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Idiopathic Parkinson disease (iPD) is one of the most common neurodegenerative
disorders. While the incidence of iPD rises rapidly after 50 years of age,1 it has been
reported in younger age groups. The exact etiology of iPD is unknown, although
both genetic and environmental agents have been implicated.2 Multiple susceptibility
genes have been discovered, and currently genetic factors are considered as the most
likely cause of young-onset Parkinson disease. In case–control and cross-sectional
studies, various factors have been associated with iPD including nutritional intake,
living conditions, smoking, farming, and occupational chemical exposures.3–5

The best known chemical exposure leading to iPD is 1-methyl-4-phenyl-1,2,3,6-tetra-
hydropyridine (MPTP) (Fig. 1). It induces clinical, pathologic and biochemical
changes similar to iPD.6 Other chemicals associated with the possible development
of iPD include various pesticides,7 industrial exposures including wood pulp and
paper,8 and various metals (eg, copper, iron, manganese, and lead).9 Diverse mecha-
nisms have been proposed for the development of Parkinson disease secondary to
chemical exposure. The final pathway for all of these is mitochondrial oxidative stress
that induces neurodegeneration predominantly involving substantia nigra.10

It has become clear over the last decade that iPD is a synucleinopathy. Alpha synu-
clein is a major component of Lewy bodies and Lewy neurites, the intraneuronal
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Fig. 1. Selected chemical structures.
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deposits typically seen in autopsies of patients. Synuclein pathology is likely to underlie
the development of clinical manifestations ranging from olfactory dysfunction to motor
abnormalities and cognitive dysfunction.11 Multiple in vivo experiments reveal that
neuronal alpha synuclein is upregulated after exposure to different toxins. For example,
repeated exposures of mice to the herbicide paraquat results in increased neuronal
levels of synuclein.12 A single injection ofMPTP in squirrel monkeys resulted in upregu-
lation of alpha synuclein. It has been proposed that repeated MPTP exposure leads to
not only synuclein pathology but also to accelerated neurodegeneration.13
MITOCHONDRIAL DYSFUNCTION IN TOXIN-INDUCED PARKINSONISM

Increasing evidence suggests mitrochondrial dysfunction as a possible pathogenetic
mechanism underlying the development and progression of iPD.14 Certainly, it is the
case that specific agents cause parkinsonism by their action as a mitochondrial toxin.
The most well known and extensively studied agent of this class is MPTP. After
systemic uptake, it is bioconverted by astrocytic monoamine oxidase type B (MAO
B) to 1-methyl-4,5-phenylpyridinium (MPP1). This active metabolite concentrates in
dopaminergic neurons, via high-affinity dopamine transporters (DAT), where it inhibits
mitochondrial complex 1 and causes cell death.6 Reported by Langston and
colleagues,15 MPTP generated parkinsonism in a group of drug abusers after self-
administration. Similarly, the pesticide rotenone, which also causes inhibition of mito-
chondrial complex 1, produces a clinical phenotype with biochemical and pathologic
manifestations of iPD.16 Multiple models have been developed in an attempt to define
the nature and extent of mitochondrial dysfunction in association with neurotoxin-
induced parkinsonism.17 Some studies reported that mitochondrial dysfunction is
limited to substantia nigra, while others indicated that it is more global in patients
with iPD.18–20 Oxidative modulation of mitochondrial proteases has been suggested
as one of the mechanisms leading to mitochondrial dysfunction. Mitochondrial
morphologic alterations have been reported in MPTP-exposed animals21–23 and in
hybrid cell lines populated with mitochondria from iPD patients.24 Acute exposure of
human a-synuclein transgenic mice to MPTP causes swelling of mitochondria and
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distortion of cristae, while chronic exposure leads to enlarged mitochondria and intra-
mitochondrial inclusions.25 Perturbation of mitochondrial calcium buffering in neurons
has been observed in MPP1-exposed mice. Alterations in autophagy and mitophagy
are observed in MPTP and rotenone models as well as in genetic models of iPD.26
TRICHLOROETHYLENE EXPOSURE

There have been multiple reports that solvent exposure predisposes individuals to
parkinsonism, but with the variety of solvents used in everyday life and in disparate
occupations, solvents ranging from cleaning solutions to paints and fuels, it has
been difficult to establish a clear relationship.27,28 Among these solvents, trichloroeth-
ylene (TCE) has gained interest recently as a possible risk factor for iPD among those
chronically exposed.
TCE is a chlorinated hydrocarbon whose use dates back to the 1920s. It was once

used as an extractant in food processing and in anesthetic and analgesic agents. In
1977, its use formedical and food processing purposeswas banned inUnited States.29

It is used now as a solvent in the industrial degreasing of metals. It is also used as
a secondary solvent in adhesive paint and polyvinyl chloride production. TCE is used
as a solvent in the textile industry and as a solvent for adhesives and lubricants. It
also has been implemented in the manufacturing of pesticides and other chemicals.30

A nonflammable liquid with a sweet smell, it is highly lipid-soluble with a half life in
adipose tissue of 5 hours. It easily penetrates into the central nervous system, and
due to high lipid solubility, it slowly induces anesthesia. Cranial nerve palsies lasting
for months were reported when TCE was used for anesthesia.
In recent years, TCE contamination of drinking water has become a major concern.

It enters into surface waters via improper disposal and groundwater through leaks
from disposal operations.31 TCE, which can persist in water for prolonged periods,
is detected in up to 30% of US drinking supplies but is within the Environmental
Protection Agency’s established maximum contaminant level of 0.005 mg/L.32 It is
also detected in air, soil, and food. It may enter the human body via inhalation, inges-
tion, or through skin.33

TCE is metabolized by cytochrome P450 to a trichloroethylene oxide intermediate
that is converted to chloral.34 Chloral is considered one of the precursors of 1-trichloro-
methyl-1,2,3,4-tetrahydro-b-carboline, also known as TaClo,35,36 which is readily
formed under physiologic conditions from the biogenic amine tryptamine and chloral.34

Its structural similarity to MPTP has prompted its consideration as a causative
mechanism in iPD.37 TaClo is cytotoxic when directly applied to primary cultures
of dopaminergic neurons.38,39 Significant declines in neuronal density and number40

and dopamine turnover41 have been reported following stereotaxic administration of
TaClo into rat substantia nigra pars compacta; however, demonstrating Parkinson-
like behavior has been more difficult to ascertain.42 Although TaClo more readily
crosses the blood–brain barrier than MPTP as it is more lipophilic,43 MPP1 is more
readily and specifically concentrated in dopamine neurons by the DAT than TaClo,44,45

perhaps explaining the greater and more immediate dopamine neuronal toxicity of
exposure to MPTP. TaClo is clearly a mitochondrial toxin that can induce apoptosis
through oxidative stress, mitochondrial dysfunction, and induction of apoptotic
enzymes.46 TaClo specifically inhibits electron transfer from complex 1 to ubiquinone
in both rat brain homogenates and in rat liver submitochondrial particle preparations,
and its potency to do so is an order of magnitude greater than that of MPP1.39,47

Among multiple animal toxicity studies, until recently (see Animal Studies section)
few systematically examined for central nervous system changes after chronic
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exposure.29 Haglid and colleagues48 exposed gerbils to continuous TCE for 3 months
and then kept them in a TCE-free environment for 4 months to determine restoration of
neurologic function. Variable effects were noted with different levels of exposure,
including neuronal shrinkage, axonal swelling, and astroglial mitosis, but these gener-
ally occurred in a dose-dependent manner.48 Briving and colleagues49 reported
increased hippocampal glutathione and dose-dependent increased high-affinity
glutamate and GABA uptake in cerebellum of gerbils following 12 months of inhalation
exposure. Neither study specifically examined dopamine neuronal systems, mesen-
cephalon, or striatum.
As extensively reviewed by Feldman,32 acute exposure to TCE in people has been

reported to cause dizziness, headache, nausea, vomiting, alcohol intolerance, loss of
consciousness, cranial nerve V neuropathy, multiple cranial neuropathies, and periph-
eral neuropathy. Chronic exposure can cause dizziness, fatigue, headache, irritability,
sleep disturbance, impaired memory/concentration, paresthesias, alcohol intoler-
ance, peripheral neuropathy, impaired attention and executive functioning, short-
term memory problems, visuospatial disability, discoordination, and tremor.
HUMAN CASES AND EPIDEMIOLOGIC STUDIES

An occupational study of TCE vapor emissions in a pump room was reported by Van-
dervort and Polnkoff in 1973.50 Workers were exposed for an average of 8 years.
Common complaints included eye irritation, dizziness, drowsiness, weakness, cough,
and palpitations. Multiple case reports reveal a wide range of clinical manifestations
due to exposure to TCE.32 Chronic exposure is considered to be a significant risk
factor for cancer; the World Health Organization International Agency for Research
on Cancer (IARC) classifies TCE as a probable (group 2A) human carcinogen.51,52

In 1999, Guehl reported a case of a 47-year-old woman who was professionally
exposed to TCE for several months in an uncontrolled and unprotected environment.53

She was a house cleaner and worked with TCE in poorly ventilated rooms. Later, she
worked in the plastics industry where she was exposed to multiple solvents including
TCE. She was diagnosed with parkinsonism in 1987, after 7 years of exposure.
Gash and colleagues54 in 2008 reported a group of industrial workers who were vari-

ously exposed to TCE for 8 to 33 years and subsequently diagnosed with iPD or
parkinsonian features. A questionnaire was mailed to 134 former workers, of whom
65 responded. Twenty-one self-reported at least 3 Parkinson signs/symptoms (slow-
ness of voluntary movement, stooped posture, trouble with balance, slow walk or
dragging feet, rigidity or stiffness, tremor, decreased facial expression); 23 respon-
dents reported 1 to 2 signs/symptoms, and 21 reported no signs/symptoms. Fourteen
of the 21 workers reporting at least 3 signs/symptoms and 13 coworkers without self-
reported signs agreed to further participation in the study. The most common routes of
exposure were inhalation and dermal. At the time of the study 3 workers with chronic
dermal and inhalation exposure to TCE had been diagnosed with iPD; many
coworkers displayed features of parkinsonism. This observation suggested a relation-
ship between the TCE exposure and development of iPD, parkinsonian features, and
other movement disorders including tics and tremors.
Goldman studied TCE exposure in a population of twin pairs discordant for iPD. An

industrial hygienist reviewed histories and solvent exposures from the age 10 years
until the diagnosis of iPD in the affected twin. It was concluded from this study that
risk of iPD was increased more than fivefold in twins who had been occupationally
exposed to TCE. This population-based epidemiologic study further supported the
role of TCE exposure in the development of iPD.55
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Animal Studies

After a sentinel caseof iPD inaworker exposed toTCE (seesection onhumancasesand
epidemiologystudies),Guehl andcolleagues53 studiedTCEexposure inmiceanddopa-
minergic neurotoxicity. After exposing mice to either TCE or saline, via intraperitoneal
injection for 4weeks, they examined themidbrainsof thesemice. Therewasa significant
decrease in the number of tyrosine hydroxylase (TH) immunoreactive neurons in TCE-
treatedmice compared with saline-treatedmice. Following up on their human epidemi-
ologic studies, Gash and colleagues exposed 5-month-old male Fisher 344 rats to
TCE.54,56 Animals were orally administered doses of 200, 500 or 1000 mg/kg TCE in
0.6 mL olive oil, or they received vehicle by oral gavage once a day, 5 days per week
for 6 weeks. TCE serum concentration at the highest doses was 55 to 60 mg/mL,
compared with estimated TCE blood levels of dry cleaning workers that may range up
to 1.7mg/mL. Thegoalwas to replicate indaysorweekswhatmay require years of expo-
sure inpeople. TH immunochemistrywasperformed in thesubstantia nigra, and the total
numbers of TH-positive cells were counted. There was a dose-dependent loss of dopa-
minergic neurons in substantia nigra, from20.1%at the lowest to40.6% loss at thehigh-
est TCE concentration exposure. No significant obvious neuronal loss was noted in
locus coeruleus anddorsalmotor nucleus of vagus nerve, both ofwhich undergo neuro-
degeneration in iPD. No damage to the Purkinje cells in cerebellum was noted. Hence
TCE exposure caused selective loss of neurons in the nigrostriatal system.56

Levels of monoamines and their metabolites were also measured in the nigrostriatal
system. It was demonstrated that striatal levels of the dopamine metabolites 3,4-dihy-
droxyphenylacetic acid (DOPAC) and homovanillic acid (HVA) were significantly
reduced in TCE-treated rats, whereas dopamine levels were not altered.56 Similar find-
ings were observed in mice treated for 3 weeks with the herbicide paraquat; the
authors speculated this was due to compensatory mechanisms in striatum, where
they demonstrated enhanced TH activity.57 Serotonin and its metabolites were not
affected in the sampling sites that included striatum and substantia nigra. Behavioral
and locomotor studies, including rotarod performance and spontaneous locomotor
activity, demonstrated parkinsonian-like motor deficits in TCE-treated animals.56

To determine if TCE-induced neurodegeneration was associated with mitochondrial
dysfunction, mitochondrial enzyme activity was measured. In treated animals, there
was selective inhibition of mitochondrial complex 1 enzyme activity that led to deple-
tion of adenosine triphosphate (ATP). Levels of caspase 3 were significantly higher in
TCE-exposed rats and this, together with ATP depletion, was considered to be
responsible for apoptosis. Moreover, tyrosine nitration and activated microglial cells
were also observed in neurons in substantia nigra. The authors concluded mitochon-
drial complex 1 enzyme dysfunction, increased levels of apoptotic enzymes, oxidative
and nitrative stress, and inflammation were all implicated in the pathogenic mecha-
nism of TCE-induced parkinsonism. Of note, immunostaining was also performed to
determine the accumulation of alpha-synuclein in neurons. Increased accumulations
of intracellular alpha-synuclein were noted in dorsal motor nucleus of vagus nerve
and in the substantia nigra pars compacta in the TCE-exposed group.56 All the poten-
tial pathogenetic mechanisms activated by exposure to TCE most likely act in concert
to create a vicious downward spiral that ultimately leads to neurodegeneration, partic-
ularly but probably not exclusively in substantia nigra.

SUMMARY

A combination of potential risk (eg, exposure to pesticides, herbicides, heavy metals)
and protective (eg, use of nicotine, caffeine) factors has been associated with the
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development of iPD, as has underlying genetic susceptibility.58 Among these, TCE
exposure appears to be a risk factor based on recent observations associating chronic
TCE exposure and development of iPD or parkinsonian features.54,55 Clearly, TCE
exposure alone is insufficient, as some individuals appear to have developed frank
iPD while others with similar exposure have been asymptomatic or have presented
with mild motor abnormalities that, although insufficient to make the diagnosis of
iPD, included tremors and rigidity.54 Animal models of TCE exposure that produce
an iPD phenotype strengthen this potential link.56 TCE has been shown to induce
nigrostriatal degeneration by mitochondrial dysfunction, oxidative/nitrative stress,
and neuroinflammation. Whether this is due to a direct effect of TCE or mediated
through a metabolite, particularly TaClo, is not known. Regardless, a credible hypoth-
esis develops that chronic exposure to TCE can lead to the degeneration of the nigros-
triatal dopaminergic system and clinical parkinsonism. Therefore, safety measures for
TCE should be observed in work places and enforced for the general environment.
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