unmeasured confounding (Ritz and Rhodes, 2010). On the other hand, the prolonged
prodromal development of PD may also present an unprecedented opportunity to understand
PD etiology and disease prevention. For example, by identifying factors that contribute

to various stages of PD prodromal development, we may be able to eventually reveal

the sequence of events in PD development and their causes, fundamentally improving
understanding of PD etiology and developing preventive strategies.

The scientific premises of such research endeavors however critically depend on a better
understanding of the stages of PD prodromal development and the identification of readily
assessable staging markers. To this end, the Braak hypothesis (Braak et al., 2006) presents
the exact hypothetical framework that dissects the steps of PD prodromal development,
which posits that the PD pathogenesis may first initiate in the olfactory structures and

the gut enteric nerves, years if not decades, before spreading to the substantia nigra

where dopaminergic neuron death occurs and PD motor dysfunction arises. Although

the hypothesis itself is still somewhat controversial as clinical PD is heterogenous and
contradictory pathological findings exist, it raises the intriguing possibility that, at least

in some PD patients, the pathogenesis may start in the peripheral system, and some of

the long-observed nonmotor symptoms in PD are likely integral part of the disease’s
natural history and prodromal development. In support, accumulating evidence shows that
olfactory impairment (Chen et al., 2017; Ross et al., 2008), REM sleep behavior disorder
(RBD) (Postuma et al., 2009; Postuma et al., 2015), and constipation (Abbott et al., 2001;
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Gao et al., 2011; Savica et al., 2009) strongly predict future risk of PD, and they may

have developed years or decades before PD clinical diagnosis. Most symptoms, with the
exception of polysomnography-confirmed RBD, lack clinical specificity to PD. However,
research on these prodromal symptoms, coupled with studies on other PD biomarkers (e.g.,
neuroimaging or blood, saliva or skin-biopsy based), has opened the window to characterize
at-risk populations for PD, define PD prodromal phenotype, and identify potential causes
and preventive measures to slow down or stop its progression to overt clinical PD.

More importantly, these advances may enable us to entertain the fundamental question of PD
etiology and prevention - when, where, and how does PD pathogenesis start, develop and
progress? Figure 1 presents a hypothetical scenario (Chen, 2018; Chen and Ritz, 2018). At
birth or young age, the person may have some of the genetic variants or nongenetic events
(e.g., head injury) that put them at a higher risk of PD. With occupational uses of certain
pesticides or organic solvents, PD pathogenesis may begin to develop at mid-adulthood.
This process may be insidious initially, but over time as the pathogenesis progresses, non-
specific symptoms (e.g., poor olfaction, constipation, sleep problems) or even the specific
RBD symptoms may develop. Occupational hazards continue, and additional environmental
factors may come into play (e.g., stopped smoking, or another head injury). Eventually,

the more notable cardinal motor signs develop, leading to a PD diagnosis later in life. It

is important to note that this process is slowly progressive and may take decades, and its
clinical presentations and sequential orders are likely heterogeneous. While there are still
substantial challenges to adequately define prodromal PD, by assessing these early nonmotor
and motor symptoms as intermediate phenotypes, we may be able to bring new insights

into this “black-box” of PD prodromal development by identifying factors that initiate PD
pathogenesis, lead to its prodromal phenotypes, or modify progression to clinical PD.

The dual-hit hypothesis further speculates that environmental toxins such as pesticides, air
pollutants, metals or virus, may enter the body via the nasal cavity or the gut, initiate PD
pathogenesis, gain access to the brain via the olfactory pathway or the vagus nerve, and
eventually lead to clinical PD (Figure 2) (Hawkes et al., 2007; Hawkes et al., 2009). Notably,
the nasal cavity and gut are the two anatomic sites where the human mucosal surfaces
directly interact with the environment, where inflammation commonly occurs, and where
paths to the brain are well established. Although the PD dual-hit hypothesis itself is yet

to be systematically examined, if proven true, it will have profound implications for PD
prevention and treatment as these environmental factors are modifiable. In recent reviews
(Chen, 2018; Chen and Ritz, 2018), we have speculated how this prodromal framework may
help advance the understanding of environmental causes for PD, major research directions,
and challenges. In this review, we focus on summarizing available epidemiological and
experimental evidence for this PD dual-hit hypothesis. The potential roles of the gut-brain
axis and gut microbiota in PD etiology have stimulated substantial research interests and
have been the topic of extensive recent reviews (Elfil et al., 2020; Killinger and Labrie,
2019; Lionnet et al., 2018; Scheperjans et al., 2018; Sharabi et al., 2021; Travagli et al.,
2020), we hereby first discussed in detail the olfactory pathway and its environmental
relevance in the context of PD etiological research.
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The olfactory pathway

In the Braak staging paradigm, the olfactory bulb is one of the sites where PD pathogenesis
may start. While poor olfaction has long been recognized as a prodromal symptom of

PD (Ross et al., 2008), it is difficult to estimate its timeline leading to PD clinical

onset. Nonetheless, population-based cohort studies have shown that poor olfaction strongly
predicts PD risk with up to 10 years of follow-up (Chen et al., 2017; Mahlknecht et al.,
2018). Further, in a reconstructed timeline based on data from 154 idiopathic RBD patients,
poor olfaction appeared to be the first symptom of clinical synucleinopathy, starting >20
years before phenotypical conversion to PD or Lewy body dementia (Fereshtehnejad et al.,
2019). In comparison, constipation began to develop ~10 years before the phenotypical
conversion and motor signs ~5 years before.

The causes for poor olfaction in older adults also remain elusive. Except for age, male sex,
and a few acquired causes (Doty, 2009), the roles of environmental exposures in age-related
olfactory impairment are largely unknown (Doty, 2015). We hereby critically evaluate

the rationale and empirical evidence for key environmental exposures in relation to poor
olfaction and their potential relevance to PD, focusing on pesticides, air pollutants, cigarette
smoking, heavy metals and organic solvents (Table 1). These airborne environmental
exposures have been studied in relation to PD risk and, at least theoretically, they can gain
access to the brain via the nasal and olfactory pathway bypassing the blood-brain barrier
(Mabher et al., 2016; Prediger et al., 2011; Sasajima et al., 2015).

Epidemiological evidence

Overwhelming epidemiological and experimental evidence supports roles of pesticides in
PD development, albeit data on specific pesticides, detrimental exposure levels, windows of
exposure, and routes of entry are still limited. One can, however, reasonably hypothesize that
pesticides may trigger PD pathogenesis through the nasal olfactory pathway. When airborne,
pesticides may damage the olfactory epithelium, impairing nerve function, inducing local
acute or chronic inflammation, and disrupting the xenobiotic function, immune protection,
and microbiome of the olfactory mucosa (Doty, 2015). Pesticides may find their way to

the brain via olfactory structures, and in susceptible individuals, may initiate or exacerbate
the abnormal aggregation of a-synuclein (Kumar et al., 2016; Maturana et al., 2015; Rey
etal., 2016; Rey et al., 2018; Rokad et al., 2017). The nasal mucosa, at the interface
between the body and the environment, once damaged, may have diminished mechanical
and/or immune protection and thus impart a higher susceptibility to future virus invasions or
environmental neurotoxins that lead to PD. Alternatively, pesticides may also enter the body
via the digestive tract and initiate synucleinopathy in the gut, which may later spread to the
brain (Braak et al., 2006). Over time, these mechanisms may individually or synergistically
contribute to age-related poor olfaction and neurodegeneration.

Despite such plausible mechanisms, there are few empirical studies of pesticides and
olfaction in humans. A case-report clearly documented progressive and irreversible loss

of the sense of smell in an Italian physician following acute indoor exposure to high levels of
a pyrethrin-based insecticide (Gobba and Abbacchini, 2012). Several other studies (Ahman
et al., 2001; Holmstrom et al., 2008; Quandt et al., 2017; Quandt et al., 2016) reported
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that farmers or farm workers were more likely to report poor olfaction or fail a smell test
than the comparison group; however, these studies are mostly cross-sectional and did not
directly examine pesticide and poor olfaction. We examined both occupational pesticide
uses and high pesticide exposure events (HPEE, e.g., major accidental spills) in relation
to self-reported poor olfaction ~20 years later among farmers in the Agricultural Health
Study (Shrestha et al., 2019; Shrestha et al., 2021). In the analysis of occupation data
from 20,409 farmers, we found modest associations with self-reported poor olfaction for
20 out of the 50 specific pesticides (odds ratios between 1.11 and 1.33) (Shrestha et al.,
2021). In another analysis of 11,232 farmers (Shrestha et al., 2019), a history of HPEE
was associated with a 49% higher odds of reporting poor olfaction ~20 years later, and
statistically significant associations were found for two organochlorine insecticides (DDT
and lindane) and four herbicides (alachlor, metolachlor, 2,4-D, and pendimethalin). These
preliminary data, once confirmed, may suggest that these pesticides contribute to the early
stages of PD development. To our knowledge, no epidemiological study has examined
whether pesticides modify the phenotypical conversion from poor olfaction to clinical PD.

Many of the same biological rationales for linking pesticides to poor olfaction and/or PD can
be easily extended to air pollutants. For example, the fine particulate matter (PM, 5) may
induce a-synuclein pathology in the olfactory bulb via mechanisms of neuroinflammation
and oxidative stress (Block et al., 2012), and alternatively, they may also gain access

to the human body via the gastrointestinal tract, for example, by nasal dripping or

saliva swallowing as the dual-hit hypothesis has suggested (Hawkes et al., 2009). Unlike
pesticides, the epidemiological evidence on major air pollutants and PD risk has been
inconsistent (Jo et al., 2021; Liu et al., 2016; Palacios et al., 2017; Ritz et al., 2016; Toro
etal., 2019; Willis et al., 2010). For example, in the most recent comprehensive analysis

of the Korean National Health Insurance data, the only statistical difference in PD risk was
found when comparing the highest vs. lowest exposure categories of nitrogen dioxide (NO,),
whereas no associations were found of PD with other major criteria pollutants (i.e., PMy s,
PM1, 0zone, or carbon monoxide) (Jo et al., 2021).

Data on air pollutants and poor olfaction are also limited. Earlier studies are mostly
ecological in design and reported worse olfaction in residents of highly polluted cities

such as Mexico City as compared to their counterparts in surrounding areas of cleaner air
(Calderon-Garciduenas et al., 2010; Guarneros et al., 2009; Hudson et al., 2006; Sorokowska
et al., 2015; Sorokowska et al., 2013). The association of ambient air pollutants with
olfaction was also examined in two large cross-sectional studies (Adams et al., 2016;
Ajmani et al., 2016) and a case-control study (Zhang et al., 2021). In a US population,
positive associations with poor olfaction were found for both exposures to PM, 5 (Ajmani
etal., 2016) and NO, (Adams et al., 2016); however, the association with PM, 5 was
limited to younger participants ages 57-64 and participants from the Northeast regions. In a
recent case-control study, PM, 5 exposure was associated with the odds of having anosmia
(Zhang et al., 2021). Therefore, the evidence on air pollution and olfactory impairment is
preliminary but suggestive.

Unlike pesticides or air pollutants, cigarette smoking was inversely associated with the
risk of PD (Chen et al., 2010). This relationship is inarguably the best-established
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epidemiological observation for PD, albeit its causality is still debatable. If this association
is indeed causal that smoking reduces the risk of developing PD, one would logically
expect smoking may protect against poor olfaction which is a prodromal marker of PD.

The overall evidence to date however suggests the opposite. Most available studies are
cross-sectional in design and found current smokers had a higher odds of having poor
olfaction, as summarized in a 2017 meta-analysis(Ajmani et al., 2017). This observation is
further supported by two recent large cohort analyses, both of which found current smokers
are about 2-3 times more likely to develop poor olfaction (Palmquist et al., 2020; Schubert
et al., 2021). Further, several recent studies specifically investigated this association in PD
patients and found that PD smokers had better olfaction than PD nonsmokers (Lucassen et
al., 2014; Sharer et al., 2015). This type of analysis however can be misleading in the causal
inference of smoking and olfaction in prodromal PD due to potential collider bias (Hernan et
al., 2004). As such, the evidence is not consistent with the possibility that smoking protects
against hyposmia. Interestingly, a few studies also examined the association of smoking
with RBD, the other most prominent prodromal symptom of PD. In these studies, cigarette
smoking is associated modestly with a higher risk of RBD (Postuma et al., 2012; Shrestha
et al., 2018) but not with its phenotypical conversion to PD or other types of clinical
synucleinopathy (Postuma et al., 2015). Therefore, data to date do not reconcile with the
strong inverse association of smoking with PD. While they do not necessarily rule out a
causal relationship that cigarette smoking reduces PD risk for several reasons (Chen, 2018),
they offer no support that smoking is protective in the early stage of PD development.

Finally, the Braak and dual-hit hypotheses also provide a platform to systematically examine
the roles of several other environmental exposures such as heavy metals (e.g., manganese)
(Mezzaroba et al., 2019) and organic solvents (e.g. trichloroethylene ) (Lock et al., 2013)

in relation to olfactory impairment in the context of PD prodromal development. Available
studies were often conducted in occupational settings, participants were often young, and

it was unclear whether the olfaction deficit was transitory or permanent. Data are not
entirely consistent. Several studies reported that occupational exposures to cadmium, lead,
and chromium were associated with poor olfaction (Adams and Crabtree, 1961; Casjens et
al., 2018; Grashow et al., 2015; Kitamura et al., 2003; Liu et al., 1985; Mascagni et al.,
2003; Potts, 1965; Sulkowski et al., 2000). In contrast, a couple of studies reported that
occupational exposure to manganese or higher blood manganese level was associated with
better olfaction performance (Antunes et al., 2007; Casjens et al., 2017; Lucchini et al.,
1997), whereas children from areas with high manganese exposures performed worse on
olfactory identification than their peers from low exposure areas (Guarneros et al., 2020).
Studies on solvent exposures were predominantly published before 2010, and most found
workers with occupational exposures to solvents or related chemicals were more likely to
report poor olfaction or perform worse on the olfaction identification or threshold tests than
their counterparts without such exposures (Ahlstrom et al., 1986; Baelum et al., 1982; Bolla
et al., 1995; Holmstrom et al., 1995; Lee et al., 2018; Lucchini et al., 1997; Sandmark et al.,
1989; Schwartz et al., 1989; Schwartz et al., 1990; Yu et al., 2004; Zibrowski and Robertson,
2006). Therefore, the overall literature appears to support associations of occupational
exposures to certain heavy metals and solvents with poor olfaction, but the relevance of
these associations to PD development is yet to be assessed.
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Experimental evidence

Compared to epidemiological data, experimental studies have more directly examined the
Braak and dual hit hypotheses in the context of PD research, as summarized below. It

is important to note that although there is experimental evidence for self-propagating
alpha-synuclein assemblies spread from the gut or the olfactory bulb to the brain, most
evidence is based on studies of alpha-synuclein preformed fibril (PFFs) injections (Challis
et al., 2020; Kim et al., 2019; Van Den Berge et al., 2021), and thus the factors that may
trigger the de novo formation of “spread-competent” alpha-synuclein assemblies remain
unknown. Furthermore, it is still unclear if this spreading process is driven by a prion-like
or cell-autonomous mechanism. Therefore, the environmental “triggers” considered here
should be viewed in the context of the experimental setting and the observed phenotype,
which often lacks the hallmark pathological a-synuclein inclusions. Nevertheless, animal
studies have provided preliminary evidence that the a-synuclein pathology can spread from
the olfactory bulb throughout the brain to secondary sites, and to some extent, mimic the
distribution of synucleinopathy in human diseases such as PD (Rey et al., 2013; Rey et al.,
2016).

Experimental studies showed that several pesticides, when administered through the nasal
cavity, can damage dopamine-containing neurons in the brain and recapitulate some of the
PD phenotypes (Sasajima et al., 2015; Sasajima et al., 2017; Toyoda et al., 2020; Voronkov
et al., 2017). Rotenone is a pesticide that inhibits the complex | of the mitochondrial electron
transport chain, which leads to the inhibition of ATP synthesis, excessive production

of oxidative radicals, and the death of dopaminergic neurons. Intranasally administered
rotenone to mice impairs mitral cell activity in the olfactory bulb, possibly due to the
denervation of inhibitory dopaminergic inputs (Sasajima et al., 2017). Mitral cells and

their projections are common Lewy pathology containing structure in PD olfactory bulb
(Sengoku et al., 2008). It is possible that mitral cell dysfunction following rotenone exposure
results in Lewy pathology which then could project to several brain nuclei involved in PD
(Cersosimo, 2018). Chronically administered intranasal rotenone to mice may damage the
nigrostriatal dopamine system, specifically axons of the dorsal striatum (Ferrante et al.,
1997), although data are not consistent across studies (Rojo et al., 2007). Furthermore,
structures resembling Lewy pathology have been observed in the substantia nigra of mice
with chronic exposure to rotenone (Betarbet et al., 2000). Intranasally administered pesticide
paraquat accumulates in structures throughout the mouse brain and results in impairment

of olfactory discrimination task (Anderson et al., 2021). However, like rotenone, the PD
phenotype produced by paraquat inhalation in rodents is mild (Rojo et al., 2007), and
therefore it is yet to demonstrate if nasal exposure to these pesticides alone is sufficient to
initiate PD pathogenesis. MPTP has a chemical structure similar to paraquat, and intranasal
exposure closely recapitulates many PD phenotypes, including olfactory dysfunction, motor
abnormalities, and dopaminergic neuron loss in the olfactory bulb and substantia nigra
(Prediger et al., 2010; Prediger et al., 2006; Prediger et al., 2009; Rojo et al., 2006).

Metals have long been implicated in PD pathogenesis. Various metals may promote a-
synuclein aggregation (Jinsmaa et al., 2014; Paik et al., 1999; Wright et al., 2009), but
intranasal metal exposure has not been extensively investigated in a PD model. Nevertheless,
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the olfactory bulb absorbs metal fumes (Sunderman, 2001), and some (e.g., manganese,
nickel, and zinc) may be further transported throughout the brain via secondary olfactory
neurons (Gianutsos et al., 1997; Sunderman, 2001). Recent evidence further suggests that
manganese may promote the spread of a-synuclein oligomers via exosomes (Harischandra
et al., 2019). Furthermore, mice exposed to intranasal vanadium, a metal in welding fumes
that has been associated with PD (Park et al., 2005; Racette et al., 2001), showed a loss

of tyrosine hydroxylase positive neurons of the olfactory bulb glomerular layer (Ngwa

et al., 2014). However, the Lewy pathology was not assessed in the study (Ngwa et al.,
2014). As to organic solvents, although systemically administered trichloroethylene may kill
midbrain dopamine neurons (Guehl et al., 1999; Keane et al., 2019) and induce a-synuclein
accumulation (Liu et al., 2010), to our knowledge, its potential adverse effects via inhalation
has not been directly investigated.

In summary, despite the high biological plausibility that environmental toxicants may trigger
PD pathogenesis through the olfactory pathway, relevant research is still in its infancy.
Preliminary data from animal models suggest that the intranasal administration of certain
pesticides or heavy metals may lead to the initiation and spreading of abnormal a-synuclein
and aggregation that, to some extent, recapitulate the human Lewy pathology. But conclusive
systematic research is yet to be conducted. Epidemiological evidence on environmental risk
factors for olfactory impairment is preliminary. To our knowledge, none were conducted in
the context of PD research, and thus far has provided limited clues to environmental triggers
and accelerators of PD pathogenesis in humans.

The gut-to-brain pathway

The Braak hypothesis also posits that synucleinopathy may initiate in the enteric nerves of
the gut and later spread along the vagus nerve into the brain (Hawkes et al., 2009). In fact,
the presence of Lewy pathology in the enteric nervous system of PD patients was reported
decades earlier (Wakabayashi et al., 1988). Further, constipation has been robustly identified
as an early prodromal symptom of PD (Abbott et al., 2001; Gao et al., 2011; Savica et al.,
2009), albeit the strength of the association was modest as compared with that for poor
olfaction or RBD. The pivotal roles of the gut-brain axis to PD pathogenesis have been the
topic of extensive recent reviews (EIfil et al., 2020; Killinger and Labrie, 2019; Lionnet et
al., 2018; Scheperjans et al., 2018; Sharabi et al., 2021; Travagli et al., 2020). We hereby
briefly summarized the key epidemiological and experimental evidence on this topic and
experimental findings on the potential roles of environmental factors.

Epidemiological evidence

Besides the well-established observation of constipation in prodromal PD, multiple

lines of human empirical evidence support a critical role of the gut-brain axis in PD
pathogenesis. First, in a systematic histopathology study of PD patients (n=17) and

other synucleinopathies, Beach et al. reported phosphorylated alpha-synuclein throughout
the gastrointestinal system (Beach et al., 2010). Interestingly, they did not find isolated
synucleinopathy in the gut, challenging the gut-to-brain spreading in prodromal PD. In
their recent publication with more PD patients (n=53), 81% had synucleinopathy in the
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stomach and 89% in the vagus nerve adjacent to the neck carotid artery, as compared

with no positivity in control subjects, supporting the involvement of the gastrointestinal
tract and vagus nerve in PD pathogenesis (Beach et al., 2021). Second, multiple register-
based epidemiologic analyses reported a modest positive association of inflammatory bowel
diseases and PD with a meta-analyzed risk ratio of 1.24 (95% confidence interval: 1.15—
1.34) (Zhu et al., 2022). Interestingly, IBD patients with anti-tumor necrosis factor treatment
had a 78% lower risk than those without the therapy (Peter et al., 2018). These findings

are consistent with the hypothesis that chronic intestinal inflammation or a “leaky gut”

may contribute to PD pathogenesis. Third, epidemiological evidence suggests that H. pylori
infection is not only associated with clinical PD and its severity(Dardiotis et al., 2018), it
may also play a role in developing PD. In a retrospective cohort analysis of insurance data
from Taiwan, H. pylori infection was associated with a >2 fold higher PD risk (Huang et

al., 2018). Fourth, several studies examined surgical removal of the appendix or tonsil, the
two prominent mucosa-associated lymphatic tissues in the gastrointestinal tract, in relation
to PD risk. Findings are not consistent (Marras et al., 2016; Palacios et al., 2018; Tysnes et
al., 2015), but analyses of the Swedish patient registers showed a lower PD risk in people
with appendectomy(Killinger et al., 2018; Liu et al., 2020). Finally, two independent studies,
using data from the Swedish and Danish patient registers, reported that people with truncal
vagotomy had about half of the PD risk compared to people without(Liu et al., 2017a;
Svensson et al., 2015), supporting the possibility of the gut-to-brain spreading pathway via
the vagus nerve. These data, taken together, lend supports to the roles of gut inflammation
and gut-brain axis in the development of PD. Notably, much of the evidence was from
analyses of administrative databases. While this type of data has clear strengths (e.g., large
samples and comprehensive coverage), they were not collected for research purposes, have
limited data on potential confounders, and identify cases from diagnostic codes (Mues et al.,
2017). Therefore, caution is needed in analyzing administrative data and interpreting their
results.

Experimental evidence

Animal experimental studies provided more direct support to this spreading hypothesis,
demonstrating that peripheral a-synuclein aggregates can be actively transported to the brain
via the vagal nerve and can initiate a PD-like phenotype. Following injection, PFFs rapidly
disseminate to neural circuits (Okuzumi et al., 2018) based on connectivity and possibly
a-synuclein expression patterns (Henderson et al., 2019). It appears that they are actively
trafficked via axonal transport (Freundt et al., 2012; Holmqvist et al., 2014), possibly by
interacting/binding with mobile membranous organelles and vesicles. PFFs injected into the
gut travel along the vagal nerve to the dorsal motor nucleus (Ulusoy et al., 2017; Ulusoy

et al., 2013), but other routes are also possible (Borghammer, 2021). Bidirectional spread
between the central and peripheral nervous systems is also possible. A recent comprehensive
analysis in rodents found gut-to-brain spread, caudal to rostral progressive a-synuclein
pathology, motor/cognitive impairments, gastrointestinal dysfunction, and dopaminergic
neuron loss in the midbrain (Kim et al., 2019). Convincingly, both in wide-type mice with

a vagotomy and SNCA knockout mice, the phenotype following PFFs injections into the

gut was abolished (Kim et al., 2019). In summary, the spread of synucleinopathy from
peripheral sites to the brain is largely supported by experimental evidence. However, PFFs
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injected into the gut do not invariably spread to the CNS and progressively throughout the
brain (Manfredsson et al., 2018), and several critical factors including dose, site of injection,
and the PFF strain/species are important. To date, the evidence of “gut only” a-synuclein
pathology in humans has yet to be demonstrated (Beach et al., 2010) which is required for
the gut origin hypothesis of PD. However the lack of evidence could be due to the relatively
low sampling of gut tissues per volume, akin to searching for a needle in a haystack.

Potential roles of environmental factors

One key implication of the gut-to-brain transmission of PD pathogenesis is the potential
environmental contributions. Research on the roles of environmental toxicants and the gut-
to-brain synucleinopathy spreading has been largely limited to pesticides in experimental
studies. Orally administered rotenone causes apparent progressive pathology in the
intermediolateral nucleus of the spinal cord and substantia nigra (Pan-Montojo et al., 2010),
which can be prevented by vagotomy (Pan-Montojo et al., 2012). However, the pathology
was determined by total a-synuclein protein staining, which has a low specificity for the
disease process. A separate study determined that TLR4 knockout mice are somewhat
protected from the inflammatory and neurotoxic effects of oral rotenone treatment (Perez-
Pardo et al., 2019), suggesting a critical role of inflammation in this process. Indeed,
experimental studies have found that both acute and chronic gut inflammation may
modulate the expression and possibly aggregation of a-synuclein in rodents (Kishimoto
etal., 2019; Prigent et al., 2019), but it is yet to be demonstrated that gut inflammation

can lead to prion-like synucleinopathy. Besides rotenone, paraquat was also tested in

animal models. Orally administered paraquat to mice expressing A53T a-synuclein had
accelerated PSER129 pathology formation throughout the small intestine (Naudet et al.,
2017). Although pesticides might promote abnormal a-synuclein aggregates in the gut, other
compounds might exacerbate their toxic effects. For example, paraquat produces a mild and
often poorly reproducible PD-like phenotype in mice, but small doses of paraquat taken with
dietary lectins produce a phenotype with several key features of PD, including the peripheral
PSER129 inclusion (Anselmi et al., 2018). Authors of this study hypothesize that lectins
may promote the absorption of the orally administered paraquat and thus enhance its toxic
effects (Anselmi et al., 2018).

Microbiota

In recent years, the potential role of the microbiota in PD pathogenesis and progression

has gained much attention (Boertien et al., 2019; Elfil et al., 2020) as it modulates

the immune system and the absorption and metabolism of nutrients, medications, and
environmental toxins. Certain aspects of microbiota composition are already determined

in earliest childhood, e.g., by mode of delivery, breastfeeding, and antibiotic exposure.
During vaginal delivery, the first colonization of the offspring occurs through the maternal
microbiota, potentially affecting the inheritance of certain vulnerabilities independently of
genotype (Sandoval-Motta et al., 2017). Throughout the lifespan, the microbiota colonizing
the outer and inner surfaces of our body continues to be at the interface between the
environment and the human organism and potentially influences their interactions. Further,
converging evidence suggests that the gut microbiota influences the development, function,
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and aging of the brain (Heijtz et al., 2021), although the fundamental mechanisms by which
the microbiota influences PD pathogenesis remain poorly understood.

Epidemiological evidence

Many studies have linked the gut microbiota to PD and to its motor and nonmotor
symptoms. Despite some variabilities in the results and adjustments for medications,
comorbidities and diet, study findings suggest a shift to a potentially proinflammatory
microbiome composition in PD patients (Romano et al., 2021) with increased markers of
gut inflammation and permeability (Aho et al., 2021; Schwiertz et al., 2018). Other potential
pathways by which microbiota may influence PD development and progression include
bacterial metabolites as well as potential cross seeding between bacterial amyloid proteins
and a-synuclein (Aho et al., 2021; Chen et al., 2016; Cirstea et al., 2020). The most
consistent metabolic alteration so far has been reduced fecal levels of bacterially produced
short-chain fatty acids (SCFAS), in particular butyrate, in PD patients (Aho et al., 2021,
Unger et al., 2016). SCFAs can have a broad influence on the human host and brain through
impact on (neuro)inflammation, epigenetic regulation, and other mechanisms (Silva et al.,
2020).

The few longitudinal studies on microbiota in PD suggest links between gut microbiota
composition and disease progression in established PD patients (Aho et al., 2019). Studies
about microbiota contributions in the prodromal phase are scarce. To this end, one study
found substantial overlaps in differential microbiome abundant taxa between PD patients
and idiopathic RBD patients as compared with healthy controls, suggesting microbiota
changes before PD clinical diagnosis (Heintz-Buschart et al., 2018). However, another study
found that microbiota changes were more pronounced in established PD as compared to
iRBD (Nishiwaki et al., 2020), suggesting that changes may evolve as disease progresses.
A recent large study examined microbiota associations with known PD prodromal and
risk markers and found differential microbiota abundance linked to constipation, possible
RBD, smoking, and subthreshold parkinsonism (Heinzel et al., 2021), but not to olfactory
impairment or other markers of prodromal PD.

Few human studies have examined nasal and oral microbiota in PD. Reliable sampling

of the microbiota and DNA amplification from the nasal cavity has turned out to be
challenging due to the low bacterial biomass encountered in nasal swabs. Therefore,
there is a considerable risk of laboratory contaminants to influence the results when

many amplification cycles are needed. Two recent studies(Pereira et al., 2017; Li et al.,
2021) failed to find significant differential compositions of nasal microbiota between PD
patients and controls based on swab sampling. The third study (Heintz-Buschart et al.,
2018) used a nasal wash sampling technique and found no convincing differences of nasal
microbiota across PD patients, iRBD patients and healthy controls. With respect to the
oral microbiota, several studies reported significant differences between PD patients and
controls. For example, the above referenced two studies (Pereira et al., 2017; Li et al.,
2021) reported low abundance of Neisseria and Neisseriaceae and increased abundance in
Lactobacillaceae /Lactobacillales in PD oral swab samples. A recent study (Rozas et al.,
2021) further reported increased oral soft tissue abundance of Lactobacillus together with
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an increase of Tannerella forsythia, Prevotella intermedia, and opportunistic pathogens. Also
oral hard tissue samples showed increased of opportunicstic oral pathogens in PD. Factors
that significantly influenced soft tissue beta-diversity and microbiota composition included
dysphagia, drooling, and salivary pH. Taken together, while studies to date failed to find
convincing links of nasal microbiota to PD, changes in oral microbiota have been suggested.

Experimental evidence

The role of gut microbiota in PD has also been investigated in experimental studies.

When raised germ-free or when the microbiota was eradicated by antibiotics, alpha-
synuclein overexpressing mice showed little synucleinopathy, neuroinflammation, and
motor symptoms (Sampson et al., 2016), suggesting gut microbiota are required for PD
pathogenesis. Conversely, introducing PD-patient microbiota to these mice resulted in PD
pathology and motor impairment (Sampson et al., 2016), which may be related to SCFAs
produced by the microbiota. On the other hand, several studies suggest a beneficial or even
neuroprotective role of SCFASs such as butyrate in PD experimental models (Liu et al.,
2017b; Paiva et al., 2017)

Potential roles of environmental factors

It is also important to consider that the gut microbiota acts at the interface of the human
organism with the environment, and thus may play a role in how environmental influences
impact disease initiation and progression. One such influence is the regulation of gut wall
permeability (Ambrosini et al., 2019). Indeed, increased gut wall permeability or “leaky gut”
has been described in PD (Forsyth et al., 2011), although this finding has not always been
consistent and may vary between gut segments. Such increased permeability may facilitate
access of potentially harmful environmental factors to the gut tissue and systemic circulation
as well as immune activation.

Gut microbiota may influence how pesticides impact PD pathogenesis. Experimental
evidence suggests that oral application of rotenone affects gut permeability only if a gut
microbiota is present, but not in germ-free mice (Bhattarai et al., 2021). Rotenone induces
microbiota changes, and these may have proinflammatory effects that are dependent on
TLR4 signaling (Perez-Pardo et al., 2019; Perez-Pardo et al., 2018). Smoking and coffee
drinking, two factors associated with lower PD risk in observational studies, may influence
microbiota composition (Gonzélez et al., 2020; Huang and Shi, 2019), raising the intriguing
possibility that their roles in PD may be modulated or mediated by the gut microbiota.
Further, there is evidence that children living in rural areas are more likely to have a
microbiota that is linked to a lower risk of autoimmune diseases (Kirjavainen et al.,

2019), the potential relevance of this finding to PD is yet to be investigated. Finally,

a recent study (Mertsalmi et al., 2020) reported a higher PD risk in people with past
exposure to multiple courses of specific antibiotics treatments, in particular macrolides
and lincosamides, antianaerobic, and broad-spectrum antibiotics, along with antifungal
medications. Since these antibiotics have the highest impact on gut microbiota, it is likely
that this finding was due to altered microbiota following the use of antibiotics (Mertsalmi
et al., 2020). Interestingly, these associations were the strongest for exposures 10-15 years
before PD diagnosis, consistent with the concept of a prolonged prodromal phase of PD.
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Taken together, recent research not only supports a critical role of the gut microbiota in PD
pathogenesis but also raises the possibility that they may modulate or mediate the effects of
environmental risk factors for PD.

Research Gaps and Future Directions

In the past several decades, research into the environmental causes of PD has significantly
lagged behind genetic research, owing largely to the lack of understanding of the disease’s
natural history and its prolonged and complex prodromal development, as well as the

lack of tools to adequately assess complex environmental exposures over an extended life
period. The Braak and dual-hit hypotheses, albeit still controversial, have provided a timely
theoretical framework to peek into the complexity of PD prodromal development (Braak

et al., 2006; Hawkes et al., 2009). These hypotheses, coupled with empirical advances

in understanding PD prodromal symptoms and markers, have opened an unprecedented
window to define the environmental triggers and modifiers at various stages of PD
development and to query novel etiological hypotheses of PD that have not been speculated
before. These activities have been best illustrated by the preliminary inquiries of the
etiological relevance of the gut-brain axis and gut microbiota in PD, as detailed above.

While promising, these lines of research are still in their infancy, with substantial research
gaps and challenges ahead. First, the Braak hypothesis itself is still, to some extent,
controversial (Lionnet et al., 2018). For example, neuropathological studies are yet to
document standalone synucleinopathy in the gut without brain involvement (Beach et al.,
2010), and the body-first vs. brain-first etiology of PD has emerged as an important

topic of investigation (Borghammer et al., 2021). Researchers must be fully mindful of

the etiological, pathological, and clinical complexity of PD development and presentations
(Berg et al., 2021). Second, the potential roles of Lewy pathology and its spreading in

PD pathogenesis and symptomatic presentation remain speculative. Although preliminary
animal experimental research has provided provocative evidence supporting for the
spreading of alpha-synuclein pathology induced by PFFs from olfactory and intestinal
structures to the brain, but several aspects of the PFF model fall short. For example,

the spreading in many instances does not seem progressive but instead occurs discretely
amongst interconnected neurons, but over time the spread stops. This brings into question
whether this spread is really a disease driving mechanism in PD prodromal and clinical
progression (Killinger and Kordower, 2019). Further, PFF seeded Lewy pathology does

not closely resemble bona fide Lewy pathology seen in the human PD brain. Many Lewy
bodies in the human brain have exquisite halo structure of radiating filaments intermingled
with damaged organelles, hinting at cellular regulated processes. These fine structural
characteristics do not seem to be recapitulated with PFFs, or are not typically experimentally
determined. Third, despite contributions from animal models of PD, it is challenging to have
experimental models that recapitulate the scope of PD pathological and clinical endpoints
in humans, including dopaminergic neuron loss, Lewy pathology, motor and nonmotor
impairment as well as their sequential development. Fourth, roles of environmental toxins
remain to be investigated in PD experimental models, at levels relevant to human health, via
routes that mimic human exposure, and during various stages of prodromal development.
This is particularly relevant to PD research as the disease is chronic and progressive,

Neurobiol Dis. Author manuscript; available in PMC 2022 September 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

Page 14

and the two-hit hypothesis specifically demands experimental studies via inhalation and
gastrointestinal routes. Finally, humans are exposed to mixtures of chemicals, physical
agents, microbial, and other environmental exposures throughout our lifetime, and new
exposures emerge, yet PD research has been almost exclusively focused upon its known or
suspected environmental causes (e.g., pesticides, metals, and air pollutants). Future research
should capitalize on the new technology, such as large-scale screening to search for novel
environmental chemicals for PD pathogenesis.

In human studies, it is also critical to target PD prodromal development, for example, by
identifying triggers of PD pathogenesis and modifiers for its prodromal progression and
phenotypical conversion (Chen and Ritz, 2018). Conducting such research is, however,
very challenging. Although the Braak hypothesis provides a staging scheme of prodromal
development, there are substantial knowledge gaps in identifying reliable markers and
characterizing their sequential orders (if any) and phenotypical heterogeneity. Prodromal
symptoms identified so far, except for PSG-confirmed RBD, lack specificity to PD (Chen et
al., 2015). Research into the risk factors for RBD and factors that modify its phenotypical
conversion is informative (Postuma et al., 2015; Postuma et al., 2012), but only about

a quarter of PD patients have prodromal RBD (Chen et al., 2015). The International
Movement Disorder Society recently updated its probability-based research criteria for
prodromal PD, based on PD risk factors, prodromal nonmotor symptoms, subtle motor
signs, neuroimaging, and other markers (Heinzel et al., 2019). It remains to see if whether
and how this concept may lead to the identification and characterization of environmental
contributions to prodromal PD.

Unlike the human genome, we do not have readily available tools to assess our
environmental exposures, which are complex mixtures and consistently change throughout
our lifetime (Patel et al., 2017). Further, it is yet to be studied whether the potential effects
of exposures may be differential by exposure windows (e.g., prenatal, childhood, early, mid
vs. late adulthood)(Gao et al., 2015) and stages of disease development (e.g., initiation

vs. phenotypical conversion) (Postuma et al., 2015; Postuma et al., 2012). Finally, such
effects are likely complex, cumulative, and interactive with other environmental and genetic
factors, making them extremely difficult to assess (Chen and Ritz, 2018). Such complexity
demands coordinated efforts from multiple large prospective cohorts with longitudinal

and comprehensive assessments of environmental exposures, genetic, and other molecular
signatures (e.g., epigenomic, metabolomic, microbiomic, and proteomic). Such studies
should also collect and bank biospecimen (e.g., blood, feces, saliva, nasal mucosa) for future
research needs (Marras et al., 2019). Principal investigators of these studies should work
collaboratively to assess currently available resources, develop strategies to harmonize data
and pool resources for PD prodromal research, and identify future research opportunities and
strategies (Marras et al., 2019). This has been exemplified by the ever-growing international
PD genetic research consortia (Aligning Science Across Parkinson’s (ASAP) Initiative,
2021). Pooling cohorts for non-genetic research will be much more challenging and risky
(Smith-Warner et al., 2006), but its success will be extremely rewarding by identifying
modifiable causes of PD to prevent or delay the disease’s clinical onset (Marras et al., 2019).
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In conclusion, PD prodromal research represents an unprecedented opportunity for
identifying the environmental triggers and effect modifiers of PD (Chen and Ritz, 2018).
Such research, however, will be very challenging, calling for multidisciplinary efforts
across biologists, epidemiologists, and clinical scientists to identify priorities, strategize
approaches, and implement research activities (De Miranda et al., 2021). Further research
should also take a life-long approach and leverage emerging tools to assess exposures and
their biological effects to understand how PD starts and develops and how environmental
factors contribute to these processes.
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Figure1: A Systematic Life-long Approach to Study Environmental Triggersand Modifiers of
PD.

Late-onset sporadic PD takes decades to develop and has a prolonged prodromal stage. By
assessing PD prodromal symptoms as intermediate phenotypes, we may be able to bring
new insights into the “black-box” of PD etiology by identifying factors that trigger PD
pathogenesis, lead to its prodromal phenotypes, or modify its phenotypical conversion to
clinical PD at various stages of disease development. Modified from J Parkinsons Dis. Chen
& Ritz, “The Search for Environmental Causes of Parkinson’s Disease: Moving Forward” 8
(2018) S9-S17. Copyright (2018), with permission from 10S Press. The original publication
is available at 10S Press through http://dx.doi.org/10.3233/JPD-181493.

Neurobiol Dis. Author manuscript; available in PMC 2022 September 30.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Chen et al.

Pesticides

Air pollutants

Metals

Organic solvents

Lo

Dietary factors

s
A=

Medications

2

- 5

&

Olfactory bulb

Page 25

Substantia nigra

Loss of dopaminergic |
. neurons

Blood brain barrier

\ Neuroinflammation

2

‘Synucleinopathy

Lewy pathology’

o Leaky gut

decreased GI motiliy
less tight junctions

Intestinal epithelium

Bacterial pruducls\ = . . VAN °
-SCFA . ’ . *
-GABA \

-Serotonin precursors|  * o
-Amyloids . .
LpS Intestinal microbiota * e

Proinflammatory
cytokine

ENS

Figure 2: The Environmental Dual-Hitsthat May Trigger PD Pathogenesis.
Environmental exposures may enter the body via the nose or the mouth, which may

initiate PD pathogenesis in susceptible individuals via mechanisms such as inflammation
or microbiota dysbiosis; over years, the pathology may progress to the central olfactory
structures and/or the lower brain stem, and eventually lead to dopaminergic neuron loss in
the substantia nigra. [Created with BioRender.com] Part of the figure was modified from
Ambrosini et al. Frontiers in Aging Neurosciecne (2019), Volume 11, Article 130 doi:

10.3389/fnagi.2019.00130
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