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Abstract. The brain- and body-first models of Lewy body disorders predict that aggregated alpha-synuclein pathology usually
begins in either the olfactory system or the enteric nervous system. In both scenarios the pathology seems to arise in structures
that are closely connected to the outside world. Environmental toxicants, including certain pesticides, industrial chemicals,
and air pollution are therefore plausible trigger mechanisms for Parkinson’s disease and dementia with Lewy bodies.

Here, we propose that toxicants inhaled through the nose can lead to pathological changes in alpha-synuclein in the olfactory
system that subsequently spread and give rise to a brain-first subtype of Lewy body disease. Similarly, ingested toxicants can
pass through the gut and cause alpha-synuclein pathology that then extends via parasympathetic and sympathetic pathways
to ultimately produce a body-first subtype.

The resulting spread can be tracked by the development of symptoms, clinical assessments, in vivo imaging, and ultimately
pathological examination. The integration of environmental exposures into the brain-first and body-first models generates
testable hypotheses, including on the prevalence of the clinical conditions, their future incidence, imaging patterns, and
pathological signatures.

The proposed link, though, has limitations and leaves many questions unanswered, such as the role of the skin, the influence
of the microbiome, and the effects of ongoing exposures. Despite these limitations, the interaction of exogenous factors with
the nose and the gut may explain many of the mysteries of Parkinson’s disease and open the door toward the ultimate goal —
prevention.

Keywords: Parkinson’s disease, Lewy body disease, nose, enteric nervous system, brain-gut axis, nuclear medicine, pesticides,
air pollution, trichloroethylene, polychlorinated biphenyls

Twenty years ago, Braak and colleagues postulated
that Parkinson’s disease (PD) begins outside the brain
through “neuroinvasion” by an exogenous, unknown
pathogen [1]. In the seminal paper, they indicated
that the neuropathology of PD begins simultaneously
in two sites: the dorsal motor nucleus of the vagus
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nerve and the olfactory system (olfactory bulb and
anterior olfactory nucleus). They hypothesized that
an unidentified pathogen passes the mucosal barrier
of the gastrointestinal tract and enters the central
nervous system via pre-ganglionic parasympathetic
motor neurons. Spread from the olfactory system was
deemed less likely.

Over the last two decades, refinements and alter-
natives to the Braak hypothesis have been developed
[2-7]. Among them is a body-first versus brain-first
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model of Lewy body disorders, under which demen-
tia with Lewy bodies and PD are two forms of the
same disease [8, 9]. According to this model, which
is supported by multi-modal imaging studies and
post-mortem data [10-13], there are two principal
ways by which the neuropathology of Lewy body
disease spreads (Fig. 1). In body-first Lewy body
disease, the initial alpha-synuclein pathology begins
in the enteric nervous system and then spreads via
the vagus nerve to the brainstem as envisioned by
Braak. In addition, pathological propagation occurs
via the sympathetic nervous system to the sympa-
thetic trunk, heart, skin, and other organs. Consistent
with this spread, body-first disease is characterized by
early autonomic dysfunction (including in the heart)
and REM sleep behavioral disorder. Motor manifes-
tations (e.g., tremor, bradykinesia) occur later as the
pathology spreads rostrally. Because of the bilateral
autonomic innervation of the gut, the motor features
may be more symmetric and the disease course pro-
gressive.

While progression, once diagnosed, can be fast,
the prodromal phase of body-first disease is most
likely long. Cardiac denervation, which often pre-
cedes REM sleep behavioral disorder, is estimated to
begin 16-20 years before individuals with body-first
Lewy body disease are clinically diagnosed. The ini-
tial gut pathology can thus begin decades before an
individual comes to the attention of a neurologist [4].
This body-first model of Lewy body disorders is esti-
mated to account for the majority of individuals with
dementia with Lewy bodies and around one-third of
individuals with PD.

By contrast, in most cases with brain-first Lewy
body disease, the pathology is thought to commence
in a single locus in the olfactory system, i.e., in one
olfactory bulb unilaterally. From there, the pathol-
ogy extends via neuron-to-neuron propagation to the
olfactory and limbic systems and from there to the
brainstem and cortex in a rostro-caudal manner lead-
ing to amore rapid involvement of the substantia nigra
and a shorter prodromal phase. Consistent with this
model, the disease is typically unilateral at diagno-
sis (as 99% of neurons connect to nerve cells in the
same hemisphere), has early motor manifestations,
and only later has autonomic and sleep dysfunction
[4].

In this hypothesis paper, we seek to connect
body- and brain-first models of the disease to one
of the likely causes of PD, environmental toxi-
cants [14]. In doing so, we focus on three common
toxicants that have large effect sizes (e.g., certain

pesticides, industrial chemicals) or are widely preva-
lent (e.g., air pollution) [15—-17] and are implicated in
alpha-synuclein misfolding and aggregation [18, 19].
Consistent with the brain- and body-first models of
the disease, these toxicants are inhaled, ingested, or
both (Fig. 2 and Table 1). As Chen and colleagues
wrote, “Notably, the nasal cavity and gut are the
two anatomic sites where the human mucosal sur-
faces directly interact with the environment, where
inflammation commonly occurs, and where paths to
the brain are well established” [20].

Here we review the evidence, in some cases sparse,
that tie toxicants to the body- and brain-first models
of Lewy body disease. We begin with detailing how
ingested toxicants (e.g., drinking water) may lead
to a body-first model (section I) and then explain
how inhaled toxicants (e.g., air pollution) can pro-
duce a brain-first model of Lewy body disorders
(II). We then outline possible explanations for who
develops the diseases (section III), propose testable
hypotheses (IV), detail limitations (V), and discuss
remaining questions and means to answer them (VI).
The aim is not to provide an exhaustive review of any
of the topics discussed. Rather, we suggest poten-
tial mechanisms by which widespread toxicants may
be causing increasingly common neurodegenerative
diseases, define a framework of ideas for investigat-
ing such potential mechanisms, and finally, lay the
foundation for preventing these disabling diseases.

I. BODY-FIRST MODEL AND INGESTED
ENVIRONMENTAL TOXICANTS

Body-first Lewy body disease, including the
majority of individuals with dementia with Lewy
bodies, could be due (in part) to ingested environ-
mental toxicants coming into contact with the enteric
nervous system. Although it may have been unrec-
ognized for years, dementia with Lewy bodies was
only recently described [21]. In 1976, Kosaka, a
Japanese psychiatrist, and colleagues reported an
autopsy of a 65-year-old woman in his country with
what he had clinically diagnosed as atypical presenile
Alzheimer’s disease with parkinsonism [22, 23]. Her
symptoms began at age 56 with involuntary move-
ment of her neck and forgetfulness. Over nine years,
she developed severe dementia and could not walk.
On autopsy, the investigators reported numerous
Lewy bodies in the brainstem and diencephalon and
“Lewy-like bodies” in the cerebral cortices [22]. In
1984, Kosaka and colleagues subsequently reported
affected individuals in Japan, Germany, and Austria,
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Fig. 1. Spread of Lewy pathology via body-first and brain-first models based on pathology severity profiles from postmortem data. Sacral SC,
sacral spinal cord; IML, intermediolateral column; Symp Tr, sympathetic trunk; DMV, dorsal motor nucleus of vagus; LC, locus coeruleus;
SN, substantia nigra; Amy, amygdala; OB, olfactory bulb; TrE, transentorhinal cortex; Temp Cortex, temporal cortex; Fron Cortex, frontal
cortex; Par Cortex, parietal cortex
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Fig. 2. A proposal on how environmental exposure to toxicants may cause either body-first or brain-first Lewy body disease. The size of
the brown circles reflects the amount of Lewy pathology in each region. In body-first Lewy body disease, toxicants are most likely ingested
through diet and drinking water, but swallowing inhaled toxicants trapped in mucous is also a possibility. In the gut, the toxicants trigger initial
a-synuclein misfolding in the enteric nervous system, which then spread centripetally towards the central nervous system via parasympathetic
and sympathetic neurons. Consequently, a-synuclein in the peripheral autonomic nervous system and brainstem will be dominating, and
less pathology will be found in more rostral structures. The skin could be an alternative trigger site for body-first Lewy body disease. In
brain-first Lewy body disease, inhaled toxicants may trigger initial pathology in the olfactory bulb, with subsequent spread to closely related
structures. Consequently, a-synuclein in amygdala and olfactory-related structures such as the transentorhinal cortex display most pathology,
and less will be found in the brainstem and peripheral autonomic nervous system. Sacral SC, sacral spinal cord; IML, intermediolateral
column; Symp Tr, sympathetic trunk; DMV, dorsal motor nucleus of vagus; LC, locus coeruleus; SN, substantia nigra; Amy, amygdala; OB,
olfactory bulb; TrE, transentorhinal cortex; PCBs, polychlorinated biphenyls; TCE, trichloroethylene; PCE, perchloroethylene.
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Table 1
Simplified model of the possible link between environmental toxicants and different models of Lewy body disease
Lewy body disease
Body-first Brain-first
Principal disease Dementia with Lewy bodies Parkinson’s disease
Etiology
Pesticides Ingested Inhaled
Dry cleaning chemicals Ingested Inhaled
Air pollution Ingested Inhaled
Pathology

Cardiac denervation
Dorsal motor nucleus pathology
Degeneration of substantia nigra

Present early
Present early
Present late, symmetric degeneration

Normal early
Normal early

Present early, asymmetric degeneration

Clinical Features

Prodromal period

Autonomic dysfunction

REM sleep behavioral disorder
Dementia

Motor features

Progression post diagnosis

Very long Long
Early Late
Early Late
Early Late
More symmetric More asymmetric
Faster Slower

and twelve years later, the first consensus guidelines
for its diagnosis were published [24, 25]. The causes
of dementia with Lewy bodies remain to be elucidated
but likely include some genetic risk factors, includ-
ing many GBA mutations [26] and the APOE &4 allele
[27, 28], and possibly environmental factors, such as
pesticides [29] and industrial chemicals.

Pesticides

Thirty years before Kosaka’s seminal report, fol-
lowing World War II, Japan began using fat-soluble
organochlorine pesticides, such as DDT and chlor-
dane, on its rice paddies [30]. This class of pesticides,
which are associated with Lewy pathology, contami-
nated the food supply in Japan and elsewhere [28, 30].
In vitro, the chemicals can stimulate alpha-synuclein
fibril formation, disrupt dopamine transport [31],
and damage dopaminergic neurons through mito-
chondrial dysfunction. In humans, their levels in the
adipose tissue of the Japanese population rose from
the 1940s and peaked in the 1960s when regulatory
action in Japan curbed their use [30, 32, 33]. A long
latency between exposure to these toxicants and the
diagnosis of dementia with Lewy bodies is consis-
tent with the body-first model of Lewy body disease.
While possible, the relationship between ingested
pesticides and subsequent development of dementia
with Lewy bodies is still speculative as little clinical
history and no biological assays (to our knowledge)
are available from these early reports.

While organochlorine pesticides have not been
reported in dementia with Lewy bodies in Japan,

Ross and colleagues found that Lewy pathology was
nearly doubled in the presence of a metabolite of an
organochlorine pesticide called heptachlor in Hawaii
where the pesticide was used extensively [34]. Milk,
consumption of which has been linked to PD [20, 35],
was contaminated with heptachlor in Hawaii. The use
of these pesticides is, of course, not limited to Japan
and Hawaii but occurred throughout the industrial-
ized world until their toxic effects led many countries
to ban them [30]. However, they are still used to com-
bat malaria and produce crops in Africa and beyond
where they can be found in the breast milk of nursing
mothers [36-39].

In addition to dementia with Lewy bodies, stud-
ies have found pesticide exposure to be associated
with an increased risk of REM sleep behavioral dis-
order [40], which is a strong marker of early body-first
Lewy body disease and often progresses to demen-
tia with Lewy body disease [41]. A recent Chinese
study found that non-occupational exposure to pes-
ticides was associated with a doubling of the risk of
REM sleep behavioral disorder [42]. However, con-
version to dementia with Lewy bodies has yet to be
tied to pesticide exposure [43, 44].

Beyond dementia with Lewy body disease, numer-
ous studies have linked drinking well water to PD
[45—47]. Many wells are shallow and thus prone to
pollution from pesticides [45]. While drinking well
water could also be a proxy for pesticide inhala-
tion (e.g., from local spraying), at least one study
has found that even after adjusting for such ambient
exposure, the association with possible well water
contamination remained [45]. When stratifying large
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cohorts of individuals with PD into benign and malig-
nant subtypes, agricultural occupation and pesticide
exposure are associated with a malignant subtype,
characterized by autonomic symptoms, REM sleep
behavior disorder, more symmetric parkinsonism,
hallucinations, and faster progression [48, 49].

Ingestion of pesticides is thought to initiate periph-
eral Lewy pathology through several mechanisms.
In one study, the oral administration of rotenone in
mice promoted the release of alpha-synuclein from
enteric and sympathetic neurons, and presynaptic
sympathetic neurites took up the released protein
and transported it retrogradely within neurons [50].
In those mice, hemivagotomy and partial sympa-
thectomy delayed the appearance of motor but not
gastrointestinal symptoms of PD, stopped progres-
sion of PD-like pathology into previously connected
structures, and hemivagotomy alone prevented cell
death in the ipsilateral substantia nigra. The authors
concluded, “These results strongly suggest that pes-
ticides can initiate the progression of PD pathology
and that this progression is based on the transneuronal
and retrograde axonal transport of alpha-synuclein”
[50].

Intraperitoneal injection or oral ingestion of pesti-
cides, such as rotenone, also reduces gastrointestinal
motility and leads to alpha-synuclein accumulation
in the gut [50, 51]. Ingested rotenone in mice directly
damages enteric neurons which initiates the accumu-
lation of alpha-synuclein and alters the sympathetic
innervation of the gut [50, 52, 53]. Experimen-
tal evidence also suggests that rotenone damages
enteric glial cell mitochondria, impairs autophagy,
and induces inflammation, providing a potential
mechanism that could drive protein accumulation,
damage neurons, and alter the intestinal epithelium
and gut permeability [54].

Industrial chemicals

In addition to pesticides, many other toxicants
and chemical pollutants can be ingested, including
those used commonly in degreasing and dry clean-
ing. Trichloroethylene (TCE) and perchloroethylene
(PCE) are both simple six-atom molecules—one with
three chlorine atoms, the other with four—that have
been used for up to a century in consumer, commer-
cial, industrial, and military applications [55, 56].
Case reports have linked occupational use of TCE
to Parkinson’s since 1969 [57], but its major source
of toxicity may be in the environment.

TCE has contaminated up to one-third of the
groundwater in the U.S., including at the Marine base
Camp Lejeune in North Carolina. There from 1953
to 1987, service members, civilians, and their fami-
lies drank water with unsafe levels of TCE. In 2023,
Goldman and colleagues found that those stationed
at Camp Lejeune had a 70% increased risk of devel-
oping PD compared to those at a less polluted base in
California [58]. Longitudinal follow-up of this cohort
for PD and dementia with Lewy bodies as well as
other features of these disorders, such as REM sleep
behavioral disorder (not increased in the 2023 study)
and autonomic dysfunction (mixed results) will be
important [58, 59].

Other industrial chemicals may be ingested and
also play a role in body-first models of Lewy body
disorders. For example, polychlorinated biphenyls
(PCBs) are non-flammable, insulating oils used
for building materials and electrical equipment
[60] that have chemical similarities to organochlo-
rine pesticides [61] and are persistent halogenated
organic pollutants. Although banned in the late
1970s, humans are still exposed to these lipophilic
substances through diet (predominately meat and
seafood) and ambient air (predominately from indoor
evaporation in buildings containing PCBs) [62].
Since PCB accumulates in fat, eating marine ani-
mals at the top of the food chain may lead to
high exposure [63, 64]. For example, the Inuit in
Greenland, exposed through marine diet, exhibit
elevated PCB plasma concentrations [65, 66], and
the age-adjusted PD prevalence is higher among
them (188 per 100,000) than on a Danish island
(98 per 100,000) [67]. In addition, whale-meat con-
sumption in the Faroe Islands in the North Atlantic
has also been associated with increased risk of
PD [68].

In post-mortem brain tissue, one of five tested
PCB variants was significantly elevated in the caudate
nucleus of individuals with PD [60]. In a separate part
of that study, depigmentation of the substantia nigra
in women (but not men) with PD was also associ-
ated with elevated concentrations of PCBs. A similar
effect has been found in mice fed PCBs where striatal
dopamine transporter loss was associated with high
exposure [69]. In addition, mice that ingested PCBs
accumulate the chemical primarily in their hearts,
spleens, and large intestines suggesting that exposure
through the gastrointestinal route could predispose
to a body-first subtype [70]. Research on PD risk
from PCBs has been inconsistent [71], but their high
levels and continued persistence in the food supply
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raise concerns for their role in body-first Lewy body
disorders [72-74].

Air pollution

While air pollution is generally inhaled, it can also
be ingested by swallowing contaminated mucus [75,
76], eating contaminated food from animals (e.g.,
fish, cows) that feed on contaminated waters or plants,
or drinking water with toxic air pollutants [77]. To our
knowledge, assessments of such exposures have not
been conducted for dementia with Lewy bodies or
PD.

II. BRAIN-FIRST MODEL AND INHALED
ENVIRONMENTAL TOXICANTS

Inhalation may be an even more compelling means
of exposure for PD and the brain-first model of Lewy
body disorders. Certain pesticides, industrial chemi-
cals, and air pollution are all readily inhaled.

Pesticides

Chief among these inhaled toxicants is paraquat,
which has been linked to PD in academic studies
[17, 78, 79] and apparently the manufacturer’s own
research [80]. In 2011 Tanner and colleagues found
that farmers (primarily) who worked with paraquat
had a 150% increased risk of having PD [17]. Occu-
pational exposure likely leads to inhalation [81] and
possibly a brain-first model of the disease. Consis-
tent with this notion, all 23 of those with PD who
were exposed to paraquat had an asymmetric onset,
and all (who had tried) had a favorable response to
dopaminergic therapy [17]. In the study, which also
evaluated exposure to other pesticides, 115 individ-
uals were diagnosed with PD, but no diagnoses of
dementia with Lewy bodies were reported. A sepa-
rate case report of PD in a farmer with antecedent
exposure to paraquat also reported asymmetric onset
of motor symptoms [82].

Replicating human inhalation exposure in in vivo
models is challenging and requires controlled envi-
ronments and proper safety measures, but emerging
studies suggest that inhalation may be an important
route of exposure. A recent investigation in mice
found that inhaled paraquat “entered all examined
regions of the brain (including the striatum and mid-
brain), with the highest concentration seen in the
olfactory bulb” [81].

Industrial chemicals

TCE and PCE can be inhaled via occupa-
tional or environmental exposure. However, clinical
descriptions of individuals with confirmed inhala-
tion exposure through work are limited. Because both
chemicals are highly volatile, they can evaporate from
contaminated water and be inhaled during cooking
and bathing. Like radon, they can also evaporate from
contaminated soil and groundwater and pollute the
indoor air of homes, barracks, schools, and hospitals
[83].

In 2008, Gash and colleagues reported on 30 indi-
viduals who worked at a plant where TCE was used
to degrease metal gauges [84]. Two men who placed
the gauges in the open vat of TCE and one woman
who dried them all developed PD. In addition, 14
of the 27 workers who were further from the source
and thus presumably had exposure via inhalation
“displayed many features of parkinsonism, includ-
ing significant motor slowing.”[84]. The predominant
features described in the cohort were motor. Case
reports of PD following occupational exposure TCE
have included asymmetric motor findings [56, 85,
86], and one reported asymmetric reduced uptake on
a DAT scan [86]. Cognitive deficits have not been
noted, and in at least one case, cognition was normal
[86].

In experimental models, TCE inhalation appears
to be more potent than oral ingestion in caus-
ing dopaminergic neurodegeneration. Animal studies
that expose rodents to high levels of TCE via
oral gavage, ranging from 200-1000 mg/kg, typi-
cally demonstrate the selective loss of nigrostriatal
dopaminergic neurons over six weeks to three months
[87]. In contrast, inhalation exposure in lower doses
(up to 50ppm TCE in rats and 100 ppm in mice)
over similar time periods caused equivalent or greater
dopaminergic neurodegeneration. Forgoing first-pass
hepatic metabolism, olfactory and respiratory path-
ways may provide a more direct and potent route for
TCE to reach the brain and damage dopaminergic
neurons [88].

While likely less common than ingestion, inhala-
tion of PCBs may also predispose to PD. In one study,
researchers exposed ferrets to low concentrations of
PCBs in the ambient air for five years [89]. They
found that the olfactory bulb levels of PCBs were
almost four times greater than in the remaining brain
and double that in the peripheral tissues. The authors
concluded that like heavy metals and solvents, “air-
borne PCBs enter olfactory sensory neurons directly



E.R. Dorsey et al. / Body, brain, environment, and PD 369

600

(megim?)

500

400

300

200

Avg.

0 + + u t t
1700 1750 1800 1850 1900 1850 2000

Fig. 3. Air pollution in London, 1700 — 2016, and in Delhi,
1997-2010. Source: Our World in Data [146, 180].

and are transported to the olfactory bulb where they
accumulate” [89].

Air pollution

Air pollution is a third toxicant that can readily be
inhaled and thus implicated in the brain-first model
of Lewy body disease. While synthetic pesticides
and industrial solvents are largely products of the
20th century, air pollution predates Dr. Parkinson’s
seminal description of the disease. Industrial air pol-
lution, including the infamous London fog, was well
established (Fig. 3) by the time Dr. Parkinson wrote
his essay in 1817. London’s air quality in 1800 was
twenty times worse than it is now, on par with the
world’s most polluted cities (e.g., Delhi, India) today,
and akin to what many North Americans experienced
from Canadian wildfires in the summer of 2023 [90].

Research increasingly links high levels of air
pollution, especially particulate matter, to neurode-
generative diseases, including Parkinson’s disease
[15, 91-93]. The smallest pieces of this dirt and
soot can be 2.5 microns or smaller in diameter and
penetrate nasal, gastrointestinal, and the blood-brain
barriers [94]. Such ultra-fine particulate matter can
carry along with it toxic heavy metals, such as iron,
which are found in higher concentrations in the brains
of individuals with PD [95, 96].

In his essay on six individuals, Parkinson describes
the motor features of the disease. While determining
the cause of these initial cases may be impossible (the
first was a gardener who may have been exposed to
naturally occurring pesticides [97]), all were almost
certainly exposed to toxic levels of air pollution. In
two of the three individuals he examined, he noted
asymmetry in tremor onset. In only one does he
comment on non-motor features of the disease, con-
stipation, which was a late symptom in the last case

he reported [98]. His famous description of the shak-
ing palsy also found “the senses and intellects being
uninjured” [98].

While air pollution has improved substantially in
England since the times of Dr. Parkinson, other areas
of the world have been similarly affected. In the early
1990s, Mexico City was the most polluted city on
earth and had worse air quality than the most pol-
luted cities in China today [99]. So bad was the air
that birds reportedly fell dead from the sky. There,
Calder6n-Garciduenas and colleagues examined the
brains of children and young adults (ages 11 months
to 40 years) who died prematurely from gun violence
or car accidents. She found breakdown of the nasal
epithelium with accumulation of particulate matter
around nasal epithelial cells [100]. In addition, she
saw Lewy neurites in the olfactory bulb of toddlers
and in 68% of children [101]. She also found alpha-
synuclein immunoreactivity in the brainstem nuclei
of three young individuals (ages 17 to 35 years) [100].

III. THE POSSIBLE FACTORS
DETERMINING WHO DEVELOPS
LEWY BODY DISORDERS

Given that these environmental toxicants are
widespread and not everyone has PD or dementia with
Lewy bodies, additional factors must determine who
among the exposed develops a Lewy body disease
and who does not. At least three sets of factors may
be important: (1) exposure, (2) interactions, and (3)
modifiers.

The timing, dose, and duration of exposure are key
to determining who is most likely to develop the dis-
ease. In most cases, exposure occurs decades before
diagnosis. For example, at Camp Lejeune, service
members were diagnosed with PD on average 34
years (range 5 to 45) after likely exposure [58]. A
three-year-old boy who lived at the base was diag-
nosed when he was 36 [56]. A twin study found that
the lag between occupational or hobby exposure to
TCE and PD diagnosis was 10 to 40 years [16].

The exposure can happen as a child or as an adult
[102]. Pesticides, TCE, and tiny particulate matter
can all cross the placenta suggesting that exposure
could even begin in utero. TCE [103] and pesti-
cides [39, 104] have been found in breast milk, and
infants may be more susceptible to their toxic effects.
Calder6n-Garciduenas found Lewy pathology in the
brains of deceased teenagers exposed to high levels
of air pollution.
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The dose and duration of exposure are also likely
important. Because most epidemiological studies
have been retrospective, dose has been hard to quan-
tify. Gatto and colleagues found that “high” levels
of pesticide exposure in well water were generally
more strongly associated with PD than lower levels
[45]. In addition, exposure to more water-soluble pes-
ticides also increased the risk of PD, and among those
who drank well water, those with PD also had longer
exposure (18 years) than those without (14 years)
[45]. For TCE, the dose has been rarely quantified. At
Camp Lejeune, the level of TCE contamination was
more than 70 times the U.S. Environmental Protec-
tion Agency’s maximum contaminant level where the
average duration of likely exposure was just over two
years [58]. By contrast, other studies of hobby and
occupational exposure to TCE have reported expo-
sure durations of 15 to 25 years [16, 84].

The relevant dose and duration of exposure for air
pollution remains uncertain [105]. A Danish study
of traffic-related air pollution suggested that higher
levels of air pollution (as measured by nitrogen diox-
ide concentrations) were more likely to be associated
with PD [106]. A review of air pollution studies
found that the exposure duration ranged from four
to 32 years [91]. Most studies of air pollution and
PD to date have suggested modest effect sizes [91,
105-107], but this may be because few studies [108,
109] in more densely polluted regions (e.g., early 20th
century London, cities in India today [105]) have been
conducted to date.

In addition to measures of exposure, interac-
tions among genetic and other environmental factors
are likely important [110, 111]. Numerous studies
have linked GBA mutations across the spectrum of
Lewy body disorders, especially those with cognitive
impairment [26, 112]. One study in Greece found that
individuals who carried GBA mutations and had PD
were more likely to have bilateral onset of the disease
(in 21% of cases) and exposure to pesticides [113].
GBA mutations also may predispose to a body-first
pathological spread of Lewy bodies [4]. The APOE
€4 allele is also tied to an increased risk dementia with
Lewy bodies [27] and may exacerbate the effects of
air pollution, a known risk factor for Alzheimer’s dis-
ease [114-116]. While still early, such an association
could help explain the predominance of Alzheimer’s
pathology in individuals with dementia with Lewy
bodies [117, 118].

Laboratory studies have also shown interac-
tions between LRRK2 and environmental pollutants
[119-121]. TCE, rotenone, and other toxicants linked

to PD activate LRRK2 kinase activity in a manner
similar to that seen with LRRK2 mutations [120, 122,
123]. The extent to which environmental exposures
increase disease risk in this population remains to be
determined [56]. Finally, mutations in genes encod-
ing for the proteins that metabolize pesticides are
likely important in determining who develops PD
[124-126].

Toxicants also interact with other environmental
factors. Some of these environmental-environmental
interactions may be inherent to the exposure itself
(e.g., multiple constituents of air pollution [15]) while
others (e.g., pesticides and head trauma) may be
entirely separate [127, 128].

Finally, chance may play a role in who develops
the disease. As is likely with cancer [4], the ini-
tial misfolding of alpha-synuclein and subsequent
development of Lewy body disease may be in part
a stochastic event.

Other factors may modify the disease course.
Aging, the time-related decline in physiological func-
tioning, is likely critical [129, 130]. Aging reduces
protein clearance [131], impairs lysosomal function
[132], and contributes to oxidative stress [133], all of
which may contribute to Lewy body disorders. Addi-
tional important modifiers likely include diet [134],
exercise [135], other medical conditions (e.g., dia-
betes [136]), sex [137], concomitant co-pathology
(e.g., Alzheimer’s), intercurrent illnesses, stress, and
even ongoing toxicant exposure.

IV. THE HYPOTHESES

A paradigm by which environmental toxicants are
ingested and inhaled and then induce a body- or brain-
first Lewy body disease generates several testable
hypotheses. These include the following:

Hypothesis 1: The prevalence of Lewy body
disorders will vary based on the exposure to
environmental toxicants in a given region — The
age-adjusted prevalence of PD between countries
varies 5-fold [138] and within countries 10-fold
[139]. This variability may be a function of differ-
ences in environmental toxicants. In rural areas, for
example, the prevalence of PD is almost perfectly
correlated with pesticide use [140, 141]. The prin-
cipal route of exposure, however, may vary. Some
pesticides (e.g., paraquat) may exhibit their toxicity
mainly through inhalation leading to a predominance
of PD while others (e.g., organochlorines) may be
ingested leading to more dementia with Lewy bodies.
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Testing this hypothesis may be increasingly fea-
sible as many toxicants are now measured. These
measures on farms, in the air, water, food supply, and
breast milk will vary between and within countries
and could be evaluated alongside high quality inci-
dence data. Geospatial mapping could even examine
the prevalence of Lewy body disorders around poten-
tially high risk areas, such as golf courses [142] (e.g.,
where chlorpyrifos and other pesticides are used) and
dry cleaners (e.g., PCE).

Within a defined geography, the prevalence of dis-
ease may vary based on the exposure. Those with
contaminated water (e.g., from private wells) will
be more likely to have body-first Lewy body disor-
ders. Those experiencing vapor intrusion [143—145]
or high levels of air pollution could be at risk for
brain-first disorders, especially PD [92].

Hypothesis 2: The future incidence of Lewy
body disorders will decline in areas of the world
with falling levels of environmental toxicants —
Countries in western Europe that have banned neu-
rotoxic pesticides, curbed their use of TCE, and
improved their air quality are poised to see reductions
in the rise of Lewy body diseases and even future
declines. As early evidence for this hypothesis, the
increase in the age-adjusted prevalence of PD appear
to be much lower in western Europe (8.4%) than the
world as a whole (21.7%) [138].

Hypothesis 3: The future incidence of Lewy
body disorders will rise in areas of the world with
increasing levels of toxicants — Historically, sub-
Saharan Africa has had little pesticide use, limited
air pollution [146, 147], and low prevalence of PD
[138]. However, pesticide use in Africa has nearly
tripled in the past 30 years [148]. Many that are
used (e.g., organochlorines [36]) have been banned
by other countries based on safety concerns [149].
This rise is especially concerning because ~60% of
the African population is engaged in agricultural pro-
duction [147, 150]. Without better safeguards (e.g.,
on pesticides used, protection for those using them
[151], and prevention of water and food contamina-
tion), many Africans could be a greater risk for Lewy
body disorders in the future.

Hypothesis 4: Individuals with Lewy body dis-
orders will display a certain imaging pattern
depending on the route of toxicant exposure —
Cases where ingested toxicants contribute to the dis-
ease will display a typical body-first imaging pattern
including decreased cardiac sympathetic innervation
(e.g., ['"ZI]MIBG scintigraphy) and more symmetric
dopaminergic degeneration. Conversely, cases where

inhaled toxicants cause the disease will display a typ-
ical brain-first imaging pattern including relatively
preserved cardiac sympathetic innervation and more
asymmetric dopaminergic degeneration at diagnosis.
These imaging patterns could then be correlated with
pathological findings ideally in prospective cohort
studies.

Hypothesis 5: Animal models will demonstrate
a body-first pathological spread for ingested toxi-
cants and a brain-first for inhaled ones

In laboratory animals exposed to toxicants, phe-
notypic similarities to humans can be studied. For
example, ingested toxicants should lead to early accu-
mulation of @-synuclein aggregates in the enteric and
autonomic nervous system, early degeneration of the
sympathetic and parasympathetic systems, and sym-
metric dopamine loss. In contrast, inhaled toxicants
should lead to more rapid involvement of the nigros-
triatal dopamine system followed by lower brainstem
pathology and autonomic degeneration. Of note, if
stochasticity plays a significant role in the onset of
Lewy pathology in humans, this facet may be dif-
ficult to emulate in animal models. Thus brain-first
animal models featuring inhaled toxicants might not
show the asymmetric dopamine loss typically seen in
many humans [152, 153].

Animal models also provide a convenient means to
test gene-environment interactions that may drive PD
phenotype. For example, genetic risk factors such as
GBA could exacerbate Lewy pathology and result in
cognitive dysfunction in a body- or brain-first mech-
anism depending on the exposure and route.

V. LIMITATIONS

The hypothesis that toxicants, ingested and
inhaled, enter the gut or the nose and trigger alpha-
synuclein pathology that then spreads to structures
as predicted by the body- and brain-first models is
incomplete. Although much evidence supports that
alpha-synuclein can misfold and then propagate from
cell to cell in a prion-like manner, this pathogenic
mechanism has not been conclusively proven to occur
in the human disease. Alternative hypotheses have
been proposed such as the threshold model [5],
and the differences between that model, alternative
hypotheses, and the body- and brain-first model were
recently reviewed [4].

On the toxicant front, few individuals will have
exposure limited solely to ingestion or inhalation. For
example, a farmer working with a pesticide could
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inhale it in the field, swallow it in her saliva, absorb it
through her skin, bring it into her home on her shoes
where she could inhale it again, eat in her food, and
drink it from a well.

Even presumed exposure to TCE or PCE via vapor
intrusion can have multiple routes. For example, the
indoor air in some apartments above dry cleaners are
known to have unsafe levels of PCE [154]. However,
because PCE is fat soluble, it can make its way into
the butter and cheese in an apartment’s refrigerator
[155] leading to both inhalation and ingestion.

Toxicants can also be absorbed via the skin
[156], lung [157], and systemically. For example,
organochlorine pesticides can enter the systemic cir-
culation and because they are lipophilic, cross the
blood-brain barrier [158]. However, based on the ear-
liest distribution of Lewy pathology, a contribution
from systemic circulation of toxicants seems less
influential in the initiation sites of alpha-synuclein
aggregation. Post-mortem cases with spatially very
restricted Lewy pathology almost always display
pathology in either the olfactory bulb or the auto-
nomic nuclei innervating the gut [12, 159]. If PD
were commonly caused by toxicants or other factors
in systemic circulation that cross the blood-brain bar-
rier, the first isolated pathology could begin in diverse
locations such as the neocortex, substantia nigra, cin-
gulum, or other regions. However, such cases are
very rare or even non-existent [3, 13, 159]. This sug-
gests that the pathology in most cases first arises in
the olfactory bulb or enteric and autonomic nervous
system at the “body-surface” interface [20].

In addition to multiple routes of exposure, almost
all of us are exposed to multiple toxicants at multiple
points in time. Many farmers are exposed to multi-
ple pesticides at varying doses, perhaps from infancy
until death. The same is likely true for most of us. In
Italy in 1994, for example, three-quarters of a sam-
ple of the general population had detectable levels of
TCE in their blood and urine [160].

The scarcity of data to substantiate some of our
contentions is another limitation. This shortcoming is
partly attributed to the failure to systematically assess
a systemic disease. We have known now for at least
two decades that PD may begin outside the brain [1,
10, 161], but whole body evaluations either by imag-
ing [10, 161, 162] or autopsy are extremely limited
[3, 159, 163, 164]. Similarly, we have known for a
century that only 15% of individuals have a family
history of the disease [165] and for a generation that
environmental factors are a major cause of the dis-
ease [166], yet we have fundamentally underinvested

[167, 168] in and under-investigated [169] the role
environmental toxicants are playing.

VI. UNANSWERED QUESTIONS

This paper leaves many important questions unan-
swered or unaddressed including the following:

1. Role of the skin — In addition to the nose and
gut, the principal toxicants discussed here, pes-
ticides, TCE, and air pollution, can enter via
the lung and the skin [75]. A large portion
of individuals with PD have misfolded alpha-
synuclein in their skin is present early in the
disease course [170]. The cause and implica-
tions for this pathology remain to be elucidated.

2. Influence of the microbiome — The role the
gut and nasal microbiome play in developing
Lewy body disorders is under active investi-
gation [162, 171, 172]. Toxicants and many
other exogenous and endogenous (e.g., genetic
mutations) factors may influence its composi-
tion, resulting in microbiota dysbiosis including
the reduction in short-chain fatty acid produc-
ing species [173] observed in PD and other
chronic disorders. These changes could con-
tribute to inflammation and dysfunction at the
gut-brain axis [174]. Gene-environment inter-
actions at the gut-brain axis also likely influence
Lewy pathology although the direction of asso-
ciation is unclear. For example, elevated levels
of opportunistic pathogens found in the PD
gut microbiome correlated with SNCA geno-
type, suggesting that alpha-synuclein could
have a bi-directional effect on microbiome
dysbiosis [175]. The lung microbiome could
also play a role, especially with inhaled
toxicants [176].

3. Contributing factors —In most cases, individu-
als will be exposed to toxicants through the nose
and the gut. The level and timing of these expo-
sures, the interactions, and the steps required for
an exposure to result in pathology are uncertain.
Similarly, whether these factors differ based
on the toxicant is unknown. Other remaining
questions include the following: Does alpha-
synuclein misfolding take place multiple times
in multiple locations? If yes, how many times
and in what locations? Which factors determine
whether a locus of Lewy pathology propagates
to other regions and at what rate? Are other
sources of spread hiding in the background?
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Table 2
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Research needs to investigate the relationship between environmental toxicants and the body- and brain-first models of Lewy body diseases

Research need

Rationale

Gaps/areas addressed

Proposed solution

Basic epidemiology
studies

Despite high prevalence, we
only have crude measures of
incidence of PD and dementia
with Lewy bodies

Few studies have examined
incidence over time [181, 182],
and those that have are limited
to small (likely
non-representative) areas

e Geographic variation in
prevalence of Lewy body
disorders

e Estimating the future incidence
of PD

e High quality incidence studies
that track changes over time

e Studies that cover large portions
of the world, including areas
exposed to different toxicants
(e.g., air pollution, pesticides)

Whole body
investigations

Given that the origins of PD
may be outside the brain,
systemic investigations are
needed [183]

In vivo imaging of different
organ systems and the
peripheral and central nervous
system can inform the likely
routes of spread of the disease

e Systemic assessment of a
systemic disease

e Initial location, spread, and
extent of alpha-synuclein
pathology

o Effect of multiple routes of
exposure to toxicants

e Role of the skin, microbiome

e Collection and analysis of
brains and samples from other
organs including nasal
epithelium, gut, skin,
sympathetic ganglia, the spinal
cord, heart, and lungs from
affected and unaffected
populations [13, 159, 163]

Prospective cohort
studies

The time course of most PD and
dementia with Lewy bodies is
likely decades, but few studies
have followed individuals over
such time periods

o Initial location, spread, and
extent of alpha-synuclein
pathology

o Effect of multiple exposures to
toxicants

o Effects of current and future
exposures

e Prospective, longitudinal
studies of individuals likely
exposed to toxicants (e.g.,
Marines at Camp Lejeune)

o Detailed clinical assessments
and their chronology, imaging,
genetics, high resolution
exposome (metabolomics), and
post-mortem examination of
cohorts

Biological measures
of toxicant exposure

We have measures of genetic
risk; we need measures of
toxicant exposure

Many individuals are unaware
of their exposure (e.g., TCE)
limiting the value of surveys

o Effects of different toxicants on
the prevalence of Lewy body
disorders

o Identifying individuals at risk

for Lewy body disorders

Predicting the future incidence

of PD

e Assays in adipose tissue (e.g.,
for fat-soluble toxicants),
breast milk, blood, urine, brain,
including of likely metabolites

Animal studies

The mechanisms by which
environmental toxicants
contribute to Lewy body
disease are still uncertain

The importance of dose, route,
and timing of exposure and
resulting pathological spread of
disease requires further
characterization

Optimal timing of therapeutic
intervention in relationship to
toxicant exposure and resulting
pathology remains to be
established

e Biological response to different
toxicants and different routes
of exposure

o Initial location, spread, and
extent of alpha-synuclein
pathology

o Effect of exposure to toxicants
at multiple points in time

e Role of the skin

e Means of slowing progression

o Evaluation of different routes of
exposure for a broad range of
toxicants

o Sequential studies evaluating
exposure at different time
points and means to prevent or
slow pathological spread

PD, Parkinson’s disease.

Answers to the above will advance our under-
standing of the etiology of Lewy body diseases
and provide powerful guidance on how to pre-
vent and treat them.

4. Effect of ongoing exposure — The first recom-
mendation to any smoker with lung cancer is to
stop smoking. However, such advice is rarely

given to individuals with Lewy body disorders.
Reducing current or future exposure to toxicants
could theoretically benefit affected individuals
as continued exposure could accelerate the dis-
ease course. For example, high levels of air
pollution may increase the risk of hospitaliza-
tion among individuals with PD [177, 178].
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4. A Korean study also found that individuals with
PD who had undergone gastrectomy, which typ-
ically entails full truncal vagotomy, showed
attenuated dopaminergic loss in the posterior
putamen and a slower increase in the dose of PD
medications compared to non-gastrectomized,
matched individuals [179]. This finding sug-
gests a benefit of gastrectomy plus vagotomy
even after the diagnosis of PD is made. The
result could be compatible with the elimination
of an ongoing pathological process affecting
the brain via the vagus nerve. Although surgi-
cal vagotomy is not recommended, such results
indicate that it might be possible to modify the
course of PD by reducing ongoing or future
exposure to toxicants or ascending pathology.
To our knowledge, there has been little or no
research in experimental animal models exam-
ining this interesting prospect.

To answer the questions posed here, address the
limitations presented, and test the proposed hypothe-
ses will require additional research (Table 2) [169].
Among the needs are high quality studies on the inci-
dence of PD, which should be tracked serially for
different regions of the world. Whole body investiga-
tions of individuals with Lewy body disorders are also
lacking. Such studies, perhaps as part of prospective
cohort studies with body imaging, can help us define
the timing and route of pathological spread of these
diseases.

Biological measures of toxicants are also greatly
needed. The ability to quantify smoking (e.g., pack-
years) helped define the risk of lung cancer and
related conditions. However, such measures are lack-
ing for Lewy body disorders and are especially
important since many are unaware of their exposure.
Finally, animal studies can help evaluate the effects
of toxicants, their relevant doses, different routes of
exposure, and interactions with genetic factors.

CONCLUSION

In 2007, Hawkes, Del Tredici, and Braak wrote,
“The enigma of PD is to explain why a condition that
probably begins in anterior olfactory structures and
portions of enteric nerve cell plexuses, has a presymp-
tomatic period of several years, possibly decades,
during which time the disease-related destruction
inexorably advances retrogradely along fiber tracts
in the brainstem and anterogradely along olfactory
pathways in a predictable sequence to destroy the

substantia nigra and then initiate a disease that runs a
further course of approximately 15 additional years”
[2]. Here, we outline how environmental toxicants
— inhaled and ingested — could theoretically result
in pathology that passes along these brain-first or
body-first pathways to give rise to clinical Lewy body
disorders decades later. While the enigma is far from
solved, its mystery may be unfolding and a path
toward prevention emerging.
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